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(0.3%) is proposed as a potential means of improving

yields (by 10% or more) without greatly extending process



duration.

Use of straw as substrate instead of pure cellulose

resulted in increased buffering capacity and made proteose-

peptone an apparently superfluous ingredient.



STUDIES ON CELLUIASE PRODUCTION

FROM ANNUAL RYEGRASS STRAW

BY TRICHODERMA REESEI

by

PAULO KRISTIAN ORBERG

A THESIS

submitted to

Oregon State University

in partial fulfillment of
the requirements for the

degree of

Master of Science

June 1981



APPROVED:

Redacted for Privacy
4A tf,

ProfesAor of Microbiology in charge of major

Redacted for Privacy

Had of Departffient of Microbiology

Redacted for Privacy
Dean oz Trauuaue ouiloul.

Date thesis is presented August 1, 1980

Typed by Mary Barron for Paulo Kristian Orberg



ACKNOWLEDGEMENTS

I would like to express my deep appreciation to Dr.

A. W. Anderson for his constant encouragement, invaluable

help and superb guidance which made this thesis possible.

I am also much indebted to Dr. R. R. Becker and Dr.

W. E. Sandine for kindly revising the manuscript, and to

Dr. D. L. Willis for helpful suggestions.

The many contributions of the faculty, staff and

graduate students of the Department of Microbiology are

greatly appreciated.

I would also like to gratefully recognize the unfail-

ing encouragement and support of my parents and parents in

law.

The sacrifice of my wife, Judith, during the develop-

ment of this project can only be inadequately acknowledged.

This work was supported in part by Grant No. PFR75-

17494 A01 from the National Science Foundation.



TABLE OF CONTENTS

Page

INTRODUCTION 1

LITERATURE REVIEW 4
Cellulase 4
Annual Ryegrass Straw 9
Trichoderma reesei 13
Cellulase Production by Trichoderma reesei 18

MATERIALS AND METHODS 22
Organism 22
Chemicals 22
Culture Media: Ingredients and Formulations 22
Culture Vessels and Conditions 27
Enzyme Isolation and Assay 33

RESULTS AND DISCUSSION 42
Curves of Enzyme Activity vs. Enzyme
Concentration 42

Initial Evaluation of Ryegrass Straw as
A Potential Substrate for Cellulase Production 46

Comparison between Two Microbial Sources 49
Further Evaluation of Ryegrass Straw: Effect

of Particle Size 50
Effect of Sodium Hydroxide Treatment 53
Combined Effects of Particle Size Reduction and
Sodium Hydroxide Treatment 57

Reduction in Sodium Hydroxide Concentration 60
Effect of Straw Concentration 63
pH Profile and Adequacy of Nitrogen Supply 66
Elimination of Proteose-Peptone from The Culture

Medium 69
Possible Additive Use of Cheese Whey Solids 70
Feasibility of Use of Bromphenol Blue as
A pH Indicator 74

Concluding Remarks 75

BIBLIOGRAPHY 79



LIST OF FIGURES

Figure Page

1 Enzymatic conversion of waste cellulose 3

2 Mode of action of cellulase on cellulose 15

3 Fermentation set-up 29

4 Detailed view of the culture vessel 31

5 Modification of Klett-Summerson colorimeter 38

6 Standard curve for determination of reducing
sugars as glucose (Klett-Summerson) 39

7 Standard curve for determination of reducing
sugars as glucose (Beckman Model 25
spectrophotometer) 40

8 Curves of enzyme activity vs. enzyme
concentration 43

9 Cellulase production by T. reesei grown on
ball-milled straw or Avicel microcrystalline
cellulose 48

10 Effect of particle size on enzyme yield 52

11 Effect of NaOH treatment of straw on enzyme
yield 54

12 Effect of NaOH treatment of GrassmulchTM

on enzyme yield 56

13 Combined effects of NaOH treatment and
particle size of straw on enzyme yield

14 Comparison of two different NaOH treatments
of straw at room temperature: effect on
enzyme yield

59

62

15 Effect of substrate concentration on
enzyme yield 65

16 Superfluity of proteose-peptone in
ryegrass straw based medium 71



Figure Page

17 Effect of addition of whey solids on
enzyme yield 73

18 Consistency of enzyme yields in the absence
or in the presence of bromphenol blue 76



LIST OF TABLES

Table page

1 Composition of annual ryegrass straw 12

2 Cellulolytic activities in the culture
supernatants of two molds 49



STUDIES ON CEILUIASE PRODUCTION FROM

ANNUAL RYEGRASS STRAW BY TRICHODERMA REESEI

INTRODUCTION

Cellulosic materials represent, potentially, an

inexhaustible chemical and energy resource. Realization

of this potential requires, as a first step, the hydro-

lysis of cellulose to its simpler constituent, glucose;

this may be accomplished by enzyme action. Economically,

however, the process has not yet been made feasible.

A major cost factor in the enzymatic saccharification

of cellulose is, presently, the production of cellulase

(21,29, 87). Nevertheless, worldwide studies on this pro-

cess have, in their great majority, employed purified

cellulose as substrate. Clearly, cellulosic waste ma-

terials must replace pure cellulose in the enzyme produc-

tion step, if this technology is to become economical.

Straw is a major agricultural waste throughout the

world. Particularly in the Willamette Valley of Oregon,

annual ryegrass straw is an extremely abundant material

for which new uses must be urgently found, since its

traditional method of disposal (field burning) has been

severely restricted because of air pollution problems (2).

The present studies were undertaken to preliminarily

evaluate annual ryegrass straw as a potential raw
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material for cellulase production. Chief considerations

in this evaluation were enzyme yield and, to- a lesser

extent, process duration. The results obtained in this

initial investigation indicate that annual ryegrass straw

may well be used for the production of cellulase.

A simplified diagram of the complete cellulose

enzymatic saccharification technology is presented in

figure 1; an arrow points to the step which is the object

of this study.
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LITERATURE REVIEW

Cellulase

The enormous potential associated with the use of

lignocellulosic materials as sources of energy and chem-

icals has attracted the attention of industrial micro-

biologists and chemical engineers for several decades.

The two most obvious reasons for this interest are the

abundance and the renewability of lignocellulose

42,60,92). It is estimated that about 5 x 1011 tons of

cellulose are produced yearly in the world, of which

approximately 10% would be of potential use at present

(17). In the United States alone, the amount of cellu-

losic wastes produced annually is in the neighborhood of

9 x 108 metric tons (4). Cowling and Kirk summarized

the benefits that would derive from the utilization of

lignocellulosic materials present in urban refuse and in

the residues of forestry, agricultural and food processing

operations. These are, among others: a decrease in envir-

onmental pollution, the alleviation of food and feed

shortages, and the relief of mankind's dependence on

fossil fuels (18,20,40,97).

The utilization of lignocellulosic wastes as

sources of chemicals and energy requires that these

materials be broken down to their simpler constituents.



5

The major components of lignocellulosic materials

are lignin, cellulose and hemicellulose. Lignin is a

highly branched polymer of phenylpropanoid units, while

cellulose is built of linear chains of glucose residues.

The term hemicellulose applies to less homogeneous poly-

mers which on hydrolysis liberate mainly pentoses (such

as D-xylose and L-arabinose), hexoses (D-glucose, D-man-

nose and D-galactose) and other constituents (uronic

acids, acetic acid) (54).

The release of monomeric sugars from lignocellulosic

materials can be accomplished with acid or enzymatic

hydrolysis, after physicochemical treatments such as

milling, delignification with alkali, etc. The advan-

tages of enzymatic hydrolysis have been pointed out by

many workers (57,58,88,94). The main objections against

acid hydrolysis are: elevated temperature and corrosion-

proof equipment are required; post-treatment neutralization

is necessary; the released sugars frequently must be

separated from excess salt and toxic by-products such

as furfural.

The technical feasibility of enzymatic hydrolysis

of cellulose has been demonstrated (3,28,29,50,71).

Culture filtrates of certain cellulase-producing micro-

organisms have sufficient enzymic activity to be employed

directly in the saccharification process without prior
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concentration (84,98). Difficulties which have so far

prevented the implementation of the enzymatic conversion

of cellulosic materials on a commercial scale are chiefly

economic (29,58). Researchers in many centers around the

world are trying to overcome these obstacles by seeking

improvements in two main areas: development of new mutant

strains of microorganisms with enhanced cellulase yields

(66) and optimization of the fermentation process for

enzyme production.

The leading cellulase research center in the world

is the U.S. Army Research and Development Command in

Natick, Massachussetts; it has received requests for

information or for the opportunity to visit and observe

the process from many countries, including: Australia,

Brazil, Canada, England, Finland, France, Germany,

Guatemala, Hong Kong, India, Indonesia, Israel, Italy,

Japan, Malaysia, Mexico, New Zealand, Philippines, Puerto

Rico, Russia, Sweden, Taiwan and Venezuela (96).

Sugars obtained by cellulose hydrolysis can be

used as substrate for fermentations, for the production

of ethanol or other chemicals, or single-cell protein

(19,25,27,28,35,56,58,62,73,81,91,94,95,111). In 1969

Mandels and Weber tested enzymatic hydrolysates of

cellulose as substrates for yeast growth. Out of 47

strains tested, 45 grew well, and six consumed all the
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sugar available in the medium (57,88). In 1979 Ghose and

Tyagi reported the fermentation of an enzymic hydrolysate

of bagasse to ethanol (33).

Interest in ethanol production through fermentation

is increasing rapidly, as the price of non-replenishable

fossil fuels continues to rise (12). Vivid examples of

such interest are the tax incentives provided by the

Crude Oil Windfall Profit Tax Act (which are aimed at

the stimulation of consumption of alcohol in mixture with

gasoline)(107), and Brazil's National Alcohol Program

(39,48,55). Up to 20 % ethanol can be added to gasoline

without the need for engine changes; an improved operat-

ing efficiency may in fact be observed (56,58).

Ethanol production through the fermentation of raw

materials rich in sugars or starch is an established

technology. However, the massive utilization of agricul-

tural resources for the production of fuel is, potentially,

a very significant threat to the world food supply (11).

A very near example is Oregon itself: it has been esti-

mated that the displacement of 10 % of all gasoline con-

sumed in the state in 1978 would require the conversion

to anhydrous alcohol of all the barley, potatoes, sugar

beets, fruit, corn and two-thirds of all the wheat grown

in Oregon in the same year (74). The importance of

developing a technology for ethanol production from
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cellulosic agricultural wastes is thus evident: such an

approach is not competitive with food production (11).

Non-fermentative uses for the sugar constituents

of cellulose and hemicellulose, as well as for the

aromatic monomers obtainable from lignin, could be of

considerable importance in the chemical industry (35).

Cellulolytic enzymes have several other applications

besides the saccharification of cellulosic wastes. Uses

for cellulases in the food industry which exist or have

been proposed include steps in the following processes:

extraction of green tea components; extraction of protein

from soybean or coconut cake; extraction of starch from

sweet potato; production of vinegar from citrus pulp;

production of seaweed jelly; removal of soybean seedcoat;

peeling of apricots and tomatoes. Other actual or poten-

tial applications are: peeling of coffee beans; aid in

the saccharification of grain prior to brewing; improve-

ment of the rehydration rate of dehydrated vegetables;

extraction and clarification of citrus juice; extraction

of essential oils and flavoring materials, etc. (6,15,49,

76,90,93,102,106,110).

Outside the area of food technology, there are several

other fields in which the use of cellulolytic enzymes

could prove of value. Examples are: in pharmaceutical

preparations, as a digestive aid; in paper manufacturing
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processes; improvement of animal feeds; sewage treat-

ment, etc. (12,16,56,76,93,102,106). Recently, Gulati

reported the use of Trichoderma reesei cellulase and

mycelium in the preparation of a cheap medium for

cultivation of the agricultural inoculants, Rhizobium

japonicum and R. trifolii (38).

Cellulolytic enzymes obtained from Trichoderma

species or from Aspergillus niger have been produced

industrially in Japan since 1961 (102). In 1976 there

were three manufacturers of cellulase in that country,

with an annual production rate of about 45 tens, which

was equivalent to about 170 million yen (113). In the

United States, cellulase has been produced commercially

by companies like Miles Laboratories, Novo, Rohm & Haas

and Wallerstein (57).

Annual Ryegrass Straw

Enzyme production is the most expensive part of the

cellulose saccharification technology (88). Nevertheless,

the overwhelming majority of the studies so far reported

on cellulase production by submerged fermentation

utilized different forms of highly purified cellulose as

the main substrate. Clearly, if this process is to be-

come economically feasible, the use of cellulosic wastes

instead of pure cellulose is a necessity (21,71,76,104).
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It has been estimated that this would make possible a

15 % reduction in fermentation costs (71).

Throughout the world, straw is an abundant agricul-

tural waste (40). The potential worldwide availability

of different straws, with the present collection methods,

was estimated to be of 88.5 million metric tons in 1977

(56). Particularly in the Willamette Valley of Oregon,

ryegrass straw is a major agricultural residue. The

amount produced annually is in the neighborhood of one

million tons (36). The disposal of such huge quantities

of straw has been facing increasing difficulties, due to

opposition to the open field burning of this material

(42,53). Burning has been practiced for many years as the

fastest and cheapest method of disposal, with the advan-

tages that no collection is necessary, minerals are

rapidly returned to the soil, and control of grass dis-

eases, weeds, insects and rodents is achieved (2,36).

Air pollution problems resulted in the imposition of

restraints on field burning of straw (42,75). Other ways

of disposal are being studied by the Oregon Department of

Environmental Quality. Most of the alternatives now under

examination include, as a first step, collection of the

straw (36).

Cellulosic substrates induce the synthesis of cell-

ulase in many organisms, including Trichoderma reesei
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(5,7,14,21,59,79,98). Some small molecular weight com-

pounds are also cellulase inducers, for example: cello-

biose, lactose, sophorose (0-4-D-glucopyranosyl-(1-2)1e-

D-glucopyranoside). However, many workers have reported

that cellulase yields are higher with cellulose, than with

any other inducer (59,78,84,98). Moreover, cellulose

itself is recognized as the best inducer for the complete

cellulase system (88). The presence of hemicellulose or

associated impurities in the growth substrate has in some

cases shown a beneficial effect in cellulase induction (14).

Annual ryegrass straw is composed chiefly of cellulose,

hemicellulose and lignin (Table 1). The actual feasibility

of the use of straw as a substrate for microbial cellulase

production was first shown by Peitersen (76,77). Barley

straw was employed in this case.

The possibility of successful enzymatic saccharifica-

tion of straw has been demonstrated (3,76,104). An enzyme

system produced by growth of the microorganism on straw

would likely be the one best adapted to the hydrolysis of

this same material (104). As Ennari and Markannen (21)

pointed out,

Trichoderma species produce various carbo-
hydrases besides cellulases. Among them are
xylanase and mannanase. Waste cellulosic
materials contain various types of carbo-
hydrates. When enzymes are produced for the
hydrolysis of these materials it may be
desirable to use the same waste material as
a carbon source to induce the proper mixture
of enzymes.



Table 1. Composition of Annual Ryegrass Straw (37).

Component

% of

Dry Weight

Elemental Composition, % of Dry Weight

C H 0 N Na Ca K P Other

Cellulose 46.0 20.5 2.9 22.6

Lignin 16.0 11.8 1.1 3.1

Pentosans 25.0 11.4 1.5 12.1

Protein 6.0 2.4 0.5 2.2 0.9

Fat 1.0 0.8 0.1 0.2

Ash 6.0 0.2 0.2 1.0 0.2 4.4

100.0 46.9 6.1 40.1 0.9 0.2 0.2 1.0 0.2 4.4
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Ghose and Bisaria have actually shown the beneficial

effect of hemicellulases in the enzymatic hydrolysis of

cellulosic wastes (31).

Trichoderma reesei

Trichoderma reesei Simmons strain QM 9414 was chosen

as source of enzyme for this study. This organism had

formerly been assigned to the species Trichoderma viride

Persoon ex Fries (29).

The first criteria employed in this choice were high

yield and easy recovery of product (12,23,80). Tricho-

derma reesei is one of the best microbial sources of

cellulase so far known. This fungus produces high

levels of an extracellular enzyme system, which contains

considerable amounts of all the enzymes required to de-

grade crystalline cellulose (21,29,47,57,59,71,82,94,98,

112). The requirements have been well described by Ryu

and Mandels (88):

Cellulose has a fairly simple chemical struc-
ture. It is an unbranched polymer containing
glucose units linked only by the $(1-P4)-glu-
cosidic bonds which are hydrolysed by the
cellulase components. Because of the A con-
figuration all of the hydroxyl bonds are in
the same plane. Therefore, in a cellulose
microfibril where the chains are ordered,
powerful hydrogen bonding occurs, resulting in
a crystalline structure. This gives cellu-
lose its insolubility, tensile strength, and
resistance to enzymes and chemical reagents.
Where chains are less ordered or frayed the
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cellulose is amorphous, more readily
hydrated and more accessible to enzymes.
Such amorphous areas can be hydrolysed
to some extent by individual endo- or
exo-glucanases acting alone, or by incom-
plete cellulases. For hydrolysis of crystal-
line cellulose where hydrogen bonds as well as
glucosidic bonds must be broken a complete
cellulase containing an adequate level of all
the necessary components is required.

According to their mode of action, these enzymes are clas-

sified in three major groups; endo-A-1,4-glucanase or

p-1,4-glucan glucanohydrolase (EC 3.2.1.4), which hydro-

lyses cellulose randomly and produces cellobiose and

glucose; exo-A-1,4-glucanase or 3-1,4-glucan cellobiohy-

drolase (EC 3.2.1.91), which attacks the nonreducing end

of a cellulose chain to mainly produce cellobiose; cello-

biase or,8-glucosidase (EC 3.2.1.21), which acts mainly on

cellobiose to produce glucose (21,22,51,59,72,82,83,112).

(See figure 2).

The complete recovery of these secreted enzymes can

be easily accomplished by filtration or centrifugation

(14,57). Homogenization of the mycelial mass does not

lead to enhanced cellulase yields from active or inactive

T. reesei strains (59,88). In culture filtrates of this

organism, cellulase activity is directly related to protein

concentration (45).

Cellulases obtained from T. reesei are remarkably

stable (46,57,85); these enzymes are glycoproteins with
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Figure 2. Mode of action of cellulase on cellulose.
From Ryu and Mandels (88).
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no cofactor or metal requirements (88).

Strain stability is a second requirement which should

be fulfilled by microorganisms used in industrial fermen-

tations (12,23,80). The capacity of producing cellulase

in high yields is a permanent characteristic of T. reesei.

No significant changes in productivity occur even after

90 days of continuous cultivation (57).

Ability to grow on inexpensive substrates is another

quality of T. reesei which makes it an attractive organism

for use in this process. This fungus has very simple

nutritional requirements; amino acids or vitamins need not

be added to the culture medium (98).

Trichoderma reesei does not have any presently

recognized pathogenic potential. Among 150 molds and

yeasts which have been used industrially, Ajello (1)

listed 21 species as pathogenic for humans or animals;

T. reesei was not included in this list. Rat feeding trials

were performed with mycelium of this mold grown on barley

straw and no toxic effects could be observed (76,77).

This indicates that this material could be used as a feed

supplement. It must be kept in mind, however, that some

Trichoderma species do produce trichotecenes (68,86).

(Some of the well known Fusarium toxins belong in this

group of substances). Evidently, the possibility that

T. reesei may produce such toxins would have to be
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thoroughly investigated before the use of this mold as

feed can be further considered. It should also be mention

ed that if T. reesei is grown without sterility precautions

there is a considerable risk of contamination with myco-

toxin producers (70).

Other actual or potential uses for T. reesei mycelium

are: recycling in the fermentation as inoculum and for

nitrogen conservation; as an ingredient of a culture

medium for agricultural inoculants of the genus Rhizobium

(38); returning to the soil as a measure against nutrient

depletion (92) or as an agent against phytopathoaoEical

fungi (104).

The production of cellulase by T. reesei grown on

pure cellulose has been studied for many years. There is

a considerable amount on information already available on

this subject, that may be applied to the fermentation of

a complex lignocellulosic substrate such as straw (70).

The strain of T. reesei employed in the present

study (QM 9414) was obtained from the wild-type organism

through the use of mutagenic agents. When this investiga-

tion was initiated, QM 9414 was the best cellulase pro-

ducer among available T. reesei strains. Since then,

several mutants with improved enzyme production have been

obtained at the U.S. Army Natick laboratories and at the

State University of New Jersey (Rutgers). An excellent



18

review of the T. reesei genealogy was recently published

by Montenecourt, Schamhart and Eveleigh (66).

Cellulase Production by Trichoderma reesei

Cellulase can be produced by submerged fermentation

or by a wheat bran or straw solid culture process (Koji)

(103,104); the latter is extensively employed in Japan.

Submerged fermentation is often recognized as superior to

the Koji process, however, on the grounds of simplicity,

costs and possibility of adequate control of environmental

factors such as pH or temperature (21,23,57,84,93).

Submerged fermentation can in turn be of two main

types: batch and continuous. Both have been used in cell-

ulase production (58,76), but there are some characteristics

of a continuous process which in some cases make it better

suited for large scale production. Most commonly mention-

ed advantages are: greated ease of control; greater uniform-

ity; reduced reactor volumes; reduced idle time (harvesting,

sterilizing, recharging); higher productivity; possibility

of greater variability of defined and reproducible environ-

ments (12). On the other hand, disadvantages of contin-

uous fermentations also exist: problems with strain instab-

ility, low product (other than biomass) concentration and

more damaging consequences from contamination (12,105).

In the particular case of continuous cultivation of
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filamentous fungi, blocking of tubes or valves, growth on

the vessel wall or other surfaces and lack of homogeneity

throughout the culture (because of pellet growth) are

important drawbacks (59,93). Most important in the case

of T. reesei: leading workers in the field have observed

that continuous culture "does not favor rapid growth and

enzyme production on cellulose" (Mandels, Sternberg and

Andreotti, cited by Ghose (30)). On the basis of this

information, batch culture was chosen as the type of pro-

cess to be used in this study.

Substrate concentration is a parameter that markedly

influences cellulase production by T. reesei. When the

culture pH is not controlled, the optimal cellulose concen-

tration is about 0.75 % (98); however, under continuous

neutralization much greater enzyme yields are obtained

with cellulose concentrations of 6 % or higher (29,76,99).

When studying the effect of substrate concentration, it is

important to vary the salt content accordingly (23,76,99).

Recently it was shown that the use of NH
4
OH for pH control

and as a nitrogen source makes possible a significant

reduction in the salt requirements, even at high (8 %)

cellulose concentrations (100). Use of a fed-batch system

for substrate addition, instead of including all of it in

the starting medium, may lead to improved enzyme yields

(24,29,32,108).
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Inoculum age and size are two parameters that affect

the duration of a fermentation. A larger inoculum size

results in a shorter lag phase, as does the use of mycelial

fragments instead of spores. For cellulase production by

T. reesei, good results were obtained when 72 to 96 hour

old cultures were employed as inoculum (10,76,98).

Optimal growth conditions are not necessarily those

which result in maximum product yield. In the case of

T. reesei, growth and cellulase production are two distinct

phases, with different temperature and pH requirements

(23,29,87,89,94).

When growing on pure cellulose in moderately buffered

media, T. reesei may cause the pH to fall from an initial

value of 5.5 to about 2.5. At this pH the cellulase

enzymes are inactivated (45,99,100), and the fungal

growth is very slow or ceases (8,29). Thus, pH control

in this process is essential for high enzyme yields (9,30,

101). The optimal pH for cellulase production (about 3.5)

is considerably lower than the one at which fastest growth

occurs (5.0) (71,79,98).

An adequate supply of oxygen throughout the growth

and enzyme production phases is necessary to ensure maximum

cellulase production (88). Reported values of aeration

rate used in this process range from 0.1 to 1.0 liter/

liter/min (29,32,52,57,58,76,99).
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Agitation ensures a uniform distribution of nutrients

and oxygen in the medium, thus making possible their

faster utilization by the cells. Agitation rates ranging

from 100 to 800 rpm have been used in T. reesei fermenta-

tions (29,32,58,76,87,99).
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MATERIALS AND METHODS

Organism

Trichoderma reesei strain QM 9414 was graciously pro-

vided by Dr. Mary Mandels, U.S. Army Research and Develop-

ment Command, Natick, Massachussetts. Stock cultures were

kept on potato dextrose agar slants and stored at 4°C.

Chemicals

The following substances were purchased from Sigma

Chemical Company: bromphenol blue (3',3",5',5"-tetra-

bromophenolsulfonphthalein), oc-D-glucose, thimerosal

(sodium ethylmercurithiosalicylate), Tween 80 (polyoxy-

ethylene sorbitan monooleate) and Antifoam A concentrate

(a silicone polymer). The 3,5-dinitrosalicylic acid used

was a product of Mallinckrodt, Inc.. All other chemicals

used were of reagent grade.

Culture Media: Ingredients and Formulations

Proteose-peptone and potato dextrose agar were ob-

tained from Difco Laboratories. Avicel microcrystalline

cellulose (average particle size 19 Am) was purchased from

Brinkmann Instruments, Inc., Westburg, N.Y.. Spray-dried

extra grade cheese whey was kindly furnished by the Tilla-

mook County Creamers Association, Tillamook, Oregon.
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Annual ryegrass (Lolium multiflorum Lam) straw from

a single Willamette Valley source was used throughout this

study. All of the straw employed had been previously sun-

dried and coarsely ground with a Beloit-Jones disk refiner

(Beloit Corporation, Jones Division, Dalton, Mass.). (This

mechanical treatment has been shown to result in improved

fermentability, because the waxy surface of the straw is

removed and fiber bundles are separated (43).) A labor-

atory scale hammer mill (Weber Bros. Metal Works, Chicago,

Ill.) was used to further diminish straw particle size. In

one instance a ball mill (U.S. Stoneware, Akron, Ohio) was

employed to reduce ryegrass straw to a very fine powder

(pass 250 mesh). Division of the hammer-milled straw into

fractions, according to particle size, was accomplished

by passing it through a set of screens (W.S. Tyler Co.,

Cleveland, Ohio), which were mechanically shaken (Porter

sand shaker, Braun Corp., Los Angeles, Calif.). In some

instances the straw was also treated with sodium hydroxide

and neutralized with sulfuric acid (concentrations and

conditions will be described later). In all of the experi-

ments performed, the straw was dried overnight at 105 °C

immediately before weighing for incorporation into culture

media. The same observation applies to GrassmulchTM, a

type of processed fiber which replaced regular ryegrass

straw in some of the cultures. GrassmulchTM is a product
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of Grass Fiber, Inc., Junction City, Oregon.

Unless otherwise noted, the medium employed in all

shake flask experiments was prepared according to the

formula of Mandels and Reese (98):

in al in mg/1

(NH4)2304 1.4 FeSO4.7 H2O 5.0

KH2PO4 2.0 MnSO41120 1.6

Urea 0.3 ZnS0
4
.7 H2O 1.4

CaC12 0.3 CoCl2 2.0

MgSO4.7 H2O 0.3

The following ingredients are also included: proteose-

peptone (0.075 %), Tween 80 (0.20 %) and purified cellulose

(0.75 %) or straw (concentrations as later specified). The

initial pH is approximately 5.0. Sterilization is carried

out at 121°C for 35 minutes.

In the medium described above, proteose-peptone is

included because it reduces the lag phase and improves the

enzyme yields of this fermentation (88). Cellulase is an

induced enzyme in T. reesei and therefore the lag phase

tends to be excessively long when the fungus is grown on

purified cellulose as the sole carbon source (59,76,98).

Several other additives have been tested, but the best

results were obtained with proteose-peptone. However,

when used at higher concentrations (e.g., 0.5 %), proteose-
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peptone is strongly inhibitory of cellulase production (57).

Data gathered in the present investigation suggest that

proteose-peptone is a superfluous ingredient when straw is

used instead of pure cellulose (see below).

Stimulation of the secretion of extracellular enzymes

by surface active agents (21) is the reason for the inclu-

sion of Tween 80 in this medium. The beneficial effect of

this surfactant on this fermentation is well documented

(59,98). It has been tentatively explained on the basis

that a somewhat increased permeability of the cell membrane

would permit an easier release of cellulase into the

medium, which in turn could lead to faster enzyme synthe-

sis (98). The optimum concentration of this agent in

this medium is 0.2 % (32).

Glucose should not be included in the culture medium

because it is a potent repressor of the synthesis of the

cellulase enzymes (4,7,22,29,59,65). Other known repres-

sors of this system are glycerol, fructose, maltose, glucon-

ate, some acids of the citric acid cycle and ATP (21,65).

When purified cellulose is the main substrate, res-

tricted conclusions can be obtained from shake flask experi-

ments, because of the impossibility of an adequate pH

control. Buffers are usually included in the medium for

this purpose, but their reliability and efficiency in a

culture undergoing extensive changes are limited. Citrate
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buffer has been used in T. reesei cultures, as well as

phosphate salts. The standard Mandels and Reese medium

described above contains 15 mM of KH2PO4. This is a moder-

ately efficient means of pH control in shake flasks with

cellulose concentrations of 1.5 % or lower (100). Breuil

and Kushner (7) have suggested the daily addition of

sterile alkali to flask cultures; in this case the inclusion

of a pH indicator in the medium could prove very useful.

Results obtained in this study show that bromphenol blue

may be used for this purpose (see below).

When working with laboratory fermentors instead of

shake flasks, pH control may be more adequately accomplish-

ed with the use of a sterilizable pH electrode, whose

signals control the automatic delivery of sterile alkali.

Sternberg and Dorval have shown that the best base for this

purpose is ammonium hydroxide. Used at 2 N concentration,

it serves simultaneously as a nitrogen source; this per-

mits a significant reduction in the total salt content of

the Mandels and Reese medium. The revised formula is the

following (100):

in g/1 in mg/1

NH
4
H
2
PO

4
2.4 FeSO4 7 H2O 10.0

K
2
SO

4
0.3 MnSO4 H2O 3.2

CaC1
2

0.3 ZnSO4 7 H2O 2.8

MgSO4 7 H2O 0.3 CoC1
2

4.0
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Proteose-peptone (0.075 %), Tween 80 (0.20 %) and

purified cellulose (up to 8 %) are also present in this

formulation. In the fermentor runs carried out during

this study, pure cellulose was replaced by ryegrass straw

(conditions of pretreatment and concentrations employed

are specified below). Bromphenol blue was included as a

pH indicator (30 ppm). Antifoam A concentrate (Sigma) was

added, at an initial level of 50 ppm and during the process

as required. The fermentor containing 10 1 of this medium

was autoclaved at 121°C for 45 minutes.

Culture Vessels and Conditions

All of the shake flask experiments employed 100 ml

of medium in an Erlenmeyer flask of 500 ml nominal volume.

Cultures were incubated on a rotary shaker (Controlled

Environment Incubator Shaker, New Brunswick Scientific Co.,

Edison, New Jersey) at 200 rpm and 28°C. In one instance

a reciprocating shaker (Model 50 Shaker Bath, Precision

Scientific Co., Chicago, Ill.) was also used, at 126

oscillations (1.1. cm stroke) per minute.

Larger scale (10 1 working volume) tests were also

performed; in these cases the culture vessel was a New

Brunswick Scientific Microferm MF-14 laboratory fermentor

(14 1 nominal volume). Figure 3 shows the fermentation

set-up; in figure 4 the vessel connections and penetrations
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Figure 3. Fermentation set-up.

1. Fermentation vessel

2. Sterile water reservoir

3. Sterile 2 N NH
4
OH reservoir

4. Antifoam reservoir

5. Antifoam delivery pump

6 and 7. Air filters

8. Air supply line

9. Agitation control knob

10. Agitation speed indicator

11. Temperature control knob

12. Air flow control knob
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Figure 4. Detailed view of the culture vessel.

1. Inoculation port

2. Thermometer well

3. Temperature probe

4 and 5. Cooling/heating water circulation

lines

6. Impeller drive shaft

7. Water addition line

8. Ammonium hydroxide addition line

9. Foam detection circuit

10. Antifoam addition line

11. Sampling line

12. Air outlet
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Figure 4. Detailed view of the culture vessel.
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are displayed in greater detail.

Two modifications which were introduced in the ori-

ginal fermentor design are worth mentioning here. The

first one was the removal of the air sparger tip. This was

necessary because the straw particles would very easily

clog the small sparger orifice. It is possible that a

somewhat impaired aeration efficiency resulted from this

modification, since the size of the air bubbles introduced

in the medium was considerably increased.

The second modification was the addition of a sterile

air pipe to the fermentor sampling line, by means of a

T-shaped glass connection (figure 4). This made possible

the thorough flushing of the collection line with sterile

air, before a sample was withdrawn. It is likely that

because of this adaptation more truly representative

samples could be obtained, since the relatively large dead

volume of the sampling line may normally harbor a consider-

able amount of comparatively stagnant medium.

In aerobic fermentations the loss of water due to

evaporation may easily reach 10% or more of the initial

volume, depending on aeration and agitation conditions and

on the temperature. It is evident that these losses must

be taken into consideration if product formation is to be

monitored accurately (109). For this reason, the initial

culture level was carefully recorded on the fermentor wall;
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daily, before a sample was collected, the totality of

the water lost by evaporation was replaced with sterile

distilled water and the mixture thoroughly stirred. Under

the conditions employed in these experiments (aeration:

1.0 liter/liter/min; agitation: 150 rpm; temperature: 28

to 32°C), evaporation losses were of approximately 0.016 1/h.

The fermentor cultures were kept at 32°C for 24 hours

following inoculation; the temperature was then lowered to

28°C. The former is the optimal growth temperature of

T. reesei, while the latter is best for cellulase formation

(88,98). The fact that the growth and enzyme production

phases are distinct in cultures of this organism (29) sug-

gested that two different temperatures could be employed

during the process, in order to obtain earlier enzyme form-

ation. A significant reduction in the duration of the pro-

cess was actually obtained by Leisola and Kauppinen (52).

Each shake flask was inoculated with a suspension of

mycelial fragments and spores, prepared from a potato

dextrose agar slant culture. The fermentor was inoculated

at 5 °A with 96 hour-old flask cultures of T. reesei in

the same straw-based medium.

Enzyme Isolation and Assay

Enzymes of the cellulase system are strongly adsorbed

to cellulose before its degradation can occur (13,78,85).
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Therefore, the cellulolytic activity in a culture filtrate

will not be a true measure of the total enzyme yield at

that time; this is especially true during the early stages

of the fermentation, when the concentration of undegraded

cellulose is highest (101). However, for practical pur-

poses the activity which is of interest to measure is that

of free enzyme, because recovery of adsorbed enzyme from

undegraded substrate is presently not rewarding.

The possibility of adsorption must be kept in mind

also when selecting the enzyme isolation method. Filtra-

tion may be employed to separate crude cellulase from

culture solids, but paper must not be used as a filter

because the enzymes are strongly adsorbed to it (85).

Other types of filters (for instance, of glass fiber)

(29) or centrifugation should be employed.

Culture samples were drawn aseptically and centri-

fuged in a Sorvall SM-24 rotor at 10,000 rpm (1.1 x 104g)

and 200C for 15 minutes. The supernatant was immediately

used as crude enzyme.

The cellulase assay used in this study was that develop-

ed by Mandels and co-workers (61). it may be described

as follows : 1.0 ml of 0.05 M sodium citrate buffer, pH

4.8, is added to 0.50 ml of crude enzyme in an 18 mm test

tube. The reaction is initiated by the addition of a

1 x 6 cm strip (51 mg) of Whatman #1 qualitative filter
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paper, and the mixture incubated at 5000 for one hour.

Three ml of 3,5-dinitrosalicylic acid (3,5-DNS) reagent

for determination of reducing sugars (63) are added to stop

the reaction, the mixture is heated in a boiling water bath

for five minutes and then cooled by immersion. After the

addition of 16 ml of water, the concentration of reducing

sugars (as glucose) is measured in a spectrophotometer at

550nm. For every sample analyzed, a blank reaction without

paper is prepared, so that reducing sugars already present

in the culture broth not be counted as released by enzyme

action on paper. The paper itself, in turn, does not con-

tribute to color development to any detectable extent.

Thimerosal was used in the citrate buffer as a preser-

vative (0.01 %) (57). Incubation during the enzymatic

reaction was carried out without agitation. (Agitation

causes increased release of reducing sugars from the paper

(29).) Glucose standards in the same buffer were run in

parallel to all enzyme assays.

In 1978 Montenecourt and associates modified this

procedure by substituting inch paper disks (47 mg) for

the Whatman #1 filter paper strips (67). These circles

are available commercially (Schleicher and Schuell #740 E

antibiotic assay disks), which eliminates the time-consum-

ing preparation of the substrate. The disks are also

less susceptible to T. reesei cellulase action. This was
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regarded as an advantage by those authors, since fewer

laborious dilutions of highly active preparations are

required. (However, this also implies a decreased sensi-

tivity of the assay; see below). A third reason why

Montenecourt et al. proposed this change was that the strips

would, more often than not, "remain stuck on the side of the

test tube above the reactants", while the circles "readily

and perfectly fit in the bottom of the tube" (67). This

modification was tested but not adopted in this study

(see below); the latter technical difficulty associated

with the use of strips was easily overcome by pre-coiling

them with the aid of two pairs of tweezers.

The formulation of the 3,5-DNS reagent used in the

determination of reducing sugars as glucose (63) was the

following: 3,5-dinitrosalicylic acid (1.0 %), phenol

(0.20 %), potassium sodium tartrate (20.0 %), sodium

hydroxide (1.0 %) and sodium sulfite (0.050 %). It was

observed that a recently prepared batch of this reagent

tended to age over a period of a few weeks, in the sense

that even though the same glucose standard solution was

used, the color intensity progressively increased before

reaching a final, stable level. This difficulty was solved

by heating the newly prepared batch in its loosely capped

final container, at 50°C for 24 hours. After this period

the container was tightly closed and stored at room temp-
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erature. Portions of the reagent were removed only immedi-

ately before use.

The actual determinations of color intensity were

carried out in the following instruments: Bausch & Lomb

Spectronic 20, Beckman Model 25 Spectrophotometer or Klett-

Summerson Model 800-3 photoelectric colorimeter. A modifi-

cation was made in the latter which made the readings easier

to take and possibly also more accurate. In the original

design of the Klett-Summerson, a knob must be turned until

a moving pointer becomes centered over a stationary vertical

line; when this position has been reached, the reading is

taken. Parallax is a serious problem in this design; the

apparent centered position of the pointer significantly

changes if the operator's eye position is modified. Thus,

accuracy is adversely affected. In our instrument, paral-

lax was largely eliminated by the addition of a second

reference line, this time above the plane of the pointer.

This second line was provided in the form of a piece of

human hair which was fastened to the instrument with ad-

hesive tape (figure 5). A magnifying glass mounted on a

ring stand made centering of the pointer faster and more

comfortable.

The standard curves for determination of glucose with

3,5-DNS reagent obtained with the Klett-Summerson colorim-

eter and with the Beckman spectrophotometer are shown in

figures 6 and 7, respectively.



Figure 5. Modification of Klett-Summerson colorimeter.
Numbers indicate: original stationary refer-
ence line (1); mobile pointer (2); human hair
(3); adhesive tape (4); lighted window (5).
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Figure 6.

0.40 0.80 1.20

GLUCOSE (mg)

1.60

Standard curve for determination of reducing
sugars as glucose with 3,5-DNS reagent. In-
strument used: Klett-Summerson colorimeter.
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Figure 7.

1.0 20 3.0 4.0
GLUCOSE (mg)

5.0 6.0

Standard curve for determination of reducing
sugars as glucose with 3,5-DNS reagent. In-
strument used: Beckman Model 25 spectropho-
tometer.
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Cellulase activity as determined by this method has

been expressed as "Filter Paper" (FP) units; one FP unit

is defined as the amount of enzyme necessary to release

one mg of glucose per hour, under the conditions of the

assay (76). In the present work, enzyme activity is

expressed as International Units (IU); one IU is equiva-

lent to the formation of one micromole of glucose per

minute, under the assay conditions. The two types of

unit may be exchanged as follows: one mg of glucose/hour =

= 9.25 x 10
-2

IU.
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RESULTS AND DISCUSSION

Curves of Enzyme Activity vs. Enzyme Concentration

During all stages of this project, it was of funda-

mental importance to quantitate the cellulase activity

present in the liquid phase of cultures of the organism.

Therefore, before the actual investigation began, necessar-

ily the first step was to establish the limits of reliabi-

lity of the analytical procedure employed. Thus, it was

necessary to construct an enzyme activity vs. concentration

curve.

The assay procedure was that of Mandels and co-workers

(61), described in the Materials and Methods section. The

source of crude enzyme was the supernatant of a 116 h old

culture of Trichoderma reesei QM 9414 grown on the standard

Mandels and Reese medium, containing 2.1 % ball-milled

straw as the main carbon source. Citrate buffer was added

to different volumes of the crude enzyme preparation, to a

final reaction volume of 1.50 ml. Reducing sugars liberated

by enzyme action on paper were determined by the 3,5-DNS

method, as described previously. Two types of substrate

were tested: the original 1 x 6 cm strips of Whatman #1

filter paper (61), and the antibiotic assay disks intro-

duced by Montenecourt and associates (67). The results

are displayed in figure 8.
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Figure 8.

0.20 0.40 0.60
CRUDE ENZYME (ml)

0.80

Curves of enzyme activity vs. enzyme concen-
tration with two substrates: Whatman #1
filter paper strips (o) or Schleicher &
Schuell #740 E antibiotic assay disks (o).
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In this assay a relatively resistant substrate (paper)

and a long incubation time are employed in order to elimi-

nate artificially high results that can be obtained be-

cause of the initial, rapid degradation of portions of

amorphous cellulose (57,59,61,67). The amount of reducing

sugars released increases with the enzyme concentration,

but this relation is not linear. Instead, a curve that

tends to level off as the enzyme concentration is increas-

ed is observed (57). Several factors may participate in the

creation of such a curve. First, the fact that the acti-

vity being measured results from the combined actions of

at least three different enzymes, as explained previously.

Second, one must consider that in the case of polymeric

substrates, such as cellulose, the most susceptible bonds

will be hydrolyzed at the fastest rate. Therefore, as the

reaction proceeds it becomes slower and slower. As Whitaker

(110) explains it,

in these cases the relationship between velocity
and enzyme concentration will be linear only so
long as there is a sufficient concentration of
the most susceptible bonds so that an initial
rate may be properly maintained.

A third consideration is that in the enzymatic hydrolysis

of cellulose all reactions are inhibited by their products

(79).

Although these characteristics prevent the use of

this assay in detailed kinetic studies, it is still very
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useful for monitoring fermentations (59). Mandels,

Andreotti and Roche (61) propose that only the region of

the curve below the level of 2.0 mg reducing sugars as

glucose per hour used, when a filter paper strip is employ-

ed as substrate. According to these authors, whenever the

detected activity is above this arbitrarily set limit, the

assay should be repeated with a more diluted enzyme sample.

This is to ensure that the determinations be carried out in

the range of greater proportionality between enzyme con-

centration and activity.

Figure 8 shows the enzyme activity vs. concentration

curves obtained with two different substrates, filter

paper strips and antibiotic assay disks. It is evident

that with the first substrate a given change in enzyme

concentration results in a greater variation in detected

activity. For this reason, filter paper strips were sel-

ected as the substrate to be used in all determinations,

throughout this project.

Nearly all of the measurements performed during this

investigation were carried out with considerably diluted

enzyme samples, which almost always showed activities of

less than 1.0 mg reducing sugars as glucose per hour.

This level of activity corresponds to the region of great-

est linearity of the curve.

The filter paper assay of Mandels et al. is widely
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used for monitoring fermentations (76,82). It is recog-

nized as a meaningful measure of the overall cellulolytic

activity of culture filtrates of cellulase-producing

microorganisms (13,14,57,59,61). It reflects well the

actual potency of an enzyme preparation for practical

cellulose saccharification purposes (21,99). As Sternberg

points out, "a filtrate having 1.5 PP units/ml will

saccharify cellulose at twice the rate of a filtrate

having 0.7 FP units /ml" (99).

Initial Evaluation of Ryegrass Straw as A Potential

Substrate for Cellulase Production

Once the adequacy of the cellulase activity determina-

tion procedure had been ascertained, the next logical step

was to carry out an initial evaluation of ryegrass straw

as a potential substrate for cellulase production by

Trichoderma reesei. Thus, it was necessary to test, at

least preliminarily, the very feasibility of the main

proposition of this project.

Two flask cultures of T. reesei QM 9414 were prepared,

according to the formula of Mandels and Reese. In the

control culture, purified cellulose (Avicel microcrystal-

line cellulose, average particle size 19/(m) was used as

the main carbon source, at a concentration of 0.75 %.

According to the literature, this is the optimal concentra-

tion for cellulase production in cultures where the pH is
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only moderately controlled (by means of a buffer incor-

porated in the medium). In the test culture the main

carbon source was finely ball-milled ryegrass straw, used

at a concentration of 2.1 %. Given that the cellulose

content of ryegrass straw is approximately 46 % (37), this

is equivalent to 0.97 % cellulose in the medium. Pentosans

(25 % of ryegrass straw) were also present in this medium

(approximately 0.53 %). The total carbohydrate concentra-

tion in the straw-based culture was, therefore, in the

neighborhood of 1.5 %.

The results of this comparison between purified

cellulose and ryegrass straw are displayed in figure 9.

The yield obtained in the cellulose-based culture is in

excellent agreement with results reported by other

investigators (99).

It can be seen that in the straw-based culture

approximately twice as much cellulase was produced as in

the one with Avicel. Because the total carbohydrate

concentrations were different, it is not possible to say

whether, nor to what extent, ryegrass straw is a better

substrate for cellulase production than purified cellulose.

It must be kept in mind that the conditions and concentra-

tion employed in the purified cellulose culture were the

best possible, according to the literature. These results

certainly show that ryegrass straw is, potentially, a good

substrate for cellulase production.
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Cellulase production by Trichoderma
reesei grown on two substrates:
2.1 96 ball-milled straw (a) or 0.75 %
Avicel microcrystalline cellulose (0).
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Comparison Between Two Microbial Sources

Fungi of the genera Trichoderma and Aspergillus are

the main commercial sources of cellulase. The majority

of the references in the field recognize Trichoderma reesei

as the best presently known cellulase producer. Neverthe-

less, it was desirable to obtain some direct confirmation

of these reports, especially for the use of ryegrass straw.

To seek confirmation, Trichoderma reesei QM 9414

and an unidentified species of Aspergillus from our labora-

tory were grown in flasks containing Mandels and Reese

medium with 2.1 % ball-milled straw as the main carbon

source. Cellulase formation was monitored as a function

of time. Results are shown in table 2.

Hours

Table 2: Cellulolytic Activities

in the Culture Supernatants of Two Molds

Cellulase activity (IU/ml)

T. reesei Aspergillus sp.

43.5 0.05 0.24
62.5 0.18 0.18
93.0 0.45 0.19
114.0 0.65 0.22
141.5 1.02 0.30
165.0 1.20 0.52
189.0 1.25 0.63

It can be seen that at the end of the incubation

period cellulase activity was approximately twice as high
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in the Trichoderma fermentation as it was in the Aspergil-

lus culture. This result confirms what has been stated

by many other researchers and is another indication that

Trichoderma reesei is indeed one of the best microorganisms

for use in the production of cellulase. The QM 9414

strain was used in all other experiments described here.

Further Evaluation of Ryegrass Straw:

Effect of Particle Size

The previously described experiment for the initial

evaluation of ryegrass straw as a substrate employed very

finely ball-milled straw. Reduction of particle size to

this extent is, however, a very energy-intensive form of

pretreatment and likely uneconomical for the present

purposes. It was pertinent, therefore, to investigate

to what extent cellulase yield is related to the average

particle size of the straw, at a given straw concentration.

To pursue this objective, four flask cultures of

T. reesei QM 9414 on straw-based Mandels and Reese medium

were prepared. The straw concentration (1.63 %) was the

same in all flasks, but the range of particle size was

different in each case, from 20-40 mesh to 100-250 mesh.

Cultures were incubated on a rotary shaker at 28°C and the

cellulase yields monitored as a function of time. Results

appear in figure 10.
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It is clear from these data that cellulase yield and

average particle size were inversely related. To a certain

extent, it is reasonable to expect such a relationship. A

smaller average particle size implies a greater surface

area of the substrate being available for action of the

degradative enzymes secreted by the microorganism. Thus,

the actual concentration of accessible substrate in the

medium could increase as the average particle size de-

creases. A higher concentration of actually accessible

substrate would then be reflected in a higher yield. It

should be noted that during the entire course of this

investigation, complete utilization of the straw present

in a culture medium was never observed. In other words,

a significant portion of this material is not susceptible

to attack by cellulase produced by Trichoderma reesei.

This experiment demonstrated that cellulase yield

can strongly depend on the degree of division of otherwise

untreated straw. Grinding, however, is expensive; more-

over, the cost tends to increase as the particle size

decreases. Therefore, the investigation of alternative

forms of pretreatment was warranted.
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Figure 10.
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HOURS

Effect of particle size on enzyme yield.
Straw concentration: 1.63 %. Symbols:
20-40 mesh (0); 40-60 mesh (0); 60-100
mesh (n); 100-250 mesh (<)).
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Effect of Sodium Hydroxide Treatment

Treatment of ryegrass straw with sodium hydroxide

solution was investigated as a possible way of increasing

cellulase yield. Several workers had previously shown the

value of this approach in improving the fermentability of

straw (36,40,41,44,64,114,115). In his work with barley

straw, Peitersen demonstrated that cellulase yields could be

increased by sodium hydroxide pretreatment (76,77).

Two different types of straw were used: besides regular

ryegrass straw, a type of processed fiber produced in

Junction City, Oregon was also tested (GrassmulchTM).

Both materials were hammer-milled to a 20-40 mesh particle

size, and then divided into three parts. One was an un-

treated control; another was treated with 2.3 parts of a

4 % sodium hydroxide solution at room temperature for 60

minutes; and the third part was treated with the same

volume of 4 % sodium hydroxide solution, but at 97°C for

30 minutes. (The concentration of sodium hydroxide, calcul-

ated on the basis of the dry weight of straw, was approxi-

mately 10 %). Following treatment, the straw was neutral-

ized with diluted sulfuric acid to pH 5, dried overnight

at 105°C, and used at 1.63 % concentration in the Mandels

and Reese medium. Cellulase formation in flask cultures

was followed over a period of eight days. The results

obtained are shown in figures 11 (regular ryegrass straw)
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Figure 11.
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Effect of NaOH treatment of straw on enzyme
yield. Symbols: untreated control (o);
treated at 97°C for 30 minutes (0); treated
at room temperature for one hour (0).
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and 12 (GrassmulchIM).

The value of straw treatment with sodium hydroxide

in improving cellulase yields is evident from both sets of

data. In the cultures containing straw treated at room

temperature the final cellulase concentration was approxi-

mately 70 % higher than in those containing untreated straw.

The beneficial effect of sodium hydroxide treatment

is possibly due to the fact that the alkali causes swelling

of cellulose fibers and hydrolysis of ester linkages between

uronic acid residues in hemicellulose and phenolic groups

in lignin (2). Thus, the lignin-cellulose-hemicellulose

complex may be partly disrupted, and the accessibility of

substrates susceptible to the degradative enzymes secreted

by the fungus may be increased. Therefore, the effective

concentration of susceptible substrates may be greater in

a culture containing alkali treated straw than in one con-

taining untreated straw, at a given straw concentration.

This, in turn, would be reflected in yields being higher

in the former than in the latter case.

From figures 11 and 12 it is also clear that alkali

treatment at room temperature is preferable to treatment

at 97°C, in terms of cellulase yield. (In the case of

GrassmulchTM , the final enzyme concentrations were similar

for both types of treatment; nevertheless, with straw

treated at room temperature the final cellulase level was
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Effect of NaOH treatment of GrassmulchTM on
enzyme yield. Symbols: untreated control
(o); treated at 97*C for 30 minutes (p);
treated at room temperature for one hour (A).
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reached considerably earlier than with straw treated at

97°C). This could be due to the destruction of some of

the available sugars by the prolonged exposure to hot alkali.

It is well known that treatment of sugars with alkali may

cause extensive isomerization and even decomposition of

the chain. This effect is at least partly caused by the

establishment of an equilibrium between the aldose or

ketose and an enediol structure (69).

In brief, these experiments demonstrated two important

points: first, that alkali treatment is a way of effectively

increasing T. reesei cellulase yield from ryegrass straw.

Second, that alkali treatment at room temperature is pre-

ferable to a more expensive, energy-consuming similar

treatment at 97°C.

Combined Effects of Particle Size Reduction

and Sodium Hydroxide Treatment

At this point of the investigation two forms of straw

pretreatment had been proven effective in increasing cellu-

lase yield. Next, it was logical to investigate what the

results would be, if the two treatments were combined. It

was especially important to try to reduce the yield depen-

dence on particle size, since fine grinding also means

high costs.

Four portions of straw with different particle size
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ranges were treated with sodium hydroxide solution at room

temperature, as described previously. After neutralization

and overnight drying at 10500, these straws were incorporat-

ed at 1.63 % into 100 ml Mandels and Reese medium contained

in 500 ml Erlenmeyer flasks. After inoculation, cultures

were incubated on a rotary shaker at 2800, and cellulase

formation monitored. Results are displayed in figure 13.

A comparison between figures 10 and 1.3 clearly shows

that differences in yield caused by variations in particle

size were significantly reduced by treatment with sodium

hydroxide. The yields from 60-100 mesh and 100-250 mesh

straws were identical, and only slightly better than the

one from 40-60 mesh straw. It was thus demonstrated that

sodium hydroxide treatment may be substituted for very fine

grinding as a way of improving T. reesei cellulase yield

from ryegrass straw.

Straw ground to pass a 40 mesh screen and treated with

sodium hydroxide at room temperature was adopted as the

standard substrate in the subsequent steps of this investi-

gation, including 10 liter fermentor runs to be described

later. This decision represented a compromise between

yield improvement and cost reduction.

It is interesting at this point to briefly question

the possible practical significance of this particle size

(pass 40 mesh). A survey of the literature reveals that
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Combined effects of NaOH treatment (room
temperature, one hour) and particle size
of straw on enzyme yield. Symbols: 20-40
mesh (o); 40-60 mesh (L), 60-100 mesh (3);
100-250 mesh (0).
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research so far conducted on cellulase production frequently

employed substrates which were much more finely ground. For

example, in 1979 Sternberg reported the use of 200 mesh

ball-milled pure cellulose, in experiments performed at

the U.S. Army Natick research center (100). Evidently this

is a far more expensive substrate than ryegrass straw

ground to pass a 40 mesh screen.

It may also be mentioned that the same particle size

(pass 40 mesh) was employed by Peitersen in his studies on

cellulase production from barley straw (76).

Reduction in Sodium Hydroxide Concentration

The experiments on alkali treatment so far described

used sodium hydroxide at a concentration of approximately

10 %, on the basis of dry weight of straw. This represents

a relatively high consumption of sodium hydroxide and sulfuric

acid (needed for post-treatment neutralization); it also

implies an increase in the concentration of unwanted salts

in the fermentation product (100). Therefore, it was highly

desirable to investigate the possibility of reducing the

sodium hydroxide concentration at the pretreatment step.

Ryegrass straw was ground to pass a 40 mesh screen,

and treated with sodium hydroxide (4 % on the basis of the

dry weight of straw) diluted in water to give a 7:3 liquid :

solid ratio. Following the advice of Dr. Anderson, the
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treatment period was increased from the original one hour

to 24 hours. After this period the straw was neutralized

to pH 5 with diluted sulfuric acid, and dried overnight

at 105°C.

Straw treated in this manner was then compared with

straw of the same particle size, but treated with 10 %

sodium hydroxide at room temperature for one hour, as

described previously. Flask cultures employing Mandels and

Reese medium with 1.63 % of either type of treated straw

were incubated on a reciprocating shaker at 28°C, and cellu-

lase yields monitored. Results appear in figure 14.

These curves show that the two treatments were rughly

equivalent; if a difference exists, it points to the use of

4 % instead of 10 % sodium hydroxide. This may be due to

the fact that the treatment with 4 % sodium hydroxide was

24 times longer.

The similarity in effectiveness between the two

treatments is in accordance with the findings of Yu and

co-workers (115). When studying the improvement of the

protein content of ryegrass straw through fermentation, these

authors observed essentially no further increase in protein

content when concentrations of sodium hydroxide greater

than 4 % were used in the pretreatment step.

The straw used in subsequent steps of this investigation

was treated with 4 % sodium hydroxide for 24 hours. The
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Figure 14. Comparison of two different NaOH treatments
of straw at room temperature: effect on
enzyme yield. Symbols: 10 % NaOH, one hour
(0); 4 % NaOH, twenty-four hours (o).
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particle size, as mentioned before, was pass 40 mesh.

This applies, among other experiments, to the 10 liter

fermentor runs to be described below.

Effect of Straw Concentration

The experiments described in this section employed

as culture vessel a New Brunswick Scientific Microferm

laboratory fermentor. The working volume was 10 liters,

which represents a 100-fold scale-up from the 100 ml flask

cultures used in the remaining of the experiments reported

here.

Good consistency existed between final yields obtained

at both scales. In the case of the fermentor, however, the

maximum cellulase level was reached much faster than in the

flask cultures, at a given straw concentration. This could

be due to at least three factors. First, the fact that the

fermentor was inoculated at 5 % level with an actively grow-

ing culture in the same straw-based medium, while flasks

were inoculated with stock cultures maintained on a different

medium (potato dextrose agar). Second, the fact that the

fermentor was kept at 32°C for the first 24 hours following

inoculation; only after this period was the temperature low-

ered to 28°C. At this temperature, optimal enzyme production

occurs but growth is slower. On the other hand, flask

cultures were maintained at 28°C during the entire incuba-
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tion period. Finally, one must consider that agitation

and especially aeration conditions are better in the

fermentor than in the shake flasks.

Two fermentor runs were carried out under identical

conditions of inoculation (5 %), agitation (150 rpm) and

aeration (1.0 liter/liter/min). The composition of the

medium, with the exception of the straw, was the same in

both cases (100). In the first instance, 163 g straw were

added to 10 1 liquid medium; in the second, 326 g straw

were used. The pH was controlled with 2 N ammonium hydro-

xide; minimum pH allowed was similar in both cases (3.6

and 3.3, respectively). Cellulase yield was monitored as

a function of time. Results are displayed in figure 15.

(All analyses were performed in duplicate; where a range

of values is not shown, duplicates gave virtually identical

results).

These experiments demonstrated that a promising

approach in the search of higher cellulase yields is to

increase straw concentration. This has also been observed

when pure cellulose is used as substrate for this fermenta-

tion (99,100).

It can be seen that a 100 % increase in substrate

concentration resulted in a 73 % yield improvement (maximum

cellulase concentrations were 0.82 IU/ml and 1.42 IU/ml).

Other researchers have also observed that the proportionality
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yield. NaOH treated, 40 mesh straw was used
at 1.6 % (o) or 3.3 % (0) concentration in
10 1 medium.
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between substrate concentration and enzyme yield is not

complete. A recent article by Ryu and Mandels (88) re-

ports that an increase of 46 % in final cellulase level

(from approximately 2.4 IU/ml to 3.5 IU/ml) resulted from

a 100 % variation in substrate concentration (from 2.0 %

to 4.0 %, pure cellulose).

Another observation noted from figure 15 is that a

higher straw concentration results in a longer fermentation

time. This is in agreement with a report by Peitersen (76),

who employed barley straw and T. reesei QM 9123 for cellulase

production. Prolongated fermentation times may ultimately

limit, from a practical point of view, the extent to which

further increases in straw concentration are used to obtain

higher enzyme yields. This difficulty could possibly be

diminished if new forms of pretreatment made the straw

significantly more susceptible to attack by T. reesei

enzymes.

pH Profile and Adequacy of Nitrogen Supply

Cellulase production research throughout the world has

used, in most instances, culture media based on highly

purified forms of cellulose. With this type of substrate,

it is observed that at concentrations greater than 0.75 %

the pH of the culture tends to fall to as low as 2.5. At

this acidity level the enzymes of the cellulase complex are
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inactivated and growth of the fungus ceases. If, however,

the pH is maintained between 3.0 and 4.0, much higher

cellulose concentrations can be used, and cellulase yields

are greatly improved (99). This has led researchers at the

U.S. Army Natick center to design a medium in which up to

90 % of the total nitrogen requirements are to be satisfied

through the addition of ammonium hydroxide used to control

the pH (100). This medium formulation has given excellent

results when pure cellulose is the main carbon source.

However, during this investigation it was observed that the

tendency for acidification of the medium is considerably

weaker when ryegrass straw replaces pure cellulose. The

implication is that at high concentrations of straw the

latest medium formulation developed at Natick may not

guarantee an adequate nitrogen supply, simply because

smaller amounts of ammonium hydroxide may be required to

keep the proper pH range.

The first indication that use of ryegrass straw

instead of pure cellulose in the culture medium results in

a somewhat improved buffering capacity came from the initial

comparison of the two substrates described before (fig. 9).

It will be recalled here that the concentration of purified

cellulose employed was 0.75 %, which is the recommended

level for maximum yields in moderately buffered media

(flask cultures). In such media, higher concentrations of
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purified cellulose lead to decreased yields due to excessive

acidification, as already explained. Nevertheless, in an

identical salts medium the use of 2.1 % ryegrass straw

(which is equivalent to about 1.5 % total carbohydrates)

made possible a cellulase yield twice as high as in the

pure cellulose culture. This indicates that acidification

is not as serious a problem in straw-based media as it is

in media that employ pure cellulose.

This hypothesis was confirmed by culture pH determina-

tions carried out at many subsequent steps of this investi-

gation. In an experiment performed with the purpose of

examining this issue, flask cultures were prepared using

3.26 % straw in a salts medium of reduced buffering

capacity. (This medium is designed for use under conditions

of continuous neutralization (100).) Even in this case the

pH did not drop below 3.0.

These observations indicate that when ryegrass straw

replaces pure cellulose, control of pH with ammonium

hydroxide may not ensure an adequate supply of nitrogen.

Thus, at high levels of straw, an initially higher concen.

tration of ammonium salts may be required in the medium.

It is clear that one of the requirements which must

be fulfilled before the technology of enzymatic saccharifi-

cation of cellulose becomes economically feasible is that

cheap, readily available substrates be used in the enzyme
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production step. It is also clear that highly purified

cellulose is not such a substrate. The observations

just described exemplify the fact that developments

which apply to pure cellulose do not necessarily apply to

practical substrates such as straw. This emphasizes the

importance of conducting research not only on defined sub-

strates but on actual cellulosic wastes as well. The same

conclusion derives from the experiments described in the

following section.

Elimination of Proteose-Peptone from

The Culture Medium

Proteose-peptone is included in the Mandels and Reese

medium at a level of 0.075 to 0.10 % because it reduces

the lag phase and improves yields when pure cellulose is

the main substrate (59,67,98). Since this is an expensive

ingredient, it was desirable to investigate whether any

real benefit derives from its inclusion in a medium where

ryegrass straw has replaced pure cellulose. Tests were

carried out employing 1.63 % straw; at this straw concen-

tration, no evidence was found of any advantage associated

with the inclusion of proteose-peptone in the medium.

Three flask cultures were prepared using 1.63 g straw

(40 mesh, sodium hydroxide treated) in 100 ml Mandels and

Reese medium. In two of them proteose-peptone was omitted.
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After inoculation, the cultures were incubated on a rotary

shaker at 28 C, and cellulase production monitored.

Results are shown in figure 16.

Clearly, there was no benefit from the inclusion of

proteose-peptone in the medium. Yields were very similar

in the three cultures, and also similar to those obtained

in other phases of this investigation. (For example, the

one shown in fig. 15 for the same concentration of straw;

in this fermentor run, proteose-peptone was included). Thus,

apparently this is a superfluous ingredient in straw-based

media for cellulase production; its elimination would make

possible a reduction in the cost of the process.

Possible Additive Use of Cheese Whey Solids

There are two potential difficulties associated with

the use of increased substrate concentrations as a way of

obtaining higher cellulase yields in this process. First,

in the case of straw it is observed that elevated substrate

concentrations result in longer fermentation times (fig.15).

Second, high concentrations (of the order of 8 %) of an

insoluble material such as straw or pure cellulose may

prevent adequate stirring of the medium during fermentation

(99,100). These problems could possibly be diminished if

part of the straw were replaced by a soluble, more easily

degraded substrate and inducer of the cellulase enzymes.
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Preliminary experiments carried out during this investiga-

tion suggest that cheese whey solids could be used for this

purpose.

The lactose content of dry whey is in the neighborhood

of 75 %. Dry whey also contains protein (12.1 %) and ash

(13.5 %) (34). (These figures may vary, depending on the

type of cheese). Since lactose is an inducer of the T.

reesei cellulase system (87), one may expect the addition

of whey solids to the culture medium to result in enzyme

yield improvement.

To investigate this possibility, three flask cultures

of T. reesei in Mandels and Reese medium with 1.63 % straw

were prepared. Proteose-peptone was omitted, and to one

of the flasks 0.32 % dry whey was added. Cultures were

incubated on a rotary shaker at 28°C and cellulase produc-

tion monitored. Results are shown in figure 17.

At the end of the incubation period the cellulase con-

centration in the culture containing whey was 15 % higher

than the average of the two cultures without whey. (The

difference between these duplicates was 4%).

These are certainly preliminary findings, but they at

least indicate that further investigation on the use of

cheese whey solids could produce valuable results. Not

only a practical way of improving cellulase yields may be

found, but also a use would be given to whey. This material
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is now largely treated as a waste; its disposal is a costly

burden on many dairy plants.

Feasibility of Use of Bromphenol Blue

as a pH Indicator

The pH of the cellulase fermentation medium must be

kept between 3.0 and 4.0 for optimal enzyme yields (99).

Thus, when conducting experimental work on this process,

it may be desirable in some cases to include a pH indicator

in the medium. Such an indicator must fulfill three re-

quirements. First, it must not cause variations in enzyme

yield. Second, it must change color in the 3.0 to 4.0 pH

range. Third, at least one of the two colors assumed by

the indicator must be clearly distinct from the color of

the fermentation broth.

Bromphenol blue (3',3",5',5"-tetrabromophenolsulfon-

phthalein) satisfies all of the above requirements. It is

yellow at pH 3.0 and blue at pH 4.0. When used at 30 ppm

it does not cause any observable variation in cellulase

yield, as the following experiments show.

In two independent experiments, cellulase formation

in a culture containing 30 ppm bromphenol blue was compared

to that in a control culture without indicator. Ryegrass

straw at 1.63 % was the cellulosic substrate in the Mandels

and Reese medium. In one of the experiments, 100-250 mesh
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straw was used; a second test employed sodium hydroxide

treated, 60-100 mesh straw. Cultures were incubated on a

rotary shaker at 28°C. Results are displayed in figure 18.

It can be seen that in both cases cellulase formation

in the culture with indicator was virtually identical to

that in the control culture. These observations demonstrate

that bromphenol blue is a suitable and potentially useful

pH indicator for use in experimental work on cellulase

production.

Concluding Remarks

The technology of enzymatic saccharification of cell-

ulose has been proven technically feasible. It has not

become a commercial enterprise yet, due to economic

difficulties (88). In view of these facts, it is to a

certain extent surprising to find how little a fraction of

the literature on cellulase production deals with practical

substrates such as ryegrass straw. It is evident that if

this technology is to become economically viable, the enzyme

production step will have to depend not on highly purified

forms of cellulose but rather on cheap, readily available

materials.

This work has shown that ryegrass straw is a feasible

substrate for production of cellulase by Trichoderma reesei.

The enzyme yields reported here are comparable to those
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described for purified forms of cellulose. For instance,

1.4 IU/ml were obtained in a 3.2 % straw fermentation

(fig. 15), while a 2.0 % pure cellulose process has produced

1.6 IU/ml (99). It is likely that further research could

lead to greatly improved enzyme yields from straw-based

cultures.

This work has also shown that observations collected

during the study of cellulase production on highly purified

cellulose do not necessarily apply to those processes

where lignocellulosic waste materials are used. It is the

latter type of substrate which will ultimately be used if

and when this technology becomes a commercial enterprise.

Therefore, it is once again clear that cellulase production

research should urgently move more into the area of cheap,

readily available substrates (26). This work represents a

step in this direction.

It is only reasonable to expect that further studies

on cellulase production from ryegrass straw by Trichoderma

reesei could lead to higher and even more encouraging

enzyme yields. Some possible areas of future investigation

have been suggested here, such as new forms of straw pre-

treatment or the addition of cheese whey solids to the

culture medium. Another field of research, which would

very likely result in significant improvements and which

was not explored in this project, is the use of newly
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developed strains of Trichoderma reesei (66,88). These

strains are even more active producers of cellulase than

the one employed in this work. Accordingly, the use of these

mutants should prove ryegrass straw to be an even better

substrate for this process than the present studies have

indicated.



79

BIBLIOGRAPHY

1. Ajello, L. 1979. Public health interest in fungi
used in industry. In: S. Garatini, S. Paglialunga,
and N. S. Scrimshaw-reds.), Single cell protein
Safety for animal and human feeding. Pergamon
Press, Oxford, pp. 186-188.

2. Anderson, A. W., and J. F. Anderson. 1980. On
finding a use for straw. In: Utilization and re-
cycle of agricultural wastes and residues. CRC
Press, Boca Raton, Florida (in press).

3. Andren, R. K., R. J. Erickson, and J. E. Medeiros.
1976. Cellulosic substrates for enzymatic sacchar-
ification. Biotechnol. Bioeng. Symp. 6: 177-203.

4. Bellamy, W. D. 1979. Role of thermophiles in cel-
lulose recycling. Am. Soc. Microbiol. News 45:
326-331.

5. Binder, A., and T. K. Ghose. 1978. Adsorption of
cellulose by Trichoderma viride. Biotechnol.
Bioeng. 20: 1187-1199.

6. Braverman, J. B. S., and Z. Berk. 1976. Introduc-
tion to the biochemistry of foods, 2nd ed. Else-
vier, Amsterdam, 315 pp.

7. Breuil, C., and D. J. Kushner. 1976. Cellulase
induction and the use of cellulose as a preferred
growth substrate by Cellvibrio gilvus. Can. J.
Microbial. 22: 1776-1781.

8. Brown, D. E., and D. J. Halsted. 1975. The effect
of acid pH on the growth kinetics of Trichoderma
viride. Biotechnol. Bioeng. 17: 1199-1210.

9. Brown, D. E., and M. A. Zainudeen. 1977. Growth
kinetics and cellulase biosynthesis in the continu-
ous culture of Trichoderma viride. Biotechnol.
Bioeng. 19: 941-958.

10. Brown, D. E., and M. A. Zainudeen. 1978. Effect
of inoculum size on the aeration pattern of batch
cultures of a fungal microorganism. Biotechnol.
Bioeng. 20: 1045-1061.



80

11. Brown, L. R. 1980. Food or fuel: new competition
for the world's cropland. Worldwatch Institute,
Washington, D.C., 43 pp.

12. Bull, A. T., D. C. Ellwood, and C. Ratledge. 1979.
The changing scene in microbial technology. Symp.
Soc. Gen. Microbiol. 29: 1-28.

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

14. Charpentier, M. 1968. Dgradation de la cellulose
dans le sol. Mecanismes enzymatiques. Annal.
Inst. Pasteur 115: 497-537.

15. Childs, E. A., J. L. Forte, and Y. Ku. 1977.
Utility of enzymes in solubilization of seed and
leaf proteins. ACS Symp. Ser. 47: 304-316.

16. Cinq-Mars, G. V., and J. Howell. 1977. Enzymatic
treatment of primary municipal sludge with Tricho-
derma viride cellulase. Biotechnol. Bioeni7777-
377-3877

17. Coombs, J., and A. J. Vlitos. 1978. An assesment
of the potential for biological solar energy util-
ization using carbohydrates produced by higher
plant photosynthesis as chemical feedstock. In:
F. de Winter and M. Cox (eds.), Sun Mankind's
future source of energy. Pergamon Press, New York,
2184 pp.

18. Cowling, E. B., and T. K. Kirk. 1976. Properties
of cellulose and lignocellulosic materials as sub-
strates for enzymatic conversion processes. Bio-
technol. Bioeng. Symp. 6: 95-123.

19. Cysewski, G. R., and C. R. Wilke. 1978. Process
design and economic studies of alternative fermen-
tation processes for the production of ethanol.
Biotechnol. Bioeng. 20: 1421-1444.

20. Demain, A. L. 1976. Comments on cellulase pro-
duction. Biotechnol. Bioeng. Symp. 6: 79-81.

21. Enari, T.-M., and P. Markannen. 1977. Production
of cellulolytic enzymes by fungi. Adv. Biochem.
Engineer. 5: 1-24.



81

22. Eriksson, K.-E. 1978. Enzyme mechanisms involved
in cellulose hydrolysis by the rot fungus Sporo7
trichum pulverulentum. Biotechnol. Bioeng. 20:
317-332.

23. Faith, W. T., C. E. Neubeck, and E. T. Reese. 1971.
Production and application of enzymes. Adv. Bio-
chem. Engineer. 1: 77-111.

24. Fallini, R. 1977. Biochemical engineering in the
production of fungal metabolites. In: D. A. Hems
(ed.), Biologically active substances - Exploration
and exploitation. John Wiley & Sons, Chichester,
pp. 33-48.

25. Finn, R. K. 1975. Summary discussion on "the
products". Biotechnol. Bioeng. Symp. 5: 279-283.

26. Gaden, E. L., Jr. 1975. Summary statement on the
process. Biotechnol. Bioeng. Symp. 5: 161-162.

27. Gaden, E. L., Jr. 1976. Applications: summary.
Biotechnol. Bioeng. Symp. 6: 313-314.

28. Gaden, E. L., Jr. 1976. Symposium summary. Bio-
technol. Bioeng. Symp. 6: 315-316.

29. Gallo, B. J., R. Andreotti, C. Roche, D. Ryu, and
M. Mandels. 1978. Cellulase production by a new
mutant strain of Trichoderma reesei MCG 77. Bio-
technol. Bioeng. Symp. 8: 89-101.

30. Ghose, T. K. 1977. Cellulase biosynthesis and
hydrolysis of cellulosic substances. Adv. Biochem.
Engineer. 6: 39-76.

31. Ghose, T. K., and V. S. Bisaria. 1979. Studies on
the mechanism of enzymatic hydrolysis of cellulosic
substances. Biotechnol. Bioeng. 21: 131-146.

32. Ghose, T. K., and V. Sahai. 1979. Production of
cellulases by Trichoderma reesei QM 9414 in fed-
batch and continuous-flow culture with cell recycle.
Biotechnol. Bioeng. 21: 283-296.

33. Ghose, T. K., and R. D. Tyagi. 1979. Rapid ethanol
fermentation of cellulose hydrolysate. Biotechnol.
Bioeng. 21: 1387-1420.



82

34. Gillies, M. T. 1978. Animal feeds from waste ma-
terials. Noyes Data Corporation, Park Ridge, New
Jersey, 346 pp.

35. Goldstein, I. S. 1976. Chemicals from lignocellu-
lose. Biotechnol. Bioeng. Symp. 6: 293-301.

36. Grant, G. A., A. W. Anderson, and Y. W. Han. 1977.
Preliminary cost estimates for commercial fermen-
tation of straw as animal feed. Biotechnol. Bioeng.
19: 1817-1830.

37. Groner, R. R. 1969. Elemental analysis of straw.
Department of Agricultural Chemistry, Oregon State
University, Corvallis, Oregon.

38. Gulati, S. L. 1979. New nonsynthetic medium for
Rhizobium culture production from wastes. Biotech-
171777Mng. 21: 1507-1515.

39. Hammond, A. L. 1977. Alcohol: a Brazilian answer
to the energy crisis. Science 195: 564-567.

40. Han, Y. W., and A. W. Anderson. 1974. The problem
of rice straw waste--A possible feed through fer-
mentation. Econ. Dot. 28: 338-344.

41. Han, Y. W., and C. D. Callihan. 1974. Cellulose
fermentation: effect of substrate pretreatment on
microbial growth. Appl. Microbiol. 27: 159-165.

42. Han, Y. W., and A. W. Anderson. 1975. Semisolid
fermentation of ryegrass straw. Appl. Microbiol.
30: 930-934.

43. Han, Y. W., W. P. Chen, and T. R. Miles. 1978.
Effect of refiner defibrizing on the fermentability
of ryegrass straw. Biotechnol. Bioeng. 20: 567-
575.

44. Han, Y. W., P. L. Yu, and S. K. Smith. 1978. Al-
kali treatment and fermentation of straw for animal
feed. Biotechnol. Bioeng. 20: 1015-1026.

45. Herr, D. 1979. Secretion of cellulase andie=g1u-
cosidase by Trichoderma viride ITCC-1433 in sub-
merged culture on different substrates. Biotech-
nol. Bioeng. 21: 1361-1371.



83

46. Howell, J. A., and M. Mangat. 1978. Enzyme deac-
tivation during cellulose hydrolysis. Biotechnol.
Bioeng. 20: 847-863.

47. Huang, A. A. 1975. Enzymatic hydrolysis of cellu-
lose to sugar. Biotechnol. Bioeng. Symp. 5: 245-
252.

48. Jackman, E. A. 1976. Brazil's National Alcohol
Programme. Process Biochem. 11: 29-30.

49. Joson, L. M. 1971. Utilization of microorganisms
for the production of food and metabolites in the
Philippines. In: Symposium on the use of radi-
ation and radioisotopes for the genetic improve-
ment of industrial microorganisms. International
Atomic Energy Agency, Vienna, pp. 307-314.

50. Karube, I., S. Tanaka, T. Shirai, and S. Suzuki.
1977. Hydrolysis of cellulose in a cellulase-bead
fluidized bed reactor. Biotechnol. Bioeng. 19:
1183-1191.

51. Lee, S. E., W. B. Armiger, C. M. Watteeuw, and A.
E. Humphrey. 1978. A theoretical model for the
enzymatic hydrolysis of cellulose. Biotechnol.
Bioeng. 20: 141-144.

52. Leisola, M., and V. Kauppinen. 1978. Automatic
assay of cellulase activity during fermentation.
Biotechnol. Bioeng. 20: 837-846.

53. Lekprayoon, C. 1973. Production of Candida utilis
from annual ryegrass straw hydrolysate. M.S. the-
sis, Oregon State University, Corvallis, Oregon,
52 pp.

54. Lepage, E. S. 1975. Preserva3go de madeiras. In:
E. Aquarone, W. Borzani, and U. A. Lima (eds.),
Tdipicos de microbiologia industrial, Ed. Edgard
Blucher and Ed. Univ. Sao Paulo, Sao Paulo, Brazil,
pp. 77-96.

55. Lindeman, L. R., and C. Rocchiccioli. 1979. Eth-
anol in Brazil: brief summary of the state of the
industry in 1977. Biotechnol. Bioeng. 21: 1107-
1119.



84

56. Linko, M. 1977. An evaluation of enzymatic hydro-
lysis of cellulosic materials. Adv. Biochem.
Engineer. 5: 25-48.

57. Mandels, M., and J. Weber. 1969. The production
of cellulases. Adv. Chem. Ser. 95: 391-414.

58. Mandels, M., L. Hontz, and J. Nystrom. 1974. En-
zymatic hydrolysis of waste cellulose. Biotechnol.
Bioeng. 16: 1471-1493.

59. Mandels, M. 1975. Microbial sources of cellulase.
Biotechnol. Bioeng. Symp. 5: 81-105.

60. Mandels, M. 1976. Saccharification technology:
summary. Biotechnol. Bioeng. Symp. 6: 221-222.

61. Mandels, M., R. Andreotti, and C. Roche. 1976.
Measurement of saccharifying cellulase. Biotech-
nol. Bioeng. Symp. 6: 21-33.

62. Menezes, T. J. B., T. Arakaki, P. R. DeLamo, and
A. M. Sales. 1978. Fungal cellulases as an aid
for the saccharification of cassava. Biotechnol.
Bioeng. 20: 555-565.

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

64. Millet, M. A., A. J. Baker, and L. D. Satter. 1975.
Pretreatments to enhance chemical, enzymatic and
microbiological attack of cellulosic materials.
Biotechnol. Bioeng. Symp. 5: 193-219.

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

66. Montenecourt, B. S., D. H. J. Schamhart, and D. E.
Eveleigh. 1979. Mechanisms controlling the syn-
thesis of the Trichoderma reesei cellulase system.
In: R. C. W. Berkeley, G. W. Gooday, and D. C.
Ellwood (eds.), Microbial polysaccharides and poly-
saccharases. Academic Press, London, pp. 327-337.



85

67. Montenecourt, B. S., D. E. Eveleigh, G. K. Elmund,
and J. Parcells. 1978. Antibiotic disks -An im-
provement in the filter paper assay for cellulase.
Biotechnol. Bioeng. 20: 297-300.

68. Moreau, C., and M. Moss. 1979. Moulds, toxins
and food. John Wiley & Sons, Chichester, 477 pp.

69. Morrison, R. T., and R. N. Boyd. 1973. Organic
chemistry, 3rd ed. Allyn & Bacon, Boston, 1258 pp.

70. National Research Council. 1979. Microbial pro-
cesses: promising technologies for developing
countries. National Academy of Sciences, Washing-
ton, D.C., 198 pp.

71. Nystrom, J. M., and A. L. Allen. 1976. Pilot
scale investigations and economics of cellulase
production. Biotechnol. Bioeng. Symp. 6: 55-74.

72. Okazaki, M., and M. Moo-Young. 1978. Kinetics of
enzymatic hydrolysis of cellulose: analytical de-
scription of a mechanistical model. Biotechnol.
Bioeng. 20: 637-663.

73. Olson, A. C., and R. A. Korus. 1977. Immobilized
enzymes. ACS Symp. Ser. 47: 100-131.

74. Oregon Department of Energy. 1980. Alcohol Fuels
Task Force memorandum. Salem, Oregon.

75. Oregon Senate Bill 311. 1975. Oregon Legislative
Assembly, Salem, Oregon.

76. Peitersen, N. 1975. Production of cellulase and
protein from barley straw by Trichoderma viride.
Biotechnol. Bioeng. 17: 361-374.

77. Peitersen, N. 1975. Cellulase and protein produc-
tion from mixed cultures of Trichoderma viride and
a yeast. Biotechnol. Bioeng. 17: 1291-1299.

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

79. Peitersen, N., and E. Ross. 1979. Mathematical
model for enzymatic hydrolysis and fermentation of
cellulose by Trichoderma. Biotechnol. Bioeng. 21:
997-1017.



86

80. Pelczar, M. J., R. D. Reid, and E. C. S. Chan.
1977. Microbiology, 4th ed. McGraw-Hill, New
York, 952 pp.

81. Pilot plants to make ethanol from biomass. 1979.
Chem. Engineer. News 57 (16): 38-39.

82. Reese, E. T
zyme system

83. Reese, E. T
gram at the
Biotechnol.

. 1975. Summary statement on the en-

. Biotechnol. Bioeng. Symp. 5: 77-80.

. 1976. History of the cellulase pro-
U.S. Army Natick Development Center.
Bioeng. Symp. 6: 9-20.

84. Reese, E. T. 1976. Cellulase production: summary.
Biotechnol. Bioeng. Symp. 6: 91-93.

85. Reese, E. T. 1977. Degradation of polymeric
carbohydrates by microbial enzymes. Rec. Adv.
Phytochem. 11: 311-367.

86. Rodricks, J. V., C. W. Hesseltine, and M. A.
Mehlman (eds.). 1977. Mycotoxins in human and
animal health. Pathotox Publishers, Park Forest
South, Illinois, 807 pp.

87. Ryu, D., R. Andreotti, M. Mandels, B. Gallo, and
E. T. Reese. 1979. Studies on quantitative physi-
ology of Trichoderma reesei with two-stage continu-
ous culture for cellu=s77roduction. Biotechnol.
Bioeng. 21: 1887-1903.

88. Ryu, D., and M. Mandels. 1980. Cellulases: bio-
synthesis and applications. Enzyme Microb. Technol.
2: 91-102.

89. Sakaguchi, K., T. Uemura, and S. Kinoshita. 1971.
Biochemical and industrial aspects of fermentation.
Kodansha Ltd., Tokyo, 356 pp.

90. Sanderson, G. W., and P. Coggon. 1977. Use of en-
zymes in the manufacture of black tea and instant
tea. ACS Symp. Ser. 47: 12-26.

91. Savarese, J. J., and S. D. Young. 1978. Combined
enzyme hydrolysis of cellulose and yeast fermenta-
tion. Biotechnol. Bioeng. 20: 1291-1293.



87

92. Slonecker, J. H. 1976. Agricultural residues,
including feedlot wastes. Biotechnol. Bioeng.
Symp. 6: 235-250.

93. Smith, J. E., and D. R. Berry (eds.). 1975. The
filamentous fungi Vol. 1, Industrial mycology.
Edward Arnold Publishers, London, 340 pp.

94. Spano, L. A. 1976. Enzymatic hydrolysis of cellu-
losic wastes to fermentable sugars for alcohol
production. In: Symposium papers Clean fuels
from biomass, sewage, urban refuse and agricultural
wastes. Insitute of Gas Technology, Chicago, pp.
325-348.

95. Spano, L. A. 1977. Enzymatic hydrolysis of cellu-
losic materials. In: H. G. Schlegel and J. Barnea
(eds.), Microbial energy conversion. Pergamon
Press, Oxford, pp. 157-177.

96. Spano, L. A., and M. Mandels. Enzymatic conversion
of waste cellulose. In: M. W. Mandeville (ed.),
Solar alcohol The fuel revolution. Ambix pub-
lishers, Port Ludlow, Washington, p. 41.

97. Srinivasan, V. R. 1973. Enzymatic saccharifica-
tion of cellulose, final report. Applied Science
and Research Applications, National Science Foun-
dation, Washington, D.C., 26 pp.

98. Sternberg, D. 1976. Production of cellulase by
Trichoderma. Biotechnol. Bioeng. Symp. 6: 35-53.

99. Sternberg, D. 1976. A method for increasing cellu-
lase production by Trichoderma viride. Biotechnol.
Bioeng. 18: 1751-1760.

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

101. Su, T.-M. 1975. Comments on the papers presented
at the cellulase production session. Biotechnol.
Bioeng. Symp. 6: 83-89.

102. Toyama, N. 1969. Applications of cellulases in
Japan. Adv. Chem. Ser. 95: 359-390.



88

103. Toyama, N., and K. Ogawa. 1975. Sugar production
from agricultural woody wastes by saccharification
with Trichoderma viride cellulase. Biotechnol.
Bioeng. Symp. 5: 775=744.

104. Toyama, N. 1976. Feasibility of sugar production
from agricultural and urban cellulosic wastes with
Trichoderma viride cellulase. Biotechnol. Bioeng.
Symp. 6: 207-219.

105. Traelnes, K. R. 1972. Microbial biosynthesis and
food processing--A continuing relationship. In:
Nestle Research News, Nestle Products Technical
Assistance Co. Ltd.--Technical Documentation Center
of Research and Development Department, Lausanne,
Switzerland, pp. 6-17.

106. Underkofler, L. A. 1963. Applications of cellu-
lases. In: E. T. Reese (ed.), Advances in enzy-
matic hydrolysis of cellulose and related materials.
Pergamon Press, New York, pp. 255-256.

107. U.S. Congress Public Law 96-233. 1980. Crude Oil
Windfall Profit Tax Act. Washington, D.C.

Wang, D. I. C., C. L. Cooney, A. L. Demain, P.
Dunnil, A.E. Humphrey, and M. D. Lilly. 1979.
Fermentation and enzyme technology. John Wiley &
Sons, New York, 374 pp.

108.

109. Wang, H. Y. 1979. Volume changes during aerobic
fermentations. Biotechnol. Bioeng. 21: 525-532.

110. Whitaker, J. R. 1972. Priciples of enzymology for
the food sciences. Marcel Dekker, Inc., New York,
636 pp.

111. Wilke, C. R., and G. R. Cysewski. 1976. Utiliz-
ation of cellulosic materials through enzymatic
hydrolysis. I. Fermentation of hydrolysate to
ethanol and SCP. Biotechnol. Bioeng. 18: 1297-
1313.

112. Wood, T. M. 1975. Properties and mode of action
of cellulases. Biotechnol. Bioeng. Symp. 5: 111-
137.

113. Yamada, K. 1977. Recent advances in industrial
fermentation in Japan. Biotechnol. Bioeng. 19:
1563-1621.



89

114. Yu, P. L., Y. W. Han, and A. W. Anderson. 1976.
Semisolid fermentation of alkali treated straw.
Proc. West. Sec. Am. Soc. Animal Sci. 27: 189-191.

115. Yu, P. L., Y. W. Han, and A. W. Anderson. 1976.
Alkaline treatment-fermentation process for rye-
grass straw. Technical paper #4246, Oregon Agri-
cultural Experiment Station, Oregon State Univer-
sity, Corvallis, Oregon.


