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ABSTRACT

3

Studies were undertaken to increase the productivity and yield of collul;;n
from fermentations with Trichoderma reesei Rut C30. When positively-
charged colloidal materi1als were added to the growth medium, final enzyme
titers were improved by two fold i1n cultures grown using lactose as the
_principal carbon source. The colloids bound lactose, and subsequengly
~feleased 1t to the organism. Retarded uptake of carbon source is known to
induce cellulase production by Irichoderma. In cellulose-based
fermentations, colloid addition resulted 1n a smaller relative 1mprovement
in enzyme titer. The low sugar levels present i1n these fermentations
confirmed that a second mechanism was present by which the colloids

3

improved enzyme yield.

[richoderma cellulase is deficient i1n beta-glucosidase activity. In an
effort to overcome this deficiency, Irigchoderma was cultured with another
fungus Asperqgillus phoenicis, a known producer of beta-glucosidase. The
éﬁllulase produced by @he mixed culture showed a greater hydrolytic
poteﬁtial than cellulase produced i1n pure culteres of Trichoderma. Jhe
improved hydrolytic potential was due mainly to the i1ncreased resistance to

end-product inhibition which was affd‘bed by the i1ncreased beta-glucosidase

activity of the mixed culture cellulase.
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RESUME

e Des etudes ont €té entreprises pour ame’liorer le rendement de la production
~ en cellulase par Igignggggmg_gggggiﬁRut €C 30. Dans un milieu contenant du

lactose comme source de carbone prir\}EiT)—aFle, une concentration finale en
enzyme deux fois supe’rieure a‘e’te' obtenue lorsque des substances
collo.i'dales chlrge'es positivement ont e'te' ajoute'es au milieu de culture.
Les collo.i'des se sont liees au lactose et ont libere ce dernier.au
microorganisme par la suite. Un retard dans l’assimilation de ‘la source de
carbone induit la production de cellulase par Trichoderma. En ajoutant des
cnlla.i.des a des fermentations a base de cellulose, 1’augmentation du titre
en enzyme e'taxt relativement plus /Lfaxble. Les faibles quantxtc's de sucre
pre;er;tes dans ces fermentations clonflrment qu’il y avait un deuxi\eme

mecani sme par lequel les collo.i'de augmentaient le rendement en enzyme.

e ) La cellulase de T[iﬂchggggma contient peu de b;ta—qlucosxdase. Pour

”» N . o Z ”,
remedier a cette deficience, chaoderma a ete cultive avec un autre

moisissure i's, un producteur connu de bgta—gl’ucosidasc.
La cellulase produite en cultyre mixte a montre' un potentiel hydrolytiqgue
plus grand que celu: obtenu dans les cultures pures de Trichoderma. Cet
accroi1ssement dans le potentiel hydrolytique ;tait principalement da ;
1’augmentation de la re’sist nce ; 1’inhibition par le produit final, et ce

”
qr'}cn ‘a 1’accroissement de/l1’activite b:ta-qllmosidasi que de la cellul ase

provenant de la culture mixte.
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CONTRIBUTIONS TO ORIGINAL KNOWLEDGE

{. The use of 1norganic colloidal materials 1n a biological process has
not been previously reported. The production of cellulase by Irichoderma
reesel Rut C30 was 1mproved through the addx}xonoof small, positively-

charged colloidal particles. The mechanism of the collioid effect appears

~

to be related to 1ts ability tu bind, and subsequently release, soluble
sugars. \

2. Mixed cultivation of Trichoderma reese: Rut C30 and Agngtgxllus
phoenici1s was c;rrxed out 1n an effort to xnpr?ve the beta-glucosidase
activity of the cellulase produced over that which could be produced using
Tcxghgégrga alone. The cellulase produced using the mixed culture had up
to a four-fold 1mprovement 1n beta-glucosidase activity. This resulted 1n

a much greater hydrolytic potential as compared to cellulase produced 1n

pure cultures of Trichoderma.

3. A thorough study of the effect of a variety of surfactants on enzym*t:c
'
hydralysxs of cellulose was undertaken, 1n this work. It had been
previously known that when Tween 80 was used 1n enzymatic hydrolysis
reactors, 1t was able to 1mprove the efficiency of the cellulose
degradation. In this work, 1t was fou;d that the surfactant effect was a
general! one, and was i1ndependent of the characteristics of the surfactant
used. The surfactants used exerted a two-fold effect: they improved the

interaction of the enzyme with the solid substrate (cellulose) as well as

reducing the effects of interfacial denaturation on the cellul ase.

xi
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3. The use of a nitrogen source (specifically INH‘)2304) in the dilute HCL

used for fermenter pH control has not been previously reported. By using
this additional nitrogen source, an adequate nitrogen supply was maintained

through additions of both acid and base (NH40H) during automatic pH

ad justments.

e

.



1. INTRODUCTION

Declining reserves of fosszl/fuels have spurred interest in the
devel opment of methods by which renewable resources, such as cellulose, may
be utilized. Cellulose 1s an abundant resource, the development of which

is especially pertinent to Canada because of this country’s large annual

production of farest biomass.

Cellulose 1s a linear, long chain polymer of beta-D glucose linked together
by 1,4’ glycosidic bonds. The dimer cellobiose 1s the repeating umt of
_the cellulose polymer. Individual cellulose molecules are linked together
in a parallel arrangement to form elementary fibrxls,)aggregates of which
form microfibrils, which are visible under a light microscope.
Hemic@elluloses, polymers of sugars other than glucose, are closely
associated with cellulose 1n the plant cell wall. The remaining 25 % of
the plant cell wall consists of lignins. Lignins are thrge dimensional
network polymers which act as a physical barrier to the degradation of
cellul ose.
. 3,
There are a number of difﬁe?ent approaches by nhi;h cellulosic materials can -
be degraded. These methods i1nclude:
- combustion .
pyrolysis
gasification > .
acid hydrolysis

. enzymatic hydrolysis

Enzymatic hydrolysis has a number of advantages including:




_1. The reaction conditions used are mld (low temperature anh
pressure).

2. Equipment costs are low because there are no toxic or corrosive by-
products.

3. The sugars produced are usable by virtually all mlcroorganxsms and
can be converted to a variety of useful products.

v’

Before lignocellulosic material can be attacked by cellulose-deqrad;nq
(ceffﬁlase) enzymes, 1t is necessary to perform a pretreatment on i1t in
order to i1ncrease the accessibility of the celiulose. Lignin acts as a
physical barrier to cellulose degradalxon. Because of this, pretreatments
which remove lignin are able to increase the accessibility of the
lignocellulosic material to enzymatic degradation. Regardless of which
pretreatment method 1s‘chosen, the desirable features of a such a pre-

treatment process are the same. 'These 1nclude:

1. Ligmnp should be removed 1n a recoverable form that can be used far
other applications.

2. The hemicellulose portion of the plant should be solublized and
recovered. Waod consists of approximately 30% -hemicelluloses, and
the utilization of this component is an essential part of an
economic enzymatic hydrolysis scheme. g

3. The atcessibility of the cellulose should be i1ncreased to promote
enzymic attack. -

4. The pretreatment should result i1n minimal loss of the cellulosic 2!
substrate. " . ‘

The main methods of pretreatment are summarized in Table 1.1, -

flthough the structure ot cellulose 15 simple, the synergistic action of at
least three enzymes 1s required to degrade i1t. The first, endo-1,4-beta-D-
glucanase (E.C. 3.2.(.4L,_attacks the 1ntact cellulose chain and produces
"nicks" in the glucan polymer. These sites are then subject to attack by a

second enzyme exoglucanase or {,4-beta-D—glucancellobiohydrolase (E.C.




X «r

3.2.1.91). this enzyme successively cleaves cellobiose units from the
'
i ’ Tthain. A third enzyse, beta-glucosidase (E.C. 3.2.1.21), cleavas the

cellobiose units into two glucose monomers.

Although it is possible to effect the conversion of lignocellulasic
- ntor_gll to fersentable sugars using known technology, there are two
. problea areas which render the economics of the process unfavourable at
present. The first is the sxpense of ccllul?u enzyme production. Even
uitrh-ypnrcollulolytic sutants of cellulose-degrading fungi such as
Irichodersa rees#i, the cost of producing cellulase has resained high.
This can be mainly attributed to the low productivity of the fersentation
(Mandels and Andreotti, 1978). The ﬁmd probles area becoses app.r’nt

v .
when cellulase enzymes are used to hydrolyse cellulose. The end products’

0 . of the hydrolysis inhibit the cellulase enzyses. Cellobiose is a strong
f inhibitor of sndoglucanase, but the product of beta-glucosidase activtiy,
. glucose, is a less potent inhibitor of endoglucanase activity. For this

reason, it is desirable to harvc an enzyme complex which is high in bnta-:

glucosidase activity.

The focus of this work is on two main problem areas. Firstly, msethods were

-

x exasined by which the yield of cellulase using Irichodersa could be

ii'}; improved. This area is uuinodtin Chapter 4.1. The other problem area

;ﬂ’ addressad is the low beta-glucosidase activity of the cellulase. In an

? effort to increase the Mtldluémidau activity of the Irichoderas enzyse,
mixed cultivation of Irichodersa and Aspernillus n‘l undertaken. This work

R e E

is described in Chapter 4.3 and 4.4.

-4




PRETREATMENT ADVANTAGE DISADVANTAGE .
Biological -no corrosion -slow N .
-no disposal problems -significant cellulose
E consumption '
Mechanical -reduces crystal -slow
structure -species selective
-deligmfication required
~ Alkali/Acid ~can be very -degradation (loss) of

Qteam explosion

Effectige under
carefully controlled
conditions

=}

-hemicellulose
recovered
-increased
accessibility
-high yields

K

cellulose

-expense of recovery/
neutralization
-corrosion

~toxi1c by-products

Table 1.1, Summary of

pretreatment technologies.
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! 2. BACKBROUND AND LITERATURE REVIEW

§

p c 2.1. Introduction )

? 2.1.1. Cellulose structure . %
Cellulose is the most abundant organic chemical on earth making up
approximately 30 % of the total biomsass. About a huntircd billion tons are
p?odt;c.d each year. The structure of cellulose is not conplnx._ It is a
long chain polyser of beta-D-glucose in the pyranose form, linked together
by 1,4’ glycosidic bonds to form cellobiose residues, the repeating unit of
cellulose. Because the linkage is in the beta form, alternate glucose
units must be rotated through 180°. As a ro'sult, individual chaiqs of
cellulose tend to form organised crystalline bundles held together by
hydrogen bonding (Figure 2.1 ). Because the conformation of the pyranose

ring is one of minimum energy, the cellulose crystal is highlv stable.

G . Cellulose is completely insoluble in ,ﬁnter. The hydrogen bonding described
above is not disrupted by water. ‘Cellulose can be swollen, dilperud, or

5 dissolved by strong acids, alkalies, cm;"cmtrntlod salt solutions and

various complexing agents. The degree of crystallinity of different kinds

of cellulose varies with their origin and treatment. Cotton is

approxisately 70 % crystalline, while regensrated cnlhllou is about 40 %

=  crystalline.

. Clonely associated with cellulose in plant cell walls are hemicellulose,

another group of structural polysaccharides. These molecules are polymers

of sugars other than glucose, both hexoses and pentoses, and are brancl‘ﬁd,

with degrees of polymerization (DP) ranging from less than 100, to asbout
kA K2 .

r
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Figure 2.1. Projections of the parallel chain model for cellulose I.
(a) Projection perpendicular to the ac plane. (b) Projection . |
perpendicular to the ab plane looking along the fibre axis. (c). |
Hydrogen bonding network. From Blackwell et al., 1977. With ‘
permission. |
D &
7
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200 sugar units. They are inlolﬁbie in water, but can be dissolved iﬁ
strong alkali, thus providing a mechanism by which they can be removed from
holocellulose, leaving pure crystalline (alpha) cellulose behind.
Hemicellulose exists i1n only a few forms which are common to all plants.
The structure of hemicellulose is modified in different plant species and
thh;n one species, 1n different ti1ssues. Softwoods contain about 25%
hemicel lulose comprised of mannose, galactose: xylose, glucose and
arabinose 1n decreasing abundance, Hardwoods, which contain about 30%
hemicelluloses, have as major hemicellulose sugars: xylose, galactose and
mannose, with minor amounts of rhamnose and arabinose. Both hardwood and
softwood hemicelluloses contain 4-0—methylgiucuronic acid. Generally
annLal plants and hardwoods contain more pentosans and sof twoods contain
predominantly hexosans. The most predominant hemiceliuloses of hardwoods
are glucuronoxylans 1n which a linear or singly br anched 1,4 -linked beta-

D xylopyranose backbone has pyranose forms of 4-0-methyl-D glucuronic acid

attached by an alpha link to the xylose. (i) )

Arabinoglucuronoxylans, containing both arabinose and uronic acids appear
in softwoods, wheat straw and food crops. Arabinogalactans, water soluble

polysaccharides that are highly branched, have been xiélated from a number

of softwoods.

In conifers, the predominant hemicellulose 1s glucomannan of low molecular
weight. The ratioc of glucose to mannose varies from 1:1 to 1:4 and the

structure 1s essentially 1,4’ -beta pyranose in nature.

Lignin is the third major component of plant cell walls in woody plants,

F—
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making up the remaining 25% of the cell wall material. Lignin serves to

cement adjoining wood fibres, stiffen individual fibres and act as a

barrier to enzymatic degradation of the cell wall.

«ach .

Lignin is a three dimensional network polymer consisting of phaenylpropane
units in a variety of linkages (Sarkanen and Lugdwig, 1971). Although
lignins from divergent sources (grasses, softwoods, hardwoods) differ in
methoxyl substitution and degree of carbon-carbon linkage between phenyl
qroupl', their common sturctural features predominate. The schamatic
structure of a conifer lignin, shown in Figure 2.2, shows the iabortant.

_Afeatures for conversion to chemicals.

Lignins are formed by an enzymatically initiated free radical
polymerization of precursers in the form of parahydroxy-cinnamyl alcohol.
Pracursers again vary betweaen hard and softwonds and grasses. Hardwood
)ligninl, by virtue of their smaller degree of cross-linking, are more
wasily dissolved.

The u;lotular weight of a lignin sample will strongly dnpqu ‘on the method .
by which it was isolated. Dissolved }ignin fractions msay be small enough

to behave as simple compounds or large enough to exhibit high polymer

behavior. In breaking native lignin structure, fragsents of varying size

are produced.

2.1.2. Cell wall organization
Cellulose occurs in the cell wall in microfibrils that possess a

crystalline core surrounded by an uorphm; region. Evidence indicates

that the structure of cellulose is an elementary fibril 3.5 nm wide with a

<
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sicrofibril consisting of an assesbly of four-crystalline elemsentary
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fibraes. ;-"o’r’ cellulose D.P. 10000 the minimum microfibril length would be

depending upon the nusber of slementary fibers aggregated, as well as the

L4

%‘e - %00 ne (0.5 micrometers). Microfibril widths vary from 10-30 nm
5

amount of amorphous material which surrounds the crystalline core.
4

Hemicelluloses and lignin are matrix polymers that surround the
nicrofibrils as well u_thn constituent elementary fibrils. In addition,
asorphous regions of the cellulose may also be penstrated by matrix
polymers. Thus the cell wall is analogous to a fibre reinforced plaltic; -
with ccllulm fibres smbedded in an amorphous matrix of hemicelluloses and

lignin.

::; /}/"‘\_/’/
The above structure is fiot uniform across the cell wall. Regions such as
;, _}ho aiddle lamsella have higher proportions of lignin especially in the

| 0 . cell corners.

In wood, the primary wall and adjacent intercellular substance between
o contiguous cells is referred to as the t:onqpound middle lamella. In both
wood and cotton the secondary wall usually consists of 3 layers designated
x 81 82, and §3. The él and S3 layers are quite thin} the S2 layer is of
i variable thickness but usuzlly forms the bulk of the cell wall substance.
{ In the 81 and 83 layers, cellulose solecules are deposited in a flat helix
with respect to the fibre axis, whereas they are parallel to it in the S2,
——mthin sach laysr of the sacondary wall th-oé/nllulou fibres are arranged

- - in microfibrils (Figure 2.3). o
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2.1.3. Regquirements for cellulose degradation: organigg, enzymse, substrate
relationsh1p§‘ .

Microorganisms that degrade material .fibres live either on the surface of »

the fibre or 1n the case of wood, in the fibre lumina. The organisas {

secrete extracellular enzymes which,K degrade the polymeric cofstituents of

the fibre into metabolizable and soluble products. The enzymes thamselves

can be cell bound or, as 1s more often the case, they can be extreted i1nto

thetr environment, diffuse the required distance, and act upon the

accessible portions of the microfibril. Because direct contact between

enzyme and substrate 1s required before the hydrolytic reaction can occur, -

any chemical or physical feature of the natural fibre which limits the

ability of an orgamism to synthesize the enzymes profoundly affects the

degradability of”the fibre. A similar influence will be exerted 1f the

»
fibre or 1ts’constituents lvmit enzyme access via some structural

aberration.

Q.}.4.

The physical and chemical features of cellulosic materials that 1nfluence--

&

-

Physical and chemical constraints on cellul ose degradability

their susceptability to enzymatic degradation, include:

a.

The size and diffusibility of reagent molecules i1n relation to size
and surface properties of the gross capillaries and other accessible
surface area of the material.

The degree of crystallinity of a particular cellulose.

The unit fell dimensions of the cellulose.

The conformation and steric rigidity of the anhydroglucose unitp.

A
1

-

\
|
2
The moisture content of the fibril. ‘ -
10
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quurc 2.3. The various lqycrs of the cell wall of cellulose fibres. The
true intercellular substance or aiddle lasella (M) and adjacent
primary walls (P) cosprise the cospound middle 1amella of wood
cells. In cotton, no true intercellular saterial is present
but a layer of cutin‘ coats the exterior surfaces of the primary
wall. The secondary walls are composed of outer {81), wmiddle
(82), and inner (83) layers. From Hagglund, 1949. With
permission.
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‘capillaries is approximately 2000 cazlgran of cotton or wood and the

MRE T A L R R » k4
'

M o S o LA A N D . S S ST e B TET AR T
’ . R 0

) &
7/

%
g. The nature of substances with which cellulose is associated.

f. The degree of polyserization of cellulose.
h. The nature, concentration and distribution 94 substituents.

a) Moisture content of the fibril

Cellulose materials are protected from J‘torioration if their moisture
level is held below a certain critical value that is characteristic of the
material and organism involved. For wood, this value is slightly above th;“

fibre saturation point.

Moisture swells ihu fibre by hydrating the cellulose molecules and thereby
opening the fine structure and saking the substrate more accessible to
cellulolytic enzymes and other reagents.

‘ '
b) Size and diffusibility of cellulolytic enzymes in r.lqﬁion td capillary
structure in cellulose
Accessible surface is determined by the size, shape and surface properties
of the microscopic and submicroscopic capillaries within the fibre in
relation to size, shape and diffusibility of the cellulolytic agents
themsel ves. ‘

i

Capillary voids in wood rangi from gross cnpiilarinl such: as the qcli
lumina, which range from 20 nm to 10 micrometers in diameter, to cell wall *

capillaries which are below 20 nm. The surface area of the gross

ﬁdrflcn area of cell wall capillaries 3 x lobcnzlgrai; Thus, if

é,tiulolyt;c agents can penetrate the cell wall cnptllariis, a

‘ ’ -
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substantially faster rate of reaction should result (Cowling and Kirk,
1976). The effect of pore size on the rate pf cellulose hydrolysis has

¥

rocon%}y been studied (Brethlein, 198%5).

The cellulolytic enzymes of microorganisas are water soluble proteins of

high molecular weight. Estimates of disensions are given in Table 2.&

© for cellulolytic enzymes. from a variety of organisms. As can be seen froa.

the table, only the fraction of the cell wall c}pillarin- which are close
to 20 nm in diameter are iquc enough to allow penetration of the

cellulolytic enzymes.

c) Degree of crystallinity

énllulolytic enzymes readily degrade amdrphous cellulose but are unaslo to
attack highly crystalline cellulose. AI a consequence, as enzymatic
hydrolysis proceeds, an increase in crystallinity of the substrate is-
ocbserved. Pretreatment methods, described briefly bnlo;, alter the
proportion of crystalline material and thus modify the susceptibility of

the cellulose to degradation. , - -

d) hnit cell dimensions of the crystallites prasent

Cellulose exists in four recognized ;ry:til structures, cellulose I, II,
III,“and IV. Cellulose I is the crystal form in native cellulosic
uatnrfils. Cellulose II is found in regenerated cellulose such as viscose’
fiinnpnts, cellophane and mercerized cotton. Cellulose III and IV are
forgﬁd by treatment with anhydrous ethylamine and certain high to-poraturcn
rcipoctivoly. It is not possible to.fyrn cellulose II, III or IV without
altering the degree of crystallinity of the material, and thus it (} .

difficult to attribute a change in degree of susceptibility to enzymatic

14 _—
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degradation to a change in unit cell dimensions only. A study involving
all 4 types of cellulose indicated that I, viride can adapt, at the
synthesis level, the structure of the active site of cellulase, s0 as to

accomodate the specific crystal lattice upon which it is growing (Rautala, »
19673 Ghose, 1977).

e) Conformation and steric rigidity of the anhygroglucose units

Within the crystalline regions, the glucose units may occur in the so

-called "chair" conformation with alternate glucopyranose units oriented in

opposite directions within the lattice. These speculations have not been
confirmed sxperimentally.

T
f) Degree of polymerization of the cellulose
The length of cellulose molecules in a fibre vary over a range from 15 to
14000 glucose units. Most isolated cellulases studied to date appear to
h&&rolyse cellulose at random sites along the length of molecules thus
rendering the degree of polymerization of less importance than other

constraints such as pore size.

g) Nature of the substances with which cellulose is associated and the
nature of the association
i.‘Con:ti#gcnﬁ?ninuralsi
Cellulose fibres contain about 1% ash which includes all of the
elements essential for the qrouth_;nd developaent o; cellulolytic

microorganisms.

1 ii. Extransous materials

In cellulosic s@bstratcs the extraneous materials include a wide A
v ¥ ‘111
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variety of organic substances that are soluble in neutral solvents

such as acetone, ether, sethanol, ethanol, benzene, and water.

Included in ;hlg:ggﬁtoriall are vitamins, soluble carbahydraﬁr;, toxic
substances such a;MphonoliCI, capillary deposits which block enzymse
access, specific enzyme inhibitors, and very small amounts of 3

nitrogen and phosphorus.

iii. Lignin .-
Crystalline cellulose when combined with lignin is one of nature’s

most resistant materials. Many enzymes and microorganisms are unable

to degrade lignin. The precise chemical nature of the association |

between lignin and cellulose fibres is not clear. Although chemical 1
bonding has been suggested, it seems likely that the association

between cellulose and lignin is a physical mutual interpenetration.

‘ G ’ In order for wood to be degraded by cellulolytic organisms it must be
partially delignified. (Vohra et al., 1980). Various pra-trcilnents
result in varying degrees of delignification, as will be discussed in

a later section.

h) The nature, concentration, and distribution of substituent groups
Replacement of the hydrogen of the primary and secondary hydroxyl groups of
j% cnlklulou by certain tubltit;unts, such as a carboxymethyl group, reduces
‘cellulose crystallinity and increases its water solubility. Degree of
“‘ substitution (DS) refers to the average nusber of substituent groups - -
’ attached to the hydroxyls of each glucose unit in the polymer. For

carboxysethyl cellulose, a DS of 0.5 to 0.7 ensures complete water

o - | " w t .
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solubility at concentrations normally used (< 3X). Up until the point of
complete solubil?ty. as the cellulose becoses sore soluble and less
crystalline, its susceptability to snzymatic attack increases. After this
point the addition of sore substituent groups decreases susceptibility t;
attack untilnconplpto immunity results at a DS slightly greater than 1.

Large substituent groups are more cffnctfvo in contributing to rosiltinco

than smaller bnes (Millet et al., 1970).

2.£.5. Pretreatment

As alluded to in the above discussion, lignocellulosic material sust
undergo pretreatment to increase its susceptibiltiy go hydrolytic enzymes.
The metHods include: biological degradation of lignin, grinding of tha
substrate in a vibratory ball mill, chemical pretreatment including alkali

and acid, and steam explosion. v 3

a) Biological degradation of lignin

White rot fungi (Basidiomycetes) are able to utilize lignin as well as
cellulose. A sumsary of the organisms involved is given in Table 2.2.
Biological degradation holds little promise, hovever, because of the
lung incubation times involved and because of considerable amount of
cellulose and other carbohydrate is consused by the organisa. Recent
attempts with different bacterial species have met with little success

(Janshekar and Fiechter, 1982).

b) Brinding/ball milling
. The sffectiveness of grinding l}gnocollulosic materials is species
selective (Millet et al., 1970). Within nboht 2 hours of ball

milling, allluoods reach a plateau of degradability. The plateau

& L]
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" A selective hydrolysis process has been developed to separate

varies considerably, however, ranging from 80% for aspen, to 20 X for

red alder. Ball milling requires a long period of time to decrease

crystallinity. Sigmacell, a commercial cellulose preparation, was

subjected to ball milling in an effort to reduce its crystallinity.

For a decrease in crystallinity index from 88.8 to 34.5, 95 hours of
b:ll milling was required (Table 2.3) (Fan et al., 1980). A
comprahensive report on the effect of compression -illingwon
crystallinity, accessibility, specific surface area and degree of

polyserization of cellulose has besn published (Ryu et al., 1982),

c) Alkali

Sodium hydroxide and ammonia cause ngfnsive swelling and separation
of the ltructur;i elements of ccllulos;. leading to the formation of
cellulose ‘Il from cellulose I and enhancing degradability (Theodorou
st al, 1981). Alkali treatments proved to be useful in increasing the
digestibilily of lignocellulosics (Millet et al., 1975) as well as

increasing their utilization as a carbon source for SCP praduction

(Chahal and MooYoung, 1981).
d) Acid

hemicellulose sugars, such as xylose, from holocellulose. The
residual saterial, when hydrolysed, gives mainly glucose (Knappert et
al., 19803 Lew ot al., 1978). The result is a 90X yield of xyloses
from hemicellulose after acid hydrolysis. As well, a S fold increase

in the degradability of the milled residuai natqrial nls.obsnrvod.

e) Sodiua chlorite (NaClOz) hydrolysis

19
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Sodium chlorite, a strong oxidizing agent has long been used to
preparie holocellulose, the' total carbohydrate portion of
lignocellulose (Green, 1963). Digestibility was improved (Goering and
van Soet, 1968), and an increase in proinin production using

a Cochliobolus species, were noted using sodium chlorite-treated straw
(Chahal et al., 1979). This chemical treatment offers an advantage in

that the hemicellulose resains intact along with the cellulose.

Comparisons of various sethods of chemical pretreatment have recently
been published (Taniguchi et al., 19823 Detroy et al., 1980). The
chemical methods, although very effective, suffer from the high cost
of the chemicals involved. Also, with the acid and alkali methods,
the residue must be neutralized, requiring large amounts af cheaicals

per ton of cellulose.

+) Steam explosion processes

Masonite Incorporated, a lumber company, first developed the steam
explosion process in 1975 (Ballowy, 1975). Wood chips ware exploded
into wool-like fibers which were then washed to remove the solublized
hemicellulose fracfion. In the process, the hemicelTuloses were
cuncentﬁrtnd and sold as animal feed, while the fibers were used to
fabricate "press board".

Stean treatment under high pressure makes the lignocellulosic
nnt%rills easily accessible to hydrolytic enzymes (Cassbier et al.,
19693 Alcohols newsletter, 1980} Bender, 19793 Lori and Wayman, 1978}
Noble, 1980). Thlf;'lrl two other processes. (Stake and Ictsch) that

20
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are based on the sase prin;izli of steam explosion. Differences exist
only in pressure, time, starting moisture content, and sethod of

extrusion (Alcohol newsletter, 1980).

The effect of steam explosion on lignocellulosics can be represented

by the following first orderreactions: - -

k . k
Cellulose- i -denzyme accessible lou--g-----.dogradntion products
degree of polymerization (furfurals)
cellulose e
ky ’ ko -
Heamicellulose————=--——-)water soluble sonomers--——=--- -9 degradation products
and oligomers (mainly (furfurals)
ry XY].O“) re
k1 k2
Lignin -$low molecular weight phigh molecular
reactive lignin condensed lignin

It has been reported that phenolic compounds increaged from 0.43 to
3.3 L after treatment of bagasse with 500 psig steam for 45 minutes
(Campbell et al., 1973). Such phenolics and furfurals are toxic to
most microroganisas, and the resultant hydrolysate say not be suitable
for subsequent fermentations.

e
“a

¢ - Stake and Iotech have claised excellent results for their processes

-~

)(Taylor, 19803 Noble, 1980). Iotech claims a viald of 21% reducing
sugars from 20 % cellulose when their product was hydrolysed with
" , commercial cellulase. There resains some uncertainty over the amount

of toxic substances in an exploded product with such a degree of

g

degradability.’
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2.2. The cellulase enzyme systea

2.2.1. History

The ability of a variety of microorganisms to degrade cellulose has been
recognized since the turn of the century. Table 2.4 lists some of the
kr;oun cellulolytic microorganisms (Mandels and Andreotti, 1978). In 1912,
Pringsheim suggested the involvement of two enzymes in cellulose
degradation, based on the observation that glucose and cellobiose were
produced. He postulated that one enzyme (cellulase) cleaved cellobiose
from cellulose, leaving a2 second enzyme (cellobiase) to hydrolyse the

cellobiose into two glucose monomers.

In the early 1950’s, Reese and coworkers (Reese et al., 19503 Reese and
Levinson, 1952} Reese, 1956) noted{'that large numbers of organises ware
capable of hydrolysing water solublke cellulose derivatives, but that few
could attack crystal l}_qe cellulose. They postulated that truly
cellulolytic organisms produced enzymes that the others lacked. C1 was the
name given to the enzyme which could attack cellulose and reduce its degree
of crystallinity, yieldin;; short chains. The second snzyme, Cx, was the
hydrolytic component, attacking and solublizing the short chains. In the
ensuing years, many attempts were made to purify the Cl and Cx enzymes (Li
et al., 19653 Selby and Maitland, 19673 Wood, 19683 Eriksson and Rzedowski,
19693 Wood and MacRae, 1972} Halliwell and Briffin, 1973). There is now
gensral agreement that the cellulase dystem consists of thres major types

e

af enzysas, each of which is necessary for the efficient degradation of

cellulose. The first mzyg endo-1,4 beta-D glucanase (EC 3.2.1.4) //m.\ %
i
4

randoaly, cleaves internal glucosidic bonds within an unbroken-glucan (hnin. H
\-e —\'\‘ -
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This creates non-reducing chain ends upon which the secon& enzyme, 1,4
beta-D glucan cellobiohydrolase (EC 3.2.1.91), acts. This enzyme cleaves
cellobiose dimers from the glucan, and releases them into solution. There,
the third enzyme beta—glucosidase (EC 3.2.1.21), completes the hydrolysis
by breaking the cellobiose into two glucose monomers. Figure 2.4
illustrates the overall process. Table 2.5 describes the variety of assays
which have been developed to characterize the various component activities.
The cellulases of Jrichpderma reeseir GM 9414 have been well
characteri1zed. There are at least four endoglucanases and two
cellobiohydrolases. Gritzali and Brown (1979) and Halliwell (1979) have
published reviews of the cellulase system. An excellent electron
mi1croscopic study of enzymatic degradation of cellulose has also been
published (White, 1982).

2,2.2. Regqlation of célluiase‘\\

a) Biosynthesis of the enzymes

The regulation of cellulase enzymes is somewhat unusu;1 in that it involves
an insoluble substrate. Although the substrate is not soluble and as such,
is not taken up by Irichoderma, it is involved in the induction and
repressi1on of cellulase production and with the repression of cellulase
synthesis. How it 1s that cellulose is i1nvolved i1n this process is still
the subject of some controversy. Cellulose has long been known to be the
most effective carbon source for induckion of endoglucanase (CMCase)
activity (Mandels and Reese, 19460). Since cellulose itself is insoluble,
it seemed likely that the solubin degradation products such as cellobiose

were the actual inducers. Other known inducers include lactose, salicin,

trioses of glucosyl-cellobiose type and sophortse. The latter cohpound was

F)
3
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ORBGANISM 7

RESULT

REFERENCE

S0% delignification of aspen
wood 1n 30 days

407 delignification of
manure i1n 30-460 days

407 delignification of
wheat straw i1n 30-460 days

Nitrogen and oxygen
additians increased
delignification 2-5 fold

Erikesson, 1977
Reid, 1979

Rosenberg, 1980

Detroy and Rhodes
1980

Yang et al., 1980

Table 2.2. Effectiveness of white raot fung:1 used for biological
delignm fication.

-
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Solvent-dried cellulose

Spocifi;: surface

aresa

(2/g)

Crystallinity index

Crl)

-
’ Microcystalline cellulose 1.97 88.8
’ (Sigmacell)

o Sieved Solka Floc from - 3.90 77. 1
3 270~400 mash
; Solka Floc ball milled
; for varied times

12 hr. 1.54 " 85.1
f 24 hr. 1.59 59. 4
? A8 hr. 1.56 58. 1
i 9% hr. 1.15 36.5

;“c
1
' bl

Table 2.3.'Specific surface area and crystallinity indices of solvent-
‘dried cellulose.
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Bacteria

Cellovibrio fylvus, aerobe, mesophile

Cellovibrio gilvus, aerobe, mesophile

Cellovibrijo vulgaris, aerobe, mesophile ,

Cellulomonas, aerobe, mesophile N
Pseudomonas fluorescens, aerobe, mesophxle .
Buminococcus, anaerobe, Rumen .
Clostridium thermgcellum, anaercbe, thermophile

" Actinomycetes (aerobic) ‘

Steptomvces CMB 814, mesophile ,
Ther moactinomycete, thermophile

Thermomonospora curvata, thermophile

Ther momonospora fugca, thermophile

Funga (aerabic)

Mesophilic Thermaophilic

Aspergil]lus miger Sporotrichum pul verylentum

Irametes san e Sporotrichum pruinosum

Poria . orotric ) r ’
ecium ver ria Sporgtrichum thermgohilium

Pestalotiopsis westerdijkia h i r 11 ;

enicillj iriens: : hermao a ti

Penicilljum funiculosum
Pepicjllium variabile

lypor sicglor
Pol yporus tulipferae .
Fusarium solani .
Iric er sei
richod koningi i

Table 2.4. Partial list of known cellulolytic microorganisms,
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;; 0 Enzyss assaysd Test substrate Product seasured

3 s

- Endari,4 beta-D glucanase carboxy- total reducing
(CMCase or Cx) mathyl ccllulm‘ sugars

| . 1,4 beta-D glucan

: cellobiohydrol ase avicel (crystalline total reducing

* (exoglucanase, Cl’ cellulose) sugars
beta-glucosidase cellobiose glucose
(cellobiase)
Overall cellulase filter paper total reducing

| activity . sugars

(filter paper .

. activity)

, ;
Table 2.5. Summary of cellulase assays.
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by far the most potent inducer of CMCase activity in I, ressei.

Bopha;ose was over 2000 times more effective as an inducer than cellobiose,
however this powerful i;ducing capacity was limited to T, ressei alone
(Mandels and Weber, 1969). Even so, the levels of cellul ase produced were
still markedly lower than could be achiaved using cellulose as a carbon
source. In general, a slow supply of inducer to a growing culture reduces
catabolite repression and enhances enzyme yield. Good enzyme yields can be
attained above optimum concentrations of {nducnr by decreasing the
degradapility of the substrate or by adverse modification of the growth
conditions (Faith gs\al., 1971} Reese et al., 1969; Reese, 1972} Mandels et

al., 1975).

The action of cellobiose is complex in that it induces endo-beta 1,4-
glucanase at low concentrations (less than 60mM) but it can also act as an
iphibitor at higher concentrations. High concentrations, (0.5-1.0%) of
cellobiose or another readily met;bulizable carbon source, repress
endoglucanase production so that the enzyme does not appear until after the
carbohydrate has been consumed (Mandels and Weber, 1969} Halliwell, 1979).
When glucose is added to a rapidly growing.culture, the pH drops to 2.5 and
cellulase activity in the culture broth is sharply reduced. Addition'of
glucose tn cultures where cellulose supplies have already been depleted
does not cause the enzymes present to lose their fctivisy. That the
ﬁlucosn f4§nct is, in essence, a pH effect was confirmed by the addition of
acid to q;ouing cultures (Mandels et al., 1975.). Beta-glucosidase
activity decreased below pH 4 and ceasad at pH 3. This drop in pﬁ is
believed to be a control mechanisam whereby thé activity of enzyses already

synthesized is curtailed in the presence of glucose.
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The addition of sophorose (1aM) to washed aycelia of ], ressei induced
cellulase production if the glucose concentfation was below 1 mM. GBlucose
concentrations of grntnr“thm 100 mM repressed the sophoraose induction
completely. Other carbohydrates such as maltose, fructose, glucanate,
glycerol, glutamic acid and pyruvic acid u,ro also able to eliminate the
effact of sophorose (Nisizawa et al., 1972). Exoglucanase activity
increased in the aycelium and was released to the sedium upon replacement

of the glucose by sophorose. For this reason the monomer could not have

been acting to prevent the release of the enzyme.

Mandels and Weber (1969) reported that, if the aetabolism of soluble
substrates is slowed down by suboptimum conditions of temperature,
asration, or nutrients, L_mnj_ produced as much cellulase on these
substrates as it did uhcr.1 grown on cellulose. The same does not appear to

be true for the hypercellulolytic sutant Rut C30 (Chahal et al., 1982).

b) Control of enzyme activity

In addition to rnggg}atim of enzyme synthesis, the cellulase complex is °
subject to fine co:'itr’ol through inhibition of the activities of various
components of the multi enzyme complex (Hallinnil,l???). As glucose
concentration increases, it progressively inhibits beta-glucosidase via a
competitive inhibition mechanism. This inhibition first appears at glucosas
concentrations higher than 90 aM (Maguire, 1977a). The kinetic constants,
pH dependance , and structural effects of the inhibition have been
described (Bisset and Sternbarg, 19783 Maguire, 1977a} Woodward and Arnold,
19681). Cellobiose also sxerts a competitive inhibiton on exoglucanase
activity (Halliwell, 1975} Howell and Stuck, 19753 Maguire, 1977b3 Wood and

McRaw, 1973). Figure 2.5 illustrates the overall endproduct inhibition
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2.2.3. Cellulolytic organisas

schese.

»

»

a) General
A:wide variety (of organisas, both asrcbic and anasrobic have been shown to
produce cellulolytic enzymes (Table 2.4) (Sternberg, 1976). The most
" active organism found is Irichoderma ressei (formerly Irichodersa viride).
A major contribution to enhanced enzyme prodt;:tivity has been made through
the development and use of hypercellulolytic mutants of L__m.n_ Much ()“,
effort has gone toward the production and characterization of a number of
sutant strains of 1. reesei (Farkas and Labudova, 1981} Gallo et al., 19783
%, 19813 Ghosh et al., 19823 Labudova, 1981} Mandels et al., 1976}
Mandels et al., 1978} Mishra et al., 1982; Montenecourt and Eveleigh, 1977,
1978} Nevelainen et al., 1980, BGallo et al., 1978, Warzywoda et al., 17833
Saddler, 1982). Th:—rmlt has been a great improvement in cellulase

activity and productivity, over the original strain QM 4a (Mandels and

Weber, 1969) (Table 2.6).

b) Growth conditions

Most of the studies using I, reesei for the g;roductim of cellulolytic
enzyses has been on a small scale. A brief overview of the process ..
development for enzyme production is described below. A ltmdnrdiz!od
commercial préc.n for the production of cellulase does not Oxilt‘ at this

time. Improvements to growth smedium and conditions are being reported

.rapidly and are sussarized below.

-
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: i. Medium

"»G The basic sadium for cellulase produi:io; is shown in Table 2.7. ,Tl‘urol
h:!; been a variety of changes in medium constituents such as protein
source, and surfactant type and concentration in an effort to !'cduc- sadium

cost and increase cellulase vield.

ST IR TR e e 2T
L A

-

. «  Peptone replacesent
Protease peptone, although necessary to obtain high yields of
cellalase, is a very cosi:ly component of the medium. It can be
replaced with cottonseed flour, phyton, casein hydrolysate, yesast
extract, or corn steep liquor with only slight decreases in enzyme

production {(Mandels and Weber, 19469).

- Surfactants ]

0 o Addition of T:un 80 and Tween 40 doubled the yield of cellulase in I,
‘ramsei (Reese and Maguire, 1971). The mechanism by which surfactants
emxert their effact is‘ not well undwst@, ‘but may be related to an
incr.a;. in cell wall permeability. An increase in permesability of

/ . the cell mesbrane has been cbserved when the organism is grown with

| the surfactant (Reese and Maguire, 1969, 19703 Yakovlieva, 1982). This
increase in perseability is of a general nature, and is correl ated

with a loss or lnkaqp of a variety of intracellular components.

pH

The initial pH of the sediua is adjusted to pH 5.5-6. The pH starts
to fall du to the utilization of the NH, 250,,

% Growth of the organisa is best at pH 5 and decreases in rate down to

' cationn from (M-l4)

pH 3.9. The specific yield of protein, howaver, follows the reverse

4
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sequence, with optimum yield occurring when the pH was controlled at
3.5 (Androetti et al., 1977). Cycling of the sedium pH during the

fersentation has been reported to improve cellulase yields

(Mukhopadhyay and Malik, 1980).

ii. Age and volume of inoculum

For cellulase production using T, ressei, the ;nount of inoculum (1-5% v/v)
produced littls =¢fect on the final enzyme concentration. The
physicﬁoqical.state of the inoculum did, howaver, i}\flucnco the kincticl'of
enzyme production. The use of spore inoculation resulted in longer lag
phases as well as a decrease in the final concentration of an‘ynn produced

{Andreotti et al, 1977). An inoculum ratio of greater than 5% (v/v) has

been widely used, however the actual amount of biomass contained within the )

inoculum is by no means standardized.

iii. Temperature _

The rate of growth of L_r_n_gu_ continues to increass up to a tnnpvonturc
of 35° ::. however the maxisums rate of enzyme production is observed ’|t~29°
C. For Trichoderma fersentations the use of temperature cycling has
resulted in a considerable increase in final enzyme yield. This technique
in\}:lvn the use of a higher temperature (33-34° C.) during the initial
stages of the fermentation, to promote a rapid accumulation of biomsass
during the logarithmic growth phase of the organisa. Subsequently, the
temperature is reduced to a value close to the optisus for enzyme

production (Nystrom and DilLuca, 19773 Mukhopadyay and Malik, 1980).
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iv. Substrate

The amount of cellulase produced by Irichodersa varies considor‘ib’ly
qlpnnding upon the nature of the cellulosic substrate and on the
pretreatment which the substrate has undergone. The use of different

substrates such as Avicel, absorbant cotton, newsprint, and Splka Floc,
resulted in varied rates of cellulase production. Substrate-dependant
differences. in the proportions of the various components of the cellulase

produced were: also observed (Andren et al., 19753 Herr, 1979).

A cellulose concentration of 0.75% was initially reported to be optimal for -

cellulase production by T, reggei (Mandels and Weber, 1969). By increasing
the concentration of carbon and nitrogen, increases were achieved in the
yield of cellulase from batch cultures (Sternberg, 19763 Sternberg et
al.,1979). The suppl'y of nitrogen was found to be critical, and a
carboninitrogen ratio of (;a. 8 is required for optimum growth. Control of.
pH through the addition of M-l40H is in wide use as a means to ensure that
Irichoderaa fersentations are not nitrogen limited.

Other substrates which have bm eviluated for their ability to induce
cellulase production include: agricultural rniduo; (Demain, 1972} Ferrer,
et al., i977), whey (Lobanok et al., 19?7), high cellulose concentrations
(Nystrom and Diluca, 1978), and hemsicelluloses (Highley, 1976} Linko et
al., 197%). The effect of asmonia assimilation on cellulase production has
beeq_studied (Sternberg and Dorval, 1979). A number of review articles
dealing with substrates for cellulase production have appeared (Brown,
19763 Korculanin et al., 1975) Ryu and Mandels, 1980).

i
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2.2.4. Kinetics of cellulase prodyction

The kinetics of cellulase synthesis by Irichoderma are poorly understood,
chiefly due to a lack of information concerning the qro@th parameters of
the organism. There exists some éontroversy as to whether the production
of cellulase 15 a growth related function (Sternberg, 19763 Berg and
Pette}sson, 19773 Ghose et al., 1975). The following brief description of
the kinetics of cellulose utilization 13 based upon data from a number of
investigators (Andreott: et al., 19745 Chahal et al., 1981, 19823 Gallo et
al., 19783 Peitersen, 1975} Ryu and Hanqels, 1980; Sternberg, 197631 Volfova

and Kyslikova, 1981).

i. Imitial growth of the orgéﬁ1sm starts immediately on the soluble

-
sugars and proteins present in the medium. After 12-24 hours, these

soluble compounds are depleted. No cellulose has been used up until

this point.

1i. Once the soluble nutrients are depleted, metabolic pathways are

shi1 fted toward the utilization of cellulose.

i11. Mycelium biomass synthesized 18 difficult to estimate in the

presence of‘cellulose. Based on avaxla?{g data it appears that there are
four phases: a short lag phase, followed by a fast exponential growth on
the soluble constituents of the medtu@, a slow growth phase during which

the cellulose is consumed, and finally, a stationary phase duraing which

biomass is dying as fast as it is being synthesized.

Al
[
12

/ t
iv) Cellulase activity is not initiated until all of the soluble sugars

etc. are consumed. After the phase described in (i), cellulase
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production increases parallelling the exponential growth phase.

Cellulase production levels off when the cellulose is completely

' consumed. A sharp increase in cellulase concentration has been reported
at the end of the fermentation which has been attributed to de novo
;ynthuis (Ghose, 1977) and to autolysis and release of the

« ,
intracellular ccllula;l (Chahal et al., 1982). Evidence pointing to the
lat;n: includes a decline in biomass and increase in soluble sugars

released by ‘disintegrating biosass.

2.2.%5. Cellulase production: stat; of the art.

A nusber of ressarchers have reported significant gains in the effort to
produce cellulase enzymes. Pilot scale studies have been reported in which
fermentation paraseters have been studied in larger scale (30-4300 iiter)
vassels (Andren and Nystrom, 1976; Nystrom and Allen, 19743 Nystrom and
Diluca, 1977). Continuous production of cellulase enzymes has been
attempted in several rucfor types including: a continuous flow column
(Theodorou et al., 1981), a 2 stage reactor (Ryu et al., 1979), a CSTR
'(Peitersen, 1977} Hit;a‘ and Wilke, 19753 Sahai and Ghose, 19773 Ghose and
Sahai, 1979). Fed batch studies have been reported using: cellulose (Hendy ,‘:
et al., 1984; Watson et al., 1984), soluble carbon sources (Ghose and |
Sahai, ‘19793 Allen and Mortensen, 1981), and a carbon r?itrngen double fed
batch technique (Bottvaldova et al., 1982 ). Attempts to immobilize T,
m_(Froin et al., 1982) and cellulase (Woodward and Zachry, 1982) have

recantly bassn reported.

‘
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Strain FP activity FP productivity FP activity P productivity Ref.

* (shake f1.) (shake flask)
FPU/ml. SFPU/L. /hr.

(fermenter) (fersenter)
FPU/ml. FPU/L1/hr.

M ba 0.5 3

oM 9414 10 12

NG 74 40-350 \r
mce 77

Rut C30 15

. CL 8‘47

a
30-44 b

c,d

5 72 c,d
97 200 e
17.5 125 f

Table 2.6. Improvements in Trichoderma reesei over original strain

Qﬂ 6a. References are: a

b

c

Mandels et al., 1976

Montensgourt and Eveleigh, 1978
Gallo et al., 1978 -
Mandels et al., 1978
Watson et alf:. 1964 ®
Warzywoda et al, 1983
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Component Concentration Component Concentration
(g/1) {(mg/1)

(NI:I4)2804 1.4 Fe904.7H20 5.0
KH2P04 2.0 Mn504.H20 1.6
CaC12.2H20 0.3 CoCl2
HgSO4.7H20 0.3 ZnSO4.7H20' 1.4
Urea 0.3
Cellulose 7.5-10
Peptone 0.75-1.d
Tween 80 1-2
Table 2.7. Trjchoderpa rees®: medium for cellulase production. (Mandels

medium) {(Mandels and Weber, 1949)

.
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Substrate Enzyme Temperature Reducing sugar " % Hydrolysis

concn. conen. o at 24 h, at 24 h.
wt %) (FPU/ml) %) (/1)

2.5 0.5 50 16 64
5.0 0.5 50 23 A3
7.5 0.5 50 - 26 33
2.5 1.0 50 . 20 77
5.0 1.0 50 33 50
7.5 1.0 50 39 A7
2.5 1.5 50 ' 21 79
5.0 1.5 50 39 67
7.5 1.5 50 ab s3
5.0 1.0 45 28 s4
5,0 1.5 4s 33 59
5.0 1.0 55 30 54
5.0 1.5 55 33 61

glucose (g/1) X 0.9

- % Hydrolysis =
Substrate (g/1)

Table 2.8. Effect of temperature and enzyme loading on enzymatic
, “ hydrolysis of cellulose. (After Mandels and Sternberg, 1974
and Reess and Mandels, 1980).
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e 2.3. Cellulose hydrolysis
i . 2.3.1, General
The broth obtained from cellulase fermentation can be concentrated by

ultrafiltration or precipitation or it can be used directly as a source of

enzyme for the hydrolysis of cellulosic material. The ssasurssent and
expression of cellulagse activity has been a source of confusion because
of the array of substrates, sethods of dltcrnipinq activity, and units of

activity that have been applied to cellulase. The filter paper assay

(Mandels et al., 1976) has been widely used by msany workers because it

?, provides a simple and esasily reproducible measure of the complete cellulase
activity. Filter paper activity is expressed simply as the milligrams of
glucose released m;n 0.5 ml. of enzyme solution acts on 50 mg. of Whatman
No. 1 filter paper at 50 C for 1 hour. Other common assays include:

& ‘ uufxrnmt of the activity of endo-beta 1,4 glucanase (Cx or CMCase) on
carboxymathylcel lulose, exo-beta i,4 glucanase (C CBH, C.lloi:iohydrolau,
Qlucocellulase) activity on cryltallmc cellulose, and butn—qlucosidau

’ - (cellobiase) activity on cullobiou Most of the sutants of L__unn_

\ produce a cellul ase colplux which is deficient in beta-glucosidase. As a

e T
LN .

- rﬁult, cellobiose accumulates in the hydrolysate and inhibits the activity

or represses the forsation of the components of the cellulase complex.
) 5

-
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|+ 2,3.2, Factors affecting hydrolysis
efficiency of an enzymatic r&dro"lysu process is affected by many
}fu: s including: time of r,nctiun; tesperature, “pH. substrate |
‘ :mcintutim. the nature of the nubltrato. substrate pretreatment, the
presence of inhibitors, the balance of individual snzyme cosponents, and .

o . sgitation of the hydrolysis vessel.
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a) pH
o The pH optimum for cellulose hydrolysis is 4.8 (Mandels and Hnbm". ‘
1969). | .

b) Temperature
There are two effects of t‘hpnrtturo‘on the enzymatic hydrolysis of

- cellulose. As with any chemical reaction, there is the effect of
increasing reaction rate with incrnasiﬁg temperature. At higher
temperatures, however, thereiis an increased rate of thermal
deactivation of the cellulase enzymes (Palmer, 1975). At as® c. the
hydrolysis reaction is slow and can achieve the levels of hydrolysis
achieved at 50° C. only after extended hydrolysis times. At 55 and &0°
€, initial rates were ﬁiqher but enzyme deactivation accounted for a
decggase in reaction rate after 6 hours. Fifty degrees was found to bhe

N . ‘
the optimum temperature For hydrolysis. Similar tesperature effects

o , were also noted in other studies (Table 2.8) (Mandels and Storribirq. )

§

19763 Reese and Mandels, 1980).

S

c) Concentration of substrate and enzyme c 5 _ S
V As indicated in Table 2.8, actual yi!lds /of,_;ugtr im:?uu as the
concentration of the substrate ind?bi;;;, however the conversion
efficiency of the substrate to soluble sugars, is reduced. A liﬂillf
--relationship is obssrved with increasing p'nzyn co;'ucnntution. that is,
' with increasing mzyné concentration, total sugar yiéld is increased :

while the yield per unit enzyme decreases. Sternberg (1976) reported

that the highest hydrolysis rates were obtained with high substrate and

g e D

snzyme concentrations and short hydrolysis times. However under such

o,

tcmditims, only 20-30% hydrolysis of the substrate is achieved. The

resultant dilute syrups are produced it the expense of large quantities

E
i
ﬁ
«i
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of enzyme. In these studies, however, enzyme to substrate ratios varied
with increasing substrate concentration, making the results difficult to
interpret. Similarly in another study (Andren et al., 1975), 20 units
of enzyme were used per gram of substrate for a 10% slurry of newspaper.
The enzyme concentration was reduced to below 15 units/gram when a 15%
;lhrry of newsprint was used. In more recent work (Mandels et al,,
1981), a cellulase concentration of.20 units/gram cellulose, gave over
90% hydrolysis of S-15% slurry of cellulose in 48 hours.

d) Effect of structural features and pretreatments

There are a number aof constraints on the enzymatic conversion of
cellulose. They include: igsolubility of the substrate, the highly
crystalline nature of the ;ubstrate, and the physical and chemical links
between the cellulose and lignins present. These characteristics,

préviously described, make the pretreatment of the lignocellulosic

materials essential.

i) Crystallinity
The influence of the degree of crystallinity of -a cellulosic
substrate upon its sasceptibility to enzymatic hydrolysis has been
knaown for some tim; {Rease et al., 1957§‘Nalseth, 1952). Cellulases
}readily degrade the more accessible amoréhous regions of cellulose,
but are lel; effective in degrading highly crystalline areas. The
crystallinity of cellulose appears to be the main factor limiting
enzymatic digestibility, while the degree of polymerization is less
significant (Cowling and Kirk, 1976). It has been reported that
, hydrolysis rate is mainly dependant on the fine structural or&er of

P -
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cellulose which can be best represanted by crystallinity, rather than
by simple surface arda msasuresents (Fan et al., 1980). Mandels and
Sternberg (1976) reported that various cellulosic substrates were
mors susceptible to enzymatic hydrolysis when thay were first ball
milled to reduce crystallinity. In a recent study Grethlein (198%)
found no relationship between crystallinity and hydrolysis rate.
Detailed stﬁdio: on the effect of the physicochemical properties of
cellulose onﬁtho rate of enzyme adsorption andhydrolysis rate have
bean reported (Lee et al., 1982). The sechanisa of cellulose
hydrolysis has been studied from the perspective of: cellulase
adsorption (Wilke and Mitra, 19753 Huang, 1975b3 Mandels et al.,
197i, Peitersen et al., 1977), reaction mechanism (Lee and Fan, 1982}
Sasaki et al., 1979). Included have been studies on inhibition
(Howell and Stuck, 1975), deactivation (Howell and Mangat, 1978),
and enzyme and substrate concentration (Huang, 1975a). There have
been a number of attempts to model the hydrolysis reactions (Lee et -
al, 1978, Lee and Fan, 1982, 19833 Fan ntC;l., 19603 Fan and Lee,
1985;)Huanq, 1975bs Peitersen and Ross, 1979} Holtzapple et al.,

1984a, 1984b; Wald et al., 1984). --

ii. Effect of lignin

Lignin reduces the suscoﬁtibility of cellulosic material to onzynai!c
degradation. Many attespts have been sade to develop an
understanding of the effect of lignin on cellulose hydrolysis

‘(Crawford, 1975, 19743 Kirk, 1975, Riaz et al., 1977). The effect of

delignification is evident in Table 2.9 {(Data from Mandels and
Sternberg, 19745 Toyasa and Ogawa, 1973). Ball milling reduces the
size and crystallinity index of the substrate, but large proportions
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Substrate Percent Decomposition
- 24 h, 48 h.

Bagasse 6 10

o

Bagasss (ball milled) 42 . 48

i Bagasse (delignified) 87 88

.
Table 2.9. Eff.c% of delignification on efizymatic hydrolysis of bagasse.
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of cellulase remain bonded to lignin and are not easily accessible to
the enzyme complex.

iii. Type of enzyme: ratio of component activities

As described previously, most preparations of 1, reesei cellulase are
deficient 1n beta—glucogidase. Cellulase preparations from this '
organism have from 0.02 to 0.1 units of beta~glucosidase activity per
unit of filter paper activity. As a result,the cellobiose levels in
the hydrolysate vary between 10 and 70%Z of the total sugars,
depending on the nature of the enzyme and on the ‘concentration of the
substrate (Andren et al, 19753 Palmer, 1975). There have been
efforts to i1ncrease the beta-glucosidase activity of cellulase from
T. reesei by pH and temperature profiling (Tangnu et al., 1981). It
has been reported that 1-1.5 beta glucosidase units peiﬁéilter paper
un{t 15 sufficient for complete hydrolysis (Chahal et al., 1982, Ryu
and Mandels, 1980). However the addition of beta-glucos:idase io

Trichoderma cellulase markedly increases the hydrolytic potentidl of

the enzyme (Sternberg et al., 1977). Aspergillus ghoenicis (Allen
and Sternberg, 1980) and Schizophvllum commune (Desrochers et al.,

1981a,b) are two promising sources for heta—-glucosidase. Although §,
commune produces 31.4 IU/ml of béta-qlucolxdase, the enzyme is not
stable under the conditions used for practical hydrolyses (burochor
et al., 198ia,b) Also, the high ratio of §, commune beta- -
glucosidase to Jrichoderma cellulase required for/hydrolysil (6.8:1)
makes the organism an impractical choice. Beta-glucosidase from 4,

ghoenicis shows a much higher degree of synergism with Trichoderma
cellulase (Mandels, 1981). A recent study indicated that beta-
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glucosidase from a bacteria (Cellulomonas) could be used in
combination with Irichoderma cellulase (Choudhury et al., 1981). A
review of the role of bcta-glucosidase-in cellulose hydrolysis has

been published (Shewale, 1982).
@) Effect of surfactant addition on eﬁzymatié?hydrolysis of cellulose’

Surface active agents, or surfactants, are molecules which contain a
hyarophilic and a lipophilic (hydrophobic) moeity within the same
. molecule. In aqueous solutions or suspensions, surfactants tend to

aggregate at phase interfaces. In this way, they are best able to

"accomodate” both moeities which exist within them. In aqueous

¥

solutions for example, surfactants tend to accumulate at the interface

' between the liquid phase and the gas phase (air). The hyd}nphilic
o pc;;rtion of the molecule 1s oriented so as to project into the buik
liquid phase. The lipophilic portion of the surfactant molecules are
aligned along the surface so as té# be oriented inté the g;s phase as
" much as possiﬁle. By aggregating at the inézrface (or surface) the
surface free energy per unit area is reduced. This is the reducfion in

° : so-called “surface tension” which is associated with surface ggtive

agents,

In solid suspensions, where there are:three distinct phases, the effect
of surfactan® becomes more complex. Hhile(the same phenomenon is
. occurring at the gas-liquid, a second surfactant-related effect is
present at the solid-liquid interface. Surfactants accumul ate at this
1 interface as well. This can result in an indrcas;, or decreas@=in thec

wetting of the solid by the liguid phase.

47
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" stirred tank reactor, a yield of 4-6% glucose has been achieved from 10%

L

In the cellulose hydrolysis system, the oxt;nt of hydrolysis is
increased by the addition of Tween 80, a non-ionic surfactant (Castanpon
and Wilke, 1981). These workers corrrelated the use of the surfactant
uith an increase i? the amount of cellulase present in the hydrolysis
broth. They concluded that the surfactant influenced the enzyme-
substrate interaction in such a way a; to facilitafz“thu fcluaun of the
enzyse from its “bound” state into the hydrolysis broth. The hydrolytic

efficiency was improved because the curfactant was able to increase the

efficiency &f the enzyme mass transfer from the solid to liquid phase.

Cellulase has been shown to be denatured by lhgar (Rewse, 1980). This
inactivation was found to be lessened, to a degree, by surfactants. In
another sgudy,-;xposurn to phase iﬁtcrfacos was found to result in a .-
rapid inactivation of cullulqlo (Kim ot al., 1982). The air-water
interface was found to have a much grla;.r dnnaturin?/offcct than did
simple shear stress. Surfactants were again able to lessen the extent of
interfacial denaturation by displacing enzyme protein from the
interfacial arsa, Thus the proportion of the cellulase at the

interface was decreased and the percent innctivation was proportionally

decreased. There has been no work in which the dcnaturidq effect of the

solid-liquid interface was .Jlliﬂld.
e

Ne_

2.3.3 Continuous saccharification

Early attempts ware made to run continuous hydrolysis reactors. In

P
cellulose feed for 200 hours. By comparison, batch reactors produced &%
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sugar (Ghose ana Kostaci, 1970). In a membrane rea;tur, the same ‘Srkers
achieved 75% hydrolysis in 8 hours running time. More recent work using
membrane reactors (Chlson et a£., 1984) and countercurrent plug flow
reactors (Fox et al., 1983) has resulted in further process improvements.
An attempt has recently been made to re-utilize enzymes for the

saccharification of lignocellulosic materials (Deshpande and Eriksson,

1984).

2.4 Mixed microbial fermentations

2.4.1. General considerations
It has long been recognized that the "growth range" of different

>

nicroorganiqms“overlap; despite evolut:ionary pressure upon the =
microorganism to occupy a characteristxqfnlche.\ This overlap can lead to a
. variety aof types of interaction between microorganisms which share a
o particular niche. These types of interactions range from synergism,
i

¢ through mutual tolerance, to competition. Most microbial communities can

be classified 1nto one of seven types (Slater and Bull, 1978).

Class one communities are usually commensual or mutualistic relationships
in which one member of the community depends on another for the provision
of.certain growth factors. P
Class two communities are those in which the toxic metabolites of one
organism or of one group of organisms, are consumed by another member of
the community. There are many examples of such relation;hips in the

¢ literature, and a number have been well documented (Slater, 1978). There

is some evidence which indicates that such such cultures show an increased

i o ' ‘ tolerance to physiological stress (Wilkinson et al., 1974} Cremieux et al.,
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1977).

Class three microbial communities may be the consequences of a number of
nutritional interactions that affect the overall growth kinetics of the
population, In these communit;es, the interaction between members results
in a modification of individual population growth parameters. These -

modifications yield a population which is more competitive.

Class four communities are generally mutualistic} the survival of the
community gepends on the concerted activity of two or more populations.
Clags five communities are a speciral case of class four whereby a primary
popul ation, growing on a rapidly metabolizable carbon sourge,

gsimul taneously co—-metabolizes another compound. The product of this secand
organism suppoarts the growth of thg first organism (Slater, 1981).

Clas; six organisms are usuallytahagrobic. Under anoxic conditions,
fermentative organisms require a sink to dispose of excess reducing power.
A number of examples exist where a second organism acts as an electron
sink, enabling the first aorganism to rid i1tself of excess electrons which
it acquired during itg metabolic activitie; (Wolin, 19773 Murray and Khan,

1983) . )

Class seven microbial communities are characterized by the fact that they
possess two or more species which are competing. for a primary-carbon—

source. The interaction among’the meabers of these copmunities is not well

unc!er stood. * :

50

S C®




2.4.2 Mixed cultivation of cellulolytic microorganisms

Most of the work describing the fermentation of lignocellulosics by mixed
cultures has utilized anaerobic bacteria (Khan, 19773 Hungate, 19443
Leschine and Canale, 1984). These relationships are generally class two
interactions. The first organism, the true cellulolytic member of the
association, degrades ctellulose to 1ts constituent monomer sugars. In
close association with this organism 1s a second organism which utilizes
the liberated sugars to form ethanol, acetic acid, and butyric acid.
Although the overall conversion of cellulose to ethanol is efficient (80%),
the slow growth rates gnd the technical difficulties associated with

anaerobic fermentations, limit the practical value of such systems.

Recent advances i1n genetic engineering (Montenecourt and Eveleigh, 19773
Warzywoda et al., 1983) and fermentation technology (Hen&y et.al., 19843
Persson et al., 1984; McLean and Podruzny, 1985) have dramatically
increased the yield of cellulase produced by fungi sdéh as Trichoderma
cggégl. However, mutants such as Trichoderma reesei Rut C30 produce an
enzyme complex whx;h is deficient in beta~glucosidase activity. Use of
this enzyme under practxcal hydrolysis ‘conditions results in an
accumulation of cellobiose, a strong competitive inhibitor of exoglucanase
activity. The result is a decrease in the rate of sugar production and in
the final concentration of sugar produced. Several species of Aspgraillus
produce beta-glucosidase in large quantities., (Sternberg et al., 1977;
Scrivastava et ii, 1981).. Although beta-glucosidase from esnj:g111g§ shows
a high degree of synergisa with Trichoderma cellulase, a separate

fermentation step to produce it is not practical.
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To avercome this obstacle, attention has recently been focussed on mixed
memmmﬂco
172 and Scatylidium lignicgla have been grown i1n mxed culture (Trevidi and

1984).

cultivation of aerobic cellulolytic organisms.

The Cellurase produced by the mixed culture had
R N
approximately the same endo angd exoglucanase activities as the cellulase

produced by Trichoderma longhriatum in pure culture.

glucosi1dase activity of the cellulase was more than doubled thréhgh the

Desai,

However, the beta-
contribution of the Scatylidium component. The cellulase produced was

tested against a var{ety of substrates (Trevidi and Ray, 19835).

Trichoderma reesei Di-é6 and Asperqillus wentii PT2804 have been cultivated

for the production of cellulase and xylanase (Panda et al., 1983). As

well, Memponiella echinata and Fusarium raseum have been grown i1n mixed
cultures as a means of i1mproving the feed value of citrus waste (Clement:
et al. 1985).

Although the principle has been demonstrated, much work remains to be

carried out before thg application of mixed cultivation of aicroorganisms

can be applied to the cellulase fermentation field.
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3. MATERIALS AND METHODS

3.1. Growth of Trijchoderma reeseir Rut C30
Irichgderma reesexr Rut 930 (Montenecourt and Eveleigh, 1979) was obtained

from the Agricultural Research Service Patenf Collection, Peoria, Illinois.

The organism was maintained on slants which consisted of Mandels medium

(Table 2.6) supplemented with 20 grams/liter Bacto agar and 10 y/! CFiti

celluloge (Whatman Ltd., England). The same medium without Bacto agar, was

used for growth 1n shake flasks. The carbon source used was either lactose A

or CFi1 cellulose, and was varied up ta 30 g/l. At higher carbon source

)

concentrations, the concentrations of other media components was varied as
indicated 1n Table 3.1. Colloidal mater:ials were added to some media.
Sodium citrate (1.5 g/1) was added as a buffering agent as indicated. The
initial pH was adjusted with 3 Molar HCL or NaOH to between 5,5 and 5.7 1in
all cases. The medium was dispensed into 250 ml. (100 ml. working volume)
or 500 ml. (200 ml. working volume) Erlenmeyer flasks and i1noculated with 3
day old cultures grown in the same médium but without’additives such as
colloids or metal salts. Inoculum volume wasGS % of the working volume of

E

the flask. Cultures were incubated at 27 © C with shaking (175 RPM),
/

’

3.1.1. Addition of colloidal materials

The following colloidal materials were used in the growth medium: ALON
{Cabot Corp., Boston, Mass.), a positively-charged alumina-based colloid;
CAB-0-SIL M5,M57, and EHS (Cabot Corp.), silica-based colloids of three
different size ranges; WESOL-P (Wesolite Co., Wilmington Del.), a
positively-charged alumina silxga s0l} and the hydrolysis products of salts

of alumsinum, (AIK(SDA)2) and iron (FéCls, Fe2(904)2), positively charged

)
\ !
\
‘ v
..
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colloids. Manganese sulphate, a metal salt which does not form a colloid

was used as a control.

3.2. Birding Studies

To assess the ability of the colloids to influence the concentration of
lactose 1n solution, binding studie; were carried out with lactose, ALON,
trace elements, and potassium phosphate 1n various combinations. In each
tgst, a solution of lactose was made up (10 g/1), and the test substances-
were added to 1t. The tubes were then shaken gently at room temperature
for 10 minutes, centifuged (4000 x g, 20 mn.), and the lactose
concentration 1n the supernatant was assessed by high performance liquid
chromatography (Spectra Physics mgdel SP 8100). The column used, a
polypore carbohydrate column (Brownlee Laboratories Inc., Santa Clara,

Califarnia) was kept at 80° C. Water was used as the mobile phase at a

flow rate of 0.3 al./min.

In some cases a loss of binding capacity occured with ALON and i1t became
necessary to remove surface contamination. This was done as follows: ALON
was stirred with 10 % (v/v) HCl for | hour at room temperature. The ALON
was then washed by filtration until the pH of the wash water was above that
of ALON in water (ca. 4.4). The ALON was then dried at 105 OC. overnight

and used 1n the binding studies.

3.3. Growth of Aspergillus phoenicys ATCC 329

Asperqilius phoenigis was obtained from the U.S. Army (Natick) lab-
oratories and was maintained on potato dextrose agar (PDA) slants (Becton
Dickinson and Co., Cockeysville, MD.). The medium used f;r growth of

@sperqillus is shown in Table 3.2. Amygdalin was added to increase the
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production of beta-glucosidase (Sternberg et al., 1977). After
approximately 10 days of growth the biomass was removed by centrifugation
(8000 x g, 30 min.), and the crude broth was clarified by filtration (0.45
micron ngrg\size, Millipore Corp., Bedford, MA). The clarified broth was

—

then assayed for beta-glucosidase activity.

3.4. Growth of the Mixed Culture

3.4.1. pH control during shake flask cultivation of mixed culture

The pH of shake flasks was controlled within a range of 0.5 pH units
through the use of Amberlite cationic exchange resins. The resins were
prepared using the method of Styer and Durbin (1982). Only fﬁe Ca(DH)z—

treated resin was used. The concentration of Amberlite routinely used was

30 g/l.

3.4.2, Media optimization

The growth medium used for shake flask cultivation of the mixed _culture is
shown in Table 3.2. Colloidal materials (ALON and FeCls) and amygdalin
were added to the medium in some cases as indicated. The effect of
potassium, magnesium, and calcium salts concentration was examined by

varying their concentrations, while maintaining the same weight’proportions

. of each salt.” The effect of variations in starch concentration at constant

ééllulale concentration were examined.

-
Mixed cultures were inoculated from 3 day old pure cultures of Trichoderma
and Agperqgillus cultures which were grawn on 10 g/l cellulose and 10g/1

starch respectively. Unless otherwise indicated, the volumetric inoculum

.ratio of Trichoderma to Aspergillys was 3:1. The mixed cultures were
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incubated at 27° C., unless ctherwise indicated.

3.4.3. Effect of temperature on enzyme production by aixed culture

The effect of incubation temperature on enzyme production by the aixed
culture was investigated in two ways. Initially, the cultures were grown
at four different tesperatures, 27, 30, 33 and 346°C. and enzyme activity in
the cui‘ture broth was monitored. In a second set of runs, the effect of
temperature cycling was determined. The cultures were incubated at the
same four témperatures (27, 30, 33, .and 36 ° C.) during the initial

48 hours of growth, after which all cultures were incubated at 27°c.

3.4.4. Browth kinetics of mixed cultures in lab-scale fermenters.

All fermentations were performed in Chemap CF or LF model fersenters

equiped with 14 liter vessels. The working volume was 10 liters. The

fermenters were ‘Qquippld with a paddle-type stirring system (Fundaspin R)

to reduce shear stress on the aycelium. I;pqllw rotational speed was 230

RPM unless otherwise stated. Fermenter tesperature was controlled at

27"(2., and pH was controlled at 4.6, unless otherwise indicated. In order

to supply an adeguate amount of nitrogen to the fermenter, 1 M hl-l40H and a
‘olution of 1 M HCl which also contained 1M M-l4Cl,"nr| ;.mod to control pH.

Foam control was effected through th\.\uu of Dow Corning Antifoam A. The

antifoam agent was added at a level of 0.02 % (v/v) initially, and as
required througout the fermentation. Inoculum volumse was 4 % v/v. The |
volumetric inoculum ratio of Irjchodersa to Aspsraillus was saintained at

3. Sasples were rescved via a steam sterilizable sampling port on the

bottom of the fermenter vessel. The port was sterilized for 10 minutes

prior to, and after sampling.




3.5. Hydrol yses
3.5.1. Evaluation of the hydrolytic potential of Irichoderma versus mixed

L}

culture cellulase
The enzymes produced through mixed cultivation of Irjchoderpa reegei and

Asperqgillus phoenicis, and 1n pure cultures of Trichoderma were tested for
their hydrolytic potential with Solka Floc unless otherwise indicated.
Whole broth from culture flasks was centrifuged (4000 x g, 20 min) to
remove biomass, and clarified by Millipore filtration (0.45 micron). Crude
cellul ase prep;ratlons were stored at -20°C until use. The enzyme loading
ratio (IU cellulase activity/gram Solka Floc), and enzyme activity ratio
(IU beta-glucosidase/ IU cellulase activity) were varied as indicated. The
enzyme activity ratio was varied through the addition of crude beta-
glucosidase from Aspergillus or from almonds (Sigma Chemical Company, St.
Louis. Mo.). At high enzyme loading ratios (40-50), it was necessary to
concentrate the beta-glucosidase from Asperagillus to avoid overdilution of
the hydrolysis mixture. This was achieved through precipitation of the
enzyme with 4 volumes of acetone at -20°c. The crude protein was recovered
by”centrifugation (8000 x g, 35 min.) and resuspended in a minimal volume‘
of 0.05 M citrate buffer (pH S). Substrate (Solka Floc) concentration was
either 100 or 150 g/1. Unless otherwise i1ndicated, hydrolyses were carried
out at 50 DQ., in 125 ml. screw-capped Erlenmeyer flasks in a temperature
controlled incubator. Rotational speed was maintained at 175 RPM. Each
flask contained S5-50 IU FPA/ gram Solka Floc, 0.02 % sodium azide {for
control of contamination), 0.05 M citrate buffer (pH 4.8), Solka Floc, and
in some cases supplemental beta-glucosidase . Samples were removed and

clarified by centrifugation (4000 x g, 20 min.). The supernatant was then

5ssayed for reducing glucose and for total reducing sugars.

8
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In some hydrolyses, the effect of surfactant additions were tested. For
these tests the cellulase came from Jrichgderma cultures which hadﬁbaeﬁ
grown usgng the normal medium (Table 3.1) but without added Tween 80. The
hydrolysis flasks were prepared exactly as described above except that

surfactants were added at a concentration of 0.2 % (w/v)%

3.5.2. Kinetic characterization of crude cellulase from mxed culture

In order to determine some.of the kinetic parameters of the crude cellulase
produced in the mixted cultures, 1t was necessary to change some of the
standard hydrolysis conditions described above. Temperature was var:ied
from 40-60 ° C. The pH of the hydrolysis mixture was also varied over the
range 3-6.5. The effect of end product i1nhibition was determined through
the addition of glucose to the hydrolysis mixture. In order to determine
the stablllzy of the individual enzymes of the cellulase complex under the
condltlbns used for hydrolysis, experiments were carried out under the
standard hydrolysis conditions without substrate. In these experiments,
samples were assayed for FPA, beta-glucosidase activity, Avicelase
activity, and a carboxymethylcellulase (CMCase) activity. In some

experiments, substate.concentration was varied as i1ndicated.

3.4. Elution of cellulase from cellulose using surfactant soiutions

To determine the ability of surfactant solutions to elute cellulase from
¥

kg

ot
cellulose, cellulese slurries (10% w/v) were prepared by adding Whatman

cellulose powder (CF1i) to acetate buffer (0.2 M. pH 5) or to water. Rut
C30 broth was added and the adsorption of cellulase to cellulose was

allowed to take place at room temperature with gentle agitation for 20 ¢
minutes. The cellulose-gpzyme complex was then removed by centrifugation,

and resuspended in water, buffer, or aqueous surfactant solution (0.2%
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u/v): The enzyme was eluted for 1 hour by gentle agitation at room
temperature. Filter paper activity and soluble protuin'@easurements were
made on the original crude cellulase broth, the supernatant liquid after

adsurption, and on the ;upnrnatant liquid following elution.

3.7. Anélyses

Crude broth was assayed for its activity against a variety of substrates.
The assays are summarized in Table 3.3. All enzyme activities were
expressed in International Units (IU). Re&ucing s;gar was estimated with
dinitrosalicylic acid reagent (Miller, 1939). Glucose was estimated
enzymatically by the glucostat method (Raabo and Terkildsen, 1960).
Soluble protein was determined by the method of Lowry et. al. (1931).

Phosphate was assayed as described in Standard Methods (APHA, 1973).

Biomass was determined by dry weight when lactose was used as the principle

carbon source. In cellulose-based fermentations, 2 samples were filtered

(0.45 micron), and washed 3 times with hot (50° C.) distilled water. One
sample was dried overnight at 105°c. and weighed after cooling inla
dessicator. This gave a value for biomass plus residual cellulose. The
nitrogen content of the second sample was determined by performing a
Kjeldhal determination. Kjeldhal nitrogen was determined using an
automatic Kjeldhal titrator (Buchi, Swtitzerland). Biomass was estimated
using a conversion factor (biomass (g/l)= Nitrogen x 7.14). Residual
cellulose was determined by difference.

1 3

Starch was estimated as follows: fermenter samples were filtered and washed

»

- s ﬁ , . 1
o with a known volume of hot (50° €.) distilled water. The filtrate was

-
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diluted such that the starch concentration was in the range 10-70

micrograms/ ml. To 0.1 ml. samples of filtrate, 0.2 ml. of

amyloglucosidase (Boehringer Mannheim Canada, Dorval, Quebec.) was added.

The mixture was incubated at 60°C. for 15 minutes. The tubes were then

[
/

boiled for 10 minutes to stop ;he reaction. After cooling, 0.2 ml. of

water was added, and the contehts of the tube were mixed. The glucose

cancentration i1n the tube was then estimated as described above. The

absorbance at 450 nm from the glucostat assay was compared to a standard

"golution of soluble starch (BDH Chemicals). A sample standard curve 1s

shown in Figure 3.1.

Initial rates of production of both glucose and total reducing sugars were

determined for some hydrolyses. The i1nitial (0-8 hr.) sugar concentration

data were fitted using a polynomial fitting program on a Digital PDP 11

computer. The data were weighted to favour the observations taken early 1n

-

the hydrolysis reaction. The weighting factor used was (0.5 + C’)-z, where

A\
C5 = the sugar concentration at any given time. Inital rate values were

obtained by taking the derivative of the polynomial at time O.

The kinetic parameters of batch growth were defined as follows:

dx -
G = -- = volumetric rate of biomass generation (Maximum) gl lh Q
dt .
A X Total change in biomass concn.
Yx/s =A

ds

m—— ﬁate of substrate utilization

dt

Total change i1n substrate concn.
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Medium Concn for the following concn of carbon source:
component - N
10 20 30
KH PO4 2 . 4 4 ,
Cafl ) 0.3 0.6 0.6 J
HgSD4 0.3 0.6 0.6
Urea 0.3 0.6 0.9
(NH, ) 804 1.4 2.8 4.2
Pragegse peptone 1.0 2.0 3.0
Tveen 80 2.0 2.0 2.0
FeSD4* 5.0 10.0 10.0
HnSO4* 1.6 3.2 3.2
CoClz* 2.0 4.0 4.0
ZnSD4* 1.4 2.8 2.8
" Table 3.1. Medium used for growth of Trichoderma reesei Rut C36.

Buantities are in grams per liter except for those compounds
marked with an asterisk (#). For these compounds the quantities
shown are in mg/liter.
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ORGANISM TRICHODERMA ~ ASPERGILLUS MIXED

?

o ) . hd t

Component .
KH,PO, 2.0 2.0 4.0
CaCl 5. 2H,0 0.4 0.4 0.8
MgS0,. 7H,0 0.3 0.3 0.6
(NH,),S0, ’ 1.4 1.4 2.8
UREA 0.3 - 0.3
BACTOPEPTONE 1.0 1.0 2.0
TWEEN 80 2.0 2.0 2.0
FeS0,.7H,0 5 x 107> 5 x 1075 1 x 1072
MnS0,,.H,0 1.6 x 1075 1.6 x 107> 3.2 x 107>
InS0,.7TH,0 1.4 x 107 6.4 x 107> 7.8x 10°°
Cotl, 2.0 x 1075 2.0 x 107> 4.0 x 1075
CITRIC ACID.H,0 - 5 x 10> 5x 1075

' -3 -3
Fe (NH,) , (S0,),.5H,0 - 1 x10 1% 10
€uSD,. 5H,0 - 2.5 x 1077 2.5 x 107 L
HBO, \ — 5 x 1070 5.0 X 1070

: -5 -5
NaMo, . 2H,0 - 5 X 10 5 X 10

TA&LE 3.2. Medium for growth of Irighoderma, Aspaerqgillus, and mixed

culture. All values are in grams/liter.

¥
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X " ASBAY SUBSTRATE ~ ENZYME MEASURED PRODUCT MEASURED REF. |
FILTER PAPER  FILTER PAPER TOTAL CELLIWLASE REDUCING SUBAR  a
| /3-BLUCOSIDASE CELLOBIOSE  (F-BLUCOSIDASE  GLUCDSE b
CHCase cne ENDOBLUCANASE ' REDUCING SUBAR  a ‘

. AVICELase AVICEL EXOBLUCANASE REDUCING SUGAR a

* TABLE 3.3. Summary 'of cellul ase assays. References: a. (Mandels et al.,
| 1976)3 b. (Tangnu et al., 1981).
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o ; S.8. Presentation of data and error analysis
The experimental data pressnted in the work can be divided into. three main
catagories: " '
b i. Results from growth experiments
These results include the following data: pH, enzyme activity,

biomass concentration, substrate concentration, extracellular

protein concentration.

4]

ii. Results from surfactant elution studies

iii. Results froa /nnzyntic hydrolyses in which no actual growth
occurs. In'thess cases, the data presanted are: total sugar
o concentration, glucose concentration or percent hydrolysis

3

(weight total sugar / weight cellulose originally added).

[} e

. i
Each group will be discussed in some detail.
) %
i. Data from growth experiments
Shake flask-scale growth studies were perforaed in triplicate on at least

two separate occasions. Larger-scale fwmtatiom (5 and" 10 liter) were

parforsed in duplicai:o only.

N

/ | " A sample of the data from a shake flask-scale growth experiment is given
in Table 3.4. The sean and standard deviation for these data were ‘

—

calcul ated Accordiné tb the following foraulae:

-




"e.ﬂ = -y-‘ -------- - i = 1,2,3,---N
N
L
Standard deviation = iylz (Syi)z N -, 2 :
- X
N N2 N-_1_|

These data can be used for two purposes: to assess quantitatively whether
there 15 an accebtable level of uncertalnty’(varlab1lity) in the dataj and
to determ:ine whether there 1s a "real" effect present 1.e. whether two

means are significantly different from each-other.

Two mean values were judged to be significantly different from each other

if their values plus or minus one standard deviatxon, did not "overlap".

It 1s possible to say that growth of the mixed culture.usfng 5tarcﬁ as a
carbon source produces less filter paper activity than using cellulose or
starch pluéhcellulose (Table 3.§). However, growth using starch plus
cellulose cannot be said to be better than cellulose alone for the
production of filter paper activity. Similarly, for the production of

f1lter paper activity, Trxchode;mg alone can not be said to be better than

- the mixed culture grown on starch plus cellulose. This type of semi-

quantitative analys:is of data is often adequate to draw aualitative

conclusions for compléx bioclogical systems. -

. ’
L3 4

ii. Results from surfactant elution studies

" In studies to determire the effect of surfactants on elution of cellul ase

from solka floc, there was a considerable degree of variability betwean

values observed in replicate trials. - For example, in four trials using

Pluronic L&61 surfactant, the velues for percent of filter paper activity

AN -
I

&5




eluted were: 27.8, 27.7, 32.2 and 17.6. The standard deviatior for these

values 1s 6.18. Applying the same analysis as described a1n section i.
above, it 15 pogzible to conclude that Pluronic Lé1 improves the recovery
of filter paper activity over that achieved with water or buffers (Table

4.8, gage 98). Hodever, because of the high degree of variability in the

data, it 1s not possible to conclude that any one of the surfactants tgsted
is superior to another. Although the data in Table 4.8 are presented in a
quantitative form, they agaxh, must ﬁe 1nterprgted 1n a sem~quantitiative
manner. The conclusions drawn from this work are not qualified by the e

variability in the data.

n
1i1. Results from enzymatic hydrolysis

Enzymaiic hydrolysis of celluln;a'was carried out in a buffered system
containing crude cellulase (catalyst) and solka floc or steam expladed

aspen wood (substrate). It has been shown that the hydrolysis reaction,

P k]

-

under defined conditions, can be modelled and fitted with a smooth curve
N ‘

5

(Ryu and Mandels, 1980).. For this reason, the data obtaﬂned in hydrolysais

experiments have béen illustrated in Chépter 4 usi1ng a smooth curve. Lack
- - P
of fit to the curve 1ndicates the degree of random error in the analysis.

Sample hydrolysis data are given below. The same type of analysis can be

A

applied to these data as was described 1n the preceeding sections 1. and

) i1. For example:

[ ]
Mean value 1 (From Table 3.5) = 44 (% 4.7)

Mean value 2 = 42 (£ 4,2)

Mean value 3 = 69 (29.4)
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The value for Mean | is significantly different from the other two sean

vnlucl,'since its Mean plus standard deviation (48.,7) does not bring it up

to the value of the other ﬂé;ns minus their respective standard deyiationﬁ,

“a 2 \

(57.8 and 59.6 respectively). Mean 2 and Mean 3 however, cannot be

*

Y e .
judged to be significantly dj fferent from each other,, since Mean 2 plus

its standard deviation (62 # 4.2 = 66.2) is greater than (overlaps with)

- the value for Mean 3'9inus its standard deviation (59.6).

In all cases the calculated standard deviations for this tyﬁe of

experiment were small when compared to the mean values. For this reason
there is judged to be an acceptible level of variability in the data..

c Singi all hydrolyses were carried out in the same manner, the degree of

uncertainity .is likely to be of similar magnitude in each case.

[ .
’

~
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’ o : Cellulose Starch Inoculus : FPA Range
T conen. condn. " (mean) (Mean - SD) (Mean + 8D)
{g/1) (g/1) . (1U/m1) “ (IU/ml) (1U/ml)
0 10 ) Mixed 1.9 < 1,36 1.64
10 0 Mixed 2.8 2.6 3.0
10 10 Mixed 3.0 2,72 3.28
10 0 T. ressei 3.5 3.02 3.92 -

Table 3.4. Sample data for. enzyme production by mixed culture grown on

o diffprent carbon sources. (SD = standard deviation).
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Enzyme loading ratio Final sugar concentration produced
(IU FPA/g Solka Floc) (grams/liter)

4

10 44 (2 4.7)

20 62 (14.,2)

30 | , 59 (£ 9.4)

\
Taglc 3.5. ‘Sample data for enzymatic hydrolysis of cellulose.

L )

.,
e,
)
Y
Y
,

3

;

.1

| &9

A

. . .
VRN R A W O ST I T v . St




>
1.0 ‘
0.9 \\
-® '
o8+ . X ’/’
.I
ONq
06}

o °
8 05..
<
g .

04t

®

0.3 ”

o2f: °

-0.F .

1 { . | e 1
0 2 4 6 8 0o 12 °
~ Starch concn. :
A (g/1) AR

Y

_Figure 3.1. Typical standard curve for amylnqlucosidase-blsed'starch assay,

70




4. RESULTS AND DISCUSSION

4.1. Effect of Addition of Colloidal Materials on\Gellulaée Production by -

Irichoderma reesei Rut C30

4.1.1. Effect of carbon source on enzyme production by Trichoderma

The final concentration of cellulase produced by Trichgderma reesei Rut C30
was much lower when lactose was used as a carbon source than when cellulase
was used. Typical cellulase activities were 1.5 IU/ml for lactose—grown
cultures and 2.5 IU/ml for_ cellulose-grown cultures (Table 4.1). The
specific activity (IU FPA/gram soluble protein) of the céllulase produced
by Trichpderma reesei Rut C30 did not change when the'carbon source was
changed from cellulose to lactose. In both types of fermentation the
specific activity of the cellulase produced was approximately i IU filter
paper activity per gram of soluble extracellular prote?n. The maximum value
for extracelluiar protein and for cellulase activity was reached more
rapidly (2-4 days) in cultures grown on lactose than in those grown with
cellulose (8-10 days) as a carbon source. The overall productivity of the
two fermentations were comparable because of the compressed time scale of

the lactose-based fermentations.
4.1.2, Effect of colloid addition on cellulase production by Trichoderma

Addition of Alon (5 g/1) to growth media increased the final cellulase
concentration by up to two fold for cellulpse--and lactose-grown cultures

(Table 4.1). Higher concentrations of lactose resulted in only slightly

higher enzyme concentrations. The cellulase production profile for
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lactose-Alon fermentations was similar to cellulose-based fermentations
(Figure 4.1). It shouldtbe noted that solid lings have been inserted in
the figure to facilitate interpretation of the data, and are not the ;esult
of any curve fitting or theoretical interpretation. Other positively-
charged colloidal materials such as Wesol-P, and trivalent salts of
aluminum and iron produced an effect similar to Alon but slightly smaller
in magnitude (Figure 4.2, Table 4.4). The aluminum potassium sulphate and
ferric chloride formed extensive precipitates when added to flasks
containing the Trichoderma growth medium. These salts are well known to
form positively-charged colloids 1n aqueous solutions (Cotton and
Wilkinson, 1972). Manganese sulphate, a metal salt which does not form
colloidal particles in aqueous solutions, did not result in an increase 1in
Fhe concentration of cellulase produced. The addition of uncharged silic;;
based colloids (Cabosil M3, MS7 and EHD) did not cause an increase in tha

amount of cellulase produced. The effect was dependent upon the addition

of positively charged particles of colloidal dimensions.

The concentration of cofloidal materials which was optimum for cellulase
production varied depending upon which type of colloid was used. Addition

of Alon 1n concentrations up to 5 g/l resulted 1n a linear 1increase in

R

cellulase production. Further increases in the concentration of

Alon resulted in a slight decreasikin the amount of enzyme produced. The

optimum concentration of Wesol-P NQS 3 g/1, while the iron and alumnum
!
salts had their greatest effect when added in concentrations between 0.3
. )
and 1.5 g/1. o

o

s

The colloid-dependant variation in optimum concentration ‘which was observed

T - TR
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: I 4
Carbon " Carbon ‘Alon concn. Makimum FPA Maximum protein
) source source (g/1) (IU/ml) concn.
concn. ‘ (g/1)
(g/1) -
— I °
R Lactose 10 0 1.5 1.6
1Q - 3.0 2,7
Cellulose 10 0 2.5 2.6
10 S 4,5 3.7
20 0 5.9 5.0
20 S 7.6 7.0
30 0 7.1 6.1
. 30 S 9.5 9.0
B
G
; : : Table 4.1. Effect of carbon source concentration and colloid addition on
A ‘ enzyme production. ‘ ‘
g 3
N ” )
r 1
. . \




’
+

can be explained in terms of the collaid characteristics. Alon and Wesal-
P are ";table" colloids. Although they may become associated with some
components of the medium, their particulate nature 1s not modified by
hydration when placed in aquecus solutions. The differences in optimum
concentration between Alon and Wesol—-P can be explained by differences in
their specific gravity (3.6 for Alon, 1.2 for Wesol-P), surface area (100
m2/g for Alon, 220 m°/g far Wesol-P), and charge density. Little '

information is avaifable cbncerning the magnitude of the positive charge

" which is present on commercial colloids.

The relatively low (0.5-1.5 g/1.) optimum concentration of the aluminum and
iron salts reflects the high degree of hydration which they undergo in
dqueous solutions. The colloidal species which are formed are dictated by

the following three equilibria (Cotton and Wilkinson, 1972):

3+ _ 2+ + -3.05
Fe(Hzn)6 = Fe(H2Q)5(0H) + H” K= 10 ‘
2+ _ + + = 10931 :
Fe(HZD)S(DH) = Fe(H20)4(0H)2 + H K= 10
3+ _ 4+ *t o 10”29
2 Fe(Hzo)6 = Fe(H20)4(DH)2Fe(H20)4 +2H K= 10

Which spécies predomnates depends upon the pH of the system. At
approximately pH 3, colloidal gels are formed and ultimately hydrous ferric

oxide is precipitated as a red-brown gelatinous mass. Thus the surface

area and actual mass of colloidal material formed are not directly
y R ) !

el

dependent upon the amount of salt originally added to the solution.

o

Increases in the colloid concentration above the npiimum values resulted in
slight decreases in the concentration of cellulase produced. Increases in

viscosity associated with high concentrations of colloid may be responsible
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for the decrease in cellulase produced. Problems with mixing, oxygen and
other nutrient transfer asociated with high solids fermentations have besn

. docusented (Mandels and Andrgotti, 1978).
~~,

¢ 4.1.3. Mechanism of the colloid effect ) ;

The sechanisa by which the positively-charged particles exert their effect

. Appears to be related to their ability to bind sugars such as lactose.

Fl

When added to an aqueous solution of 10 g/l1. lactose, a concentration of 5
g/l. Alon bound ca. 15% of the lactose from a 10 g/1 solution (Table 4.2).
The addition of phosphate (KH2P04, 2 g/1) increased the amount of lactose
bound to 30% of the total. Approximately one-third of the phosphate in

solution was removed with the lactose. The 7ddition of metal salts normally

suppl{qp’itkthge elements in the growth‘medium appeared to have a negative
c effect on the binding capacity of the colloid. Individually, or when added
in combination, the salts ;educed the binding to 197 of the lactose boqnd
in the presence of phosphate, and eliminated bindihg in the absence of

pho;phato.

Transition metal Yons such as iron (III) are also known to have a high
affinity for iigands which coordinate through oxygen, such as phosphate
(ions and sugars (Cotton and Wilkinson, 1972). In Irichoderma ressei growth
media, then, there is an equilibrium established betw;en "free" lactose and
lastulc which is associated with the positively charged colloid through a
phosphate ligand. During the initial growth phase, the "free" lactose is
usn&nby the organism, Allit becomes depleted, the equilibrium shifts

towards the “free” lactose, resulting in a slow release of colloid-

e associated lactose. The result is that after the initial growth phase is
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complete, there is a constant low concentration of soluﬁlc carbon available
to the organism. Improvements in enzyme titers achieved by this reduction
in the effective carbon source concentration are mechanistically similar to

those }ecently achieved using fed batch fermentations.

Eérly work an the production of cellulases showed that it was environsental
stress, such as a depleted carbon source that triggered the induction of
cellul ase enzymes (Mandels and Reese, 1957). In soluble carbon source-
based systems, growth of the microorganism 1s not dependent upon hydrolysis
of the .degradation-resistant polymer celluleose. The high concentration of
available carbon source initially present, results in a rapid initial
growth phase. In batch fermentations, the carbon source concentration is
rapidly reduced to low levels, and the enzyme-making mechanism of the cell

is turned on. The lack of an available carbon source to supply the

- arganism with maintenance energy after this initial growth period, results

in a rapid decline in the microbial population, and a relatively low final

concentration of cellulase produced.

In fed batch fermentations, a rapid inxtxal‘qrowth phase 18 desirable to
increase the biomass concentration in the fermenter. In Ehxs system, the
1ni§ial graowth period is a batch fermentatién and the concentration of
carbon source is again depleted. .This induces enzyme synthesis by -
Irichoderma. However, in the fed batch fermentation, the induction phase
which follows the initial growth’phase, 1s prolonged through the addition
of low levels of J%xlizable carbon source. In this @ay, mai1ntenance energy
{s supplied to the biomass, to enable 1t to continue synthesizing cellulase
even thouéh it is in a stationary growth phase. It 1s this type of

Eituation which exists in batch fermentations in which colloidal materials
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have been added to the medium. The 1mtial rapid growth phase is supported
by the "free" lactose present. Subsequently, a supply of carbon source
made available by the controlled release of "bound" lactose, supplies the

biomass with the maintenance energy needed to prolong the ipduction plase.

4.1.4. Colloid effect: Second mechanism —

-

It should be noted that the relative increase in enzyme titers observed
when colloid was added to cellulose-based fermentations was smaller than
that abserved for lactose-based media. In Trichoderma fermentations, the
growth rate of the organism is dependent upon the hydrolysis rate of the
insoluble substrate. As cellulose 1s solublized, the sugars produced are
utili;ed. The net result 1s that for cellulose—grown Irichgderma cultures,
very low levels of free sugars are present in a growing culture (< 0.2
g/1). The strong'effect which Alon had on cellulase production in this
system was not likely due to a sugar-colloid interaction, as was the case
with the lactoée—based fermentation. Rather, there exists a second

mechanism by which colloids enhance enzyme production. Although the nature

of the interackion is not clear, the effect is not limited to this system.

Microbial cells are usually found to be negatively-charged in aqueous
systems. Thus, there is expected to be an association between the cells
and the positively-;harged colloidal particles. Because only the
positively-chargéd.;ollaids, Alon, Wesol-P, as well as the 1ron and
aluminum hydrates,. enhanced enzyme production, it is likely that the
po;itivi charge is necessary to briaq about the close association which was

observed to exist between the mycelium and the colloidal particles. It is

—

s
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also possible that the presence of the colloids at the cell wall aids in
the release of enzyme, thus lowering the ihgrrnal concentration, and
favouring an increase in enzyme synthesis. ‘

The addition of colloidal materials to cellulose-baswed ﬁqrmontltionl
resulted in enzyme titers whicp are normally only achieved with higher
concentrations of cellulose. 'In batch cultures with cellulose (30’9/1) and

Alon (S g/1), FPA values of 9-10 IU/ml were routinely observed. Maximum

values of greater than 13 Iﬂ/ml were recorded in several batches. These
! \ ‘ .

results compared favourablyLEith the results of other workers (Table 4.3).

Both the productivity (40 IUyl/h) and the yield (433 IU FPA/g cnllulasc) of
b

" the fermentations with Alon ncorporated into the growth medium, were

improved overkthose reported by other Qorkers for. batch fermentations wiéh

Trichodérma reesei Rut C30 (Hendy et al., 19682, 1984).

Although fed batch fermentations have resulted in the highest yield and
produq}ivity of cellulase reported to date (Watson et al., 1984),
continuous or semicontinuous fermentations Bave not gained widespread
acceptance in the fermentation industry.ﬁkProblams with contamination lﬁd

feed handling which are associated with continuous processes are the main

reasons for the continued use of batch fermentation. In this work, the ~

' yield of cellulase per gram of cellulose utilized, was approximately

‘colloid batch fermentations, however remains lower than the fed-batch

doubled over those reported for fed-batch work. The productivity of the
values by a factor of approximately 3. If improved productivities can be
achisved using this system, conventional batch fermentations, supplemented
with colloid a&ditions, say becose more attractive.than the fed batch 7

systems.
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3.1.5. Economics of enzyme production

oo waE R R i B

i . —

%' ' The cost of cﬁilulllo enzyme production is the major expense in an process

;"":- ' ~ \ - - .1 - '

g ) . . for thc inzynattc convcrsxan of cellulose to ethanol. The cost breakdown .
, is Approxiutnty as follows (Ryu and Mandels, 1980):

? , )

3 : Unit cost " Percent cost

g ' (cents/ gal 957 ETOH)

3

Enzyme production
Pretreatmaent .
Hydrolysis

Eth‘hol production

57.3
30.38
13.03

. 31.07

43.4
23.0

. 10.0

23.6

~

By improving the yield and productivity of cellulase production, the cost

of the overall process can be reduced significantly, maﬁinq the enzymatic

: ,
degradation of cellulose more competitive with other technologies. In
Section 4.2, the hydrnlytxc potential of Igighggggng collulase will be
- examined.
.:i‘- ' - [
e - - e, -
s . .

—
L}
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*
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Colloid Additive (g/1) % Lactose o
- ! . bound' ' .
5.0 g/1 Alon None 15 ‘ -
KH,PO, (2) 33 “ ’ ‘-
4 KHZPO, (&) 33
- v Febo,*(5 ¥ 10-3) . 0
' M904 (1.6 x 10~-3) 0 '
Zt'tSQ4 (1.4 x 10-3) 0
P CDCIZ'(Z-O X 10-3) 0
10 g/1 Alon KHpPO, (2 6.3 ‘
. . . 2?04 (4) 5.7
1.0 g/1 Alon _ KHPD, ¢2) ) 40 ’
- KH2PO! (4) . . 37 -
. 274
5.0 g/1 Cab-o-sil M5’ . None 0 ,
KH.PO, (2) 0
\ ) 274 .
5.0 g/1 FE'C13J KH2P04 (2) 15 )
None' KH2P04 (2) 0‘ ‘
' , <
- Table 4.2. Effect of meta] salts and phosphate on lac{pse-Alon binding *
e Co ~ .
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Mutant Carbpn source Carbon source Max1i1mum FPA Refarence
concn. (IU/ml)
Rut C30  Solka Floc 20 4.2
50 8.0 Hendy et al.
_ 75 8.4 1984"
100 8.0
Rut C30 Hardwood pulp 30 12 Watson and Nelligan
. 1983
Rut C30 Solka Floc S0 14.4 Tangnu et al.,
1981
Ci.e47 Lactose 60 S Warzywoda et al.,
CC 41 Cellulose S50 v 13.7 1983
+Wheat bran 20
Lactaose + cottan 60 14.1
pulp A 5.0
‘\ 4/// 4 \
Rut C30 Cellulose CFi1l v 30 } 13.2 Duff et al.,
1985a
________ el —— ——
Table 4.3. Comparison of published cellulase yields using Trichoderma reesei

~
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- Salt "Salt concn % Increase 7 Increase in
A . (g/liter) in FPA soluble protein
SR ‘ . concn
\- Mg o =TT
! ALK(904)2 0.5 11 23
a 1.5 13 18

Fet:l3 0.5 23 17
o 1.5 19 22
3 Fe. (S0,) 0.5 9 11
: 2743 1.5 { 8
3 MnSO, 0.5 0 0
A 1.5 i 3
; Table 4.4, Effect of the addition of metal salts to citrate~buffered
) Irichoderma reegsei growth medium.
_ - D".“\
)
‘ B
E,f
g . -

.
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Figure 4.1. Effect of Alon addition on pH, extracellular protein

concentration, and filter paper activity during growth of 1.
cassei Rut C30 in shake flasks containing 10 g/1 lactose.

Symbols: O 5 g9/1 Alon, (13 g/1 Alon, At /1 Alon, @ Control.
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4.2, Applicétion of Jrichoderma cellulase to hydrolysis of-Solka Floc

?

R

4.2.1 Effect of enzyme loading ratio on hydrolysis of. cellulose by

Irichoderma cellulase

The enzyme loading ratio for a given hydrolysis reaction is defined as the

°

enzyme activity (filter paper activity, carboxymethylcellulase activity
etc.) used per éram of substrate in the hydrolysis reaction. It has been
reported by a number of researchers that the initial rate of hydrolysis is
linearly dependant on the enzyme loading ratio applied. Lee and Fan (1982)
found that the extent of soluble protein adsorption onto the substrate, as
well as the initial rate of hydrolysis of the substrate, increased
proportionately to the enzyme concentration, as the enzyme concentration
was inﬁreased. The increase in initial hydrolysis‘rate s}oued
substantially when the initial enzyme concentratién exceeded approximately
1 g/1. They postulated that this decrease was due @o adsorption onto
inactive sites, or to the formation of multiplquayers'of nzyme on the
cellulose surface. Since only the. enzyme adsorbed in the first layer is

able to play a part in the hydrolysis, this is equivalent to surface area

\ T

limitation.

The initial rate of hydrolysis is strongly affected by the adsorption of
ccllﬁlaso on the cellulosic substrate. This in turnkj, strongly dependant
on the ‘;jur structural feature of the cellulose such as specific surface
arsa, and crystallinity index, as well as on enzyme and substrate

/

concentration.
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Initial hydrolysis rates have little bearing on practical hydrolysis

systess. A typical sugar concentration versus time curve is shown in

Figure 4.3.

dramatically over extended hydrolysis times.

The rate of production of cellobiose and glucose falls off

factors including:

1.

2.

)
3.

inactivation of enzymes

po——

#
[

This is due to a variety of

the higher crystallinity and lower specific surface area
of the residual cellulose

end-product inhibition

i1

¥

All of these factors combine to make the analysis of enzymatic hydrolysis

_difficult.

A mechanistic kinetic model has been developed which includes a

S

¢

varisty of factors including: the effect of cellulose structure, the mode

-

of action’of cellulase, and the mode of interaction between cellulose and

enzyme molecules (Fan and Lee,

1983).

The data obtained in this work for

the effect of loading ratio on enzymatic hydrolysis of cellulose (Table

4.5), do not correspond well with the data given in‘the aforementioned

study (Fan and Lea, 1983).

I'é

There are a number of reasons by which the

dilcrnpanc9 hay be accounted for:

1. the organism used to produce the cellulase qaliﬂf?fcrent

2. the substrate used was different and in our work there
was no attempt to obtain a standard particle size

3. the method of pretreataent of the substrate was different

The applicability of a given mechanistic nodel only to a ueil defined sat

of hydrolylil condxtnons question thp¢utility of such nodlllxng based on

cunditicnt other than those used 1n a production-scale reactor.

A

In this study, the final (72 hr.) concentration of sugar increased with

increasing concentration of enzymse (Ta?lc 4.5).

of the hydroly

86

The overall productivity’
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increased from 0.6 gl "h ~ at 10 IU FPA/g Solka Floc, to 1 91 h ~ at 30 IU

FPA/g Solka Floc. Honever: ;he benefit to each subsequent increment in .
enzyme loading diminished. Thus the yield per unit enzyme added decrsased
from &2 g sugar/g}an of enzyme added, to i8 g sugar;qun enzyme added.
Since the cost of enzyme production is a major cost in the process, the

9
yield is an important consideration.

One of the major factors which caused the diminishing yields at higher

enzyme loading was inhibition of the enzyme a;;ivitns by accumulated end- .-
products. The effectiveness of glucose and cellobiose as inhibitors of

cellulase activity has been well documented (Ryu and Handols, 1980).

Cellobiose is a much more potent inhibitor than is glucose. Because beta-
glucosidase is the enzyﬁe which is responsible. for this conversion, an__ . ¢
active heta-glucosidase component in a cellulase preparation bonnfitlgboih

the yield and the productivity of the hydrolysis reaction. L :

Using Trichoderma cellulase, as the enzyme lotding ratio increased

there is a rapid increase in the initial rate at which the hydrnlysi’
proceeded. Cellobiose rapidly accumulated an& was able to r;ach ;nhibjtory
levels yery~ea;ly in th; hyé;éiysis. The_rate of :onver:ién of cellobiose -
to glucose lagged behind because of thn defltilncy in beta-glucosidase -
activity. gt high enzyme loading ratios, tha actual amount of beta- .
qlucosidalcoprosent increased, and‘theﬂFonvarlion of collobio” to qlugo:.“‘ "
was improved over that achinvcd‘at'lo«.londinqrratio: (Figure 4.;). g :

-
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tation on hydrolysis reactions

By I

7
4,2.2. Effect of beta-qlucosidase suppleme

8 )

using Jrichoderma cellulase B

! ' -

\ ¢
The addition of supplémental beta-glucosidase reduces e;d product.
inhibition by improving the conversion of cellobiose to glucose. The
result Is an increase 1n the final concentration of sugar produced in the
hydrolysis. As described in section 4.2.2, the conversion af cellobiose
to glucose by Trichoderma cellulase is dependent upon the enzyme loading
‘ratio. éy supplementing the Trichoderma cellulase with beta-glucosidase,
the conversion efficiency of cellobiose to glucose becomes independant‘nf

) the lbadinq'ratio (Figure 4.4). As a result, the product;vity of
hydrolyses supplemented with beta-glucosidase improves significantly over
those with no added beta-glucosidase (Table 4.5).

The optimum concentration of befh-glucosidase is dependant on the type of

substrate tq’be‘deg}aﬁed, the conditions under which the hydrolysis is
carried out, and the source of the enzyme preparations. ° Beta-glucosidase

from different sources shoyed varying degrees of synergy with cellulase

fram Trichoderma (Sternberg et al, 1977). Beta-glucosidase from almonds

! . was abl; to improve the conversion offcellobiése‘to glucose (as indicated
-by the glucase/reducing sugar ratio) up to a ratio'of 2.5 Iq 5é£a-
glqébsidése: 1 IU filter paper activity (Figure 4.5). However a similar
degr;c qf conversion can be achieved using a much smaller amount of beta-
qluéos{dale from Aspergillus phoenicis. Other warkers,hav: indicated that
beta-glucosidase from other "black" e;ng;gillgg species show a high degree .

of synergy with Trichoderma celluase (Enari et al:, 19803 Scrivastava et

o ‘ al., 1981). ’
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 The value of improved cellulase production by Irichoderma ressel is

limited, to some extent, by the fact that the enzyme produced by
Irichoderma is deficient in beta-glucosidase. As described in section

2.4.2, this results in an accumulation of cellobiose during hydrolysis and

a decrease in the hydrolytic efficiency of the cellulase. In an attempt to .

increace the beta-glucosidase concentration of the cellulase, mixed

cultivation of Irichoderma reesei Rut C30 and Aspergillus phoenicis was

attempted, and the results are described in Chapter 4.3.

4.2.3. Effect of surface active agents upon hydrolysis of Solka Floc by

—  Irichoderma cellulase.

Surfactants can be classified according to a variety of characteristics

including: \

1. solubility in water and/or organic solvents

2. wetting capacity

3. ability to emulsify or demulsify

4, foaming capacity

5. gelation charncteristic:j

6. viscosity

7. toxicity, odour, taste =
In general, surfactants possess a hydrophobic and a hydrophilic moweity
within the same molecule. They tend to align th,ns.lv.s at phase
interfaces. By doing so, they crcd;bl- to modi fy thi surface
characteristics of one or both of the phases. For exasple, in aqusous
solutions, surfactants tend to accumulate at the interface between the '

~
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‘ gas phase (air) and the bulk liquid phase. The hydrophilic part of the

Qplccule orients into the aqueous phase while the hydrophabic (lipaphilic)

" portion of the molecule is aligned at the surface. The result is a

‘decrease in free energy at the surface and a reduction in surface tension.
At a solid-liquia'interfa;e such as exists in the cellulose hydrolysis
system, the accumulation at the.surface can result 1n an improved wetting
of the substrate. This can affect the enzyme—-substrate interaction'either
positively or negatively, depending on the characteristics of a‘garticular

system.

It has been previously reported that the addition of Tween 80 -
(polyoxyethylene {(220) sorbitan monooleate) to hydrolysis flasks resulted
in an improyament in the efficiency of hydralysis (Castanon and Wilke,

1981). In the cellufose hydrolysis systems, the hydrolysis mixture

_consists of an insoluble substrate immersed i1n a liquid solution. The

.
adsorption of the cellulase is critical for the catalytic reaction to

occur. It would be expected that the addition of surfactant molecules,
whi?h orient at solid-liquid interfaces, would affect the hydrolysis
reaction. A variety of sufactants were, however, able to improve the
hydrélysis/to the same extent that quen 80 did. These surfactants are:
Pluronic L 10, L &1 (polyoxypropylene-polyoxyethylene copolymers)
Atlas G-263 (N—cetyl—N-éthyl morphol inium ethoéulphate)
Atlas G-3300 (alkyl aryl sulphonate) T
Atlas 6-3434A (quaternary ammonium compound)
A summary of the characteristics of'Fhese surfactants is given in Table
4.6. Although the surfacts tested varied’dreatly in wetting ability,

molecular weight, and chemical characteristics, all except Atlas G-3300

improved. the extent of Hyrolysis by an amount equal to that produced b;

\ )
90

-~




cellulase which was present in the aqueous phase of the Tween 80
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Tween 80 (Figure 4.6). . The nagative effect of Atlas B3300 was due to a

inactivation by that surfactant of the cellulase. .

This type of general surfactant effect is unusual. It is possible that the
accumulation of aéy surfactant at the solid-liquid interface iﬂprAVDl the

interaction between the'enzyme and substratu; The surfactant may “inpro;i“
thn-interiction by simply decreasing the strength with which the enzyne is

botnd to cellulose, and thus improving the catalytic reaction by releasing
3

.active cellulase for another reaction.

c-—— \ ——

To investigate further, Twean 80 was used as a model surfactant. The
affect of the addition of T;enn was examined on hydrolyses run at three
different degrees of agitation. The results are shown in’Taale 4,7. The
flasks which contained Tween 80 had more filter paper activity in the broth
than the control flasks. The protein concentration in the liquid phase was

also higher in the Tween 80 flasks, butfnot in proportion’ to the increased

filter paper activity. Thus, the protein which was present in the liquid

" phase of the flasks which containeh Tween 80 had a higher specific activity

(IU enzyme. activity/gram protein) than did the control flasks.

4 -

In-the enzymatic hydrolysis system, there exists an equilibrium between

"bound and *¥res” cellulase. The presence of the Tween 80 shifted the '

o

;auii;briun toward "free” collulal;, as evidenced by the higher filter
paper ac;ivit* and‘hiqhnr.protein in the agueous phase of those cuituros.
This was in, adrcennnt with the r?lults of Castanon and Wilke (1982{. What
is possibly more ilpartant; is the nnﬁancud specific activity of thn,
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hydrolyses. This indicated that either Twesn B0 is able to facilitate the

releass of active cellulase from the cellulose, or that it protects the
activity of-the cellulase from shear or interfacial denaturationwhen it is

. ~
in the “free" state. There is some evidence to support both assertions

“(Castanion and Wilke, 1982 Basu and Pal, 19565 Kim et al., w(eerﬁm,
1980). The specific activity 6f the extracellular protein (cellulase) is
lowast in the flasks which ware subjected to the highest level of agitation

in both Tween 80 as well as control flasks. This indicates that some

" enzyme denaturation is occurring which is related to the higher agitation

| ~—rate of thess flasks. A mechanism by which surfactants stabilize cellulase

’ has been described. Kim et al., (1982) have postulated that an air-liquid
interface exe;ts a much greater denaturing stress on cellulase protein than
does shear stress. They postulated that cellulase which is at the

«"iﬁilrflco bocones\unféfded and thereby inactigated. Agitation serves to
increase the rate of denaturation, not by increasing the shear stress, but
rather by replenishing the interfacial area with fresh, active protein. In
ltgéic cultures, the proportion of the pro?einiuhich is at the surface and
thersfore subject to the denaturing effects, is small iﬁ'prnportion to the
total protein. thn‘a culture is well mixed, however, the recharging of

' the interfacial boundary with bulk.liquid, oxpasﬁs a large proportion of

the bulk liquid phase to the denaturing forces. Surface active agents are

able to displace the enzyme molecules from the interfacial area. By
decreasing the proportion of the protein at the surface, the surfactants

( are able to-a;crcaln the percent inactivation of the enzyme. In our work,
hydrolyses with :Twesn 80 added showed a greater benefit of increased
agitation thuwaid’thn control flasks. - Also, th: cﬁﬁtrol cul turesd produced

' approximsately the same extent of hydrolysis when incubated with maderate

!
(350 RPM) or high (150 RPM) agitation. These two facts indicate that thers
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tis, indeéd, some degree of interfacial stabilxigtgpn in cultures with Tween

80 added. In static cultures as well, there is a strong inclfease 1n
£ . :

hydrolytic efficiency in flasks which contained Tween 80 as compared to
b

controls without Tween 80. This cannot be explained by shear or

interfacial stabilization. It must, rather, be due to an increase in

efficiency of the reaction of cellulase with cellulose. By increasing the 5

ease with which the cellulase 15 able to derorb from the surface of the
cellulose, the hydrolytic efffcgency 15‘1ncreased. Thus 1t would appea;
that there are two modes by which surfactants ehhance the hydrolysis’
reaction: by stabilizing "free" enzyme with respect to interfacial forces,
and by i1ncreasing the efficiency of the enzyme-cellulose interaction at the
cellulose surface. The fact that the surfactant effect 1s exhibited by a
wide variety of surfactants indicates that the interfacial phenomenon may
be more important. Since all surfactants aggregate at the interfaces, the
éffect, would not be dependent on chemical characggfxstxcsnof the
surfactant. It would be expected that 1f the effect was based upon a
modification of the enzyme-substrate interacton, the chemical
characteristics of the surfactant, such as molecular weight, hydrophobic-
lipophilic balance, and charge would be fﬂgfrtant to the effest: As

described previously, they did not appear to be i1mportant.

é
o AT
-

——

4.2.4. Elution of cellulase from cellulose using surfactant sﬁiu‘iqns

°

4

-

To determine if Tween 80 and other surfactants were able to remove active

°

cellulase from cellulose, elution stuQ%ps were undertaken. It was found

that the surfactants did not sigmificantly increase the amount of soluble

protein which was eluted from cellulose. They did, howaver, protect the
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G activity of the protein which was released. In flasks with surfactant
’@ added, the protein which was released retained more of its activity than
" in those with no sirfactant added. This observation supports the

hypothesis th,t by protecting the activity of cellulase, surfactants ere

K able to increase the efficiency of the hydrolysis reaction.
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Enzyme loading Enzyme activity Final Reducing Final glucose G/R

ratio ratio sugar concn. concn.
(IU FPA/g. §.F.) (IU bheta-g/IU FPA) (g/1) (g/1)
10 0 - 44 23 .52
0.75 62 Af b6
20 0 62 35 .56
+ 0.75 82 56 .48
30 0, 69 - 42 .60
0.75 92 60 .65
40 0 69 41 .59
0.75 \ B8 59 .67
50 0 70 44 .63
0.75 90 61 67

" -

Table 4.5. Effect of enzyme loading ratio and beta-glucosidase
supplementation on hydrolysis of Solka ‘Floc using Irichodermsa
cellulase.
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' Surfactant HLB - lonic Specific gravity .
nature >
Twaan 80 15 non . NA
: Pluronic L10 10 non 1.04
>_ Lé1 10 non 1.01
Atlas 6263 30 non 1.0
Atlas 83300 117 anionic 1.0 )
Atlas 63634 NA cationic 1.1 .
——— . Table 4.6. Characteristics of surfactants tested. HLB refers to the
hydrophilic—-lipophilic balance in the surfactant molecule. 5
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Tween 80 Shaking Glucose Average free Average Specific
concn. speed produced FPA in liquid protein activity
(final) in liquid
! (g/1) (RPY) . (g/1) (g/1) (g/1) (IU FPA per
' g protein)
0 0 39 1.6 0.7 2.3
50 53 1.9 0.8 2.4
150 53 1.7 0.9 2.1
1.5 0 47 3.0 1.0 3.0
50 59 3.0 1.0 3.0
150 b4 2.8 1.1 2.5
Table 4.7.

A

Effect of Tween B0 and shaking speed on hydrdlysis of Solka

Floc by Trichoderma cellulase.
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|
Eluent %L FPA eluted % Soluble protein
eluted

Water 4 19
Citrate buffer 11 30
Acetate buffer 11 33
Pluronic L 10 28 21

L 35 23 ' 22

L &1 26 40
Tween 80 ‘ 25 , 24

Table 4.8. Elution of cellulase activity from Solka Floc using surfactant
solutions. All buffers were 0.2 M, pH 4.8} surfactant
solutions were 0.2 7 w/v.
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4.3. Mixed cultivation of T. reesej Rut C30 and Asperaillus nﬁn:ni:i:

———
-

4.3.1 Initial studies

The initial attempts to grow Trichoderma reese: and Asperaq:llus phoenicis

1n mxed culture used a medium which was essentially a cambination of the
two media used for géowth of th; two pure cultures (Table 3.2). Initial

indxéations showed that 1t was possible to produte a beta;gluc051dasa-r1ch
cellulase system using mxed cultivation of the two organisms (Table 4.9).

This enhanced beta-glucosidase activity translated into an increased

hydrolytic potential (Figure 4.7).  Further study was undertaken, in an

effart to optimize the production of cellulase from the mixed culture.

4.3.2. Optimum beta—-glucosidase concentration required for hydrolysis
4

«

»

There exists some disagreement in the literature over the beta-glucosidase
(beta-g) to CMCase ratio required for complete hydrolysis_of cellulosic
substrates (Chahal et al., 1982; 'Ryu and Mandels, 1980): Most researchers

s
have placed the value of this ratio between 0.5-1.5 IU beta-glucosidase

activity/ IU FPA., There are a number of reasons for this variation in

reported values.

1

~

. L8 !
The filter paper activity of a cellulase preparation is strongly dependent

on its beta—gluéosidase activity. For this reason, an attempt to find an

optimum ratio of beta—glucosidase:FPA ratio is difficult, since the two

enzyme activities are not independant of each other.

T,
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A second reason is that the activity of a given type of cellulase system is
dependent upon the nature of the substrate which is used to evaluate its

hd

hydrolytic potential. It has been well &ocumented that a particular
cellulosic substrate can show varied(s;sceptibility to degradation by
cellulases with different ratios of component activities (Ryu and Mandels,
1980). Because different substrates are used to evaluate the hydrolytic
potential of the cellulases, different beta-glucosidase:FPA ratios were
found to’be optimum.

Finally, the term "optimum" is somewhat ambiguous. In a true sense, the
optimum beta—glucosidase:filter paper activity ratio is that which gives
the best .(fastest) rate othydrolysis. As wi{} be discussed in section
4.3.4;-¥he»in1t1al rate of hydrolysis varies directly with en;yme loading
ratio ( IU enéyme activity/gram of substrate) up to an enzyme concentration
of 1 gram/l1. From this 1t is obvious that a® enzyéﬁbconcentration)is
increased the time required for complete hydrolysis would be reduced.
However enzyme loading ratios are limited in practical systems by the high
cost of the enzfﬁes involved. For this reason, the "optimum" beta-
glucnsidas;:filter paper activity ratio is usually qualified by a practical
time periéd over which the hydrolysis is allowed to proceed. The "optimum"
ritio, then, must be qualified by expressing' the substrate type and
concentration, as well as the enzyme loading:ratio.

The hydrolysis system which uasiused to evaluate the hydrolytic potential
of the different enzyme preparations was designed to mimic practical
hydrolysis conditions. For this reason, Solka Floc was used at a
concentration of 100 g/l to ensure that the level of sugar which would

Q

result from the hydrolysis would be of the same order of magnitude as that
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which would exist in a full-scale process. The system allows for a more

- r

"realistic" assessment of the hydrolytic potential of given enzyme

preparation.

At a\fixed enzyme loading ratio (20 IU carboxymothylénllulale activity/qram

Solka Floc), both the initial rate of g;ucoso prPduction and the final (72
hr.)‘concentration of glucose prodused, increased with igcrealing beta-

g:CMCase ratio up to a ratio of l:ll(Table 4.19). The total amount of -
reducing sugar produced over the hydrolysis period also increased up to a
beta-qlucos@dase:carboxymethylcellulase ratio of 1. . Because the rate of
convé;siunng cellobiose to glucose was‘increased up to a ratio of 1, the

overall efficiency of the hydrolysis varied in the'same way. This reflacts

the control over the practical hydrolysis system which is exerted by

glucose inhibition. The addition of beta-glucosidase to give a ratio

greater than 1 did not have an appreciable additional effect on the final

extent of hydrolysis.

In this determination, CMCase activity was used rather than filter paper
activity, because the CMCase activity test was found to be more
reproducible. Also it should be noted that the optimum"ratio determined in
this work applies only to this particular enzyme system under the
conditions noted, and do nbt apply to systems which differ in substrate, or

3
in the mode by which the enzyme was produced.

4,.3.3. Effect of pH on céllulase production by mixed cultivation of - e

Irichoderma and Aspergillus
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In iﬁake flasks, pH :on;rol is limited, usually, to the addition of
buffering salts such as phosphaté and citrate. However, the use of
ammonium sulphate as one of the principal nitrogen sources in the medium
makes a more potent buffering system necessary. Without further buffering,
the pH drops rapidly, due Fo the utilization of the ammonia, and liberation
of H+ ions. [t was found that the addition of ﬁmberlite cation

exchange resin provided sufficient buffering capacity for this system.

With 50 g/1 of the cation exchange resin present, pH was caontrolled within

1 pH unit of the starting pH,uand the enzyme activity produced was markedly

improved (Figure 4.8). -

4.3.4. Effect of media modifications on enzyme production by mixed

% cultures of Trichoderma and Asperqillus

o As ;lescribed previogusly, the calciumz magnesium and potassium salts used

' in the mixad culture medium are pre?ent maiply to provide buffering

i i capacity to the system. In practical (fermenter-scale) systems, this

. buffering capacity is, to a large extent, unnecessary because of the

; ‘ presence of automatic pH control. In an effort tolreduce medium cost and
complexity, the concentration of these salts was reduced and the effect on
enzyme production determined. Although these tests were done on shake

A flask scale, pH was controlled by thé addition of Amberlite. It was found

that the salts concentration could be reduced by 50% with no adverse affect

‘9

on enzyme activity produced in the broth (Table 4.11).

The type and concentration of carbon source was found to have a strong

effect on the relative concentrations of the various components of the

- DU S e o "
A ‘ T
¥
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cellulase systenm Lroduccd (Table 4.9). This effect was studied further by
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o varying thu'starch cmcéntration from §{ to 10 g/1 =2t a fixed (10 g/1)

/ concentration of cellulose. The beta-glucosidase activity of the resultant
cellulase increased with incr"euing starch copcontration, while the overall
cellulase activity, as measured by filter paper activity, decreased (Figure
4.9). The increase 1n beta-glucosidase activity 1s not surprising, in that
starch 1s a preferred substrate for Asperqgillug. However the decrease in
filter paper activity is l/ess easily explained. This-decrease may 1ndicate
that a competition exists \etween Irichoderma and Aspgrgillus for some
component of the medium. It is also pogsible. tbat the products of starch
___._—-uw—""”’férmentat—mn by ﬁggg_[m__b,ﬁ inhibit enzyme production by Trichoderms, or

.
the activity of those enzymes already produced. Becent evidence has

indicated that Aspergillus wentij produces an enzyme, mannanasé, which
decreases the activity of cellulase from Trichoderma (Ghose et al., 1985).
' o Cellulase has been reported to Be a glycoprotein with a mannose-containing

polysaccharide as the main carbohydrate moiety (Bum and Brown, 1977). The

mannanase is thought to act upon the mannose moie_ty of the cellulase, and

v

thereby rendering the.enzymé inactive. It is unclear why destruction of

the glycosidic bond would rendéer cellulase inactive, and no evidence was
- g{ven to suggest that the enzyme involved was not a protease. In t.hil

wark, a concentration of 10 g/l cellulose and 7 g/1 starch was f&und to

yield a broth with the desired ratio of beta-glucosidase:CMCase activity.
: J

< -

s
- -

- - i 4.3.5. Effect of growth temperature on enzyme production by mixed cultyre

' L
The temperature at which the mixed cultures were il)cubltcd had a strong
_effect on enzyme prod;Etion by the mixed culture. The optisus twsperature

o for enzyme productioh by the mixed culture was 27° C. Browth of the sixed
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culturi at higher temperatures (Table 4.12) resulted 1n a decreaﬂe 1N

enzyme activity.

Temperature cycling, whereby the cultures were i1ncubated at a higher

temperature for 48 hburs followed by a reduction to 27° C., resulted 1n no
¢

1mprovement i1n the final enzyme txtegs. This technique has been snhown to

be effective in pure culture of Trichoderma (Nystrom and DibLuca, 1977).

4.3.6. Fermenter-scglfe growth of the mixed culture

A typical batch fermentation profile diagram 15 shown 1n Figure 4.10. The

lag phase was reduced in duration compared to that which existed in shake

flask-scale cultures. Most of the prodiction of FPA and beta-glucosidase -.

activaity occurred 1n the later stages of batch fermentation, after the
concentration of the starch and cellulose had been reduced to low levels.

It 15 1nteresting tp note that there 1s an i1nflexi1on point i1n the cellulose
concentratx&n curve at the 24 hr. mark, a time which coincides with the
inoculation of the second component, Asperqgillus phoenicis. At this point,
the fir;t deri1vative of the cellulose concentration curve begins to
decrease, i1ndicating that the rate of cellulose utilization by the biomass
present had slowed. Upon addition of the Aspergillus there was a i1ncrease
in the concentration of glucose in the broth, due to the action of the
beta~glucosidase in the seed culture upon the starch present. The presence
of this preferred carbon source i1n concentrations up to 0.5 g/1, resulted
in a decrease 1n the rate of cellulose utilization by the Jrichoderma
component. This non~segreg;ted use of the starch resulted in a decrease in

available carbon source for the Asperqillus component of the mixed culture.

‘
2
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The pH at which the fermenter was controlled proved to be the critical
factor in determining the relative concentration of the various conponcnti
ofvthe cellulase complex produced. At pH 4.4, the final enzyme titers
were: 4;25 IU FPA and 1.1 IU beta-g for a ratio of 4. When .the pH was
raised these ratios changed dramatically. At high pH (> 5.95), the

Asperqgillus component of the mixed culture was able to dominate, and the

amount of FPA produced was negligible. \ﬁ
o

The method by which the pH of the broth was controlled in fermentations
using pure cultures of Trichoderma, was different from that which was used
for the mixed culture. In fermentations with T. reeseir alone, the pH of
the broth tends to decrease and remain low (ca. 3)-until the end of the
fermentation. For this reason it 1s possible to ensure an aéequate
nitrogen supply by using NH4DH for pH control. In mixed cultures, however,

the pH tends to decrease at first, followed by an increase after ca. 48 hr. &

"

To ensure an adequate nitrogen supply throughout the fermentation, it was
necessary to make the 1M HCl.solution used for pH control 1M in (NH4)2SD4.
Some of the kinetic parameters for growth of the mixed culture at pH 4.6

are. s

Haxgmum valumetric growth rate = 0.68 c;l-'lh“1

Biomass yield coefficient (Yx/s) = 0.13 g biomass/ gram substrate

Maximum rate of starch uptake =,0.13 t,';l-lh-1 .
Maximum rate of cellulose uptake = 0.31 gl-lh-'1

1 -1

Overall productivity = 43 IUFPA 1 h

The mixed culture of Trichoderma and Aspergillus appears to be one in which »é
a competition exists between the two species present, a(cllll 7-type of

interaction. By accurata control of the medium pH, it is possible to

q e -
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k ﬂ snsure that neither organism dominates and that a cellulase is produced .
T A
§= which has a much higher beta-glucosidase activity. The improved hydrolytic

g potential of this celiulase will be examined in section 4.4,
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e e e 1 A
o Cellul ose Starch Inoculum Final Final
Concn. Concn. FPA beta-glucosidase
(g/1) (g/1) . (IU/ml) (IU/ml)
: 0 10 Mixed 1.5 2.8
10 0 Mixed 2.8 1.1
10 - 10 -Mixed 3.0 2.9
10 10 Trichoderma 3.5 0.7
10 10 Asperqgillus 0 4.5
Table 4.9. Enzyme production by Jrichoderma rgesei and Asperqillus
phoenicis grown separately and in mixed culture.
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Beta-glucosidase Relative initial Relative final
rate of glucose concn. of glucose

CMCase production produced

Rat;o

0 0.27 0.44

0.2 0.48 0.75

0.5 0.77 0.68

1.0 0.99 0.99 .

1.2 1.0 1.0

1.5 0.99 0.99

Table 4.10. Effect of beta-glucosidase:CMCase ratio on the relative inital
rate of glucose production and.on the relative final

concentration of glucose produced.
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!
o Relative salts Relative final Relative final
concentration FPA beta-g activity
(I1U/ml) (IU/ml)
o . 0.4 0.5 .
0.25 0.9 0.9
0.5 ‘ 1.0 1.0
0.75 0.9 0.9
1.0 1.0 \ e 1.0 )
Table 4.11. Effect of varied salts concentration on filter paper activity
and beta-glucosidase activity produced by mixed culture.
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F ﬁ Growth temperature Relative Relative Relative
El ) o FPA beta- Extracellular
. (C.) glucosidase Protein
27 1.0 1.0 1.0
- 30 .85 1.0 .89
‘.. 33 L] 66 - 45 - 64
| . 36 .5 .22 .52

| Table 4.12. Relative FPA, beta-glucosidase, and extracellular protein
- concentration in culture broths of mixed culture grown at

various temperatures.
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4.4. Evaluation of the hydrolytic potential of a crude cellulase fromimixed

cultivation of Trichoderma reesei and Asperaillus phosnicis

4.4.1 Activity of cellulase from mixed culture versus Irichoderma
cellulase

Cellulase produced by mixed cultivation of Trichoderma reesej Rut C30 and
Aspergillus phoenicis was more effective at degrading Solka Floc than was
cellulase produced by Trichoderma alone (Figure 4.11). The initial rate ;f
reducing sugar production was increased approximately 10 percent while the
rate of glucose production was more than doubled. Glucose:cellobiose
ratios in the mixed culture hydrolysis were consistantly higher than those
in the hyﬂrolysis using the Trichoderma enzyme. OGlucose isa less potent
inhibitor ofrcellulase activity than cellobiose. As a result, it is
advantageous to maximize the conversion of cellobiose to glucose. In this
way the decrease in cellulase activity which is associated with high
cellobiose concentrations is minimizéd. The enhanced beta—-glucosidase
activity of the mixed culture resulted in lower concentrations of

cellobiose. For this reason, the rate of sugar production declined less

rapidly in the hydfolyses using the mixed culture enzyme. ,
4.4,2 pH profile -

The pH of the medium had a st(ong e#fcct on the activity of cellulase
produced in the mixed culture (Figure ﬁ.12). Although a small amount of
glucose is produced by the dirnci action of exoglucanase on cellulose, sost
of the glucose produced during enzymatic hydrolysis of cellulose is F

generated by the activity of beti-glucosidase on cellcbiose. As a result,

* .
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{0 the rate of glucose accumulation can be used as an indicator of beta-
%i glucosidase activity'of the cellulase complex. For the mixed culture

cellulase, the rate of glucose accumulation reached a maximum at ca. pH
4,75, This is ig agreement with optimum pH values which have been
published for beta-glucosidase from Aspergillus phoenjcis (Bisset and
Sternberq, 1978) and others of the genus (Woodward and Wohlpart, 1982;
Scrivastava et al., 1984). The sharp loss of activity observed when- the pH
-ias decreased below pH 3.5, reflects an inhibition of the Asperqgillus beta-
glucosidase activity which is related to the concentration of the basic
carboxylate anion in the citrate molecule at that _pH (Woodward and

' Wohlpart, 1982). The pH optimum for reducing sugar production was

"

approximately 4-4.25. This value corresponds with the lower pH optima _,

- which have been previously reported for the other components of the |
f |
e cellulase from Trichoderma (Durand et al., 1984). |
%

4.4.3 Temperature optimum aﬁd thermal stability

For mixed culture cellulase, as temperature was increased over the range
from 40 to 60 ° C., there was an incrtaasej in the initial rate of production
of glucose and total reducing sugar (Table 4.13). There..are a number of
factors _involvod in this temperature effect.

The optimum temperature for beta-ﬁlucnsidne activity has been reported to
be in the range 60 to 65° € (Wnodward and Wohlpart, 19823 Bisset and
Stlrnb-rg‘. 19781 Scrivastava et al., 1984). In this study, as the

hydrolysis tm;ponturo was in;rnicd over the test range, there was an

: - increase i/n’fit'l activity of the beta-glucosidase present in the systea.
& - Vs X
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The beta-glucosidase converted cellobiose to glucose more efficiently and,
as described i1n Section 4.2.2, this resulted in an i1ncrease 1n the overall

efficiency of the hydrolysis. In any practical hydrolysis system, as

'temperature is i1ncreased, there 1s a balance between this enhanced enzyme

activity and the increased rate of thermal deactivation of the enzymes
which occurs at higher temperatures. In hydrolyses using the mixed culture
cellulase, as temperature was 1ncreased from S0 to 6ODC., the half-li1fe of
the beta-glucosidase component decreased from 48 to 10 hours (Table 4.14),
The latter value corresponds to published half life data for Asperqjllus
(Scrivastava et al., 1984). The strong dependence of endo- and exo-
glucanas® acpivities upon the removal of cellobiose from the system makes
it*difficult to determine 1f the decreased activities observed for these
enzymes were due to thermal deactivation or to the decrease in beta-
glucosidase activity. If defined in terms of sugar produced over the
entire hydrolysis period (72 hours), the ogptimum temperature was 55

degrebs.
4.4.4 Enzyme loading ratip -

Using mixed culture cellulase, there was linear i1ncrease in the rate of
glucose and total reducing sugar production with increased enzyme loading
ratios {Figure 4.13). The highest enzyme loading ratio (40 IU-CMCase
activity/ g Solka Floc) represented a soluble protein concentration of
approximately 3 g/L. The increased beta-glucosidase activity of the mixed
culture cellulase was able to partially offs;; the very rapid accumulation
of cellobiose which 1s normally observed at high enzyme loading ratx?s
(Duff et al., 1985b)\43ection 4.2.2). Thus, when there is high beta-

¢

glucosidase activity associated with the cellulase complex, there is an
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increased benefit to the use of higher loading ratios.
4.4.5 End-product inhibition

The effect of end-proﬁuct inhibition on the activity of cellulase has been
well documented (Ryu and Mandels, 1980; Okazaki and MooYoung, 1978). “The
increased beta-glucosidase activity of the mixed culture was reflected in

—

an increased resistgpce te end product inhibition. In hydrolyses using

mixed culture cellulase with added end product (30 g/l glucaose), the L ;
concentration of glucose and total reducing sugar'after 72 hours, were 80
and B7% respectively of the control flasks which contained no added
k qlucqse. The corresponding values for Irichoderma cellulase were 71 and 54
- %Z. The initial rate of glucose and reducing sugar ;roduction for the mixed
ﬁ culture cellulase were not strongly xaf\fected\‘\‘by increasing the a;'.ided
glucose concentration from 30 to 50 g/1 (Tab1ﬂ 4.15). This ability to
, X .
continue hydrolysing cellulose in the prasencéﬁpf high concentrations of !

sugar is essential in a practical hydrolysis rieactor (Ryu and Mandels, ¢

: i e) ‘ . ! o
A . : 1989). ' ' ’
§~ 3.4.8 Hydrolysis of potential large-scale substrates ‘

X, ‘ Steam prlodnd aspen’ wood (SEAN) has baen described as a potential

| luhltﬂltc for large—scale enzymatxc hydrolysie (Sinitsyn et al., 1983). In
~nrdpr ta dltnrninn the hydrolyt:c potent:al of the mixed culture cellulane

using a luhstrntc uhich could potant1a11y be psed on a large scale, the .
nzyme Was tistoﬁ with SEAH (Table 4.164). Tho axxud culture cellulase was

i

‘sble to hydrolyse the complex substrates more u&f-ct;Vely than Irichodmrma
) Co ' . ' \, < .
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cellulase. Using higher concentrations of SEAW, sugar solutions of greater

=)

than 100 g/1 have been produced in 72 hohrs using the mixed culture enzyme.
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. Tlnbcrnturc Relative rate of sugar prdoduction (g/1/hr)

) Blucose Reducing sugar

: 40 0.59 0.353

‘ 45 0.84 0.69

35 ’ 1.3 1.3

60 - 1.7 1.6

o .
3

Table 4.13. Effect of temperature on relative initial rate of glucose and
reducing sugar production. ,
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Activity Avicel ase CMCase FPase Beta-glucosidase
Temperaéure
°c)
50 38 272 >72 48
&0 19 29 33 10
, % 4

Table 4.14. Half-lives of mixed culture cellulase component activities,

All values are in hours.
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" Glucose added Relative initial rate of sugar production
(g/1) (g/1/hr)
Blucose “ Reducing sugar
_ 0 1 1
; 30 0.47 0.59
50 0.47 0.48

’

Table 4.15. Relative initial rates of glucose and reducing sugar production
in the presence of varied amounts of end-product (glucose).
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TRICHDDERMA ) MIXED CULTURE
% Hydrolysis G/R % Hydrolysis G/R
SUBSTRATE
Solka Floc 64 65 87 77
SEAW 51 S0 72, &9 °

’

Table 4.16. Hydrolysis of Solka Floc and Steam Exploded Aspen Wood (SEAW)
using cellulase from Irighoderma and mixed culture. Enzyme
loading ratio was 60 IU CMCase activity per gram of substrate.
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Figure 4.12, Effect of pH on the rate of productio'n of reducing sugars @ , .
by mixed culture cellulase.
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S. CONCLUSIONS .

4

1. The production of cellulase by Id.ﬁhﬂdlr.ll_l:lllﬂ. Rut C30 can be
improved through the addition of small positively charged particles.

The ’uchu!ilm appears to be, in part, related to the ability of the colloid
to bind,’ and subsequently release, soluble sugars to the organisa. This
mechanism does not explain the mhlnco,d production of cellulase in
cellulose fermentations, whare the concentration of soluble sugars is very
low. A second mechanism exists whereby the colleid influences the
induction or secretion of the enzyme at ‘the cell surface. This type of ‘

sffect bears further investigation.

2. The cellulase produced by T, ressej is deficient in beta-glucosidase
activity. The deficiency is particularly evident at low enzyme loading
ratios (IU cellulase activity/ gram Solka Floc). At low enzyme loading |
ratios, the conversion of cellobiose to glucose is the rate limiting fltlp
in the hydrolysis reaction. Supplementation with beta-glucosidase resoves
the dependancy of the cellobiose to glucose reaction on loading ratio and

ismproves the productivity and the yield of the hydrolysis reaction.

‘3. The effectiveness of Irichodersa cellulase when used to hydrolyse

cellulose, is enhanced by the addition of surface nétiv_o agents. This is

due to two factors. Firstly, the surfactant affects the binding of the - .
¢

enzyme with substrate, so as to increase the .nnu uithﬁ which the enzyse re-
enters the bulk liquid phase. Socqndly, the ;urhctmt molecules displace
the enzyme from the air-liquid intnqrfu:c. By doing so, a ssaller portion
of the total enzyme concentration is exposed to the strong denaturing '

13, : S
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& ‘ forces which exist at interfaces. The general nature of the surfactant

E‘o effect indicates that the second mechanigm is more important.

4., A cellulase with a higher beta-glucosidase activity can be produced

o through mixed cultivation of Irichoderma reesei wi’th fAspergillus phoenicis
The_interaction between the tWo fungi appears to be campe;ition for

L lvailab.le nutrients. H;'diumml-l is a critical factor in ensuring that one
v organism is unablg to dominate over the -other.

a

S. The cellulase produced by mixed cul tivation of Tgicnogg:gg‘rgggei Rut
C30 and Asperqillus phoenicis has a much improved hydrolytic potential
compared to that produced by Trichoderma 'ai;:ne, and shows a greater

resistance to end prdduct”'inhibition.
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