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Abstract

Basic and applied research on microbial cellulases, hemicellulases and pectinases has not only gen-
erated significant scientific knowledge but has also revealed their enormous potential in biotechnol-
ogy. At present, cellulases and related enzymes are used in food, brewery and wine, animal feed, tex-
tile and laundry, pulp and paper industries, aswell asin agriculture and for research purposes. Indeed,
the demand for these enzymes is growing more rapidly than ever before, and this demand has become
the driving force for research on cellulases and related enzymes. The present article is an overview of the
biotechnological state-of-the-art for cellulases and related enzymes. © 2000 Elsevier Science Inc. All
rights reserved.
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1. Introduction

Active research on cdllulases and related polysaccharidases began in the early 1950s, owing
to their enormous potentia to convert lignocellulose, the most abundant and renewable source
of energy on Earth, to glucose and soluble sugars (Coughlan, 1985a,b; Mandels, 1985; Re-
ese, 1976; Reese and Mandels, 1984). Extensive basic and applied research during the 1970s
and 1980s demonstrated that the enzyme-induced bio-conversion of lignocellulose to soluble
sugars was rather difficult and uneconomical (Coughlan, 1985a; Ladisch et al., 1983; Man-
dels, 1985; Ryu and Mandels, 1980). Nevertheless, continued research on cellulases, hemi-
cellulases and pectinases revealed their biotechnological potential in various industries, in-
cluding food, brewery and wine, animal feed, textile and laundry, pulp and paper, agriculture,
aswell asin research and development (Bajpai, 1999; Bayer et al., 1994; Beguin and Aubert,
1994; Bhat and Bhat, 1997, 1998; Gilbert and Hazlewood, 1993; Godfrey and West, 1996b;
Harman and Kubicek, 1998; Lamed and Bayer, 1988; Mandels, 1985; Poutanen, 1997; Sad-
dler, 1993; Uhlig, 1998; Viikari et al., 1993; Visser et al., 1992; Visser and Voragen, 1996;
Wong and Saddler, 1992, 1993).

0734-9750/00/$ — see front matter © 2000 Elsevier Science Inc. All rights reserved.
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Today, the enzymes are commonly used in many industrial applications, and the demand
for more stable, highly active and specific enzymesis growing rapidly. It was estimated that
in 1995, the world sale of industrial enzymes would be >1.0 billion US dollars, while the
world market for industrial enzymesis expected to be in the range between 1.7 and 2.0 billion
US dollars by the year 2005 (Godfrey and West, 19964). According to a recent publication,
the industrial enzymes have already reached a market of 1.6 billion US dollars (Demain,
2000). Interestingly, 60% of the total world supply of industrial enzymes is produced in Eu-
rope, and the remaining 40% from USA and Japan. Also, approximately 75% of the indus-
trial enzymes are hydrolases, with carbohydrolases being the second largest group.

Biotechnology of cellulases and hemicellulases began in early 1980s, first in animal feed
followed by food applications (Chesson, 1987; Thomke et al., 1980; Voragen, 1992; Vor-
agen et al., 1980, 1986). Subsequently, these enzymes were used in the textile, laundry as
well as in the pulp and paper industries (Godfrey 1996; Wong and Saddler, 1992, 1993).
However, pectinases were used in the food industry as early as 1930 (Kertesz, 1930). During
the last two decades, the use of cellulases, hemicellulases and pectinases has increased con-
siderably, especialy in textile, food, brewery and wine aswell asin pulp and paper industries
(Godfrey and West, 1996b; Harman and Kubicek, 1998; Saddler, 1993; Uhlig, 1998). Today,
these enzymes account for approximately 20% of the world enzyme market (Mantyla et al.,
1998), mostly from Trichoderma and Aspergillus (Godfrey and West, 1996b; Uhlig, 1998).
Currently, several commercia enzyme producers are marketing tailor-made enzyme prepara-
tions suitable for biotechnology, and the updated details can be found in respective company
web pages. The present review highlights the main uses of cellulases, hemicellulases and
pectinases in biotechnology. Further background information on different applications can
be found elsewhere (Godfrey and West, 1996b; Harman and Kubicek, 1998; Uhlig, 1998).

2. Cdlulases, hemicellulases and pectinasesin food biotechnology

Cellulases, hemicellulases and pectinases have a wide range of potential applications in
food biotechnology. These are summarised in Table 1. Details of some of the most promising
applications are given.

2.1. Extraction and clarification of fruit and vegetable juices

The production of fruit and vegetable juices is important both from the human health and
commercia standpoints. The availability of nutritious components from fruits and vegetabl es
to awide range of consumers is thus facilitated throughout the year by the marketing of their
juices. The production of fruit and vegetable juices requires methods for extraction, clarifica
tion and stabilization. During the early 1930s, when fruit industries began to produce juice,
the yields were low, and many difficulties were encountered in filtering the juice to an ac-
ceptable clarity (Uhlig, 1998). Subsequently, research on industrially suitable pectinases, cel-
lulases and hemicellulases from food-grade micro-organisms (Aspergillus niger and Tricho-
derma sp.), together with increased knowledge on fruit components, helped to overcome
these difficulties (Grassin and Fauguembergue, 1996a). Currently, a combination of pecti-
nases (pectin lyase, pectin methylesterase, endo and exo-polygalacturonases, pectin ace-
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tylesterase, rhamnogalacturonase, endo- and exo-arabinases), cellulases (endoglucanases,
exoglucanases and cellobiases) and hemicellulases (endo- and exo-xylanases, galactanases,
xyloglucanases and mannanases)—collectively called macerating enzymes—are used in the
extraction and clarification of fruit and vegetable juices (Galante et a., 1998b; Grassin and
Fauquembergue, 19964). In addition, a-amylase and amyloglucosidase, active at acidic pH,
were used to process starch-containing fruits, especially apples harvested during the early
stagesin order to prevent haze formation (Grassin and Fauguembergue, 1996a; Uhlig, 1998).

During the production of juice from fruits such as apples and pears, the whole fruits are
crushed to pulp mash, which, after mechanical processing (pressing, centrifuging and filter-
ing), yieldsaclear fruit juice and a solid phase called pomace (Galante et ., 1998b). Use of mac-
erating enzymes increases both yield and process performance without additional capital invest-
ment. Macerating enzymes are generally used in two steps:. (1) after crushing, to macerate the fruit
pulp either to partial or complete liquifaction, which not only increasesthejuice yield and reduces
the processing time, but aso improves the extraction of valuable fruit components, and (2) after
thejuice extraction, whereby pectinases are used for its clarification, thereby lowering the viscos-
ity of fruit juice prior to concentration and increasing the filtration rate and stability of the fina
product. Thus, the macerating enzymes play akey role in food biotechnology, and their demand
will likely increase for extraction of juice from awide range of fruits and vegetables.

2.2. Production of fruit nectars and purees

The production and preservation of fruit nectars and purees are of tremendous commercial
importance to attract a wide range of consumers and particularly to use the fruits, which are
easly perishable. Many tropical fruits are either not easily pressable, being too acidic or too
strongly flavoured to be used to produce pleasant beverages without dilution, blending or
both. Nevertheless, the juice from tropical fruits is delicious after dilution or blending with
other fruit juices. Some good examples of these are apricot, peach, pear, plum, mango,
guava, papaya and banana. Use of macerating enzymes not only improves the cloud stability,
texture, and facilitates easy concentration of nectars and purees, but also decreases their vis-
cosity rapidly (Grassin and Fauguembergue, 1996a). Hence, a suitable combination of mac-
erating enzymes is expected to be ideal for the production of fruit nectars and purees.

2.3. Infusion of pectinases and B-glucosidases to alter the sensory properties of
fruits and vegetables

Enzyme infusion has the potential to alter the texture, flavour and other sensory properties
of foods. Vacuum infusion of pectinases to ease the peeling of citrus fruits has been commer-
cialised (Baker and Bruemmer, 1989; Baker and Wicker, 1996). Several food companiesin
the UK, USA, Japan and South Africa are currently using this technique for the production of
freshly peeled citrus fruits and salads. Other potential applications of pectinase infusion in-
clude: (1) reducing the excessive bitterness in citrus peels (Roe and Bruemmer, 1977); (2)
restoring the flavour lost during drying (Crocco, 1976); and (3) improving the firmness of
peaches and processed pickles (Baker and Wicker, 1996; Javeri et a., 1991). In addition, the
infusion of pectinases and 3-glucosidases increases the aroma and volatile characteristics of
specific fruits and vegetables (Humpf and Schrier, 1991; Krammer et al., 1991; Marlatt et al .,
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1992; Pabst et al., 1991). Thus, enzyme infusion to alter the sensory attributes of fruits, vege-
tables and other foods has enormous potential in food biotechnology.

2.4. Extraction of olive oil

In recent years, olive oil has attracted the world market because of its numerous health
claims. Extraction of olive oil involves: (1) crushing and grinding of olivesin a stone or ham-
mer mill; (2) passing the minced olive paste through a series of malaxeurs and horizontal de-
canters; and (3) high-speed centrifugation to recover the oil (Galante et al., 1998b). Typically
100 kg of olivesyield 16-20 kg of oil. Based on the presence of free fatty acid (FFA), olive
oil isclassified as either extra-virgin (<1% FFA), virgin (1-3% FFA) or ordinary (Galante et
a., 1998b). To produce high quality olive ail, freshly picked, clean and slightly immature
fruit have been used under cold pressing conditions (Galante et al., 1998b). However, high
yields have been obtained with fully ripened fruit, when processed at higher than ambient
temperatures, but this resulted in oil with high acidity, rancidity and poor aroma (Galante et
al., 1998b). Hence, an improved method for the extraction of high quality olive oil was
needed to meet the growing consumer demand.

The commercia enzyme preparation, Olivex (a pectinase preparation with low levels of cellu-
lase and hemi cellulase from Aspergillus acul eatus) was the first enzyme mixture used to improve
the extraction of olive oil (Fantozzi et a., 1977). Systematic studies carried out in the 1980s, re-
vedled that no single enzyme was adequate for the efficient maceration and extraction of oil from
olives. Three types of enzymes viz. pectinases, cdllulases and hemicellulases were found to be
essentid for this purpose (Galante et a., 1998b). Also, a combination of enzymes, consisting of
pectinases (from Aspergillus), cellulases and hemicellulases (from Trichoderma), performed bet-
ter than the enzymes from a single micro-organism (Galante et a., 1993). A commercia enzyme
preparation Cytolase O was successfully used in Southern Italy, which increased the oil yield on
an average by 1-2 kg per tonne of olives (Gaante et al., 1998b). Furthermore, the use of macer-
ating enzymes increased the anti-oxidants in extra-virgin olive oil and reduced the induction of
rancidity (Galante et a., 1998b). The main advantages of using macerating enzymes during olive
oil extraction are: (1) increased extraction (up to 2 kg oil per 100 kg olives) under cold process-
ing conditions; (2) better centrifugal fractionation of the oily must; (3) oil with high levels of
anti-oxidants and vitamin E; (4) dow induction of rancidity; (5) overal improvement in plant &f-
ficiency; and (6) low oil content in the waste water (Galante et al., 1998b). Likewise, the macer-
ating enzymes could play a prominent role in the extraction of oils from other agricultural crops.

2.5. Improving the quality of bakery products

Exogenous microbial enzymes, namely amylases and proteases, have been used in indus-
trial baking for many years (Hamer, 1991; Kulp, 1993; Linko and Linko, 1986; Poutanen,
1997). In recent years, hemicellulases, especially endo-xylanases have also been used to im-
prove the quality of dough, bread, biscuits, cakes and other bakery products (Poutanen,
1997). Although the endo-xylanases are known to exhibit many beneficiary effects during
dough handling and baking, their actual mechanism of action is not well understood. It has
been hypothesised that the ability of endo-xylanases to hydrolyse arabinoxylan present in
dough facilitates the redistribution of water in both dough and bread, and is responsible for
the observed favourable efects on dough handling, bread volume, texture and stability (Maat
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et al., 1992; Poutanen, 1997). Besides, the addition of endo-xylanases during dough process-
ing is expected to increase the concentration of arabino xylo-oligosaccharides in bread,
which have beneficiary effects on human health. Recently, arabinases, «-L-arabinofuranosi-
dases, arabinoxylan a-L-arabinofuranohydrolases and esterases have been reported to play
important roles in improving the texture, quality and sensory attributes of bakery products
(Poutanen, 1997). However, a suitable combination of these enzymes is vital for achieving
maximum benefit during dough processing and baking.

3. Cdlulases, hemicdlulases and pectinasesin beer and wine biotechnology

Beer brewing and wine making are old technol ogies and have an ancient history. In simple
terms, beer brewing involves malting the barley in a malt house followed by the preparation
and fermentation of the wort in the brewery, while wine making requires the extraction of
juice from grapes and subsequent fermentation of the juice by yeast. Enzyme technology
plays a central role in both these processes. The addition of exogenous glucanases and re-
lated polysaccharidases are known to improve not only the beer and wine qualities, but also
their overall production efficiency (Galante et al., 1998b). This section highlights the signifi-
cance of cellulases, hemicellulases and pectinases in brewery and wine industries as well as
summarises their applications (Table 2).

3.1. Beer brewing

This technology is based on the action of enzymes activated during malting and fermenta-
tion. Malting of barley depends on seed germination, which initiates the biosynthesis and ac-
tivation of a- and B-amylases, carboxypeptidase and B-glucanase that hydrolyse the seed re-
serve. All these enzymes should act in synergy under optimal conditions to produce high
quality malt. Nevertheless, many breweries end up using un-malted or poor quality barley,
due to seasonal variations, different cultivars or poor harvest, which contains low levels of
endogenous B-glucanase activity. The problem associated with the use of such un-malted or

Table 2
Cellulases, hemicellulases and pectinases in brewery and wine biotechnology
Enzyme/micro-organism  Function Application Reference
B-Glucanase/glucanolytic  Hydrolysis of 3-1,3, and  Improvement in primary Canaleset al., 1988;
yeast B-1,4 glucan; reducing fermentation, filtration and Galante et al., 1998b;
the viscosity and quality of beer Oksanen et a., 1985;
releasing reducing sugars Pajunen, 1986
during primary
fermentation
Pectin esterase De-esterification and Improvementintheclarification Uhlig, 1998
gelling of pectins of cider
Macerating enzymes Hydrolysisof plant cell  Improvementinskinmaceration Galante et al., 1998b;
(cellulases, wall polysaccharides and colour extraction of grapes; Grassin and
hemicellulases and quality, stability, filtrationand  Fauquembergue,
pectinases) clarification of wines 1996b; Uhlig, 1998
B-Glucosidase Modification of aromatic Improvement in the aroma of Caldini et al., 1994;

residues wines Gunataet al., 1990
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poor quality barley and other cerealsin combination with malt is the presence of 6-10% non-
starch polysaccharide (NSP), mainly a soluble 3-glucan. This forms gels during the brewing
process and leads to poor filtration of the wort, dow run-off times, low extract yields and/or the
development of haze in the final product. To overcome these problems, microbid B-glucanases,
which hydrolyse B-glucan and reduce the viscosity of the wort are added either during mashing
or primary fermentation. The commonly used B-glucanases are from Penicillium emersonii,
Aspergillus niger, Bacillus subtilis and Trichoderma reesel (Galante et a., 1998b).

Based on the comparative study on the performance of different B-glucanasesin beer wort
production, Pajunen (1986) concluded that the enzyme preparation from Trichoderma was
the best asjudged by its cost/performance ratio. In an earlier study, Oksanen et a. (1985) ob-
served that endoglucanase Il and cellobiohydrolase 1l of the Trichoderma cellulase system
were responsible for a maximum reduction in the degree of polymerisation and wort viscos-
ity. It was also reported that the addition of 0.05-0.1 ml of acommercial Trichoderma cellu-
lase preparation per kg of grists caused a 90% decrease in 3-glucan content and reduced the
filtration time by 30% (Oksanen et a., 1985). Furthermore, a marked improvement in filter-
ability was reported with increasing doses of enzyme when tested in pilot scale (Oksanen et
al., 1985).

The pilot and industrial scale brewing trials were performed using three commercially
available B-glucanases from Trichoderma, Bacillus subtilis and Aspergillus niger on three
different grist bills (65% malt/35% barley; 65% malt/35% rice and 50% malt/15% barley/
35% rice) (Canales et a., 1988). In al three cases, the B-glucanase from Trichoderma per-
formed better than the B-glucanase from the other two microbial sources. Besides, in al
these and in previous trials, there was no difference in the quality of the final product when
compared with normal products as judged by the taste panel (Canales et al., 1988; Galante et
al., 1998b). Thus, B-glucanase, especially from Trichoderma, appears to be suitable for the
production of high quality beer from poor quality barley.

3.2. Wine production

Thisis a biotechnological process in which both yeast cells and enzymes play akey role.
In the last four decades, attempts have been made to improve the yeast strains used for fer-
mentation of grape juice aswell asto use exogenous microbial enzymes during wine making.
Three main exogenous enzymes used in wine production are pectinases, 3-glucanases and
hemicellulases (Galante et a., 1998b). The main benefits of using these three enzymes dur-
ing wine making include: (1) better skin maceration and improved colour extraction; (2) easy
must clarification and filtration; and (3) improved wine quality and stability (Galante et al.,
1998b). Recently, a fourth enzyme, 3-glucosidase has attracted considerable attention in the
wine industry because of its ability to improve the aroma of wines by modifying naturally
present, glycosylated precursors (Caldini et al., 1994; Gunata et al., 1990).

The first microbia enzyme used in the wine industry was a commercia pectinase from As-
pergillus, which contained varying amounts of pectin esterase, polygaacturonase, pectin lyase
and small amounts of hemicellulase (Gaante et d., 1998b). Addition of pectinase, while crushing
grapes or to the wine must, improves juice extraction, reduces the clarification time and increases
the terpene content of wine (Galante et a., 1998b). Also, pectinase preparations with high pectin
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lyase and low pectin methyl esterase activities are preferred to minimise the methanol released
from methylated polygal acturonic acid during wine production (Galante et al., 1998b).

In the early 1980s, it was suggested that Trichoderma B-glucanase could be successfully
used for wine making from grapes infected with Botrytis cinerea (Dubordieu et al., 1981;
Villetaz et al., 1984). This fungus generally attacks nearly ripe grapes under conditions of
certain temperatures and humidity, and produces a high molecular mass soluble 3-(1,3) glu-
can with short side chains linked through B-(1,6) glycosidic bonds, which causes severe
problems during wine filtration. A B-glucanase from Trichoderma harzanum, which specif-
ically hydrolyses this B-glucan was identified and patented (Galante et al., 1998b). This en-
zyme was also found to be useful for hydrolysis of glucans from yeast, that cause adverse ef-
fects during filtration and clarification of wine (Galante et al., 1998b).

Significant and reproducible improvements in grape pressability, settling rate and total
juice yield were achieved using a combination of macerating enzymes compared to that us-
ing pectinase aone (Harbord et al., 1990). Nevertheless, such improvements were noticeable
only with a correct balance of exogenous pectinolytic, cellulolytic and hemicellulolytic en-
zymes, when used to compensate the relatively low endogenous enzyme activities.

Using three varieties (Soave, Chardonnay and Sauvignon) of white grapes from Northern
Italy, Galante et al. (1998b) assessed the performance of Cytolase 219 (acommercial enzyme
preparation, derived from Trichoderma and Aspergillus, containing pectinase, cellulase and
hemicellulase) in wine making. They reported a 10-35% increase in the extraction of the first
wine must, a 70-180% increase in the must filtration rate, significant improvement in wine
stability, 50-120 min decrease in pressing time, 30—70% decrease in must viscosity and 20—
40% energy saving during cooling of fermenters. Currently, anumber of commercial enzyme
preparations are available specifically for improving the maceration of grapes, colour extrac-
tion, wine filtration and wine quality. In fact, the enzyme technology offers enormous bene-
fitsto wine industry, but new enzymes with better properties are expected to emerge and pro-
vide further benefits to both wine producers and consumers.

4. Cellulases and hemicellulasesin animal feed biotechnology

The animal feed industry is an important sector of agro-business with an annual production
of >600 million tonnes of feed, worth >50 billion US dollars. Of the total feed produced, the
major share istaken by poultry, pigs and ruminants (up to 90%), while the pet foods and fish
farming account for 10%. Cellulases and hemicellulases have awide range of potential appli-
cations in the animal feed industry, as summarised in Table 3.

4.1. Role of cellulases and hemicellulases in monogastric feed

Hydrolases are the main class of enzymes used in monogastric feed. The use of hydrolases
iseither to (1) eliminate anti-nutritional factors (ANF) present in grains or vegetables; (2) de-
grade certain cereal components in order to improve the nutritional value of feed; or (3) to
supplement animals' own digestive enzymes (e.g. proteases, amylases and glucanases),
whenever these enzymes are inadequate during post-weaning period, as it is often the case
with broilers and piglets (Galante et al., 1998b).
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Table 3

Cellulases, hemicellulases and pectinases in animal feed biotechnol ogy

Enzyme Function Application References
Cédllulasesand Partial hydrolysisof lignocellulosic  Improvement in the Beaucheminetal., 1995;

hemicellulases

B-Glucanase and
xylanase

Hemicellulase with

materials; dehulling of cereal
grains, hydrolysis of B-glucans;
decrease in intestinal viscosity;
better emulsification and flexibility
of feed materials

Hydrolysis of cereal B-glucansand
arabinoxylans, decreasein
intestinal viscosity and rel ease of
nutrients from grains

Increase the nutritive quality of pig

nutritional quality of
animal feed and thus the
performance of
ruminants and
monogastrics
Improvement in the feed
digestionand absorption,
weight gain by broiler
chickens and hens
Reduction in the cost of

Chesson, 1987; Cowan,
1996; Galanteet d.,
1998b; Graham and
Banave, 1995; Lewis et
al., 1996

Bedford and Classen,
1992; Chesson, 1987;
Galante et al., 1998b;
Walsh et a., 1993
Chesson, 1987; Gaante

high xylanase feeds pig feedsand theuse of et a., 1998b; Graham et
actvity less expensive feedsfor  al., 1998; Thomkeet a.,
pigs 1980
Cellulases, Partial hydrolysis of plant cell wall  Production and Ali et al., 1995; Hall et
hemicellulasesand  during silage and fodder preservation of high al., 1993; Selmer-Olsen
pectinases preservation; expression of quality fodder for etal., 1993

ruminants; improvingthe
quality of grass silage;
production of transgenic
animals

preferred genes in ruminant and
monogastric animals for high feed
conversion efficiency

B-Glucanases and xylanases have been successfully used in monogastric diets to hydrol-
yse non-starchy polysaccharides (NSP) such as barley B-glucans and arabinoxylans (Cowan,
1996; Hesselman et al., 1982; Rexen, 1981; Walsh et a., 1993). The presence of high levels
of NSPin cereal-based diet resultsin poor feed conversion rate, slow weight gain, and sticky
droppings by young animals, especialy chicks (Bedford and Classen, 1992; Chesson, 1987,
Galante et al., 1998b). Addition of B-glucanases and xylanases during feed production was
found to degrade NSP and markedly improve the digestion and absorption of feed compo-
nents as well as weight gain by broiler chickens and egg laying hens (Cowan, 1996; Hessel -
man et a., 1982; Rexen, 1981; Walsh et al., 1993).

The best xylanase/B-glucanase ratio was 6:1 to gain the maximum body weight by broiler
chickenswith adiet containing 60% wheat (Gdante et d., 1998b). Some of the benefits claimed by
the addition of a commercid enzyme preparation Econase™ to poultry feed include: (1) greater
flexibility on diet formulation; (2) the use of inexpensive raw materias; (3) increased energy vaue
of ceredls; (4) improved digedtibility, growth and feed conversion; (5) uniform animds, (6) clean
eggs with increased yolk colour; (7) dry droppings, and (8) less environmental waste (Galante et
al., 1998h). Similar claims were adso made with other enzyme preparations high in xylanase and
B-glucanase activities (Bedford and Classen, 1992; Cowan, 1996; Graham and Balnave, 1995).

The benefits of enzyme addition to poultry diet have aso promoted the supplementation of
these enzymes to pig diet. Initia studies have shown that the use of B-glucanases improved the
performance of barley-fed pigs (Thomke et a., 1980). However, using cannulated pigs, it was
demondtrated that the addition of enzyme preparations containing 3-glucanase to a wheat mid-
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dlings’barley diet improved the digestion of starch, lipids and proteinsin the small intestine as ob-
served in chickens, but had little effect on fibre digestion (Graham et ., 1988). These results sug-
gested that pigs do not respond to B-glucanase in the same way as chickens, probably because the
viscosity of the digestain the intestine of pigletsis relatively unaffected by dietary fibres. Never-
theless, subsequent studies with multi-enzyme preparations containing xylanase and 3-glucanase
showed potential benefits in the production of pigs (Bohme, 1990). Besides, the supplementation
of xylanase-based multi-enzyme product reduced the overall cost of pig feed, and facilitated the
use of inexpensive feed. Despite the above progress, further research is needed to recommend the
right combination of hydrolytic enzymes and to include awide range of dietsfor pigs.

4.2. Role of cellulases and hemicellulases in ruminant feed

Currently, there is a great deal of interest in using enzyme preparations containing high
levels of cellulase and hemicellulase activities for improving the feed utilization, milk yield
and body weight gain by ruminants. Nevertheless, the successful use of these enzymesin ru-
minant diet depends on: (1) their stability in the feed (during and after processing) and in the
rumen; (2) the ability of enzyme components to hydrolyse plant cell wall polysaccharides;
and (3) the ability of the animals to use the reaction products efficiently. Therefore, the en-
zyme preparations should be characterised by in vitro and in vivo experiments and should
contain essential enzyme activities for different applications in order to guarantee success.

The forage diet of ruminants, which contains cellulose, hemicellulose, pectin and lignin,
is more complex than the cereal-based diet of poultry and pigs. Enzyme preparations con-
taining high levels of cellulase, hemicellulase and pectinase have been used to improve the
nutritive quality of forages (Graham and Balnave, 1995; Kung et a., 199; Lewis et al.,
1996). Nevertheless, the results with the addition of enzyme preparations containing cellu-
lase, hemicellulase and pectinase to ruminant diet are somewhat inconsistent. Several stud-
ies have shown substantial improvements in feed digestibility and animal performance
(Burroughs et a., 1960; Rust et al., 1965), while some researchers reported either negative
effects or none at all (Perry et al., 1966; Theurer et a., 1963). Recently, Beauchemin et al.
(1995) reported that the addition of commercial enzyme preparations containing cellulase
and xylanase to hay diet increased the live weight gain of cattle by as much as 35%. Simi-
larly, a 5-25% increase in milk yield has been reported in the case of dairy cows fed with
forage treated with commercial fibrolytic enzymes (Lewis et al., 1996; Stokes and Zheng,
1995). In contrast, other studies no significant increase either in body weight or milk yield
was observed (Lewis et al., 1996; Perry et al., 1966; Theurer et al., 1963). Thus, the overall
success in improving the fibre digestion and ruminant performance may be limited. This
could mainly be due to the presence of hydrophaobic cuticle, lignin and its close association
with cell wall polysaccharides and the nature of lignocellulose, which prevents the efficient
utilization of fibre in the rumen. Hence, considerable basic and applied research effort, to-
gether with improved enzymes, will be needed to enhance fibre digestion by ruminants and
thus, their performance.

Attempts have also been made to clone cellulase and xylanase genes in order to produce
transgenic animal's, which would secrete the required enzyme into the gastrointestinal tract of
the animal to facilitate its feed digestion efficiency (Ali et a., 1995; Hall et al., 1993). In-
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deed, this type of research should have considerable impact in understanding the role of cel-
lulases and related enzymesin feed digestion and animal performance.

5. Cellulasesin textile and laundry biotechnology

Cellulases have achieved their worldwide success in textile and laundry because of their
ability to modify cellulosic fibres in a controlled and desired manner, so as to improve the
quality of fabrics. Although, cellulases were introduced in textile and laundry only a decade
ago, they have now become the third largest group of enzymes used in these applications.
Bio-stoning and bio-polishing are the best-known current textile applications of cellulases
(Table 4). Cellulases are also increasingly used in household washing powders, since they
enhance the detergent performance and allow the removal of small, fuzzy fibrils from fabric
surfaces and improve the appearance and colour brightness (Table 4).

5.1. Bio-stoning of denim garments

Bluejeans and other denim garments have gained remarkable popularity in recent years. It is
estimated that over 800 million pairs of blue jeans are produced worldwide every year, which
represents a multi-billion dollar business. In denim fabrics, the indigo dye is mostly attached to
the surface of the yarn and to the most exterior short cotton fibres. Repeated washings of denim
fabric showed the wash down or aged effect, on which the entire denim industry has been built.

In textile mills, the indigo warp was heavily sized with starch, and the denim fabrics were wo-
ven into a very tight structure. This made them extremely sturdy and long lasting materia, but
rather giff and uncomfortable to wear when it was new. Hence, the aged or faded jeans became
very popular. Inthelate 1970s and early 1980s, industria laundries devel oped methods for produc-
ing faded jeans by washing the garments with pumice stones, which partialy removed the dye re-
veding the white interior of the yarn, which leads to the faded, worn and aged appearance. This
was designated as ‘ stone-washing.” Although the use of 1-2 kg stones per kg of jeansfor 1 h dur-
ing stone-washing met the market requirements, it caused severa problems including rapid wesr

Table4

Cellulasesin textile and laundry biotechnology

Enzyme Function Application Reference
Cedlulase, preferably neutral  Removal of excess dye from Bio-stoning of denim Gaanteet d.,

and endoglucanase rich denimfabrics; softenthecotton fabrics; production of high  1998a; Godfrey,
fabrics without damaging the  quality andenvironmentally 1996; Uhlig, 1998

fibre friendly washing powders
Cellulase, preferably acidand Removal of excess microfibrils Bio-polishing of cottonand Galante et al.,
endoglucanase rich from the surface of cotton and non-denim fabrics 1998a; Godfrey,
non-denim fabrics 1996; Kumar etal.,
1994, 1996
Célulase, preferably Restoration of softness and Production of high quality Galanteet a.,
endoglucanase rich colour brightness of cotton fabrics 1998a; Godfrey,
fabrics 1996; Kumar et al.,

1994
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and tear of washing machines, large numbers of second class garments, unsafe working conditions,
environmenta pollution, and the need for manua removal of pumice from pockets and folds of
garments. Therefore, there was an urgent need to overcome these problems in the denim industry.
In the mid 1980s, biotechnology provided a perfect dternative for stone-washing using microbid
cellulases, later known as ‘ bio-stoning.’

During the bio-stoning process, cellulases act on the cotton fabric and break off the small fibre
ends on the yarn surface, thereby loosening the indigo, which is easily removed by mechanica
abrasion in the wash cycle. The advantages in the replacement of pumice stones by a cellulase-
based trestment include: (1) reduced wear and tear of washing machines and short treatment
times; (2) increased productivity of the machines because of high loading; (3) substantial decrease
of second quality garments; (4) less work-intensive and safer working conditions; (5) safe envi-
ronment, since pumice powder is not produced; (6) flexibility to create and consistently reproduce
new finished products; and (7) the possibility to automate the process with computer-controlled
dosing deviceswhen using liquid cellulase preparations (Galante et al., 1998a). However, amajor
drawback during bio-stoning is the strong tendency of the released dye to redeposit on the gar-
ments, which isknown as‘ back-staining.” Such a phenomenon masks the overal bluewhite con-
trast of the finished product. Therefore, controlling the back-staining is important, especidly
when high levels of blue/white contrast are expected with no post-wash bleaching step.

Evaluation of abrasion and back-staining of denim garments by reflectance measurement
using neutral (from Humicola insolens) and acidic (from Trichoderma reesei) cellulases re-
vealed that the former caused higher abrasion and less back-staining than the latter (Galante et
a., 1998a). The exact reason for the differential levels of back-staining by the acid and neutral
cellulasesis nat known. Initialy, the acidic pH during treatment was believed to be responsi-
ble, but this was found not to be the case. In fact, there are indications that some acid cellu-
lases facilitate low levels of back-staining, while some neutral cellulases show high re-deposi-
tion of indigo (Galante et a., 1998a). Hence, these results cautioned that the pH profile alone
should not be considered as the sole reason for its potential performance during bio-stoning.

It has been reported that the blue indigo re-deposition during bio-stoning with acid cellu-
lase could be substantially prevented by either adding microbial protease (e.g. subtilisin) to-
gether with cellulase in the wash bath or by mixing the protease with the cellulase before
adding to the washing machine (Galante et al., 1998a). The protease was believed to prevent
the cellulase from binding the dye back to the surface of the denim, yet this did not affect the
abraded look caused by the action of the cellulase. Nonetheless, an optimum ratio of cellulase to
protease and the pH were critical in order to obtain maximum benefit. Besides, it has not yet been
established whether an endo-rich or single endoglucanase from the Trichoderma cellulase
preparation performs better during bio-stoning than the whole complex. Further experiments
using two commercially available enzymes (an endo-rich cellulase, active at acidic pH and a
recombinant endocellulase) are expected to reveal anidea cellulase preparation for bio-stoning.

5.2. Bio-polishing of non-denim fabrics

Most of the natural materials used in fabric manufacturing contained cellulosic fibers,
such as cotton, linen, ramie, viscose and lyocell, which had a tendency for ‘fuzz' formation
(short fibres protruding from the surface) aswell as‘ pilling’ (fluffyAoosened fuzz attached to
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the surface). These phenomena were considered as negative features of cellulosic fabrics.
Hence, the prevention or permanent removal of fuzz formation and pilling was necessary to
increase the commercia value of cellulosic fabrics. This was accomplished using cellulases
in aprocess called ‘bio-polishing’ (Galante et al., 1998a).

Bio-polishing is usually carried out during the textile wet processing stage and includes
desizing, scouring, bleaching, dyeing and finishing. During this process, the cellulases act on
small fibre ends that protrude from the fabric surface, where the mechanical action removes
these fibres and polishes the fabrics. The main advantages of using cellulases are: (1) re-
moval of short fibres and surface fuzziness; (2) smooth and glossy appearance; (3) improved
colour brightness and uniformity; (4) high hydrophilicity and moisture absorbance; (5) new
and improved finishing and fashionable effects; and (6) environmentally friendly process. In
fact, bio-polishing is currently a key step in the textile industry for producing high quality
garments.

5.3. Defibrillation of lyocell

Lyocell is a pure cellulosic fibre from wood pulp obtained after the solvent spun with
amino oxide. Although the lyocell possesses many positive attributes for the production of
high quality fabrics, these fabrics often show tangles of primary fibrils on the surface com-
monly referred as ‘fibrillation,” which is a negative aspect of lyocell. Indeed, the defibrilla-
tion of lyocell fabrics can be best controlled by cellulase treatment. Acid cellulases have
proven to be most effective in treating 100% lyocell, while mixed lyocell garments can be
processed successfully with neutral cellulases. The major benefits of cellulase treatment of
lyocell based garments include: (1) significantly enhanced appearance and soft hand fedl; (2)
defiling and pill prevention; and (3) improved drapability and surface appearance even after
repeated washings (Kumar et a., 1994).

Because lyocell is advantageous for textile companies, many enzyme producers decided to
concentrate on devel oping new tailor-made cellulases specific for lyocell. These novel cellu-
lases are expected to achieve the following goals: (1) wide range of finishing effects, particu-
larly in blends with other fibres; (2) negligible loss of strength and weight; (3) better adapt-
ability to high-speed jet machines; (4) possible combination with other chemical treatment
steps; and (5) natural and pleasant hand feel. Two genetically engineered commercial endo-
glucanases are currently available and particularly suited for the treatment of lyocell fabrics
(Gadante et a., 1998a). Indeed, the great versatility of lyocell and other man-made fibresin
textile industries will persuade the genetic and protein engineers to produce new and im-
proved cellulases ideal for textile applications.

5.4. Are endo-enriched cellulase or whole cellulase preparations ideal for bio-finishing?

Asin the case of bio-stoning, cellulase rich in endoglucanase activity appears to be better
suited for bio-finishing. Nonetheless, it is still not clear which component of a cellulase com-
plex should be either added or omitted, to achieve the best performance during bio-finishing.
Using a cellulase preparation produced by T. reesei where the gene coding for endoglucanase
Il was deleted, Miettinen-oinonen et al. (1996) reported that a cellulase preparation low in
endoglucanase activity showed up to 15% less strength loss in fabric than the complete cellu-
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lase mixture at an equal abrasion level. Similarly, in bio-finishing experiments using cotton
fabrics, the cellulase preparation with low endoglucanase activity gave less strength loss as a
function of enzyme dosage. Thus, these authors concluded that a modified T. reesei cellulase
preparation lacking endoglucanase |1 performed better during bio-stoning and bio-finishing
of cotton and caused less strength loss and low fibre damage. In contrast, Kumar et al. (1996)
who studied the performance of three different cellulase preparations from T. reesel using
one compl ete cellulase mixture, while other two were enriched with different endoglucanase
activities and no exoglucanase activity. These authors reported that one of the endo-enriched
cellulase preparations gave the highest degree of defibrillation of both 100% lyocell and a
65/35 blend of lyocellcotton with significantly less fabric strength loss in contrast with the
complete cellulase mixture. In addition, the other endo-enriched cellulase was more effective
when mild surface polishing was required and fabric strength loss was a major concern (Ku-
mar et al., 1996). Based on these findings, the authors concluded that the performance of the
whole cellulase preparations was quite different from the enzyme rich in endo-activity, and
that the latter offered better performance in applications where losses in fabric strength and
weight had to be minimised. Therefore, the immediate future objectives of textile industries
are: (1) the selection of ideal cellulase preparations; (2) obtaining soft fabrics with no loss of
strength properties; and (3) the use of cellulae in continuous fabric processes, in order to ob-
tain the best results and to avoid undesirable side effects.

5.5. Use of cellulase in laundry

The cellulase preparations capable of modifying the structure of cellulose fibrils are added
to laundry detergents to improve the colour brightness, hand feel and dirt removal from cot-
ton and cotton blend garments. Most cotton or cotton blend garments, during repeated wash-
ings, tend to become fluffy and dull. Thisis mainly due to the presence of partially detached
microfibrils on the surface of garments that can be removed by cellulases in order to restore a
smooth surface and origina colour to the garment. Also, the degradation of microfibrils by cellu-
lase, softens the garment and removes dirt particles trapped in the microfibril network. This is
currently accomplished by adding a commercial cellulase preparation from H. insolens, ac-
tive under mild alkaline conditions (pH 8.5-9.0), and at temperatures over 50°C in washing
powders (Uhlig, 1998). Although, the amount of cellulase added represents approximately
0.4% of thetotal detergent cogt, it isconsidered rather expensive and hence, alternative cellu-
lase preparations are required to attract the worldwide laundry market.

6. Cellulases and hemicellulasesin pulp and paper biotechnology

Cellulases and hemicellulases have been used in the pulp and paper industry for different
purposes. Commercial enzyme preparations contain various enzyme activities, where some
may be vital, while others may be detrimental for a specific application. Therefore, enzyme
mixtures or purified enzymes should be well characterised with respect to their substrate
specificity and mode of action before using for a particular application in pulp and paper in-
dustry. Some of the main application of cellulases and hemicellulases in pulp and paper in-
dustry are summarised in Table 5 and described below.
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Table5

Cellulases and hemicellulases in pulp and paper biotechnology

Enzyme Function Application Reference
Cédllulasesand Modification of coarse Bio-mechanical pulping;  Akhtar, 1994; Buchert et

hemicellulases

Xylanases, mananases,
B-xylosidase and a-L-
arabinofuranosidase

Purified cellulase and
hemicellulase
components

mechanical pulp and hand-
sheet strength properties;
partial hydrolysis of
carbohydrate molecules and

therelease of ink from fibre

surfaces; hydrolysis of
colloidal materialsin paper
mill drainage
Hydrolysis of re-
precipitated xylan or
removal of xylan from
lignin-carbohydrate
complexes; removal of
glucomannan

Partial or complete
hydrolysis of pulp fibres

modification of fibre
properties; de-inking of
recycledfibres; improving
draining and runnability of
paper mills

Bio-bleaching of kraft
pulps; reduction in
chlorine requirement in
subsequent bleaching and
environmental pollution

Bio-characterization of
pulp fibres

a., 1998; Kantelinenet al.,
1995; Leathamet al., 1990;
Noeetd., 1986; Pereetd.,
1996; Prasad et al., 1992,
1993; Rahkamo et al.,
1996; Saddler, 1993;
Viikari et al., 1993

Buchert et al., 1992; 1998,
Suurnakki et al., 1996a;
Tenkanen et al., 19923;
Tolan, 1992; Viikari et al.,
1987

Buchert et al., 1996b,
1997; Oksanen et dl.,
1997; Suurnakki et al.,

1996¢; Teleman et .,
1995

6.1. Bio-mechanical pulping

The mechanica pulping processes such as refining and grinding of the woody raw mate-
rial lead to pulps with high content of fines, bulk and stiffness. Although these fibres are use-
ful for producing different grades of papers, the main disadvantage of mechanical pulping is
high-energy consumption. Bio-mechanicd pulping using white-rot fungi resulted in substantial
energy savings during refining, and improvements in hand-sheet strength properties (Akhtar,
1994; Leatham et al., 1990). Unfortunately, these encouraging |aboratory results have not yet
been commercialised.

Unrefined wood chips are generally less accessible to enzymatic modification, hence, the
addition of an enzyme in mechanical pulping can be effective only after the initial refining.
The effects of enzymatic modification of coarse mechanical pulp using cellulase and hemi-
cellulase from Trichoderma prior to secondary refining were studied (Pere et ., 1996). Mar-
gina modification of the above pulp, during secondary refining, led to an energy savings of
20% and 5% with cellobiohydrolase | and hemicellulase, respectively. Treatment with endo-
glucanase | from Trichoderma, dlightly decreased the energy consumption at the expense of
pulp quality, while no positive effect on energy consumption was observed with cellulase
mixture. Energy consumption was reduced up to 30-40% with cellobiohydrolase |, when the
refining was performed using low-intensity refiner. Use of cellobiohydrolase | also led to
10-15% energy savings during two-stage refining and resulted in increased tensile strength
and high fibre qualities (Pere et al., 1996).
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6.2. Bio-bleaching of kraft pulps

Use of hemicellulolytic enzymes was the first large-scale application of enzymes in the
pulp and paper industry (Viikari et al., 1986, 1987). This was based on the observation, that
limited hydrolysis of hemicellulose in pulps by hemicellulases (mainly xylanases) increased
the extractability of lignin from the kraft pulps and reduced the chlorine required in subse-
quent bleaching. Although the exact mechanism of action of xylanase in bio-bleaching is not
known, it has been proposed that the xylanase either hydrolysed the re-precipitated xylan
partially or completely removed the xylan from the lignin-carbohydrate complexes. Both
these processes were possible and allowed the enhanced leaching of entrapped lignin from the
fibre cell wall and made the pulp more susceptible to the bleaching chemicals. The xylanase
from T. reesel has been reported to act uniformly on all accessible surfaces of kraft pulp and
to be effective during bio-bleaching (Saake et al., 1995; Suurnakki et al., 1996a).

Compared to xylanase, mannanase has attracted minimal attention in bio-bleaching be-
cause of its limited action on most pulps. Also, the mechanism of mannanase-aided bleach-
ing appears to differ from the xylanase-aided bleaching, since the distribution of glucoman-
nan is different from xylan in pulps (Buchert et al., 1992; Suurnakki et al., 1996b,c). In case
of mannanase-aided bleaching the composition and configuration of the outer surface of pulp
fibres appear to be important (Suurnakki et al., 1996c¢).

The role of xylanase in the de-lignification of kraft pulps has been extensively studied using
two purified xylanases from T. reesa with different pl (5.5 and 9.0), pH optima and substrate
specificities (Buchert et d., 1992; Tenkanen et a., 1992a,b). Interestingly, both xylanases per-
formed amost in the same manner, in reducing kappa number and improving the brightness in
subsequent chemical modifications (Buchert et ., 1992). Purified T. reesei hemicellulases have
also been used in bleach boosting of different types of pulps. The xylanase from T. reesei was
most effective when used in conventionally cooked pulps, and the effect was more pronounced
with pul ps produced from northern pine than radiata pine (Suurnakki et a., 1996a). Similar results
have been reported with xylanases from other micro-organisms with respect to the origin of pulp
and its production method (Allison et al., 1995; Nelson et a., 1995; Tolan, 1992).

It has been suggested that mannanase was most beneficial in pulp bleaching when used in
combination with xylanase (Buchert et al., 1992; Suurnakki et al., 1996a), while the acces-
sory enzymes such as B-xylosidase and a-L-arabinosidase played a minor role in xylanase-
aided bleaching of pulps (Kantelinen et al., 1993; Luonteri et al., 1996). Interestingly, the en-
doglucanase | from T. reesei has been shown to increase the bleachability of pulps dueto its
xylanase activity (Buchert et al., 1994). Most of the commercial hemicellulase preparations
currently used in bio-bleaching of different pulps originate from T. reesei.

6.3. Bio-modification of fibres

Cellulase and hemicellulase mixtures have been used for the modification of fibre properties
with the aim of improving drainage, beatability and runnability of the paper mills (Noe et d.,
1986; Pommier et d., 1989, 1990). In these applications, the enzymatic treatment was per-
formed either before or after beating of the pulps. The aim of cdllulase and hemicellulase treat-
ment prior to the refining process is either to improve the beatability response or to modify the
fibre properties. The addition of cellulase and hemicellulase after beating is to improve the
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drainage properties of pulps, which determine the speed of paper mills. A commercia cellu-
lasehemicellulase preparation, named Pergalase-A40, from Trichoderma has been used by
many paper mills around the world for the production of release papers and wood-containing
printing papers (Freiermuth et a., 1994; Pommier et a., 1990).

In the late 1980s, the possibility of improving the drainage rates of recycled fibres by cel-
lulase, especialy by endoglucanase was identified (Pommier et al., 1989, 1990). This was
subsequently confirmed by Kamaya (1996) using purified endoglucanases from Trichoderma.
Both endoglucanases | and Il from Trichoderma were equally effective in decreasing the
Schoper-Riegler (SR) value of recycled soft wood craft pulp and indicated improved drain-
age, whilst cellobiohydrolase had no effect. Xylanase and mannanase treatment resulted in
only amarginal improvement of the SR value. However, depending on the origin of the pulp,
the efficiency of different enzymes might vary. For example, Pere et al. (1996) demonstrated
the need of simultaneous solubilization of xylan and cellulose for the drainage improvement
of reed cannary grass kraft pulp. By using endoglucanase | from T. reesel, which hydrolysed
both cellulose and xylan, Pere et a. (1996) showed a drainage improvement by 30%, while
endoglucanase I from the same fungus, which was specific for cellulose, showed only alim-
ited effect on the drainage property.

A detailed understanding of the action of different cellulase and hemicellulase components on
different types of pulpsis vital for the development of enzymatic modification of fibres. Mans-
field et . (1996) studied the action of acommercia cellulase preparation (Novozyme SP from
Humicola insolens) on different fractions of Douglasfir kraft pulp. They observed that the cellu-
lase treatment decreased the defibrillation, which reduced the fibre coarseness. Also, with in-
creasing dose of cdllulase, the strength properties of fibre reduced. Pere et a. (1995) and Rah-
kamo et al. (1996) investigated the effect of major cellulase components from T. reesel on the
fibre properties of unbleached soft wood kraft and dissolving pulps. They found that the cello-
biohydrolases had moderate effect on fibre viscosity, while endoglucanases, especially endoglu-
canase |1, dramatically decreased the pulp viscosity even a a low concentration. Nevertheless,
cellobiohydrolase | treatment showed no effect on the hand-sheet properties even after PFI-refin-
ing, and suggested that this enzyme did not cause any structural damage to the fibres. On the
other hand, endoglucanase |l treatment damaged the strength properties, and indicated that this
enzyme attacked cdllulosefibres a siteswhere even low levels of hydrolysisresulted in large de-
creasein viscosity and led to adramatic deterioration in the tensile index (Pere et a., 1996).

Oksanen et a. (1997) and Kamaya (1996) studied the effect of purified cellulase and
hemicellulase components from Trichoderma on the beatability of pulp and technical proper-
ties of paper from bleached kraft pulps. Treatment of pulp with either cellobiohydrolase | and
Il had no effect on the development of pulp properties, whereas endoglucanase, especialy
endoglucanase I, improved the pulp beatability, sheet density and other properties of the pa-
per. Xylanase and mannanase, however, did not modify the pulp properties significantly
when less than 10% of the respective hemicellulose was hydrolysed (Oksanen et al., 1997).

6.4. Bio-de-inking

The application of enzymes in de-inking has been intensively studied in both laboratory
and pilot scales, but the technique has not yet been commercialised (Buchert et a., 1998).
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The two principal approaches in using enzymes for de-inking include the (1) hydrolysis of
soy-based ink carriers by lipase, and (2) the release of ink from fibre surfaces by cellulases,
xylanases and pectinases. Most applications proposed so far use cellulases and hemicellu-
lases for the release of ink from the fibre surface by partial hydrolysis of carbohydrate mole-
cules (Jeffries et a., 1994; Prasad et a., 1992, 1993). The main advantage of enzymatic de-
inking is the avoidance of the use of alkali. De-inking, using enzymes at acidic pH, also
prevents the alkaline yellowing, simplifies the de-inking process, changes the ink particle size
distribution and reduces the environmental pollution. In addition, the enzymatic de-inking
improves the fibre brightness, strength properties, pulp freeness and cleanliness aswell asre-
ducesfine particlesin the pulp. Xylanase treatment has been reported to increase the strength
properties, while cellulase treatment improved the brightness and freeness of the pulp
(Prasad et al., 1993). In fact, the enzymatic de-inking has a great potential both from com-
mercial and environmental standpoints and expected to be commercialised in the near future.

6.5. Bio-improvement of drainage properties and the performance of paper mills

During mechanica pulping, various wood components such as pitch, lignin and hemicel-
lulose are dissolved and released into the drainage. These components are collectively called
“dissolved and colloidal substances.” During peroxide bleaching of mechanical pulps, other
wood components including pectin are aso released. All these components often cause se-
vere problems in paper mills including pitch depositions, specks in the paper and decreased
de-watering. Enzymes, especially carbohydrases, which act on the above-mentioned colloi-
dal substances are expected to improve the overall performance of paper mills. Using a com-
mercial enzyme preparation (Pergalase A 40) from Trichoderma, Kantelinen et al. (1995)
demonstrated a remarkable decrease in the turbidity of thermo-mechanical pulping filtrates.
Also, the enzymatic treatment, destabilised the lipophilic extractivesin the filtrates and facil-
itated their attachment to thermo-mechanical pulping fibres. In addition, the same authors
showed that the purified endoglucanase | from T. reesei was useful for disturbing the steric
stability of colloidal pitch, while the xylanase from the same fungus was effective only at
high concentrations.

6.6. Bio-characterisation of pulp fibres

Hydrolases acting on pulp fibres are useful tools for the characterisation of fibres. Purified
xylanase and mannanase from T. reesei have been successfully used for selective solubiliza-
tion of xylan and glucomannan from different pulps (Buchert et a., 1996a). In addition, ei-
ther purified cellulase components or mixtures of cellulase and hemicellulase components
have been used for partial or complete solubilization of pulp fibres and subsequent character-
isation of hydrolysis products by either NMR or HPLC (Buchert et al., 1995; Teleman et al.,
1995; Tenkanen et a., 1995). Selective enzymatic solubilization of xylan or glucomannan fa-
cilitates determination of the influence of the respective hemicellulosic components on fibre
properties such as pore size distribution (Suurnakki et al., 1997), location of lignin (Buchert
et a., 1996b), brightness reversion (Buchert et al., 1997) and hornification (Oksanen et al.,
1997). Enzymatic solubilization of pulp carbohydrates under mild and non-destructive con-
ditionsis beneficial, especialy in the analysis of acid-labile pulp components. The suitability
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of this approach has been verified in the structural analysis of kraft xylan using T. reesei xy-
lanase, which led to the identification of hexenuronic acid in kraft pulps (Buchert et al.,
1995; Teleman et al., 1995).

7. Application of cellulases and related enzymesin resear ch and development
aswell asin agriculture

Both mixture and isolated components of cellulases, hemicellulases and pectinases, have a
wide range of potential applications in research as summarised in Table 6. Also, these en-
zymes and the fungi have potential applications in agriculture for controlling plant disease
(Benitez et al., 1998; Chet et al., 1998) aswell asin enhancing plant growth and devel opment
(Bailey and Lumsden, 1998). Some of the main applications of cellulases and related en-
zymes in research and development as well asin agriculture are described below.

Table 6
Applications of plant cell wall degrading enzymes and cellulolytic micro-organisms in research and development
aswell asin agriculture

Enzyme/microorganism Function Application Reference

Mixture of cellulases, Solubilization of plant or Production of plant or Beguin and Aubert, 1994;
hemicellulases and fungal cell walls fungal protoplasts, Bhat and Bhat, 1997,
pectinases hybrid and mutant strains Brown et a., 1986

Cellulases and related Inhibition of spore Bio-control of plant Benitez et al., 1998; Bruce
enzymes, preferably germination, germ tube pathogenes and diseases et ., 1995; Chet et a.,
B-1,3and1,6glucanases, elongation and fungal 1998; DelLaCruzet al.,
Trichoderma sp. and growth 1995; Harman and K ubicek,
Geocladium 1998; Lorito et al., 1994

Trichoderma sp., Enhancing seed Agriculture Bailey and Lumsden, 1998;
Geocladium sp., germination, plant growth Harman and Bjorkman,
Chaetomium sp., and flowering; improving 1998; Harman and K ubicek,
Penicillium sp., root system; increasing the 1998
Rhizopus nigricans, cropyields.
Fusarium roseum

CBD of cellulases and Affinity tag, affinity Affinity purification, Bayer et al., 1994, 1995;
cellulosomes; dockerins, systems, conjugation and immobilization and Greenwood et a., 1989;
cohesinsand linkersof  gene fusion fusion of proteins, Ong et al., 1989;
cellulosome enzymes and antibodies; Tommeet al., 1994

production of hybrid
molecules for various

applications
Cellobiohydrolase | Expression of heterologous Production of highlevels Dunn-Colemanet al., 1991;
promoter from T. reesei  proteins and enzymes of proteins, enzymesand Harkki et al., 1989;
and glucoamylase antibodies Joutsjoki et al., 1993;
promoter from A. niger Pentilla, 1998; Saloheimo

et a., 1989; Saloheimo and
Niku-Paavola, 1991;
Ward et al., 1990
Native enzymes, subunits  Improving the efficiency of Production of designer  Bayer et al., 1994
of cellulosome or aspecific application cellulosomes
recombinant enzymes
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7.1. Enzymatic production of plant and fungal protoplasts

Mixture of cellulases and other polysaccharidases produced by fungal strains of Tricho-
derma and Penicillium are used for the production of plant and fungal protoplasts (Table 6).
These protoplasts can be fused to produce either hybrid or mutant strains with desired char-
acteristics. Also, cellulases and related enzymes can be used as potential tools for generating
new strains capable of producing high levels of enzymes of commercia interest.

Brown and co-workers (1986) evauated a number of commercia and in-house cellulase
preparations for the production of protoplasts from wild and mutant strains of Penicillium. They
reported that the enzymes from Trichoderma viride Persoon (strain BIA), grown on solid-state
culture using wheat bran, and Penicillium pinophilum 87160iii, grown as submerged culture on a
mixed substrate (laminarin and P. pinphilum cell walls), were the best for the production of fun-
gal protoplasts. Thus, acombination of enzyme preparations containing cellulase and hemicellu-
lase activities can be successfully used for the production of plant and funga protoplasts.

7.2. Enzymatic/microbial control of plant disease and enhanced plant growth

Cellulases and related enzymes from certain fungi are capable of degrading the cell wall
of plant pathogens an controlling the plant disease. It has been reported that 8-1,3-glucanase
and N-acetyl-glucosaminidase from Trichoderma harzianum strain P1 synergistically inhib-
ited the spore germination and germ tube elongation of B. cinerea (Lorito et a., 1994). The
B-1,3-glucanase from T. harzanum CECT 2413 induced morphologica changes such as hyphal
tip swelling, leakage of cytoplasm, and the formation of numerous septae, and inhibited the
growth of R. solani and Fusarium sp. (Benitez et ., 1998). Also, the 8-1,3- and 8-1,6-glucanases
from T. harzanum CECT 2413 hydrolysed filamentous fungal cell walls and inhibited the
growth of fungi tested (Bruce et al., 1995; De La Cruz et al., 1995). Furthermore, the mutant
grains of T. harzanum, which produced higher levels of 8-1,3- and 3-1,6-glucanases than the
wild type strain, have also been shown to possess high anti-fungal activity. A hypercellulolytic
mutant of T. longibrachiatum, which produced higher levels of 3-1,4-endoglucanase than
wild type, reduced the disease incidence by Pythium (a plant pathogen) on cucumber seedlings
from 60 to 28% (Chet et al., 1998). Thus, a combination of fungal strains and their enzymes
could be useful as bio-control agents to protect the seeds and plants from plant pathogens.

Many cellulolytic fungi including Trichoderma sp., Geocladium sp., Chaetomium sp., and Pen-
icillium sp. are known to play akey role in agriculture by facilitating enhanced seed germination,
rapid plant growth and flowering, improved root system as well as increased crop yields (Bailey
and Lumsden, 1998; Harman and Bjorkman, 1998; Harman and Kubicek, 1998). Although, these
fungi have both direct (probably through growth-promoting diffusable factor) and indirect (by con-
tralling the plant disease and pathogenes) effects on plants (Bailey and Lumsden, 1998; Harman
and Bjorkman, 1998), it isnot yet clear how these fungi facilitate the improved plant performance.
Further research isvital to unravel the full potentia of these micro-organismsin agriculture.

7.3. CBD-based affinity tag for the purification of enzymes, antibodies and
immobilization of fusion proteins

Cellulose-binding domains (CBD) of fungal cellulases, which functions normally when
fused to heterologous proteins, have been successfully used either as an affinity tag for the
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purification of proteins or immobilisation of fusion proteins (Assouline et a., 1993; Green-
wood et a., 1989, 1992; Ong et d., 1989; Tomme et d., 1994). Similarly, using the scaffoldin
CBD of the Clogtridium thermocellum cellulosome, anove affinity column was prepared for the
purification of antibodies. The biotinylated CBD bound to cellulose was attached to biotinylated
protein A via avidin and used successfully for the purification of antibodies (Bayer et al.,
1995). Thus, the CBD has a great potential in biotechnology.

7.4. Expression of heterologous proteins and enzymes

It has been reported that the mutant strains of T. reesei synthesized and secreted cellulases
as high as 40 g per litre of culture medium and approximately 50% of cellulases accounted
for cellobiohydrolase (Durand et al., 1988; Penttila, 1998). This implied that the cellobiohy-
drolase | gene possessed a strong promoter. Using this promotor, a number of heterologous
proteins, enzymes and antibodies have been produced in mg and gram quantities (Penttila,
1998). The promotor of the A. niger galA gene also triggered the synthesis and secretion of
relatively high levels of glucoamylase (Penttila, 1998) and could be used for the production
of heterologous proteins.

Calf chymosin was the first heterologous protein expressed in T. reesei and Aspergillus
(Harkki et a., 1989; Ward et al., 1990). Also, the calf chymosin expressed in Aspergillus,
was the first mammalian protein produced at the commercial level and used in the production
of vegetarian cheese (Dunn-Coleman et al., 1991). The other heterologous proteins expressed
inT. reesal using the cellobiohydrolase | promotor, include: (1) lignin peroxidase and laccase
from Phlebia radiata (Saloheimo et a., 1989; Saloheimo and Niku-Paavola, 1991); (2) glu-
coamylase P from Hormoconis resinae (Joutsjoki et al., 1993); (3) phytase and acid phos-
phatase from Aspergillus niger (Paloheimo et al., 1993); (4) endochitinase from Trichoderma
harzianum (Margolles-Clark et a., 1996); (5) antibody Fab fragments and single chain anti-
bodies from murine (Nyyssonen et al., 1993); and (6) interleukin-6 from mammalian origin
(Demolder et a., 1994). The production of high yields of human lysozyme as afusion protein
of either T. reesai cellobiohydrolase I, A. niger glucoamylase or the bacterial phleomycin re-
sistance protein has been reported (Penttila, 1998). Thus, the cellobiohydrolase | and other
strong promotors have great potential for the production of foreign proteins, and antibodies of
commercial interest. Nonetheless, further research is essential for establishing the suitability
of T. reesei cellobiohydrolase | and other promotors for the production of foreign proteins
and antibodies. Also, the knowledge on protein folding and glycosylation are important while
selecting an organism for the production of a specific protein or an enzyme.

8. Concluding remarks and future prospects

The progress in biotechnology of cellulases and related enzymes is truly remarkable and
attracting worldwide attention. Currently, cellulases, hemicellulases and pectinases are
widely used in food, brewery and wine, animal feed, textile and laundry, paper and pulp in-
dustries aswell asin research and development. Some of these applications prefer one or two
selected components of cellulase, hemicellulase or pectinase, while others require mixtures
of cellulases, hemicellulases and pectinases for maximum benefit. Recent development on
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the biochemistry, genetics and protein, as well as on the structure—function relationships of
cellulases including cellulosomes and related enzymes from bacteria and fungi, has led to
speculation and anticipation of their enormous commercial potential in biotechnology and re-
search. In fact, the potential use of C. thermocellum cellulosome and its subunitsin research,
medicine and biotechnology has been el egantly described by Bayer and co-workers (Bayer et
a., 1994). Also, the non-catalytic domains of cellulase system, such asthe CBD, and the pro-
moters of cellobiohydrolase | from T. reesel and related enzymes will undoubtedly play a
key rolein future biotechnology and research. Hence, to meet the growing demand for cellu-
lases and related enzymes and to realise their full potential in biotechnology and research,
continued multidisciplinary research on basic and applied aspects is vital. These develop-
ments together with improved scientific knowledge are expected to pave the way for are-
markable success in the biotechnology of cellulases and related enzymes in the 21st century.
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