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Microbial cellulases — Production, applications and challenges
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Microbial cellulases find applications in various industries and constitute a major group of the industrial enzymes.
Recently, there is resurgence in utilization of biomass for fuel production employing cellulases and hence forth in obtaining
better yields and novel activities. Improving the economics of such processes will involve cost reduction in cellulase
production which may be achieved by better bioprocesses and genetic improvement of cellulase producers to yield more of
the enzyme. The review discusses the current knowledge on cellulase production by microorganisms and the genetic
controls exercised on it. It discusses the industrial applications of cellulases and the challenges in cellulase research
especially in the direction of improving the process economics of enzyme production.
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Introduction

Cellulose is the most common organic polymer,
representing about 1.5 x 10" tons of the total annual
biomass production through photosynthesis especially
in the tropics, and is considered to be an almost
inexhaustible source of raw material for different
products'. It is the most abundant and renewable
biopolymer on earth and the dominating waste
material from agriculture’. A promising strategy for
efficient utilization of this renewable resource is the
microbial hydrolysis of lignocellulosic waste and
fermentation of the resultant reducing sugars for
production of desired metabolites or biofuel.

Cellulose is a crystalline polymer, an unusual
feature among biopolymers. Cellulose chains in the
crystals are stiffened by inter and intra chain
hydrogen bonds and the adjacent sheets which overlie
one another are held together by weak Van-der Waals
forces. In nature, cellulose is present in a nearly pure
state in a few instances whereas in most cases, the
cellulose fibers are embedded in a matrix of other
structural biopolymers, primarily hemicelluloses and
lignin®*. An important feature of this crystalline array
is the relative impermeability of not only large
molecules like enzymes but in some cases even small
molecules like water. There are crystalline and
amorphous regions, in the polymeric structure and in
addition there exists several types of surface
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irregularities”®. This heterogeneity makes the fibers
capable of swelling when partially hydrated, with the
result that the micro-pores and cavities become
sufficiently large enough to allow penetration of
larger molecules including enzymes. At the molecular
level, cellulose is a linear polymer of glucose
composed of anhydoglucose units coupled to each
other by P-1-4 glycosidic bonds. The number of
glucose units in the cellulose molecules varies and
degree of polymerization ranges from 250 to well
over 10,000 depending on the source and treatment
method’. The nature of cellulosic substrate and its
physical state are important factors in its enzymatic
hydrolysis. Though lignocellulosic biomass is
generally recalcitrant to microbial action, suitable
pretreatments resulting in the disruption of lignin
structure and increase accessibility of enzymes have
been shown to increase the rate of its biodegradation®.

Microbial degradation of lignocellulosic waste and
the downstream products resulting from it is
accomplished by a concerted action of several
enzymes, the most prominent of which are the
cellulases, which are produced by a number of
microorganisms and comprise several different
enzyme classifications. Cellulases hydrolyze cellulose
(B-1,4-D-glucan linkages) and produce as primary
products glucose, cellobiose and cello-
oligosaccharides. There are three major types of
cellulase enzymes [Cellobiohydrolase (CBH or 1,4-
B-D-glucan cellobiohydrolase, EC 3.2.1.91), Endo-B3-
1,4-glucanase (EG or endo-1,4-B-D-glucan 4-
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glucanohydrolase, EC 3.2.14) and B-glucosidase (BG-
EC 3.2.1.21)]°. Enzymes within these classifications
can be separated into individual components, such as
microbial cellulase compositions may consist of one
or more CBH components, one or more EG
components and possibly PB-glucosidases. The
complete cellulase system comprising CBH, EG and
BG components synergistically act to convert
crystalline cellulose to glucose. The exo-
cellobiohydrolases and the endoglucanases act
togetherto hydrolyze cellulose to small cello-
oligosaccharides. The oligosaccharides (mainly
cellobiose) are subsequently hydrolyzed to glucose by

. . 10-11
a major B-glucosidase .

Cellulases are used in the textile industrylz'B, in

detergents'*"®, pulp and paper industry'®, improving
digestibility of animal feeds'’, in food industry'®, and
the enzymes account for a significant share of the
world enzyme market. The growing concerns about
shortage of fossil fuels, the emission of green house
gases and air pollution by incomplete combustion of
fossil fuel has also resulted in an increased focus on
production of bioethanol from lignocellulosics and
especially the possibility to use cellulases and
hemicellulases to perform enzymatic hydrolysis of the
lignocellulosic material'>*°. However, in production
of bioethanol, the costs of the enzymes to be used for
hydrolysis of the raw material need to be reduced and
their efficiency increased in order to make the process
economically feasible®'.

Commercial production of cellulases has been tried
by either solid or submerged culture including batch,
fed batch, and continuous flow processes. Media used
in cellulase fermentations contain cellulose in
different degrees of purity”*®, or as raw
lignocellulosic substrates®®, which is especially true
in the case of solid-state fermentation. Cellulases are
inducible enzymes and the most problematic and
expensive aspect of industrial cellulase production is
providing the appropriate inducer for cellulases.
Cellulase production on a commercial scale is induced
by growing the fungus on solid cellulose or by
culturing the organism in the presence of a
disaccharide inducer such as lactose. However, on an
industrial scale, both methods of induction result in
high costs. Since the enzymes are inducible by
cellulose, it is possible to use cellulose containing
media for production but here again the process is
controlled by the dynamics of induction and
repression. At low concentrations of cellulose,

glucose production may be too slow to meet the
metabolic needs of active cell growth and function.
On the other hand, cellulase synthesis can be halted
by glucose repression when glucose generation is
faster than consumption. Thus, expensive process
control schemes are required to provide slow substrate
addition and monitoring of glucose concentration®’.
Moreover, the slow continuous delivery of substrate
can be difficult to achieve as a result of the solid
nature of the cellulosic materials. The challenges in
cellulase production involve developing suitable
bioprocesses and media for cellulase fermentation,
besides identification of cheaper substrates and
inducers. Genetic modification of the cellulase
producers to improve cellulase activity has gone a
long way to give better producers with high enzyme
titers™ >, but still cellulase production economics
needs further improvement for commercial production
of ethanol from biomass.

Microorganisms producing Cellulases

Cellulolytic microbes are primarily carbohydrate
degraders and are generally unable to use proteins or
lipids as energy sources for growth®. Cellulolytic
microbes notably the bacteria Cellulomonas and
Cytophaga and most fungi can utilize a variety of
other carbohydrates in addition to cellulose®' ™, while
the anaerobic celluloytic species have a restricted
carbohydrate range, limited to cellulose and or its
hydrolytic products®*. The ability to secrete large
amounts of extracellular protein is characteristic of
certain fungi and such strains are most suited for
production of higher levels of extracellular cellulases.
One of the most extensively studied fungi is
Trichoderma reesei, which converts native as well as
derived cellulose to glucose. Most commonly studied
cellulolytic organisms include: Fungal species-
Trichoderma, Humicola, Penicillium, Aspergillus;
Bacteria-Bacilli, Pseudomonads, Cellulomonas; and
Actinomycetes-Streptomyces,  Actinomucor,  and
Streptomyces.

While several fungi can metabolize cellulose as an
energy source, only few strains are capable of
secreting a complex of cellulase enzymes, which
could have practical application in the enzymatic
hydrolysis of cellulose. Besides T. reesei, other fungi
like Humicola, Penicillium and Aspergillus have
the ability to yield high levels of extracellular
cellulases®*. Aerobic bacteria such as Cellulomonas,
Cellovibrio and Cytophaga are capable of cellulose
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Table 1 — Major microorganisms employed in cellulase

production
. Microorganism
Major group Genus Species Ref
Fungi Aspergillus A. niger 40
A. nidulans 43
A. oryzae
(recombinant) a4
Fusarium F. solani 46
F. oxysporum 47
Humicola H. insolens 36
H. grisea 42
Melanocarpus M. albomyces 48
Penicillium P. brasilianum 38
P. occitanis 37
P. decumbans 45
Trichoderma T. reesei 9
T. longibrachiatum 41
T. harzianum 18
Bacteria Acidothermus A. cellulolyticus 52
Bacillus Bacillus sp 49
Bacillus subtilis 50
Clostridium C. acetobutylicum 54
C. thremocellum 55
Pseudomonas P. cellulosa 51
Rhodothermus R. marinus 53
Actinomycetes Cellulomonas C. fimi 58
C.bioazotea 32
C.uda 59
Streptomyces S. drozdowiczii 60
S. sp 61
S. lividans 62
Thermononospora T. fusca 56
T. curvata 57

degradation in pure cultures®. However, the microbes
commercially exploited for cellulase preparations are
mostly limited to 7. reesei, H. insolens, A. niger,
Thermomonospora fusca, Bacillus sp, and a few other
organisms (Table 1).

Cellulase Systems and the Control of Cellulase
Gene Expression

Cellulase systems of microbes can be generally
regarded as complexed®® or non-complexed®®.
Utilization of insoluble cellulose requires the
production of extracellular cellulases by the organism.
The cellulase systems consist of either secreted or cell
associated enzymes belonging to different classes
categorized based on their mode of action and
structural properties®®. The three major type of
cellulase activities recognized are: i)
Endoglucanases/1-4-B-D-glucanohydrolases/EG-(EC
3.2.14); i) Exoglucanases/1-4-B-D-glucan
glucanohydrolases/  Cellobiohydrolase/ CBH-(EC

3.2.1.74); and iii)) P-Glucosidases/BG/BGL/B-
glucoside glucohydrolases-(EC 3.2.1.21). Endoglu-
canases cut at random at internal amorphous sites in
the cellulose polysaccharide chain generating
oligosaccarides and new chain ends. Exogulcanases
act on the reducing and non reducing ends of the
cellulose chains liberating glucose, cellobiose or
cellooligosaccharides as major products. B-
Glucosidases hydrolyze soluble cellodextrins and
cellobiose to glucose.

Non-complexed cellulase systems from aerobic
fungi and bacteria have components of cellulase
system free and mostly secreted. Typical examples
include cellulase system from 7. reesi”"’'. Fungus
produces two exoglucanases-CBHI &CBHII, about
eight endoglucanases-EGI-EGVIII, and seven -
glucosidases-BGI-BGVII”>. Cellulase system of H.
insolens is homologus to 7. reesei and contains at
least seven cellulases™. Aerobic bacteria like
Thermobifida also produce all components of
cellulolytic system including exo and endo glucanases
8. Complexed cellulase systems (Cellulosomes) on the
other hand are native to anaerobic bacteria.
Cellulosomes are protuberances on the cell wall of the
bacteria, which harbor stable enzyme complexes. The
cellulolytic system of Clostridia has been studied in
detail®. In C. thermocellum, the cellulosome consists
of a non catalytic cipA protein” which has different
catalytic modules responsible for exo and endo
glucanase activities. Individual composition of the
cellulosome varies with respect to the organism®.

Cellulases are inducible enzymes and the regulation
of cellulase production is finely controlled by
activation and repression mechanisms. In 7. reesei,
genes are coordinately regulated”®. The production of
cellulolytic enzymes is induced only in presence of
the substrate, and is repressed when easily utilizable
sugars are available. Natural inducers of cellulase
systems have been proposed as early as 19627, and
the disaccharide sophorose is since then considered to
be the most probable inducer of at least the
Trichoderma cellulase system. It is proposed that the
inducer is generated by the trans-glycosylation
activity of basally expressed P-glucosidase’®”’.
Cellobiose, d-cellobiose-1-5 lactone and other
oxidized products of cellulose hydrolysis can also act
as inducers of cellulose®’®”. Lactose is another
known inducer of cellulases and it is utilized in
commercial production of the enzyme owing to
economic considerations. Though the mechanism of
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lactose induction is not fully understood, it is believed
that the intracellular galactose-1-phosphate levels
might control the signaling®>®*'. Glucose repression of
cellulase system overrides its induction’*?, and de-
repression is believed to occur by an induction
mechanism mediated by trans-glycosylation of
glucose™™.

The promoter region of cellulases harbor binding
sites for the CREI catabolite repressor protein as well
as sites for the transcriptional activators including
Activator of Cellulase Expression protein Il (ACE II),
besides CCAAT sequence, which binds general
transcriptional activator complexes designated as
‘HAP’ proteins®. ACEII binds to the promoters of
cbhl in T .reesei, and is believed to control the
expression of cbhl, cbh2, egll, and egl2***". Acel
gene also produces a transcription factor similar to
ACEII and has binding sites in cbhl promoter, but it
acts as a repressor of cellulase gene expression®*.
Glucose repression of cellulase is supposed to be
mediated through carbon catabolite repressor protein
CREI in T.reesei’™'. The promoter regions of cbhl,
cbh2, egl and eg2 genes of T. reesei has CREI
binding sites indicating fine control of these genes by
carbon catabolite repression’’. A detailed review on
the induction and catabolite repression of cellulases’
gives better insight into molecular biology of cellulase
gene regulation.

Bioprocesses for  Cellulase: = Fermentation
Production of Cellulolytic Enzymes

Majority of the reports on microbial production of
cellulases utilizes submerged fermentation technology
(SmF) and the widely studied organism used in
cellulase production is 7. reesei, which has also been
tested mostly in liquid media. However, in nature, the
growth and cellulose utilization of aerobic
microorganisms elaborating cellulases probably
resembles solid substrate fermentation than a liquid
culture. Nevertheless, the advantages of better
monitoring and handling are still associated with the
submerged cultures.

Cellulase production in cultures is growth
associated and is influenced by various factors and
their interactions can affect cellulase productivity™.
Among known inducers of cellulase genes, lactose is
the only economically feasible additive in industrial
fermentation media’>. In 7. reesei, a basal medium
after Mandels & Reese’ has been most frequently
used with or without modifications. Carbon sources in

majority of commercial cellulase fermentations are
cellulosic biomass including straw, spent hulls of
cereals and pulses, rice or wheat bran, bagasse, paper
industry waste and various other lignocellulosic
residues'*?****** Though majority of the processes
are batch processes, there has been attempts to
produce  cellulase in  fed  batch™  or
continuous®'**'*" mode, which supposedly helps to
override the repression caused by accumulation of
reducing sugar. The major technical limitation in
fermentative production of cellulases remains the
increased fermentation times with a low productivity.

Solid-state fermentation (SSF) for production of
cellulases is rapidly gaining interest as a cost effective
technology, not only for production of the enzyme but
also for the bioconversion of lignocellulosic biomass
employing cellulolytic microorganisms ',
Tengerdy'® indicated that there was about a 10-fold
reduction in the production cost in SSF than SmF.
Pandey er al' on SSF for industrial enzyme
production also describes the application of the
technology for cellulase production. Though there are
reports on SSF production of cellulases, the large
scale commercial processes are still using the proven
technology of SmF (Table 2).

Applications of Cellulases

Cellulases were initially investigated several
decades back for the bioconversion of biomass which
gave way to research in the industrial applications of
the enzyme in animal feed, food, textiles and
detergents and in the paper industry'”. With the
shortage of fossil fuels and the arising need to find
alternative source for renewable energy and fuels,
there is a renewal of interest in the bioconversion of
lignocellulosic biomass using cellulases and other
enzymes. In the other fields, however, the
technologies and products using cellulases have
reached the stage where these enzymes have become
indispensable.

Textile Industry

Cellulases have become the third largest group of
enzymes used in the industry since their introduction
only since a decade'”. They are used in the bio-
stoning of denim garments for producing softness and
the faded look of denim garments replacing the use of
pumice stones which were traditionally employed in
the industry'*'*'?® They act on the cellulose fiber to
release the indigo dye used for coloring the fabric,
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Table 2 — Cellulase production —Bioprocesses and organisms employed

Microorganism Substrate Method Magnitude Enzymes - Activity Ref (s)

Aspergillus niger A 20 Cellulose SmF Shake flask Cellobiase -27.5 U/ml 108

A. niger NRRL3 Wheat bran/Corn cob SSF Flask Cellobiase-215 IU/g cellulose 117
CMCase-1.9 U/ml, Cellobiase -

Bacillus pumilus CMCellulose/Glycerol ~ SmF SF 1.2U0.ml 109

Bacillus sp KSM N252  Carboxymethyl cellulose SmF Shake flask CMCase - 0.17 U/mg protein 110

B. subtilis Soybean industry residue SSF Cylindrical bioreactor FPAse -1.08U/mg protein 50
FPAse - 2.8 IU/gds CMCase -

B. subtilis Banana waste SSF Shake flask 9.6 IU/gds Cellobiase - 4.5 IU/gds 118

Chaetomium

thermophilium CT2 Cellulose (sigma cell) SmF Shake flask CMCase -2.7 IU/ml 111
Cellulase -1160 ECU/ml,

Melnocarpus albomyces Solka floc SmF 700L fermentor Endoglucanase -3290 ECU/ml, 48

Mixed culture: T. reesei, Rice chaff/ Wheat bran

A. niger 9:1) SSF Flask FPAse -5.64 IU/g 119

Mucor circinelloidens ~ Lactose SmF Shake flask EGL - 0.25 U/ml 112
FPAse - 1.33 U/ml CMCase -

Neurospora crassa Wheat straw SmF Shake flask 19.7 U/ml BGL - 0.58 U/ml 94

Penicillium decumbans ~ wheatstraw/bran (8:2) SSF SSF bioreactor Fpase -20.4 1U/g 120

SmF-Fed FPAse - 23 IU/ml CMCase -

P. occitanis Paper pulp batch 20L fermentor 21 IU/ml 13
FPAse -0.55U/ml, CMCase -

P. janthinellum Sugar cane bagasee SmF Shake flask 21.5 U/ml, BGL - 2.31 U/ml 97

Phaenerocheate

chrysosporium Cellulose (Avicell) SmF 100L fermentor Cellulase - 29mg/g cellulose 113

Rhodothermus marinus ~ CM cellulose SmF 150L fermentor Endoglucanase-97.7 U/ml 53
CMCase - 148 IU/ml Avicellase-

Steptomyces sp T3-1 Carboxymethyl cellulose SmF 50L fermentor 45 Iu/ml BGL- 137 IU/ml 114

S. drodowiczii Wheat bran SmF Shake flask CMCase - 595 U/L 60
FPAse - 4.4 U/gds CBH -2.8 U/gds

Perforated Drum Endoglucanase - 987 U/gds BGL-

Thermoascus auranticus Wheat straw SSF Bioreactor 48.8 U/gds 121
Cellobiase-11 mU/ml, Avicellase -
0.3 mU/ml,

Thermotoga maritima Xylose SmF Shake flask Beta Glucosidase-30mU/ml 115

SmF-
Trichoderma reesei Xylose /Sorbose Continuous Bioreactor FPAse - 0.69 U/ml/h 100
T. reesei Steam treated willow SmF 22L fermentor FPAse- 108 U/g cellulose 26
Microbubble

T. reesei RUT C30 Cellulose (Avicell) SmF dispersion bioreactor FPAse- 1.8U/ml 116

T. reesei RUT C30 Corrugated cardboard SmF 30L fermentor FPAse- 2.27 U/ml 95

T. reesei ZU 02 Corn cob residue SSF Tray fermentor FPAse - 158 U/gDS 122
Cellulase - 5.48 IU/ml, FPAse -

T. reesei ZU-02 Corn stover residue SmF 30L fermentor 0.25 U/ml 96
FPAse - 0.88 U/ml, CMCase -

T. viridae Sugar cane bagasee SmF Shake flask 33.8 U/ml, BGL - 0.33 U/ml 97

producing the faded look of denim. H. insolens
cellulase is most commonly employed in the
biostoning, though use of acidic cellulase from
Trichoderma along with proteases is found to be
equally good'”” Cellulases are utilized for digesting
off the small fiber ends protruding from the fabric
resulting in a better finish'”'**, cellulases have also
been used in softeninglzg, defibrillationm, and in
processes for providing localized variation in the
color density of fibers'>"",

Laundry and Detergents

Cellulases, in particular EGII and CBH I, are
commonly used in detergents for cleaning textiles.
Several reportszg’m'133 disclose that EG III variants, in
particular from 7. reesei, are suitable for the use in
detergents. T. viride and T. harzianum are also
industrially utilized natural sources of cellulases, as
A. niger”. Cellulase preparations, mainly from
species of Humicola (H. insolens and H. grisea var.
thermoidea) that are active under mild alkaline



SUKUMARAN et al: MICROBIAL CELLULASES—PRODUCTION, APPLICATIONS AND CHALLENGES 837

conditions and at elevated temperatures, are
commonly added in washing powders'”*, and in
detergents'®.

Food and Animal Feed

In food industry, cellulases are used in extraction
and clarification of fruit and vegetable juices,
production of fruit nectars and purees, and in the
extraction of olive oil'®. Glucanases are added to
improve the malting of barley in beer
manufacturing'”®, and in wine industry, better
maceration and color extraction is achieved by use of
exogenous  hemicellulases and  glucanases'®.
Cellulases are also used in carotenoid extraction in the
production of food coloring agents"’. Enzyme
preparations containing hemicellulase and pectinase
in addition to cellulases are used to improve the
nutritive quality of forages'®'*’. Improvements in
feed digestibility and animal performance are reported
with the use of cellulases in feed processing'” '*.
Bedford et al*' describes the feed additive use of
Trichoderma cellulases in improving the feed
conversion ratio and/or increasing the digestibility of
a cereal-based feed.

Pulp and Paper Industry

In the pulp and paper industry, cellulases and
hemicellulases have  been  employed  for
biomechanical pulping for modification of the coarse
mechanical pulp and hand sheet strength
properties'**'*, de-inking of recycled fibers'** and for
improving drainage and runnability of paper mills'*.
Cellulases are employed in the removing of inks,
coating and toners from paper*®'*.  Bio-
characterization of pulp fibers is another application
where microbial cellulases are employed'*.
Cellulases are also used in preparation of easily
biodegradable cardboard'®. The enzyme is employed
in the manufacture of soft paper including paper
towels and sanitary paper "', and preparations
containing cellulases are used to remove adhered
paper' .

Biofuel

Perhaps the most important application currently
being investigated actively is in the utilization of
lignocellulosic wastes for the production of biofuel.
The lignocellulosic residues represent the most
abundant renewable resource available to mankind
but their use is limited only due to lack of cost
effective technologies. A potential application of

cellulase is the conversion of cellulosic materials to
glucose and other fermentable sugars, which in turn
can be, used as microbial substrates for the production
of single cell proteins or a variety of fermentation
products like ethanol. Organisms with cellulase
systems that are capable of converting biomass to
alcohol directly are already reported”*'>. But none
of these systems described are effective alone to yield
a commercially viable process. The strategy employed
currently in  bioethanol = production  from
lignocellulosic residues is a multi-step process
involving pre-treatment of the residue to remove
lignin and hemicellulase fraction, cellulase treatment
at 50°C to hydrolyze the cellulosic residue to generate
fermentable sugars, and finally use of a fermentative
microorganism to produce alcohol from the
hydrolyzed cellulosic material*®. The cellulase
preparation needed for the bio-ethanol plant is
prepared in the premises using same lignocellulosic
residue as substrate, and the organism employed is
almost always 7. ressei. To develop efficient
technologies for biofuel production, significant
research have been directed towards the identification
of efficient cellulase systems and process conditions,
besides studies directed at the biochemical and
genetic improvement of the existing organisms
utilized in the process. The use of pure enzymes in the
conversion of biomass to ethanol or to fermentation
products is currently uneconomical due to the high
cost of commercial cellulases. Effective strategies are
yet to resolve and active research has to be taken up in
this direction. Overall, cellulosic biomass is an
attractive resource that can serve as substrate for the
production of value added metabolites and cellulases
as such.

Apart from these common applications, cellulases
are also employed in formulations for removal of
industrial slime'’, in research for generation of
protoplast'™®, and for generation of antibacterial
chitooligosaccharides, which could be used in food
preservation'”’, immuno-modulation'® and as a potent

antitumor agent'®".

Future Perspectives — The Challenges in Cellulase
Research

Lignocellulose is the potential source of biofuels,
biofertilizers, animal feed and chemicals, besides
being the raw material for paper industry.
Exploitation of this renewable resource needs either
chemical or biological treatment of the material, and
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in the latter context cellulases have gained wide
popularity over the past several decades. Research has
shed light into the mechanisms of microbial cellulase
production and has led to the development of
technologies for production and applications of
cellulose degrading enzymes. However, there is no
single process, which is cost effective, and efficient in
the conversion of the natural lignocellulosic materials
for production of useful metabolites or biofuel. Use of
the current commercial preparations of cellulase for
bioconversion  of  lignocellulosic =~ waste is
economically not feasible.

The major goals for future cellulase research would
be: (1) Reduction in the cost of cellulase production;
and (2) Improving the performance of cellulases to
make them more effective, so that less enzyme is
needed'®. The former task may include such
measures as optimizing growth conditions or
processes, whereas the latter require directed efforts
in protein engineering and microbial genetics to
improve the properties of the enzymes.

Optimization of growth conditions and processes
has been attempted to a large extent in improving
cellulase production. The section on fermentation
production of cellulases describes many of these
works basically dealing with empirical optimization
of process variables to improve productivity. Many of
the current commercial production technologies
utilize submerged fermentation technology and
employ hyper producing mutants'®. In spite of
several efforts directed at generating hyper producers
by directed evolution, the cost of enzymes has
remained high'®. Alternative strategies thought of in
cellulase production include mainly solid substrate
fermentation on lignocellulosic biomass particularly
by using host/substrate specific microorganisms.
There are several reports on such use of filamentous
fungi in production of optimal enzyme complex for
the degradation of host lignocellulose'**'%'*",

Performance of enzyme complexes on ligno-
cellulosic material is best when these complexes are
prepared with the same lignocellulosic material as the
host/substrate in fermentation'®”'*®. Another strategy
is to use mixed culture in the production of enzyme.
Several reports have shown that mixed culture gives
improved production and enzyme complexes with
better hydrolytic activity''>'®'". Thus, SSF may be
considered as a cost effective means for large scale
production of cellulases which probably would be

several fold cheaper compared to the current
commercial preparations.

Cellulases are subject to regulation by various
factors and some of the cis-acting promoter elements
have been characterized’”. Active research in this field
has led to genetic improvement of cellulase
production by various methods including over
expressing cellulases from the cbhl promoter of
T. reesei *"'"""'" and generation of desired variation
in the cellulase production profile of organism'’*'”.
The cbhl and cbh2 promoters of T. reesei have also
been exploited for expression of foreign proteins in
Trichoderma'"'"™. Feedback inhibition of cellulase
biosynthesis by the end products, glucose and
cellobiose, generated by endogenous cellulolytic
activity on the substrate is another major problem
encountered in cellulase production. Cellobiose is an
extremely potent inhibitor of the CBH and EG
biosynthesis. Trichoderma and the other cellulase-
producing microbes make very little B-glucosidase
compared to other cellulolytic enzymes. The low
amount of [-glucosidase results in a shortage of
capacity to hydrolyze the cellobiose to glucose
resulting in a feed back inhibition of enzyme
production and in the case of biomass conversion
applications in the inhibition of cellulases. This issue
has been addressed by various means like addition of
exogenous B-glucosidases to remove the cellobiose'”
and engineering P-glucosidase genes into the
organism so that it is overproduced'”. More and more
research is oriented in genetic manipulations of
cellulase producers for improving productivity. The
developments in process design and medium
formulations have come to an age and the future
definitely requires controlled genetic interventions
into the physiology of cellulase producers to improve
production and thereby make the cellulase production
process more cost effective. The major tasks ahead
include overriding the feedback control by glucose
and development of integrated bioprocesses for the
production of cellulases.

Improvements in cellulase activities or imparting of
desired features to enzymes by protein engineering
are probably other areas where cellulase research has
to advance. Active site modifications can be imparted
through site directed mutagenesis and the mutant
proteins can be used for understanding the
mechanisms of action as well as for altering the
substrate specificities or improving the activities.
There are several reports of developments made in
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this direction. Meinke e al'® has generated a mutant
enzyme with endoglucanase like features and
improved activity by deleting C-terminal loop of
Clostridium fimi CELB. Protein engineering has been
successfully employed to improve the stability of a
Humicola cellulase in presence of detergents'', to
improve the thermostability of an alkaline, mesophilic
endo-1, 4-B-glucanase from alkaliphilic Bacillus sp'*
and for altering pH profile of cellobiohydrolase' and
more recently endoglucanase'® from 7. reesei. Such
modifications affecting the enzyme properties may be
beneficial in improving the overall performance of
cellulases and a better understanding of their mode of
action, which will enable better utilization of enzymes
in biomass conversion. More basic research is needed
to make designer enzymes suited for specific
applications.

Concluding Remarks

The biological aspects of processing of cellulosic
biomass become the crux of future researches
involving cellulases and cellulolytic microorganisms.
The problems which warrants attention is not limited
to cellulase production alone, but a concerted effort in
understanding the basic physiology of cellulolytic
microbes and the utilization of this knowledge
coupled with engineering principles to achieve a
better processing and utilization of this most abundant
natural resource. The aspects open to consideration
include technologies for pre-treatment of cellulosic
materials for a better microbial attack, processes for
cost effective production of cellulases, treatment of
biomass for production of hydrolytic products, which
can then serve as substrates for downstream
fermentative production of valuable metabolites,
organism development by metabolic engineering, and
finally protein engineering to improve the properties
of enzymes to increase their specific activities,
process tolerance and stability.

Acknowledgement

Financial support under CSIR networked project
CMM 0013 from the Council of Scientific and
Industrial Research, New Delhi is gratefully
acknowledged.

References

1 Klemm D, Schmauder H P & Heinze T, in Biopolymers, vol
VI, edited by E Vandamme, S De Beats & A. Steinb_chel
(Wiley-VCH, Weinheim) 2002, 290-292.

10

11

12

13

14

15

16

17

18

19

20

839

Bhat M K & Bhat S, Cellulose degrading enzymes and their
potential industrial applications, Biotechnol Adv, 15 (1997)
583-620.

Marchessault R H & Sundararajan P R, Cellulose, in The
Polysaccharides vol 2, edited by G O Aspinall (Academic
Press, NewYork) 1993, 11-95.

Lynd L R, Wyman C E & Gerngross T U, Biocommodity
engineering, Biotechnol Prog, 15 (1999) 777-793.

Cowling E B, Physical and chemical constraints in the
hydrolysis of cellulose and lignocellulosic materials,
Biotechnol Bioeng Symp, 5 (1975) 163-181.

Fan L T, Lee Y H & Beardmore D H, Mechanism of the
enzymatic hydrolysis of cellulose: Effects of major
structural features of cellulose on enzymatic hydrolysis,
Biotechnol Bioeng, 22 (1980) 177-199.

Klemm D, Heublein B, Fink-habil H P & Bohn A,
Cellulose, chemistry and application, Angew Chem Int Ed.,
44 (2005) 3358-3393.

Lynd L R, Weimer P J, van Zyl W H & Pretorious I S,
Microbial  cellulase utilization: =~ Fundamentals and
biotechnology, Microbiol Mol Biol Rev, 66 (2002) 506-577.
Schulein M, Cellulases of Trichoderma reesei, in Methods
in Enzymology, Vol 160, edited by Wood W A & Abelson J
N (Academic Press, New York) 1988, 234-242.

Bguin P & Aubert J P, The biological degradation of
cellulose, FEMS Microbiol Rev, 13 (1994) 25-58.

Henrissat B, Cellulases and their interaction with cellulose,
in Cellulose, vol 1 (Chapman Hall, London) 1994, 169-196.
Gusakov A V, Berlin A G, Popova N N, Okunev O N &
Sinitsyna A P, A comparative study of different cellulase
preparations in the enzymatic treatment of cotton fabrics,
Appl Biochem Biotechnol, 88 (2000) 119-126.

Belghith H, Ellouz-Chaabouni S & Gargouri A, Biostoning
of denims by Penicillium occitanis, vol 6: Cellulases, J
Biotechnol, 89 (2001) 257-262.

Maurer K H, Development of new cellulases, in Enzymes in
Detergency, edited by Jan H Van Ee et al (Marcel Dekker,
New York) 1997, 175-202.

Kottwitz B & Schambil, F, Cellulase and cellulose containing
detergent, US Pat, 20050020472, 27 January, 2005.

Buchert J, Suurnakki A, Tenkanen M & Viikari L,
Enzymatic characterization of pulps, in, Enzymes for Pulp
and Paper Processing, edited by T W Jeffries, L Viikari,
ACS Symp Ser, 655 (1996) 38-43.

Lewis G E, Hunt C W, Sanchez W K, Treacher R, Pritchard
G T & Feng P. Effect of direct-fed fibrolytic enzymes on
the digestive characteristics of a forage-based diet fed to
beef steers, J Animal Sci, 74 (1996) 3020-3028.

Galante Y M, De Conti A & Monteverdi R, Application of
Trichoderma enzymes in food and feed industries, in
Trichoderma & Gliocladium—Enzymes, Biological Control
and Commercial Applications, vol 2, edited by G F Harman
& C P Kubicek (Taylor & Francis, London) 1998, 327-342.
Himmel M E, Ruth M F & Wyman C E, Cellulase for
commodity products from cellulosic biomass, Curr Opin
Biotech, 10 (1999) 358-364.

Zaldivar J, Nielson J & Olsson L, Fuel ethanol production
from lignocellulose: A challenge for metabolic engineering
and process integration, Appl Microbiol Biotechnol, 56
(2001) 17-34.



840

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

JSCIIND RES VOL. 64 NOVEMBER 2005

Sheehan J & Himmel M, Enzymes, energy and the
environment: A strategic perspective on the US Department
of Energy’s research and development activities for
bioethanol, Biotechnol Prog, 15 (1999) 817-827.

Persson I, Tjerneld F & Hahn-Hagerdahl B, Fungal
cellulolytic enzyme production: A review, Process
Biochem, 26 (1991), 65-74.

Domingues F C, Queiroz J A, Cabral ] M S & Fonseca L P,
The influence of culture conditions on mycelial structure
and cellulase production by Trichoderma reesei RUT C-30.
Enzyme Microbial Technol, 26 (2000) 394-401.
Doppelbauer R, Esterbauer H, Steiner W, Lafferty R &
Steinmuller H, The use of cellulosic wastes for production
of cellulases by Trichoderma reesei, Appl Microbiol
Biotechnol, 26 (1987) 485-494.

Aiello C, Ferrer A & Ledesma A, Effect of alkaline
treatments at various temperatures on cellulase and biomass
production  using  submerged sugarcane  bagasse
fermentation with Trichoderma reesei QM9414, Biores
Technol, 57 (1996) 13-18.

Reczey K, Szengyel Z S, Eklund R & Zacchi G, Cellulase
production by T. reesei, Biores Technol, 57 (1996) 25-30.
Ju L K & Afolabi O A, Wastepaper hydrolysate as soluble
inducing substrate for cellulase production in continuous
culture of Trichoderma reesei, Biotechnol Prog, 15 (1999)
91-97.

Fowler T, EGIII-like cellulase compositions, DNA
encoding such EGIII compositions and methods for
obtaining same, Int Pat WO 2000/014208 Al, 16 March
2000.

Lemos M A, Teixeira, J A, Domingues M R M, Mota M &
Gama F M, The enhancement of cellulolytic activity of
cellobiohydrolase 1 and endoglucanase by addition of
cellulose binding domains derived from Trichoderma
reesei, Enzyme Microb Technol, 32 (2003) 35-40.

Stapleton P C, O’Brien M M, Callaghan J O & Dobson A D
W Molecular cloning of the cellobiose dehydrogenase gene
from Trametes versicolor and expression in Pichia pastoris,
Enzyme Microb Technol, 34 (2004) 55-63.

Poulsen O M & Petersen L. W, Growth of Cellulomonas
sp.ATCC 21399 on different polysaccharides as sole carbon
source induction of extracellular enzymes. App! Microbiol
Biotechnol, 29 (1988) 480-484.

Rajoka M I & Malik K A, Cellulase production by
Cellulomonas biazotea cultured in media containing
different cellulosic substrates, Biores Technol, 59 (1997)
21-27.

Ng T K, & Zeikus J G, Differential metabolism of
cellobiose and glucose by Clostridium thermocellum and
Clostridium  thermohydrosulfuricum, J Bacteriol, 150
(1982) 1391-1399.

Thurston B, Dawson K A & Strobel H J, Cellobiose versus
glucose utilization by the ruminal bacterium Ruminococcus
albus, Appl Environ Microbiol, 59 (1993) 2631-2637.
Hayashida S, Otta K & Mo K, Cellulases of Humicola
insolens and Humicola grisea, in Methods in Enzymology,
vol 160, edited by W A Wood & J N Abelson (Academic
Press, New York) 1988, 323-332.

Schulein M, Enzymatic properties of cellulases from
Humicola insolens, J Biotechnol, 57 (1997) 71-81.

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

Chaabouni S E, Belguith H, Hassairi I, M’'Rad K & Ellouz
R, Optimization of cellulase production by Penicillium
occitanis. Appl Microbiol Biotechnol, 43 (1995) 267-269.
Jgrgensen H, Eriksson T, Borjesson J, Tjerneld F & Olsson
L, Purification and characterization of five cellulases and
one xylanase from Penicillium brasilianum IBT 20888,
Enzyme Microb Technol, 32 (2003) 851-861.

van-Den Broeck H C, De Graaff L H, Visser ] V O &
Albert J J, Fungal cellulases, US Pat. 6306635 (to Gist-
Brocades BV, NL), 23 October 2001.

Ong L G, Abd-Aziz S, Noraini S, Karim M I & Hassan M
A, Enzyme production and profile by Aspergillus niger
during solid substrate fermentation using palm kernel cake
as substrate,. Appl Biochem Biotechnol, 118 (2004) 73-79.
Fowler T, Carkson K A, Michael W, Collier KD & Edmund
L, Cellulase enzymes and systems for their expressions, US
Pat. 5861271 (to Genencor International, Inc, USA), 23
February 1999.

Takashima S, Nakamura A, Masaki H & Uozumi T,
Purification and characterization of cellulases from
Humicola grisea, Biosci. Biotech Biochem, 60 (1996) 77-82.
Kwon K S, Kang H G & Hah Y C, Purification and
characterization of two extracellular b-glucosidases from
Aspergillus nidulans, FEMS Microbiol Lett, 97 (1992) 149-
154.

Takashima S, Iikura H, Nakamura A, Hidaka M, Masaki H
& Uozumi T, Overproduction of recombinant Trichoderma
reesei cellulases by Aspergillus oryzae and their enzymatic
properties, J Biotechnol, 65 (1998) 163-171.

Mo H, Zhang X & Li Z, Control of gas phase for enhanced
cellulase production by Penicillium decumbens in solid-
state culture, Process Biochem, 39 (2004) 1293-1297.
Wood T M, & McCrae S I, Cellulase from Fusarium solani.
Purification and properties of C1 component. Carbohydr
Res, 57 (1977) 117-133.

Ortega J, Production of extracellular cellulolytic enzymes
by Fusarium oxysporum lycopersici. Tex J Sci, 42 (1990)
405-410.

Oinonen A M, Londesborough J, Joutsjoki V, Lantto R &
Vehmaanperd J, Three cellulases from Melanocarpus
albomyces for textile treatment at neutral pH, Enzyme
Microb Technol, 34 (2004) 332-341.

Mawadza C, Hatti-Kaul R, Zvauya R & Mattiasson B,
Purification and characterization of cellulases produced by
two Bacillus strains, J Biotechnol, 83 (2000) 177-187.

Heck J X, Hertz, P F & Ayub M A Z, Cellulase and
xylanase production by isolated amazon bacillus strains
using soybean industrial residue based solid-state
cultivation, Braz J Microbiol, 33 (2002) 213-218.

Yamane K, Suzuki H & Nisizawa K, Purification and
Properties of Extracellular and Cellbound Cellulase
Components of Pseudomonas fluorescens var. cellulosa, J
Biochem, 67 (1970) 19-35.

Tucker M P, Mohagheghi M, Grohmann K & Himmel M E,
Ultra-thermostable cellulases from  Acidothermus
cellulolyticus: Comparison of temperature optima with
previously reported cellulases, Bio/Technology, 7 (1989)
817-820.

Hreggvidsson G O, KaisteE, Holst O, Eggertsson G,
Palsdottir A & Kristjansson A J, An extremely thermostable



54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

SUKUMARAN et al: MICROBIAL CELLULASES—PRODUCTION, APPLICATIONS AND CHALLENGES

cellulase from the thermophilic eubacterium Rhodothermus
marinus. Appl Environ Microbiol, 62 (1996) 3047-3049.
Lépez-Contreras A M, Gabor K, Martens A A, Renckens B
A M, Claassen P A M, van der Oost J] & de Vos W M,
Substrate-Induced Production and Secretion of Cellulases
by Clostridium acetobutylicum App!l Environ Microbiol, 70
(2004) 5238-5243.

Nochure S V, Roberts M F & Demain A, True cellulase
production by Clostridium thermocellum grown on different
carbon sources, Biotech Lett, 15 (1993) 641-646.

Wilson D B, Cellulases of Thermomonospora fusca, in
Methods in Enzymology: Biomass, Part A : Cellulose and
Hemicellulose (Biomass vol 160), edited by J A Abelson et
al (Academic Press, San Diego, CA) 1988, 314-323.

Fennington G, Lupo D, & Stutzenberger F, Enhanced
cellulase production in mutants of Thermonospora curvata,
Biotechnol Bioeng, 24 (1982) 2487-2497.

Shen H, Meinke A, Tomme P, Damude H G & Kwan E,
Cellulomonas  fimi cellobiohydrolases, in Enzymatic
Degradation of Insoluble Carbohydrates, edited by J N
Saddler & M H Penner (Oxford University Press, London)
1996, 174-196.

Nakamura K & Kitamura K, Purification and some
properties of a cellulase active on crystalline cellulose from
Cellulomonas uda, J Ferment Technol, 61 (1983) 379-382.

Grigorevski de-Limaa A L, do-Nascimento R P, da-Silva
Bon E P & Coelho R R, Streptomyces drozdowiczii
cellulase production using agro-industrial by-products and
its potential use in the detergent and textile industries,
Enzyme Microb Technol, 37 (2005) 272-277.

Okeke, B C & Paterson A, Simultaneous production and
induction of cellulolytic and xylanolytic enzymes in a
Streptomyces sp., World J Microbiol Biotechnol, 8 (1992)
483-487.

Theberge M, Lacaze P, Shareck F, Morosoli R & Kluepfel
D, Purification and characterization of an endoglucanase
from Streptomyces lividans 66 and DNA sequence of the
gene, Appl Environ Microbiol, 58 (1992) 815-820.

Shoham Y, Lamed R, & Bayer E A, The cellulosome
concept as an efficient microbial strategy for the
degradation of insoluble polysaccharides, Trends Microbiol,
7 (1999) 275-281.

Schwarz W H, The cellulosome and cellulose degradation
by anaerobic bacteria. Appl Microbiol Biotechnol, 56 (2001)
634-649.

Stutzenberger F, Bacterial cellulases, in Microbial Enzymes
and Biotechnology, 2nd edn, edited by W M Fogarty & C T
Kelly (Elsevier Applied Science, London) 1990, 37-70.
Wood T M, Fungal cellulases, Biochem Soc Trans, 20
(1992) 46-53.

Teeri T T, Crystalline cellulose degradation: New insight
into the function of cellobiohydrolases, Trends Biotechnol,
15 (1997) 160-167.

Henrissat B, Teeri T T & Warren R A J, A scheme for
designating enzymes that hydrolyse the polysaccharides in
the cell walls of plants, FEBS Lett, 425 (1998) 352-354.
Henrissat B & Davies G J, Glycoside hydrolases and
glycosyltransferases: Families, modules, and implications
for genomics, Plant Physiol, 124 (2000) 1515-1519.

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

841

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

Reese E T & Mandels M, Enzymatic degradation, in
Cellulose and Cellulose Derivatives, edited by N M Bikales
& L Segal (Wiley Interscience, New York) 1971, 1079-
1094.

Aro N, Pakula T & Penttild M, Transcriptional regulation of
plant cell wall degradation by filamentous fungi, FEMS
Microbiol Rev, 2005 (in press).

Bayer E A, Morag E & Lamed R, The cellulosome-A
treasure trove for biotechnology. Trends Biotechnol, 12
(1994) 379-386.

Ilmen M, Saloheimo A, Onnela M L & Penttila M E,
Regulation of cellulase gene expression in the filamentous
fungus Trichoderma reesei, Appl Environ Microbiol, 63
(1997) 1298-1306.

Mandels M, Parrish F W & Reese E T, Sophorose as an
inducer of cellulase in Trichoderma reesei, J Bacteriol, 83
(1962) 400-408.

Vaheri M, Leisola M & Kaupinnen M, Transglycosylation
products of cellulase system of Trichoderma reesei,
Biotechnol Lett, 1 (1979) 41-46.

Kubicek C P & Penttila M E, Regulation of production of
plant polysaccharide degrading enzymes by Trichoderma, in
Trichoderma and Gliocladium, vol 2G, edited by E Harman
& C P Kubicek (Taylor & Francis Ltd., London) 1998, 49-
72.

Vaheri M P, Vaheri M E O & Kauppinen V S, Formation
and release of cellulolytic enzymes during growth of
Trichoderma reesei on cellobiose and glycerol, Eur J Appl
Microbiol Biotechnol, 8 (1979) 73-80.

Nogawa M, Goto M, Okada H & Morikawa Y, L-Sorbose
induces cellulase gene trancription in the cellulolytic fungus
Trichoderma reesei, Curr Genet, 38 (2001) 329-334.
Margolles-Clark M, Ilmen M & Penttila M, Expression
patterns of 10 hemicellulase genes from filamentous fungus
Trichoderma reesei on various carbon sources, J
Biotechnol, 57 (1997) 167-179.

Seiboth B, Hartl L, Pail M, Fekete E, Karaffa L. & Kubicek
C P, The galactokinase of Hypocrea jecorina is essential for
cellulase induction by lactose but dispensable for growth on
D-galactose, Mol Microbiol, 51 (2004) 1015-1025.
el-Gogary S, Leite A, Crivellaro O, Eveleigh D E, & el-
Dorry H, Mechanism by which cellulose triggers
cellobiohydrolase I gene expression in Trichoderma reesei,
Proc Natl Acad Sci USA, 86 (1989) 6138-6141.

Sternberg D & Mandels G R, Induction of cellulolytic
enzymes in Trichoderma reesei by sophorose, J Bacteriol,
139 (1979) 761-769.

Fritscher C, Messner R & Kubicek C P, Cellobiose
metabolism and cellobiohydrolase 1 biosynthesis by
Trichoderma reesei, Exp Mycol, 14 (1990), 405-415.
Narendja F M, Davis M A, & Hynes M J, An CF, the
CCAAT binding complex of Aspergillus nidulans, is
essential for the formation of a DNase I-hypersensitive site
in the 50 region of the amdS gene, Mol Cell Biol, 19 (1999)
6523-6531.

Aro N, Saloheimo A, Ilmen M & Penttila M, ACEII, a
novel transcriptional activator involved in regulation of



842

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

JSCIIND RES VOL. 64 NOVEMBER 2005

cellulase and xylanase genes of Trichoderma reesei, J Biol
Chem, 276 (2001) 24309-24314.

Waurleitner E, Pera L, Wacenovsky C, Cziferszky A,
Zeilinger S, Kubicek C P & Mach R L, Transcriptional
regulation of xyn2 in Hypocrea jecorina, Eukaryot Cell, 2
(2003) 150-158.

Saloheimo A, Aro N, Ilmen M & Penttila M, Isolation of
the acel gene encoding a Cys(2)-His(2) transcription factor
involved in regulation of activity of the cellulase promoter
cbhl of Trichoderma reesei, J Biol Chem, 275 (2000) 5817-
5825.

Aro N, Ilmen M, Saloheimo A & Penttila M, ACEI is a
repressor of cellulase and xylanase genes in Trichoderma
reesei, Appl Environ Microbiol, 69 (2002) 56-65.

Strauss J, Mach R L, Zeilinger S, Hartler G, Stoffler G,
Wolschek M & Kubicek C P, Crel, the carbon catabolite
repressor protein from Trichoderma reesei, FEBS Lett, 376
(1995) 103-107.

Ilmen M, Thrane C & Penttila M, The glucose repressor
gene crel of Trichoderma: isolation and expression of a
full-length and a truncated mutant form, Mol Gen Genet,
251 (1996) 451-460.

Suto M & Tomita F, Induction and catabolite repression
mechanisms of cellulase in fungi, J Biosci Bioeng, 92
(2001) 305-311.

Tholudur A, Ramirez W F & McMillan J D, Mathematical
modeling and optimization of cellulase protein production
using Trichoderma reesei RL-P37, Biotechnol Bioeng, 66
(1999) 1-16.

Romero M D, Aguado J, Gonzalez L & Ladero M, Cellulase
production by Neurospora crassa on wheat straw, Enzyme
Microb Technol, 25 (1999) 244-250.

Szijarto N, Faigl Z, Réczey K, Mézesc M & Bersényi A,
Cellulase fermentation on a novel substrate (waste
cardboard) and subsequent utilization of home-produced
cellulase and commercial amylase in a rabbit feeding trial,
Ind Crops Prod, 20 (2004) 49-57

Shen X & Xia L, Production and immobilization of
cellobiase from Aspergillus niger ZU-07, Process Biochem,
39 (2004) 1363-1367.

Adsul M G, Ghule J E, Singh R, Shaikh H, Bastawdea K B,
Gokhale D V & Varma A J, Polysaccharides from bagasse:
applications in cellulase and xylanase production,
Carbohydr Polymers, 57 (2004) 67-72.

Wen Z, Liao W & Chen S, Production of cellulase/b-
glucosidase by the mixed fungi culture Trichoderma reesei
and Aspergillus phoenicis on dairy manure, Process
Biochem, 2005 (in press).

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

Schafner D W & Toledo R T, Cellulase production in
continuous culture by Trichoderma reesei on xylose-based
media, Biotechnol. Bioeng, 39 (1992) 865-869.

Bailey M J & Tahtiharju J, Efficient cellulase production by
Trichoderma reesei in continuous cultivation on lactose
medium with a computer-controlled feeding strategy, Appl
Microbiol Biotechnol, 62 (2003) 156-162.

Pandey A, Recent developments in solid-state fermentation,
Process Biochem, 29 (1992) 109-117.

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

Pandey A, Soccol C R & Mitchell D, New developments in
solid-state fermentation, Process Biochem, 35 (2000) 1135-
1153.

Pandey A, Soccol C A, Rodriguez-Leon J A & Nigam P,
Solid-State Fermentation in Biotechnology: Fundamentals
and Applications (Asiatech Publishers Inc, New Delhi)
2001, 1-221.

Pandey A, Soccol C R, Rodriguez-Leon J A & Nigam P,
Solid-state fermentation (Asiatech Publishers, Inc, New
Delhi) 221.

Pandey A, Francis F, Sabu A & Soccol C R, General
aspects of solid-state fermentation, in Concise Encyclopedia
of Bioresource Technology, edited by A Pandey (Haworth
Press, New York, USA), 2004, 702-708.

Tengerdy R P, Cellulase production by solid substrate
fermentation, J Sci Ind Res, 55 (1996) 313-316.

Pandey A, Selvakumar P, Soccol C R & Nigam P, Solid
state fermentation for the production of industrial enzymes,
Curr Sci, 77 (1999) 149-162.

Abdel-Fattah A F, Osman M Y & Abdel-Naby M A,
Production an immobilizaion of cellobiase from Aspergillus
niger A20, Chem Eng J, 68 (1997) 189-196.

Kotchoni O S, Shonukan O O & Gachomo W E, Bacillus
pumilus BpCRI 6, A promising candidate for cellulase
production under conditions of catabolite repression, Afr J
Biotechnol, 2 (2003) 140-146.

Endo K, Hakamada Y, Takizawa S, Kubota H, Sumitomo
N, Kobayashi T & Ito S, A novel alkaline endoglucanase
from an alkaliphilic Bacillus isolate: Enzymatic properties
and nucleotide and deduced amino acid sequences, Appl
Microbiol Biotechnol, 57 (2001) 109-116.

Li D C, Lu M, Li Y L & Lu J, Purification and
characterization of an endocellulase from the thermophilic
fungus Chaetomium thermophilum CT2, Enzyme Microb
Technol, 33 (2003) 932-937.

Saha B C, Production, purification and properties of
endoglucanase from a newly isolated strain of Mucor
circinelloides, Process Biochem, 39 (2004) 1871-1876.
Szabo 1 J, Johansson G & Pettersson G, Optimized cellulase
production by Phanerochaete chrysosporium: Control of
catabolite repression by fed-batch cultivation, J Biotechnol,
48 (1996) 221-230.

Jang H & Chang K, Thermostable cellulases from
Streptomyces sp.: Scale-up production in a 50-1 fermenter,
Biotechnol Lett., 27 (2005) 239-242.

Bronnenmeier K, Kern A, Liebl W & Staudenbauer W L,
Purification of Thermotoga maritima enzymes for the
degradation of cellulosic materials, Appl Environ Microbiol,
61 (1995) 1399-1407.

Weber J & Agblevor F A, Microbubble fermentation of
Trichoderma reesei for cellulase production, Process
Biochem, 40 (2005) 669-676.

Tsao G T, Xia L, Cao N & Gong C S, Solid-state
fermentation with Aspergillus niger for cellobiase
production, Appl Biochem Biotechnol, 84/86 (2000) 743-
749.

Krishna C, Production of bacterial cellulases by solid state
bioprocessing of banana wastes, Biores Technol, 69 (1999)
231-239.

Yang Y H, Wang B C, Wang Q H, Xiang L J] & Duan CR,
Research on solid-state fermentation on rice chaff with a



121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

SUKUMARAN et al: MICROBIAL CELLULASES—PRODUCTION, APPLICATIONS AND CHALLENGES

microbial consortium, Colloids
Biointerfaces, 34 (2004) 1-6.
Fujian X, Hongzhang C & Zuohu L, Effect of periodically
dynamic changes of air on cellulase production in solid-
state fermentation, Enzyme Microb Technol, 30 (2002) 45-
48.

Kalogeris E, Fountoukides G, Kekos D & Macris B J,
Design of a solid-state bioreactor for thermophilic
microorganisms, Biores Technol, 67 (1999) 313-315.

Xia L & Cen P, Cellulase production by solid state
fermentation on lignocellulosic waste from the xylose
industry, Process Biochem, 34 (1999) 909-912.

Bhat M K, Cellulases and related enzymes in
biotechnology, Biotechnol Adv, 18 (2000) 355-383.

Olson L A, Treatment of denim with cellulase to produce a
stone washed appearance, US Pat. 4912056 (to Ecolab Inc,
USA), 27 March 1990.

Olson L A & Stanley P M, Cellulase compositions and
methods that introduce variations in color density into
cellulosic fabrics, particularly indigo dyed denim, US Pat
5006126 (to Ecolab Inc, USA) 9 April 1991.

Cortez J M, Ellis J & Bishop D P, Cellulase finishing of
woven, cotton fabrics in jet and winch machines, J
Biotechnol, 89 (2001) 239-245.

Galante Y M, De Conti A & Monteverdi R. Application of
Trichoderma enzymes in textile industry, in Trichoderma &
Gliocladium-Enzymes, Biological Control and Commercial
Applications, vol 2, edited by G F Harman & C P Kubicek
(Taylor & Francis, London) 1998, 311-326.

Videb.ae butted.k T, Andersen L D, Process for defuzzing
and depilling cellulosic fabrics, US Pat 6051414 (to Novo
Nordisk A/S, Denmark) 18 April 2000.

Kvietok L L, Trinh T & Hollingshead J A, Cellulase fabric-
conditioning compositions, US Pat 5445747 (to The Procter
& Gamble Company, Cincinnati, USA) 29 August 1995.
Galante Y M & Formantici C, Enzyme Applications in
detergency and in manufacturing industries, Curr Org
Chem, 7 (2003) 1399-1422.

Nielsen J B, A process for producing localized variation in
the colour density of fabrics, Int Pat WO 94/19528 (to Novo
Nordisk, Denmark) 1 September 1994.

Clarkson K A, Weiss G L & Larenas E A, Detergent
compositions containing substantially pure EGIII Cellulase,
Eur Pat EP 0 586 375 BI (to Genencore International Inc,
USA) 15 March 2000.

Mitchinson C & Wendt D J, Variant EGIII-like cellulase
compositions, US Pat 6268328 (to Genencore International
Inc) 31 July 2001.

Uhlig H, Industrial Enzymes and their Applications (John
Wiley & Sons, Inc, New York) 1998, 435.

Barbesgaard P O, Jensen G W & Holm P, Detergent
cellulase, US Pat 4435307 (to Novo Nordisk, Denmark) 6
March 1984.

Pajunen E, Optimal use of B-glucanases in wort production.
in EBC-Symposium on Wort Production, Monograph XI
(Maffliers, France) 1986, 137-48.

Cinar I, Effects of cellulase and pectinase concentrations on
the colour yield of enzyme extracted plant carotenoids,
Process Biochem, 40 (2005) 945-949.

Graham H & Balnave D, Dietary enzymes for increasing
energy availability, in: Biotechnology in Animal Feeds and

and  Surfaces B:

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

843

Animal Feedings, edited by R ] Wallace & A Chesson
(Weinheim, Germany, VHC) 1995, 296-309.

Kung L Jr, Kreck E M, Tung R S, Hession A O, Sheperd A
C, Cohen M A, Swain H E & Leedle J A Z, Effects of a live
yeast culture and enzymes on in vitro ruminal fermentation
and milk production of dairy cows, J Dairy Sci, 80 (1997)
2045-2051.

Beauchemin K A, Rode L M & Sewalt V J H, Fibrolytic
enzymes increase fiber digestibility and growth rate of
steers fed dry forages, Can J Anim Sci, 75 (1995) 641-644.
Bedford M R, Morgan A J, Fowler T, Clarkson K A, Ward
M A Collier K D & Larenas E A, Enzyme feed additive and
animal feed including it, US Pat 6562340 (to Genencore
International Inc, USA), 13 May 2003.

Akhtar M, Biochemical pulping of aspen wood chips with
three strains of  Ceriporiopsis  subvermispora,
Holzforschung, 48 (1994) 199-202.

Pere J, Siika-Aho M, Buchert J & Viikari L, Effects of
purified T. reesei cellulases on the fibre properties of kraft
pulp, Tappi J, 78 (1995) 71-78.

Prasad D Y, Heitmann J A & Joyce T W, Enzyme de-inking
of black and white letterpress printed newsprint waste, Prog
Paper Recycl, 1 (1992) 21-30.

Pere J, Paavilainen L, Siika-Aho M, Cheng Z & Viikari L,
Potential use of enzymes in drainage control of nonwood
pulps, in Proc 3rd Int Non-wood Fibre Pulping and Paper
Making Conf, vol 2 (Beijing, China) 1996, 421-430.

Franks N E, Bazewicz S E & Holm, H C, Use of
monocomponent cellulase for removing inks, coatings, and
toners from printed paper, US Pat 5525193 (to Novo
Nordisk A/S, Denmark) 11 June 1996.

Yang J L, Ma J, Pierce J M & Eriksson K E L, Composition
for enzymatic deinking of waste paper, US Pat 6767728 (to
University of Georgia Research Foundation, Inc. Athens,
USA) 27 July 2004.

Buchert J, Oksanen T, Pere J, Siika-aho M, Suurnakki A &
Viikari L, Applications of Trichoderma reesei enzymes in
the pulp and paper industry, in Trichoderma &
Gliocladium—Enzymes, Biological Control and Commercial
Applications, vol 2, edited by G F Harman & C P Kubicek
(Taylor & Francis, London) 1998, 343-363.
Salkinoja-Salonen M, Method for manufacturing paper or
cardboard and product containing cellulase, US Pat 4980023
(to Enso-Gutzeit Oy, Helsinki, FI) 25 December 1990.

Hsu J C & Lakhani N N, Method of making absorbent
tissue from recycled waste paper, US Pat. 6413363 (to
Kimberly-Clark Worldwide, Inc, Wisconsin, USA) 2 July
2002.

Sharyo M, Sakaguchi H, Ohishi M, Takahashi M, Kida K,
Tamagawa H, Schulein M & Franks N, Method of making
sanitary paper from chemical pulp using a single component
cellulase that does not contain cellulose-building domain, US
Pat 6468391 (to Novozymes A/S, Denmark) 22 October 2002.
Martin J W, Method of removing paper adhered to a
surface, US Pat 4092175 (William Zinnsser & Co, Inc.,
USA) 30 May 1978.

Deshpande V S, Keskar C, Mishra & Rao M, Direct
conversion of cellulose/hemicellulose to ethanol by
Neurospora crassa, Enzyme Microb Technol, 8 (1986) 149-
152.



844

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

JSCIIND RES VOL. 64 NOVEMBER 2005

Kundu S, Ghose T K & Mukhopadhyay S N, Bioconversion of
cellulose into ethanol by Clostridium thermocellum - Product
inhibition, Biotechnol Bioeng, 25 (1983) 1109-1126.

Sudha Rani K, Swamy M V & Seenayya G, Increased
ethanol production by metabolic modulation of cellulose
fermentation in Clostridium thermocellum, Biotech Lett, 8
(1997) 819-823.

van Zessen E, Weismannn M, Bakker R R, Elberson H W,
Reith J H & den Uil H Lignicellulosic Ethanol — A second
opinion.-Report 2 “GAVE” 03.11 , Netherlands Agency for
energy and environment, Catharijnesingel, 59, Netherlands,
2003, http://www.novem.nl/default.asp?menuld=10&docum
entld=34649.

Wiatr C L, Application of cellulase to control industrial
slime, US Pat 4936994 (to Nalco Chemical Company,
Illinois, USA) 26 June 1990.

Liu W & Zhu W M, Production and regeneration of
Trichosporon cutaneum protoplasts, Process Biochem, 35
(2000) 659-664.

Tsai G J, Wu Z Y & Su W H, Antibacterial activity of a
chitooligosaccharide mixture prepared by cellulase
digestion of shrimp chitosan and its application to milk
preservation, J Food Prot, 63 (2000) 747-752.

Wu G J & Tsai G J, Cellulase degradation of shrimp
chitosan for the preparation of a water-soluble hydrolysate
with immunoactivity, Fisheries Sci, 70 (2004) 1113.

Qin C, Zhou B, Zeng L, Zhang Z, Liu Y, Du Y & Xiao L,
The physicochemical properties and antitumor activity of
cellulase-treated chitosan, Food Chem, 84 (2004) 107-115.
NREL research review, 2003, http://www.nrel.gov/
research_review/archive_2003.html.

Philippidis G, Cellulase production technology. Evaluation
of current status, in Engymatic Conversion of Biomass for
Fuels Production, ACS Symp Ser 566, edited by M E
Himmel et al (American Chemical Society, Washington,
DC) 1994, 188-217.

Tengerdy R P & Szakacs G, Bioconversion of
lignocellulose in solid substrate fermentation, Biochem Eng
J, 13 (2003) 169-179.

Awafo V A, Chahal D S, Simpson B K, & Le G B B,
Production of cellulase systems by selected mutants of
Trichoderma reesei in solid-state fermentation and their
hydrolytic potential, Appl Biochem Biotechnol, 57/58
(1996) 461-470.

Chahal P S, Chahal D S & Le G B B, Production of
cellulase in solid-state fermentation with Trichoderma
reesei MCG 80 on wheat straw, Appl Biochem Biotechnol,
57/58 (1996) 433-442.

Szakacs G & Tengerdy R P, Production of cellulase and
xylanase with selected filamentous fungi by solid substrate
fermentation, in Enzymes for Pulp and Paper Processing, ACS
Symp Ser 655, edited by T W Jeffries & T Viikari (American
Chemical Society, Washington DC) 1996, 175-182.

Szakacs G, Urbanszki K & Tengerdy R P, Solid-state
enzymes for fiber hydrolysis, in: Glycosyl Hydrolases for
Biomass Conversion, ACS Symp Ser 769, edited by M E
Himmel er al (American Chemical Society, Washington
DC) 2001, 190-203.

Duenas R, Tengerdy R P & Gutierrez-Correa M, Cellulase
production by mixed fungal solid substrate fermentation of
sugar cane bagasse, World J Microbiol Biotechnol, 11 (1995)

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

333-337.

Gutierrez-Correa M, Tengerdy R P, Production of cellulase
on sugar cane bagasse by fungal mixed culture solid
substrate fermentation, Biotechnol Lett, 19 (1997) 665-667.
Durand H, Baronm M, Calmels T & Tiraby G, Classical and
molecular genetics applied to Trichoderma reesei for the
selection of improved cellulolytic industrial strains, FEMS
Symp, 43 (1988) 135-152.

Outtrup H, Dambmann C, Olsen A A, Bisg.ang.rd-Frantzen
H, Schulein M, Jorgensen P L & Bjoernvad M E, DNA
constructs and methods of producing cellulolytic enzymes,
US Pat. 5922586 (To Novo Nordisk, Denmark) 1999.
Oinonen M A, Paloheimo M, Lantto R & Suominen P,
Enhanced production of cellobiohydrolases in Trichoderma
reesei and evaluation of the new preparations in
biofinishing of cotton, J Biotechnol, 116 (2005) 305-317.
Harkki A, Mantyla A, Penttila M, Muttilainen S, Buhler R,
Suominen P, Knowles J & Nevalainen H, Genetic engineering
of Trichoderma to produce strains with novel cellulase profiles.
Enzyme Microb Technol, 13 (1991) 227-233.

White T & Hindle C, Genetic constructs and genetically
modified microbes for enhanced production of beta-
glucosidase, US Pat 6015703 (to logen Corporation,
Ottawa, CA) 18 January 2000.

Keranen S & Penttila M, Production of recombinant
proteins in the filamentous fungus Trichoderma reesei, Curr
Opin Biotechnol, 5 (1995) 534-537.

Ilmen M, Onnela M L & Penttila M, Promoters and uses
thereof, US Pat 6001595 (to Rohm Enzyme GmbH,
Darmstadt, DE) 14 December 1999.

Pakula T, Saloheimo M, Uusitalo J, Huuskonen A, Watson A,
Jeenes D, Archer D & Penttila M, Method for production of
secreted proteins in fungi US Pat 20040115790, 17 June 2004.
Stockton B C, Mitchell D J, Grohmann K & Himmel M E,
Optimum beta-D-Glucosidase supplementation of cellulase
for efficient conversion of Cellulose to Glucose, Biotech
Lett, 13 (1991) 57-62.

Meinke A, Damude H G, Tomme P, Kwan E, Kilburn D G,
Miller R C Jr, Warren A J & Gilkes N R, Enhancement of
the Endo-beta-1,4-glucanase activity of an
exocellobiohydrolase by deletion of a surface loop J Biol
Chem, 270 (1995) 4383-4386.

Otzen D E, Christiansen L & Schiilein M, A comparative
study of the unfolding of endoglucanase cel 45 from H.
insolens in denaturant and surfactant, Protein Sci, 8 (1999)
1878-1887.

Ozawa T, Hakamada Y, Hatada Y, Kobayashi T, Shirai T & Ito
S, Thermostabilization by replacement of specific residues with
lysine in a Bacillus alkaline cellulase: Building a structural
model and implications of newly formed double intrahelical salt
bridges, Protein Eng, 14 (2001) 501-504.

Becker D, Braet C, Brumer H 3rd, Claeyssens M, Divne C,
Fagerstrom B R, Harris M er al, Engineering of a
glycosidase Family 7 cellobiohydrolase to more alkaline pH
optimum: The pH behaviour of Trichoderma reesei CelTA
and its E223S/ A224H/1225V/T226A/D262G mutant.
Biochem J, 356 (2001) 19-30.

Wang T, Liu X, Yu Q, Zhang X, Qu Y, Gao P & Wang T,
Directed evolution for engineering pH profile of
endoglucanase III from Trichoderma reesei, Biomol Eng, 22
(2005) 89-94.



