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ABSTRACT

Cellulose is one of most abundant natural biopolymer found on earth. It is a natural plant biomass made up of D-glucose units linked together
by B-1, 4 bonds. Cellulase is an enzyme, which is used for the degradation of cellulosic and lignocellulosic residues into its monomeric units.
Different type of cellulase enzymes causes the breakdown of cellulose rich substrates into useful byproducts in a systematic manner. It can be
produced by various microbes (anaerobes and aerobes), plants and animals. So, cellulase can be modified for the effective conversion of
easily available agrowastes biomass into fermentable sugar, fuels and other products. This demands an appropriate methodology for
producing high enzyme titre at low cost and in eco-friendly manner. Cellulase has been a source of attraction due its huge requirements in
industries, having very high commercial value and high growth rate. In this review, we will study the types, mechanism and production of
cellulase enzyme using solid state (SSF) and submerged (SmF) fermentation along with their various industrial applications such as textile,
food, animal feed and paper (pulp) industries. So, this review is a systematic presentation of cellulose, cellulase enzymes and their
mechanism of action, types of production (SSF and SmF) as well as applications.
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1 INTRODUCTION

Cellulose is the most abundant bioresource found in biosphere. It is the primary product of photosynthesis present in the cell wall of terrestrial plants. The
source of the cellulose in plants is found as microfibrils (2-20 nm in diameter and 100-40, 000 nm long) [1]. Annually, plants produce 4x10° tons
cellulase. It is one of the most important source of carbon on earth and its biosynthesis occurs at a rate of 0.85x 10" tons per annum by both land plants
and marine [2]. Cellulase is an important class of enzyme that catalyzes the hydrolysis of a single substrate. It degrades insoluble cellulose to soluble
sugars. Cellulase is a polysaccharide linked with -1, 4-glucosidic bond. It is composed of three enzymes: 1, 4 — B-glucanase and B-glucosidase (3-D-
glucoside glycohydrolase or cellobiase). Exoglucanase cleaves at the non reducing end of cellulose chain; splits the elementary fibres from crystalline
cellulose and B-1, 4-glucosidase hydrolyze cellobiose and cellodextrins (water soluble) to glucose [3].

A large number of microbial enzymes can be produced by fermentation technique. Cellulase plays an important role in producing fermentable sugar from
lignocellulosic biomass. It is low-cost, sustainable feedstock for the production of biochemical as it is rich in cellulose content. It comprises of
hemicellulose (20-30%), cellulose (30 — 40%), and lignin (20-30%) [4]. The hydrolysis of lignocellulosic material to monosaccharides is a major problem.
Therefore, hydrolysis makes it repulsive due to its high cost (Putro et al., 2016). The potential source of enzyme that help in the degradation are wood
consuming microbes such as wood borers, termites, beetles etc. as well as cellulolytic fungi, bacteria, actinomycetes and protozoa [5]. Cellulase is
extracted from the gut of microorganism like termites (Isopteran) and bookworm (Lepidoptera) thriving on cellulosic biomass as major feed. The
microbial species (termites) plays an important role in the recycling of photosynthetically fixed carbon. Fungi (anaerobic cellulolytic) and bacteria (may
be aerobic, anaerobic, thermophilic and mesophilic) are the major source in the production of cellulases [6]. A few species of genera Aspergillus,
Penicillium and Trichoderma are used to obtain lignocellulosic biomass. Some bacteria which have high growth rate as compared to fungi have good
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potential to be used in the production of cellulase are Cellulomonas, Cellvibrio, Pseudomonas sp., Bacillus and Micrococcus [7]. The dairy animals like
cow and sheep to produce cellulases have been documented [8]. The yield of enzyme depends on some physiological factors like size of inoculum,
temperature, substrate, incubation period, pH [7].

Enzymes are utilized in various industrial processes. Cellulase has created a huge demand as it is broadly applicable in recent years. The development of
scientific research on enzyme is mainly based on biotechnology, molecular biology and genetics. Cellulase is mostly used in industrial as well as academic
research, as it is easily available [9]. Scientists have shown their keen interest in the research on cellulase due to its high commercial value and importance
in various industries [10]. Basic studies have been applied on cellulytic enzyme to demonstrate their biotechnological potential in different industries like
food processing, animal feed production, brewery, pulp and paper, and in detergent, textile industries, biorefining, biocoversion of agriculture wastes into
sugar and ethanol. As cellulase is used in several industries, its development in biotechnology is yielding new applications for enzyme [11]. It is useful in
the production of single cell protein to replace livestock protein using microorganisms obtained from agriculture waste i.e. wheat straw [12]. The
production of ethanol from various lignocellulosic materials is one of new technique to produce renewable source of fuel [13]. The potent industrial
applications of cellulase enzyme have been critically reviewed. Cellulase is applicable in textile industry for bio polishing as well as laundry as household
detergent for improvement of softness and brightness of fabrics [14]. However, the most important use of cellulase is in the bioconversion of plant based
cellulosic and lignocellulosic waste as a unique source of renewable fuel [1]. Due to the high demand of cellulase enzyme as it is specific in rapid growth,
more stable and highly active will be most storing technology of future. The research for the advancement is desired to achieve improve techno economic
appreciable.

2 TYPES AND MODE OF ACTION

Cellulase is composed of three type of enzyme system based on their mode of action [15].

A. Endoglucanase

Endoglucanase is also called 1, 4-B-D-glucan Glucanohydrolase or Carboxymethyl cellulase (EC. 3.2.1.4).It cuts at internal amorphous sites and gives rise
to different length of oligosaccharide.

B. Excoglucanase 1, 4-8-D-Glucan Cellobiohydrolases (Cellodextrinases) (EC. 3.2.1.9.1)

Exoglucanase acts possessively on the exposed ends of cellulose polysaccharides chains, resulting either glucose or cellobiase as major product.

C .Excoglucanase 1, 4-g-D-Oligoglucan Cellobiohydrolases (Cellodextrinases) (EC. 3.2.1.74)

It is another form of exoglucanase, which acts on the reducing end of cellulose polysaccharide to produce various disaccharides units.

D. B-Glucosidases or -D-Glucoside Glucohydrolases (EC. 3.2.1.21)

It cleaves at the end of non reducing polysaccharide and hydrolyzes soluble cellodextrins and cellobiose.

3 MICROBES USED FOR PRODUCING CELLULASE

Cellulases are commonly produced by different microbial strains of species including aerobic and anaerobic strains of fungi and bacteria. These strains
show higher cellulolytic activity [3]. Cellulases are mostly present as extracellular aggregated structures attached to cells. It can be produced either by cell
bound or extracellular [16]. Some microorganism such as Bacillus, Clostridium, Cellulomonas, Ruminococcus, Streptomyces spp. and Bacillus spp. create
differing scope of cellulases remain steady under outrageous condition. Bacillus species such as B. agardherans and B. circulans have been reported to
produce cellulose [17], [18]. Bacillus amyoliquefacuens [19], Bacillus thuringiensis [20], Paenibacillus spp. and Aeromons spp. are also documented in
literature [21]. Several species of fungi like Penicillium funicolosum, Aspergillus niger, Penicillium pinosphilum, Penicillium sp. CR-316, Trichoderma
reesei. The species of Trichoderma were reported as Fusarium oxysporum, Humicola sp., Glyeophyllum trabeum, Malenocarpus sp. and Ascomycota. The
organisms such as protists, nematodes, molluscs, crustaceans and insects are also mentioned [22]. The sources of microbial species which are potent to
produce cellulase are listed in Table.1.

Table. 1. Sources of some microorganism producing cellulase.

Sr. No. Various Bacterial Species Sources Various Fungal Species Sources

Aerobes (free, non-complexed cellulases) Mesophilic fungi

Mesophilic bacteria

Bacillus brevis? Termite gut Aspergillus nidulans, A. niger, Soil, wood rot
A. oryzae
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B. thuringiensis® Caterpillar gut
Bacillus cereus®, B. subtilis?® Soil, rumen Agaricus bisporus Compost
Cellulomonas fimi® Soil Coprinus truncorum Soil, compost
Cellvibrio japonicas Soil Geotrichum candidum Soil, compost
Cytophaga hutchinsonii Soil, compost Penicillium chrysogenum Soil, wood rot
Paenibacillus polymyxa Compost Phanerochaete chrysosporium Compost
Pseudomonas fluorescens Soail, sludge Rhizopus oryzae Soil, dead organic matter
Pseudomonas putida Soail, sludge Trichocladium canadense Soil
Saccharophagus degradans Rotting marsh Trichoderma reesei Soil, rotting canvas
grass
Sorangium cellulosum Soil Trichoderma longibrachiatum Soil
Thermophilic bacteria Thermophilic fungi
Acidothermus cellulolyticus Hot spring Chaetomium thermophilum Soil
Thermobifida fusca Compost Corynascus thermophilus Mush compost
Paecilomyces thermophile Soil, compost
Thielavia terrestris Soil
3. Anaerobes (complexed or free, non complex
cellulases)
Mesophilic bacteria Mesophilic fungi
Acetivibrio cellulolyticus Sewage Neocallimastix patriciarum Rumen
Bacteroides cellulosolvens Sewage Orpinomyces joyonii Rumen
Clostridium cellulolyticum Compost Orpinomyces PC-2 Rumen
Clostridium cellulovorans Wood fermenter Piromyces equi Rumen
Clostridium josui Compost Piromyces E2 Feces
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Clostridium papyrosolvens Mud (freshwater)
Clostridium phytofermentans Soil
Fibrobacter succinogenes Rumen
Prevotella ruminicola Rumen
Ruminococcus albus Rumen
Ruminococcus flavefaciens Rumen
4. Thermophilic bacteria
Caldicellulosiruptor Saccharolyticus Hot spring
Clostridium thermocellum Sewage, soil,
manure
Clostridium stercorarium Compost
Thermotoga maritima Mud (marine)
Rhodothermus marinus Hot spring
Anaerocellum thermophilum Hot spring

4 PRODUCTION OF CELLULASE

Fermentation technology is widely used in the production of enzymes. The production is considered as cost representative step [22]. It is done by two
fermentation techniques: Solid State Fermentation and Submerged Fermentation. The substrate used in the process should be cost effective and highly
productive such as wheat, bran straw, rice, bran, green gram, husk etc. [23].

1. Solid State Fermentation (SSF)

This process requires solid substrate (i.e. nutrient rich waste) which can be easily available and recycle for the growth of microorganisms [23]. This
technique is more efficient as it has (i) lower consumption of energy and water; (ii) highly concentrated product; (iii) reduced waste stream [24]. It lacks
foam build up and reported to be most appropriate process in enzyme production [25]. Bacillus sp. NZ, Clostridium thermocellum, B. cereus and B.
licheniformis are produced by SSF [22].

2. Submerged Fermentation (SmF)

This process utilizes liquid nutrient rich substrates like molasses and broth for the growth of microorganisms [26]. It is mainly used for purification of
enzyme due to higher production rate as well as protein rate. Some microorganisms produced by SmF are Aspergillus flavus [27], Aspergillus niger [28],
Bacillus amyloliquefaciens UNPDV-22 [29], Bacillus sp. SMIA [30], Brucella, and B. licheniformis RT-17 [31].
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5 MECHANISM OF CELLULOSE HYDROLYSIS

Cellulolytic microorganisms play an important role in the hydrolysis of lignocellulosic polymer materials. Cellulase enzyme breaks down cellulose into
monosaccharides using three major enzymes: Endoglucanase, exoglucanase and B-glucosidase. Endoglucanase randomly cleaves at internal site of
cellulose to yield oligosaccharides of different lengths while on the other hand, exoglucanase attacks on the reducing and non-reducing ends of cellulose to
liberate glucose, cellobiose and cellooligosaccharides hydrolyzed by B-glucosidases [32]. The efficient hydrolysis requires presence of 3-glucosidases as it
is inactive against amorphous and crystalline cellulose. The end products of endoglucanase and cellobiohydrolases are cellodextrans and cellobiose
respectively which inhibit the enzyme activity [33]. The mechanism of hydrolysis is shown in Fig. 1.

HO HO

pa  Of
(6!
nd |

7 o Ho HO HO
HO / ) ) O 0,
\ / OH OH OH
) £ 3 )
( Endocellulase ‘ A ¢
. | 2 OH OH o1l

O

O

0 Cellulose

l Exocellulase

Celluose (crystal)

HO

. . HO
O Cellobiase

OH (B=glucosidase)
H OH —

-~
o

OH

OH

Glucose : X
Cellobiose or Cellotetrose

Fig. 1. Mechanism of action of cellulase enzyme

6 OPTIMIZATION OF PHYSIOLOGICAL FACTORS

Cellulase activity is enhanced by various physiological factors like pH, temperature, substrate, carbon source, and nitrogen source and incubation period.
These should be optimized over a wide range [34].

A. Effect of pH and temperature

The pH and temperature play a key role in the enzyme production. Their optimization has to be done as it affects the production of enzyme directly. The
cellulase activity has been recorded at pH value 5.0 at temperature 30°C for Penicillium and pH value 4 at temperature 30°C for Aspergillus tubingensis
KY615746 [22].

B. Effect of carbon source

The carbon sources such as starch, glucose, maltose, lactose and fructose has been used to replace glucose (original carbon source). Glucose has been
documented as the highest cellulase production. It has been found to be significant source for production of cellulase enzyme. Ishihara et al. studied the
utility of source and found sucrose, glucose and mannitol as suitable source for optimum levels of cellulase production [35].

C. Effect of nitrogen

The nitrogen source are yeast extract, peptone, urea and ammonium sulphate, ammonium chloride. The extracellular cellulase production has shown
sensitivity towards nitrogen sources [36]. Mandrels et al. observed the effect of nitrogen in the growth medium. Among nitrogen sources ammonium
sulphate has been recorded as good nitrogen source. The maximum activity of cellulase has been obtained on yeast extract and combination of peptone
and ammonium molybdate [34].

D. Effect of incubation period

The time taken by microorganism to synthesize enzyme by using medium nutrients is termed as incubation period. It depends on the type of fermentation
technique and microorganism used. As SSF take longer time in comparison with SmF. Therefore, bacteria requires less time than fungi for cultivation.
Ahmed et al. has been reported 192 hrs and 168 h suitable for fermentation using Myceliophthora heterothalika containing wheat bran and sugarcane [22].
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7 APPLICATIONS OF CELLULASE

Cellulase is widely used in various industries such as food, animal feed, agriculture and biofuel, textile and laundary. These are discussed below.

1. Food processing industry

Cellulase plays an important role in food industry. It is used to improve nutritive quality of fermented food items and in production of low calorie food
ingredient oligosaccharides. It is utilized in the production of food colouring agent as carotenoid which is a group of colouring substance responsible for
many plant colours from red to yellow [33]. Macerating enzyme consists of cellulases with pectinase and hemicellulase are used to improve the cloud
stability and texture of nectar and purees [37]. Cellulase and pectinase are used to disrupt the cell wall of potato, carrot and orange peel and release
carotenoid [38]. It is also used to release antioxidants from fruit and vegetable pomace and helps in controlling atherosclerosis, cronry heart disease and
reduce food spoilage. [39].

2. Animal feed industry

The animal feed industry is an important sector of agribusiness comprising poultry, pigs, ruminants, pet foods and fish farming. Cellulase is utilized to
improve feed, body weight and feed gain by ruminants [1]. Cellulase degrades certain cereal component and upgrades the nutritional value of feed. The
dietary fibres present in feed consist of non — starch polysaccharides such as arabinoxylans, cellulose, other plant component including chitin, B-glucan,
waxes, lignin, and oligosaccharides like proteases, amylases and glucanases [40]. In the feed of monogastric animals, -glucans which helps in decreasing
intestinal viscosity and release nutrients from plants (grains), enhance the digestion and absorption of feed and weight gain by chickens and boilers.
Cellulase in addition with proteases is significant to improve the quality of pork meat [41].

3. Textile and laundry industry

Cellulase is the third largest group of enzymes used in textile and laundry. It is used to improve the fabric quality by biostoning of denim garments,
biopolishing of non-denim fabrics, defibrillation and biofinishing [42]. In biostoning process, cellulases act on cotton fabric and break down small fibre
ends results in loosening the dye after washing [38]. This process includes the fibre damage, less work intensive. It increases productivity of machine [32].
The fibres such as cotton, linen, viscose, ramie, and lynocell (pure cellulosic fork of wood) are used in the manufacture of fabric. These fibres form fuzz as
well as pilling results in negative impact of cellulosic fibres [1]. Therefore, biopolishing is used to overcome this problem by bleaching, desizing,
scouring, bleaching and dying. Cellulase is also used in biofinishing as it is rich in endoglucanase activity. Cellulase along with protease and lipase in
detergents widely used as household washing powder [38]. Cellulase is applicable to remove colour brightness, softness in cotton fabrics and helps in
removing soil from inter fibril spaces [32], [43].

4. Brewery industry

Cellulase is used in the production of wine and beverages. In wine production, the enzyme such as pectinases and glucanases and hemicellulases play a
key role by removing colour extraction skin maceration, filtration and improve the stability and quality of wine [44]. Macerating enzyme also improves
settling, press ability and juice yield of grapes for fermentation [38]. Brewing is based on the action of enzyme activated during malting and fermentation.
Malting mainly depends on germination of seed which initiates the activation of amylase, biosynthesis carboxypeptudase and cellulases to produce high
quality malt [45].

5. Paper and pulp industry

Cellulase has broader applications in paper and pulp industry. It is one of the largest industrial sectors. Cellulase is used for bio-mechanical pulping, bio-
modification of fibres, removing of ink coating and toners from paper, improving drainage of paper mills. It is also used in the manufacture of soft paper
like sanitary paper, paper towels and biodegradable cardboard [36]. Cellulases are also used to enhance the bioleachability of soft wood kraft pulp [43].
The cellulase alone or combination of cellulose and hemicellulase has been used to improve pupil betability, runnability, paper sheet and trouble free
printing process. Cellulase in addition with xylanase is considered as most affective for recycling the waste paper from old books, newspapers, magazines.
This process is known as deinking. It leads to the formation of newspaper or ethanol. The enzymative deinking has ability to improve fibre brightness,
pulp free and cleanliness, enhance strength properties and reduce fine particles in the pulp [46], [47]. Deinking also prevents the alkaline yellowness,
change the ink particle size by using cellulases at acidic pH [42], [44].

6. Agriculture industry

Cellulase is used for many purposes in agriculture industry. It is used for increasing crop growth and in improvement of soil fertility [48]. The use of
exogenous cellulase is a potential means to straw decomposition and increase soil fertility [49]. Straw incorporation is strategy to improve soil quality and
reduce the dependence on mineral fertilizers. Cellulase is also used as biocontrol agents to provide protection against plant pathogens [1].

7. Biofuel industry

Cellulase is very important in the biofuel production. The consumption of fossil fuels and increasing demand of alternative renewable source of energy has
developed a huge interest in it [25]. The biocoversion of lignocellulosic substrates and other enzymes are used for the commercial production of biofuel
[50]. Cellulase is used in the conversion of non food biomass such as agriculture waste and energy crops into fermentable sugar for renewable fuel and
chemical [51]. The use of agrowastes such as sugarcane, bagasse, rice straw for bioethanol production are invaluable and do not create any problem in the
environment.

8 CONCLUSION

Currently, cellulase is gaining huge attention of industries and causing an enormous economic impact. With a view to develop an economically feasible
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technology for growing demand of cellualse and also to realise its potential in biotechnological research is very crucial. Various industries favour the
technology having low cost, readily available carbon sources (agrowastes) and eco-friendly strategies. So, cellulase can be modified for the effective
conversion of easily available agrowaste biomass into fermentable sugar, fuels and other products. Therefore, appropriate methodology has to be
developed for producing high enzyme titre at low cost and also eco-friendly in nature.
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