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Abstract
The unstable and uncertain availability of petroleum sources as well as rising cost of fuels have shifted global efforts to utilize renewable resources for the production of greener energy and a replacement which can also meet the high energy demand of the world. Bioenergy routes suggest that atmospheric carbon can be cycled through biofuels in carefully designed systems for sustainability. Significant potential exists for bioconversion of biomass, the most abundant and also the most renewable biomaterial on our planet. However, the requirements of enzyme complexes which act synergistically to unlock and saccharify polysaccharides from the lignocellulose complex to fermentable sugars incur major costs in the overall process and present a great challenge. Currently available cellulase preparations are subject to tight induction and regulation systems and also suffer inhibition from various end products. Therefore, more potent and efficient enzyme preparations need to be developed for the enzymatic saccharification process to be more economical. Approaches like enzyme engineering, reconstitution of enzyme mixtures and bioprospecting for superior enzymes are gaining importance. The current scenario, however, also warrants the need for research and development of integrated biomass production and conversion systems.
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Introduction
Increased public and scientific attention towards alternative energy sources is driven by forces like spiralling oil prices, the need for obtaining sustainability in energy supplies and increased energy security and above all concern over climate change due to high emissions from fossil fuels. It is extremely important that the new sustainable energy sources developed reduce our reliance on fossil fuels for our major energy needs. The transportation sector depends almost entirely on liquid fuels and consumes a major portion of the petroleum based fuels. Policy interventions, in the form of subsidies and mandated blending of biofuels with fossil fuels are driving the rush to liquid biofuels [1], which include biodiesel, bioethanol and biobutanol. Bioenergy, in the form of biofuels, can contribute to economic development and to the environment through climate change mitigation as biofuels offer C neutral alternative. According to the US Environmental Protection Agency, use of ethanol blended gasoline can cut down CO2 emissions by 25–30%. Investment into biofuels production capacity exceeded $4 billion worldwide in 2007 and is growing. Biofuels provided 1.8% of the world’s transport fuel in 2008 [2]. India has a pressing need for renewable transportation fuels and mandates use of 5% bioethanol blending in motor gasoline in several states [3]. The blending targets for ethanol and biodiesel in gasoline and petroleum diesel, respectively, were proposed at 10% and 20% by 2011–2012 [4]. Hence, biofuels have to be produced in much higher volume in order to meet this demand.
Biofuels are solid, liquid or gaseous fuels obtained relatively from recently dead biological material and are distinguished from fossil fuels, which are derived from long dead biological material. Biofuels employ recycling of agricultural byproducts and dedicated energy crops, which offer opportunities for mitigation of greenhouse gas emission as growing these leads to C sequestration through photosynthesis. Various plants and plant-derived materials are used for biofuels manufacturing including grains (1st generation) and lignocellulosic biomass (2nd generation). The ‘second generation’ of biofuels is more important as they are based on the cheap and abundant lignocellulosic biomass and do not compete with food crops. When greenhouse gas emission from production and use of biofuels is taken into account, the first generation biofuels frequently approach those of traditional fossil fuels. On the other hand, second generation biofuels can help solve the problem of GHG emission and can contribute to a larger proportion of our fuel supply sustainably, affordably and with greater environmental benefits. The era of advanced biofuels – cellulosic ethanol, biomass-based diesel, biobutanol, bio-oil, green gasoline and bio-based jet fuel – is also drawing nearer and nearer. According to the International Energy Agency, biofuels have the potential to meet more than a quarter of world demand for transportation fuels by 2050. Bioethanol is by far the most widely used biofuel for transportation worldwide.
However, technological and economical hurdles impede the development and commercialization of biofuels. Analyses indicate that with the exception of bioethanol from sugarcane in Brazil, biofuels are generally not economically competitive with fossil fuels without subsidies [1]. The cost and success of the biomass to bioethanol process depend largely on the inherent recalcitrance of biomass and the repertoire of enzymes involved in depolymerization of the constituent polysaccharides. With massive investments and government initiative in green infrastructure and renewable energy expected to take place, interest in biomass conversion technologies is on the rise.
For production of second generation cellulosic ethanol, polysaccharides present in lignocellulosic materials (such as agro and forestry residues, herbaceous grasses and woody plants), including cellulose and hemicellulose are of great interest as feedstocks. The technological outline developed for the production of fuel from lignocellulose involves the following steps. First, the cellulose and hemicellulose portions of the biomass must be broken down into sugars and a variety of pretreatments are required to carry out this saccharification step in an efficient and low-cost manner. Second, these sugars which are a complex mixture of 5-carbon and 6-carbon sugars must be fermented to make bioethanol. Low efficiency due to the natural recalcitrance of lignocellulose to deconstruction and high cost of enzymatic conversion, therefore, form the major bottlenecks in this technology. Significant research, therefore, have to be directed towards the identification of efficient cellulase systems and process conditions, besides those aimed at the biochemical and genetic improvement of existing organisms utilized in the process.
Biomass to ethanol bioconversion process
With an impressive annual production estimated at 1x1010 MT worldwide, lignocellulosic biomass is, considered as the only foreseeable, feasible and sustainable resource for renewable energy and value added chemicals [5]. Lignocellulosic complex is the most abundant biopolymer on the earth and comprises about 50% of world biomass [6]. Lignocellulose feedstocks, such as agricultural and forest residues, industrial and municipal wastes, and dedicated energy crops, by virtue of their high carbohydrate content, hold tremendous potential for large-scale bio ethanol production [7]. Lignocellulosic biomass mainly contains cellulose, a homopolymer of glucose, in bound form along with hemicelluloses and lignin and typically, lignocellulosic biomass contains about 40-60% cellulose, 20-40% hemicelluloses, and 10-25% lignin [8]. The cell wall polysaccharides can be hydrolysed into monomeric sugars which are used for biorefining to produce a range of bio-materials. Fermentation, chemical catalysis, or other processes may then be used to create novel products such as ethanol or other valuable chemical intermediates that can be used as chemical feedstocks in manufacturing processes.
Ethanol from biomass is obtained by fermentation of carbohydrates present in biomass. In case of first generation biofuels this carbohydrate is usually sucrose or starch which is relatively easier to convert into simpler fermentable sugars. However, in case of second generation ethanol, the complex lignin-cellulose-hemicelluloses matrix of the biomass has to be disintegrated and the carbohydrate polymers need to undergo hydrolysis to yield fermentable sugars. This hydrolysis step is typically catalyzed by cocktails of enzymes including cellulases, hemicellulases and other accessory enzymes that target and degrade specific constituents of cell wall. Enzymatic hydrolysis has renewed and increased the focus on several aspects of cellulases as they play a key role in determining the economics of operation. The impediments, which include development of robust biocatalysts and cost of cellulases, have to be overcome for successful commercialization of biofuels. A cost effective enzyme technology to degrade polysaccharides into fermentable sugars is imperative for economically viable biofuels. This include search for hyper-cellulase producing organisms, developing superior cellulases with improved characteristics such as higher efficiencies, increased stability at elevated temperatures, and higher tolerance to end product inhibition and also inhibition by pretreatment byproducts, using advanced biotechnologies [9].

Enzymatic saccharification of cellulose and hemicellulose
Majority of plant biomass is locked up in 5- and 6-carbon sugars, comprised of mainly cellulose (a glucose homopolymer); less so, hemicelluloses (a sugar heteropolymer); and least of all lignin (a complex aromatic polymer). The major component cellulose, which is organized into microfibrils, each containing up to 36 glucan chains having thousands of glucose residues linked by β-(1,4) glycosidic bonds, is largely responsible for the plant cell wall’s mechanical strength [10]. Hemicelluloses are built up by pentoses (D-xylose, D-arabinose), hexoses (D-mannose, D-glucose, D-galactose) and sugar acids. These include β-glucan, xylan, xyloglucan, arabinoxylan, mannan, galactomannan, arabinan etc. Hardwood contains mainly xylans, while in softwood glucomannans are most common. Both the cellulose and hemicellulose can be broken down enzymatically into the component sugars which may be then fermented to ethanol [8, 11].
The first attempt at commercialization of a process for ethanol from wood was done in Germany in 1898. It involved use of dilute acid to hydrolyse cellulose to glucose and produced 7.6 L ethanol per 100 Kg of wood waste [12]. This process soon found its way to other countries and the acid hydrolysis gradually got replaced by enzymatic hydrolysis as the acids and high temperature employed to degrade polysaccharides generated undesirable byproducts. The application of enzymes for hydrolysis of wood in an ethanol process is called separate hydrolysis and fermentation [13]. A more cost-effective process alternative is simultaneous saccharification and fermentation (SSF) in which the two steps of enzymatic hydrolysis and fermentation are carried out together in a vessel. As suggested by Das et al., [14] SSF processes utilizing recombinant enzymes have the potential to minimize the production costs and maximizing the volumetric productivity in the bio-ethanol industry. Utility cost of enzymatic hydrolysis is low compared to acid or alkaline hydrolysis because enzyme hydrolysis is usually conducted at mild conditions (pH 4.8 and temperature 45–50°C) and does not have a corrosion problem [15].
The classical model for degradation of cellulose to glucose involves the cooperative action of endocellulases (EC 3.2.1.4), exocellulases (cellobiohydrolases, CBH, EC 3.2.1.91; glucanohydrolases, EC 3.2.1.74), and beta-glucosidases (EC 3.2.1.21). Endocellulases hydrolyze internal glycosidic linkages in a random fashion, which results in a rapid decrease in polymer length and a gradual increase in the reducing sugar concentration. Exocellulases hydrolyze cellulose chains by removing mainly cellobiose either from the reducing or the non-reducing ends, which lead to a rapid release of reducing sugars but little change in polymer length. Endocellulases and exocellulases act synergistically on cellulose to produce cello oligosaccharides and cellobiose, which are then cleaved by beta-glucosidase to glucose [16]. Hydrolysis of hemicelluloses involve enzymes like glycoside hydrolases, carbohydrate esterases, polysaccharide lyases, endo-hemicellulases and others, the concerted action of which hydrolyze glycosidic bonds, ester bonds and remove the chain’s substituents or side chains [17]. These include endo-1, 4-β-xylanase, β,-xylosidase, β-mannanase, β mannosidase α-glucuronidase, α- L-arabino furanosidase, acetylxylan esterase and other enzymes.

Microbial sources of cell wall degrading enzymes
Trichoderma reesei was one of the first cellulolytic organisms isolated in 1950s. By 1976, an impressive collection of more than 14,000 fungi which were active against cellulose and other insoluble fibres were collected [18]. However, industrial cellulases are almost all produced from aerobic cellulolytic fungi, such as Hypocrea jecorina (T. reesei) or Humicola insolens [19]. This is due to the ability of engineered strains of these organisms to produce extremely large amounts of crude cellulase (over 100 g per liter) with a relatively high specific activity on crystalline cellulose and the ability to genetically modify these strains to tailor the set of enzymes they produce, so as to give optimal activity for specific uses [20]. Both fungi and bacteria have been heavily exploited for their abilities to produce a wide variety of cellulases and hemicellulases for the hydrolysis of lignocellulosic materials [21]. Most emphasis has been placed on the use of fungi because of their capability to produce copious amounts of cellulases and hemicellulases which are secreted to the medium for easy extraction and purification. Apart from the cellulolytic fungus T. reesei, many other fungi produce cellulases and degrade treated cellulosic material or soluble cellulose derivatives such as carboxymethylcellulose. However, they are not very effective on crystalline cellulosic substrates. Mesophilic strains producing cellulases like Fusarium oxysporium, Piptoporus betulinus, Penicillium echinulatum, P. purpurogenum, Aspergillus niger and A. fumigatus have also been reported [22–24]. The cellulases from Aspergillus usually have high β-glucosidase activity but lower endoglucanase levels, whereas, Trichoderma has high endo and exoglucanase components with lower β-glucosidase levels, and hence has limited efficiency in cellulose hydrolysis. Thermophillic microorganisms such as Sporotrichum thermophile, Scytalidium thermophillum, Clostridium straminisolvens and Thermomonospora curvata also produce the cellulase complex and can degrade native cellulose [25, 26]. Such thermophilic organisms may be valuable sources of thermostable cellulases.
To date, the majority of enzymes developed and being tested for lignocellulose degradation are from fungi. A reasonable question is how much additional progress is possible with fungal-based enzymes or whether the way forward will require new prokaryotic paradigms [27]. The isolation and characterization of novel glycoside hydrolases from Eubacteria are now becoming widely exploited. There are several reasons for these shifts, for one, bacteria often have a higher growth rate than fungi allowing for higher recombinant production of enzymes. Secondly, bacterial glycoside hydrolases are often more complex and are often expressed in multi-enzyme complexes providing increased function and synergy. Most importantly, bacteria inhabit a wide variety of environmental and industrial niches, which produce cellulolytic strains that are extremely resistant to environmental stresses. These include strains that are thermophilic or psychrophilic, alkaliphilic or acidiophilic, and, strains that are halophilic. Not only can these strains survive the harsh conditions found in the bioconversion process, but also they can produce enzymes that are stable under extreme conditions which may be present in the bioconversion process and this may increase rates of enzymatic hydrolysis, fermentation, and, product recovery [28].
Bacteria belonging to Clostridium, Ruminococcus, Bacteriodes, Erwinia, Acetovibrio, Microbispora and Streptomyces can produce cellulases [29]. Cellulomonas fimi and Thermomonospora fusca have been extensively studied for cellulase production. Similarly, other bacterial strains have the ability to produce cellulase complexes aerobically as well as anaerobically. Cellulase producing bacterial strains of Rhodospirillum rubrum, Cellulomonas fimi, Clostridium stercorarium, Bacillus polymyxa, Pyrococcus furiosus, Acidothermus cellulolyticus, and Saccharophagus degradans have been extensively reviewed [16, 25, 30, 31]. An extracellular alkaline carboxy methyl cellulase (CMCase) from Bacillus subtilis strain AS3 has been purified and characterized by Deka et al. [32] for utilization of cellulosic biomass. Although many cellulolytic bacteria, particularly the cellulolytic anaerobes such as Clostridium thermocellum and Bacteroides cellulosolvens produce cellulases with high specific activity, they do not produce high enzyme titres [33].
Bacterial enzymes involved in degradation of hemicellulases have also been the focus of several studies. Many bacterial strains like Bacillus circulans, Bacillus amyloliquefaciens, Clostridium thermocellum, Thermobacillus xylanolyticus, Bacillus subtilis, Dictyoglomus thermophillus, and Streptomyces halstedi are found to be sources of hemicellulases [28]. A glycoside hydrolase family 43 (GH43) from Clostridium thermocellum showing hemicellulase activity, along with its further use in simultaneous saccharification and fermentation process has been described [32]. Commercial development of hemicellulases for enzymatic hydrolysis of lignocellulosics is not as advanced as cellulases because current commercial preparations have been primarily on dilute acid pretreated biomass where hemicellulose is removed before saccharification [34]. However, if the pretreatment is non-acidic, where the hemicellulose fraction remains intact, hemicellulases are required. Current cellulases tend to have weak hemicellulase activity and are not adequate for the complete conversion of hemicellulose fraction of lignocellulosics. Development of low cost, commercial hemicellulases that work synergistically with cellulases is one of the goals of the current research activities.
Researchers are now focusing on utilizing and improving cellulases and hemicellulases enzymes for use in the biofuel and bioproduct industries. The search for potential sources of cellulolytic enzymes is continuing in the interest of successful bioconversion of lignocellulosic biomass. Although various microorganisms of bacterial as well as fungal origin have been evaluated for their ability to degrade cellulosic substrates into glucose monomers, relatively few microorganisms have been screened for their cellulase production potential [35]. There are definite reports that xylanase supplementation in combination with pretreatment or cellulases during saccharification enhance the yields of sugars [36, 37].

Limitations of enzymatic saccharification
During bioconversion, polysaccharides undergo hydrolysis by an array of cell wall degrading enzymes. However, a major bottleneck in making these processes efficient is that plant cell walls have evolved to resist microbial and enzymatic deconstruction - a factor collectively known as “biomass recalcitrance”. Thus, rate-limiting steps in the bioconversion of lignocelluloses are the crystalline recalcitrance of cellulose and the limited number of cellulases i.e. all cellulolytic strains identified are low in one or more type of glycoside hydrolases (GH) required for efficient cellulose hydrolysis (endo-/exo-glucanases, β-glucanases). In attempts to improve the feasibility of the bioconversion of lignocellulose to biofuel, enzymes must have high adsorption capabilities, high catalytic efficiencies, high thermal stability and low end-product inhibition [28]. In addition, some microorganisms secrete either endoglucanase or β-glucosidase (components of cellulase complex). Only those organisms, which produce appropriate levels of endoglucanase, exoglucanase and β-glucosidase, would effectively be capable of degrading native lignocellulose. Trichoderma and Aspergillus have been the organisms of choice for industrial production of cellulases but they are subjected to tight induction – regulation mechanisms. Moreover, there are several limitations in achieving higher saccharification yields using these enzymes because of different types of inhibitions experienced. Therefore, there is motivation and need to develop better cellulase preparations which have characteristics, better suited for use in biorefineries, like high catalytic efficiency on insoluble substrate, increased stability at higher temperature, pH and higher tolerance to end-product inhibition.
Thus far, enzymatic saccharification remains one of the most costly steps in conversion of cellulosic biomass to ethanol and cellulase preparations dedicated for bioethanol industry are hardly available. It has been estimated that the greatest returns in cost savings will be realized by improving conversions of biomass to sugars, increasing hydrolysis yields, reducing enzyme loadings, eliminating or reducing pretreatment [38]. A broader suite of enzymes is required for hydrolysis of cellulose and hemicelluloses to fermentable sugars [39]. Thus, enzymatic hydrolysis can be effectively carried out if a mixture of different cellulolytic and accessory enzymes is used.

Recent developments in understanding enzymatic action and enzyme design
Enzyme technology is generally considered the most sustainable technology for saccharification. Enzymatic hydrolysis of cellulose consists of three steps: adsorption of cellulase enzymes onto the surface of the cellulose, the biodegradation of cellulose to fermentable sugars, and desorption of cellulase [21]. The polysaccharide chains, being tightly packed, require additional factors that would make the substrate more accessible, as has been suggested since the 1950s [40]. In addition to enzymes that act directly on polysaccharides, lignocellulose degrading microorganisms are also found to secrete several proteins, which modify cellulose and enhance its hydrolysis by cellulase. These include the non-enzymatic proteins such as ‘expansins’ and their fungal and bacterial homologs, the ‘swollenins’ expressed by T. reesei with sequence homology to plant expansins and the similar ‘loosenins’ produced by Bjerkandera adusta. These interact with cellulosic substrates resulting in expansion, slippage, or lengthening of the components, thereby facilitating the access of glycosyl hydrolases [17, 27]. Recently, cellulose induced proteins (CIP1 and CIP2) have been found in a transcriptional analysis of T. reesei, with some synergistic activity with both GH61 and swollenin and are thought to play a role in the cleavage of hemicellulose-lignin crosslinks [17, 41]. Table 1 represents the various hydrolytic enzymes and proteins produced by fungi and bacteria, which help to facilitate the lignocellulose bioconversion process.Table 1
                          Novel hydrolytic enzymes and proteins involved in polysaccharide modification and hydrolysis
                        


	Fungi
	Bacteria
	Enzyme
	Function

	Cellulases

	
                              Aspergillus, Trichoderma, Anaeromyces, Pestalotiopsis, Phanerochaete, Fusarium, Orpinomyces, Piromyces
                            
	
                              Bacillus, Pseudomonas, Ruminococcus, Fibrobacter, Clostrdium, Halomonas, Streptomyces, Cellulomonas, Mycobacterium
                            
	Endo −1,4 β-D-glucanglucanohydrolase (E. C. 3. 2. 1.4)
	Hydrolysis of the internal glycosidic linkages in a random fashion, generating oligosaccharides of varying lengths

	
                              Trichoderma, Penicillium, Aspergillus, Chaetomium, Fusarium, Pestalotiopsis, Orpinomyces, Piromyces, Rhizopus
                            
	
                              Bacillus, Pseudomonas, Clostridium, Paenibacillus, Thermobifida, Cellulomonas, Mycobacterium, Ralstonia
                            
	Exoglucanase or 1,4-β-D-glucan cellobiohydrolase (E.C.3.2.1.91)
	Hydrolysis of beta-D-glucosidic linkages by releasing mainly cellobiose either from the reducing or non-reducing ends of the chains

	
                              Aspergillus, Monilia, Phanerochaete, Sclerotium, Saccharomyces, Kluyveromyces
                            
	
                              Clostridium, Cellulomonas, Aerobacter, Leuconostoc
                            
	β - glucosidases or β-D-glucoside gluco-hydrolase (E.C.3.2.1.21)
	Hydrolysis of terminal, non-reducing β-D-glucosyl residues with release of β-D-glucose

	 	
                              Clostridium, Cellvibrio
                            
	Cellodextrin phosphorylase or (1 → 4)-β-D-glucan:phosphate α-D-glucosyltransferase (E.C. 2.4.1.49)
	Catalysis of the reversible phosphorolytic cleavage of cellodextrins ranging from cellotriose to cellohexoses

	
                              Fomes annosus
                            
	
                              Cellulomonas, Clostridium, Ruminococcus, Thermotoga, Cellvibrio
                            
	Cellobiose phosphorylase or cellobiose: phosphate alpha-D-glucosyltransferase (E.C. 2.4.1.20)
	Catalysis of the reversible phosphorolytic cleavage of cellobiose

	Hemicellulases

	
                              Aspergillus, Trichoderma, Thermomyces, Fusarium, Anaeromyces, Neocallimastix
                            
	
                              Bacillus, Thermoanaerobacterium, Ruminococcus, Geobacillus, Thermopolyspora, Cellulomonas, Streptomyces
                            
	Endo-1,4-beta-D-xylanase or 1,4-beta-xylan xylanohydrolase (EC 3.2.1.8)
	Endohydrolysis of (1 → 4)-beta-D-xylosidic linkages in xylans to release xylose

	
                              Aspergillus, Fusarium, Talaromyces, Trichoderma
                            
	
                              Bacillus, Thermoanaerobacterium, Geobacillus,
                            
	Xylan β-1,4-xylosidase (EC 3.2.1.37)
	Hydrolysis of (1 → 4)-beta-D-xylans, to remove successive D-xylose residues from the non-reducing termini

	
                              Aspergillus, Trichoderma
                            
	
                              Cellulomonas, Bacillus, Clostridium, Rhodothermus
                            
	Mannan endo-1,4-beta-mannosidase (EC 3.2.1.78)
	Random hydrolysis of (1 → 4)-beta-D-mannosidic linkages in mannans, galactomannans and glucomannans

	
                              Aspergillus, Penicillium, Fusarium, Trichoderma
                            
	
                              Bifidobacterium, Thermobacillus, Bacillus, Clostridium, Streptomyces
                            
	Alpha-L-arabinofuranosidase (EC 3.2.1.55)
	Hydrolysis of terminal non-reducing alpha-L-arabinofuranoside residues in alpha-L-arabinosides

	
                              Penicillium, Aspergillus, Trichoderma, Phanerochaete, Chrysosporium,
                            
	
                              Bacillus, Clostridium, Streptomyces, Fibrobacter, Pseudomonas, Thermoanaerobacterium
                            
	Acetyl (xylan) esterase (EC 3.1.1.72)
	Hydrolysis of ester linkages of the acetyl groups in position 2 and/or 3 of the xylose moieties of natural acetylated xylan

	
                              Fusarium, Beauveria, Penicillium, Trichoderma, Neurospora, Aspergillus
                            
	
                              Thermotoga, Bifidobacterium, Streptococcus, Bacillus, Cellulomonas, Clostridium
                            
	Alpha-L-fucoside fucohydrolase or alpha-L-fucosidase (EC 3.2.1.51)
	Hydrolysis of O-glycosyl bond in xyloglucan to release l-fucose residues

	
                              Aspergillus, Trichoderma, Thermoascus
                            
	
                              Thermotoga, Cellvibrio, Bacteroides, Bacillus
                            
	Alpha-D-glucosiduronate glucuronohydrolase or α-glucuronidase (EC 3.2.1.139)
	Hydrolysis of O-glycosyl bond to release 4-O-methylglucuronic acid from xylan

	Novel proteins

	
                              Trichoderma, Aspergillus, Neosartorya, Humicola, Fusarium, Penicillium, Neurospora, Gliocladium, Candida, Pichia, Rhodotorula, Sporobolomyces
                            
	
                              Bacillus, Cellulomonas, Clostridium, Myceliophthora, Thermomonospora, Streptomyces, Fibrobacter
                            
	Swollenins
	Homologous to plant expansins which rapidly induce extension of plant cell walls by weakening the noncovalent interactions; Contain an N-terminal carbohydrate-binding module family 1 domain (CBD) with cellulose-binding function and a C-terminal expansin-like domain.

	
                              Bjerkandera adusta
                            
	 	Loosenins
	A novel expansin-type protein with part of the sequence similar to the DPBB (double psi beta barrel) domain present in plant expansins, and fungal β-1,4-endoglucanase family 45; Bind tightly to polysaccharides and show loosening activity which permits sugar release

	
                              Trichoderma, Schizophyllum, Pyrenophora
                            
	
                              Streptomyces coelicolor
                            
	Cellulose induced proteins (CIP1 and CIP2)
	Contain a carbohydrate-binding module (CBM); Hydrolysis of the ester linkage between 4-O-methyl-D-glucuronic acid of glucuronoxylan and lignin alcohols




Anaerobic biomass degrading microbes breakdown biomass with the use of cell-surface linked discrete multi-enzyme complexes, called cellulosomes. These are arrays of multiple cellulase and hemicellulase proteins, assembled by specific interactions between ‘dockerin’ domains on the enzyme and ‘cohesins’ bound to structural scaffoldins on microbial surface [16, 17]. Designing of optimized cellulosomes by synthesizing hybrid scaffoldin molecules that contain cohesins with different binding specificity from different organisms is another recent approach to develop more active cellulose degrading enzymes [20]. Synergies between purified cellulases and xylanases from the thermophilic bacterium, Thermobifida fusca displayed on designer cellulosomes were found to possess higher activity on wheat straw than the corresponding free enzymes [42].
In addition to the catalytic core, many of the enzymes also possess non-catalytic domains including carbohydrate binding modules (CBM) and dockerins which, respectively, anchor the enzyme to targeted substrate or onto scaffoldin to assemble a cellulosome and disrupt the crystalline cellulose microfibrils [17]. Recently, new type of bacterial proteins currently classified as CBM33 (family 33 CBM) in the Carbohydrate Active Enzymes (CAZy) database and fungal proteins classified as GH61 (family 61glycoside hydrolases) that catalyze oxidative cleavage of polysaccharides have been discovered [17, 40]. These copper dependent monooxygenases act on the surfaces of insoluble substrates where they introduce chain breaks in the polysaccharide chains thereby increasing substrate accessibility and potentiating hydrolytic enzymes [40].

Strategies for cellulase improvement
Cellulases are currently the third largest industrial enzyme worldwide, because of their use in cotton processing, paper recycling, as detergent enzymes, in juice extraction, and as animal feed additives. However, cellulases will become the largest volume of industrial enzyme, if ethanol, butanol, or some other fermentation product of sugars, produced from biomass by enzymes, becomes a major transportation fuel. For this application reconstruction of cellulase cocktails with higher activity on insoluble substrates with high hydrolysis rate and yields is required. Commercial cellulase preparations will need to be tailored to fit both feedstock source and feedstock pretreatment. The various routes to cellulase improvement have been presented in the Figure 1. These include bioprospecting to uncover organisms potentially useful as sources of superior key enzymes, mining plant pathogens for lignocellulosic cell wall degrading enzymes and enzyme engineering to improve the natural diversity of enzymes. Enzyme mixtures of the future comprising accessory enzymes that act on the less abundant linkages found in plant cell walls need to be customized for essential lignocellulolytic activities and their optimum ratios [27]. Enhancement of T. reesei cellulases with crude enzyme preparations from other fungi has been documented and may lead to the identification of novel accessory enzymes for biomass hydrolysis [43]. Accessory enzymes that facilitate more complete utilization of plant biomass could be used to develop less energetically and chemically intensive processing and allow for greater fermentable sugar recovery [43].[image: A40508_2013_Article_15_Fig1_HTML.jpg]
Figure 1
                          Routes to advancement in cellulase enzyme technology.
                        





Enzyme engineering
The natural diversity of enzymes could provide a large reservoir that can be further improved by engineering enzymes and strains for increased performance [43]. A number of designer enzymes called glycosynthases, including cellulases and hemicellulases, have been engineered by replacing nucleophilic residues resulting in higher yields of different oligosaccharides [16]. In protein engineering, the three-dimensional structure of an enzyme guides the identification and modification of amino acid residues, through rational design and directed evolution, which affect some property such as specific activity or thermal stability [27, 44].

Rational design
The process of rational design was introduced after the development of recombinant DNA methods and site-directed mutagenesis and is still widely used. The approach involves the choice of a suitable enzyme, crystallographic studies to identify the amino acid sites to be changed and characterization of the mutants [44]. Rational design demands a very deep understanding of the catalytic mechanism and additional information on protein structure and functionality. Computational techniques are required to visualize the protein structure and its active site. Amino acid residues can be identified that are important for the docking of the substrate molecule to the active site or for the overall protein stability and site-directed mutagenesis at these sites is a straightforward way to manipulate enzyme performance [45]. Engineering of enzymes for better thermostability is an area of great interest as it broadens their industrial applications. Structure-based rational design to improve thermostability and specific activity of truncated Fibrobacter succinogenes 1,3-1,4-β-D-glucanase, which is used as a feed additive, was carried out by Huang et al. [46]. Out of the eleven mutants constructed, the crude protein of V18Y mutant showed a 2°C increment of Tm and W203Y showed ∼ 30% increment of the specific activity. The double mutant V18Y/W203Y showed the same increments of Tm and specific activity as the single mutants did [46]. Recently, Novozymes have developed a versatile enzyme cocktail with increased catalytic activity and thermostability by introduction into a T. reesei cellulase mixture, cellobiohydrolase II and beta-glucosidase which have been improved by using consensus sequence analysis and structural modeling [47].

Directed evolution
Directed evolution or irrational design, contrary to rational design, is an approach to non informational protein engineering which utilizes the power of natural selection to evolve proteins and select for those with desired traits. It requires the use of DNA techniques such as error-prone PCR (epPCR) and DNA shuffling to randomly generate a large library of gene variants. Improved variants are identified in a screen (or selection) that accurately reflects the properties of interest [28]. This approach has become popular to generate tailor-made enzymes. Directed evolution of a thermophilic endoglucanase (Cel5A) from Thermoanaerobacter tengcongensis MB4, displaying an optimal temperature range between 75 and 80°C, with three rounds of error-prone PCR and screening of 4700 mutants, led to identification of five variants of Cel5A with improved activities [48]. The best variants 3 F6 and C3-13 displayed 135 ± 6% and 193 ± 8% of the wild type specific activity for the substrate, carboxymethyl cellulose (CMC) [48]. Cellulase improvement strategies based on directed evolution using screening on soluble substrates have been only moderately successful [44]. Heterogeneity of insoluble cellulose, unclear dynamic interactions between insoluble substrate and cellulase components, and the complex relationship among cellulase components limit strategies depending on activity screening approaches [44]. Use of insoluble cellulosic substrates could be a powerful selection tool for enriching beneficial cellulase mutants from the large library displayed on the cell surface [44]. Directed evolution of cellulases with improved activity on crystalline cellulose involves the random exchange of either some or even all of the amino acids in a protein and screening of all the arising mutants [49]. By coupling the generation of large variant libraries of genes with the high-throughput screening techniques that select for specific properties of an enzyme, biocatalysts can be optimized for specific applications [50–52].

Multifunctional cellulase chimeras
Microbial cellulase systems exist in nature in form of free enzymes, cellulosomes or as a newly emerged paradigm, the multifunctional enzymes. The presence of more than one catalytic site and CBM indicate the enforced proximity of multifunctional enzymes that account for an enhanced concerted action on cellulosic substrates [53]. The four different types of multifunctional enzymes that have been described till date include cellulase-cellulase, hemicellulase-hemicellulase, hemicellulase-cellulase and hemicellulase-carbohydrate esterase systems [54]. Using synthetic biology approaches, Moraϊs et al. [53] converted two different cellulases from the free enzymatic system of Thermobifida fusca (a family 5 endoglucanase and a family 48 exoglucanase) into bifunctional enzymes, in a single polypeptide chain, with different modular architectures. The combined synergistic action of the two selected cellulases, Cel5A and Cel4bA, was found to mimic the natural multifunctional cellulase-cellulase system [53]. Engineering multifunctional enzymes need continued research efforts and cooperative action of the different enzymatic paradigms to enhance the overall efficiency of plant cell wall degradation.

Bioprospecting
Many of the cellular traits and biosynthetic characteristics that are sought after in an ideal biofuel-producing microorganism; abilities to degrade lignocellulosic materials, resistance for inhibition by substrates and products can be found in isolated native organisms which may biosynthesize specific biofuels with high yield. The innate power of natural organisms should not be underestimated [55]. Bioprospecting activities can tap two vast sources of microbes: the existing culture collections and a bioprospecting survey of extreme habitats. Bioprospecting for superior key enzymes can be more or less random, or can be guided by evolutionary or ecological principles [27]. It can take the form of isolating microbes that grow better on biomass substrates, mining databases of sequenced genomes, cloning variants of known enzyme genes by polymerase chain reaction (PCR), or finding new genes by metagenomics [27]. Microbial degradation of lignocellulose involves synergistic catalytic activities on a variety of soluble and insoluble substrates. Natural degradation of lignocellulosic biomass by consortium of microorganisms from gut of termites, leaf litter or forest floor involve unique metabolic pathways, cellular tolerances to toxic chemicals and interesting array of enzymes [55]. Many bacterial and fungal plant pathogens are known to produce arsenal of plant cell wall degrading enzymes which can be more potent. Therefore, enzyme prospecting research continues to identify opportunities to enhance enzyme preparations from Trichoderma by supplementing with enzymes from other organisms [43]. One way to optimize conversion is to develop enzyme cocktails to augment the large quantities of commercial enzymes currently used. Recent studies have shown enhanced hydrolysis by supplementing cellulases with accessory enzymes [56].
Several species of actinomycetes are reported to produce cellulases which are more thermostable. Thermomonospora fusca produces a family of cellulases including cellobiohydrolase [57]. Streptomyces sp. has been reported to produce cellulase and also beta glucosidase [58]. Thermostable cellulases produced by Streptomyces transformant T3-1 has been used for various applications in food industry and cellulose conversion [59]. Over the years, cellulase producing, culturable bacteria have been isolated from variety of habitats including composting heaps, decaying plant material, feaces of ruminants, soil and extreme environments. Amongst the novel cellulase producing bacteria are strains of Paenibacillus campinasensis, Bacillus subtilis and Brevibacillus etc. [28]. These are reported to have properties valuable for bioconversion of lignocellulosics. Rational bioprospecting may uncover organisms potentially useful for exploitation in biorefineries.

Mining plant pathogens for cellulolytic and xylanolytic enzymes
Currently available commercial cellulases and xylanases have been sourced mostly from saprophytic organisms. It is well established that plant pathogens produce array of diverse extracellular hydrolytic and cell wall degrading enzymes which serve as important key virulence factors and help plant pathogens in invading the plant tissues and play an important role in pathogenesis. Recently, King et al., [43] screened and identified 348 unique isolates representing 156 species of plant pathogenic fungi with hydrolytic profile more active than Trichoderma. There is genomic evidence of lignocellulosic cell wall degrading enzymes in plant pathogens and full genome sequencing of a number of plant pathogens has revealed often large complex and redundant enzyme systems for degradation of cell walls.
Recent surveys have revealed that plant pathogenic fungi are highly competent producers of lignocellulolytic enzymes and their enzyme activity patterns reflect host specificity. Plant pathogens have gained competitive edge over saprobes by earlier access to plant tissues and long phases of survival and reproduction than a saprobe on plant residues [56]. Thus, hydrolytic enzymes from plant pathogens promise to be more potent. Also, following infection, plants produce proteins as counter defence to inhibit cell wall degrading enzymes (CWDEs) and this interaction drives plant pathogens to evolve more potent unique hydrolytic enzymes [60]. A number of plant pathogenic fungi (Fusarium oxysporum, Phoma betae, Collectotrichium gloeosporioides etc.) have been reported to elaborate high levels of cellulases [61]. The capability of the plant pathogenic fungus Myrothecium verrucari to produce extracellular enzymes in submerged culture has been reported [62].
The pathogenicity of a large number of gram negative bacteria (Xanthomonas, Erwinia and Pseudomonas) relies on their ability to secrete extracellular depolymerising enzymes, such as cellulases, xylanases, proteases and pectinases [63]. Extracellular enzymes directly or indirectly affect the bacterial population and symptoms in the host, and even determine whether or not the infection will be successful. Several researchers have studied the structure/secretion relationship of cellulase in Xanthomonas and Erwinia because of role of this high potency enzyme in pathogenicity/infection [64–66]. Although role of depolymerising enzymes in necrosis and pathogenicity is well documented, the studies on commercial production of cellulases from other plant pathogens including Xanthomonas are almost lacking. Thus, phytopathogens represent sources of promising enzymatic diversity to complement and improve existing cellulase cocktails from Trichoderma.
Plant pathogenic organisms expressing a diverse array of cell wall degrading enzymes (CWDEs), therefore, have greater capabilities of attacking and thriving on plant lignocellulosic biomass and may possess unique set of enzymes or individual cocktails which may complement commercial cellulases for faster and more complete saccharification of biomass carbohydrates. The enzymes elaborated by the plant pathogenic organisms may be more suitable for biochemical conversion of biomass in biorefineries as their host species include potential lignocellulosic feedstocks for biofuel production. Plant pathogens are competent producers of lignocellulolytic enzymes and serve as diverse sources of accessory enzymes for more efficient conversion of lignocellulose into fermentable sugars. Thus, to achieve full potential of biorefineries, there is a pressing need to discover novel and unexploited microbes and their enzyme arsenals. A comprehensive study of cellulases expressed by plant pathogenic bacteria may yield promising enzyme candidates for application in bioethanol industry.


Conclusion
Given the current robust forces driving sustainable bioproducts production, biomass-based routes are expected to make a significant impact on the production of bulk chemicals in the next decade, and a huge impact in near future. Therefore, technology for conversion of biomass polysaccharides to fermentable sugars has to be optimized and made cost effective. Enzyme cocktails for wide range of biomass feedstocks have to be made available at reduced costs. Having a diverse library of cellulases and other complementary enzymes will enable tailoring such cocktails. Tailoring of cellulase mixtures for improvements in overall performance depends strongly on residual lignocellulosic properties after pretreatment. What has been lacking, however, is a systematic evaluation of the scope of CWDEs in plant pathogens and what particular enzymes might potentially contribute to optimized lignocellulose digestion. Rapid screening of hydrolase and transferase functions will be required to screen for activity (e.g. endo-, exo-, betaglucosidase). With the advent of liquid handling automation, miniaturization of enzyme assays, and high throughput screening methodologies, large enzyme libraries from diverse organisms can be evaluated for their ability to produce CWDEs [56]. To implement protein engineering for improvement of enzyme performance on biomass robust high throughput methods are being devised. Despite extensive research on cellulases, there are major gaps in our understanding of the actual mechanism involved in the hydrolysis of crystalline cellulose, mediated by the synergistic action of various constituents of the cellulase enzyme complex including the accessory enzymes.
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