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      FOREWORD


    


  




  

    Today’s chemical technology is still strongly dependent on fossil starting materials, fuel production being only one but a dominant example. Yet environmental concerns and political constraints have put the replacement of fossil carbon sources in industrial processes by compounds that are available in even larger amounts, but whose utilization can be performed in a carbon dioxide neutral way, at a top place in the list of technological advances of the 21st century. Quantitatively, this requirement can only be fulfilled by plant biomass since plants use carbon dioxide fixation via photosynthesis as the sole source of carbon. Furthermore, the dry plant biomass consists mainly of three polymers (cellulose, hemicelluloses and lignin), which – after depolymerization to the monomer constituents (hexoses, pentoses and phenylpropan substances) – can be used as a basis for the industrial production of ethanol or platform chemicals by fermentation or biocatalysis (biorefinery). Clearly, the production of these monomeric constituents by reliable processes and in high amounts that satisfy economic requirements and avoiding the production of hazardous byproducts is essential to the biorefinery concept. There is general consent that this can only be achieved by enzymatic hydrolysis.




    Yet biological processes are slow on technological scales. Therefore, the composition of the enzymes used, their properties and the kinetics of the hydrolysis process are still major areas which need improvement and optimization. To do this on a science-driven basis, however, more basic knowledge is needed. Almost all of the enzymes used are derived from fungi. Fungi, the fifth kingdom, play a predominant role in the degradation of lignocellulose biomass in nature, and consequently some of them have therefore served as models or workhorses for the production of the respective enzymes for plant biomass hydrolysis in academic laboratories and on an industrial scale. This book therefore presents an overview of the progress and latest achievements in the understanding of these processes at genomic, transcriptomic and proteomic levels which are indispensable prerequisites for further improvement of the process, and highlights areas for further research development.


  




  




  




  

    

      PREFACE


    


  




  

    The world is going through major environmental changes and new energy demands are required. With the imminent shortage of energy sources based on fossil, new renewable energy source have been used for both purposes, as fuel as well as for industrial power generation. However, to access these renewable matrices, a full understanding of the process is necessary in order to reach biofuels at low cost. In this sense, biotechnology comes as a new science that combines biology of various knowledge areas such as biochemistry, microbiology, enzymology, molecular and systems biology. The use of microorganisms in the processing of biomass in order to produce biofuels such as ethanol or biodiesel, as well as derivatives with biotechnological potential has been an alternative to implement the so-called biorefinery.




    In the following chapters of this work, the current panorama of biofuel and the use of fungi in biotechnology for the production of bioethanol and biodiesel will be discussed. In this sense, an overview of the process and the global biofuels market will be presented, followed by the basic biology of degradation of plant biomass, enzymology and regulation of gene expression of genes encoding enzymes that degrade plant biomass. In a second step, the processes already established will be presented in biorefinery such as large-scale production of hydrolytic enzymes as well as the general and specific aspects of biodiesel production. Subsequently, the presentation of enzymes used in the degradation of biomass in its immobilized form and the exploration of new enzymes will be discussed in addition to the benefits of using consortium of microorganisms for use in biorefinery. Finally, the current situation of biomass degradation processes and production of biofuel within the scope of ‘omics’ sciences and the integration of these processes from the point of view of synthetic and systems biology will be discussed.




    We hope this book will contribute both in the academic field but also in the industrial area to the understanding and implementation of biofuel production worldwide.
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      Abstract




      In 2013, the world production of ethanol was about 23.4 billion gallons. However, because of a global increase in fuel consumption, an increase in bioethanol production is necessary. The search for new energy sources increased the attention on biomass; now it is used directly for energy cogeneration by combustion and for the production of new fuels such as cellulosic ethanol or lignocellulosic ethanol, also called second-generation (2G) ethanol. Bioethanol production employing renewable sources is increasingly in demand worldwide because of the continuous depletion of fossil fuels, economic and political crises, and growing environmental safety concerns. Brazil and USA are the two largest producers and exporters of ethanol in the world. Nevertheless, other countries including China, India, Canada, Japan, Colombia, and Argentina have assumed featured positions in global fuel ethanol production. Therefore, this new world order may result in the development of an industrially suitable production strategy that will solve our energy crisis by producing more ethanol sustainably.
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      INTRODUCTION




      Increases in population and industrialization have led to an increase in global demand for energy and raw materials. Fossil fuels are the main sources of global energy and chemicals, which affect the environment and cause economic and social problems. A decrease in the proportion of fossil fuels in the energy matrix is necessary to reduce the emission of greenhouse gases and consequently reduce




      global warming. With the depletion of non-renewable petrochemical resources and an increase in concerns about environmental damage, renewable sources of energy have emerged as an important alternative to meet the energy needs of our present and future generations.




      Biofuels are derived from renewable biomass, which can partially or fully substitute fossil fuels for use in combustion or energy generation. The two main liquid biofuels used are ethanol (bioethanol), which is extracted from sugar cane, and biodiesel, which is produced from vegetable oils or animal fats and added to diesel oil in varying proportions. In 2013, the global production of ethanol was about 23.4 billion gallons (www.ethanolrfa.org). However, because of a global increase in fuel consumption, a corresponding increase in bioethanol production is necessary. The search for new energy sources increased the popularity of biomass; now it is used directly for energy cogeneration by combustion and for production of new fuels such as cellulosic ethanol or lignocellulosic ethanol, also called second-generation (2G) ethanol.




      The lignocellulosic ethanol production process has been widely studied in order to resolve bottlenecks in each step of the process, which are as follows: 1) characteristics and availability of biomass in raw materials, which determines the success of ethanol production; 2) selection of techniques to degrade the cell wall biomass, as this can be a challenging task; and 3) selection of efficient enzymes to obtain monosaccharide composition in the raw material, as cost and regularity on an industrial scale are key factors. In this chapter, we shall provide a global perspective of biofuel production, the pioneering experience of Brazil in this field, and the use of microorganisms in ethanol production. Furthermore, we will explore aspects of biorefineries and bottlenecks in implementation of this technology worldwide.


    




    

      GLOBAL PERSPECTIVE OF BIOFUEL PRODUCTION




      The global economy depends largely on energy derived from fossil carbon sources, mainly oil and coal. However, currently, the interest in natural gas has increased [1]. Bioethanol production employing renewable sources is increasingly in demand worldwide because of continuous depletion of fossil fuels, economic and political crises, and growing environmental safety concerns [2]. Biofuels have been used and produced in diverse regions worldwide. In this regard, the main determining factors of biofuel production are availability of biomass and presence of government incentives [3].




      Presently, approximately 20 million barrels of gasoline are used globally every day. USA, Japan, China, India, and the European Union are the main consumers of gasoline. However, these countries are looking for alternative sources of energy to reduce consumption of fossil fuels in an attempt to reduce pollution. Diverse environmental, economic, political, and strategic factors suggest that bioethanol is the best alternative to gasoline. Therefore, many countries have begun to show interest in the production and consumption of bioethanol for use as vehicle fuel through programs and policies such as international agreements and incentives for domestic production and consumption. The global market for bioethanol fuel is still in its infancy and faces difficulties including supply security, lack of infrastructure and policies, and trade barriers in some regions. Nevertheless, a rapid increase in the demand for gasoline and oil price fluctuations are helping increase international trade of this renewable fuel [5].




      The current biofuels industry produces around 57 billion toe (tonne of oil equivalent), which meets approximately 3% of the road transport sector’s energy requirements [5]. Currently, global production of biofuels has continued to increase, but the rate of production has slowed since 2008. Investments in biofuels are beginning to fall, mainly because of a constrained global economy and volatility of regulations governing the use of biofuels [3].




      The most common biofuel, bioethanol, currently accounts for 75% of global biofuel production. Depending on the geographical region, different cereals, such as corn, or both sugar cane and beet are the main plants used to produce fuel ethanol employed in gasoline engines [5]. Brazil and USA are the two largest producers and exporters of ethanol in the world, with ethanol being produced from corn feedstocks in USA and from sugarcane in Brazil (Fig. 1). The USA is the main ethanol supplier in the world [6], while Europe, North America, and Latin America are the biggest consumers of fuel ethanol. In 2011, USA and Brazil consumed 24.6 million toe and 10.5 million toe of bioethanol, respectively [5].




      Since 2010, USA has been a net exporter of bioethanol. Moreover, in 2011, because of poor-quality of the sugar cane harvest in Brazil, the ethanol exported by the USA reached record levels. Similarly, a significant volume of biofuels has been traded in Europe, which mainly imports biodiesel. Germany, France, and Spain are the most important importers of biofuels in Europe. Fifty percent of these imports come from Argentina, 39% from Indonesia, and less than 5% from USA [5]. Moreover, China, India, and Canada produce a significant amount of global fuel ethanol; in 2013, they collectively produced 1.764 million gallons [7].
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Fig. (1))




      Global ethanol production by country/region and year. (Source:www.afdc.energy.gov/data/).




      In December 2009, the Government of India (GOI) approved the National Policy on Biofuels. This policy encourages the use of renewable fuels to supplement transport fuels and proposes an indicative target to replace 20% of petroleum fuel consumption with biofuels (bioethanol and biodiesel) by the end of the 12th Five-Year Plan (2017) [8]. According Bryant [9], India is an emerging market for cellulosic bioethanol production. The new biofuel policy in India establishes an E20 (gasoline with 20% ethanol blended into it) target by 2017. Reaching this target will require the production of more than 4 billion gallons per year of cellulosic ethanol to meet the demand.




      A nascent market for biofuels is Japan. The present government statistics indicate the use of 500 million liters of bioethanol in 2010 and a targeted use of 6000 million liters in 2030 [9]. In 2011, Japanese fuel ethanol production increased by an estimated 35%; additionally, biodiesel production expanded by 61% [10]. Peru, Colombia, and Central America are future suppliers with potential for ethanol production. For example, the Peruvian estimate for ethanol production in 2015 is approximately 250 million liters. This projection corresponds to a 2% increase compared to the 2014 estimate of 245 million liters. Furthermore, the forecasted domestic ethanol consumption in 2015 is 165 million liters. However, Peru does not produce biodiesel because of the availability of more affordable Argentine biodiesel, causing Peruvian biodiesel imports to remain flat at 283,000 metric tons [11].




      Colombia’s sugarcane-based ethanol industry has a significant position in the western hemisphere, as it is the second most developed market. In 2010, expansion projects increased the daily production by almost 1 million gallons. Exports were responsible for most of the expansion in this market [12].




      Argentina is currently the leading exporter of biodiesel and accounts for more than half of global biodiesel exports (1.36 Mt (megatonne), exporting mainly to Norway and the USA. United States Department of Agriculture (USDA)estimates suggest that Argentine biodiesel exports will increase by more than 70% of current levels to reach 8 Mt by 2020. Biodiesel production in Argentina reached 2.5 million tons in 2010 and is expected to produce 3 million tons by 2011. According Sapp (2014), Argentine biodiesel exports increased by 44% during the first nine months of 2014 compared to the same period last year. Moreover, ethanol production increased by approximately 43% [13].




      The market for biofuels should continue to grow in the near future. As discussed above, new countries are poised as potential global biofuel suppliers. This may increase competition in the international market, which is important to protect against market oscillations. Moreover, for the successful growth of global biofuel production, investments are necessary in research, transfer of new technologies, and training of technical staff.


    




    

      WORLD OIL CRISIS AND BIOFUELS INDUSTRY




      Until mid-2014, the world production and oil prices had been relatively stable. However, recently the global oil prices have fallen sharply over the past seven months. In August 2014, the oil prices at around $110 a barrel. But since January 2015 prices have more than halved [14, 15]. Brent crude oil has now dipped below $50 a barrel for the first time since May 2009 and US crude is down to below $48 a barrel. This scenario affects of world economy of many countries which longer feel the effect. For example, Russia one of the world’s important oil producers, loses about $2 billion in revenues for every dollar in the oil price and its economy would shrink by at least 0.7% in 2015 if oil prices do not recover [14]. The reasons for the mundial scenario change are mainly the weak demand in many countries due to insipid economy growth, together with the US production, which reaches the highest levels since 1985. Furthermore, the fact that Opec’s members (Organization of the Petroleum Exporting Countries) do not cut production has also contributed to oil global depression. Concomitantly, the possibility of loss its niche market, does countries as Nigeria, the biggest oil producer in Africa and heavily oil-dependent, not decrease oil prices, contributing to increase the world crisis. The same way, Venezuela and Iran were important oil producers affected by this crisis. Moody’s and Fitch agencies bring down the Venezuelan credit to the default risk category due to the impact of falling oil prices on the balance of payments and the country's foreign exchange reserves [16].




      In Brazil, the drop in the oil price also decrease the earnings with exploration projects in the pre-salt layer. On the other hand, the Brazilian oil company (Petrobras) has been able to reverse some of the accumulated loss last year the gap between fuel prices in the international market and those charged in the domestic market. Nowadays, the gasoline price is at least 70% over that international price. However, one question remains: What the impact of oil crisis on the world biofuel market? The first point is that gasoline and the oil price have reached their lowest levels in five years boosting world oil crisis. This scenario probably will permit the hit of cleaner alternative fuels. So, renewable energy remains as an important alternative to the future of the planet to meet the energy needs of our and future generations.


    




    

      SUCCESS OF BRAZILIAN ETHANOL PRODUCTION




      Brazil has been becoming the most competitive producer of bioethanol in the world. Recently, Ibeto and coworkers [3] highlighted the role of Brazil in international bioethanol production. This success is partially due to a well-developed domestic market. Moreover, the development of new sugarcane varieties, favorable weather, fertile soils, and agricultural technologies has supported the increase in Brazilian bioethanol production [17]. In 2013/14, Brazil produced 546 million tons of sugarcane, which yielded 31 million tons of sugar and 24 billion liters (6.336 billion gallons) of ethanol, which makes Brazil the world's largest sugar producer and second largest ethanol producer, behind USA [18].




      The “ProAlcool” program launched by Brazilian government in 1975, stimulated the national production of bioethanol [19, 20]. Since then, the country has become a considerable bioethanol producer. Consequently, consumption of bioethanol as a fuel has surpassed consumption of gasoline in Brazil [21]. Currently, gasoline sold in Brazil contains 25% anhydrous bioethanol, and the expansion of ethanol consumption can be attributed to the growing fleet of light vehicles, especially flex fuel cars [21, 22].




      The growing global demand for clean energy sources has placed the Brazil at the forefront of international bioethanol production [4]. According to reports of Brazilian ethanol exports in the 2014/2015 harvest season, of all the states, São Paulo was responsible for 94.96% (261.378 liters) of all exports, followed by Minas Gerais (5.48%) and Goiás (0.03%) [23]. Presently, Brazil is a pioneer in bioethanol production. Recent data showed that approximately 15% of Brazilian bioethanol is exported. As demonstrated in Table 1, the main export destinations of Brazilian bioethanol are USA, Korea, Nigeria, and Japan.




      

        Table 1 Top 10 export destinations for Brazilian bioethanol exports*.




        

          

            

              	



              	Destination



              	Volume (m3)



              	Participation (%)

            


          



          

            

              	1



              	USA



              	212.020



              	76.62%

            




            

              	2



              	Korea



              	37.340



              	13.49%

            




            

              	3



              	Nigeria



              	10.115



              	3.66%

            




            

              	4



              	Japan



              	9.849



              	3.56%

            




            

              	5



              	Turkey



              	6.488



              	2.34%

            




            

              	6



              	Uruguay



              	420



              	0.15%

            




            

              	7



              	Chile



              	168



              	0.06%

            




            

              	8



              	Colombia



              	138



              	0.05%

            




            

              	9



              	Angola



              	71



              	0.03%

            




            

              	10



              	Mexico



              	49



              	0.02%

            




            

              	



              	Others



              	51



              	0.02%

            




            

              	



              	TOTAL



              	276.708



              	100%

            


          

        




        

          *Accumulated values from April 2014 to May 2015 of the 2014/2015 harvest season. Source: [27] UNICA (2014). Available from: http://www.unicadata.com.br/listagem.php?idMn=74.


        




      




      In 2013, Brazilian sugarcane ethanol imported by the USA fell by 40% compared to 2012, to approximately 242 million gallons. Because Brazil is the largest supplier of ethanol imports to the USA, this drop caused USA to become a net exporter of bioethanol for the year. Export volumes of corn-based ethanol to Brazil declined, but were more than offset by higher export volumes to Canada and many other countries. Although the net level has varied monthly, since 2011, USA has both imported ethanol from and exported ethanol to Brazil [24].




      Brazil is a successful story in terms of sugarcane ethanol production. Regional characteristics and a supply of adequate technologies ensures low-cost production of ethanol, which in the past few years has allowed for an impressive expansion of the Brazilian market and a change in focus of the market, which was previously predominantly based on the domestic market. To decrease dependence on fossil fuels, many countries have implemented the use of bioethanol in their energy matrix, have added bioethanol directly into gasoline, or have used bioethanol in the manufacture of oxygenated gasoline [4]. Remarkably, different countries have announced programs that have set biofuel use targets participation at its headquarters in less than 20 years. Therefore, Brazil needs to develop additional technical, economic, and political experience to respond to the soaring global demand of ethanol.




      The rapid expansion of ethanol production from sugarcane in Brazil has raised a number of questions regarding its negative impacts and sustainability. Main positive effects include elimination of lead compounds from gasoline and reduction of CO2 emissions. However, negative impacts concern destruction or damage of high-biodiversity areas, degradation of soils, and deforestation [19].




      Important contributors to the development of a successful national project in bioethanol production in Brazil include the follows: global increase in oil prices, growing global recognition of environmental consequences of global warming and its correlation with consumption of fossil fuels, and consistent reductions in costs of bioethanol production from sugarcane that are already competitive with gasoline prices of approximately $50 per barrel. Projections for oil import prices by the International Energy Agency [25] indicate values above $100 per barrel (for 2007) by 2020, which would make bioethanol more competitive in comparison with gasoline. Moreover, sugarcane and its main products are advantageous with regard to production value by hectare, revealing a preferred economic option [4].




      Finally, others bioethanol producers, such as India and China, are less competitive as compared to Brazil because of weather conditions (rainfall and temperature). Sugarcane is well adapted to the soil and climate in some Brazilian regions [26]. Thus, Brazil has excelled in the world market for bioethanol production and has potential to grow further in the future.


    




    

      FUNGAL BIOTECHNOLOGY FOR 2G-BIOETHANOL PRODUCTION: FROM THE FIELD TO THE TANK




      The use of microorganisms for obtaining several primary and secondary metabolites by using different carbohydrates has been used throughout history. Presently, these metabolites have key roles in various domestic and industrial applications, including the production of 2G ethanol by microbial conversion [28].




      An important step in bioethanol production is the hydrolysis of lignocellulolytic material. In this step, a variety of microorganisms, including bacteria and fungi, have the ability to obtain glucose monomers by degradation of plant biomass. Fungi are widely known as cellulase producers that can use cheap and surplus lignocellulosic raw materials as main carbon sources under several cultivation conditions [28]. The main cellulolytic and hemicellulolytic strains include Trichoderma (Trichoderma reesei, Trichoderma longibrachiatum, and Trichoderma harzianum), Penicillium (P. brasilianum, P. occitanis, P. funiculosum, and P. decumbans), Aspergillus (A. niger, A. nidulans, and A. oryzae), Fusarium (F. solani and F. oxysporum), Humicola (H. insolens and H. grisea), and Melanocarpus albomyces. Some yeast, such as the genus Trichosporium sp, are also producers of cellulases and xylanases [29-31]. Of these genera, Trichoderma have been most widely studied and are indisputable champions in cellulase production. The involvement of some of these species in bioethanol production will be described in greater detail below.




      Trichoderma fungi are saprophytes and mesophilic and inhabit soil and decaying wood [32]. These microorganisms produce a number of enzymes, including cellulase and hemicellulase, that act synergistically to hydrolyze crystalline cellulose to smaller oligosaccharides and ultimately to glucose [33]. The Trichoderma reesei cellulolytic system is probably one of the most extensively studied systems, with regard to mechanisms of cellulase action. This system consists of cellobiohydrolases, endoglucanases, and β-glucosidases; thus, the synergistic action of these three groups of enzymes ensures efficient conversion of lignocellulosic biomass to glucose and other fermentable sugars [34].




      Alternatively to the fungus Trichoderma reesei for the production of bioethanol, several species of Penicillium have been identified as potential cellulase producers. Many studies indicate that Penicillium spp. have a complete cellulolytic system with high β-glucosidase activity. P. funiculosum, for example, is known to produce glucose faster during hydrolysis of corn cobs as compared to marketed enzymes. Furthermore, P. citrinum has been employed in the production of alkali-tolerant and thermostable cellulases [31].




      Species belonging to the genus Aspergillus, such as A. niger, are also commonly used in the industrial production of enzymes in recent times. These fungi were never considered efficient cellulase producers for the saccharification of plant biomass, although their genome has genes encoding hydrolytic enzymes such as endoglucanases and cellobiohydrolases. However, β-glucosidases produced by Aspergillus sp. are an interesting alternative for the lack of β-glucosidases often found in various strains of Trichoderma reesei [35].




      Another group of fungi, which has attracted the attention of researchers as promising cellulase producers, consists of organisms capable of synthesizing thermostable enzymes, which cause increased catalytic efficiency and a consequent reduction in production costs of bioethanol. This group includes the species Talaromyces emersonii, Thermoascus aurantiacus, Sporotrichum thermophile, Chaetomium thermophilum, and Corynascus thermophilus. These microorganisms produce stable and active enzymes at elevated temperatures (above 60 °C), well above the optimal temperature for growth, which is approximately 30-55 °C [36].




      Until now, the initial step of bioethanol production, hydrolysis of lignocellulosic material, was discussed. With simple sugars already available, the process of fermentation is initiated (see in more detail in section 1. V), which includes the participation of microorganisms.




      Sugars from lignocellulosic hydrolysates comprise of a mixture of pentoses and hexoses, and economically efficient and sustainable biomass conversion to ethanol involves the use of microbial strains capable of fermenting not only glucose but also all sugars present in lignocellulosic hydrolysates, such as D-cellobiose, D-xylose, L-arabinose, mannose, and galactose, with high efficiency and productivity [29].




      The most widely microorganism used in fermentation is the yeast Saccharomyces cerevisiae because of its ability to easily assimilate glucose from sugarcane or cellulosic biomass waste [37]. Saccharomyces cerevisiae has characteristics that make it a good candidate for fermentation processes, such as high fermentation rate, high ethanol tolerance, and a wide public acceptance. However, a disadvantage of this yeast is its inability to efficiently use xylose as a sole carbon source or ferment it to ethanol. Thus, several attempts have been made using genetic engineering to enhance the capacity of Saccharomyces cerevisiae to ferment xylose [36]. In contrast, Pichia stipitis has a natural ability to ferment the pentose sugar, xylose, and represents a relevant yeast species for biofuel research [38].




      Among bacteria, the most promising is Zymomonas mobilis, which has high energy efficiency resulting in a high ethanol yield (greater than 90%) [39]. Escherichia coli is another bacterial species whose genome has been engineered to convert all hexoses and pentoses present in plant biomass. The resulting engineered strain showed increased ethanol tolerance and increased biofuel production effort at similar rates to those found in yeast [38].




      Nowadays, the scientific community and the biofuels industry has made a major effort in searching for microorganisms with optimized functions, such as in the secretion of hydrolytic enzymes that act on lignocellulosic material or for the fermentation of simple sugars into ethanol [38]. In this context, genetic engineering plays a key role and is constantly improving the search for microbial strains that reconcile increased bioethanol production rate, reduction in environmental damage, and affordable cost.


    




    

      BIOREFINERIES




      The use of lignocellulosic biomass as an alternative to non-renewable energy sources has gained acceptance globally. Thus, the development and improvement of biorefineries is key to sustainable production of bioethanol that can economically compete with petrochemical fuels.




      Biorefinery refers to an integral unit containing facilities, equipment, and processes using several biological nonfood feedstocks and converting them into many useful products including chemicals, fuels, and materials, with minimal waste generation and minimal emission of polluting gases [40]. It is closely analogous with the petroleum refinery, while employing renewable raw materials. Basic principles underlying a traditional petroleum refinery and a biorefinery are schematically represented in Fig. (2). Both are based on the same strategy: break down molecular complexes into their basic constituents and use them in the generation of new products. However, a petroleum refinery mainly supplies fuel for transport and energy, and only a small fraction of this fuel is used in the chemical industry. In contrast, the biorefinery produces a relatively greater amount of bioproducts (chemical and materials), besides producing bioenergy [41] (Fig. 2).
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Fig. (2))




      Comparison of the basic-principles underlying a petroleum refinery and a biorefinery, showing raw materials used in each case and their respective products. (This figure is an adaptation of [41]).




      A wide variety of natural resources, including hardwood, softwood, and residues from agricultural and forest activity, can be converted into functional materials through the process of biorefining [42, 43]. Lignocellulose, a major component of these raw materials, is predominantly composed of cellulose (40-50%), followed by hemicellulose (25-35%) and lignin (15-20%), which makes it extremely resistant to enzymatic digestion [44].




      The varied composition of biomass sources make biorefineries capable of producing a larger class of products, which can be classified into two broad categories: material and energy products. The most important material products are chemicals, organic acids, polymers and resins, biomaterials, food, animal feed, and fertilizers. Energy products are used according to their energy content and enable transportation services, electricity production, and heat generation. This category comprises gaseous biofuels (biogas, syngas, hydrogen, and biomethane), solid biofuels (pellets, lignin, and charcoal), and liquid biofuels for transportation (bioethanol, biodiesel, Fischer–Tropsch fuels, and bio-oil) [45].




      With regard to 2G ethanol production, lignocellulose is processed through four major steps, which are represented in Fig. (3): (1) the biomass is pretreated to remove lignin, which frees the other components, cellulose and hemicellulose, for the hydrolysis process; (2) cellulose and hemicellulose are hydrolyzed to produce fermentable sugars such as glucose, arabinose, galactose, xylose, and mannose; (3) 5- and 6-carbon sugars are fermented into ethanol by microorganisms; and (4) finally, ethanol is distilled, which purifies it and makes it suitable for use [46, 47].
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Figure 3)




      The three major steps of lignocellulose processing for bioethanol production including pretreatment to remove lignin (1), hydrolyses of cellulose and hemicellulose (2), and fermentation of the resulting free sugars (3). (This figure is an adaptation of [47]).




      The pretreatment step is performed under stringent conditions that make possible the removal of lignin and subsequent depolymerization of cellulose and hemicellulose, making the biomass more susceptible to attack by hydrolytic enzymes [48]. Four basic techniques can be used in this pretreatment step, namely physical, chemical, physicochemical, and biological; usually, a combination of these methods is used for the pretreatment step [46].




      Enzymatic hydrolysis occurs through the action of microbial cellulases and hemicellulases that catalyze the hydrolysis of cellulose and hemicellulose, respectively, releasing 5- and 6-carbon sugars for subsequent fermentation [34]. Enzymatic hydrolysis can occur by two different ways: either hydrolysis takes place simultaneously with fermentation of monomeric sugars produced by the action of hydrolytic enzymes and this method is called simultaneous saccharification and fermentation (SSF); or, these processes occur at separate times and in separate compartments, and this method is called separate hydrolysis and fermentation (SHF). An advantage of using SSF is a lower production cost than SHF, since it has been demonstrated that the overall yield of ethanol produced by the lignocellulosic biomass is higher in the SSF process [48].




      Fermentation, the last step of bioethanol production, involves conversion of several pentose and hexose sugars to ethanol [49]. The ideal ethanol-producing microorganism would ferment all biomass-derived sugars, possess resistance to inhibitory byproducts of the process, and, if possible, produce a synergistic combination of cellulases required for the complete hydrolysis of the cellulose polymer. As a result, fermentative microorganisms are subjected to continuous improvements, particularly by the use of genetic manipulation tools. Thus, several yeasts and bacteria, such as Saccharomyces cerevisiae and E. coli have been genetically engineered to enhance the fermentation of sugars such as glucose, xylose, and arabinose [50].




      These technologies are still mostly expensive and offer low return on investment, which affects the production of chemicals and fuels at competitive costs. Accordingly, there is a constant requirement for development of new products and processes in biorefineries that allow for sustainable economic growth, are socially accessible, and reduce environmental impacts caused by the use of fossil fuels [42].


    




    

      BOTTLENECKS IN 2G-BIOETHANOL PRODUCTION




      Lignocellulosic materials, such as bagasse or straw, are mainly made up of three components: cellulose, hemicellulose, and lignin. The process of converting lignocellulosic biomass to ethanol consists of four stages, as discussed previously: pretreatment, enzymatic hydrolysis, fermentation, and distillation. Viability of 2G ethanol involves challenges on several fronts: agronomy, process engineering, logistics, equipment, and biotechnology. These challenges begin during the pretreatment step, and include genetic engineering to reduce lignin content in biomass, alteration of lignin composition, and identifying potential ligninases in natural sources (mainly fungi).




      Furthermore, conversion of cellulosic components into fermentable sugars is a major technological and economic challenge in the production of biofuels. The cost of enzymatic hydrolysis is an important factor, as it depends on the efficiency, yield, pretreatment costs, synergistic actions of cellulase and accessory enzymes, and required addition of external enzymes [51]. Additionally, single-step biomass hydrolysis and sugar fermentation is an important goal for biorefinery technology.




      Some pilot plants have already been implemented in the world, the most important of which are as follows: the National Renewable Energy Laboratory (NREL, USA), which produces approximately 120,000 liters of bioethanol/year; The Iogen Corporation (Canada), recently acquired by Novozymes, which produces approximately 320,000 liters/year using wheat straw as biomass. In Europe, in total, five plants will produce more than 1000 t/year ethanol, including plants in Germany (agriculture residues), Spain (straw and corn stover), Denmark (mainly wheat straw), Finland, and Italy (the biggest in the world, producing 75 million liter/year) [52].




      Between 2014 and 2015, the first two Brazilian biorefineries producing 2G ethanol using cellulose as a raw material (bagasse and straw cane sugar) will be put into operation. The first plant is a GranBio unit with a capacity of 82 million liters/year using technology from ProesaTM Beta Renewables [53] and with investments of approximately $350 million [54]. The second plant, belonging to Raizen, is valued at $230 million and is being built in the State of São Paulo. The new unit will have the capacity to produce 40 million liters/year. Raizen claims to have plans to build seven cellulosic ethanol plants by 2024, all located near existing conventional power plants to facilitate logistics of straw and sugarcane bagasse [54]. With the applied technology, Brazil will become the largest biomass-derived bioenergy producer in the world. Currently, Brazil has about 450 million of hectares of underused arable land, which is far superior to any other country [55].




      With a “global race” underway for 2G-ethanol production, China will bring new dimensions with the construction of a new refinery in partnership of Novozymes and Beta Renewables, which will be the largest in the world. With investments of approximately $325 million, the new plant will be ready by the end of 2016 in the city of Fuyang and will process between 970,000 and 1.3 million tons of biomass per year. This 2G-ethanol production plant will have the capacity to process approximately 235 million gallons of cellulosic ethanol per year [56].




      A big challenge for the successful implementation of biorefineries is to reduce production costs for the conversion of biomass into sugars for fermentation. This requires the use of a cheap and efficient enzymatic cocktail. In this sense, cellulases produced by Trichoderma spp. play a key role in lignocellulosic biomass saccharification and are considered the best sources for industrial production. The US Department of Energy considers viable an enzyme cost of less than $0.12 per gallon ethanol to make lignocellulosic ethanol competitive [57]. However, enzyme producers work with optimistic values of approximately $0.35-$0.5 per gallon [58].




      Presently, a large number of different cocktails are commercially available for biomass degradation. CellicTM CTec3 from Novozymes is one such easily available enzymatic cocktail, with better performance and competitive costs for the production of biofuels from biomass [59]. This cocktail is composed of enzymes such as cellulases (including GH61 and β-glucosidases) and a new range of hemicellulases that convert cellulose fibers and hemicellulose into fermentable sugars such as glucose and xylose [59, 60]. The identity of company producing microorganisms that generate these enzymes has not been disclosed. According Scharr (2013) [60], other companies that manufacture enzymes for cellulosic ethanol production include Codexis from USA (the company produces an enzyme package with cellulase activity called CodeXyme and is developing the product to meet technical requirements of cellulosic ethanol processes of Shell); Dyadic from USA (the company has developed C1 platform technology, which involves a strain of fungus, Chrysosporium lucknowense, originating from Russia, that grows in alkaline soil and can grow in extreme conditions); and Genencor from USA (the company has developed an enzyme called Accellerase 1000 with various enzymatic activities from a mixture of different enzymes, mainly exoglucanase, endoglucanase, hemicellulase, and β-glucosidase, and has also developed “Accellerase 1500”, an improved version enzyme from a genetically modified strain of Trichoderma reesei) [61].




      Another limiting step in 2G-ethanol production, which should be overcome to reduce costs, is simplification or integration of processes. Currently, the production of enzymes, hydrolysis of biomass, and fermentation for ethanol production occur in separate steps. The SHF process includes the production of enzymes, hydrolysis of biomass, and subsequent fermentation of hexoses (C6) and pentoses (C5) in different tanks. However, accumulation of high glucose content can inhibit some enzymes, principally glucosidases. To solve this problem, the SSF process can be used as it leads to the removal of glucose by yeast during fermentation [62]. However, an ideal process for bioethanol production would be consolidated bioprocessing (CBP). Here, the same microorganism would be able to produce enzymes for biomass hydrolysis and conversion of sugars into ethanol [63]. However, this process is difficult to develop as it depends on genetic engineering to produce ethanologenic Saccharomyces cerevisiae that can also produce cellulases [64] or to convert the Trichoderma reesei into a good ethanol producer [63].


    




    

      CONCLUDING REMARKS




      2G-ethanol production is already a global reality. However, production costs still limit the commercial success of this product. The contribution of enzyme costs to the economics of 2G-ethanol production cannot be ignored. Commercial production of cellulase cocktails is often too great a bottleneck to be overcome. Increasing understanding of cellulase production is key for enzymatic hydrolysis of biomass. Biotechnological developments will allow for the production of a variety of enzyme cocktails at low costs. Furthermore, implementation of CBP will provide cost-effective biomass hydrolysis and sugar fermentation for biofuel and biorefinery technologies. Conversion of biomass to 2G ethanol depends on the robustness of efficient microbial enzyme systems; implementation of this process on a large scale should reduce production costs.
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      Abstract




      Currently, bioethanol is the most promising alternative renewable energy source to fossil fuels. Bioethanol has the potential to provide sustainable, cost effective energy while reducing greenhouse gas emissions. The complex lignin-cellulose-hemicellulose matrix of the biomass has to be fractioned 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 proteins that target and degrade specific constituents of cell wall. The requirements of enzyme complexes which act synergistically to unlock and saccharify polysaccharides from the lignocellulose complex to fermentable sugars represent major costs in the overall process and present a great challenge. Hence, improvements in the development of economically viable technologies for the production of saccharifying enzymes are essential for optimizing the biofuel production process. Topics are summarized from a practical point of view including classification and properties of cellulases, synergistic action, action mechanisms and accessory proteins as well as the future trends for cellulase production, applications and biotechnological perspectives of these enzymes.
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      Introduction




      Lignocellulosic biomass is one of the most abundant renewable biological resources on the planet. Its valuable polysaccharide molecules can be used as building blocks for several products, including biofuels (Pereira Jr. et al. 2008).The biodegradation of lignocellulosic biomass has been studied extensively and is gaining importance in the global energy market due to the importance of renewable materials and their positive impacts on the environment. In 2002, the concept of a biorefinery was introduced. A biorefinery is analogous to a petroleum refinery and refers to a sustainable industrial biomass-processing unit producing a wide range of bioproducts (food, feed, chemicals, and materials) and bioenergy (biofuels, electricity and/or heat). Biorefineries may become a key industry by the end of the 21st century and may even drive a new industrial revolution due to the importance of the technologies that they use and their effects on the industrial paradigm associated with integrated production [1].




      The lignocellulosic biomass structure primarily comprises of cellulose (a homopolysaccharide composed of β-D-glucopyranose units linked by glycosidic bonds β-(1→4), of which cellobiose is the smallest repetitive unit that can be converted into glucose), hemicellulose (a heteropolysaccharide macromolecule composed of pentoses such as D-xylose and D-arabinose, hexoses such as D-mannose, D-glucose and D-galactose, and sugar acids) and lignin (a complex polyphenol) [2].




      The production of biofuels, such as ethanol, and of other chemicals of commercial interest from lignocellulosic biomass proceeds through four consecutive stages: pre-treatment, hydrolysis, fermentation and product separation. Regardless of the final product, any process of conversion of lignocellulosic biomass requires the reduction of its recalcitrance and crystallinity and the depolymerization of plant fibers. This depolymerization process is performed using physical, physical-chemical and/or biochemical methods with the aim of increasing the availability of the carbohydrate components of cellulose and hemicellulose to the conversion processes.




      The aim of the pre-treatment stage is to reduce the crystallinity and/or degree of polymerization of cellulose or selectively remove hemicellulose and lignin, solubilizing and/or degrading these substituents without high formation of fermentation-inhibiting compounds [3]. However, different pre-treatments have different actions on lignocellulosic material. Pre-treatments may be classified as physical, physical-chemical, chemical, or biological depending on the agent responsible for the structural changes.




      The cellulosic and hemicellulosic fractions of pre-treated biomass may be converted to monomers sequentially or simultaneously with biochemical conversion using commercially available enzyme complexes. These commercial enzyme complexes are mostly unknown mixes of cellulases, hemicellulases and accessory enzymes.


    




    

      Cellulases




      Cellulases are a class of hydrolases that cleave O-glycosidic bonds. These enzymes are produced by a wide range of organisms, including anaerobic (Clostridium, Ruminococcus, Caldicellulosiruptor, Acetivibrio, Butyrivibrio) and aerobic bacteria (Cellulomonas, Thermobifida, Cytophaga, Sporocytophaga), actinomycetes (Streptomyces), filamentous fungi (Bulgaria, Chaetomium, Helotium, Coriolus, Phanerochaete, Poria, Schizophyllum, Serpula, Cladosporium, Fusarium, Geotrichum, Myrothecium, Paecilomyces), plants (Fragaria) and animals (mollusks, insects) [4, 5]. Filamentous fungi of subdivision Deuteromycota, particularly of the genera Aspergillus, Trichoderma, Humicola and Penicillium, are frequently used industrially for cellulase production [6].




      One of the most important emerging applications of cellulases is the hydrolysis of lignocellulosic biomass to obtain sugar liquors. Raw materials of lignocellulosic origin contain 20% to 60% cellulose, which may be completely converted to glucose enzymatically. The glucose can then be used as a building block for a wide range of molecules from fuels to polymers.




      These technologies form part of the widely used concept of a Biorefinery, a facility permitting the full, integrated use of agro-industrial residues generated in a given production chain to add value to it [7].


    




    

      Classification




      Cellulases (EC 3.2.1.4) are responsible for the hydrolytic cleavage of 1,4-β-D-glycosidic bonds of cellulose and include a complex variety of enzymes with different specificities. Cellulases are classified into three main groups according to their mode of action: i) endoglucanases (EnGs), which cleave internal bonds of cellulose fibers; ii) exoglucanases (ExGs), which act on the external region of cellulose; and iii) β-glucosidases, which hydrolyze soluble oligosaccharides to glucose [4].




      

        



        i). Endoglucanase (EnG)




        The systematic name of EnG according to the IUBMB (International Union of Biochemistry and Molecular Biology) is 1,4-β-D-glucan-4-glucanohydrolase, but it can also be referred to as endo-1,4-β-D-glucanase; β-1,4-glucanase; β-1,4-endoglucan hydrolase; celluase A; cellulosin AP; endoglucanase D; alkali cellulase; cellulase A 3; celludextrinase; 9.5 cellulase; avicelase; pancellase SS; 1,4-(1,3;1,4)-β-D-glucan 4-glucanohydrolase. This cellulase is responsible for initiating hydrolysis. It randomly hydrolyzes internal amorphous regions of cellulose fibers, releasing oligosaccharides of various degrees of polymerization (DP) and consequently generating new chain ends, one reducing and one nonreducing* [4]. EnG rapidly solubilizes cellulose (reduction of DP) via fragmentation into oligosaccharides [8].


      




      

        



        ii). Exoglucanase (ExG)




        The ExG group comprises glucanohydrolase (GH) and cellobiohydrolase (CBH). The systematic name of GH is 4-β-D-glucan glucohydrolase, but it can also be referred to as exo-1,4-β-glucosidase; exocellulase; exo-β-1,4-glucosidase; exo-β-1,4-glucanase; β-1,4-β-glucanase; β-glucosidase; exo-1,4-β-glucanase; 1,4-β-D-glucan glucohydrolase. There are few reports for this enzyme, but it is very important for cellulose fiber hydrolysis because it can release glucose directly from cellulose [4].




        The systematic name of CBH is 4-β-D-glucan cellobiohydrolase. CBHs can be divided into two types: type I (CBH I), which hydrolyzes reducing ends (R), and type II (CBH II), which hydrolyzes nonreducing ends (NR). These enzymes are typically inhibited by their hydrolysis product (cellobiose) [9]. CBH I can also be referred as CelS; CelSS; endoglucanase SS; cellulase SS; cellobiohydrolase CelS; Cel48A and CBH II is also known as exo-cellobiohydrolase; β-1,4-glucan cellobiohydrolase; β-1,4-glucan cellobiosylhydrolase; 1,4-β-glucan cellobiosidase; exoglucanase; avicelase; CBH 1; C1 cellulase; cellobiohydrolase I; cellobiohy-drolase; exo-β-1,4-glucan cellobiohydrolase; 1,4-β-D-glucan cellobiohydrolase; cellobiosidase.




        This enzyme participates in primary cellulose hydrolysis and is involved in the amorphogenesis, a phenomenon that is not fully understood but that involves physical rupture of the substrate, resulting in destratification of cellulose fibers due to increased interstitial space. Amorphogenesis promotes increased cellulose hydrolysis rates by increasing the access of cellulases to previously crystalline regions [10].


      




      

        



        iii). β-glucosidase (BG)




        The third and last main group of enzymes of the cellulolytic complex includes BG, whose systematic name is β-D-glucoside glucohydrolase. This enzyme can also be referred to as gentiobiase, cellobiase, emulsin, elaterase, aryl-β-glucosidase, β-D-glucosidase, β-glucoside glucohydrolase, arbutinase, amygdalinase, p-nitrophenyl β-glucosidase, primeverosidase, amygdalase, linamarase and salicilinase [11].




        β-glucosidase can hydrolyze cellobiose and soluble oligosaccharides (DP<7) to glucose [4, 12]. Similar to cellobiohydrolases, β-glucosidase has been reported to be inhibited by its hydrolysis product [9]. However, the inhibition by glucose is generally much weaker than the strong inhibition observed upon incubation with D-δ-gluconolactone, which exhibits an inhibition constant (KI) of 5 to 10 nM [13]. An exception is a β-glucosidase isolated from Aspergillus oryzae raw extract by Riou et al. [14] that is highly tolerant to potential inhibitors and exhibits KI values of 1.36 M and 12.5 mM for glucose and D-δ-gluconolactone, respectively.




        The enzyme nomenclature of the Committee of the International Union of Biochemistry and Molecular Biology (NC-IUBMB) is based on substrate specificity and occasionally on the enzyme's molecular mechanism. The classification of glycosyl hydrolases into families based on similarities of amino acid sequences was proposed by Henrissat [15]. Because there is a direct relationship between sequence similarity and protein folding, this classification reflects the characteristic structure of these enzymes, clarifying the evolutionary relationship between them and providing important information regarding the mechanism of action of hydrolases [16].


      


    




    

      SYNERGISTIC ACTION OF CELLULASES




      The yields obtained by cellulases acting together are higher than the sum of the yields of the enzymes when acting separately [4]. The three main groups of enzymes act simultaneously (Fig. 1).




      Primary hydrolysis occurs at the surface of solid substrates, releasing soluble carbohydrates with DP=9. The DP decreases to 6 at the liquefaction stage through hydrolysis by EnGs and ExGs. The rate of enzymatic depolymerization by EnGs and ExGs is the limiting factor in hydrolysis [17]. Secondary hydrolysis, which occurs at the post-liquefaction stage, mainly involves the hydrolysis of cellobiose to glucose by β-glucosidases, although some β-glucosidases also hydrolyze long-chain cellodextrins [10, 18].
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Figure 1)




      Schematic diagram of the stages of cellulose enzymatic hydrolysis. (Source: Arantes & Saddler [18]).




      Synergism in cellulase systems was first described by Mandels and Reese [19]. Until recently, two types of synergism had been reported: (a) between EnG and CBH and (b) between CBH and other cellulases (EnGs and ExGs) [20]. The first type corresponds to the cleavage of cellulose polymer chains by EnGs, creating reducing ends that become substrates for ExGs. Thus, these two enzymes are significantly less efficient when acting individually than when acting together. The second type of synergism results from the action of β-glucosidases that rapidly convert cellobiose to glucose, eliminating inhibition by cellobiose.




      Although these synergisms have been partially explained, the underlying molecular mechanisms are still widely debated. First, it is not known why the addition of CBHs strengthens the action of EnGs on soluble substrates, particularly crystalline cellulose. It is also not known why only a limited number of EnGs and CBHs exhibit synergism [20].




      According to Wood and McCrae [21] and Gow and Wood [22], synergism between EnGs and CBHs from different microbial sources is rarely observed. Hoshino et al. [23] studied the cooperative action of EnGs (En-1, Endo-2 and EG-1) and ExGs (Ex-1, CBH I, CBH II and Exo-A) from different sources and observed different degrees of synergism. Table 1 presents the different degrees of synergism between EnGs and ExGs.




      

        Table 1 Synergism between pairs of exo- and endoglucanases for the hydrolysis of cotton fibbers.




        

          

            

              	Cellulase Combination



              	Reducing Sugars Produced (mM)



              	Degree of Synergism

            


          



          

            

              	Exo and Exo



              	



              	

            




            

              	CBH II and Ex-I



              	1.60



              	2.3

            




            

              	CBH II and Exo-A



              	1.87



              	2.7

            




            

              	CBH II and CBH I



              	2.50



              	3.1

            




            

              	CBH I and Ex-1



              	1.18



              	1.3

            




            

              	CBH I and Exo-A



              	1.08



              	1.2

            




            

              	Exo-1 and Exo-A



              	0.95



              	1.2

            




            

              	Endo and Endo



              	



              	

            




            

              	Endo-2 and En-1



              	0.49



              	1.3

            




            

              	Endo-2 and EG I



              	0.66



              	1.7

            




            

              	En-1 and EG I



              	0.36



              	1.4

            




            

              	Exo and Endo



              	



              	

            




            

              	CBH II and En-1



              	1.22



              	2.9

            




            

              	CBH II and EG-1



              	1.28



              	3.0

            




            

              	CBH II and Endo-2



              	1.71



              	3.1

            




            

              	CBH I and En-1



              	2.02



              	3.2

            




            

              	CBH I and EG-1



              	2.17



              	3.4

            




            

              	CBH I and Endo-2



              	2.60



              	3.4

            




            

              	Ex-1 and Endo-2



              	0.72



              	1.1

            




            

              	Ex-1 and En-1



              	0.84



              	1.6

            




            

              	Ex-1 and EG-1



              	0.85



              	1.6

            




            

              	Exo-A and Endo-2



              	0.78



              	1.2

            




            

              	Exo-A and En-1



              	0.73



              	1.4

            




            

              	Exo-A and EG-1



              	0.79



              	1.5

            


          

        




        

          (Source: Hoshino et al. [23])


        




      




      Synergism not involving the consecutive action of endo- and exo-enzymes but between two EnGs was observed by Rabinovich et al. [24]. This type of synergism may be the key to explain the synergism phenomenon in general. In endo-endo synergism, some enzymes are tightly adsorbed to the substrate, whereas others are weakly adsorbed, exhibiting up to 10-fold differences in the adsorption constant.




      When an EnG mix containing both tightly and weakly adsorbed enzymes is used, the degree of conversion of microcrystalline cellulose increases by 75%. However, EnGs that are weakly adsorbed become inactive when the degree of conversion reaches 30 to 40%, even when more enzyme is added to the reaction [20]. Rabinovich et al. [24] demonstrated that the sites of action of weakly and tightly adsorbed EnGs are different and that the addition of EnGs weakly adsorbed to cellulose previously hydrolyzed by a tightly adsorbed EnG significantly increases the rate of hydrolysis and the degree of conversion of microcrystalline cellulose. In addition, the rates of hydrolysis by combinations of the two EnG types are 6 to 20 times higher than those observed when only tightly adsorbed EnGs are used.




      The efficiency of crystalline cellulose degradation has thus been proposed to increase when enzymatic systems containing cellulases with both high and low affinity (adsorption) to cellulose, i.e., exhibiting synergism, are used.




      The molecular mechanisms of exo-endo and endo-endo combinations differ. Tightly adsorbed enzymes bound to cellulose at sites at which the substrate’s crystalline structure is disorganized inducedefibrillation of the crystalline structure via a mechanical-chemical effect. These tightly adsorbed enzymes can penetrate the intercrystalline regions and create new sites of action for weakly adsorbed enzymes, which only act rapidly in disordered (amorphous) regions of cellulose located at the periphery of the crystalline structure. This mechanism explains the synergism between EnGs and also in combinations containing CBHs [20].


    




    

      Action mechanisms




      Hydrolysis, as its name indicates, is the breaking of bonds by the addition of water. There are basically two types of cellulase hydrolysis mechanisms: (a) retention and (b) inversion (Fig. 2).




      The retention mechanism (Fig. 2a) involves a double displacement with retention of the configuration of the anomeric carbon of the sugar ring involved in catalysis. In other words, if the glucose in the polymer chain is in the β-configuration, subsequent catalysis will retain the β-configuration. Retention enzymes possess two important amino acids at their active sites, with carboxyl radicals in their side chains. These radicals are located on opposite sides of the sugar plane. In the first stage of hydrolysis, glycosylation, one carboxyl group promotes an acid-catalyzed reaction simultaneous with nucleophilic attack by another carboxyl group, forming a glycosyl-enzyme intermediate. In the second stage, deglycosylation, the first residue acts as a base activating a new nucleophilic agent, a water molecule, to hydrolyze the glycosyl-enzyme intermediate, followed by product release [25-27].
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Figure 2)




      Action mechanisms of cellulases: (a) Retention; (b) Inversion. (Sources: Sinnott [25]; McCarter & Whiters [26]).




      In contrast to retention, inversion (Fig. 2) alters the β-configuration of the polymer chain glucose to its α-configuration following hydrolysis. This mechanism is based on a single nucleophilic substitution. The catalytic centers of inversion enzymes also possess two amino acids with carboxyl radicals in their side chains, which promote an acid-catalyzed reaction and provide base assistance for nucleophilic attack by the water molecule located at the opposite side of the sugar ring [25].




      These mechanisms also differ in the distance between the two acid residues that participate in the catalysis. This distance varies between 4.8 and 5.3 Å in retention enzymes and 6.5 and 9.5 Å in inversion enzymes. The distance is greater in inversion enzymes because, for inversion hydrolysis to occur, both the substrate and the water molecule must be located between the enzyme's acid residues [25, 26, 28].




      According to the classification proposed by Henrissat [15], glycosyl hydrolases are grouped into families based on the similarity of their primary structure (amino acid sequence). The hydrolysis mechanisms and amino acid residues involved in catalysis by cellulases of each of these families are presented in Table 2.




      

        Table 2 Action mechanisms of cellulases and amino acids involved in hydrolysis.




        

          

            

              	Family No.1



              	Action Mechanism



              	Nucleophile / Base Catalytic Residue



              	Proton Donor Catalytic Residue

            


          



          

            

              	1



              	Retention



              	Glu



              	Glu

            




            

              	3



              	Retention



              	Asp



              	Glu

            




            

              	5 (A)



              	Retention



              	Glu



              	Glu

            




            

              	6 (B)



              	Inversion



              	Asp



              	Asp

            




            

              	7 (C)



              	Retention



              	Glu



              	Glu

            




            

              	8 (D)



              	Inversion



              	Asp



              	Glu

            




            

              	9 (E)



              	Inversion



              	Asp



              	Glu

            




            

              	12 (H)



              	Retention



              	Glu



              	Glu

            




            

              	44 (J)



              	Inversion



              	UK



              	UK

            




            

              	45 (K)



              	Inversion



              	Asp



              	Asp

            




            

              	48 (L)



              	Inversion



              	UK



              	Glu

            




            

              	51



              	Retention



              	Glu



              	Glu

            




            

              	74



              	Inversion



              	Asp



              	Asp

            


          

        




        

          UK: Unknown; Asp: Aspartate; Glu: Glutamate; 1 Letters between parenthesis refer to the formal cellulase classification. Source: Coutinho & Henrissat [29]


        




      


    




    

      General properties




      The main properties for enzyme characterization, whether the enzyme is part of a raw extract, obtained through fermentation processes, or previously purified, include optimal activity conditions (pH, temperature), stability at different pH and temperature conditions, effect of inhibitors and activators, isoelectric point, kinetic parameters (KM, Vmax) and molar mass [30].




      Enzyme stability under different pH and temperature conditions is also extremely important for the application of biocatalysts in industrial processes. The molecular weight of cellulases varies between 34 and 250 kDa.




      Reported KM and Vmax values vary widely due to the heterogeneity of quantification methods, form of result presentation, and, in particular, the different origins of the extracts used. This disparity may also be attributed to the degree of purity of samples, which in some studies are subjected to several stages of purification [31], whereas in other studies the raw extracts resulting from fermentation are used directly for enzyme characterization [32]. Another commonly reported property of cellulolytic enzymes is their ability to be inhibited or activated by different molecules, particularly metals. The ions that most frequently inhibit cellulases are Hg+2, Cu+2, Ag+ and Zn2+, which can result in total loss of activity at concentrations as low as 2 mM [32-35].


    




    

      Structure




      The structure of cellulases can be divided into three regions: the catalytic domain (CD), which comprises approximately 90% of the peptide sequence and is the site of catalysis; the linker region (LR), which contains a small number of highly glycosylated* amino acids and whose function is to link the catalytic domain to the third region; and the carbohydrate-binding module (CBM). Fig. (3) shows the three regions of the cellulase structure, represented by a cellobiohydrolase from T. reesei.
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Figure 3)




      Three main regions of cellulases. (Source: NREL [39]).




      CBMs are small stable polypeptides that contain between 40 and 120 amino acids and are located contiguous with the enzyme's amino acid chain. These structures were originally named cellulose-binding domains (CBDs) because they were first observed when cellulose was used as a substrate. However, CBMs can bind non-covalently to several insoluble polymers, such as starch, chitin, xylan, β-1,3 glucan, mannan and galactan. The main functions of CBMs are (1) bringing and maintaining the enzyme in close proximity to the substrate surface to increase the degradation rate of the polysaccharide; (2) increasing enzyme specificity for select regions of the substrate; and (3) breaking chemical bonds of the substrate chain, particularly if the substrate is highly crystalline [4, 37, 38].




      Fig. (4) shows a CBH from A. niger containing 536 amino acids. The CD occupies the largest part of the protein structure (amino acids 22 to 458, in blue). Glycosylation of the CD is predominantly N-linked, i.e., sugars are linked to the amide nitrogen in the side chain of asparagine (underlined N abbreviation). In the LR, glycosylation* is O-linked, i.e., sugars are linked to the hydroxyl oxygen in the side chain of serine or threonine. Glycosylation of the LR is extremely important because amino acids in this region are linked only by peptide bonds and are thus more exposed to protease attack.
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Figure 4)




      Amino acid sequence of a CBH produced by Aspergillus niger. CD in blue, LR in red, and CBM in green. (Source: Gielkens et al. [40]).




      Similarly to glycosyl hydrolases, CBMs are also classified into several families according to the similarity of their amino acid sequences. As of May 2009, 54 CBMC families had been described in the Carbohydrate-Active Enzymes (CAZy) database. Table 3 presents some properties of cellulolytic enzymes based on this classification. All classified CBMs belong to family 1. Family 1 CBMs contain modules of approximately 40 residues found exclusively in filamentous fungi and linked to cellulose by three aromatic amino acid side chains approximately 10.4 Å apart and forming a flat surface [41].




      

        Table 3 Classification of cellulases from filamentous fungi, based on structural properties.




        

          

            

              	Family No.1



              	Microorganism



              	Enzyme



              	Number of Amino Acids



              	Molecular Weight (kDa)



              	CBM Family No.

            


          



          

            

              	1



              	
A. niger AMS11



              	β-glucosidase



              	434



              	48



              	NC

            




            

              	
T. viride AS3.3711



              	β-glucosidase 2



              	450



              	50



              	NC

            




            

              	3



              	
T. reesei Qm6a



              	β-glucosidase



              	874



              	94



              	NC

            




            

              	
T. reesei QM9414



              	β-glucosidase 1



              	744



              	78



              	NC

            




            

              	5 (A)



              	
A. niger CBS 120.49



              	Endoglucanase B



              	331



              	37



              	NC

            




            

              	
A. niger IFO 31125



              	Endoglucanase



              	332



              	37



              	NC

            




            

              	T. reesei



              	Endoglucanase II



              	418



              	44



              	NC

            




            

              	6 (B)



              	
T. reesei QM9414



              	Cellobiohydrolase II



              	471



              	50



              	1

            




            

              	7 (C)



              	A. niger



              	Cellobiohydrolase A



              	452



              	48



              	NC

            




            

              	A. niger



              	Cellobiohydrolase B



              	536



              	56



              	1

            




            

              	
H. grisea var. thermoidea




              	Exoglucanase I



              	525



              	56



              	1

            




            

              	
T. harzianum LP108



              	Exoglucanase 1



              	505



              	53



              	1

            




            

              	T. reesei



              	Endoglucanase I



              	459



              	48



              	NC

            




            

              	P. funiculosum



              	Cellobiohydrolase



              	529



              	55



              	1

            




            

              	12 (H)



              	
A. niger CBS 120.49



              	Endoglucanase A



              	239



              	26



              	NC

            




            

              	
T. reesei QM9414



              	Endoglucanase III



              	234



              	21



              	NC

            




            

              	45 (K)



              	
H. grisea var. thermoidea




              	Endoglucanase 3



              	305



              	32



              	1

            




            

              	
H. grisea var. thermoidea




              	Endoglucanase 4



              	227



              	24



              	NC

            




            

              	T. reesei



              	Endoglucanase V



              	242



              	24



              	NC

            




            

              	
T. viride AS3.3711



              	Endoglucanase V



              	247



              	25



              	NC

            




            

              	61



              	
T. reesei Rut C30



              	Endoglucanase IV



              	344



              	35



              	1

            




            

              	74



              	A. niger



              	Endoglucanase C



              	857



              	90



              	NC

            


          

        




        

          Source: Coutinho & Henrissat [29]; NC: No registered classification.


        




      




      CBMs are important domains of cellulases, particularly for the hydrolysis of insoluble substrates. Two phenomena occur during polysaccharide hydrolysis: binding of cellulases to the surface of the cellulosic substrate, and hydrolysis of cellulose into fermentable sugars. Hydrolysis of cellulosic substrates by cellulolytic enzymes proceeds as follows [9, with modifications]:





      

        	Diffusion of the cellulolytic complex from the bulk of the fluid to the location of the cellulosic substrate. For insoluble substrates, diffusion occurs in the direction of the film immediately adjacent to the substrate particles;




        	Adsorption of the cellulolytic complex to the sites available on the cellulosic substrate;




        	Formation of an active cellulase-substrate complex;




        	Hydrolysis of the glycosidic bonds of the cellulosic polymer;




        	Diffusion of the hydrolysis products from the cellulase-substrate active sites to the bulk of the fluid; and




        	Desorption of the cellulolytic complex of the hydrolyzed substrate.


      




      The initial adsorption of cellulases to the cellulosic substrate is rapid compared with cellulose hydrolysis, approximately 1-3 minutes depending upon conditions, but 100% enzyme binding to the substrate is unlikely (possibly due to stereospecific constraints related to the conformation of both the enzymes and the substrate) [42, 43]. The Langmuir isotherm is frequently used to describe cellulase adsorption kinetics, which in most cases reach a steady state in less than 30 minutes of reaction [10, 44].




      The detailed adsorption and desorption mechanisms of cellulases have been the focus of several studies over the years. Klyosov [43] highlighted complete cellulolytic complexes (capable of efficiently hydrolyzing both amorphous and crystalline substrates) because they possess at least one EnG capable of tightly adsorbing to the cellulosic fiber and one that is weakly adsorbed, which function in strong synergy and seem to play a fundamental role in hydrolysis. Klyosov defined the partition coefficient between the substrate surface and the aqueous phase, Kp, as the ratio between the amount of enzyme adsorbed and the substrate mass (g) or surface (m2) and noted that different adsorption performances may be attributed to the degree of glycosylation of the CBMs of each component of the cellulosic complex.


    




    

      Bacterial cellulases (Cellulosomes)




      Microbial cellulase systems were long believed to comprise numerous types of free cellulases acting in synergy on an insoluble substrate. In fact, many cellulase systems, particularly in aerobic organisms, are composed of free enzymes. However, a multicomponent enzymatic complex, the cellulosome, was identified and described for the anaerobic species Clostridium thermocellum in 1983 [45].




      The original discovery occurred by chance, when researchers Edward Bayer and Raphael Lamed attempted to isolate the cellulose-binding factor of C. thermocellum. The study was based on previous observations that this bacterium binds tightly and selectively to cellulose fibers before and during substrate degradation [46]. The researchers performed biochemical, immunochemical, ultrastructural and genetic studies [45], which led to the following conclusions:




      

        “Our current perception of the CBF in C. thermocellum can thus be viewed as a large, discrete, multisubunit complex(es) which exhibits both antigenic and cellulolytic activities [...]The complex apparently comprises various different forms of cellulases, each of which may bear separate specificities toward different quaternary structures on the complex cellulose substrate. The major organizational role of this complex might be designed for effective delivery to the substrate as well as to bring into proximity the various complementary enzymes (e.g., exo and endocellulases). In addition, the complex may be structured in such a way as to enable the protection of various product intermediates and to facilitate their transfer to other cellulase components for further hydrolysis. In any event, the cellulase subunits seem to be arranged within the CBF complex in a defined supramolecular fashion designed for highly efficient cellulose degradation.”


      




      Following the presentation and publication of these results, the authors proposed the term cellulosome to describe the highly organized multi-cellulase structure of the complex, which appeared to be responsible both for cell adherence as well as economy in enzyme secretion [46].




      The best-studied cellulosome is that of C. thermocellum, a thermophilic bacterium (55-65°C) that has been isolated several times from thermal sources and decomposing biomass. This species is highly specialized, growing on cellulose and cellodextrins as sole source of carbon and energy [47].




      The extracellular cellulolytic complex of C. thermocellum differs a little from that of other species in terms of size (from 2.0 MDa to 6.5 MDa) and composition. In some strains, cellulosomes aggregate in large supercomplexes, the polycellulosomes, with molecular weights reaching 100 MDa. The protein patterns of cellulosomes and polycellulosomes are identical by polyacrylamide gel electrophoresis and may exhibit up to 50 components depending on the strain and growth conditions [48].




      Another characteristic of the cellulosomes of this species is that they are glycosylated and contain 6-13% carbohydrates, a large proportion of which are associated with scaffoldin. Glycosylation may protect against protease attacks on threonine-rich regions between the catalytic and binding modules [49].




      Electron microscopy studies of cellulosome-producing bacteria have revealed extracellular protuberances (Figs. 5 and 6).




      These protuberances are believed to contain cellulosomes, which consist of a fibrillar protein known as scaffoldin (=scaffolding) responsible for the organization of the cellulolytic subunits in the complex [50]. Scaffoldin – the main component of cellulosomes – is a large structural protein (Fig. 7) without enzymatic activity that contains cohesin modules (generally in multiple copies) to enable the incorporation of different enzymes and other cellulosome components. The enzymes contain a complementary type of module called the dockerin domain, which tightly binds to the cohesin modules of the scaffoldin subunit [51].
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Figure 5)




      Micrograph image of C. thermocellum showing cellulosomes attached to the cell surface. (Source: Bayer & Lamed [52]).
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Figure 6)




      Scheme of the cell surface displaying a protuberance. (Source: Bayer et al. [45]).
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Figure 7)




      Simplified model of a typical cellulosome. Scaffoldin is presented in yellow, and the catalytic subunits are indicated in blue, green and violet. Scaffoldin has two main types of subcomponents: the cellulose binding domain (CBD) and multiple copies of cohesin. The catalytic subunits include one or more catalytic domains and one dockerin domain. (Source: Bayer et al. [53]).




      The cohesin-dockerin interaction defines the cellulosome architecture, mediating the incorporation of individual enzymes into the complex through enzyme binding to the scaffoldin, linking scaffoldins to each other in the case of polycellulosomes, and attaching the complexes to the cell surface. This interaction is high affinity, with an estimated dissociation constant (KD) of 10-9 to 10-12 M or lower. Consequently, the interaction between type I cohesin and dockerin of C. thermocellum is one of the tightest protein-protein interactions described [54].




      The catalytic components of cellulosomes also contain complex proteins forming catalytic and non-catalytic modules. However, other than the dockerin domain, only a few cellulosome components possess CBDs, in contrast to the pattern observed in cellulases of non-cellulosome systems [49]. The scaffoldin frequently includes a CBD through which the complex recognizes and binds to crystalline cellulose [50, 51].




      The production of cellulosomes has some advantages in terms of the efficiency of cellulose hydrolysis:





      

        	Synergism is optimized by the correct ratio between components, which is determined by the composition of the complex;




        	Non-productive adsorption is avoided by the optimal spacing of components working together in a synergistic manner;




        	Competition to bind to a limited number of binding sites is avoided through the binding of the whole complex to a single site through a strong binding domain with low specificity;




        	Interruption of hydrolysis by depletion of one structural type of cellulose at the adsorption site is avoided by the presence of other enzymes with different specificities [49].


      




      The most important CBM of cellulosomes is most likely the type A CBM borne by scaffoldin, which is responsible for tethering several glycosyl hydrolases to crystalline cellulose. Scaffoldin sequences of cellulosomes from several different species are currently available. All of these scaffoldins include a type 3a CBM located at the N terminus or in the middle of the sequence. The three-dimensional structures of the CBMs of the scaffoldins of C. thermocellum and C. cellulolyticum have been determined and are very similar. Their structures include a calcium ion that does not participate directly in binding and likely has a structural role. Type B CBMs are also common in cellulosomes, particularly between hemicellulases [55].




      CBMs of cellulosomes have lower affinity for crystalline cellulose but bind to a wider range of sites on cellulose, making them particularly useful for industrial applications [49].


    




    

      Hemicellulases




      Hemicellulose hydrolysis requires a complex enzymatic system with synergism both between main-chain-degrading enzymes and between enzymes acting on the side chains of hemicellulose [56].




      The heteropolysaccharide nature of hemicellulose requires a complex enzymatic attack mechanism. Endoxylanases (EC 3.2.1.8) are the most studied of the known enzymes. The complete hydrolysis of hemicelluloses also requires the action of the following debranching enzymes on side groups linked to the main xylan chain: β-1,4-xylosidase (EC 3.2.1.37), β-glucuronidase (EC 3.2.1.139), α-L-arabinofuranoside (EC 3.2.1.55) and acetyl xylan esterase (EC 3.1.1.72) [57]. Fig. (8) presents the synergism between different enzymes in the hemicellulosic fraction.
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Figure 8)




      (a) Structure of xylan and the sites of its attack by xylanolytic enzymes. The backbone of the substrate is composed of 1,4-β-linked xylose residues. Ac., Acetyl group; α-araf., α-arabinofuranose; α-4-O-Me-GlcUA, α-4-O-methylglucuronic acid; pcou., p-coumaric acid; fer., ferulic acid. (b) Hydrolysis of xylo-oligosaccharide by β-xylosidase. (Source: Collins et al. [58]).




      Evidence in the literature indicates that xylanases can act as accessory proteins and improve the performance of cellulases because the cleavage of hemicellulose may allow access to cellulose by cellulases. For example, xylanase supplementation for digestion of cellulase in corn stover solids resulted in an almost linear increase in glucose release with removal of residual xylose by xylanases [59].




      The fungus Trichoderma reesei is one of the most efficient secretors of hemicellulases, producing high concentrations of most hemicellulases already described for microorganisms [60, 61].




      Hemicellulose can be depolymerized and made directly available for fermentation by pre-treatment. Hemicellulase production may therefore be less important than cellulase production in plant biomass processing for production of second-generation ethanol. However, xylanase activity is required for biomass hydrolysis when applying pre-treatments that partially remove hemicellulose. This is particularly important because xylooligomers are strong inhibitors of cellulose hydrolysis [62].




      The commercial development of hemicellulases for hydrolysis of lignocellulosic materials is not as advanced as that of cellulases because current commercial cellulase preparations were mainly developed for hydrolysis of biomass pre-treated with dilute acid to remove hemicellulose before cellulose saccharification as previously described. However, hemicellulases will be required for the development of exclusively enzymatic pre-treatments.


    




    

      A new paradigm for cellulose enzymatic conversion and the role of accessory proteins




      Although the roles of EnG and CBHs and the classical synergism between them in cellulose degradation are reasonable well known, many questions and challenges remain. Cellulose can be degraded efficiently by a combination of EnGs and CBHs. However, the conversion yields are usually well under 100%. Achieving high conversion yields of a heterogeneous biomass rich in crystalline cellulose requires aggressive pre-treatments [63]. Any increase in the rate of hydrolysis or in cellulose accessibility or alteration of the structure of cellulose to a less stable form is obviously of industrial interest. In theory, it is difficult to conceive how enzymes would act on dense crystalline blocks of cellulose. Molecular dynamics simulations have indicated that considerable work is required to achieve the degree of decrystallization necessary for enzymes to gain access to single cellulose chains. Reese et al. [64] anticipated this requirement when they hypothesized a “missing factor” in cellulose hydrolysis.




      Recent studies have reported accessory proteins that facilitate cellulose fiber disaggregation for subsequent cellulase action [18]. Cellulose amorphogenesis, described as the non-hydrolytic “loosening” or disruption of a cellulosic substrate, is increasingly recognized as one of the main stages of enzymatic deconstruction of cellulosic biomass.




      Enzymatic deconstruction of cellulose occurs through two different steps. The first step is the initial disruption of cellulose, the so-called ‘cellulose amorphogenesis’ phase, which is at least partly mediated by non-hydrolytic disruptive proteins. This stage improves the accessibility of cellulose to the cellulase mix. In the subsequent stage, cellulases diffuse over cellulose surfaces and catalyze cellulose hydrolysis.




      The term amorphogenesis has been suggested as a way of describing any combination of the following phenomena induced by non-hydrolytic proteins: delamination, defibrillation, swelling, loosening, roughening, pitting, weakening, or decrystallization of cellulosic and lignocellulosic substrates [18, 65].




      Several non-hydrolytic disruptive proteins have been identified, and their effects on biomass have been characterized (Table 4) [65].




      

        Table 4 Non-hydrolytic disruptive proteins and their effects on biomass.




        

          

            

              	Proteins with Unknown Catalytic Mechanism



              	Putative Function

            


          



          

            

              	Family 1 and 2 CBMs



              	Fiber pitting/roughening, small particle release

            




            

              	Swollenin, Loosenin



              	Fiber swelling, microfibril dispersion, dispersion of cellulose aggregates

            




            

              	Expansins



              	Loosening of plant cell walls, solubilization of oligomeric sugars

            




            

              	Expansin-like proteins



              	Loosening of filter paper, dispersion of cellulose aggregates

            




            

              	Fibril forming protein



              	Fibril release from filter paper

            




            

              	Proteins with Putative Oxidative Catalytic Mechanism



              	Putative Function

            




            

              	Lytic polysaccharide monooxygenases (AA9)



              	Oxidative cleavage of crystalline cellulose

            




            

              	CBM33



              	Oxidative cleavage of crystalline cellulose

            


          

        




        

          Source: Adapted from Gourlay et al. [65].


        




      


    




    

      Expansins




      Expansins are proteins of plant and, in some cases, fungal origin, mainly known for their loosening effect on the cellulosic network of plant cell walls during growth [66, 67]. Most evidence suggests a non-hydrolytic action of expansins, which break hydrogen bonds between cellulose microfibrils and between other cell wall polysaccharides bonded to microfibrils, thus generating “holes” in the cell wall. Expansins are believed to act like a zipper, opening crosslinks between cellulose microfibrils by ungluing the chains that stick them together. This increases the access to cellulose and therefore accelerates cellulase action [67, 68].




      Although expansins have no hydrolytic activity, some studies have demonstrated that expansins contribute to increase the efficiency of cellulase hydrolysis of crystalline cellulose [69, 70]. For example, Baker et al. [71] demonstrated that addition of relatively small quantities of expansins together with T. reesei cellulases was sufficient to increase cellulose conversion up to 13% compared to the sugar yield obtained when only cellulases were used.


    




    

      Swollenins




      Swollenins are proteins of fungal origin that, similarly to expansins, act on the amorphogenesis stage of cellulose hydrolysis by disrupting hydrogen bonds in cellulose fibers and consequently loosening the fibers. These proteins promote the dispersion of cellulose aggregates, exposing single chains of cellulose to interactions with cellulases. The similarity between their sequences and those of plant expansins that was initially described by Saloheimo et al. [72]. The protein was named as swollenin due to its ability to swell cotton fibers. An interesting characteristic of swollenin is that it contains an N-terminal CBM with a cellulose-binding domain that is highly conserved in other fungal CBMs and facilitates anchoring of the protein to its target substrate [73].




      Swollenin disrupts the structure of cotton fibers and of the cell wall of the Valonia plant and weakens bonds in filter paper. This ability to disaggregate solid substrates does not result from the hydrolytic activity because reducing sugars were not detected [72], indicating that swollenins are inactive against β-1,4-glycosidic bonds in cellulose. These authors reported that swollenins are important components of the enzymatic mixture required for the degradation of cellulosic biomass.




      Using scanning electron microscopy, Jäger et al. [74] recently demonstrated the effect of swollenin pre-treatment on cellulose amorphogenesis. Swollenin caused deagglomeration of cellulose agglomerates and dispersion of cellulose microfibrils (Fig. 9). In addition, swollenin pre-treatment resulted in a significant decrease in the particle size and crystallinity of the cellulosic substrates and substantially increased the maximum cellulase adsorption.
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Figure 9)




      Scanning electron microscopy of filter paper after pretreatment with swollenin. Source: Jäger et al. [74].




      Recent studies have also demonstrated an increased yield of enzymatic cellulose hydrolysis by swollenin pre-treatment. Jäger et al. [74] observed that pre-treatment of cellulosic substrates with swollenin, even at non-saturating concentrations, significantly increased the rate and efficiency of enzymatic hydrolysis (up to 20%; Fig. 10). This increase was directly related to the decrease in crystallinity due to the swollenin pre-treatment.




      
[image: ]


Figure 10)




      Hydrolysis of cellulosic substrates after pre-treatment with swollenin. (A) Whatman filter paper No. 1; (B) α-Cellulose; (C) Avicel PH101; (D) Sigmacell 101. (Source: Jäger et al. [74]).




      In addition to the known application of swollenin to commercial substrates such as crystalline cellulose, swollenin has been investigated for the hydrolysis of lignocellulosic biomass. Gourlay et al. [75] evaluated the effect of swollenin in steam-pretreated corn stover. Addition of swollenin contributed to amorphogenesis during enzymatic hydrolysis of pretreated corn stover. Interestingly, the authors demonstrated that swollenin mainly acted by increasing access to the hemicellulosic fraction, thus promoting the solubilization of monomeric and oligomeric sugars. A pronounced synergism between swollenin and xylanases was observed, resulting in the release of significantly more xylose (> 300%). These results suggest the great potential of swollenin for application to lignocellulosic biomass.


    




    

      Lytic polysaccharide monooxygenases (LPMOs)




      Until recently, hydrolytic enzymes were thought to play a role in the degradation of cellulose and hemicellulose to fermentable sugars. The discovery that a new class of oxidative enzymes (AA9) in combination with cellobiose dehydrogenase (CDH) increases the action of hydrolytic enzymes added a new dimension to the classic concept of cellulolytic degradation [63]. These enzymes (copper-dependent) affect cellulose cleavage through an oxidative mechanism involving a low-molecular-weight reducing agent or by CDH. Enzymes from family AA9 with confirmed activity were named polysaccharide monooxygenases (PMOs) [76]. Several studies have reported that the CDH/PMOs system increases cellulose degradation when used in combination with cellulases [76-81].




      The discovery of oxidative cleavage by copper monooxygenases suggested a new paradigm for cellulose degradation, in which the action of hydrolytic cellulases is facilitated by the action of lytic polysaccharide monooxygenases (Fig. 11).




      Another highly important factor is the presence of a variety of divalent metal ions bound to His28 and His114 at the catalytic site of PMOs, with a clear preference for Cu+2, followed by Zn+2, Co+2, Fe+3, Mg+2 and Ca+2, and dissociation constants ranging between 10 mM for Ca+2 and 0.5 mM for Co+2, and substantially lower for Cu+2 and Zn+2. The interaction with divalent metals was confirmed by nuclear magnetic resonance (NMR) in experiments in which metal ions were titrated [82]. The importance of Cu+2 for PMO activity was demonstrated by the inactivation of the enzymes in the absence of metals or following EDTA addition [80, 83]. Westereng et al. [84] demonstrated that copper addition can restore PMO enzyme activity. Any copper trace in the reaction solution or substrate may be sufficient to activate PMO, regardless of the addition of other metals.
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Figure 11)




      Current view on enzymatic degradation of cellulose. EnG, endoglucanase; CBH, cellobiohydrolase; CDH, cellobiose-dehydrogenase; CBM, carbohydrate-binding module; CxGH61, polysaccharide monooxygenases (PMOs). (Source: Horn et al. [63]).


    




    

      Production of cellulases and their application in the production of second-generation ethanol




      Improvements in the development of economically viable technologies for the production of saccharifying enzymes are essential for optimizing the biofuel production process. The use of lignocellulosic materials, particularly agroindustrial residues, for enzyme and biofuel production may lead to decreased production costs, added commercial value to these materials, and decreased environmental impact [85].




      A recent study tested cellulase production using a strain of the filamentous fungus Trichoderma harzianum for application in the production of second-generation ethanol [86], with the goal of developing an enzyme preparation in industrial units (in-plant production). The cellulase production profile using pretreated sugarcane bagasse as the carbon source and inducer of cellulase production by submerged fermentation is presented in Fig. 12.




      The Trichoderma harzianum strain produced cellulases with high activity in an instrumented bioreactor containing growth medium under previously optimized conditions. In only 42 hours of fermentation the following enzymatic activities were observed: CMCase, 27,000 U/L; FPase, 1,250 U/L; and β-glucosidase, 600 U/L.
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Figure 12)




      Kinetic profile of cellulase production by T. harzianum in an instrumented bioreactor. (Source: Rocha et al. [86]).




      The concentrated enzyme preparation of T. harzianum, named LADEBIO Th, was applied to the hydrolysis of pretreated sugarcane bagasse and microcrystalline cellulose (Avicel®) to compare its catalytic power to that of the commercial enzyme preparation Multifect® [86]. The release of glucose during enzymatic hydrolysis by the LADEBIO Th enzymatic preparation and by the commercial cellulase preparation are presented in Fig. 13. The kinetic profiles clearly demonstrate that the catalytic performance of the enzyme extract from T. harzianum was similar to that of the commercial enzymatic preparation.
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Figure 13)




      Glucose released during hydrolysis of pretreated sugarcane bagasse (cellulignin) and Avicel® using cellulases from T. harzianum (Ladebio Th) and the commercial enzyme preparation Multifect. (Source: Rocha et al. [86]).




      In general, cellulases from T. harzianum were capable of hydrolyzing pretreated sugarcane bagasse in a manner competitive with classic enzyme preparations from the fungus T. reesei. Therefore, these enzymes have potential for the saccharification of cellulose to glucose​​ in second-generation ethanol production.


    




    

      Production of Second-Generation Ethanol




      The kinetic profile of ethanol production by simultaneous saccharification and fermentation (SSF) using partially delignified cellulignin (PDCL) from sugarcane bagasse is presented in Fig. (14).
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Figure 14)




      Enzymatic prehydrolysis and SSF of PDC. Solid feeds (glucose: open circles; cellobiose: open squares; ethanol: open triangles). EPH: enzymatic prehydrolysis; SSF: simultaneous saccharification and fermentation. (Source: Barcelos [90]).




      Due to incompatibility of the optimal temperatures for saccharification and fermentation, PDCL was subjected to enzymatic prehydrolysis for 15 h at 50°C. The absolute need for working with high solid loads results in diffusion limitations related to mass and heat transfer in the reaction system [87]. To minimize these problems, fed-batch enzymatic prehydrolysis was performed, resulting in the gradual hydrolysis of cellulose fibers [88, 89], liquefaction of the medium, and increased overall efficiency of the process. After 15 h of prehydrolysis, the temperature was adjusted to 37°C, and the medium was inoculated with an industrial Saccharomyces cerevisiae strain.




      This hybrid process of second-generation ethanol production resulted in yields of 6 to 8 g.L-1.h-1, which are successful compared with the yield of industrial ethanol production from sugarcane juice (first-generation) observed in Brazil, which ranges between 5 and 8 g.L-1.h-1.




      Production of first-generation ethanol is without a doubt an impressive production complex, but the energy matrix is centered exclusively on monocultures (sugarcane in Brazil and corn in the USA). It is therefore necessary to search for alternative feedstock sources for ethanol production to achieve sustainability and to consolidate the concept of renewable energy.




      The reported concentrations of second-generation ethanol indicate that lignocellulosic materials can be effectively used for the production of this important biofuel at a commercial scale. However, improvements must be pursued to increase the technical and economic viability of this technology, including the dedicated production of enzymes from the cellulase and hemicellulases complexes. This is in agreement with the biorefinery concept regarding the diversification of products and inputs, such as enzymes, for designing production complexes capable of supplying bioenergy and different biomaterials.




      The production and use of second-generation ethanol thus offer a concrete possibility of obtaining a more sustainable energy future and making agroindustry an engine of desirable social and economic transformations.


    




    

      Future trends for cellulase production and application and biotechnological perspectives




      Petroleum dependence continues to be the most important factor affecting the global distribution of wealth, global conflicts and environmental quality. Population growth and the associated demand for fuel and goods have intensified research and development for the utilization of renewable feedstocks as substitutes for fossil sources. Advances in this area indicate that the utilization of renewable raw materials, including their residues, will eliminate this dependence.




      The production of cellulases and their application for the hydrolysis of lignocellulosic materials may be improved using various tools and strategies to increase yield and reduce costs. Three technologies with high potential for success are presented below.




      The concept of product engineering can be applied to cellulase production processes with the goal of obtaining enzymatic preparations with ideal ratios among the different enzymes of the cellulolytic complex. The ideal formulation can be obtained through co-culture of superproducing strains of the main types of cellulases [91], separate production of different cellulases and subsequent combination of the extracts in pre-optimized ratios [92-98] or controlled incorporation of genes encoding enzymes from the cellulolytic complex into host organisms so that the modified cells secrete the different enzymes in ideal ratios [99].




      Cellulases are inputs with a significant impact on ethanol production from lignocellulosic materials and may represent up to 20% of the operational costs of an industrial plant [100-102]. Thus, it is critical to study unit operations that allow the use and recycling of these biocatalysts in hydrolysis reactors such as membrane separations.




      In addition, the knowledge of the composition and functioning of cellulosomes acquired over the last few years can applied in processes of biomass conversion to energy using different approaches.




      One possible approach would be to perfect, through genetic engineering, microorganisms that naturally produce cellulosomes and simultaneously convert lignocellulose into products, searching for process integration through consolidated bioprocessing (CBP). Alternatively, non-cellulolytic microorganisms (e.g., yeasts) that produce high levels of a given product of interest could be engineered to form cellulosomes on their cell surface to heterologously express a designer cellulosome in an industrial host [103] (Olson et al. 2011).




      Integrated studies and the development of chemical and biological processes from lignocellulosic residues have advanced quickly, and commercial plants for the utilization of such materials are becoming a reality.


    


  




  

    Notes



    

      *The glucose unit at the reducing end possesses a free heterosidic hydroxyl group, i.e., this glucose unit is not involved in a chemical bond, whereas the heterosidic hydroxyl group of the glucose at the nonreducing end is bonded to an adjacent glucose (Vasconcellos et al., 2002).


    




    

      *Glycosylation consists in the linkage of oligosaccharides (comprising mainly galactose, fucose, mannose, N-acetylglucosamine and N-acetylgalactosamine) to amino acids containing free nitrogen and oxygen (in their side chains). The addition of sugars begins when proteins pass through the endoplasmatic reticulum to increase protein stability against proteolytic attack, thus allowing the correct formation of the protein’s tertiary structure and its excretion [36].
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