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Chapter 5
Enzymes Involved in the Biodegradation 
of Sugarcane Biomass: Challenges 
and Perspectives

Maria de Lourdes T.M. Polizeli, Alexandre Favarin Somera, 
Rosymar Coutinho de Lucas, Monica Stropa Ferreira Nozawa, 
and Michele Michelin

Abstract This chapter introduces the role of enzymes in the biomass degradation, 
namely sugarcane bagasse and straw, leading to the formation of fermentable sugars 
and second-generation ethanol. The chapter begins with a retrospective of the struc-
turing of the ethanol production chain and then presents current aspects where the 
deficit of production and its consequences in business can be seen. Subsequently, 
we list the role of enzymes involved in the biomass hydrolysis, the commercial 
cocktails, and the proposal of our laboratory in this context. On the other hand, the 
efficiency of enzymes on the biomass is increased when the bagasse and straw are 
pretreated. Thus, some technologies that may facilitate the enzymatic hydrolysis 
and the formation of fermentable sugars are described. Lastly, recent analytical 
methods that enable a better analysis of the composition and viewing of fiber in the 
sugarcane biomass are presented.
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5.1  Introduction

This chapter provides an overview of the production of second-generation ethanol 
regarding the enzymes that degrade the cell walls of sugarcane. Also, there is an 
overview of the pretreatments that can be carried out on the straw and bagasse of 
sugarcane, and the current techniques that could further elucidate details of the 
structure of the lignocellulolytic biomass. In this context, initially, a retrospective 
and the actual scenario of production of the sugarcane in Brazil is described, since 
it is one of the main plant species cultivated in this country, and the Southeastern 
and Midwestern regions are the most important areas for it. After that, this chapter 
describes how sugarcane by-products such as straw and bagasse could be used to 
enhance the production of bioethanol.

Despite many advances in the area of enzymology related to bioenergy, it should 
be remembered that in order to maintain the efficiency of converting cellulose and 
hemicellulose into glucose and xylose, it is necessary to (a) reduce the cost of the 
enzyme production, (b) use nonpathogenic microorganisms, (c) pretreat biomass, 
(d) avoid the inhibition of the enzymes by their own products of the assay, and (e) 
not allow interferences of the lignin degradation products in the microorganism 
growth. Additionally, a detailed description of the action of each enzyme involved 
in the hydrolysis of the sugarcane cell wall, the efficiency of commercial enzymatic 
cocktails and the goals of our laboratory are presented.

Furthermore, a section with a brief explanation of some of the pretreatment tech-
nologies used with sugarcane bagasse, in order to improve the access of hydrolytic 
enzymes in the macromolecules of the cell wall, is presented. It includes some phys-
ical, physicochemical, chemical, and biological pretreatments. Finally, in the last 
section, some methods for characterization of sugarcane bagasse, depolymerase 
activity, hydrolysis products, and inhibitors are described. Alternative analyses of 
cellulose and hemicellulose hydrolysis products are addressed and a synergistic 
view of the hydrolytic enzymatic capacities on sugarcane cell wall and the method-
ologies of analysis of biomass are discussed.

5.2  Retrospective and Current Deficit of Ethanol Production

The sugarcane crops were brought to Brazil in 1532 and the cultivation of this crop 
was the economic basis for the increase in population, mainly in the State of São 
Paulo and in Northeastern Brazil by Portuguese and the Dutch immigrants, respec-
tively. According to Miranda (2010), scientific and detailed studies indicate that 
during the period of the Portuguese royalty, the average of annually cultivated area 
of sugarcane was 9000 ha, reaching as much as 16,000 ha at the beginning of the 
Empire. The total deforestation for the production of sugar for more than 220 years, 
during the years of struggle for the independence from Portugal, was around 
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140,000 ha. Currently, in just 1 year, Brazil produces more sugarcane than it did 
during the whole Imperial Age.

The advent in the 1970s of the Federal Program entitled “Pro-Alcohol” placed 
Brazil in the vanguard of the world scenario in the production of renewable fuels. 
This program led to the establishment of a large number of industrial bioethanol 
plants based on the sugarcane industry already established with existing sugarcane- 
processing mills (De Souza et al. 2014), that was a time when an energy crisis was 
lived, which was intensified in the conferences on the environment (Soccol et al. 
2010). Although Brazil has invested in the bioethanol production from sugarcane, it 
is still based exclusively on the “first-generation technologies,” where their main 
product, e.g., sucrose, is subjected to the fermentation process. However, this source 
of energy is only 1/3 of the energy content of sugarcane, and much more bioethanol 
can be produced if all energy from biomass is utilized.

Although with great potential, the sugar and alcohol sector suffered a strong 
decline over the recent years, which is causing a significant deficit of bioethanol in 
the fuel market. Since 2008, the Brazilian ethanol market is showing a growing 
disconnection between the actual supply and the potential demand for this product. 
On the demand side, biofuel car sales, according to ANFAVEA (n.d.) (National 
Association of Automobile Manufacturers), increased by about 11% per year 
between 2008 and 2010 (BNDES 2015). As for the ethanol, the supply was almost 
stagnant during the same period. While in 2008 27.1 billion liters of the fuel were 
produced, and in 2010 27.9 billion liters were produced, which means an increase 
of only 1.5% per year (BNDES 2015). Figure 5.1 illustrates the timeline of ethanol 
production since 1970 until 2012.

Currently, data available from Brazilian Sugarcane Industry Association (Unica 
2015) shows that the quantity of sugarcane processed in 2015/2016 referents at 
harvest in the South-Central region of Brazil reached 620,830 thousand tons and the 
ethanol production totaled 28,363 thousand m3—with 17,692 thousand m3 of anhy-
drous ethanol and 10,671 thousand m3 of hydrous ethanol.

Bearing in mind the predicted rising in bioethanol demand due to the increase of 
flexible-fuel vehicles, and the fact that it is necessary to avoid the competition for 
land with food crops, i.e., rice, beans, corn, soybeans, coffee, or pastures, it is plau-
sible to state that rational alternatives, incentives, and accurate public policies are 
necessary to increase the bioethanol production from sugarcane in Brazil. The cur-
rent global trend is to use bagasse from sugarcane not only for the production of 
heat and the generation of the power necessary for the production process of bio-
ethanol from sugarcane, the factor that makes a positive energy balance in the etha-
nol production, but also as an energy source for the second-generation bioethanol 
production. In Brazil, this strategy would help to supply, or at least to mitigate the 
bioethanol production deficit trends that have been observed in the last 8 years.

Brazil is a country with a great potential for the generation of renewable 
resources, which places it in a privileged position to develop technologies related to 
the use of biomass. The wide area with fertile soils, the intense solar radiation, the 
abundant water supply, and the diversity of weather and soil (Bon et al. 2008) are 
factors that favor Brazil to produce biomass. Thus, not only sugarcane bagasse and 
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straw, but also other biomasses such as agro-industrial and forest residues might be 
used for “second-generation” biofuel production in this country.

Regarding the generation of biomass as sugarcane bagasse, it is important to con-
sider that between 2010 and 2011 Brazil harvested about 200 million tons of bagasse 
as residue (CONAB 2011, cited in Rocha 2011). This material has been used mainly 
in burning processes for power generation within the sugar and ethanol industry. 
However, this product has been pursued to increase the production of alcohol fuel 
through the degradation of its cell wall, which is rich in complex polysaccharides that 
can be hydrolyzed and fermented into ethanol. However, for this process to be effec-
tive, accurate studies of its cell wall structure/organization are necessary, as well as 
studies to understand the main cell wall deconstruction mechanisms involved in the 
bioethanol production (Santos et al. 2012; De Souza et al. 2013).

The advancement and the success of second-generation bioethanol industries are 
highly dependent on the enzyme production. Although there is plenty of research 
involved in the production of enzymes from microorganisms that have potential 
application in the production of bioethanol, the enzyme production remains as one 
of the major bottlenecks to overcome cell wall recalcitrance.

5.3  Enzymatic Hydrolysis of Sugarcane Cell Wall: Cellulases 
and Hemicellulases—Concepts and Updates

Biomass is defined as the renewable resource of all organic material (plant or  animal) 
that can be used for energy production. The most abundant biomass in nature is lig-
nocellulosic materials, which are composed of agro-industrial materials, municipal 
waste, and the wood of angiosperms and gymnosperms (Segato et al. 2014). The 
main sources of lignocellulosic residues produced by the global agribusiness are 
sugarcane, corn, rice, and wheat (De Souza et al. 2013).

Cell walls of straw and bagasse of sugarcane are composed of a recalcitrant 
 polymeric structure with 31–48.6% cellulose, 25–32% hemicellulose, 17–24% 
 lignin, and 1.2–7% ashes/extractives, as the main components (De Souza et al. 2013). 
Cellulose and hemicellulose (represented mainly by xylan) must be degraded into 
glucose and xylose, respectively, using acid treatment or enzymatic hydrolysis. 
After that, these monomeric sugars are fermented by yeast to ethanol. Acid treat-
ment results in several problems such as the corrosion of materials used in the 
 process and the presence of acids in the effluents. The enzymatic hydrolysis of lig-
nocellulosic biomass aiming at the production of fermentable sugars is the best 
alternative, but it is also considered as a bottleneck during the production of 
bioethanol.

Based on the evolutionary expression of cell wall formation, Buckeridge and De 
Souza (2014) suggested the inclusion of cell wall polysaccharide as part of sugar 
code, named for them by Glycomic Code. This code is the assumption that the 
 composition and function of cell walls in plant tissues and organs are derived from the 
communi cation mechanism between biosynthesis and degradation of  polysaccharides. 
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In addition, they suggest that different combinations of polymers with unique fine 
structures arrange themselves within the wall creating a code. In this way, compre-
hending the Glycomic Code will enable the emergence of new hydrolysis technolo-
gies for the plant cell wall polysaccharide degradation (Buckeridge and De Souza 
2014; Tavares and Buckeridge 2015; Buckeridge et al. 2015).

Because of the complexity and recalcitrance of cell walls, the major difficulty in 
the saccharification process is related to hydrolysis. To be efficient, the use of ligno-
cellulosic material to cellulosic ethanol production requires a controlled hydrolysis 
of all insoluble polysaccharides present in this biomass. In addition, to enhance the 
biomass saccharification, the cellulosic ethanol industry has been using a variety of 
strategies, such as physical and chemical pretreatments (Soccol et al. 2010). Although 
these processes promote the lignin extraction, they might increase the cellulose crys-
tallinity, hindering the saccharification process (Driemeier et al. 2011). Only after 
the lignin removal and elimination of the enzymatic inhibitors, such as furfural and 
hydroxymethylfurfural, biomass is ready for the enzymatic saccharification.

Some of the most important enzymes applied in this process are the cellulases 
and hemicellulases, i.e., hydrolases working synergistically to release sugars. They 
attack the remaining polysaccharides producing sugars (C5 or C6) that can be 
directly converted into ethanol by yeasts in the fermentation process (Castro and 
Pereira 2010; Hu et al. 2013).

5.3.1   Cellulases

Cellulose is the major structural constituent of plant cell wall and it is composed by 
the linear homopolysaccharide formed by d-glucose units joined by glycosidic 
bonds of the β-1,4 type. Its role is structural, providing mechanical protection to the 
cell (Segato et al. 2014).

The enzymes responsible for the cellulose breakdown are cellulases, a group of 
hydrolases that cleave β-1,4 O-glycosidic bonds. They are classified into three 
groups, according to the site where they act on their substrate molecules: (a) endo-
glucanases (EnG) or endo-β-1,4-glucanases (EC 3.2.1.4), which cleave the internal 
bonds of cellulose fibers present in the amorphous part of cellulose, releasing 
 cello- oligosaccharides; (b) exoglucanases (ExG), or cellobiohydrolases (CBH)  
(EC 3.2.1.91, EC 3.2.1.176), which act on the external region of cellulose, releasing 
cellobiose from the reducing- (CBH I) or nonreducing ends (CBHII); and (c) 
β-glucosidases or cellobiases (EC 3.2.1.21) hydrolyze soluble oligosaccharides and 
cellobiose up to glucose (Zhang et al. 2006; Castro and Pereira 2010). Figure 5.2 
(first part) illustrates the action mechanism of the main cellulases by showing the 
action of enzymes on cellulose.

Two catalytic residues are responsible for the hydrolysis: a proton donor 
 (generally acid) and a nucleophile/base. Hydrolysis occurs depending on the resi-
due spatial catalytic position, either by the retention or the inversion of the anomeric 
configuration. Cellulases retain the same configuration after a double-displacement 
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Fig. 5.2 Action mechanism of the main holocellulolytic enzymes. The second part is an adapta-
tion of Dodd and Cann (2009)
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hydrolysis with two glycosylation/deglycosylation steps of the anomeric C bond. 
On the other hand, the “inverting” cellulases invert their configuration after a single 
nucleophilic displacement hydrolysis (Zhang et al. 2006; Payne et al. 2015). Thus, 
different action mechanisms of this group of enzymes enhance catalytic efficiency 
with different substrates increasing the hydrolytic properties and thereby promoting 
the conversion of oligomers to be used in the fermentative process for the produc-
tion of second-generation ethanol (Vuong and Wilson 2010).

In order to efficiently deconstruct cellulose polymer, cellulolytic enzymes attack 
the substrate in a synergistic way. This synergism results in an increase of efficiency 
by the action of two or more components of the system as compared to the action of 
each one separately.

Transmission electron microscopy, X-ray diffraction, and atomic force micros-
copy techniques have been used to determine the three-dimensional structure of 
cellobiohydrolases. The results showed that these enzymes possess two distinct 
domains, one catalytic domain and one carbohydrate-binding domain (CBD) linked 
by a flexible region rich in threonine, proline, or serine residues, called hinge (Gilkes 
et  al. 1991). Although the CBD is not essential for the catalytic activity of the 
enzyme, it modulates the specific enzymatic activity in soluble and insoluble cel-
lulolytic substrates. CBD binds on crystalline cellulose, weakening the hydrogen 
bonds among microfibrils, helping in their separation and favoring the enzyme pro-
gression (Segato et al. 2012; Pakarinen et al. 2014).

Another group of enzymes closely related to the cellulases is the lytic polysaccha-
ride monooxygenases (LPMO) (GH61/CBM33), copper-dependent enzymes recently 
reclassified as AA9 (fungal enzymes) and AA10 (bacterial enzymes). LPMOs act on 
the cellulose backbone using an oxidative mechanism, improving the degradation of 
this recalcitrant polymer into oligosaccharides, and consequently bursting the cellu-
losic ethanol production. The exact mechanism of action of these enzymes is unclear, 
but some studies assume the interaction between the flat face of the active site and the 
substrate, with copper acting as the cofactor of the oxidation reaction (Hemsworth 
et al. 2013, 2014; Kjaergaard et al. 2014; Lo Leggio et al. 2015).

5.3.2   Hemicellulases

Hemicellulose is a group of a heterogeneous polymers organized into two main 
cores, i.e., the backbone and branches. This complex can be formed by hexoses 
(β-d-glucose, β-d-mannose and α-d-galactose), pentoses (β-d-xylose and α-l- 
arabinose), and some acid sugars (α-d-glucuronic, α-d-4-O-methyl-galacturonic, 
and α-d-galacturonic acid) (Gírio et al. 2010).

The variable structure and organization of hemicellulose require the action of 
many enzymes for its complete deconstruction such as xylanases, arabinanases, 
 arabinofuranosidases, ferulic and coumaric acid esterases, acetyl xylan esterases, 
glucuronidases, mannanases, xylosidases, galactosidases, and others (De Vries and 
Visser 2001; Polizeli et al. 2005; Gírio et al. 2010).
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Segato et  al. (2014), in a recent review, suggested that hemicellulases can be 
divided into three groups: (1) enzymes that hydrolyze backbones; (2) enzymes that 
remove side chains; (3) accessory enzymes that remove substituted residues, such 
as acetyl groups. A detail explanation about these enzymes is described below.

 1. Enzymes that hydrolyze backbones:

 (a) Endo-1,4-β-xylanases (EC 3.2.1.8): These are responsible for cleaving internal 
glycosidic linkages of xylan backbone, initially forming xylooligosaccharides, 
or forming xylotriose, xylobiose, and xylose in further steps. Two families 
belong to this group of enzymes, i.e., GH10 and GH11. While the GH10 family 
is able to hydrolyze xylan chains closer to the branching points, the GH11 fam-
ily is able to cleave this polymer in more distant regions of the side chains 
(Dodd and Cann 2009; Pollet et al. 2010). Thus, branching residue distribution 
throughout the polymer seems to interfere in the action of these endo-cleaving 
enzymes on the xylan backbone (Polizeli et al. 2005; Nacke et al. 2012).

 (b) β-d-xylosidases: (EC 3.2.1.37): These enzymes hydrolyze small xylooligo-
saccharides and xylobiose from their nonreducing ends, releasing free 
xylose. They are usually not able to hydrolyze xylan, but can cleave artificial 
substrates such as p-nitrophenyl β-d-xylopyranoside (Kurakabe et al. 1997; 
Polizeli et al. 2005).

 (c) Mannanase (EC 3.2.1.78): They act on the galacto (gluco) mannan skeleton, 
releasing predominantly mannobiose and mannotriose (Buckeridge 2010; 
Segato et al. 2014).

 (d) β-Mannosidases (EC 3.2.1.25): These enzymes are exo-hydrolases working 
on nonreducing ends of mannan-oligosaccharides (MOS), releasing man-
nose (Buckeridge 2010; Segato et al. 2014).

 2. Enzymes that remove side chains:

 (a) Arabinanases (EC 3.2.1.99): They act on the linear arabinan. They do not 
exhibit activity on the synthetic substrate p-nitrophenyl α-l-arabinofuranoside 
(Segato et al. 2014).

 (b) Arabinofuranosidases (EC 3.2.1.55): These act on the branched arabinans, 
removing residues substituted at positions 2 and 3 of xylan. They are active 
on the synthetic substrate p-nitrophenyl α-l-arabinofuranoside (Gírio et al. 
2010; Segato et al. 2014, see Chap. 6).

 (c) Xyloglucanases (EC 3.2.1.151): These enzymes are able to hydrolyze xylo-
glucan backbone (glucose β-1,4 linkages) in glucose residues (Buckeridge 
2010; Segato et al. 2014).

 (d) α-Glucuronidases (EC 3.2.1.139): They hydrolyze the α-1,2 linkages 
between glucuronic acid and xylose residues in glucuronoxylan (Tenkanen 
and Siika-aho 2000; Gírio et al. 2010).

 (e) α-Galactosidase (EC 3.2.1.22) and β-galactosidase (EC 3.2.1.23): These 
are enzymes acting on d-galactose residues. β-Galactosidase releases galac-
tose from side chains of pectin galactan, whereas the α-galactosidase 
removes galactose from mannose residues in the galacto (gluco) mannan 
skeleton (Buckeridge et al. 2000; Gírio et al. 2010).
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 3. Accessory enzymes that remove substituted residues, such as acetyl groups:

 (a) Acetyl xylan esterases (EC 3.1.1.72): These remove O-acetyl substituents 
from the position C2 and/or C3 of xylose residues in acetyl xylan (Caufrier 
et al. 2003; Polizeli et al. 2005). They are important enzymes involved in the 
xylan saccharification, since they facilitate the endoxylanase action on the 
xylan backbone (Gírio et al. 2010; Segato et al. 2014, see Chap. 6).

 (b) Feruloyl esterases (EC 3.1.1.73) and p-coumaric acid esterases (EC 3.1.1.): 
These are esterases able to cleave ester linkages in xylan, between the arabi-
nose side chains and ferulic acid, and from arabinose and p-coumaric acid, 
respectively (Crepin et al. 2004; Polizeli et al. 2005; Gírio et al. 2010; Segato 
et al. 2014). Figure 5.2 (second part) illustrates the action mechanism of the 
main hemicellulases by showing the action of enzymes on arabinoxylan.

Due to the insolubility and recalcitrance of plant cell wall, many hemicellulases are 
modular proteins, and besides their catalytic domain, they possess other functional 
modules. The catalytic modules present in the hemicellulases are glycoside hydro-
lase (GHs). They are responsible for the hydrolysis of glycosidic linkages. Another 
domain is the carbohydrate esterase (ECs), which hydrolyzes ester bonds of acetate 
groups or ferulic acid. These modules are constructed based on the homology of 
their primary sequence, conservation of tertiary and secondary structure, and molec-
ular mechanisms of catalysis (Henrissat and Davies 2000; Cantarel et al. 2009).

5.3.3   Commercial Enzymes: Current State of the Art

The most important step in producing cellulosic ethanol is the enzymatic hydrolysis 
of the biomass, which aggregates high cost to the saccharification process (De 
Souza et al. 2013; Gírio et al. 2010). Thus, several strategies to decrease the enzyme 
cost in this process have been adopted over the years. Scientists around the world 
have been developing approaches to improve enzyme performance to make the cel-
lulosic ethanol industry worthy. In this scenario, one of the most important proce-
dures is the prospection of enzymes capable of performing the deconstruction of 
plant cell walls. The GH61 or LPMO is an example of how the introduction of new 
enzymes in the current commercial cocktails might help to increase the efficiency of 
cell wall hydrolysis. Many experiments with this enzyme have shown that it can 
increase the cellulose conversion yield, and reduce the amounts of other enzymes 
necessary to saccharify biomass (Cannella et al. 2012).

The final goal for the production of cellulosic ethanol is the conversion of poly-
mers in monomers especially by glucosidases. Nonetheless, this type of enzyme is 
usually inhibited by the substrate. Thus, the prospection of glucosidases resistant to 
the substrate inhibition, or their genetic manipulation, is a sine qua non step for the 
saccharification process (Rani et al. 2014).
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In the past years, commercial enzyme companies have made significant progress 
in producing new-generation cocktails with enzymes presenting higher specific 
activities and lower cost using different biotechnology processes and engineering 
approaches, especially after signing a contract with the US Department of Energy 
(DOE), whose main goal was to decrease the enzymatic production cost approxi-
mately 20-fold (McMillan et al. 2011). Since then, Novozymes and Genencor have 
been working in launching efficient enzymatic preparations to improve the sugar 
conversion. Thus, the newest generations of cocktails that can be cited are the Cellic 
Ctec® and Htec® family from Novozymes, and Accellerase from Genencor (de Paula 
et al. 2016; Kallioinen 2014; DuPont 2013; Novozymes 2012).

Cellic Ctec 3®, the last family launched by Novozymes, is a cellulose and hemi-
cellulase complex able to convert pretreated lignocellulosic materials into ferment-
able sugars. In addition, Htec3 from the same company is only a hemicellulase 
complex that can supplement other cocktails aiming at the deconstruction of 
 biomasses rich in hemicellulose. On the other hand, Accellerase 1500®, the last 
complex launched by Genencor, is an enzyme complex that contains exoglucanase, 
endoglucanase, hemicellulase, and β-glucosidase, which can also work in a variety 
of pretreated biomass (de Lucas et al. 2016; de Paula et al. 2016; Li et al. 2015; 
DuPont 2013; Canella et al. 2012; Novozymes 2012).

The large effort of industries around the world working in decreasing the enzy-
matic production costs, elevating the enzymatic efficiency, generating a large 
amount of sugars, and consequently producing ethanol from biomass is also a big 
step to reduce the impact caused by residues constantly thrown in nature, aggregat-
ing value to this product (Fig. 5.3).

In this perspective, scientists around the world have been really contributing with 
studies on the elucidation of the enzymatic way of action involved in biomass 
deconstruction and the discovering of new enzymes and new potential microorgan-
isms. In addition, with recent methodology sources such as molecular biology, they 
are developing great catalysts that can be used in enzymatic cocktails applied in 
plant cell wall hydrolysis.

In Brazil, the Laboratory of Microbiology and Cell Biology from the São Paulo 
University, in Ribeirao Preto city, coordinated by Dr. Polizeli, has reached significant 
advances in the enzymology field. This group is responsible for prospecting more than 
1000 new environmental filamentous fungi that can demonstrate high enzymatic 
secretion potential, especially enzymes applied in industrial processes. For that, they 
run a rigorous screening of their samples and also perform biochemical characteriza-
tion of their catalysts, such as determination of temperature and pH effects on stability 
and enzyme activity, effect of glycosylation, determination of kinetic constants, mass 
spectrometry analysis, molecular modeling, immobili zation, and effect of salts, inhib-
itors, solvents, chelate, and reducing composts on enzyme activity.

Recently, using protein heterologous expression and enzymatic immobilization 
on different chemical supports, Dr. Polizeli’s group is trying to improve the 
 performance of the most promising enzymes that were already screened. Another 
methodology recently applied by our research group is the secretome, an important 
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source to better understand the enzymatic requirement by the fungi according to a 
different kind of biomass employed as its growing source. Using this methodology, 
it might be possible to explain, for instance, how enzymes work together and which 
enzymes are necessary to deconstruct the plant cell wall. Also, the information 
obtained from secretome can help to construct an efficient enzymatic cocktail 
directed to a specific biomass such as sugarcane. Borin et al. (2015) studying the 
secretome from Aspergillus niger and Trichoderma reesei verified that these fungi 
use different enzymatic sequences to degrade the same biomass, which corroborate 
with the hypothesis already explained here that for the construction of an efficient 

Fig. 5.3 Surface chemical imaging of sugarcane bagasse. The sample was introduced directly into 
the TOF-SIMS instrument without further preparation. The analysis was conducted using a 30 keV 
Bi3+ primary ion beam scanned over a 500 × 500 μm raster upon the surface for a measurement 
time of 100 s. Secondary ions emitted from the sample surface were analyzed according to mass 
and elemental/molecular ion images produced by synchronization with the primary ion beam posi-
tion. (a) Sugarcane sample in natura with aluminum packaging. (b) TOF-SIMS ion image show-
ing sulfur (green) distribution upon the treated sugarcane surface. (c) Milled sugarcane sample in 
natura with aluminum packaging. (d) TOF-SIMS ion image showing the presence of fluorine (red) 
distribution upon the treated sugarcane surface. Illustrations obtained from TOF.SIMS 5–100 
instrument operation. The pictures were obtained from TOF.SIMS 5–100 instrument operation. We 
thank the efforts of Dr. Reinhard Kersting, at TASCON GmbH, Münster, Germany, and Fellipy 
Ferreira, at dpUNION Instrumentação Analítica e Científica Ltda, São Paulo, Brazil
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Table 5.1 Recent advances from Dr. Polizeli’s group on potential recombinant enzymes applied 
on biomass hydrolysis

Gene source Enzymesa Reference

Aspergillus niveus Endo-β-1,4-glucanase Furtado et al. (2015)
Malbranchea pulchella Xylanase GH10 Ribeiro et al. (2014)
A. niveus Endo-xylanase and 

α-l-arabinofuranosidase
Damasio et al. (2013)

A. niveus Endo-β-1,4-glucanase (GH12) Damasio et al. (2012c)
A. niveus GH7-Cellobiohydrolases Segato et al. (2012)
A. niveus l-Arabinofuranosidase Damasio et al. (2012a)
A. niveus Endo-1,5-arabinanase Damasio et al. (2012b)
A. niveus Xylanase GH11 Damasio et al. (2011)
A. terreus Xyloglucanase Vitcosque et al. (2016)

aThe mutant Aspergillus nidulans A773 was used as a host for the enzyme secretion

enzymatic cocktail it is important to verify how these fungi act when grown on 
 different types of biomass, which kind of enzymes they produce, and, the most 
important, which sequence of these catalysts are necessary to deconstruct the 
biomass.

Table 5.1 shows some of the recent advances from Dr. Polizeli’s group in the 
production of enzymes involved in the hydrolysis of holocellulosic biomass and 
their contribution to the global scientific community. With regard to the second- 
generation ethanol, many of these enzymes mentioned in Table 5.1 are now being 
tested in order to evaluate their ability in converting biomass into oligomers, and, 
consequently, the publications are still ongoing and the results achieved until now 
are promising.

5.4  Pretreatment Technologies

The recalcitrant nature of plant cell walls makes the pretreatment of lignocellulosic 
biomass essential for efficient and cost-effective saccharification of their macromol-
ecules to fermentable sugars by cellulolytic and hemicellulolytic enzymes (Soccol 
et al. 2010).

Pretreatment technologies can be categorized as physical, physicochemical, 
chemical, or biological and more information about these treatments is described in 
Table 5.2. The goals of all pretreatment technologies are to improve the access of 
hydrolytic enzymes to cell wall polysaccharides while minimizing degradation of 
sugars and formation of fermentation inhibitors. However, lignocellulose pretreat-
ments have a detrimental effect of releasing a wide range of compounds such as 
phenolics, weak acids, and furan derivatives, which are inhibitory to fermenting 
microorganisms and/or cellulolytic enzymes.
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5.5  Inhibition and Deactivation of Cellulases: Challenges 
and Perspectives

Enzymatic hydrolysis of lignocellulosic biomass for the production of fermentable 
sugars has been extensively investigated, being reported as a critical step during the 
production of biofuels and other bio-based products (Zhang and Lynd 2004; Lynd 
et al. 2008). As mentioned before this step represents the major contributor to the 
total cost of producing ethanol from biomass. Therefore, it is critical to minimize 
the use of enzymes while maintaining the efficiency of converting cellulose to 
 glucose through enzymatic hydrolysis.

The cost of enzymes coupled with the large amounts required to obtain commer-
cially viable yields is by far the main economic barrier posed to the large-scale produc-
tion of biofuels. A significant contributor to the high-dose demands is that hydrolysis 
rates decrease when reaction proceeds in a much faster way than can be explained by 
substrate consumption alone for a typical enzymatic hydrolysis (Yang et al. 2006). 
Several factors, including enzyme inhibition and deactivation, a drop in substrate reac-
tivity, or nonproductive binding of enzyme to lignin, could be responsible for the loss 
of enzyme effectiveness with time (Eriksson et al. 2002; Qing et al. 2010).

Lignin-derived inhibitors, frequently released during the pretreatment steps, are 
a major obstacle because they prevent the enzymatic hydrolysis of cell wall polysac-
charides, especially with softwood lignocellulosic materials. However, the exact 
mechanisms of lignin-derived inhibition are not fully understood. It is known that 
lignin physically hinders the access of enzymes to cellulose (Donohoe et al. 2008; 
Ishizawa et al. 2009; Rollin et al. 2011; Rahikainen et al. 2011) due to adsorption of 
cellulase to lignin (Berlin et al. 2006; Nakagame et al. 2010), and also inhibits or 
deactivates cellulases due to the presence of phenols produced from lignin degrada-
tion (Jing et al. 2009; Ximenes et al. 2010, 2011).

Several works have studied the effect of these inhibitors on the enzymatic activ-
ity. For example, Ximenes et al. (2010, 2011, see Chap. 6), and Kim et al. (2011, 
2013), identified phenolic compounds from lignin as the major enzyme inhibitors 
and/or deactivators. The amount and type of phenolic compounds depend on the 
biomass source, and methods and conditions of pretreatment used. The strength of 
the inhibition or deactivation effect, however, depends mainly on three factors: (1) 
the type of enzyme; (2) the microorganism from which the enzyme was derived, and 
(3) the type of phenolic compounds.

The inhibitory effect of several phenolic compounds on Trichoderma reesei 
 cellulases has been known since 1975, when Highley (1975) showed that simple 
phenols such as vanillin, caffeic acid, and catechol lead to inhibition of cellulase 
activities. Ximenes et al. (2011) observed that β-glucosidase from Aspergillus niger 
was the most resistant enzyme to the inhibition and deactivation by phenolic com-
pounds, requiring about five- and tenfold higher concentrations, respectively, for the 
same levels of inhibition or deactivation when compared with enzymes from 
Trichoderma reesei.

M. de Lourdes T.M. Polizeli et al.
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Regarding the type of phenolics, tannic, gallic, hydroxycinnamic, and 
4- hydroxybenzoic acids, as well as vanillin and syringaldehyde (see Chap. 4), 
reduced the cellulase activities, including the β-glucosidase activity. Tannic acid 
had the most severe effect, causing both deactivation and reversible loss (inhibition) 
on all activities of enzymes tested (Ximenes et al. 2011). Furthermore, Tejirian and 
Xu (2011) found that tannic acid as low as 1 mM caused significant inhibition with 
approximately 70–80% decrease in cellulose hydrolysis and initial hydrolysis rate.

Kim et al. (2011, 2013) also evaluated the effect of soluble inhibitors on cellulase 
activity and found that both phenolic compounds and xylo-oligosaccharides were 
the most important factors, leading to a decrease in cellulase activity. They showed 
that a total phenolic compound concentration as low as 1.3 g/L strongly inhibited 
cellulase by the precipitation and deactivation of β-glucosidase. Xylose (21 g/L) 
resulted in 10% lower glucose yield and 10% lower initial hydrolysis rate compared 
to the control, and xylo-oligomers were stronger inhibitors than xylose. At a con-
centration of 8 g/L, the initial rate was approximately 40% lower, and final glucose 
yield was 20% lower than the control. Enzymatic hydrolysis of the xylo- 
oligosaccharides to xylose (21  g/L) resulted in a moderate relief of inhibition, 
improving hydrolysis yield by 10%. To overcome the negative effects of residual 
hemicellulose on enzymatic hydrolysis, other authors have used hemicellulases  
to boost the cellulose saccharification through (1) removal of the remaining 
 hemicellulose and the enlarged contact area between the cellulose and the enzyme 
and/or (2) conversion of xylan and xylo-oligomers to the less inhibitory xylose 
(Romaní et al. 2014). Although sugar oligomers are cellulase inhibitors, phenolic 
compounds exert the dominant effect for the process of relevant conditions, unless 
they are removed or transformed into non-inhibitory compounds.

Michelin et al. (2016) have shown that both cellulases and hemicellulases were 
inhibited and/or deactivated by phenolics obtained from pretreatment of sugarcane 
bagasse by liquid hot water. They also highlighted that the removal or mitigation of 
inhibitor effects must be considered in order to improve the efficiency of cellulose 
hydrolysis and particularly to avoid the cascade of inhibitory effects that result 
when β-glucosidase or β-xylosidase activities are deactivated. Kim et  al. (2011) 
improved the final sugar yield by 20% through the removal of phenolic compounds. 
Inhibition by xylose and sugar oligomers is reversible, meaning that inhibition can 
be reversed if sugar oligomers are removed, for example, through hydrolysis and 
pentose fermentation. Kumar and Wyman (2009) also showed that xylo-oligomers 
inhibited cellulase action and that both glucose and xylose release could be signifi-
cantly enhanced by supplementation with β-xylosidase and xylanase. Other authors 
have reported the inhibitory effect of hemicelluloses on cellulase activity, particu-
larly in the form of oligomers that presents a more inhibitory effect than xylan and 
xylose (Qing et al. 2010; Qing and Wyman 2011).

On the other hand, some phenolic compounds are known to inhibit cellulase by 
irreversible binding and precipitation (Kim et al. 2011; Ximenes et al. 2011). Thus, 
mitigating phenolic-induced inhibition/deactivation would be critical for the devel-
opment of cost-efficient cellulose hydrolysis.
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A number of physical and chemical methods have been developed for the removal 
of these inhibitory compounds including dilution, solvent extraction, precipitation, 
adsorption (e.g., activated charcoal), and the use of ion-exchange resins (Larsson 
et al. 1999; Mussatto and Roberto 2004; Carter et al. 2011). However, these detoxi-
fication methods have some drawbacks such as high cost and generation of  additional 
waste streams. An alternative detoxification method is the use of microorganisms or 
their enzymes such as laccases, to remove phenolic compounds. This approach can 
offer improvements compared to physical and chemical methods since, in addition 
to other advantages (e.g., mild condition, low cost, high degradation efficiency, low 
energy consumption), little waste is generated (Parawira and Tekere 2011; Lee et al. 
2012; Cao et al. 2013; He et al. 2016). For example, Lee et al. (2012) removed phe-
nolic compounds from biomass slurries using a novel laccase (YlLac) from yeast 
Yarrowia lipolytica, which alleviated the cellulase inhibition and subsequently 
increased saccharification yield of rice straw. This detoxification method has proved 
to be a promising approach for improving the efficiency of biorefineries.

5.6  Directions for Enzyme Kinetic Analysis

The current research on substrate-related depolymerase activities must deal with the 
gap of knowledge among substrate structure, enzyme structure analysis, and their 
relationships to the enzyme kinetics, such as binding constants, processivity, and 
catalytic efficiency. The state of the art of sugarcane analysis and protein structure 
was heavily reviewed and is under the scope of these chapters (Driemeier et  al. 
2011; Yang et  al. 2011; Foston and Ragauskas 2012; De Souza et  al. 2013). 
Currently, the works of De Souza et al. (2013) and Driemeier et al. (2011) form a 
methodological scaffold and reference work for the study of sugarcane biomass. 
Here we present directions for a deep understanding of enzyme catalysis to couple 
it to structural studies, such as the origin and structural related controls of reaction 
rates, binding order, and enzyme efficiency.

5.6.1   Characterization of Enzyme Mechanisms Involved 
in Degradation Processes

Integrated enzyme studies related to reaction kinetics and protein dynamics are far 
from a comprehension of enzyme action linked to structural properties of sugarcane 
bagasse to better efficacy during depolymerization processes. Among these enzyme 
properties, the enzyme efficiency, endurance, processivity, distributivity, and dig 
capacity are the most valuable information to transpose the academic knowledge to 
the industrial sector. However, the lack of a statistical method capable of over-
coming the gap among substrate structure, enzyme properties, and process yield 
imposes an obstacle for substrate-enzyme-yield integration. Thus, the Methods in 
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Enzymology remains the mandatory source of information to develop new methods 
to study enzymes related to depolymerization of polysaccharides in sugarcane 
feedstock.

Enzyme efficiency and endurance are among the major goals to be achieved for 
utilization in the industrial environment. The investigation of enzyme efficiency and 
usability is related to its kinetic, chemical, and dynamic mechanisms, a demanding 
task for depolymerizing enzymes. The initial-rate kinetics is the first tool for analyz-
ing enzyme catalysis (Segel 1993). This step determines catalytic rates and con-
stants, substrate specificity and side reactions, product inhibition and competitive 
inhibition—both used to analyze substrate binding order—determination of pKs of 
catalytic groups by pH kinetics, and analysis of the involvement of amino acid resi-
dues during catalysis by site-direct mutagenesis.

The chemical studies consider the reaction stereochemistry (NMR, X-ray crys-
tallography); detection of tightly bound coenzymes (NMR, MS, X-ray crystallogra-
phy); and metal ions (X-ray crystallography, NMR, ICP-MS) necessary to develop 
a specific enzyme reaction determining all organic and inorganic components nec-
essary to develop higher reaction rates. The detection of covalent intermediates by 
rapid kinetic strategies and spectroscopic or MS analysis reveals the reaction course 
used by an enzyme, which can be integrated with its structural analysis. In turn, the 
identification of active-site residues involved in the binding and reaction course by 
affinity labelling provides information for enzyme engineering. Powerful mechanis-
tic tools include the time-resolved Laue X-ray crystallography and video absorption 
spectroscopy (Purich 2010, see Chap. 6), which are useful for determining structure- 
function relationships in enzymes and between enzymes and substrates.

Isotope kinetics is used to investigate substrate binding order, which is extremely 
important to analyze and coordinate enzyme reaction events at the catalytic site. For 
these analyses, an enzymologist employs partial exchange reaction analysis and 
substrate exchange at equilibrium. Isotope kinetics is also used to study reaction 
“stickiness” by isotope trapping and partition kinetics, but also to identify reaction 
intermediates using positional isotope exchange and kinetic isotope effects (Segel 
1993; Purich 2010). The use of a liquid scintillation counter and chromatographic 
instruments coupled to mass spectrometers or radiation counters must be employed 
in isotope kinetic studies.

Fast reaction kinetics is used to discriminate partial kinetic constants and reaction 
order to deeply understand the reaction events at the catalytic site, determining the 
time-dependent bottleneck events during the reaction course of a processing enzyme. 
The design of experiments for enzymes acting on polymeric substrates is challenging. 
These studies employ special equipment, and encompass the continuous, stopped-flow, 
and mix/quenching techniques, the temperature-jump and pressure- jump relaxation 
techniques, and the cryoenzymology. These techniques are used to obtain data about 
reaction steps on a shorter timescale inferior to 1 s. While stopped-flow devices are 
useful at 5–10 ms, faster reactions require the use of relaxation techniques, cryotem-
peratures, or even NMR and photon-activated experiments.

Depolymerases acting by processive or distributive mechanisms generally  possess 
“hidden” nonproductive interactions in steady-state treatments or shifted binding 
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behavior at high substrate concentration, a problem for process efficiency studies. 
Many exopolymerases were listed as highly processive (Purich 2010), remaining 
attached to their polymeric substrate during several catalytic rounds. The higher the 
processivity of the enzyme, the greater is its permanence in the substrate holding 
productive interactions, yielding monosaccharides for fermentation. Distributive 
mechanisms are characterized by the release of enzyme molecules after each cata-
lytic cycle. In turn, these enzymes are capable of fragmenting the  substrate, a typical 
behavior of endoglucanases. Monitoring these activities are conclusive kinetic stud-
ies to identify an exopoligalacturonase or endopoligalacturonase and its catalytic 
efficiencies. Protocols to determine processivity were presented by McClure and 
Chow (1980). The basic analytic tool measures discrete product lengths, which are 
studied using the Kuhn distribution law. Random scission kinetics of some endo- 
depolymerases (Purich 2010) can be analyzed using a modification of the protocol of 
Thomas (1956) analyzing the DP of cleavage products by means of GPC or 
MS. Purich (2010) presented an initial source of mathematical treatments to analyze 
nonproductive interactions and shifted binding behavior. In turn, the dig of cell walls, 
an important mechanism to access the deep layers of the cell wall by depolymerases, 
can be image measured using ATM, SEM, or electron tomography. The current lack 
of these knowledge is the main reason for failures in operational plants for bioethanol 
production.

5.7  Concluding Remarks

Sugarcane has emerged as a leading culture in Brazil for the development of new 
technologies for biofuels in order to ensure the energy demand in a sustainable man-
ner (see Chap. 10 for further details).

Currently, a second-generation ethanol production plant is operating in Brazil, 
the Bioflex 1 from GranBio with a production capacity of 82 million liters of  ethanol 
per year (Elabora Consultoria 2014). Internationally, the major players in cellulosic 
ethanol are INEOS Bio, KiOR, Novozymes, Petrobrás, Dupont, Raysen-CTC, and 
POET. Logen Corporation and Beta Renewables are responsible for pretreatment of 
biomass in the Brazilian industries of cellulosic ethanol. Their income with current 
substrate variability or high production costs will be of fundamental importance to 
guide research on the development of processes of pretreatments.

Besides these aspects, the relevance of the sugarcane bioenergy for the social and 
economic development of Central America, South America, and sub-Saharan Africa 
is immense (see Chap. 11). These regions are extremely favorable for the sustain-
able expansion of bioenergy, since there is no land available for the substantial 
production of bioenergy and food in other regions. The proper land management 
can result in production capacity of more than 24 EJ of liquid biofuels without com-
promising food production (Souza et al. 2015). Thus, the assurance of the energy 
security of our century includes the development of emerging or underdeveloped 
countries with potential impact on the eradication of poverty.
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