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Chapter 1
Routes to Second-Generation Bioethanol 
in Brazil: Foundation of the National Institute 
of Science and Technology of Bioethanol

Marcos S. Buckeridge and Amanda P. De Souza

Abstract Along the last 8 years, the National Institute of Science and Technology 
of Bioethanol (INCT-Bioetanol) reached several important milestones towards the 
main objective of producing second-generation bioethanol from sugarcane bagasse. 
The sugarcane cell wall structure and architecture is now better understood, dozens 
of new cell wall hydrolases had their genes and enzymes fully characterized, sugar-
gane physiology and its responses to climate change were investigated, and novel 
yeast strains capable to metabolize pentoses have been discovered. At the same 
time, history and politics involved in sugarcane as a bioenergy source have been 
studied and revised. Thus, simultaneously with other large bioenergy programs in 
the USA and Europe that were set up to improve renewable energy production, the 
INCT-Bioetanol in Brazil managed to produce important data in basic research. All 
this data is expected to help industry to produce not only more ethanol, but also new 
biomaterials to foster bioeconomy. This book reports some of these findings.

Keywords Bioenergy • Bioethanol • Second generation • FAPESP • BioEn • INCT

The National Institute of Science and Technology of Bioethanol (INCT-Bioethanol) 
was founded in 2008, at the same time that other international initiatives such as 
the Energy Biosciences Institute (EBI) in the United States and the European 
Bioenergy Research Institute (EBRI) in England. The main goal of all those 
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institutes was to contribute to increasing the knowledge and the development of 
new routes related to bioenergy.

The motivation or the creation of the INCT-Bioethanol was closely related to the 
launching of the fourth International Panel on Climate Change report (AR4) in 2007, 
which was strongly highlighted in Brazil. At the same time, the São Paulo Research 
Foundation (FAPESP) started the Bioenergy Research Program of São Paulo 
(BIOEN) and a few months latter, the Brazilian Government set up a series of strate-
gic science and technology institutes (the INCT Program) to try to solve problems 
that could improve the industrial performance in the country. Just after the founda-
tion of BIOEN, a group of researchers  gathered in a workshop to discuss the scien-
tific challenges to be faced in order to lead sugarcane bioethanol to a new technological 
status. After this workshop, 33 laboratories across six different Brazilian states 
became part of the INCT-Bioethanol proposal.

It was clear that the production of renewable energy could significantly contrib-
ute to mitigating CO2 emissions in the planet, and that Brazil was already contribut-
ing to such mitigation due to previous development of consistent technologies to 
produce bioethanol from sugarcane. At that moment, however, the available tech-
nologies to produce bioethanol relied only on the use of sucrose (first-generation 
bioethanol), whereas the bagasse was being used exclusively to produce electricity 
and the leaves had no or little use. So, the presentations and discussions during the 
workshop that originated the INCT-Bioethanol proposal involved questions related 
to the possibility of use of those residues to significantly increase the production of 
bioethanol in Brazil and to the knowledge that would be necessary to achieve this 
goal. There were formidable problems to be solved and the group of researchers 
present at the meeting quickly realized that it was necessary to start a research proj-
ect focused on basic science in order to produce the knowledge that could be used 
for technological development.

Some points highlighted during the 2008 workshop became milestones of 
INCT- Bioethanol for the decade to come. These milestones were the following:

 1. Understand the structure and architecture of the sugarcane cell walls: Although 
the main components of sugarcane cell walls were already known, there was lack 
of knowledge related to the structure of the polymers (polysaccharides and lig-
nin), and to the glycosidic linkages and interactions among polymers that needed 
to be explored to help understand how to hydrolyze sugarcane cell walls.

 2. Find ways to hydrolyze sugarcane cell walls: In 2008, both sulfuric acid and 
enzymatic hydrolysis were available options to hydrolyze sugarcane bagasse. 
However, local initiatives such as the Dedini pilot plant that were using sulfuric 
acid ended up discontinuing its unit, and the acid route was abandoned. Thus, the 
focus started on the enzymatic routes. But, very little was known about enzymes 
capable of hydrolyzing biomass. More than that, it was clear that at the same 
time as the cell wall of sugarcane would become known, it would be possible to 
engineer enzymes to improve their catalytic properties. In addition, it was realized 
that modern molecular biology tools could be used to engineer the sugarcane, so 
that endogenous hydrolytic mechanisms could be controlled and used to help the 
hydrolysis as a biological pretreatment.

M.S. Buckeridge and A.P. De Souza
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 3. Understand sugarcane photosynthesis and growth, especially under climate 
change conditions: We were aware that the biomass-producing capacity of some 
of the sugarcane varieties was much higher than it was seen in the field. Thus, it 
was possible to turn sugarcane even more productive than thought at that time. 
For that, physiological, metabolic, and gene expression sugarcane responses to 
different stresses would have to be deeply studied, so that we would be able to 
give support to the production of sugarcane in a changing climate.

 4. Understand sugarcane genome and genetics: We knew that it would be quite 
complicated since sugarcane is a polyploid and we needed to develop new tools 
to manipulate sugarcane genome and genetics. The traditional breeding coupled 
with the development of those new tools would bring really great advances in 
this area. Another challenge was to genetically transform sugarcane. As we 
intended to learn more about gene expression related to several processes, it 
would be natural to transform plants either for purely scientific purposes (proofs 
of concepts) or to produce new varieties that could actually be used in the field.

 5. Find ways to improve extant yeast strains or discover novel species of them that 
could ferment pentoses efficiently and produce ethanol: Although the Brazilian 
1G technology was highly efficient for ethanol production from sucrose, the 
strains used did not process pentoses with the same efficiency. Thus, genetic 
manipulation of known strains and screening of microorganisms capable of 
fermenting pentose were necessary.

 6. Develop new pretreatments and associate them with hydrolysis and fermentation: 
Sugarcane biomass, both bagasse and trash, were hard to hydrolyze and new 
methods to pretreat biomass had to be tested in order to suggest possible proce-
dures to be used in industry.

The main mission of the INCT-Bioethanol was the production of knowledge that 
could help industry, rather than the development of specific technologies. Other 
organizations were set up at the same time to take care of the technological develop-
ment, such as the CTBE (National Laboratory of Science and Technology of 
Bioethanol) in Campinas, São Paulo. This center was designed at that time to bridge 
the gap between basic science and technological development of the sector, making 
the links with industry.

After 8 years of research in this field, Brazil has developed a couple of initiatives 
to produce second-generation (2G) ethanol from sugarcane, but the integration of 
the basic knowledge into industrial technology has proven to be rather slow. It has 
to be noted, though, that the forecasts made by the INCT-Bioethanol were that the 
basic research needed at least one decade to produce enough knowledge and pro-
vide an efficient connection with industry. Therefore, we expect that the knowledge 
produced by the INCT- Bioethanol will start to be incorporated within the middle of 
the second decade of the twenty-first century, depending on the economic return 
that such incorporation signalizes to the companies.

The INCT-Bioethanol has not yet completely solved yet the main problems 
stated in the six milestones listed above, but it has significantly advanced the sci-
ence necessary for sugarcane bioethanol technology development. Some of the 
achievements made and their implications to society are shown in Fig. 1.1. The 

1 Routes to Second-Generation Bioethanol in Brazil…
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science produced by the institute has been reported in hundreds of papers, book 
chapters, and theses released by the research groups along the last 8 years (http://
www.inctdobioetanol.com.br). The first book was published in 2011, reporting the 
advances reached at that time (Buckeridge and Goldman 2011). We now present a 
second book, which brings chapters that update aspects related to the sugarcane 
cell wall (Chaps. 2, 3, and 4) and genetics (Chap. 9), enzymes (Chaps. 5, 6, and 7), 
pentose fermentation (Chap. 8), sustainability (Chap. 10), and international poli-
cies (Chap. 11).

Although this book does not cover all the science produced by the INCT- 
Bioethanol, it brings an important sample of some of the main achievements reached 
by the group after almost one decade of hard work. We expect that the scientific 
knowledge compiled in this book will help students, researchers, and the industry to 
improve even more the production of 2G bioethanol, influencing industrial and 
environmental sectors and helping to use the benefits of renewable energy for 
mitigation and adaptation to the global climate changes.

Reference

Buckeridge MS, Goldman GH (2011) Routes to cellulosic ethanol. Springer, New York, 270 p
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Chapter 2
Sugarcane Cell Wall Structure 
and Degradation: From Monosaccharide 
Analyses to the Glycomic Code

Marcos S. Buckeridge, Amanda P. De Souza, Eveline Q.P. Tavares, 
and Arthur B. Cambler

Abstract Pretreatments and enzymes have been a major hindrance to second- 
generation (2G) bioethanol production. As a result, most scientists have been focusing 
on the search for new enzymes and their subsequent characterization. Although this 
valuable knowledge has significantly improved the field generating initiatives of 
commercial production of 2G bioethanol, the cell walls themselves have received 
relatively little attention. In this chapter, we revise the work performed on sugarcane 
cell wall composition, structure, and architecture. From the status of looking exclu-
sively to monosaccharide composition, research has evolved and several details 
about sugarcane cell wall polysaccharides and lignin were unrevealed. The studies 
about cell wall structure led to the proposition of the first model of sugarcane cell 
wall architecture in which macrofibrils (bundles of microfibrils) of cellulose are 
likely to be bound together by xyloglucan and arabinoxylans. These macrofibrils 
are covered with layers of more soluble hemicelluloses such as highly branched 
arabinoxylans and β-glucan. The lignin seems to be closely associated with the 
cellulose–hemicellulose domain, which is more hydrophobic than the other cell 
wall domains. Finally, lignin and cellulose–hemicellulose domains are embedded in 
a thin layer of pectin matrix. This model led to the proposition of a hypothesis that 
efficient cell wall degradation in the natural environment could be possible if the 
glycosyl hydrolases would sequentially degrade each layer at a time inwards towards 
cellulose microfibrils. This hypothesis was corroborated both during the attack of 
fungi to sugarcane biomass and during the aerenchyma formation in sugarcane 
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roots. The highly complex sugarcane cell wall is now thought to be a result of a 
code, which is just starting to be unveiled. We believe that by further understanding the 
interactions among polymers and how endogenous enzymes attack cell walls, future 
strategies to induce endogenous biological pretreatments followed by the attack of 
enzyme consortia might significantly improve industrial processes for 2G bioethanol 
production from sugarcane.

Keywords Cell wall architecture • Polysaccharides • Cellulose • Hemicellulose • 
Pectins • Lignin • Bioenergy • Glycosyl hydrolases

2.1  Introduction

Sugarcane breeding has promoted the development of varieties that are highly pro-
ductive. This is one of the main factors that led Brazil to become the second largest 
world producer of first-generation (1G) bioethanol, which is produced from sucrose 
stored in culms of sugarcane. More recently, the advances in second-generation 
(2G) bioethanol science have endorsed the development of at least two Brazilian 
initiatives for commercial production of 2G bioethanol: GranBio and Raizen/Costa 
Pinto. Currently, the former utilizes sugarcane leaves as the main raw material for 
the 2G bioethanol production, while the second uses sugarcane bagasse, integrating 
1G and 2G processes.

Second-generation bioethanol became a reality due to the significant progress that 
has been achieved in the development of processes to pretreat and hydrolyze the 
plant cell wall (Vohra et al. 2014; Healey et al. 2015; Saini et al. 2015). Despite the 
great advances, the hydrolysis step, reported to account for 9% of the cost of biomass 
conversion in 2002 (Aden et al. 2002), remains as a substantial parcel of the cost of 
2G processes (Enzitec 2016). One of the factors that can help to reduce the costs in 
2G processes is the formulation of more accurate enzymatic cocktails, designed to 
hydrolyze cell wall polysaccharides efficiently. For this purpose, it is crucial to 
understand how polysaccharides are structured and arranged into sugarcane cell 
walls, i.e., its architecture (Buckeridge et al. 2016—Fig. 2.1).

In this chapter, we review some of the work performed on sugarcane cell wall 
composition and architecture and discuss future scenarios of research to improve 
the efficiency of cell wall degradation in sugarcane.

2.2  Molecular Composition of Sugarcane Cell Walls

Sugarcane cell wall composition has been firstly estimated by analyzing mono-
saccharides. Peng et al. (2009) have shown that cell walls from sugarcane bagasse 
were composed of 38.3% glucose, 27.6% xylose, and 19.2% galactose. Later on, 
Masarin et  al. (2011) reported the presence of 38–43% glucans, 25–32% 

M.S. Buckeridge et al.
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hemicelluloses, as well as 1.6–7.5% extractives in bagasse of different sugarcane 
varieties produced in Brazil.

A more accurate appreciation of sugarcane cell wall composition was achieved 
by De Souza et al. (2013), who, besides monosaccharides, used a combination of 

Fig. 2.1 Hypothetical model of the sugarcane cell wall. Based on the information provided by the 
cell wall phenotyping procedures (De Souza et al. 2013; Buckeridge et al. 2015) different classes 
of polymers are arranged according to their solubility and topology based on antibodies and atomic 
force microscopy (Buckeridge et al. 2015). Sugarcane walls are of the type II (grasses), with rela-
tively little pectin matrix and having arabinoxylans > β-glucan > xyloglucan > mannan as the main 
hemicelluloses. (a) Representative scheme of what could be the basic repetitive unit of the cell 
walls of sugarcane (possibly in primary and secondary walls, but with different proportions among 
domains). (b, c) Representative schemes of what could be a tridimensional portion of the primary 
cell wall of sugarcane. Secondary walls would probably have less of the hemicellulose domain and 
more cellulose macrofibrils. This tentative model does not include cell wall proteins, such as 
hydroxyproline-rich proteins that have not been studied in sugarcane to date

2 Sugarcane Cell Wall Structure and Degradation…
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different techniques such as oligosaccharide and polysaccharide profiling and 
Fourier transform infrared spectroscopy (FT-IR). Combined, these procedures can 
be defined as a cell wall phenotyping procedure. In this study, cell walls of leaves 
and culm were fractioned with a series of solvents so that polymers were extracted 
according to their solubility (Fig. 2.2). The composition of the polymers in each 
fraction was analyzed so that it was possible to estimate the average composition of 
each class of polymer (pectins, hemicelluloses, and cellulose) of the cell wall of this 
plant. On average, sugarcane cell walls from both organs were shown to be com-
posed of ~30% cellulose; 40% arabinoxylan (AX); 10% β-glucan (BG); 8% xylo-
glucan (XG); 8% pectins including homogalacturonan, arabinogalactan, and 
arabinan; and 6% lignin.

Although the data compilation made by De Souza et al. (2013) led to a cell wall 
composition estimation that was quite different from other studies on bagasse 
(Rezende et al. 2011; Guilherme et al. 2015), one has to consider that both leaves 
and culm analyzed were from sugarcane in natura. The composition of in natura 
culms differs from bagasse since the latter loses some of the polysaccharides during 
the extraction of sucrose in the industry (Lara Azevedo, Amanda P. De Souza, and 
Marcos Buckeridge, unpublished results). The lignin content, though, might have 
been underestimated due to plant young age, possibly having a little interference in 
the hemicellulose proportion in the wall.

Some of the sugarcane cell wall polymers have been investigated in detail. 
For example, the identity of the carbohydrate linkages of the main hemicelluloses 

Ammonium
oxalate

Pec�ns
BG
AX

Sodium chlorite

Retrieval of
Lignin

0.1 M NaOH

AX
some BG

1 M NaOH

AX
some BG

4 M NaOH

XG
some AX 
some GM

Residue

Celullose

AIR

Fig. 2.2 Chemical fractionation of the cell wall as it occurs with sugarcane culm according to De 
Souza et al. (2013). Alcohol-insoluble residue (AIR) is prepared by washing dry biomass with 80% 
ethanol at 80 °C. AIR is then submitted to a sequence of extractions. β-Glucan (BG) and pectins are 
solubilized in ammonium oxalate, and lignin is retrieved from the material by sodium chlorite. 
A sequence of increasing concentrations of alkali (NaOH) will extract first arabinoxylans (AX) and 
some BG (0.1 and 1 M) and then xyloglucan (XG) with some arabinoxylan and (gluco)mannan (GM) 
(4 M). The residue ends up composed of 98% glucose, which is assumed to be all cellulose
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and pectins has been revealed through methylation analysis (see Fig. 2.3 for 
structures), and the cellulose nanostructure has been explored in depth (see Chap. 3 
for further information). Also, the fine structure of the hemicelluloses has been 
determined by using endo-β-glycanases (De Souza et al., 2013). All of these fea-
tures are known to contribute to the polysaccharide arrangement, and consequently 
to the cell wall architecture.

2.3  Sugarcane Cell Wall Architecture

Cell walls can be thought of as a stratified composite formed by well-organized 
interactions (covalent and non-covalent) among polymers. There seems to exist a 
basic module composed of cellulose, hemicelluloses, and pectins that is replicated 
within the wall (Fig. 2.1a), forming the network of compounds that emerge as the 
cell wall becomes proper (Fig. 2.1b, c).

In sugarcane, the model proposed for the basic module is based on the pattern of 
solubilization of polysaccharides described by De Souza et al. (2013), and on recent 

Fig. 2.3 Structural features of the cell wall polysaccharides from sugarcane. Redesigned from 
Buckeridge and De Souza (2014). Molecular structures for each polysaccharide were based on 
methylation analysis of sugarcane cell wall fractions (Marcos Buckeridge and Nicolas C. Carpita, 
unpublished results)
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results obtained in our laboratory (Arthur Cambler, Amanda De Souza, and Marcos 
Buckeridge, unpublished results). The sugarcane basic model (Buckeridge et al. 2016) 
is formed by cellulose microfibrils that are probably bound together by arabinox-
ylans (AX) whose branches are esterified with phenylpropanoids (Fig. 2.1). The 
presence of phenylpropanoids, as well as acetylations, in the AX chains might 
confer extreme hydrophobic properties to this inner part of the cell wall module. 
The macrofibrils seem to be covered with more branched (and possibly less acety-
lated) AX that confers relative hydrophobicity to the wall. A small proportion of 
mannan (or glucomannan) has been detected in the less soluble sugarcane cell wall 
fractions, suggesting that this polysaccharide might also interact with microfibrils 
and participate in the complex that forms macrofibrils. However, this hypothesis 
needs further investigation. The most soluble hemicellulosic polymers in the walls 
are mostly linear, but slightly arabinosylated xylan and the mixed linkage β-glucan 
(BG). It has been proposed that BG plays a structural role in the wall, mainly by 
forming a scaffold for deposition of other wall polymers during development 
(Buckeridge et al. 2004). Alternatively, BG has been found to play a storage reserve 
role in wheat (Roulin and Feller 2001) and barley (Roulin et al. 2002).

Lignin of sugarcane is mostly associated with vascular bundles (mainly in its 
fibers) and a little—primarily in rind cells—is located in the walls of the paren-
chyma (composed mainly of p-coumaric acid), followed by significant amounts of 
hydroxycinnamic and ferulic acids (Masarin et al. 2011) (Fig. 2.4). However, it is 
not well known how these compounds are chemically linked to each other. What is 
known is that hydroxycinnamic and ferulic acids are esterified to hemicelluloses 
and pectins, nucleating the polymerization of lignin in the wall (see Chap. 4). Thus, 
there seems to exist a trend towards the presence of lignin in cell walls that contain 
more cellulose, whereas pectins, probably in the middle lamella, also contain some 
lignification. Recent evidence strongly suggests that AX is the main polymer bound 
to lignin, probably via its arabinosyl branching residues. Because a portion of the 
branched AX is retrieved from the walls of sugarcane only after extraction with 
sodium chlorite (Cambler, De Souza, and Buckeridge, unpublished results), we 
believe that lignin bridges are more frequent among AX molecules and somehow 
between them and cellulose.

Although chemistry has helped understanding some aspects of the interactions 
among cell wall polymers, their topology within the wall is not yet accessible by 
any technique. The application of modern techniques to unveil cell wall features 
related to the physics, chemistry, and biochemistry of the cell wall of sugarcane has 
led to a working model of its architecture. However, we still lack tools that can show 
how the polymers are arranged in the native wall. Those tools are essential to 
advance the knowledge of the cell wall architecture. For that purpose, probes such 
as DNA aptamers could be developed to provide identification of polymer domains 
(Boese and Breaker 2007; Low et al. 2009). Nonetheless, the barriers to be crossed 
are enormous. For instance, the use of such probes, which could bypass the problem 
of the low wall porosity, would still face the hydrophobicity barrier of the deep 
regions of the wall, representing some technical issues that would be quite complex 
to deal with.

M.S. Buckeridge et al.
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2.4  The Cell Wall Architecture Results  
from a Glycomic Code

From the discovery of the grass wall architecture to the modern days, a plethora of 
genes related to plant cell wall biosynthesis and hydrolysis have been described and 
characterized (see Wang et al. 2016 for a review). The knowledge about mecha-
nisms of synthesis and hydrolysis of the cell walls in general highlights the fact that 
carbohydrate polymers are not composed of randomly linked monosaccharides, but 
by polymers that display very strict fine structures (Buckeridge and De Souza 2014). 
The fact that encoded polymers form such a complex structure raised the question 

Fig. 2.4 Distribution of lignin in the culm of sugarcane. Lignin was stained with floroglucinol 
(a–c) and visualized by autofluorescence (d–f). Section of the culm was obtained from mature 
culm of sugarcane (cv. SP80-3280). Lignin is more concentrated in the vascular system, especially 
in the fibers (see mainly c), but is also detected in parenchyma cell walls, although staining less 
strongly in these cells. There is proportionally higher lignin concentration in the periphery of the 
culm due to higher incidence of vascular bundles. Pictures taken by Viviane C. Lopes
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whether cell walls could have a code that would be encrypted by the biosynthetic 
mechanisms of different classes of polymers (Buckeridge and De Souza 2014; 
Tavares and Buckeridge 2015).

The idea that cell wall polymers may display a code—named the glycomic code—
has been put forward to explain how seed storage cell wall polysaccharides are 
degraded (Buckeridge 2010). In this case, XG clearly displays encoded fine structure 
that determines the action of glycosyl hydrolases (Tiné et al. 2003, 2006) as well as 
the level of binding to the surface of cellulose (Lima and Buckeridge 2001).

In the case of sugarcane cell walls, AX, the major component among hemicel-
luloses, seems to be encrypted by branching with arabinosyl residues, which are 
positioned at carbons 2 and/or 3 on xylosyl residues in the main chain. Many of the 
unbranched hydroxyls are supposedly acetylated making most of the polysaccharide 
hardly accessible to enzymes (Crivellari 2012).

The glycomic code may be the ultimate barrier to efficient hydrolysis. If so, by 
breaking the glycomic code of all cells in a tissue, one could supposedly control cell 
wall assembly and, by knowing precisely the mapping of polymer interactions, be 
able to hydrolyze cell walls with much higher precision.

2.5  What Structure and Architecture Mean for Hydrolysis

The level of complexity of the sugarcane cell walls is not surprising since some 
features of the architecture of cell walls of grasses have been known for decades 
(Carpita and Gibeaut 1993). However, the idea of hydrolyzing its components for 
bioenergy purposes remains a major challenge. Part of this challenge can be attrib-
uted to the lack of knowledge about cell wall architecture.

One of the main features of the cell wall architecture relies on the fine structure 
of the polysaccharides, as it determines how the polymers can be arranged in the 
wall. The study of the fine structure can be made using endo-hydrolases. When in 
low concentration, the endo-enzyme action is analogous to a DNA restriction 
enzyme. Thus, the use of endo-enzymes such as lichenase for BG, xyloglucan-
endo- glucanase for XG, and GH10 or GH11 for AX produces “restriction maps” of 
oligosaccharides that can be viewed in HPAEC-PAD chromatograms. When such 
maps are obtained for cell wall fractions, they might reveal differences in polysac-
charide fine structure that may be relevant for hydrolysis (De Souza et al., 2013, 
2015). For instance, AX from sugarcane leaves is more branched with arabinose and 
seems to bind more strongly to cellulose in comparison to culm; that is, the AX from 
leaves remains bound up to the 4 M NaOH fraction during fractionation. On the 
other hand, XG seems to have more soluble fractions in culm than in leaves 
(Fig. 2.5), which may reflect differences in saccharification between the two organs 
since xyloglucan may interfere with the attack of enzymes to cellulose.

Differences in the glycome profiling, i.e., identification of polysaccharide 
epitopes through monoclonal antibodies (Patthathil et  al. 2012), can also suggest 
alterations in the fine structure since they give information about changes in the 
populations of the exposed epitopes present in the cell wall fractions (Zhu et al. 2010). 

M.S. Buckeridge et al.



15

In miscanthus, a closely related species to sugarcane, subtle differences in pectins 
were identified by glycome profiling such as the presence of arabinogalactans that 
were relevant to saccharification (De Souza et al. 2015).

The arrangement of the polymers into an architectural framework also raises 
issues related to pore size in the biomass, which apparently limits the penetration of 
enzymes on it (Buckeridge et al. 2016). Based on the polysaccharide structure and 
composition, we assume that at least 24 distinct linkages would require enzymes to 
be broken. For this hydrolysis process, at least 18 classes of enzymes would be 
needed (Table 2.1). Thus, to overcome the limitation of pore size and have an efficient 

Fig. 2.5 Comparison of the fine structures (restriction profiles) of the main hemicelluloses of 
sugarcane leaves (a) and culm (b). Adapted from De Souza et  al. (2013). Xylanase used for 
detection of AX oligosaccharides and xyloglucan endo-glucanase (XEG) for detection of XG 
oligosaccharides. a xylose, b xylobiose, c xylotriose, d arabinoxylated oligosaccharides, un 
unknown xyloglucan oligosaccharides

2 Sugarcane Cell Wall Structure and Degradation…
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hydrolysis, the basic architectural unit (Fig. 2.1a) would have to be attacked by 
enzymes acting from the surface towards the inner side of the macrofibril. Following 
this idea, De Souza et al. (2013) proposed a hypothetical mechanism by which a 
group of enzymes in a cocktail would have their action in a sequence of attacks. 
This attack would start with esterases (pectin methyl and acetyl esterases, xylan 
acetyl esterases, feruloyl esterases), followed by the action of endo- and exo- 
hydrolases that would attack the hemicelluloses within the wall (AX, BG, XG, and 
mannan). After such attack, cellulose microfibrils would end up naked and could 
then be attacked by lytic oxidases, endo-glucanases, and cellobiohydrolases.

This hypothesis received some experimental support by the experiment reported 
by Borin et al. (2015). These authors used proteomics and biochemistry to show that 
the production of enzymes in the forecasted sequence took place when Trichoderma 
reesei and Aspergillus niger were grown on sugarcane culm and bagasse. A similar 
sequence of enzyme attacks was also observed in an endogenous cell wall degrada-
tion during aerenchyma formation in sugarcane roots (refer to Grandis et al. 2014 
and Tavares et al. 2015 for further information regarding endogenous mechanisms 
in plants that include cell wall degradation).

Together, these discoveries led us to propose that it could be more appropriate to 
use three enzyme consortia in which synergic properties are taken into consideration. 
The first consortium would target the most soluble polymers of the wall (pectins and 
BG debranching enzymes). The second one should be capable of degrading the 

Table 2.1 Estimates of the average composition of sugarcane cell walls on the basis of the data 
produced from leaves and culm of sugarcane by De Souza et al. (2013)

Class (%) Polymer (%)

Chemical composition 
(number of carbons in 
parenthesis) Hydrolases

Cellulose 
(28%)

Microfibrils of 
glucans (28%)

Glucose (6) Cellulases, β-glucosidases

Hemicelluloses 
(58%)

Arabinoxylan 
(40%)

Xylose (5), arabinose 
(5), ferulic acid (10), 
acetyl (2)

Endo-xylanase, 
arabinofuranosidase, 
feruloyl- esterase, 
β-xylosidase

β-Glucan (10%) Glucose (6) Lichenase, β-glucosidase
Xyloglucan (8%) Glucose (6), xylose 

(5), galactose (6), 
ferulic acid (10), acetyl 
(2)

Xyloglucan endoglucanase, 
β-galactosidase, α-xylosidase, 
feruloyl-esterase

Pectins (8%) Homogalacturonan Galacturonic acid (6), 
methyl (1)

Endopolygalacturonase, 
pectin methyl esterase

Arabinogalactan Arabinose (5), 
galactose (6)

Arabinosidases, galactanases

Arabinnan Arabinose (5) Arabinosidase, arabinanases
Lignin (6%) Polymers of 

phenylpropanoids
Guaiacyl (7), syringyl 
(11), conyferil (10)

Laccases

The monosaccharide composition and the possible enzymes that attack each polymer of the wall. 
Reprinted from De Souza et al. (2014)
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main hemicelluloses that are bound to the surface of macrofibrils (endo- and exo-
xylanases, xylosidases, mannanase, and lichenase in certain cases). Finally, the 
third consortium would contain mostly expansin, cellulose, lytic oxidases, and 
xyloglucan-degrading enzymes, possibly with some endo-xylanase as well (see 
Chap. 5 for details about each enzyme). If the consortia were added sequentially, 
mimicking how the hydrolysis happens in vivo, perhaps much less enzyme would 
have to be used in the process. The use of lower amounts of enzymes could be 
achieved, since the enzymes that degrade cellulose, for example, would be freshly 
added to the mixture instead of being present in the process for several hours with-
out being able to act on their substrates.

The discovery that natural degradation mechanisms display sequential action of 
glycosyl hydrolases on biomass can also help to design biological pretreatments. 
One could design plants capable of activating certain cell wall-degrading enzymes 
just before harvesting, thus facilitating the pretreatment step. Altogether, this could 
have a potential to decrease significantly the higher costs associated to pretreatment 
and hydrolysis in the 2G processes.

2.6  Conclusions and Perspectives

In spite of the significant advances in sugarcane biomass hydrolysis, the difficulty to 
access the high level of complexity of the cell walls clearly shows that there is much 
more to be studied to unveil hidden details of polysaccharide structures as well as the 
ways in which they interact within the wall, giving rise to architectural features. 
The fine structures of sugarcane AX and XG, for instance, remain unknown. The fact 
that it so happens with the fine structural details of pectin branching is important since 
we know that pectins play important roles in recalcitrance (Latarullo et al. 2016).

The discovery that a sequential action of glycosyl hydrolases occurs in  vivo 
brings a new perspective to how efficient cell wall dismantling and polysaccharide 
hydrolysis could be achieved. By imitating natural processes, but at the same time 
speeding them up, it is possible that biomass could be degraded faster and at the 
same time with lower enzyme concentrations. By understanding the mechanisms of 
synthesis and also the forces involved in the assembly of the cell wall composites, 
one would be able to hydrolyze them efficiently. Furthermore, it would be possible 
to gain control on how polymers assemble within the cell wall, so that it would be 
useful not only for bioenergy production but also to design new materials with much 
higher aggregated value for industry.
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Chapter 3
Nanostructure of Lignocellulose and Its 
Importance for Biomass Conversion  
into Chemicals and Biofuels

Carlos Driemeier

Abstract Lignocellulosic biomass is a vast renewable resource made by nature with 
a hierarchical structure going from entire plants down to simple molecules. Part of 
this structural hierarchy stands at the nanoscale, where cellulose crystals, crystal 
aggregates, and cell wall lamellas are distinguishable nanostructural  elements. This 
chapter provides an overview of lignocellulose nanostructure, discussing the funda-
mentals, changes promoted by thermochemical treatments, relevance for enzymatic 
digestibility, and specificities of sugarcane. With proper consideration of nanostruc-
tural features, more rational and efficient deconstruction of lignocellulose can be 
devised for the purpose of conversion into chemicals and biofuels.

Keywords Cellulose • Lignocellulose • Pretreatment • Bioethanol

3.1  Introduction

By photosynthesis, higher plants convert sunlight into chemical energy. A large 
fraction of this chemical energy is stored in plant cell walls, which are structural 
elements designed by nature to withstand mechanical forces and external biological 
attacks so as to preserve plant structural integrity. Cell wall biomass is the most 
prevalent type of biomass on Earth, a resource with the potential to replace a signifi-
cant share of materials, chemicals, and liquid fuels that global society currently 
obtains from petroleum. In industrial terminology, this type of biomass is usually 
termed lignocellulosic biomass or simply lignocellulose, encompassing wood, agri-
cultural residues, and biomass from high-yield energy crops.
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Lignocelluloses are inherently nanostructured solids. The conversion of 
 lignocellulose into chemicals and liquid biofuels requires the deconstruction of this 
nanostructure. The natural resistance for such deconstruction has been termed 
recalcitrance. At this point, production of chemicals and biofuels differs qualita-
tively from the well-established processes for the production of cellulosic materials 
such as pulp, paper, cardboard, and, more recently, nanocelluloses. These value- 
added materials partly preserve the nanostructural features from their lignocellu-
losic feedstocks. On the other hand, chemicals and biofuels consist of simple 
molecules; that is, the original nanostructure of the feedstocks is lost during the 
biomass conversion processes. Importantly, the new scientific challenges for con-
version of lignocellulose come at a time when science has multiple tools to investi-
gate nanostructures. Therefore, it should be possible to take advantage of an 
understanding of lignocellulose nanostructure to devise more rational and efficient 
deconstruction of lignocellulose.

This chapter provides an overview of lignocellulose nanostructure: how it is 
formed, how it affects and is affected by processing, and how it may vary among 
biological materials. General principles and nanostructural features specific to sug-
arcane are highlighted.

3.2  Composition of Lignocellulosic Biomass

Lignocelluloses are composites of three major macromolecular components: cellu-
lose, hemicelluloses, and lignin. Although this chapter is dedicated to supramole-
cular nanostructures, for the sake of completeness this section provides a brief 
introduction to the main molecular entities. Cellulose molecules are long linear 
chains of β-1,4-linked glucopyranosyl units (Albersheim et  al. 2010). Although 
from the molecular perspective cellulose is the simplest lignocellulosic macromol-
ecule, from the structural perspective cellulose is primarily responsible for the for-
mation of hierarchical nanostructure (O’Sullivan 1997; Klemm et al. 2005; Fratzl 
and Weinkamer 2007). Hemicelluloses are a group of cell wall structural polysac-
charides, consisting of polysaccharide backbones usually with side groups such as 
additional sugars, uronic acids, and acetyls. Types and amounts of hemicelluloses 
vary depending on the type of plant material (Albersheim et al. 2010; Scheller and 
Ulvskov 2010; De Souza et al. 2013; also see Chap. 2). Lignin is a complex phenolic 
macromolecule made by linking monolignols with a diversity of possible bond 
types. Amounts of lignin, relative proportion of monolignols, and types of linkages 
vary with type of plant material (Albersheim et al. 2010; Akin 2008; Henriksson 
2009). In addition to these three major macromolecular components, there are 
minor but potentially important amounts of pectins (Xiao and Anderson 2013; De 
Souza et al. 2013). Moreover, water plays an active, pivotal role in nanostructure, 
especially if one considers that most processing for chemicals and biofuels is 
 performed in aqueous media. Therefore, the structural roles of water should be care-
fully considered.
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3.3  Cellulose Crystals

Cellulose is the major component of lignocellulose and it has the tendency to form 
periodic molecular arrangements, i.e., crystals (sometimes called crystallites, a syn-
onym of small crystals). Indeed, cellulose can form different types of crystals called 
allomorphs or polymorphs (O’Sullivan 1997). Each polymorph is a distinct phase in 
the thermodynamic sense. Native cellulose is the term for cellulose that has not been 
changed to a different form since its synthesis by a given living organism. Native 
cellulose has the crystal polymorph cellulose I. Cellulose I can be converted to cel-
lulose II by either mercerization (in concentrated aqueous sodium hydroxide) or 
regeneration (dissolution followed by precipitation). Treatments in liquid ammonia 
or in some amines can generate cellulose IIII or IIIII, where the subscripts indicate 
whether the polymorph originated from cellulose I or II. Heat can further convert 
celluloses IIII and IIIII into celluloses IVI and IVII, respectively (Wada et al. 2006). 
Nevertheless, more recent evidence (Wada et al. 2004b) suggests that cellulose IVI 
is merely cellulose I with a higher degree of crystal disorder. Thus, cellulose IVI 
would not be a distinct polymorph. Cellulose I can also be reversibly converted into 
a high-temperature phase, with the phase transition observed at 220–230 °C in tuni-
cin cellulose (Wada 2002) and at 180 °C in wood (Hori and Wada 2005). In addition 
to the aforementioned polymorphs of pure cellulose, there are polymorphs contain-
ing additional elements, such as ammonia cellulose (Wada et al. 2006), alkali cel-
luloses (O’Sullivan 1997), and cellulose hydrates (Kobayashi et al. 2012).

Because of its abundance in nature, cellulose I is the most studied polymorph. 
Solid-state 13C nuclear magnetic resonance (NMR) data showed that cellulose I is a 
composite of two forms called Iα and Iβ, the latter being more stable (Horii et al. 
1987; Debzi et al. 1991) and predominant in higher plants (Atalla and VanderHart 
1984, 1999). Using high-quality crystals, respectively, from an alga and a tunicate, 
modern crystal structures of Iα and Iβ celluloses were determined by diffraction 
crystallography (Nishiyama et al. 2002, 2003a). With such methods, crystal struc-
tures of celluloses II, IIII, and IIIII were also determined (Langan et al. 2001; Wada 
et al. 2004a, 2009). These modern crystal structures are relatively recent events in 
the long history of tentative structures for cellulose polymorphs. Conventions for 
indexing the crystal planes and associated diffraction peaks have coevolved along 
this history, but adherence to modern conventions is still incomplete in the cellulose 
research community (French 2014).

Crystal structures are landmarks in cellulose understanding because they provide 
atomic coordinates within a crystal’s tridimensional repeated unit, the so-called unit 
cell. A remarkable feature from Iα and Iβ crystal structures is that both consist of 
stacks of molecular layers, with intra- and intermolecular hydrogen bonds (O–H … 
O) formed within each layer, whereas layer stacking is mediated only by relatively 
weak interlayer forces (hydrophobic or van der Waals attractions and C–H … O 
hydrogen bonds) (Nishiyama et  al. 2002, 2003a; Jarvis 2003). The essential 
 difference between Iα and Iβ crystal structures is the pattern of relative displace-
ment between adjacent molecular layers (Nishiyama et  al. 2003a; Jarvis 2003). 
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Concerning Iα-Iβ coexistence in cellulose from higher plants, a recent study 
 proposed that Iα and Iβ stacking patterns coexist within each crystal, forming a 
single phase made of crystals with defects known as stacking faults (Driemeier and 
Francisco 2014).

From Iα and Iβ crystal structures, one also infers that surfaces of cellulose I crys-
tals can have hydrophilic as well as hydrophobic facets (Mazeau 2011) as illustrated 
in Fig. 3.1a. This distinction is critical for cellulose deconstruction. Hydrophobic 
and hydrophilic facets differ qualitatively concerning their interactions with lignin, 
hemicelluloses, and adjacent cellulose crystals (Silveira et al. 2013). Furthermore, 
the hydrophobic surfaces of cellulose are the sites of preferential adsorption of the 
carbohydrate-binding module from cellobiohydrolase enzymes (Lehtiö et al. 2003). 
Moreover, the energy required for chain detachment from crystal surface depends 
on the chain location in crystal cross section (Beckham et al. 2011).

Fig. 3.1 Representation of selected lignocellulose nanostructural elements. (a) Cross section of 
cellulose crystal (cellulose I polymorph). Each black rectangle represents the cross section of one 
cellulose chain. Hydrophobic (red) and hydrophilic (blue) crystal facets are identified. (b) Cross 
section of cellulose crystal aggregate. Gray circles represent non-crystalline hydrated polysaccha-
rides, including hemicelluloses and possibly cellulose itself. (c) Longitudinal representation of 
cellulose fibril formed by long crystalline segments (black) spaced by much shorter non-crystalline 
domains (red areas, pointed by arrows). (a–c) Characteristic nanometric dimensions are shown for 
a better sense of scale
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3.4  Levels of Hierarchical Nanostructure

Nanostructure of lignocelluloses presents a hierarchical organization that results 
largely from the manner in which lignocelluloses are formed. In higher plants, cel-
lulose is synthesized by hexameric protein complexes known as rosettes (Cosgrove 
2005; Somerville 2006). Cellulose chains synthesized simultaneously within one 
rosette are thought to crystallize (forming cellulose I crystals) into long (up to sev-
eral micrometers) filaments that some authors (Ding et al. 2014), and this chapter, 
define as the cellulose elementary fibril. “Elementary” denotes a fundamental build-
ing block, an appropriate term considering the defined one-to-one relationship 
between an elementary fibril and its synthesizing rosette. Noteworthy, the closely 
related term microfibril has deep historical roots and is often employed (Nishiyama 
2009), but it is avoided here because we consider the term less precise. The number 
of cellulose chains in each elementary fibril has provoked considerable debate, with 
estimates ranging from 18 to 36 (Ding et al. 2014; Fernandes et al. 2011; Newman 
et  al. 2013). From the cellulose Iβ crystal structure (Nishiyama et  al. 2002) one 
knows that each cellulose chain occupies a crystal cross-section area of 0.317 nm2. 
Hence, 18–36 chains form crystals with lateral dimensions of 2.4–3.4 nm [calcu-
lated as (18 × 0.317 nm2)½ to (36 × 0.317 nm2)½]. This range of crystal lateral dimen-
sions is broadly consistent with NMR and X-ray diffraction (XRD) measurements 
in many (but not all) types of plant cell wall biomass (Fernandes et  al. 2011; 
Newman et  al. 2013; Andersson et  al. 2003; Driemeier et  al. 2012), as we will 
 further detail later.

Nanoscale imaging techniques have enabled visualization of cell wall fibrillar 
bodies, evidencing widths of a few nanometers. Such fibrillar bodies are here termed 
fibrils. However, correspondence between visualized fibrils and elementary fibrils 
is, in general, not assured. Indeed, nanoscale imaging has shown extensive bundling 
of cell wall fibrils (Ding and Himmel 2006; Fahlén and Salmén 2005; Zhang et al. 
2014), forming fibrillar aggregates, which some authors prefer to call macrofibrils 
(Buckeridge et al. 2016). Such aggregation seems to be a fundamental phenomenon 
in creation of lignocellulose hierarchical nanostructure. Aggregates have been 
reported to have lateral dimensions of 10–30  nm (Ding et  al. 2014; Fahlén and 
Salmén 2005; Donaldson 2007), which is a few times greater than lateral dimen-
sions of elementary fibrils or, in an alternative reading, a few times greater than 
lateral dimensions of cellulose crystals. Thus, aggregate cross sections contain mul-
tiple cellulose crystals (Ding and Himmel 2006; Fahlén and Salmén 2005; Driemeier 
and Bragatto 2013; Bergenstråhle et al. 2008) as represented in Fig. 3.1b. In general, 
aggregated crystals have their long axes (i.e., cellulose chain axes) approximately in 
parallel, while each crystal may have distinct rotations in the cross-sectional plane, 
implying some crystallographic mismatch between adjacent crystals. In addition, 
other cell wall polysaccharides such as hemicelluloses and pectins associate with 
cellulose crystal surfaces, possibly outside as well as inside of the aggregates, so 
that such polysaccharides act as spacers that keep cellulose crystals apart from one 
another. Note that Fig. 3.1b depicts an aggregate cross section with variability in 
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crystal cross-sectional shapes, variability in crystal orientations, and some type of 
organization of noncrystalline hydrated polysaccharides. It should be emphasized, 
however, that these characteristics of aggregates are indeed poorly understood, with 
limited experimental evidence available at present.

Cross sections of cellulose elementary fibrils and cellulose crystals are not neces-
sarily coincidental. Recall that elementary fibrils are defined by their biosynthesis 
machinery, while crystals are defined based on the periodicities of the molecular 
arrangements. Cellulose synthesis and crystallization may be related but they are 
fundamentally distinct phenomena. In living plants, cellulose chains from multiple 
rosettes may crystallize together into single crystals. We here call this phenomenon 
in planta co-crystallization. Furthermore, biomass processing may also promote 
intermixing of multiple cellulose crystals, which we here call processing co- 
crystallization. Both types of co-crystallization produce crystals with more numer-
ous cellulose chains and, therefore, larger lateral dimensions. Co-crystallization is 
possibly thought of as one particular, stricter type of aggregation, in which inter- 
crystal spacers are somehow absent and crystallographic mismatch between adjacent 
crystals is somehow overcome. Nevertheless, it is important to recognize that mecha-
nisms of co-crystallization are not clearly understood yet. Despite such unknowns, 
cell walls of cotton are the prototypical example of in planta co- crystallization. Mean 
crystal lateral dimensions in cotton are two- to threefold greater than, for instance, in 
normal wood (Ioelovitch 1992; Leppänen et al. 2009), corresponding to 4–9 (i.e., 
22–32) times more cellulose chains in cross sections of cotton crystals. Larger crystal 
lateral dimensions are usually correlated with  cellulose purity, which is consistent 
with noncellulosic components inhibiting co- crystallization by spacing cellulose 
crystals (or elementary fibrils) apart from one another.

During construction of cell walls, new cellulose elementary fibrils are deposited 
in contact with the internal side of the already formed wall, thus increasing wall 
thickness in a layer-by-layer basis. A relatively thin primary wall is found in grow-
ing cells, while much thicker and stronger secondary wall is added after ceasing of 
cell growth (Cosgrove and Jarvis 2012). On a total mass basis, lignocellulose is 
made mainly of the more massive, thicker secondary walls. Layer-by-layer forma-
tion results in walls structured essentially as a sum of adhered concentric lamellas 
(Fahlén and Salmén 2002; Ding et al. 2012; Donaldson 2008). The thickness of one 
lamella has been reported to be about the same as aggregate lateral dimensions, i.e., 
10–30 nm (Fahlén and Salmén 2002, 2005; Ding et al. 2012), reflecting that lamel-
las are formed by crystal aggregates. However, aggregates are essentially filaments 
(i.e., one-dimensional), while lamellas are sheets (i.e., two-dimensional). Secondary 
cell walls a few micrometers thick are formed by about hundred concentric lamellas 
adhered to one another. An additional, specialized type of lamella, called the middle 
lamella, is found at interfaces between cell walls of adjacent plant cells. It is note-
worthy that the middle lamella is made of pectins and can be highly lignified, not 
being constructed in the same way as nanometric concentric lamellas of secondary 
cell walls. As an additional clarification, the concept of wall nanometric lamella 
should not be confused with the wall layers (e.g., S1, S2, and S3 layers in secondary 
walls of wood) (Donaldson 2008; Daniel 2009) that are usually defined based on 
cellulose fibril orientation.
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Fig. 3.2 Range of typical dimensions relevant for lignocellulose conversion. With the exception 
of invariant molecules, the dimensions represent ranges of variability (either natural or introduced 
by processing)

In summary, cellulose crystals, crystal aggregates, and wall lamellas are the 
 levels of lignocellulose nanostructural hierarchy. Alternative definitions of the hier-
archy are possible, such as considering elementary fibrils at the first level of hierar-
chy instead of cellulose crystals. Nevertheless, for an understanding of lignocellulose 
deconstruction the crystal-aggregate-lamella hierarchy is preferred because reactiv-
ity is influenced more by the crystalline and less by the fibrillar character of 
 cellulose. The typical dimensions of lignocellulose structure are summarized in  
Fig. 3.2, presenting where the elements of the hierarchy fall, within and beyond the 
nanometric scale.

3.5  Non-crystalline Orders

In addition to crystalline cellulose, other fractions of lignocellulose—including 
hemicelluloses, lignin, and part of cellulose—contribute to lignocellulose nano-
structure but are not organized in structures recognizable as crystals. In other words, 
these fractions are non-crystalline. Describing them as amorphous is perhaps inac-
curate and misleading, because these fractions still present some degree of order. In 
secondary cell walls, which make the major fraction of lignocelluloses, all macro-
molecular components have preferred spatial orientation, with a degree of orienta-
tion ranked as follows: cellulose  >  hemicelluloses  >  lignin (Salmén 2014). The 
orientation of hemicelluloses results from the high degree of association in parallel 
with cellulose fibrils, while lignin orientation results from lignin deposition con-
strained by the polysaccharide network formed in earlier stages of cell wall develop-
ment. A different situation occurs with lignin in the middle lamellae, which is 
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formed without such spatial constraints. Therefore, middle lamella lignin is more 
spatially disordered and perhaps accurately qualified as amorphous (Salmén 2014).

Part of cellulose is non-crystalline, but such assignment depends on the experi-
mental techniques used to discriminate crystalline from non-crystalline. In samples 
with cellulose I crystal polymorph, there are at least four distinct types of cellulose 
environments (enumerated below) that, depending on criteria, can be counted as 
non-crystalline.

 1. Cellulose chains at crystal surfaces: Cellulose molecules have exocyclic 
hydroxymethyl groups (group of carbon C6). Each hydroxymethyl group can be 
in gauche-trans (gt), gauche-gauche (gg), or trans-gauche (tg) conformation. The 
cellulose molecules at crystal surfaces have hydroxymethyl groups in gt or gg 
conformations, while tg is the conformation in crystal cores (Atalla and 
VanderHart 1999; Viëtor et  al. 2002). Due to the small lateral dimensions of 
crystals, such surface chains may correspond to large fractions (up to ≈50%) of 
the total cellulose. Such surface chains are represented by the outermost rectan-
gles of each crystal in Fig. 3.1a, b.

 2. Cellulose chains in crystal-crystal interface regions: These molecules are repre-
sented by some of the gray circles of Fig 3.1b. Such interface regions are inher-
ent to the formation of crystal aggregates (Wickholm et  al. 1998), but the 
molecular organization in these regions is poorly understood. Imperfect packing 
of the aggregated crystals and mismatch of crystallographic orientations may 
result in interface cellulose chains influenced by multiple and contradictory crys-
tal orders (Driemeier and Bragatto 2013). Again, because crystals are laterally 
small, interface chains may correspond to an appreciable fraction of the total 
cellulose.

 3. Disordered domains along cellulose fibrils: These domains have been consid-
ered critical for cellulose reactivity because they are more accessible to hydroly-
sis. Isolation of cellulose nanowhiskers and observation of cellulose leveling-off 
degree of polymerization after acid hydrolysis are evidences of this type of 
 disorder (Nishiyama et  al. 2003b). Investigation of ramie cellulose, however, 
indicated only 4–5 disordered residues (2.0–2.5 nm) out of every 300 glucose 
residues (150 nm). These are the proportions represented in Fig. 3.1c. That is, 
disordered domains along the fibrils were found to make only ≈1.5% of cellu-
lose fibril length (Nishiyama et al. 2003b). Hence, these domains may be critical 
weak spots where cellulose deconstruction initiates, but they typically make a 
tiny fraction of the total cellulose mass.

 4. Independent cellulose disorder: Cellulose can be completely decrystallized, for 
instance, by intense ball milling (Fink et al. 1987; Kocherbitov et al. 2008). The 
resulting disorder is not associated with nearby crystals of cellulose I and it is 
thus conceptually different from the aforementioned disorders of types 1–3, 
which are all somehow dependent on adjacent crystals of cellulose I. Therefore, 
this fourth type of disorder is here classified as independent.

Measurements of the degree of crystallinity are often employed to determine  
the mass fraction of crystalline cellulose in one specimen, with contents of 
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 non- crystalline matter inferred by complementarity. Although the existence of non- 
crystalline cellulose has been repeatedly reported based on NMR (Wickholm et al. 
1998; Newman and Hemmingson 1995) and XRD (Driemeier and Bragatto 2013), 
interpretation of the results is often elusive. One common misconception is to 
 attribute any non-crystalline signal to environments of the aforementioned types (3) 
and (4) without considering the usually dominant types (1) and (2). Another common 
mistake is to consider XRD peak-high Segal crystallinity index (Segal et al. 1959) as 
a mass fraction measurement. The Segal index has no quantitative foundation and is 
strongly sensitive to the lateral dimensions of cellulose I crystals (French and Cintrón 
2013). Importantly, accurate measurement of cellulose degree of crystallinity 
employing XRD requires many considerations, including several important sources 
of measurement uncertainty (Driemeier and Calligaris 2011).

3.6  Nanostructural Changes Due to Thermochemical 
Treatments

Thermochemical treatments discussed in this section refer to traditional chemical 
pulping (kraft, sulfite, etc.) as well as to the so-called pretreatments developed with the 
aim of reducing lignocellulose resistance (recalcitrance) to enzymatic deconstruction. 
Liquid hot water, steam explosion, dilute acid, organosolv, wet oxidation, lime, and 
ammonia explosion are examples of leading pretreatments (Wyman et al. 2005; Alvira 
et al. 2010; Hendriks and Zeeman 2009). From a compositional perspective, the ther-
mochemical treatments break, solubilize, and preferentially remove pectins, lignin, 
and hemicelluloses from the biomass, exposing cellulose that thus becomes much 
more amenable to enzymatic attack. Pulping and most leading pretreatments preserve 
the native polymorph cellulose I (Ioelovitch 1992; Leppänen et al. 2009; Driemeier 
et al. 2011; Sun et al. 2014). A notable exception is the pretreatment in ammonia, 
which in appropriate conditions can generate cellulose IIII (Chundawat et al. 2011; 
Sousa et al. 2016).

In many cases, the most important nanostructural change promoted by pretreat-
ments is an increase in cell wall nanoscale porosity, with typical pore sizes in the 
1–400 nm range. At least two mechanisms operate for such increase in wall porosity. 
The first mechanism is associated primarily with removal and segregation of lignin 
(Driemeier et al. 2016). During cell wall formation, lignin deposition in secondary 
walls takes place in the nanoscale pores of the previously deposited polysaccharide 
network, so that lignin acts as a filler of nanometric wall pores (Donaldson 2001). 
Lignin removal, therefore, reverses pore filling, restoring some porosity of walls. 
The second mechanism arises from wall mechanical weakening due to fragmenta-
tion of molecules that help to maintain wall structural integrity. Along with this 
mechanism, there are gains in nanoscale porosity mainly due to wall delamination, 
i.e., pore opening by separation of wall lamellas (Fahlén and Salmén 2005; Stone 
and Scallan 1968; Ciesielski et al. 2014). Porosity gains enabled by wall weakening 
may be enhanced by combining chemical treatments with mechanical processes 

3 Nanostructure of Lignocellulose and Its Importance for Biomass Conversion...



30

such as steam explosion, grinding, and refining (Ciesielski et al. 2014; Maloney and 
Paulapuro 1999; Wang et al. 2014; Park et al. 2016). Importantly, evaporative drying 
causes the collapse of lignocellulose nanoscale pores due to the cohesive action of 
water surface tension. Such collapse may be partly irreversible, a phenomenon 
known as hornification (Newman 2004; Fernandes Diniz et al. 2004).

A pivotal characteristic of most thermochemical treatments is the temperatures 
(120–220 °C) at which they are performed. Such temperatures are high compared to 
biological temperatures, allowing kinetic barriers to be overcome and dormant ther-
modynamic trends to manifest. Phase separation seems to be one such phenomenon, 
with a tendency to segregate lignin-rich and cellulose-rich fractions (Langan et al. 
2014). If not solubilized, lignin-rich fractions may aggregate into nanometric 
 globules (Langan et  al. 2014), which may eventually grow into larger droplets 
(Donohoe et al. 2008). Dehydration of crystal aggregates appears to be another fun-
damental high-temperature phenomenon. In wet conditions, water penetrates within 
aggregates, hydrating crystal-crystal interface regions as illustrated in Fig. 3.1b 
(Fernandes et al. 2011; Driemeier and Bragatto 2013). This inter-crystal water is 
expelled as temperature is increased (Langan et al. 2014; Silveira et al. 2016), an 
entropy-driven process that may promote co-crystallization and further aggregation, 
consistent with observed increases in lateral dimensions of cellulose crystals 
(Ioelovitch 1992; Leppänen et  al. 2009; Driemeier et  al. 2011, 2015; Nishiyama 
et al. 2014) and in lateral dimensions of aggregates (Fahlén and Salmén 2005; Hult 
et al. 2001; Nishiyama et al. 2014; Foston and Ragauskas 2010), respectively. Figure 
3.3 shows XRD results from sugarcane bagasse submitted to hydrothermal treatments 

Fig. 3.3 Cellulose crystal modifications occurring in hydrothermal treatment of sugarcane 
bagasse. (a) Normalized X-ray diffraction pattern in the region of diffraction peaks (110), (110), 
and (200) (indexed as cellulose Iβ). These diffraction peaks become sharper after hydrothermal 
treatments, which is attributed to increasing mean crystal lateral dimensions due to cellulose  
co- crystallization. The horizontal axis is the magnitude of the scattering vector s  =  2  sin(θ)/λ.  
(b) Cellulose crystal lateral dimension, L200, inferred from analysis of X-ray diffraction data and 
presented as function of percentage of biomass solubilized in hydrothermal treatments (performed 
at 160, 170, 180, and 190 °C). Data from Driemeier et al. (2015)
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(Driemeier et al. 2015). XRD patterns show that treatments promote sharpening of 
diffraction peaks associated with crystal’s lateral dimensions (Fig. 3.3a). This experi-
mental observation is interpreted as increasing the mean lateral dimensions of cellu-
lose crystals, which occurs progressively as treatment severity is increased (Fig. 3.3b).

It is noted that pore opening by wall delamination is the opposite of co- 
crystallization and aggregation. This counteraction is explained because delamina-
tion is a separation of adjacent lamellas, while co-crystallization and aggregation 
are cohesive phenomena taking place within each lamella.

3.7  How Nanostructure Impacts Enzymatic Digestibility

Chemical reactions for lignocellulose deconstruction depend on transport of 
 reactants, catalysts, and products inside the porous biomass structure. Otherwise, 
reactions are limited to external particle surfaces. Enzymatic catalysis, in particular, 
depends on transport of enzymes with dimensions of ~5 nm (Fig. 3.2). Due to their 
sizes, enzymes cannot penetrate into cellulose crystal aggregates and enzyme action 
is limited to aggregates with accessible surfaces. Increasing the porosity of cell 
walls is therefore critical to enhance accessibility and, consequently, enzymatic 
digestibility (Grethlein 1985; Arantes and Saddler 2011; Leu and Zhu 2013; Hinkle 
et  al. 2015). Increasing wall porosity is arguably the main benefit that physical- 
chemical pretreatments bring to subsequent enzymatic deconstruction.

The presence of lignin also impairs enzymatic digestion of cell wall polysaccha-
rides. Lignin can (1) physically block enzyme access to polysaccharides and (2) 
adsorb enzymes unproductively (Vermaas et al. 2015). Enzyme adsorption on lignin 
is thought to be primarily mediated by hydrophobic interactions, but shape comple-
mentarity between enzymes and lignin fractal surfaces may also have a role (Langan 
et al. 2014; Petridis et al. 2011). Modification of lignin surfaces with surfactants 
(Eriksson et al. 2002) or pH-induced electrical charges (Lou et al. 2013) has been 
shown to enhance enzymatic digestibility due to lower unproductive enzyme 
adsorption on lignin. The presence of pectins and hemicelluloses can also block cel-
lulase access to cellulose. Nevertheless, enzymes with proper specificity can act on 
pectins and hemicelluloses, breaking and removing them and thus overcoming their 
blocking effect and enhancing enzymatic hydrolysis of cellulose (Kumar and 
Wyman 2009; Hu et al. 2011; Delabona et al. 2013; Lima et al. 2016).

Most studies on enzymatic hydrolysis of cellulose are concerned with the cellu-
lose I polymorph. Nevertheless, changes in polymorph were shown to be beneficial 
for hydrolysis in case of formation of cellulose hydrates (Kobayashi et al. 2012) and 
cellulose IIII (Chundawat et al. 2011; Sousa et al. 2016), the latter obtained through 
ammonia pretreatments. In spite of potential benefits, changes of cellulose poly-
morph occur in narrow windows of treatment conditions, thus severely constraining 
process optimization, a concern especially for process costs. Furthermore, many 
studies investigated the role that cellulose “crystallinity” could have on enzymatic 
hydrolysis, with results so far being contradictory or inconclusive. Types of  cellulose 
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disorder and variable crystal lateral dimensions as those discussed in earlier sections 
of this chapter should be clearly discriminated in order to go beyond a vague con-
cept of “crystallinity.”

3.8  Specific Nanostructural Features of Sugarcane Stalks

Lignocelluloses from different sources are thought to share the previous qualitative 
considerations about crystalline cellulose, non-crystalline ordering, nanostructural 
hierarchy, response to chemical treatments, and factors affecting enzymatic digest-
ibility. However, each specific lignocellulose also has specific characteristics, some 
of them captured only by quantitative analyses. This section details some nanostruc-
tural features within sugarcane stalks, thus exemplifying nanostructural variability 
of biological origin.

The most studied nanostructural feature of wood is the orientation of cellulose 
fibrils within the wood fiber cell, which has a major impact on wood biomechanics 
(Donaldson 2008; Keckes et al. 2003). Secondary cell walls of wood are usually 
divided into S1, S2, and S3 layers, each layer having a characteristic fibril orienta-
tion angle to the long axis of the fiber (Donaldson 2008; Daniel 2009). The S2 layer 
is much thicker and has fibrils oriented close to the fiber axis, forming with the fiber 
axis an angle known as the microfibril angle (MFA). On the other hand, thick-walled 
fibers from grasses, sugarcane included, present numerous wall layers of alternate 
fibril orientation, differing qualitatively from wood (Parameswaran and Liese 1976; 
Lanfang and Terashima 1991; Burgert and Fratzl 2009). Measurements of MFA 
distributions in vascular bundles of sugarcane stalks showed quite broad-angle 
 distributions, with maxima of angular distributions found between 10° and 40° 
(Driemeier et al. 2012). In addition, on average, MFA in sugarcane vascular bundles 
depends on the radial position of the bundle in the internode (Driemeier et al. 2012).

In grasses, the lignocellulose from the stalks has shown recalcitrance dependent 
on which plant tissue is being degraded. Differences were observed in responses to 
pretreatments as well as in enzymatic degradability of raw and pretreated biomass 
(Jung and Casler 2006; Zeng et al. 2012; Costa et al. 2013; Brienzo et al. 2014). In 
general, the peripheral layer of internodes, here called rind, are more recalcitrant, 
while the central part of internodes are less so. Furthermore, when parenchyma is 
separated from vascular bundles, parenchyma is observed to be less recalcitrant. 
Although several attempts have been made to explain differences in recalcitrance 
from differences in composition, tissue-specific recalcitrance is most likely due to 
the tissue-specific wall nanoscale porosity shown in Fig. 3.4 (Maziero et al. 2013). 
The observed ranking of nanoscale porosity coincides with the ranking of reactivity/
digestibility. Differences along the height of the stalk (bottom, middle, top) are  
most likely associated with tissue maturity, with the top having more porous  
walls because tissues are younger and less lignified. On the other hand, porosity 
differences between types of tissues (rind, vascular bundles, and parenchyma from 
 central parts of internodes) are most likely due to differences in cell wall nanoscale 
architectures (Maziero et al. 2013).
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Fig. 3.4 Nanoscale porosity in water-saturated tissues dissected from sugarcane stalks. Porosity is 
presented as cumulative pore size distribution measured calorimetrically as freezing bound water 
given in units of water g per dry matter g. Peripheral ≈5 mm of internodes were called rind. Inner 
tissues of internodes were separated in vascular bundles and parenchyma. Fractions were dissected 
from bottom, middle, and top internodes from stalks of sugarcane (see legend in graph). Halves of 
symmetric error bars are omitted for better visualization. Data from Maziero et al. (2013)

3.9  Conclusions and Future Prospects

Lignocellulosic biomass is a vast renewable resource made by nature with a  complex 
hierarchical structure that goes from molecules to, ultimately, entire plants. 
Nanostructural hierarchy is part of this design, going from cellulose crystals to cel-
lulose crystal aggregates and to concentric cell wall lamellas. Biomass conversion 
into chemicals and liquid biofuels consists, essentially, in the deconstruction of this 
hierarchical nanostructure, releasing small molecules such as monomeric sugars 
that are convertible into a variety of products.

As for the future, it seems that proper measurement of lignocellulose nanoscale 
elements and their interrelations is still a major limitation despite important advances 
achieved in the last decade or so. Quantification is essential, but the characterization 
of nanoscale features often relies on important but insufficient qualitative insights 
from imaging techniques. Once quantification of a given nanostructural feature 
becomes possible, one should (1) drive down analytical costs to enable characteriza-
tion of large sample sets, exploring biological and processing variability; (2) improve 
analytical precision to better perceive sample differences; and (3) apply proper  analysis 
of multidimensional datasets to understand concretely which, how, and to what extent 
nanostructural features affect the desired lignocellulose conversion outcomes. If such 
a rationale is in place, plants and processes can be designed with consideration of 
nanostructure, for the purpose of harnessing the full potential of lignocellulosic 
biomass.
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Chapter 4
Phenolic Compounds in Plants: Implications 
for Bioenergy

Dyoni Matias de Oliveira, Aline Finger-Teixeira, Denis Leandro de Freitas, 
Gabriela Ellen Barreto, Rogério Barbosa de Lima, Anderson Ricardo Soares, 
Osvaldo Ferrarese-Filho, Rogério Marchiosi, 
and Wanderley Dantas dos Santos

Abstract Lignin is a copolymer of three main hydroxycinnamyl alcohols identi-
fied as p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units. The highly con-
densed matrix (core lignin) may also be associated with low-molecular phenolics as 
hydroxycinnamic acids mainly p-coumaric, caffeic, ferulic, and sinapic acids 
dubbed noncore lignins. Lignin confers hydrophobicity and mechanical and chemi-
cal strength for tissues, providing a barrier against the attack of pathogens and her-
bivores. The content and composition of lignin are strongly affected by biotic and 
abiotic stresses. Besides core and noncore lignin, free phenolic compounds perform 
a relevant activity in response to plant stresses. The toxicity of allelochemicals is 
partially due to their ability to bind and inhibit enzyme activities. The presence of 
lignin imposes a physical barrier to the action of enzymes in saccharification of 
plant cell wall polysaccharides to the production of cellulosic ethanol. The presence 
of endogenous phenolic compounds as well as treatments to degrade lignin, in turn, 
release phenolic compounds that adsorb and inhibit cellulases, xylanases, and 
accessory enzymes. This chapter provides basic information on phenolic com-
pounds of interest to support the sustainable use of alga and plant biomasses as raw 
materials for the production of biofuels discussing the main approaches ongoing to 
reduce their negative impact in biomass saccharification.
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4.1  Introduction

The use of lignocellulosic biomass as a renewable energy source can provide a sig-
nificant contribution to the development of a sustainable industrial society. The lig-
nocellulose consists mainly of polysaccharides and structural phenylpropanoids. 
The lignin and hydroxycinnamates such as ferulic and p-coumaric acids (noncore 
lignin) are critical components of supporting tissues, and they also perform an 
essential role in plant defense against plant predators. The roles of noncore lignin 
are particularly relevant in grasses, which are the primary sources of biomass for 
production of biofuels.

Just as these compounds inhibit the action of enzymes from pathogens and her-
bivores, they also reduce the efficiency of saccharification of lignocellulosic bio-
mass, currently considered an essential step in the production of second-generation 
ethanol (E2G). Therefore, a significant effort has been devoted to reduce the synthe-
sis of these compounds in a controlled manner, as well as efficiently remove them 
postharvest to improve saccharification. Thus, a basic knowledge of structural phen-
ylpropanoids is a fundamental requirement for physiologists, biochemistries, and 
engineers interested in the research and development of technologies for the E2G 
production.

In this chapter, we attempt to meet this demand by introducing the major 
chemical characteristics, metabolic pathways, and biological roles of core and 
noncore lignin. Also, the chapter presents a brief, but clarifying review of the 
state-of-the-art research aimed at producing more friendly raw materials for the 
production of E2G.

4.2  Lignin Emergence and Composition

The plant cell wall consists mainly of cellulose, a polysaccharide formed from 
polymerization of β-glucopyranose molecules. Associated with cellulose, other 
polysaccharides occur as hemicelluloses and pectins. At the end of cell growth, 
some cells can deposit lignin monomers, which are polymerized in muro conferring 
mechanical and chemical resistance to the wall. The emergence of vascular plants, 
about 400 millions of years ago, allowed plant kingdom to conquer the continental 
environment (Weng and Chapple 2010). Lignin is responsible for the tensile strength 
that enabled plants to transport water from the roots to the leaves, and sustain large 
stems and high canopies. Lignin further provides resistance against the attack of 
pathogens and herbivores reducing enzyme access to the wall polysaccharides and 
the cell content. Therefore, lignin is of great industrial importance either to provide 
resistance and quality to woods and papers or to hinder the production of cellulose, 
forage digestibility, and production of cellulosic ethanol (dos Santos et al. 2014). 
Besides the production of several carbohydrate polymers, wall biosynthesis ended 
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Fig. 4.1 Monolignols and lignin fragment showing the main linkage β-O-4. The origin of the 
monomeric units may be inferred by the substituent functions of the aromatic rings

up integrating phenylpropanoid metabolism into the synthesis of lignin, leading to 
the establishment of a Glycomic Code (Buckeridge and De Souza 2014).

Angiosperms synthesize lignin by polymerizing three main monolignols: p- 
coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol (Moreira-Vilar et  al. 
2014). By historical causes, once polymerized, the monomeric composition is 
identified as p-hydroxyphenyl (H unit), guaiacyl (G unit), and syringyl (S unit). 
These monomers are irregularly linked by a variety of ether linkages, the most 
common being the arylglycerol-β-aryl bond (β-O-4), but many other linkages are 
present (Fig. 4.1).

The composition of lignin varies according to the type of cell and plant. 
Softwoods (gymnosperms or conifers) present 27–33% lignin made mainly by G 
units (c. 90%). Hardwoods (angiosperms) have from 18 to 25% lignin, with similar 
amounts of units G and S and only a small amount of H units. In turn, grasses, as 
sugarcane bagasse, may present similar content of H, G, and S units (Moreira-Vilar 
et al. 2014).

Lignin is insoluble in most organic solvents, so its isolation is difficult. When 
there is a separation, the molecular structure is generally compromised. Although 
it is not possible to extract the lignin without degrading it, it is estimated that the 
molecular weight is in the range of 1,000–20,000 units. Fragments of isolated lig-
nin present dark color and are easily oxidized due to its high aromatic content. 
They are relatively stable in acidic solutions and soluble in hot aqueous bases.

4 Phenolic Compounds in Plants: Implications for Bioenergy
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4.3  Lignin Biosynthesis

Both core and noncore lignin components are produced in the phenylpropanoid 
pathway. This secondary metabolism begins with the activity of phenylalanine 
ammonia lyase (PAL) on phenylalanine producing cinnamic acid and ammonia. 
The action of the cinnamate 4-hydroxylase (C4H) on cinnamate releases p- coumaric 
acid, the first phenolic compound to be produced in the biosynthetic route. In 
grasses, PAL enzyme is also active on tyrosine receiving the alternative name of 
tyrosine ammonia lyase (TAL). It catalyzes the conversion of tyrosine directly in 
p-coumaric acid. The activation of p-coumaric acid with coenzyme A by 4- coumarate 
coenzyme A ligase (4-CL) releases the p-coumaroyl-CoA ester, which can follow 
two different routes. The action of cinnamoyl-CoA reductase (CCR) produces 
p-coumaraldehyde, which is substrate to cinnamyl alcohol dehydrogenase (CAD). 
The enzyme produces p-coumaroyl alcohol, the simplest monolignol.

The p-coumaroyl-CoA thioester is also substrate for hydroxycinnamate-CoA 
transferase (HCT), which substitutes the thioesterification with coenzyme A to an 
esterification with shikimic or quinic acids. The esterification with shikimic or 
quinic acids, produced in the primary metabolism, is thought to perform a role in the 
regulation of the pathway. The p-coumaroyl shikimate/quinate is the substrate of 
coumarate 3′-hydroxylase (C3′H) that catalyzes the biosynthesis of caffeoyl ester. 
The enzyme HCT promotes the transesterification of caffeoyl shikimate/quinate to 
produce caffeoyl-CoA, the precursor of caffeic acid by the action of the enzyme 
caffeoyl shikimate/quinate esterase (CSE) and feruloyl-CoA by the action of the 
enzyme caffeoyl-CoA orthomethyl transferase (CCoAOMT). Caffeic acid can gen-
erate ferulic acid by the action of caffeate orthomethyl transferase (COMT). The 
enzyme CCR catalyzes the reductive cleavage of feruloyl-CoA producing conifer-
aldehyde. The activity of coniferaldehyde dehydrogenase (CALDH) on coniferal-
dehyde also produces ferulic acid (Fig. 4.2, right). The enzyme CCR is also active 
on p-coumaroyl-CoA, releasing p-coumaraldehyde. Cinnamyl alcohol dehydroge-
nase then reduces the coniferaldehyde to coniferyl alcohol monolignol, the most 
abundant component of lignin.

The enzyme ferulate 5-hydroxylase catalyzes the hydroxylation of coniferalde-
hyde to give rise to 5-hydroxyconiferaldehyde, another substrate of COMT, which 
in this case produces sinapaldehyde. Once again, CAD reduces the sinapaldehyde to 
sinapyl alcohol monolignol. At least some plants present reductase specific for sina-
paldehyde, therefore dubbed SAD (Fig. 4.2).

4.4  Roles of Core and Noncore Lignin in the Cell Wall 
Architecture

Lignocellulosic biomass is largely made up of the secondary cell walls with relevant 
differences in the proportion of their constituents among plant species and tissues 
(Carpita et  al. 2001). Cellulose, the main component of the cell wall, is a 
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homopolysaccharide consisting of a long and linear chain of β(1 →  4)-linked 
glucose units. Each cellulose molecule is tightly bound to other molecules by means 
of multiple hydrogen bonds producing insoluble, rigid, and crystalline microfibrils 
(Carpita and McCann 2000). The presence of hemicelluloses with distinct physical 
and chemical properties avoids celluloses microfibrils to collapse to produce mac-
rofibrils. The richer topology of these frequently branched hemicelluloses allows 
them to link only occasionally with cellulose microfibrils. Intermittent pattern of 
free and bound regions from hemicellulose with cellulose results in the cross-link-
ing of microfibrils (Carpita 1996). The overall architectures of cell walls consist of 
a network of cellulose fibers surrounded by a matrix of noncellulosic polysaccha-
rides. Besides hemicelluloses, cell walls present pectins a complex group of hetero-
polysaccharides branched with acidic sugars as glucuronic and galacturonic acids, 
with a capacity of adsorbing high amounts of water. These polysaccharides form a 
gel, which is involved in cell-cell adhesion, pore sizing, pH control, and cation trap-
ping (Buckeridge et al. 2010).

Fig. 4.2 Simplified phenylpropanoid pathway responsible for the biosynthesis of core and non-
core lignin precursors (see text for detailed description of the enzymes acronyms—arrows)
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Primary cell walls can be divided into two broad categories: types I and II. Type 
I is found in dicots, non-commelinoid angiosperms (e.g., aroids, alismatids, and 
liliods) and gymnosperms. Type I cell walls consist of cellulose fibers encased in a 
network of xyloglucan (XyG), pectin, and structural proteins. XyG is composed of 
a glucose backbone branched with xylose which in turn may be substituted with 
galactose and fucose (Carpita and Gibeaut 1993). Type II cell walls, found only in 
the commelinoid monocotyledons (e.g., grasses, sedges, rushes, and gingers), are 
composed of cellulose fibers encased in glucuronoarabinoxylan (GAX) matrix. 
Those GAX may be highly branched with hydroxycinnamates, such as ferulic acid 
(FA), while lignin can present a high content of p-coumaric acids. In addition, the 
cell walls of grasses and some related families in the Poales order such as sugarcane 
contain significant quantities of mixed-linkage β-glucans (Carpita and Gibeaut 
1993; Vogel 2008). The most relevant characteristic of type II cell walls is the abun-
dance of GAX. It is composed of a core chain of xylan branched with arabinose and 
glucuronic acid, with the arabinose residues esterified with feruloyl residues. Type 
II cell walls have a low content of pectin and structural proteins (for details about 
sugarcane cell wall composition, see Chap. 2).

Produced in the phenylpropanoid pathway together with monolignols (Fig. 4.2), 
FA and ferulic esters are polymerized oxidatively by the action of peroxidases. The 
reaction produces dehydrodimers such as 5-5′-dehydrodiferulic acid, 8-O-4′-
dehydrodiferulic acid, and 8-5′-dehydrodiferulic acid, along with higher oligomers. 
In grasses, FA might branch GAX to produce FA-GAX, a polysaccharide believed 
to occur only in these species and perform a set of distinguished structural and 
physiological roles in their cell walls (Carpita et al. 2001; dos Santos et al. 2008a). 
Ferulic acid occurs in higher concentrations in type II cell walls of commelinoids, 
e.g., maize grain (Zea mays) 20.66 mg g−1 cell wall, sugarcane (Saccharum officina-
rum) 8.0 to 17.0 3.51 mg g−1, barley (Hordeum vulgare) 3.51 mg g−1, and perennial 
ryegrass (Lolium perenne) 6.03 mg g−1. However, it might also occur in high con-
centration in type I cell walls of “core” Caryophyllales as beetroot (Beta vulgaris) 
6.93 mg g−1. In non-commelinoid monocots and dicots, FA occurs in much lower 
concentrations: e.g., asparagus (Asparagus officinalis) 0.078–0.096  mg  g−1 and 
onion (Allium cepa) 0.007 mg g−1 (Harris and Trethewey 2010).

Secondary cell walls contain lignin that is deposited inside of the primary cell 
walls. Secondary cell walls are prominent features of xylem, fibers, and scleren-
chyma cell. This rigid structure of cell wall is a frontline barrier against microorgan-
isms and pathogens. Beyond being hard to digest, lignin fractions adsorb hydrolytic 
proteins reducing the access of enzymes to the polysaccharides (Huang et al. 2011). 
In mature cells, lignin forms a highly hydrophobic matrix of C–C- and C–O–C- linked 
phenylpropanoids, mainly coniferyl, sinapyl, and p-coumaroyl alcohols. Respective 
residues in lignin are dubbed G, S, and H units. The amount of lignin, as well as its 
monomeric composition, is ontogenetic-tissue-species dependent. Lignin confers 
high hydrophobicity and mechanical resistance to cell walls required by xylem ves-
sels to perform the capillary transport of water and for fibers support the massive 
habit of trees (Pedersen et al. 2005; Zobiole et al. 2010). In lignified secondary cell 
walls, the FA ester linked to GAX is a nucleation site for lignin polymerization 
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through ether bounds, anchoring lignin to polysaccharide moiety (Renger and 
Steinhart 2000; Carpita et al. 2001).

4.5  The Role of BAHD Acyl-CoA Transferases in GAX 
Feruloylation

Using bioinformatics approach, Mitchell et  al. (2007) compared expressed 
sequence tags (ESTs) from an orthologous group of grasses and dicots to 
identify clades where genes are differentially expressed in grasses. One 
of the clades showing the greatest bias in gene expression was within the 
BAHD acyl-CoA transferase gene family (also referred as PFAM PF02458 
family). BAHD family is named after the first four characterized members: 
benzylalcohol O-acetyltransferase from Clarkia breweri (BEAT); anthocy-
anin O-hydroxycinnamoyl transferases from Petunia, Senecio, Gentiana, 
Perilla, and Lavandula (AHCTs); anthranilate N-hydroxycinnamoyl/benzo-
yltransferase from Dianthus caryophyllus (HCBT); and deacetylvindoline 
4-O-acetyltransferase from Catharanthus roseus (DAT). BAHD proteins are 
predicted to be cytosolic based on the protein sequences, and this is the local-
ization for all known members of the family (D’Auria 2006).

The predicted role of BAHD proteins is supported by experiments using RNAi 
in rice, resulting in significant decreases (−19%) in cell wall-bound FA residues 
(Piston et al. 2010). In another study, rice lines with one BAHD gene upregulated 
increased the amount of p-coumaroyl ester linked to GAX (Bartley et al. 2013). 
These studies provide strong circumstantial support for the hypothesis that 
BAHD genes are responsible for GAX feruloylation, although a definitive evi-
dence is still lacking. Putative genes within a grass-specific clade of the BAHD 
acyl-CoA transferase superfamily have been identified as being responsible for 
the ester linkage of FA to GAX. The mechanism about which FA is esterified into 
GAX is not elucidated, and genes and enzymes responsible for feruloylation of 
GAX are still unknown. There are two possible potential mechanisms leading to 
arabinoxylan feruloylation (Fig. 4.3). In the first, GAX may be synthesized in the 
Golgi apparatus and then feruloylated, by feruloyl transferases, using feruloyl-
CoA transported from cytosol as an FA donor (Buanafina 2009; Molinari et al. 
2013). The second putative mechanism involves a BAHD acyl-CoA transferase 
cytosolic responsible for feruloylation of UDP-arabinosyl to form FA-Ara-UDP, 
which is substrate for GAX feruloylation. In this mechanism it is suggested that 
a glycosyltransferase, present in Golgi lumen, introduces the ferulate-arabinosyl 
(FA-Ara) into the nascent GAX chains with feruloyl-CoA acting as a donor sub-
strate. The last steps in both mechanisms occur in the Golgi apparatus, and the 
feruloylated glucuronoarabinoxylan (FA-GAX) can be oxidatively coupled, 
forming dehydroferulic acid dimers. FA-GAX and their coupled derivatives are 
transported into cell wall by the Golgi secretion (Buanafina 2009; Anders et al. 
2012; Burton and Fincher 2012).
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Esterification models involving transport of FA from RE pathway have been 
partially discarded. [14C]Ferulated polysaccharides were observed both in proto-
plasm and apoplast when wheat roots were incubated with trans-[U-14C]cinnamic 
acid or L-[1-14C]arabinose. The appearance of [14C]ferulated polysaccharides 
occurred even in the presence of the lactone antibiotic brefeldin A, which is used to 
suppress the transport between RE and Golgi apparatus (Mastrangelo et al. 2009). 
The apoplastic polymerization among FA residues esterified to GAX has been 
related to cessation of cell wall growth and defense-related mechanisms. Ferulic 
acid residues polymerize after oxidation by peroxidases (Santos et  al. 2008b; 
Oliveira et al. 2014). Oxidative coupling of polysaccharides through ester-linked 
feruloyl groups might occur both within the protoplast in the Golgi apparatus (dos 
Santos et al. 2008b; Mastrangelo et al. 2009; Umezawa 2009) and after their secre-
tion into the apoplast. This process is catalyzed by multiple cell wall bounds and 
putative Golgi-resident isoperoxidases, which use hydrogen peroxide as a substrate 
in a mechanism similar to that of lignin polymerization (Fry 1986; Hatfield et al. 
1999; Lindsay and Fry 2008).

4.6  Soluble Phenolic Compounds’ Impact on Production 
of Cellulosic Ethanol

Unlike animals, plants lack specialized immune cells and immunological memory. 
However, each plant cell has developed the capability of sensing pathogens and 
mounting immune responses. Plant lineages have developed effective mechanisms 
to resist to almost all infectious agents in their environment (Jones and Dangl 2006; 

Fig. 4.3 Routes for GAX feruloylation. Blue text shows possible pathways for feruloylation based on 
cytosolic location of BAHD proteins implicated in feruloylation. A arabinosyl, FA feruloyl group, 
F-A-X feruloylated arabinoxylan, POD peroxidase, Ara-UDP UDP-arabinofuranose, X xylan poly-
mer. Right: Schematic representation of FA-GAX and FA-GAX cross-linked by dehydrodiferulic 
acid (Buanafina 2009; Mastrangelo et al. 2009; Oliveira et al. 2014)
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Sticher et al. 1997; Thakur and Sohal 2013). The biosynthetic routes of phenolic 
metabolism derive from primary metabolism, and there is increasing evidence that 
duplications of essential genes of primary metabolism have been an important 
basis for gene recruitment in secondary metabolism. In the course of evolution, 
these duplicated genes have acquired new functions and have been optimized and 
diversified for their roles in new pathways (Dixon and Steele 1999). Lignin precur-
sors themselves might exert a toxic effect on pathogens (Moura et  al. 2010). In 
spite of the protective functions of the cinnamic acid and their hydroxylated deriva-
tives against oxidative stress, plants themselves are not very tolerant to cinnamic 
acid itself. It acts as an ionophore, carrying protons from the apoplast to the proto-
plast through cell wall (Weng et al. 2010). In addition, cinnamic acid and hydroxy-
cinnamates are enzyme inhibitors (Baziramakenga et  al. 1995). The excess of 
cinnamic acid induces a strong electrolyte leakage, impairing plant nutrition and 
starting defensive reactions (dos Santos et al. 2008a). To top it off, cinnamic acid 
and derivatives show antiauxin activity that severely affects the plant growth 
(Baziramakenga et al. 1995; Salvador et al. 2013). Many plants exude these toxic 
phenols affecting the growth and development of plant competitors unable to cope 
with the presence of the toxic compound (Einhellig 2004; dos Santos et al. 2014).

Efficient saccharification of cell wall requires a set of enzymes such as cellu-
lases, hemicellulases, and accessory enzymes. They act synergistically in the hydro-
lysis of cell wall polysaccharides. The presence of soluble phenolic compounds 
stored in vacuoles and apoplast and released by pretreatments impacts severely the 
activity of enzymes used to hydrolyze the cell wall polysaccharides (Bhat and Bhat 
1997; Eriksson et al. 2002). Indeed, the presence of phenolic compounds appears to 
be the strongest cause of the reduction in the activity of cellulases (Ximenes et al. 
2010; Vohra et al. 1980). Delignification procedures promote digestibility of cel-
lulose by enhancing the accessibility of cellulases to cellulose and also by reduc-
ing the adsorption of enzymes to lignin (Ko et al. 2014). However, lignin degradation 
products can also inhibit the enzymatic hydrolysis of cellulose and reduce produc-
tion of fermentable sugars.

Although understanding the inhibition of enzymatic hydrolysis by phenolic com-
pounds is critical to the development of techniques to promote the efficiency of bio-
conversion of lignocellulose (Qin et al. 2016), our knowledge about the inhibition of 
cellulases by phenolics is still limited. Pan (2008) investigated the inhibitory effects 
caused by phenolic compounds and found that the presence of phenolic hydroxyl 
groups is critical to their inhibitory activity. He observed that phenolic hydroxyl 
groups could be correlated with the intensity of their inhibitory effect on cellulases. 
His data suggests that the interference of phenolic hydroxyl groups on the enzyme 
activity is more important than the steric effect and nonspecific adsorption of cellu-
lase to lignin. Yun et al. (2014) determined the kinetics of vanillin inhibition on the 
cellulase, verifying that it presents competitive and reversible inhibition with the 
enzyme and that its aldehyde and phenolic hydroxyl groups are responsible for the 
inhibitory effect. More recently, Qin et al. (2016) found that different degrees of inhibi-
tion by phenolic compounds are related to the presence of different functional groups. 
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The group suggests that apart from the hydroxyls, the presence of methoxyl groups 
in the aryl groups and the level of oxidation of the carbonyl groups increase the 
degree of inhibition of phenolic compounds on cellulases.

4.7  Futures Perspectives

Phenolic compounds are important components in plant ecological interactions. 
They protect the plant from biologic, chemical, and physical attacks limiting acces-
sibility of pathogens, herbivores, and industries to their valuable biomass. The main 
strategies to circumvent the negative impact of phenolic compounds on saccharifi-
cation are the genetic control of the production of phenylpropanoid (Vanholme et al. 
2010). Chen and Dixon (2007) downregulated the genes for C4H, HCT, C3′H, F5H, 
CCoAOMT, or COMT in alfalfa revealing that lines suppressed in C4H, HCT, and 
C3′H present the lowest lignin level (<50%) and almost twice the enzymatic sac-
charification efficiencies. In turn, alfalfa lines suppressed in COMT, CCoAOMT, 
and F5H produced little effect on lignin content and digestibility efficiencies. Li 
et al. (2008) reported that the impact of downregulation of genes codifying for the 
first enzymes of the phenylpropanoid pathway (PAL, C4H, HCT, and C3′H, Fig. 
4.2) strongly reduced lignin content and biomass (Chen and Dixon 2007; Li et al. 
2008; Poovaiah et al. 2014), while downregulation of F5H or COMT reduced the 
lignin S:G ratio, but has a smaller effect on lignin content (Li et al. 2008) or digest-
ibility. While strong reductions in lignin content lead to an unavoidable reduction in 
biomass production, Jung and Phillips (2010) demonstrated a putative mutation in 
maize seedling that reduces the content of ferulate esters and ether cross-linking in 
the cell wall and increases the biomass digestibility without affecting plant growth 
and yield.

In addition to the genetic approach, new kinds of pretreatment have been devel-
oped to get rid of phenolic compounds before or during their production enzyme 
digestion. Our group has been developing an in vivo pretreatment we dubbed physi-
ological engineering in which we apply specific inhibitors of phenylpropanoid 
enzymes in order to control the production of specific phenylpropanoids as ferulic 
and p-coumaric acids without reducing other relevance for production of biomass. 
The preliminary results suggest that small reduction in hydroxycinnamate content 
can strongly enhance the digestibility of grasses as signal grass, maize, and sugarcane 
(dos Santos et  al. 2008a, b; Ita 2012; Salvador et  al. 2013; Parizotto 2012; Ferro 
2014). Another related approach under development consists in inducing plants to 
produce chemically modified lignin. At least five types of these designer lignins have 
been proposed: (1) lignins with a lower degree of polymerization, (2) lignins that are 
less hydrophobic, (3) lignins with fewer bonds to structural carbohydrates, (4) lignins 
containing chemically labile bonds, and (5) lignins designed to harbor value-added 
chemical moieties (Mottiar et al. 2016). Although much of the concrete results of this 
approach were obtained in in vitro assays (Tobimatsu et al. 2008, 2012; Lan et al. 
2015) there are evidences that plants transformed to superexpress the production of a 
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specific phenolic compound (Stewart et al. 2009; Wilkerson et al. 2014) or feed with 
phenolic compounds (dos Santos et al. 2008a, b; Salvador et al. 2013; Lima et al. 
2013) incorporate them in the lignin structure.

Designer lignin has the potential to revolutionize the field both by providing 
plants and/or agronomical treatments to produce industrially friendly lignocellulose 
and by using plant metabolism as biofactories to produce value-added phenolic 
crude matter.
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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

M. de Lourdes T.M. Polizeli et al.



67

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.
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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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Chapter 6
The Role of Fungal Transcriptome Analysis 
and Side-Chain Hydrolyzing Enzymes 
in Sugarcane Bagasse Breakdown

Leonora Rios de Souza Moreira, Camila Louly Corrêa, 
Helder Andrey Rocha Gomes, Glaucia Emy Okida Midorikawa, 
Robert Neil Gerard Miller, and Edivaldo Ximenes Ferreira Filho

Abstract Lignocellulose represents one of the main sources of renewable energy 
for biofuel production. Within this context, sugarcane bagasse, which is a discarded 
by-product of sugarcane processing, is a rich source of lignin, hemicellulose, and 
cellulose. Since sugarcane bagasse is a complex lignocellulosic structure, its com-
plete enzymatic hydrolysis requires the action of an enzyme system of main- and 
side-chain enzymes. The xylan component in sugarcane bagasse is arabinosylated 
at positions C-2 and/or C-3 and esterified with ferulic acid at the C-5 position. 
Accessory enzymes such as α-arabinofuranosidase and feruloyl esterase are respon-
sible for enhanced accessibility and enzymatic hydrolysis of xylan. Under industrial 
conditions, numerous filamentous fungi can secrete enzymes or enzyme complexes 
belonging to the glycosyl hydrolases, carbohydrate esterases, and polysaccharide 
lyases for the hydrolysis of cellulose, hemicellulose, and lignin. Next-generation 
sequencing approaches for whole-genome and transcriptome analyses enable the 
identification of novel genes and isoforms in fungi encoding hydrolytic enzymes, 
thus increasing our understanding of mechanisms involved in gene expression 
induction in the presence of plant cell wall or its metabolic products. The down-
stream application will accelerate strain improvement for increased enzymatic effi-
ciencies and hydrolytic enzyme cocktail development, contributing to reducing 
cellulosic bioethanol production costs.
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6.1  Introduction

In times of growing concern over the limitation of fossil fuels, the utilization of 
renewable resources such as ethanol has become of great interest. The increased 
demand for energy, geopolitical factors, and environmental pressures have alarmed 
the scientific community, economists, and governments to evaluate the potential of 
cellulosic ethanol as a sustainable, economic, and eco-friendly alternative to gaso-
line. One of the main sources of renewable energy for biofuels is the conversion of 
plant-derived carbohydrates into bioethanol. Brazil plays an important role today in 
meeting the world’s demands for bioethanol, with sugarcane-derived ethanol 
accounting for approximately 30% of the world’s production. Sugarcane bagasse is 
an excellent raw material for second-generation ethanol production in Brazil and 
other countries such as India and China, where this biomass residue is generated in 
large amounts every year (Goldemberg 2007; Chandel et al. 2012, 2013; de Souza 
et al. 2014).

Sugarcane bagasse is a fibrous residue of cane stalks left over after the crushing 
and extraction of the juice from the sugarcane. This residue is produced in large 
quantities by sugar and alcohol industries. In general, 1 ton of sugarcane generates 
280 kg of bagasse (Sun et al. 2004b; Pandey et al. 2000).

The stockpiled bagasse is of low economic value and constitutes an environmen-
tal problem to sugar mills and surrounding districts, especially if stocked for 
extended periods due to the risk of spontaneous combustion occurring within the 
pile (de Souza et al. 2013). Chemically, about 40–50% of the dry residue of sugar-
cane corresponds to the glucose polymer cellulose, most of which is in a crystalline 
structure. Hemicelluloses, which include xylans and mannans, represent the second 
most abundant fraction (25–35%). The remainder is mostly lignin and lesser 
amounts of minerals, waxes, and other compounds (Jacobsen and Wyman 2002). 
Another study reports 42% cellulose, 22% lignin, 28% hemicelluloses, and 8% of 
cane wax and organic acid (Beukes et al. 2008). Chemical composition varies across 
the different plant tissues of sugarcane stalks, with greater lignin and cellulose con-
tent in epidermal tissues in comparison with nodes and internodes (Brienzo et al. 
2014). Because of its low ash content (2.3%), bagasse offers advantages for applica-
tion as a novel material for industries when compared with other crop residues such 
as rice straw, which has 13.3% ash content (Sun et al. 2004a).

Saprophytic filamentous fungi are known for their potential in decomposition of 
plant lignocellulosic biomass to simple fermentable sugars. A wide variety of fungi, 
especially those belonging to the Basidiomycete and Ascomycete classes, have been 
the target of investigation by the second-generation bioethanol industry. A large 
number and variety of secretory enzymes or enzyme complexes have been charac-
terized in such organisms, which are applicable to hydrolysis of cellulose and hemi-
cellulose (Couturier et al. 2012). Numerous studies have shown that GH expression 
in filamentous fungi usually requires induction. In order to obtain this induction, 
lignocellulosic materials can be used as a carbon source in the culture medium, 
enabling the fungal growth and the induction of cellulase and hemicellulase enzymes 
(Sørensen et al. 2011).
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The enzymes involved in the degradation of plant polysaccharides can be divided 
into different glycosidase families based on the amino acid sequences structurally 
related to the catalytic module (CAZy database). These comprise at least 35 fami-
lies of glycosyl hydrolases (GH), 3 families of carbohydrate esterases (EC), and 6 
families of polysaccharide lyases (PL) (Battaglia et  al. 2011). In addition to the 
wide variety of enzymes with different specificities that are needed to degrade com-
ponents of lignocelluloses, additional proteins that contribute to the degradation of 
the plant cell wall, such as glycosyl hydrolase family members (GH 61) and expan-
sions and swollenins, have also been identified (van Dyk and Pletschke 2012).

6.2  Sugarcane Bagasse Structure

Sugarcane is today the most efficient natural raw material for first-generation (1G) 
bioethanol production by distillation, with a much lower consumption of fossil 
energy during processing than that required for maize (Macedo et al. 2008). One of 
the by-products generated during processing is sugarcane bagasse, which is usually 
burned to produce steam and electricity, providing the energy needed to meet the 
requirements of the distillation process. Efficient cogeneration technologies for the 
production of 1G bioethanol still result in surplus bagasse that can be applied as a 
primary material for the production of 2G bioethanol or other biological based 
products, in addition to using it as a fuel source for electricity generation (Ensinas 
et al. 2007).

Many studies have been conducted to characterize the hemicellulose and lignin 
fractions present in the cell wall of sugarcane bagasse, and some of the data avail-
able in the literature are summarized in Table 6.1. Xylose represents the major 
monosaccharide present in hemicellulose, followed by arabinose. In bagasse, the 
hemicellulose is composed of a xylan polymer onto which other groups are bound, 
commonly glucuronic acid and arabinose (Lavarack et al. 2002). The most abundant 
hemicellulose in annual plants such as sugarcane is the arabinoxylan (Fig. 6.1), 
which is composed of a backbone of β-(1,4)-linked xylosyl residues, substituted 
with arabinoses and 4-O-methyl-d-glucuronic acid at C-2 and/or C-3 of the main 
chain (Xu et al. 2006; Peng et al. 2009). The higher arabinose content present in 
bagasse indicates a higher degree of branching of the xylan chains, and so higher 
solubility of the polymers (Sun et al. 2004a). Arabinose also plays an important role 
in the cross-links between hemicelluloses and lignin (Sun et al. 2011).

Degraded hemicelluloses from sugarcane bagasse also contain minor quantities 
of bound lignin and hydroxycinnamic acids, such as ferulic and p-coumaric acids 
(Xu et al. 2006). In the lignin fraction, ferulic acid, 3-(3-methoxy-4-hydroxyphenyl)-
2-propenoic acid, and p-coumaric acid are the major hydroxycinnamic acids found 
in the cell walls (Xu et al. 2005). Ferulic acid, being one of the abundant hydroxy-
cinnamic acids in plant cell walls, is a very attractive phenolic compound, as it can 
be used as an antioxidant or be transformed by microbial conversion into “natural” 
vanillin, an expensive flavor for the food, cosmetic, and pharmaceutical industries 

6 The Role of Fungal Transcriptome Analysis and Side-Chain Hydrolyzing Enzymes…



84

Ta
bl

e 
6.

1 
M

on
os

ac
ch

ar
id

e 
co

nt
en

ts
 in

 th
e 

he
m

ic
el

lu
lo

si
c 

fr
ac

tio
n 

fr
om

 s
ug

ar
ca

ne
 b

ag
as

se

M
et

ho
d 

of
 e

xt
ra

ct
io

n
A

ra
bi

no
se

R
ha

m
no

se
X

yl
os

e
M

an
no

se
G

al
ac

to
se

G
lu

co
se

R
ef

er
en

ce

W
at

er
-s

ol
ub

le
 

he
m

ic
el

lu
lo

se
 a

nd
 

lig
ni

n 
fr

ac
tio

n

12
.8

3
1.

25
37

.3
8

8.
07

11
.6

1
28

.8
6

Su
n 

et
 a

l. 
(2

00
4a

)

A
lk

al
i-

so
lu

bl
e 

he
m

ic
el

lu
lo

se
 a

nd
 

lig
ni

n 
fr

ac
tio

n

12
.5

7
0.

42
80

.6
0

0.
40

1.
83

4.
18

Su
n 

et
 a

l. 
(2

00
4a

)

0.
5 

M
 N

aO
H

 a
nd

 
0.

5 
M

 H
2O

2

10
.4

0
0.

44
78

.9
8

0.
32

1.
95

7.
93

Su
n 

et
 a

l. 
(2

00
4a

)

A
lc

oh
ol

-i
ns

ol
ub

le
 

re
si

du
e 

hy
dr

ol
yz

ed
 

w
ith

 H
2S

O
4

 2
.4

N
.D

33
.5

N
.D

0.
9

59
.8

D
e 

So
uz

a 
et

 a
l. 

(2
01

3)

A
ci

d 
hy

dr
ol

ys
at

es
 1

.8
0

N
D

20
.3

0
N

D
0.

65
36

.7
4

Sz
cz

er
bo

w
sk

i e
t a

l. 
(2

01
4)

D
ew

ax
ed

 b
ag

as
se

 w
ith

 
1 

M
 N

aO
H

 a
qu

eo
us

 
so

lu
tio

n 
at

 4
0 

°C
/1

8 
h

11
.6

6.
5

78
1.

4
0.

3
2.

2
X

u 
et

 a
l. 

(2
00

6)

Pr
ec

ip
ita

te
d 

w
ith

 3
0%

 
et

ha
no

l a
nd

 s
ol

ub
ili

ze
d 

w
ith

 3
%

 N
aO

H

 5
.6

1
N

D
92

.9
8

T
ra

ce
s

N
D

1.
35

Pe
ng

 e
t a

l. 
(2

00
9)

Pr
ec

ip
ita

te
d 

w
ith

 1
5%

 
et

ha
no

l a
nd

 s
ol

ub
ili

ze
d 

w
ith

 1
%

 N
aO

H

12
.1

3
0.

13
2.

77
0.

53
2.

77
5.

20
Pe

ng
 e

t a
l. 

(2
00

9)

L.R. de Souza Moreira et al.



85

Fig. 6.1 The structure of feruloylated arabinoxylan, with diferulic bridges. Cleavage sites for α-l-
arabinofuranosidase (full arrow) and feruloyl esterase (dashed arrow)

(Levasseur et al. 2005). Table 6.2 shows the content of phenols of the associated 
lignin in isolated hemicellulosic fractions.

Ferulic and p-coumaric acids are found covalently linked to polysaccharides by 
ester bonds, and to components of lignin by ester or ether bonds. A considerable 
proportion of p-coumaric acid is known to be esterified with lignin, while ferulic 
acid is extensively etherified with lignin (Xu et al. 2005; Sun et al. 2011). During the 
cell wall biosynthesis, ferulated arabinoxylans are extensively cross-linked by the 
coupling of ferulic into diferulates and by the copolymerization of ferulate and 
diferulates with monolignols to form polysaccharide-lignin complexes (Ralph et al. 
2004). Ferulic acids, which are associated both with lignin by ether bond and with 
hemicelluloses by ester linkage, contribute to the cell wall cross-linking (Xu et al. 
2005, for more details see Chap. 4).

Considering the biotechnological potential of lignocellulosic fungi, where appli-
cations include the food, feed, and textile industries, pulp and paper treatment, and 
in particular the biofuel industry, a complete understanding is needed regarding 
substrate-specific enzyme expression, regulatory mechanisms, and enzyme expres-
sion levels according to specific metabolic pathways. Through functional genomics 
or transcriptomics, it is now possible to predict the biotechnological potential of 
particular fungal strains according to the identification of genes and comparison of 
gene expression levels under different treatments. Although numerous studies have 
been conducted to characterize enzymes involved in the degradation of lignocellu-
lose, understanding about transcription and regulation of genes encoding these 
enzymes is still incomplete. Thus, studies on the mechanisms of regulation and 
expression of such genes in candidate fungi are essential for the development of 
viable second-generation bioethanol processes.

6 The Role of Fungal Transcriptome Analysis and Side-Chain Hydrolyzing Enzymes…
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6.3  Genomics Applied to the Study of Lignocellulosic Fungi

Whole-genome sequence analysis for lignocellulosic fungi is enabling identifica-
tion of genes and isoforms encoding hydrolytic enzymes and facilitating down-
stream strain modification through genetic engineering. The first major milestone in 
fungal genomics was the sequencing of the yeast genome Saccharomyces cerevisiae 
(Goffeau et al. 1996). In the case of lignocellulosic fungi, the genomes of numerous 
species have now been completely sequenced or re-sequenced, contributing towards 
an understanding of lignocellulosic bioprocesses. Greater knowledge will enable 
improved hydrolytic enzyme cocktail development and downstream biotechnologi-
cal applications.

Trichoderma is an important filamentous fungal genus for industrial biopro-
cesses, with numerous species capable of secreting cellulosic enzymes at high con-
centrations. T. reesei (teleomorph Hypocrea jecorina) has been the focus of 
whole-genome sequencing and re-sequencing projects for further understanding of 
lignocellulose degradation. The complete genome sequence of T. reesei was pub-
lished by Martinez et al. (2008), with 34.1 Mb of sequence distributed over seven 
chromosomes and a total of 9143 gene models. Analysis of the T. reesei genome 
identified 200 genes that encode for glycosyl hydrolases, 103 glycosyl transferases, 
36 carbohydrate-binding modules, and 3 polysaccharide lyases, including 7 genes 
encoding cellulases and 16 genes encoding hemicellulases (Martinez et al. 2008).

T. virens (teleomorph Hypocrea virens) and T. atroviride (teleomorph Hypocrea 
atroviridis) are also promising species regarding holocellulosic enzyme secretion. 
Whole-genome sequences have been completed for both species, with T. virens and 
T. atroviride genome sizes of 38.8 Mb and 36.1 Mb, respectively. As well as pos-
sessing greater genome sizes than T. reesei, the total numbers of predicted genes in 
these two species also outnumber those in T. reesei, with 12,428 genes predicted in 
T. virens and 11,865 in T. atroviride. A total of 260 genes in the T. virens genome 
and 257 in T. atroviride are predicted to be involved in the hydrolysis of cellulose 
and hemicelluloses, again outnumbering the total within these categories in T. reesei 
(Kubicek et  al. 2011). Surprisingly, the T. reesei genome contained the lowest 
recorded number of holocellulase-encoding genes when compared with other fun-
gal genomes, comprising a total of 130 genes located in 25 clusters for cellulose and 
hemicellulose degradation (Martinez et al. 2008). Additional Trichoderma species 
that are also promising for the production of hydrolytic enzymes include T. longi-
brachiatum and T. harzianum. Phylogenetically close to T. reesei, T. longibrachia-
tum has the smallest reported genome within the genus, totaling 32.24  Mb and 
10,792 predicted genes. T. harzianum, by contrast, has the largest known genome 
size to date within the genus, totaling 40.98 Mb in size, with 14,095 predicted genes 
(Srivastava et al. 2014).

Fungal species of the genus Aspergillus are also promising secretors of enzymes 
that degrade lignocellulose, especially hemicellulose. A. nidulans (teleomorph 
Emericella nidulans), historically considered the model species for the genus, with 
the complete elucidation of its sexual cycle, has been the focus of whole-genomic 
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sequencing (Galagan et al. 2005). The species A. oryzae and A. niger are classified 
as GRAS status (Generally Regarded as Safe), with wide employment in industrial 
applications (Machida et al. 2005; Pel et al. 2007). Whole-genome sequences for 
these two species are available in the genome databases at the Broad Institute 
(Broad-Institute 2015), the National Center for Biotechnology Information (NCBI 
2015), and the Aspergillus Genome Database (AspGD 2015).

The A. nidulans genome, with a total size of 30.06 Mb and 9396 predicted genes, 
contrasts with the larger genomes of A. oryzae and A. niger, with respective genome 
sizes at 37.12 and 37.2 Mb, and gene models totaling 12,336 and 11,200 (Machida 
et al. 2005; Pel et al. 2007). From 186 predicted CAZy- encoding genes in A. nidu-
lans, 159 genes have been reported to group in the GH family, 19 in the PL family, 
and 8 genes grouping in the CE family. In the case of A. oryzae and A. niger, 217 
and 171 CAZy-encoding genes have been predicted, respectively, with 183 grouped 
in the GH family, 20 in the PL family, and 14 in the CE family for A. oryzae and 
155, 8, and 8 genes grouped in families GH, PL, and CE, respectively, for A. niger. 
Comparative analyses of A. oryzae, A. nidulans, and A. flavus suggest that a number 
of mechanisms have been responsible for the differences in genome size and gene 
numbers among Aspergillus species, with genome and segmental duplication hav-
ing resulted in genome size differences, and horizontal gene transfer shaping 
genomes between donor and recipient strains (Gibbons and Rokas 2013; Khaldi and 
Wolfe 2008; Mallet et al. 2010). Whole-genome sequences have also been gener-
ated and annotated for A. terreus, A. flavus, and A. fumigatus. A. terreus has a 
genome size of 29.33 Mb with 10,406 predicted genes (Broad-Institute 2015). By 
contrast, the A. flavus genome is estimated to be similar in size to A. oryzae, with 
36.8  Mb coding 12,424 predicted genes (Gibbons and Rokas 2013). Similar to  
A. nidulans, A. fumigatus has a genome size of 29.2 Mb, encoding 9906 predicted 
genes (Nierman et al. 2005; Payne et al. 2006). A comparison between these two 
genomes shows that A. fumigatus also has a similar number of CAZy-encoding 
genes to A. nidulans, with 155 genes clustered in the GH family, 8 genes grouped in 
PL family, and 8 genes grouped in the EC family (Pel et al. 2007).

6.3.1   Functional Genomics Applied to the Study 
of Lignocellulosic Fungi

Functional genomics, or transcriptomics, which investigates the transcribed portion 
of the genome, has applications in both gene function identification and gene 
expression analysis. Large-scale comparative transcriptome analysis enables the 
identification of differentially expressed genes that are involved in conferring or 
regulating essential characteristics for the development and adaptation of a micro-
organism to its environment (Mardis 2008). Although filamentous fungi have been 
widely exploited for enzyme production under simultaneous saccharification  
and fermentation conditions (SSF), little research has been conducted on gene 
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expression control mechanisms under SSF. While studies have shown that the 
expression of certain genes involved in the production of hydrolases is controlled at 
the transcriptional level, events following transcription and translation are less well 
documented in fungi (Lubertozzi and Keasling 2009). Applications of transcrip-
tomics in fungi in relation to identification of genes involved in the production and 
regulation of hydrolytic enzymes have been the focus of considerable research for 
downstream application in the enzyme industries. In the late 1990s, the first tran-
scriptome analyses in target fungi such as Trichoderma and Aspergillus focused on 
large-scale sequencing of expressed sequence tags (ESTs). In 2002, the transcrip-
tome of T. reesei was analyzed in relation to glucose-dependent expression regula-
tion, with 1151 unigenes identified among a set of 2835 ESTs (Chambergo et al. 
2002). A similar study was conducted on A. oryzae, where from approximately 
2000 selected ESTs, microarray analyses revealed that transcripts in cultures sup-
plemented with glucose are highly dependent on the glycolytic pathway (Maeda 
et al. 2004). Since then, the total number of available ESTs deposited in the NCBI 
GenBank database has increased extensively. In the case of Aspergillus species 
which are the focus of hydrolytic enzyme production, 19,830 ESTs are currently 
available for A. oryzae, 16,394 for A. nidulans, 14,195 for A. niger, and 10,415  
for A. terreus. For Trichoderma species, a more expressive number of ESTs are 
available in GenBank, reflecting the long-term recognized biotechnological impor-
tance of this genus. A total of 44,966 ESTs are available for T. reesei, 35,475 for  
T. virens, 35,125 for T. atroviride, 19,914 for T. harzianum, and 1799 ESTs for  
T. longibrachiatum.

Transcriptome analyses for lignocellulolytic species of Trichoderma and 
Aspergillus have focused on understanding the dynamics of genes involved in the 
synthesis of enzymes of industrial value. Transcription profiles after growth on spe-
cific culture media have contributed to the identification of novel differentially 
expressed genes. For example, gene expression analysis in T. reesei strains during 
limiting culture conditions with cellulose, lactose, and sophorose enabled character-
ization of 5131 predicted unigenes, with novel genes identified that encode 
 previously unknown endoglucanases (cel74a, cel61b, and cel5b), β-glucosidases 
(cel1b, cel3b, cel3c, cel3d, and cel3e), hemicellulases (axe2 and ABF2), and genes 
containing cellulose-binding domains (CIP1 and CIP2). Northern blot and microar-
ray analyses indicated that these novel genes are highly regulated in the presence of 
cellulose and sophorose (Foreman et al. 2003).

Similarly, transcriptomic analysis in A. niger when cultivated on media supple-
mented with glucose, maltose, xylan, xylose, sorbitol, and lactose enabled the iden-
tification of 5108 unigenes from 12,820 ESTs. A subsequent Gene Ontology (GO) 
classification of those genes revealed 2549 predicted protein products of which 32% 
showed a hydrolytic activity (Semova et al. 2006).

Next-generation sequencing (NGS) technologies applied to transcriptome analy-
sis enable large-scale and precise characterization of unigenes and their expression 
(Mardis 2008). Illumina RNA-Seq is a shotgun method appropriate for transcrip-
tome sequencing, where cDNA is fragmented mechanically to produce small over-
lapping fragments that can cover the entire transcriptome. This approach allows 
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identification of novel genes and isoforms involved in protein production under 
contrasting conditions. In addition, this massively parallel sequencing technology 
offers a sensitivity appropriate for characterization of all transcripts, including even 
those with low expression levels (Garber et al. 2011). In this context, NGS technolo-
gies may be applied to identifying genes involved in cell wall degradation pathways 
as well as understanding transcriptional control mechanisms in lignocellulolytic 
fungi with biotechnological potential.

Genes required for growth and enzymatic activity on polymers such as cellulose 
have been analyzed by NGS in the model organism Neurospora crassa. Two unchar-
acterized zinc binuclear cluster transcription factors, crl1 and crl2, were identified 
as responsible for the induction of the major genes encoding cellulases and hemicel-
lulases (Coradetti et al. 2012; Znameroski et al. 2012). Similarly, in the anaerobic 
rumen fungus Neocallimastix patriciarum, NGS approaches allowed the identifica-
tion of genes involved in the degradation of different lignocellulosic materials 
(Wang et al. 2011). In the basidiomycete fungus Phanerochaete carnosus, NGS-
based analyses during culture on different wood substrates revealed that the abun-
dance of transcripts encoding enzymes with activity in lignin degradation was 
greater than those coding for enzymes involved in degradation of other carbohy-
drates (MacDonald et al. 2011).

NGS-based transcriptional profiling of genes encoding enzymes with carbohy-
drate activity in Myceliophthora thermophila and Thielavia terrestris was also 
investigated following growth on barley straw, alfalfa straw, and glucose. 
Upregulation of genes involved in lignocellulose degradation was observed follow-
ing exposure to polysaccharides derived from these biomass substrates (Berka et al. 
2011). Delmas et al. (2012) reported the application of SOLiD® RNA-Seq NGS to 
analyze the transcriptome of A. niger. The study found that approximately 19% of 
the total mRNA is involved in gene expression related to enzymes that degrade plant 
cell wall after 24-h exposure to wheat straw. This is a considerable enrichment of 
CAZy group genes, given that they represent only 2.5% of the coding genome. The 
numerous categories of expressed CAZy genes during exposure to wheat straw 
reflected the complexity of the carbohydrates present in the substrate. Interestingly, 
approximately 65% of the mRNA from CAZy groups originated from genes that 
encode only five enzyme families, namely GH7, 11, 61, and 62 (cellobiohydrolases, 
xylanases, α-arabinofuranosidases, and polysaccharide monooxygenases, respec-
tively) and CE1 (acetyl xylan esterases). Based on transcript abundance, these five 
categories of encoded enzymes were considered to provide the complete spectrum 
of activities for straw degradation. Catabolic repression by glucose addition to 
wheat straw cultures was also reported to repress CAZy gene expression after just 
5 h, with CAZy gene mRNA reduced to just 1% of the total RNA. Analysis has 
shown that the predominant induction model in fungal systems proposes a basal 
expression of small amounts of hydrolases that initiate degradation of complex 
polysaccharides, thus producing inducing compounds which provoke a complete 
transcription response (Foreman et al. 2003).

L.R. de Souza Moreira et al.



91

Comparative studies of the transcriptome of different lignocellulolytic fungi 
have shown that as well as a repression of genes encoding hydrolytic enzymes in the 
presence of glucose, an induction of these genes occurs in the presence of com-
pounds derived from the material present in the plant cell wall or its metabolic 
products. Analysis of Illumina RNAseq-derived transcriptome sequences of T. reesei 
and A. niger, grown in the presence of glucose or wheat straw as a carbon source, 
revealed that T. reesei uses an enzyme machinery similar to that of A. niger, suggest-
ing that both microorganisms employ conserved strategies for the depolymerization 
of lignocellulosic substrates. In the case of T. reesei, after 48-h growth on glucose, 
mRNA of genes encoding CAZy enzymes represented only 1.14% of the total 
RNA. By contrast, following 24-h incubation in the presence of wheat straw, genes 
that expressed mRNA for GH families (β-glucosidase, xylanase, and cellobiohydro-
lase CEL7A), AA9 families (auxiliary oxidoreductases), and EC families (acetyl 
xylan esterases) represented around 65% of the expressed CAZy genes. Similar 
changes in expression of CAZy enzyme-encoding genes in relation to carbon source 
were observed in A. niger (Delmas et al. 2012; Ries et al. 2013). Interestingly, recent 
comparative secretome analysis on lignocellulosic biomass has indicated that depo-
lymerization can occur via different mechanisms in each of these fungal species 
(Borin et al. 2015).

Recently, the CAZy repertoire in T. reesei based on computational and manual 
approaches was revised and expanded, which resulted in a total of 201 genes encod-
ing glycosyl hydrolases, 22 genes encoding carbohydrate esterases, and 5 genes 
encoding polysaccharide lyases. Most of the genes that express cellulases and hemi-
cellulases characterized in T. reesei are regulated by the type of carbon source avail-
able, ensuring the production of only hydrolytic enzymes necessary for degradation 
of that particular substrate. Analysis of transcription factors in T. reesei that are 
involved in expression regulation of genes encoding cellulases and hemicellulases 
has also been reported. These include positive regulators such as XYR1, ACE2, and 
the complex HAP2/3/5, as well as negative regulators such as ACE1 and the 
 catabolic repressor CRE1 (Häkkinen et al. 2012). The transcription factor XYR1 
(xylanase regulator 1) is recognized as a main transcriptional activator of genes 
encoding hydrolases such as xyn1, xyn2, bxl1, cbh1, cbh2, and egl1 (Portnoy et al. 
2011). In addition, the analysis showed that XYR1- and CRE1-derived regulation of 
expression of genes encoding cellulases and xylanases is carbon source dependent 
(Castro et al. 2014).

Castro et al. (2014) recently investigated the T. reesei transcriptome following 
the growth on cellulose, sophorose, and glucose media cultures. Analysis of NGS 
data enabled hierarchical clustering of 2060 differentially expressed genes when 
comparing expression on cellulose against glucose, sophorose against cellulose, and 
glucose against sophorose. Three possible regulators were identified, with 123 
genes modulated by cellulose, 154 genes modulated by sophorose, and 402 genes 
modulated by glucose. Comparison of the top ten most differentially expressed 
genes following growth on the three carbon sources was conducted to evaluate the 
specific regulation of each carbon source. The ten most upregulated genes in 
 cellulose included glycosyl hydrolases family members (GH5, GH31, GH16), 
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 carbohydrate esterase (EC 5), a major facilitator superfamily permease (MFS), and 
five proteins with unknown function. For sophorose, one hydrolase (GH76), four 
oxidoreductases, two MFS, and three proteins with unknown function were identi-
fied. As expected for growth on glucose, the top ten most differentially expressed 
genes were not related to hydrolytic enzyme-encoding genes.

6.3.2   Functional Genomics Analysis of Lignocellulosic Fungi 
on Sugarcane Bagasse

Considering the high cost of the major industrial enzymes employed today in the 
hydrolysis of sugarcane bagasse (cellulases and hemicellulases), together with limi-
tations in their efficiency, an increased understanding of novel enzymes and mecha-
nisms controlling their expression in candidate lignocellulosic fungi is important for 
downstream efficient biotechnological enzyme production (de Souza et al. 2014).

A number of studies have been conducted to identify genes and transcriptional 
control mechanisms in lignocellulolytic fungi hydrolyzing sugarcane bagasse.  
A microarray-based analysis of 3700 genes from A. niger grown on this biomass as 
a carbon source enabled the identification of 18 genes encoding cellulases which 
were upregulated in response to sugarcane bagasse compared to fructose. A similar 
response was observed with 21 genes encoding hemicellulases. Seven genes encod-
ing predicted transporters also showed an increased expression in response to sug-
arcane bagasse and a repression in the presence of glucose, suggesting that these 
genes are xylose transporters (Souza et al. 2011). Continuing this work, this group 
examined differential expression of genes in A. niger that are regulated by the tran-
scriptional activator XlnR and its close homolog, AraR, which both control the main 
cellulolytic and hemicellulolytic system in response to growth on sugarcane bagasse. 
Global gene expression analysis revealed a total of 1024, 439, 109, and 176 genes 
that were significantly and exclusively upregulated in A. niger wild-type, ΔxlnR, 
ΔaraR, and ΔaraRxlnR strains, respectively, while 1553, 770, 555, and 246 genes 
were exclusively downregulated. The considerable numbers of differentially exp-
ressed genes observed indicated the involvement of transcriptional regulators con-
trolling metabolism in response to this complex plant substrate (Souza et al. 2013).

To identify genes involved in degradation of cellulose and hemicellulose together 
with accessory genes involved in the depolymerization of the biomass, Horta et al. 
(2014) characterized the transcriptome of the fungus T. harzianum grown on sugar-
cane bagasse using NGS RNA-seq technology. A total of 487 CAZymes were identi-
fied from the transcriptome, with 23 genes encoding glycosyl hydrolase family 
proteins involved in the depolymerization of cellulose and a further 22 glycoside 
hydrolase-encoding genes involved in the hemicellulose breakdown. A total of 164 
contigs were also classified as potentially related to the degradation of sugarcane 
biomass. A systematic synergism between different enzyme classes for specific met-
abolic pathways in T. harzianum was also identified. These pathways included 
metabolism of various sugars associated with the depolymerization of this biomass.
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Similarly, functional genomics analyses of a number of promising lignocellulolytic 
fungi are being conducted at the University of Brasilia, following growth on abun-
dant organic residues that include sugarcane bagasse, soybean hulls, and cotton 
louse. RNA-seq analysis of a strain of A. tamarii cultivated on  sugarcane bagasse as 
a carbon source enabled the identification of a total of 207 CAZy-encoding genes in 
liquid culture state, and 222 genes in semisolid culture, from a total of 7126 genes 
expressed by the fungus across different cultivation treatments (Midorikawa, 
G.E.O., unpublished). Similarly, RNA-seq analysis of a local strain of A. terreus 
grown on sugarcane bagasse showed that 102 CAZy-encoding genes were expressed 
during liquid culture state, from a total of 6200 expressed genes (Correa, C. L., 
unpublished).

6.4  Enzymatic Attack on the Sugarcane Bagasse Structure

Enzymatic hydrolysis of plant cell wall is known to require an arsenal of enzymes, 
including cellulases, hemicellulases, and pectinases. A kinetic model for the inter-
action between cell wall components and a consortium of enzyme systems needs the 
analysis of several factors, including the involvement of different types of chemical 
linkages and the environment that surrounds the cell wall structure. Borin et  al. 
(2015) showed that in both secretomes of A. niger and T. reesei, the most important 
enzymes related to culm in natura and pretreated bagasse degradation were 
 cellobiohydrolases, endoglucanases, β-glucosidases, β-xylosidases, endoxylanases, 
xyloglucanases, and α-arabinofuranosidases. Moreover, both fungi produce more 
enzymes when grown in culm as a single carbon source. In addition, A. niger pro-
duced more enzymes (quantitatively and qualitatively) than T. reesei.

As a recalcitrant structure, the plant cell wall demands a broad range of exo- and 
endo-hydrolytic enzymes acting together for its complete degradation (Coughlan 
et al. 1993; de Souza et al. 2013). The complexity and heterogeneity of the holocel-
lulose structures demand the synergistic action of main- and side-chain attacking 
enzymes with different specificities for its complete hydrolysis (Andreaus et  al. 
2008; Moreira et  al. 2012; Buckeridge and de Souza 2014). Synergism is only 
detected when the total products formed by two or more enzymes acting together 
exceed the arithmetic sum of the products formed by the action of each enzyme 
individually. Enzyme systems with low substrate specificity might act in synergism 
with enzymes with strict substrate specificity, leading to a more efficient catalytic 
process (Buckeridge 2010). Within this context, enzymes that cut specific sites in 
the plant cell wall are also important tools for understanding the structure and func-
tion of the cell wall (Siqueira and Filho 2010; Buckeridge and de Souza 2014).

Specifically for sugarcane bagasse, two side-chain enzymes appear as key 
enzymes to its full degradation (Fig. 6.1): feruloyl esterase, which is responsible for 
cleaving the ester link between the polysaccharides in the main chain of xylans or 
pectins, and α-arabinofuranosidase that catalyzes the hydrolysis of terminal α-l-
1,2-, α-l-1,3-, and α-l-1,5-arabinofuranosyl residues of poly- and oligosaccharides 
(Moreira et al. 2011).
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6.4.1   Feruloyl Esterases

Feruloyl esterases are also known as ferulic acid esterases, cinnamoyl esterases, and 
cinnamic acid hydrolase (FAEs, E.C. 3.1.1.73), a subclass of the carboxylic acid 
esterases (E.C. 3.1.1.1). These enzymes have gained importance in the biofuel, 
medicine, and food industries due to their capability of hydrolyzing carbohydrate 
esters in wood polymers, and synthesizing high added value molecules through 
esterification and transesterification reactions (Udatha et  al. 2012; Crepin et  al. 
2003).

An enzyme that hydrolyzes ester linkages of ferulic acid from starch-free wheat 
bran and from a soluble ferulic acid-sugar ester, isolated from wheat bran, was first 
reported as a component of the cellulolytic and xylanolytic systems of Schizophyllum 
commune (Mackenzie and Bilous 1988). Since the 1990s, a broad range of FAEs 
have been purified and characterized from a wide range of microorganisms, includ-
ing bacteria and fungi. Many enzymes from the genera Aspergillus, Clostridium, 
and Penicillium have been studied (de Vries et al. 2002; Topakas et al. 2007; Moreira 
et al. 2011). FAEs from different microbial sources present great variations in phys-
iochemical properties, concerning to their molecular masses, pI, optimum pH and 
temperatures, and kinetic parameters (revised by Wong 2006).

FAEs are thought to be responsible for cleaving the ferulic acid bridges and 
eliminating the cross-links between polysaccharides and the lignin structure. These 
polysaccharides, which complex together with macromolecular complexes like lig-
nin and cellulose, modulate the plant cell wall material. To date, feruloyl esterases 
are also thought to be key in the enzymatic synthesis of phenolic sugar esters 
(Moreira et al. 2011; Vafiadi et al. 2006; Wong 2006). FAEs act in synergy with 
main- chain- degrading enzymes, such as β-(1,4)-endoxylanases, to increase the 
release of ferulic acid from plant cell wall (Levasseur et  al. 2006). FAEs also 
enhance the release of glucose, so a higher release of glucose was obtained when 
cellulase, xylanase, and feruloyl esterase were used in the enzyme mixture to hydro-
lyze wheat straw for bioethanol production (Tabka et al. 2006).

Feruloyl esterases occur either as a non-modular enzyme (Crepin et al. 2003), or 
they can be part of multimodular protein structures, as cellulosomes (Prates et al. 
2001; Blum et al. 2000). Moreover, some FAEs contain cellulose-binding modules 
(CBMs) (Kroon et al. 2000). The increase in the catalytic efficiency of FAEs has 
been reached by the fusion of CBM in a chimeric enzyme composed of FAE and 
endo-xylanase (Levasseur et al. 2005). As mentioned above, the carbon source has 
an important effect on the enzymes produced during microorganism cultivation. 
Wheat bran seems to be the best inducer for FAE production, and the washing of the 
wheat bran favors further enzymatic production (Braga et al. 2014).

Feruloyl esterases have been shown to be important enzymes in sugarcane 
bagasse degradation. The supplementation of a commercial enzymatic preparation 
with a crude extract from A. oryzae containing ferulic acid esterase increased by 
36% the conversion of cellulose in pretreated sugarcane bagasse (Braga et al. 2014). 
Moreover, a synergistic effect was observed in saccharification of steam-pretreated 
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sugarcane bagasse by a mixture of crude extracts from T. reesei and A. awamori, the 
latter being a promising producer of ferulic acid esterase (Gottschalk et al. 2010).  
A mixture of cellulases and xylanases was supplemented with feruloyl esterases 
AnFaeA from A. niger, TsFaeC from Talaromyces stipitatus, and NcFaeD from  
N. crassa, to compare their potential to enhance total solubilization of sugarcane 
bagasse. Only the type C feruloyl esterase (TsFaeC) was able to release p-coumaric 
acid (pCA) from the natural substrate. However, no increment in the release of glu-
cose was observed, which could also indicate that, despite phenolic acid substitu-
tion, TrCel7B and TmXyn10A were capable of fragmenting xylans that may limit 
access to cellulose microfibrils. A moderate improvement in xylose release could be 
observed, especially by TsFaeC, which indicates that solubilization of hydroxycin-
namoyl groups from xylan or xylooligosaccharides enhanced saccharification of 
xylan to xylose monomers. The effect of feruloyl esterases was less clear. The three 
feruloyl esterases, types A, C, and D (see below the definitions for each type), had 
distinct product profiles on non-pretreated sugarcane bagasse substrate, indicating 
that bagasse could function as a possible natural substrate for FAE activity measure-
ments (Varnai et al. 2014).

6.4.1.1  Classification of FAEs

Feruloyl esterases are currently classified as carbohydrate esterases (CE) of the fam-
ily 1, based on their amino acid sequence (Henrissat 1991; CAZy 2015). In order to 
provide a more elaborated classification, FAEs have been grouped according to 
alignments of sequences or domains. The outcome of this genetic comparison has 
supported substrate specificity data and allowed feruloyl esterases to be subclassi-
fied into four types (A–D) based on similarities in esterase activity profiles against 
synthetic methyl esters. The intra- and intergroup protein sequence identities of the 
enzymes indicate an evolutionary relationship between feruloyl esterases, acetyl 
xylan esterases, and certain lipases (Crepin et al. 2004; Wong 2006). Each feruloyl 
esterase has its own specificity concerning the release of specific cinnamic acids 
(Benoit et al. 2006).

Type A feruloyl esterases tend to be induced during growth on cereal-derived 
substrates and show a preference for the phenolic moiety of the substrate that con-
tains methoxy substitutions, especially at carbon(s) 3 and/or 5, as occurs in ferulic 
and sinapic acids (Crepin et al. 2004). These FAEs have sequences related to those 
of lipases and can hydrolyze synthetic ferulate dehydrodimers. Examples of this 
group of enzymes include A. niger FAE-A (AnFaeA) (Wong 2006). Type B feruloyl 
esterases are preferentially secreted during growth on sugar beet pulp and release 
ferulic acid ester linked to either C-2 of feruloylated arabinose or C-6 of feruloylated 
galactose residues (Kroon and Williamson 1996). However, they are unable to 
release the dimeric forms of ferulate. The type B feruloyl esterases show a prefer-
ence for the phenolic moiety of the substrate that contains one or two hydroxyl 
substitutions, as found in p-coumaric and caffeic acids, respectively (Crepin et al. 
2004). These enzymes show sequence similarities to carboxylic esterase family  
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1—acetyl xylan esterase. P. funiculosum FAE-B (Wong 2006) and N. crassa FAE-I 
belong to this group (Crepin et al. 2003). Regarding specificity against synthetic 
substrates, both types of feruloyl esterases are active against methyl ferulate and 
methyl p-coumarate. Only type A is active against methyl sinapate and only type B 
is active against methyl caffeate. Type A feruloyl esterase appears to prefer hydro-
phobic substrates with bulky substituents on the benzene ring (Crepin et al. 2004; 
Wong 2006). A third type and fourth type of feruloyl esterase with broad specificity 
against synthetic hydroxycinnamic acids were also reported, denominated types C 
and D. They both hydrolyze the four methyl esters of hydroxycinnamic acids which 
are generally used as model substrates (methyl ferulate, methyl sinapinate, and 
methyl p-coumarate and methyl caffeate) but not diferulic compounds (Benoit et al. 
2006; Wong 2006). Types C and D show sequence similarities to chlorogenate ester-
ase and xylanase, respectively. However, only type D feruloyl esterases are able to 
hydrolyze dimers. Type C includes A. niger FAE-B (AnFaeB) and Talaromyces 
stipitatus FAE-C, while type D enzymes include Piromyces equi EstA and 
Celluvibrio japonicus esterase D (Wong 2006).

6.4.1.2  Catalytic Mechanism of FAEs

FAEs possess a common characteristic feature of the Ser-His-Asp catalytic triad 
mechanism (Fig. 6.2). Some variations in amino acid sequences forming surface 
loops and additional domains allow them to accommodate different aromatic sub-
strates. In this case, serine acts as a nucleophile, histidine as the general acid–base, 
and the aspartic acid helps to orient the histidine residue and further neutralize  
the charge that forms on histidine during the catalytic process. Therefore, the 

Fig. 6.2 The general mechanism of feruloyl esterase action. The reaction is processed in two 
steps: in the first one, an acyl intermediate is linked to the serine residue, while the portion of the 
molecule containing the radical R1 is released. In the second step, a hydrolysis reaction is respon-
sible for the second moiety release. Considering that the molecule in the figure is a feruloylated 
arabinosyl residue, the first and second products would be an arabinose molecule (harboring radi-
cal R1) and ferulic acid, respectively
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protonation states or the net charge of aspartic acid and histidine residues are very 
important for maintaining the activity of FAEs (Udatha et  al. 2012; Ekici et  al. 
2008).

The crystal structures of FAEs from A. niger show that these enzymes have a 
common α/β hydrolase fold and a catalytic triad Ser-His-Asp also common in 
lipases (Hermoso et al. 2004; McAuley et al. 2004; Faulds et al. 2005). A ferulate 
esterase domain, which is a component of a multimodular xylanase, called Xyn10B 
from C. thermocellum, also displays the α/β hydrolase fold and a catalytic triad Ser-
His-Asp (Prates et al. 2001). The same catalytic triad was observed for an FAE from 
A. oryzae (Zeng et al. 2014).

6.4.2   Arabinofuranosidases

As mentioned before, arabinoxylan is the most abundant hemicellulose in annual 
plants such as sugarcane bagasse, with a backbone of β-(1,4)linked xylosyl residues 
substituted with arabinose (Xu et al. 2005). The α-l-arabinofuranosyl (α-l-Araf) 
residues are part of many plant cell wall polysaccharides, including arabinoxylan, 
and the pectic polysaccharides arabinogalactan and arabinan (Kim 2008). α-l-
Arabinofuranosidases (α-l-AFases, EC 3.2.1.55) are accessory enzymes that cleave 
α-l-arabinofuranosidic linkages at the nonreducing ends of arabinose-containing 
polysaccharides and play a key role in the biodegradation of hemicellulose (Saha 
2000). They catalyze the hydrolysis of terminal α-l-1,2-, α-l-1,3-, and α-l-1,5-
arabinofuranosyl residues, but also residues from hemicellulosic and pectic poly-
saccharides (branched arabinans, debranched arabinans) and heteropolysaccharides 
(arabinogalactans, arabinoxylans, arabinoxyloglucans, glucuronoarabiloxylans, 
etc.). They act synergistically with other hemicellulases and pectic enzymes for the 
complete hydrolysis of hemicelluloses and pectins (Rye and Withers 2000; Shallom 
et al. 2002; Saha 2000; Shofiqur Rahman et al. 2003; Moreira et al. 2011). α-l-
AFases perform the hydrolysis of α-glycosidic bonds in a highly accelerated rate 
(by more than 107-fold), making them one of the most efficient catalysts known 
(Shallom et al. 2002).

A broad range of α-l-AFases have been purified, and great diversity in the physi-
cochemical properties, such as pH, temperature, thermostability, and molecular 
mass, was noted among the enzymes from plant, fungal, and bacterial sources. 
Microbial α-l-AFases exhibit a diversity of pH and temperature activities, and pres-
ent monomeric or dimeric form (Revised by Saha 2000). Arabinose, a competitive 
inhibitor (Ki 16.4 mM) of Ara II, purified from P. capsulatum, had no effect on Ara 
I (purified from the same fungus) activity at concentrations of up to 40 mM (Filho 
et al. 1996). Arabinose also acted as a noncompetitive inhibitor with Ki of 38.4 mM 
over an arabinofuranosidase (Abfa) from Aureobasidium pullulans (de Wet et al. 
2008). Moreover, α-l- AFases possessing β-xylosidase activity or xylanases  
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with α-l-arabinofuranosidase activity have also been described (Mai et al. 2000; 
Tateishi et al. 2014; de Wet et al. 2008). The relaxed specificity observed in these 
bifunctional enzymes is attributed to the structural features of catalytic sites, which 
allows the accommodation of different substrates (Lee et  al. 2003). α-l-AFases 
have been classified into seven different GH families, namely GH2, GH3, GH43, 
GH51, GH54, GH62, and GH93 (CAZy 2015; Henrissat and Bairoch 1993).

As well as feruloyl esterases, α-arabinofuranosidases are essential enzymes for 
the complete deconstruction of sugarcane bagasse. The addition of α-l- Araf and 
pectinase to a cellulase cocktail from T. harzianum was responsible for an increase 
of 116% in the total reducing sugar released during pretreated sugarcane bagasse 
hydrolysis (Delabona et al. 2013). A synergistic effect of a xylanase (XynC) and an 
α-arabinofuranosidase (AbfB) was observed in the production of xylooligosaccha-
rides after hydrolysis of pretreated sugarcane bagasse. These results suggest that  
the synergistic improvement of xylooligosaccharide production is correlated by  
the action of AbfB on xylooligosaccharides having an arabinofuranose residue 
(Gonçalves et  al. 2012). The efficiency of recombinant α-arabinofuranosidases, 
endo-xylanases, and β-xylosidases for sugarcane hydrolysis in several combina-
tions of these enzymes were also evaluated, and it was found that synergic action of 
α-arabinofuranosidases and endo-xylanases led to the production of higher amounts 
of xylose liberated from xylan backbone. This indicates the importance of the action 
of removal of lateral arabinofuranosyl residues to allow access of endo-xylanase to 
xylose main chain (Goldbeck et al. 2014).

6.4.2.1  Catalytic Mechanism of AFses

Arabinofuranosidases belonging to GH43 and GH62 families possess conserved 
catalytic residues of Asp-Asp-Glu. An α-arabinofuranosidase, ScAraf62A from 
Streptomyces coelicolor has the catalytic triad Asp202-Asp309-Glu361, and no 
enzyme activities were observed for the mutants Asp202 and Glu361 (Maehara 
et al. 2014). It was predicted that Asp and Glu behave as a general base and acid 
catalytic residues, respectively (Shallom et al. 2005).

It was predicted that an α-l-AFase belonging to the GH 51 family, isolated from 
Geobacillus stearothermophilus T-6 hydrolyzes glycosidic bonds using a two-step 
double-displacement mechanism or the retaining mechanism. In the glycosylation 
step of the reaction, the acid–base residues act as a general acid by protonation of 
the glycosidic oxygen and stabilizing the leaving group. In turn, the nucleophilic 
residue attacks the anomeric center of the scissile bond, forming a covalent glyco-
syl-enzyme intermediate. During the deglycosylation, the acid–base residue acts as 
a general base and activates a water molecule that attacks the anomeric center of the 
glycosyl–enzyme intermediate, liberating the free sugar with an overall retention of 
the anomeric configuration (Fig. 6.3). Both steps involve the formation of an oxo-
carbenium ion-like transition state (Shallom et al. 2002).
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6.5  Conclusion and Perspectives

Bagasse is an important residue generated during sugarcane processing, and its 
accumulation is a source of many environmental problems. However, its utilization 
as a feedstock for second-generation bioethanol production depends on efficient 
enzyme cocktails containing accessory enzymes in addition to main-chain cleaving 
enzymes.

For sugarcane bagasse, the synergic contribution of ferulic acid esterases and 
arabinofuranosidase seems to have great importance for the efficient degradation of 
the biomass. If added to enzymatic cocktails, they may allow the use of reduced 
protein loads, so reaching a more efficient biomass hydrolysis along with low costs.

Filamentous fungi are promising organisms for the production of broad-spec-
trum hydrolytic enzymes. The characterization of the transcriptome of diverse lig-
nocellulolytic fungi is an important approach for the identification of novel genes 
involved in the regulation and expression of these enzymes.

As gene expression changes as a result of DNA methylation, chromatin remodel-
ing and RNA interference have also recently been observed in filamentous fungi 
(Aghcheh and Kubicek 2015); potential also exists in certain epigenetic mecha-
nisms for fungal strain improvement for biotechnological applications. Similarly, 
events following transcription and translation have yet to be well characterized in 
lignocellulolytic fungi, with current proteomic approaches applicable for high-res-
olution elucidation of biomass degradation mechanisms (Borin et al. 2015).

Increased knowledge of genes, regulation processes, and overall hydrolytic 
mechanisms present in fungi that are involved in the degradation of organic residues 
such as sugarcane bagasse will contribute to the second-generation bioethanol 
industry through the identification and development of improved strains capable of 
hydrolyzing plant biomass to simple fermentable sugars. Increased enzymatic effi-
ciencies and improved hydrolytic enzyme cocktail development will contribute to 
reducing cellulosic bioethanol production costs, given that a main bottleneck in the 
production process is the recalcitrance of the plant cell wall.

Fig. 6.3 The reaction mechanism of α-l-arabinofuranosidases. Glutamic and aspartic acids act as 
acid and base in the hydrolysis mechanism. α-l-Arabinofuranosidases may release an arabinofu-
ranosyl residue with both inverted and conserved positions of the anomeric carbon. R represents 
the group to which the arabinofuranosyl residue is associated
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Chapter 7
Applied Metagenomics for Biofuel 
Development and Environmental 
Sustainability

Antônio Djalma Nunes Ferraz Júnior, André Ricardo L. Damásio, 
Douglas Antonio Alvaredo Paixão, Thabata Maria Alvarez, 
and Fabio Marcio Squina

Abstract Traditional ethanol from sugarcane, also known as first generation ethanol 
(1G), is one of the greatest technological achievements in the modern history of 
Brazil. Second-generation bioethanol (2G) from sugarcane bagasse is considered a 
rational and sustainable alternative to the expansion of the sugarcane industry. 
However, 2G technology is not yet as robust as 1G ethanol. In this chapter, metage-
nomics approaches are contextualized within the bioethanol production chain. A com-
prehensive description is presented on novel carbohydrate-active enzymes (CAZymes) 
discovered from uncultivated microorganisms with potential utilization in biomass 
conversion strategies. In addition, this chapter also focuses on the potential of the 
development of microbial communities to convert residual streams derived from 
ethanol into valuable products such as biogas and biofertilizer. Finally, a case study is 
presented that describes the application of large-scale sequencing to assess microbial 
communities from anaerobic reactors involved in hydrogen production.
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7.1  Introduction

The issues associated with the use of fossil fuels observed in the last decades have 
resulted in the development of alternative sources to meet the increasing demand for 
energy, especially in the automotive sector. The biofuel industry and especially 
ethanol production can be highlighted among these alternative sources.

Traditional ethanol from sugarcane, also known as first generation ethanol 
(1G), is one of the greatest technological achievements in the modern history of 
Brazil (De Souza et al. 2014). The innovation started in 1975 with the Pro-Alcohol 
Program, which was responsible for reducing the country’s dependence on fossil 
fuels (Goldemberg et  al. 2004). Along the years, several factors influenced the 
development of ethanol industry, such as political transition and economic insta-
bility. However, in the early 2000s, the development of flex fuel vehicles and the 
rise of oil prices renewed the interest for the use of ethanol as a biofuel (Nass et al. 
2007).

At the end of the 2013/2014 Brazilian sugarcane harvesting season, approxi-
mately 27 billion liters of ethanol was produced. According to estimates of the 
Brazilian development bank (BNDES), the accumulated deficit of ethanol supply in 
the period of 2011–2015 is 32.4 billion liters. Thus, it is necessary to maximize the 
production of biofuels in the coming years (Milanez et al. 2012).

Cellulosic ethanol, or the second generation of ethanol production (2G ethanol), 
is seen as an alternative to the segment expansion that can facilitate increased total 
ethanol production by up to 50% (Raízen 2015). The source of 2G ethanol is mainly 
the sugarcane milling bagasse generated from 1G ethanol production, indicating 
no need to expand the planted area and, thus, eliminating competition with the agri-
cultural production of food. Furthermore, the technology of 2G ethanol may be 
designed to allow full integration with the existing structure in the plants, thus opti-
mizing the installation and operating costs (Fig. 7.1).

The 2G ethanol is now a reality in Brazil. In 2014, the first two industrial plants 
for 2G ethanol production in full scale started its operation in the country (GranBio 
2015; Raízen 2015). However, 2G ethanol technology is not as robust as 1G ethanol 
and must be improved in two specific and crucial steps: pretreatment and hydrolysis 
of the lignocellulosic material (see also Chaps. 5 and 6). In addition, there is a clear 
demand for the development of sustainable processes focusing on the conversion of 
residual streams from ethanol production into valuable products.

In this chapter, we highlight how metagenomics can be inserted within the con-
text of an integrated biorefinery (1G2G) based on sugarcane (Fig. 7.1), to boost 
bioethanol competitiveness against fossil fuels. In this sense, firstly, we are going to 
provide an overview of metagenomics and the main landmark achievements (Sect. 7.2), 
followed by the focus on the application of metagenomics for improvement of enzy-
matic hydrolysis step through the identification of novel enzymes and biocatalysts 
(Sect. 7.3) and on the advances of applied engineering research promoted by 
metagenomics (Sect. 7.4), which are outlined in a case study (Sect. 7.4.1).

A.D.N. Ferraz Júnior et al.
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7.2  Brief Overview of Metagenomics Approaches

The term “metagenome” was created by Handelsman and colleagues and is used to 
describe the collection of genomic DNA extracted from a microbial community 
(Handelsman et al. 1998).

During the development of microbiology, evidence accumulated supporting the 
idea that cultured microorganisms did not fully represent the microbial world 
(Handelsman 2004). In 1985, Staley and Konopka used the term “great plate count 
anomaly” to refer to the inequality observed when comparing the number of cells 
counted by dilution plating with the number of cells directly visualized by micros-
copy (Staley and Konopka 1985; Amann et al. 1995; Handelsman 2004). The expla-
nation for this was related to the fact that most of the cells counted by the microscope 
were not able to form visible colonies, mainly because of the restricted cultivation 
conditions applied or because some microorganisms can display a nonculturable 
state (Amann et al. 1995).

The direct analysis of small subunit ribosomal RNAs enabled a description of 
microbial diversity that bypassed the need for cultivation. Initially, these studies 
relied on the direct isolation of 5S rRNA by high resolution gel electrophoresis or 
by shotgun cloning of 16S rRNA followed by sequencing analysis (Pace et  al. 
1986). An important advancement in this area was the development of PCR 
(Polymerase Chain Reaction) technology (Saiki et al. 1988) along with the selective 
amplification of ribosomal RNAs coding sequences, confirming that uncultured 
microorganisms represent the majority of microbial diversity present in environ-
mental samples (Amann et al. 1995; Handelsman 2004). It is estimated that cultur-
able bacteria can represent from 0.001 to 0.3% of the total cell counts, depending on 
the type of environment (Amann et al. 1995).

One of the most important steps common to all metagenomic studies is the choice 
of an appropriate protocol for metagenomic DNA extraction because it will deter-
mine the purity and integrity of the metagenomic DNA. The extraction methods are 
divided into two types: direct and indirect. The direct methods were first reported by 
Ogram et al. (1987) and, in general, consist of performing the cell lysis in situ fol-
lowed by removal and purification of metagenomic DNA. In contrast, the indirect 
methods, first described by Holben et al. (1988), require the separation of microbial 
cells prior to the lysis step (Bertrand et al. 2005; Daniel 2005). By comparing the 
application of both methods in the extraction of metagenomic DNA from a variety of 
samples, it was observed that direct methods are generally related to the greatest 
DNA yield, while indirect methods resulted in DNA samples of higher purity (Steffan 
et al. 1988; Leff et al. 1995; Gabor et al. 2003).

After obtaining metagenomic DNA with the intent to study the taxonomic com-
position of a given sample or for the identification of metabolic pathways and genes 
of interest, two main approaches are conducted: functional- and sequence-driven 
approaches.
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7.2.1   Functional Metagenomic Approaches

Function-driven approaches require the fragmentation and cloning of metagenomic 
DNA into vectors such as plasmids, fosmids, and cosmids and transformation of a 
host cell, generating the so-called metagenomic library, followed by the screening 
of those clones that are able to express a desirable metabolic function (Schloss and 
Handelsman 2003). The main advantage of this approach is the possibility of find-
ing completely new genes. On the other hand, an important disadvantage is that a 
large number of clones must be analyzed to find a positive match, because the tech-
nique depends on the compatibility between the cloned gene and the expression 
system from the host cell. Furthermore, in most cases, the secretion of gene prod-
ucts into the extracellular medium, insertion of full-length genes, start codon recog-
nition by the host strain, and post-translational modifications must be considered 
(Handelsman 2004; Li et al. 2009). In addition, specific natural conditions of the 
target microbial community, including low population density, can also be a limit-
ing factor to access the genetic material of these species. Several studies have shown 
that the number of clones screened in a metagenomic library can reach 37,000 or 
more (Rees et al. 2003; Grant et al. 2004; Feng et al. 2007).

The low frequency of positive clones found in metagenomic DNA libraries has 
been a recurring problem for researchers screening genes based on function- driven 
approaches. Several strategies for targeting gene enrichment have been successfully 
suggested as an alternative to provide a larger number of positive clones in a metage-
nomic DNA library (Entcheva et al. 2001; Knietsch et al. 2003; Gabor et al. 2004; 
Grant et al. 2004; Daniel 2005).

The development of targeted microbial enrichment protocols could be one way 
to modulate the abundance of microorganisms that are at relatively low frequency, 
as well to provide increased number of genes and pathways for a certain scientific 
application (Brenner et al. 2008; Pandhal and Noirel 2014).

New approaches to obtain microbial enrichment have shown great potential for 
biotechnological applications. Basically, these enrichments are defined as a mix of 
species from microbial communities, bacteria and fungi, which, in synergy, can 
perform specific metabolic functions that represent a challenge for single microbial 
strains (Brenner et  al. 2008). Selective pressure on the microbial communities 
through nutritional conditions such as the carbon and nitrogen source and even 
physical conditions such as temperature allow the selection of metabolically spe-
cialized communities. Gabor et al. (2004) showed that metagenomic DNA libraries 
from enriched microbial communities grown in several sources of nitrogen had bet-
ter performance to prospect amidases genes when compared with nonenrichment 
DNA libraries. This strategy results not only in a reduction of costs but also in time 
spent to screen metagenomic DNA libraries. In this context, highly selective micro-
bial communities, as described above, can be potential genetic sources for explora-
tion and discovery of new plant cell wall converting enzymes.
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7.2.2   Sequence-Driven Metagenomic Approaches

In general, sequence-driven approaches involve the use of PCR primers and hybrid-
ization probes with designs based on conserved regions of known genes to amplify 
or identify genes of interest directly in metagenomic DNA or metagenomic libraries 
(Schloss and Handelsman 2003; Simon and Daniel 2011). The main drawback is 
that this approach discloses genes that are related to already-known protein families 
available in public databases (Daniel 2005; Simon and Daniel 2011).

Among sequence-driven approaches, the application of high-throughput sequenc-
ing of genetic material derived from environmental samples has become a wide-
spread practice. A landmark paper was published in 2004 by Tyson that applied 
large-scale shotgun sequencing of DNA samples extracted from a low complexity 
microbial community from a natural acidophilic biofilm. In this case, shotgun 
sequencing resulted in 76.2 Mbp (mega base pairs), which enabled the almost com-
plete reconstruction of two genomes (Leptospirillum group II and Ferroplasma 
type II) and partial reconstruction of another three. Moreover, it provided informa-
tion regarding the establishment of relationships of the metabolic pathways among 
the predominant species identified and also related to the mechanisms applied for 
carbon and nitrogen fixation and energy generation (Tyson et al. 2004).

Another important paper in this area was also published in 2004, by Venter, 
which described the application of whole-genome shotgun sequencing for the study 
of microbial populations from seawater samples collected from the Sargasso Sea. 
In total, more than 1.6 Gbp (giga base pairs) were generated from this work, helping 
to shed light on the microbial diversity of this particular marine environment, result-
ing in the identification of 148 previously unknown phylotypes (97% sequence 
similarity cutoff) and the prediction of more than one million genes related to a 
variety of metabolic pathways such as amino acid biosynthesis, energy metabolism, 
and protein synthesis (Venter et al. 2004).

In 2005, Tringe and coworkers performed a comprehensive analysis to investi-
gate the usefulness of whole-genome shotgun sequencing in the case of complex 
microbial communities from agricultural soil and deep sea whale skeletons, despite 
the low assembly rate due to the intrinsic heterogeneity of the sequences generated. 
One of the major contributions of this work was to show that, even with the unas-
sembled data, it was possible to observe predicted genes that act as specific finger-
prints for a particular habitat using a gene-centric approach. Additionally, a 
correlation was suggested to exist between the metabolic challenges imposed by 
different habitats and the composition of predicted genes from different microbial 
communities (Tringe et al. 2005; Tringe and Rubin 2005).

The three papers cited above applied the so-called first generation automated 
sequencing technologies that were based on Sanger’s sequencing method (Sanger 
et al. 1977). Although “First Generation Sequencing Technologies” enabled impor-
tant achievements, including the sequencing of human genome, the demand for 
cheaper technologies with higher throughputs in a reduced period of time stimu-
lated the development of Next Generation Sequencing Technologies (NGS) (Grada 
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and Weinbrecht 2013; Barba et al. 2014). A variety of sequencing platforms that 
apply different biochemistry principles falls in the NGS category, such as 454 pyro-
sequencing from Roche, Solexa GA from Illumina, SOLiD from Applied 
Biosystems, and Heliscope from Helicos (MacLean et al. 2009). The common fea-
tures among NGS technologies are related to the massive parallel sequencing 
throughput and the ability to circumvent traditional techniques required for sample 
preparation in Sanger’s sequencing such as vector-based cloning, since library prep-
aration for NGS involves basic DNA fragmentation and ligation to specific adaptor 
sequences (Mardis 2008). In addition to these advantages, NGS enabled a dramatic 
drop in sequencing cost, although it requires considerable investments for the estab-
lishment and maintenance of sequencing facilities (El-Metwally et al. 2014). For 
many years, the main drawback of NGS was related to the length of sequence reads, 
which used to be substantially smaller in comparison to Sanger’s reads (Dröge and 
McHardy 2012; Mardis 2008). However, several technological developments have 
been made to increase the read length, such as Illumina HiSeq 2500 that produces 
reads of up to 250 bp (base pairs) paired-end, GS FLX Titanium XL+ with reads of 
700 bp, and Pacific Biosciences RSII that is able to generate at least half of the reads 
higher than 10 kbp (kilo base pairs) (Buermans and den Dunnen 2014).

In comparison to traditional approaches, the application of next-generation 
sequencing to metagenomics studies has significantly increased the sampling depth 
(Simon and Daniel 2011). In 2011, Hess et al. performed a deep study about the 
microbial community and genes involved in biomass degradation in cow rumen by 
sequencing the metagenomic DNA extracted from the microorganisms adherent to 
plant fibers present in nylon bags that were incubated directly in the rumen. In an 
attempt to facilitate genome assembly, libraries of 200 bp, 3 kbp, and 5 kbp were 
sequenced on Illumina GAIIx, and a library of an average insert size of 300 bp was 
sequenced on Illumina HiSeq2000, generating in total 268 Gbp of sequence data. 
After assembly and prediction of open reading frames, 27,755 candidate genes 
exhibiting significant homology to functional domains of catalytic domains or 
carbohydrate- binding modules from carbohydrate-active enzymes were identified. 
By comparing the amino acid sequences from this total number of candidate genes 
against the NCBI-nr (NCBI nonredundant) database, it was possible to observe that 
the majority of these genes displayed less than 75% sequence identity to deposited 
genes, while the comparison with NCBI-env (environmental DNA) indicated that 
most of these genes have not been identified by previous works (Hess et al. 2011).

Also in 2011, Mackelprang and coworkers described the use of the Illumina 
GAII platform for the sequencing of metagenomic DNA extracted from frozen 
permafrost soil cores and their active layers before and during induced thaw, to 
evaluate the shifts in the microbial community and in their functional profiles, 
along with their relation to methane emissions. In total, 39.8 Gbp of raw sequence 
were generated, which enabled the reconstruction of the draft genome for new 
methanogen bacteria. In addition, metagenomic data provided insights about the 
cycling of carbon and nitrogen in permafrost soil samples exposed to thaw 
(Mackelprang et al. 2011).
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In 2012, van der Lelie described a combination of Sanger sequencing and 454 
pyrosequencing for the characterization of a microbial consortium involved in the 
conversion of poplar wood chips under anaerobic conditions. As a result, 675 Mbp 
sequencing data were generated and, after quality filter and exclusion of nonredun-
dant reads, 44,600 contigs were generated in addition to the 1.24 M singletons. The 
analysis of these data enabled the identification of candidate genes with homology 
to a wide variety of carbohydrate-active enzymes (Lombard et al. 2014) and also to 
some fungal oxidase families (according to the FOLy database, Levasseur et  al. 
2008), shedding light on the mechanism of conversion of poplar hardwood in this 
enriched microbial community (van der Lelie et al. 2012).

A recent paper published by Mhuantong et al. (2015) described the construction 
and pyrosequencing of a fosmid library of DNA extracted from a microbial com-
munity naturally growing on sugarcane bagasse. As a result, 726,980 filtered reads 
were assembled into 17,829 contigs (average length of 1.84 kbp) and 185,543 non-
redundant singletons (average length of 589 bp). The analysis of the data enabled 
the characterization of the taxonomic profile of the microbial community and the 
evaluation of genetic information related to genes coding for proteins involved in 
plant biomass conversion. Additionally, it was shown that the content of unique 
genes coding for proteins involved in biomass degradation were higher and similar 
to lignocellulolytic microbial communities in comparison with nonlignocellulolytic 
communities (Mhuantong et al. 2015).

In parallel with the advances in metagenomics approaches, new strategies are 
being developed for the culture and isolation of organisms from the so-called uncul-
tured world. This is because the isolation of completely novel organisms and their 
genomes are able to provide a full picture of the metabolic pathways of novel organ-
isms and, subsequently, result in novel enzymes and metabolites of interest. In this 
context, one example can be found in the paper published by Ling et al. (2015), 
which described the identification of a novel antibiotic termed “teixobactin” pro-
duced by a bacterium that was primarily grown in soil, which is its natural environ-
ment (Ling et al. 2015). Using the iChip technology (Nichols et al. 2010), individual 
colonies were screened for antibiotic activity followed by genome sequencing. As a 
result, the novel species temporarily named Eleftheria terrae was identified as being 
able to produce the new antibiotic teixobactin (Ling et al. 2015).

7.3  The Application of Metagenomics on Enzymatic 
Hydrolysis Processes

The enzymatic hydrolysis process has been considered advantageous due to its 
moderate reaction conditions, higher efficiency, the absence of substrate chemical 
modifications, and the absence of inhibitory compound release (Adsul et al. 2011). 
However, the enzymatic process is a sensitive process that requires the careful bal-
ancing of many variables such as (1) enzyme loading, (2) hydrolysis time, (3) solid 
content, and (4) enzyme cost. An optimal balancing of these four variables will be 
reflected in the cost and the yield of 2G ethanol.
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Focusing on the enzymes that act on plant biomass conversion, the classes known 
to present significant importance in 2G ethanol production are as follows: glycoside 
hydrolases, polysaccharide lyases, carbohydrate esterases, lignin oxidases, and 
lignin- degrading auxiliary enzymes (Sweeney and Xu 2012). Nevertheless, a com-
plete set of enzymes remains unknown (Himmel et  al. 2007). In this sense, the 
application of metagenomic approaches may contribute to the discovery of 
carbohydrate- active enzymes (CAZymes) (Lombard et al. 2014).

First, before the description of metagenomic enzymes it is important to consider 
the structural characteristics of lignocellulosic plant biomass and the canonical view 
of the enzymatic activities involved in its degradation (see also Chaps. 2 and 3). For 
instance, sugarcane bagasse is mainly composed of cellulose (43%), hemicellulose 
(24%), and lignin (22%) (Khademi et al. 2002). Cellulose consists of d-glucose units 
linked by beta-1,4 glycosidic bonds, in a way that each glucose unit is positioned in a 
rotation of 180° from its adjacent molecule, resulting in long linear chains containing 
2000–25,000 glucose residues (Segato et al. 2014). Each cellulose molecule is tightly 
bound to other molecules by multiple hydrogen bonds producing insoluble, rigid, and 
crystalline microfibrils (Carpita and McCann 2000, see Chap. 3). These cellulose 
fibers are prevented from collapsing into each other by hemicelluloses.

The canonical view of cellulose degradation requires at least three types of cel-
lulases: cellobiohydrolases (CBHs), which attack the nonreducing or reducing ends 
of a cellulose chain producing cellobiose; endoglucanases, which cleave the internal 
linkages of cellulose molecules producing cellooligosaccharides; and β-glucosidases, 
which cleave cellobiose, or short cellooligosaccharides, into two free glucose mol-
ecules (Berghem et al. 1976, see Chap. 5). Recently, oxidative enzymes have been 
described as “enhancers” of cellulose enzymatic degradation, boosting the biomass 
conversion yield. This new class of enzymes includes the lytic polysaccharide 
monooxygenases (LPMOs) (Levasseur et al. 2013).

Hemicellulose is the second major polysaccharide fraction, and it is a complex 
component defined as polymers extractable by alkaline solutions. The hemicellu-
lose fractions are named based on the main sugar in the polysaccharide backbone, 
such as xylan (xylose), arabinoxylan (xylose + arabinose), mannan (mannose), and 
xyloglucan (xylose + glucose) (Du Toit et al. 1984). The structural complexity of 
hemicellulose is directly related to the number of enzymes required for its complete 
degradation (De Souza et  al. 2013, see Chap. 2). A detailed description of the 
enzymes involved in hemicellulose degradation can be found in a recent review 
(Segato et al. 2014, see also Chaps. 5 and 6).

The Carbohydrate-Active Enzymes database (Lombard et  al. 2014) (CAZy; 
http://www.cazy.org) describes the families of structurally related catalytic and 
carbohydrate- binding modules of enzymes that degrade, modify, or create glyco-
sidic bonds. A classification of glycoside hydrolases based on amino acid sequence 
similarities was published in 1991. A total of 291 sequences corresponding to 39 
EC (Enzyme Commission) numbers were classified into 35 families (Henrissat 
1991). The database, launched in 1999, has been continually updated; currently, 
the expansion of the enzymatic repertoire of the CAZy database has described 135 
families of glycoside hydrolases (GH), 110 families of glycosyl transferases (GT), 
24 families of polysaccharide lyases (PL), 16 families of carbohydrate esterases 

7 Applied Metagenomics for Biofuel Development and Environmental Sustainability

http://dx.doi.org/10.1007/978-3-319-49826-3_2
http://dx.doi.org/10.1007/978-3-319-49826-3_3
http://dx.doi.org/10.1007/978-3-319-49826-3_3
http://dx.doi.org/10.1007/978-3-319-49826-3_5
http://dx.doi.org/10.1007/978-3-319-49826-3_2
http://dx.doi.org/10.1007/978-3-319-49826-3_5
http://dx.doi.org/10.1007/978-3-319-49826-3_6
http://www.cazy.org


116

Ta
bl

e 
7.

1 
C

A
Z

ym
es

 is
ol

at
ed

 f
ro

m
 m

et
ag

en
om

es

Pr
ed

ic
te

d 
fu

nc
tio

n
C

A
Z

y 
fa

m
ily

E
nv

ir
on

m
en

t
Sc

re
en

in
g

E
nz

ym
at

ic
 p

ro
pe

rt
ie

s

Su
bs

tr
at

e
R

ef
er

en
ce

M
W

 
(k

D
a)

pH
T

 (
°C

)

X
yl

an
as

e
G

H
8

A
du

lt 
le

pi
do

pt
er

an
Fu

nc
tio

na
l

–
5.

0
–

A
zo

-x
yl

an
B

re
nn

an
 e

t a
l. 

(2
00

4)

X
yl

an
as

e
G

H
11

A
du

lt 
is

op
te

ra
n

Fu
nc

tio
na

l
–

6.
0

–
A

zo
-x

yl
an

B
re

nn
an

 e
t a

l. 
(2

00
4)

A
m

yl
as

e
–

So
il 

sa
m

pl
e

Fu
nc

tio
na

l
58

.0
9.

0
42

.0
So

lu
bl

e 
st

ar
ch

Y
un

 e
t a

l. 
(2

00
4)

E
nd

o-
1,

4-
be

ta
-x

yl
an

as
e

G
H

8
W

as
te

 la
go

on
Fu

nc
tio

na
l

45
.9

6.
0-

7.
0

20
.0

B
ee

ch
 w

oo
d 

xy
la

n
L

ee
 e

t a
l. 

(2
00

6)
E

st
er

as
e 

(E
st

A
3)

–
D

ri
nk

in
g 

w
at

er
 

fr
om

 r
ub

be
r-

 co
at

ed
 

va
lv

es

Fu
nc

tio
na

l
42

.0
9.

0
50

.0
pN

P-
ac

yl
es

te
rs

; 
tr

ig
ly

ce
ri

de
s;

 v
in

yl
 a

ci
ds

E
le

nd
 e

t a
l. 

(2
00

6)

E
st

er
as

e 
(E

st
C

E
1)

–
So

il 
sa

m
pl

e
Fu

nc
tio

na
l

44
.0

10
.0

47
.0

pN
P-

ac
yl

es
te

rs
; 

tr
ig

ly
ce

ri
de

s;
 v

in
yl

 a
ci

ds
E

le
nd

 e
t a

l. 
(2

00
6)

C
el

lu
la

se
G

H
5

So
il 

sa
m

pl
e

Fu
nc

tio
na

l
42

.1
6.

5
45

C
M

C
V

og
et

 e
t a

l. 
(2

00
6)

E
nd

o-
1,

4-
be

ta
-x

yl
an

as
e

G
H

10
So

il 
sa

m
pl

e
Fu

nc
tio

na
l

39
.0

7.
8

40
.0

B
ir

ch
 w

oo
d 

xy
la

n
H

u 
et

 a
l. 

(2
00

8)
E

nd
o-

1,
4-

be
ta

-g
lu

ca
na

se
G

H
5

B
uf

fa
lo

 r
um

en
Fu

nc
tio

na
l

62
.0

4.
5

45
.0

C
M

C
D

ua
n 

et
 a

l. 
(2

00
9)

E
nd

o-
1,

4-
be

ta
-g

lu
ca

na
se

G
H

5
A

nt
ar

ct
ic

 s
oi

l
Fu

nc
tio

na
l

39
.5

7.
0

55
.0

C
M

C
B

er
le

m
on

t e
t a

l. 
(2

00
9)

L
ac

ca
se

–
M

ar
in

e 
sa

m
pl

e
Se

qu
en

ce
- b

as
ed

47
.8

7.
5

45
.0

Sy
ri

ng
al

da
zi

ne
Fa

ng
 e

t a
l. 

(2
01

1)
Pe

ct
in

as
e

G
H

28
So

il 
sa

m
pl

e
Se

qu
en

ce
- b

as
ed

47
.9

7.
0

70
Po

ly
ga

la
ct

ur
on

ic
 a

ci
d

Si
ng

h 
et

 a
l. 

(2
01

2)
X

yl
an

as
e

G
H

10
C

om
po

st
 f

ro
m

 p
ig

 
m

an
ur

e 
an

d 
m

us
hr

oo
m

 c
ul

tu
re

 
w

as
te

Fu
nc

tio
na

l
39

.9
7.

0
40

O
at

 s
pe

lt 
xy

la
n

Je
on

g 
et

 a
l. 

(2
01

2)

A
lp

ha
-l

- 
ar

ab
in

of
ur

an
os

id
as

e
G

H
51

Fu
ng

us
-g

ro
w

in
g 

te
rm

ite
Fu

nc
tio

na
l

–
–

–
pN

P-
α-

l-
A

ra
f

B
as

tie
n 

et
 a

l. 
(2

01
3)

E
nd

o-
1,

4-
be

ta
-x

yl
an

as
e

G
H

11
C

om
po

st
-s

oi
l

Fu
nc

tio
na

l
42

.0
9.

0
80

.0
B

ir
ch

 w
oo

d 
xy

la
n

V
er

m
a 

et
 a

l. 
(2

01
3)

E
nd

o-
1,

4-
be

ta
-x

yl
an

as
e

G
H

10
Su

ga
rc

an
e 

so
il

Fu
nc

tio
na

l
40

.0
6.

0
45

.0
B

ee
ch

 w
oo

d 
xy

la
n

A
lv

ar
ez

 e
t a

l. 
(2

01
3a

)

A.D.N. Ferraz Júnior et al.



117

E
nd

o-
1,

4-
be

ta
-g

lu
ca

na
se

G
H

5
Su

ga
rc

an
e 

so
il

Fu
nc

tio
na

l
34

7.
0

50
.0

C
M

C
/b

et
a-

gl
uc

an
A

lv
ar

ez
 e

t a
l. 

(2
01

3b
)

B
et

a-
gl

uc
os

id
as

e 
(A

S-
E

sc
6)

G
H

3
W

in
te

r 
w

he
at

 s
oi

l
Fu

nc
tio

na
l

–
7.

0-
9.

0
37

.0
pN

P-
β-

d-
 

gl
uc

op
yr

an
os

id
as

e
St

ro
ob

an
ts

 e
t a

l. 
(2

01
4)

B
et

a-
gl

uc
os

id
as

e 
(A

S-
E

sc
9)

G
H

1
W

in
te

r 
w

he
at

 s
oi

l
Fu

nc
tio

na
l

–
5.

0-
7.

0
60

.0
pN

P-
β-

d-
 

gl
uc

op
yr

an
os

id
as

e
St

ro
ob

an
ts

 e
t a

l. 
(2

01
4)

E
nd

o-
β-

1,
3-

1,
4-

gl
uc

an
as

e
G

H
8

Fo
re

st
 s

oi
l

Fu
nc

tio
na

l
41

.7
6.

0
50

A
zo

-b
ar

le
y-

gl
uc

an
K

im
 e

t a
l. 

(2
01

4)

E
nd

o-
1,

4-
be

ta
-g

lu
ca

na
se

G
H

5
G

ut
 m

ic
ro

flo
ra

 o
f 

H
er

m
et

ia
 il

lu
ce

ns
Fu

nc
tio

na
l

40
.0

7.
0

50
.0

–
L

ee
 e

t a
l. 

(2
01

4)

E
nd

o-
1,

4-
be

ta
-g

lu
ca

na
se

So
il 

sa
m

pl
e

Fu
nc

tio
na

l
34

.0
5.

5
50

.0
C

M
C

X
ia

ng
 e

t a
l. 

(2
01

4)
E

nd
o-

1,
4-

be
ta

-g
lu

ca
na

se
Se

aw
ee

d 
m

ic
ro

bi
ot

a
Fu

nc
tio

na
l

–
–

–
–

M
ar

tin
 e

t a
l. 

(2
01

4)

7 Applied Metagenomics for Biofuel Development and Environmental Sustainability



118

(CE), and 13 families of auxiliary enzymes (AA) that cover redox enzymes that 
act in conjunction with GHs. Associated modules named carbohydrate-binding 
modules (CBM) are also classified into 81 families (Levasseur et  al. 2013; 
Lombard et al. 2014).

The “classical” microbiological methods for enzyme bioprospection involve 
sampling from the target environment, cultivation/isolation of microorganisms, and 
global analysis of produced enzymes and other valuable products. These methods 
are time-consuming and require a laboratory structure to continuously maintain a 
library of microorganisms. However, bioprospection approaches based on metage-
nomic methods, described in Sect. 7.2, have contributed greatly to the expansion of 
the CAZy database.

The mining of environmental metagenomes has recently resulted in the identifica-
tion of numerous new genes and corresponding putative CAZymes. Table 7.1 
summarizes several cell wall-related GHs mined by function-based and sequence- 
based metagenomic approaches and some biochemical data of these enzymes. The 
low-throughput of function-based screening of environmental DNA clone libraries 
is the main “bottleneck” of metagenomic efforts. While this approach is more reli-
able for CAZyme screening, the available methods are time-consuming and should 
be assayed using a massive and an expensive number of polymeric substrates.

On the other hand, the sequence-based metagenomic approach seems to be more 
feasible, but the discovery of complete genes from environmental samples has been 
limited by the difficult-to-reach full-length genes and the classification of these genes 
to CAZy families. Additionally, the majority of CAZy families is frequently polyspe-
cific, containing enzymes acting on different substrates or generating different prod-
ucts. For example, 20 EC numbers are classified into the family GH5, such as 
chitosanase (EC 3.2.1.132), lichenase (EC 3.2.1.73), beta-glucosidase (3.2.1.21), and 
endo-beta-1,4-xylanase (3.2.1.-). This complexity of CAZy families requires func-
tional studies to carefully address a new gene/protein into a specific family. A 
sequence-based approach allows only the identification of CAZy-conserved domains, 
but it is not possible to assign the precise function based only on databases.

New enzymes isolated from metagenomes are being applied to improve the 
enzymatic hydrolysis process. Alvarez and coworkers reported the characterization 
of a novel endoxylanase family GH10 isolated from the sugarcane soil metage-
nome (SCXyl). This GH10 was applied as a pretreatment step of phosphoric acid- 
pretreated sugarcane bagasse, before the addition of commercial cellulolytic 
cocktail, and significantly enhanced the saccharification process (Alvarez et  al. 
2013a). The GH11 xylanase from a compost-soil metagenome (rMxyl) (Verma 
et  al. 2013) is another example of an enzyme isolated from metagenomes and 
applied to biomass conversion. The rMxyl is an enzyme with alkali- and thermo-
stability that efficiently hydrolyzes wheat bran, corncobs, and sugarcane bagasse. 
Alkaline xylanases display better activity on agro-residues by decreasing the steric 
hindrance due to cellulose and increasing the level of solubility of hemicellulosic 
(Gruppen et al. 1992).

As mentioned above, a number of metagenome-derived CAZymes have been 
isolated from environmental samples and characterized. These “new” enzymes 
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Table 7.2 Contribution of metagenomic approaches to the structural biology of CAZymes

Protein name
CAZy 
family

EC 
number Organism PDB/3D

Chain A, Multicopper 
Oxidase Mglac

AA1 – Uncultured bacteria 4E9W; 4E9X; 
4E9Y

Laccase (Lac15) AAnc 1.10.3.2 Uncultured bacterium 4F7K
Carbohydrate binding protein 
(Pel10)

CBM35 – Uncultured bacterium 2W3J

vCBM60 (Cbm60) CBM60 – Uncultured bacterium 2XFD; 2XFE; 
2XHH; 2XHJ

β-Glucosidase (Bgl1) GH1 3.2.1.21 Uncultured bacterium 3CMJ, 3FIY, 
3FIZ, 3FJ0, 
4HZ6, 4HZ7, 
4HZ8

β-Glucosidase (Td2F2) GH2 3.2.1.21 Unidentified 3WH5, 3WH7, 
3WH8, 3WH6

β-Glucosidase (JMB19063) GH3 3.2.1.21 Compost metagenome 3U48, 3U4A, 
3U48

Endoglucanase (RBcel1) GH5 3.2.1.4 Uncultured bacterium 4EE9, 4M24
Endoglucanase/cellulase 
(cMGL504) (Cel5A)

GH5 3.2.1.4 Uncultured bacterium 4HTY, 4HU0

Cellulase (CelE1) (partial) GH5 3.2.1.4 Uncultured bacterium 4M1R[A,B]
Cellulase (Lc-CelG) GH9 3.2.1.4 Uncultured bacterium 3X17
Xylanase (SCXyl) GH10 3.2.1.8 Uncultured bacterium 4K68
Xylanase A (Xyl-Orf19) GH10 3.2.1.8 Uncultured bacterium 4HU8
Xylanase (EvXyn11fl) 
(Xyn11)

GH11 3.2.1.8 Uncultured bacterium 2VUJ, 2VUL

Cellulase (Lc-CelA) GH12 3.2.1.4 Uncultured bacterium 3WX5
β-1,3-1,4-Glucanase/lichenase 
(Bgl14A1)

GH16 – Uncultured murine 
large bowel bacterium

3I4I

Exo-α-1,5-l-arabinanase 
(Arn3;ARN3)

GH43 3.2.1.- Uncultured bacterium 4KCB

Endo-α-1,5-l-arabinanase 
(Arn2;ARN2)

GH43 3.2.1.99 Uncultured rumen 
bacterium

4KCA

β-Xylosidase (RS223-BX) GH43 3.2.1.37 Uncultured organism 4MLG
Bifunctional glucanase-
xylanase (CelM2)

GH44 3.2.1.- Uncultured bacterium 3FW6, 3II1

The data were based on the CAZy database (www.cazy.org)

exhibit special characteristics such as a high tolerance to acidic or alkaline solu-
tions and resistance to high temperatures. However, metagenomic approaches have 
also been important for the field of structural biology. The number of structures of 
metagenome-derived CAZymes is far lower than the number of enzymes charac-
terized at a biochemical level. By mining the entire CAZy database, very few struc-
tures with PDB entries (Protein Data Bank), are available, such as 2 AAs, 2 CBMs, 
and 16 GHs, which are described on (Table 7.2). There are no PDB entries for PLs, 
GTs, and CEs derived from metagenomes.
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The possibility of exploring the genetic information of uncultured microorgan-
isms is very promising from a structural point of view and surely enables the discov-
ery of new domains, new structural motifs, and, therefore, new families. In 2013, 
Han reported a crystal structure of a termite gut bacterial xylanase. The protein 
contains a GH10 catalytic domain and an accessory domain, named Big_2 
(immunoglobulin- like). The kinetic parameters, pH, and temperature profiles of the 
recombinant enzyme without the noncatalytic domain were different from the full- 
length enzyme and the former showed low catalytic activity, which suggests the 
noncatalytic domain could affect the biochemical and biophysical properties of the 
enzyme as well as the role of localization (Han et al. 2013).

7.4  Application of Metagenomics for Improvement 
of the Sustainability of an Ethanol Production Plant

As previously mentioned, the new Brazilian model of energy production from 
biomass (1G2G ethanol) represents one of the most sustainable and consistent 
models to meet the world’s growing energy demand. However, in parallel to the 
increased ethanol production, the generation of residual liquid streams from the 
production process will also increase at a large scale.

The sugarcane vinasse (1G vinasse) is a voluminous wastewater generated in the 
distillation process at biorefineries and has high concentrations of organic matter 
and macro- and micronutrients. From an economic perspective, the best option for 
vinasse reuse is for the fertilization of crops (sugarcane). In this use case, the vinasse 
content (nutrients and high water content, above 90%) is returned to the soil by 
irrigation. However, improper vinasse disposal on sugarcane crops, i.e., overdoses 
of vinasse application and the lack of technical criteria in the reuse systems, 
decreases not only the productivity of soil but also the quality of superficial and 
groundwater that surrounds the irrigated area. In addition to the sugarcane 1G 
vinasse, pentose liquor (5C liquor) and 2G vinasse will be generated at a large scale. 
The 5C liquor is a residual liquid stream enriched with monosaccharides that 
contain five carbons in their structure and derive from the lignocellulosic material 
(i.e., bagasse and straw) pretreatment.

Regarding the vinasse generated in the production of ethanol from sugarcane 
bagasse (2G vinasse), it is known that its nutrient and mineral content is fairly low 
(Groposo Silveira et al. 2012); thus, unlike 1G sugarcane vinasse, its application in 
the soil as a biofertilizer is not justified. The situation is even worse when consider-
ing that 5C liquor would be present (Boussarsar et al. 2009; Rabelo 2010), which is 
composed of hemicellulose with xylose being the main reducing sugar. Regardless, 
whatever the type of reuse utilized for those residual liquid streams, the sustainability 
of ethanol plants is recognized to be important.

In this context, anaerobic digestion has become a requirement for the integration 
of the (1) power and steam cogeneration, (2) water use (collection, treatment, and 
disposal), and (3) waste disposal systems. Therefore, anaerobic digestion is a sus-
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tainable option for alleviating environmental concerns of such streams to energy 
recovery as biogas (hydrogen and methane).

Few studies have reported the potential to produce hydrogen (Ferraz Júnior et al. 
2014; Santos et al. 2014; Lazaro et al. 2014; Ferraz Júnior et al. 2015a) and methane 
(Souza et al. 1992; Mota et al. 2013; Ferraz Júnior et al. 2016) using sugarcane vinasse 
1G as a substrate. However, the gaps in information regarding the anaerobic digestion 
of vinasse 2G and 5C liquor hinder the implementation and expansion of this technol-
ogy. Furthermore, information is also lacking concerning the biogas- producing micro-
organisms (BPM) that are extremely important in supporting technologies that aim to 
increase the sustainability of ethanol plants.

In this section, a case study is presented to foster a clearer understanding of the 
organization and behavior of heterogeneous communities using NGS 
(454- pyrosequencing) using a case study of two lab-scale up-flow anaerobic packed- 
bed reactors (APBR) applied to produce hydrogen using raw sugarcane vinasse as a 
substrate under mesophilic and thermophilic conditions. We also speculate as to how 
this information could help to optimize the process and reach a stable operation.

7.4.1   Case Study

Anaerobic digestion is a well-known technology that constitutes an alternative to 
sugarcane vinasse. It is based on the principles of hydrolysis, acidogenesis, aceto-
genesis, and methanogenesis. Furthermore, anaerobic digestion not only alleviates 
environmental concerns but also converts sugarcane vinasse into two categories of 
valuable products: biogas, a renewable fuel, and digested vinasse, which has 
improved fertilizer characteristics.

In addition to conventional anaerobic digestion from a combustible biogas (CH4), 
the production of hydrogen from 1G vinasse may become very attractive for the 
following reasons: (1) hydrogen is a carbon-neutral energy carrier that is 2.75 times 
more energetic than fossil fuels due to its high-energy yield (142.9 kJ g−1); (2) sug-
arcane vinasse is a voluminous wastewater with high organic matter content; (3) 
anaerobic digestion technology requires simple configurations of reactors and less 
input energy compared with other technologies; (4) the process allows for the sus-
tainability of ethanol plants via water use and disposal systems.

To exemplify the use of metagenomics tool in the field of anaerobic digestion of 
sugarcane vinasse, a case study considering previous studies (Ferraz Júnior et al. 
2015a, b) was compiled and compared using principal coordinates analysis (PCoA) 
and PAST Software. Based on Ferraz Júnior (2015a, b), samples were distributed 
along the bed zone of mesophilic and thermophilic APBR, and the samples were 
collected from five sampling points. A compiled sample of all of the subsamples 
was used for the analysis. A 16S rRNA 454-pyrosequence analysis was performed 
on samples taken from the mesophilic and thermophilic APBR filled with low- 
density polyethylene (LDP) during a period of high hydrogen production (meso-
philic and thermophilic, MI and TI, respectively) and during a period without 
hydrogen production (MII and TII, respectively).
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Fig. 7.2 Principal component analysis (PCA) of 16S rRNA of the microbial community in up- flow 
anaerobic packed-bed reactors (APBR) applied to hydrogen production using raw sugarcane 
vinasse as a substrate. (a) Hydrogen-producing bacteria (HPB); (b) non-hydrogen-producing bac-
teria (NHPB); (c) lactic acid-producing bacteria (LAPB), in which MI is mesophilic APBR at the 
tenth day of operation, MII is mesophilic APBR at the 30th day of operation, TI is thermophilic 
APBR at the 30th day of operation, and TII is thermophilic APBR at the 60th day of operation
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In those studies, approximately 4000 reads were obtained for each sample. 
The reads obtained from samples MI and MII were classified into seven phyloge-
netic groups according to the RDP pipeline: Coriobacteriales, Bifidobacteriales, 
Bacteroidales, Rhodospirillales, Lactobacillales, Clostridiales, and Burkholderiales. 
The three former families were also detected in samples TI and TII in addition to 
Thermoanaerobacterales and Selenomonadales. The role of microorganisms in 
mesophilic and thermophilic APBR using raw sugarcane vinasse to produce hydro-
gen can be summarized in hydrogen-producing bacteria (HPB) (Fig. 7.2a), lactic 
acid-producing bacteria (LAPB) (Fig. 7.2b), and non-hydrogen-producing bacteria 
(NHPB) (Fig. 7.2c).

Thermophilic fermentation greatly favors HPB diversity compared with meso-
philic fermentation. Furthermore, the relative abundance of HPB did not change 
substantially during the thermophilic operation, indicating their persistence in the 
reactor during the entire operation (TI and TII) (Fig. 7.2a). In Fig. 7.2b, sequences 
affiliated with the family Comamonadaceae (unclassified #1) and the order 
Burkholderiales (unclassified #2) were dominant after 30 days in the mesophilic 
APBR operation (MII). These microorganisms are known as NHPB and are consid-
ered to be efficient in organic matter degradation in the presence of oxygen 
(Niemi et al. 2009). This family has been detected in hydrogen-producing reactors, 
and their persistence has been associated with microaerophilic conditions. There is 
disagreement in the literature about the role of LAPB in hydrogen-producing sys-
tems (Fig. 7.2c). Some of them (i.e., LAB) can be highlighted as having (1) an 
inhibitory effect of LAPB on hydrogen production (Noike 2002; Jo et al. 2007); (2) 
production of small amounts of hydrogen by medium acidification (Li and Fang 
2007); and (3) substrate competition between LAPB and hydrogen-producing bac-
teria leading to system instability (Ohnishi et al. 2010). However, the LAPB in the 
thermophilic APBR represented 46.7% of the reads at the 30th day of operation, 
indicating that the LAPB were associated with hydrogen production.

From the mesophilic APBR monitoring, the low hydrogen production and yield 
achieved were associated with (1) microaerophilic conditions (Burkholderiales as 
indicator microorganisms and oxireduction potential of 55.7 ± 23 mV) that inhibited 
the HPM growth and favored the NHPM growth and (2) excess nitrogen in the 
sugarcane vinasse composition that resulted in excessive biomass growth, diverting 
the hydrogen pathway to uptake and cell growth. The combination of these two 
factors severely affected the mesophilic APBR operation, leading to a decay in 
hydrogen production (Ferraz Júnior et al. 2015a).

These analyses drove changes in the APBR operation to improve the biological 
process. The adoption of a thermophilic operation, rather than a mesophilic opera-
tion, enabled the continuous and stable production of hydrogen from raw sugar-
cane vinasse. The increase in temperature decreased both the biomass yield and 
the oxygen solubility. According to Ferraz Júnior et al. (2014), applying a higher 
organic loading rate (OLR) of 84.2 kg-COD m−3 d−1 resulted in maximum volu-
metric hydrogen production (VHP) and a yield of 2283.8 mL-H2 d−1 L−1

reactor and 
3.7  mol- H2  mol−1 total carbohydrates, respectively. Moreover, throughout the 
thermophilic APBR operation, NHPB (Sutterella, order Burkholderiales) 
increased in the reactor and reached 17.3% of the reads at the 60th day of opera-
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tion (Fig. 7.2b). This value is three times lower than those computed in a meso-
philic APBR at the 30th day of operation. Collectively, this finding reinforced the 
advantages of thermophilic fermentation, including the ability to decrease the 
inhibition of autochthonous microorganisms that are typically present in the 
inflow. Finally, the thermophilic operation represented a great and rational option 
for sugarcane vinasse that is discharged at high temperatures (85–90  °C) and, 
thus, does not require energy input.

7.5  Concluding Remarks

Metagenomic studies based on sugarcane and applied to the development of biofuels 
and environmental sustainability at biorefineries have been performed to increase 
access to the genetic information of microbial communities and uncultured micro-
organisms. In this chapter, we have described the contribution of metagenomics to 
the identification of novel genes coding for proteins involved in plant biomass 
degradation, as well as in the assessment of anaerobic process by specialized 
microbial communities for bioenergy production. We expect that this chapter will 
provide insight for future studies on metagenomics applied to biomass-to-bioenergy 
applications.
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Chapter 8
Yeast for Pentose Fermentation: Isolation, 
Screening, Performance, Manipulation, 
and Prospects

Sandra Regina Ceccato-Antonini, Carolina Brito Codato, Cristina Martini, 
Reinaldo Gaspar Bastos, and Sâmia Maria Tauk-Tornisielo

Abstract The global demand for energy has led the research and the investments to 
use plant biomass to convert the sugars contained in this material into ethanol. The 
characteristics of the substrate and process have a strong impact on the choice of 
microorganisms to be used for fermentation of the sugars. In the most of feedstocks 
for ethanol production, the sugars containing five carbons (pentoses) are abundant. 
Naturally occurring yeasts that can use pentoses as carbon source have been isolated 
from the environment, and among them, Pichia stipitis is one of the most important 
species. However, some important characteristics needed in ethanol industry are 
high resistance to inhibiting compounds and high fermentation performance and, 
until this moment, none a single strain that gather these features has not been found 
naturally. Techniques of evolutionary engineering and genetic manipulation have 
been applied to introduce and select the required traits for pentose fermentation in 
Saccharomyces cerevisiae, the most employed yeast industrially. This chapter dis-
cusses the context of the microorganisms, especially the yeast group, in the fermen-
tation of hemicellulosic substrates for bioethanol production regarding isolation, 
screening, performance, limitations, prospects, and state of the art, trying to contrib-
ute to the improvement of the global process of ethanol production.
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8.1  Introduction

Plant biomass has a great potential as a source of bioenergy. The main components 
of plant biomass are hemicellulose, cellulose, and lignin, highly resistant to degra-
dation due to the complex chemical and physical structures (Buckeridge et al. 2015). 
Cellulose is a homopolymer of glucose, whereas hemicelluloses are heteropolymers 
of xylose, arabinose, mannose, galactose, glucose, and uronic acids (Hayn et  al. 
1993; Meshitsuka and Isogai 1996). (For details about cell wall structure and physi-
cal properties, see Chaps. 2 and 3.) To make the sugars from plant cell wall acces-
sible to be converted into ethanol by microorganisms is not a simple task (De Souza 
et al. 2014). Steps before the fermentation involve pretreatment and hydrolysis with 
chemical and/or physical methods to separate the lignin from hemicelluloses and 
cellulose (Hendriks and Zeeman 2009; Margeot et  al. 2009; Soccol et  al. 2010; 
Laluce et al. 2012; Buckeridge et al. 2015).

In the commercial production of ethanol directly from sugars in the so-called 
first generation bioethanol—1G (Amorim et al. 2011), the most common microor-
ganism used during fermentation is Saccharomyces cerevisiae. This yeast species, 
which is conventionally used in industrial processes, is unable to metabolize pen-
toses, such as xylose and arabinose. These sugars are abundant in hemicelluloses, 
which are a great proportion of the biomass (De Souza et al. 2013, 2015—see Chap. 
2). Natural strains of pentose-fermenting microorganisms, especially yeasts, have 
been sought-after in many locations. A useful technique for finding yeast strains 
with specific properties has been the prospection in natural or industrial habitats 
(Ferreira et al. 2011). Efforts have also been made to construct recombinant yeast 
strains to enhance xylose and arabinose fermentation over the past few decades 
(Zhang and Geng 2012; Harner et al. 2015).

The conditions in which the production of ethanol from biomass, named second 
generation ethanol (2G), is carried out differ substantially from the ones utilized in 
the fermentation of sugarcane juice or molasses. The demand for oxygen, low toler-
ance to ethanol, and sensitivity to the inhibitors produced during the hydrolysis step 
are among the features of a given candidate microorganism for the fermentation 
process. As a result, reaching high yields of ethanol from pentoses on a large scale 
is still a challenge (Hahn-Hagerdal and Pamment 2004).

Is it possible to find a natural strain of microorganism able to efficiently ferment 
pentoses? Where should they be searched for? What are the conditions to be opti-
mized in order to obtain higher ethanol yields using hemicellulose-rich biomass 
hydrolysates? Would it be more efficient to engineer microbial strains so that they 
could use pentoses efficiently? These questions rise insistently whenever this sub-
ject comes to discussion. Surely, the fermentation step is not the only Achilles heel 
in the context of 2G bioethanol production. The hydrolysis step displays some limi-
tations both concerning the aggressiveness of the acid/alkali treatment resulting in 
loss of soluble fractions of the cell wall polysaccharides (De Souza et al. 2013) and 
high cost of enzyme utilization (Laluce et al. 2012).
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This chapter discusses the role of the microorganisms in the fermentation of 
hemicellulosic substrates for bioethanol production, focusing on the yeast group. 
Here, the isolation, screening, performance, limitations, prospects, and state of the 
art are revised in an attempt to contribute to the improvement of the global process 
of 2G bioethanol production.

8.2  Exploiting the Natural Biodiversity to Screen 
for Pentose-Fermenting Yeasts

A wide diversity of microbial species, including the yeast group, plays crucial roles 
in biogeochemical cycles and in food, biotechnology, and pharmaceutical industries 
(Boundy-Mills 2006). The exploration of the diverse ecological niches of yeasts 
revealed the great diversity of species living in various habitats. Among the numer-
ous species to be possibly discovered in specific and unusual habitats, many will be 
likely found to possess enzymes, metabolic routes, and display physiological prop-
erties valuable for biotechnological applications (Deak 2009).

In yeasts, the initial metabolic pathways for d-xylose, l-arabinose, and glucose 
utilization are illustrated in Fig. 8.1. A series of reduction and oxidation steps 
involving the cofactors NAD(P)+/NAD(P)H drive the conversion of xylose and 
arabinose to d-xylulose 5-phosphate to connect it to the central metabolic path-
ways (Hahn-Hagerdal et  al. 2007). Xylitol is the common compound to both 
xylose and arabinose catabolic pathways (Fonseca et al. 2007a). Xylitol and arab-
itol, five- carbon sugar alcohols used in the food industry as sweeteners and in the 
production of human therapeutics (Sasaki et al. 2012; Kordowska-Wiater 2015), 
can be produced from the pentoses as well as ethanol, one of the most important 
renewable fuel.

The first report of xylose fermentation by yeasts was documented by Karczewska 
(1959). In 1976, a major review pointed out that nearly 50% of the known yeast 
species were able to assimilate xylose, but not to ferment it (Barnett 1976). In 1981, 
Schneider et al. identified Pachysolen tannophilus as a yeast capable of fermenting 
xylose to ethanol under aerobic condition. Two years later, Candida shehatae was 
first described by du Preez and van der Walt (1983) as an ethanol-producing yeast 
via pentose fermentation, inclusively with a better yield than P. tannophilus.

By 1984, Toivola et al. carried out a screening program for xylose-fermenting 
yeasts using strains of 193 species of yeasts, including 173 yeast species contained 
in Barnett’s taxonomic book of 1979s edition, both glucose-fermenting and xylose- 
assimilating, in addition to 20 species not listed in this taxonomy book. Only 25 
yeast species were found to be more efficient xylose fermenters, and of these, 14 
were representative of Candida. Strains of Brettanomyces naardenensis, C. sheha-
tae, Candida tenuis, P. tannophilus, Pichia segobiensis, and Pichia stipitis produced 
more than 1 g of ethanol per liter in medium with 2% xylose. The authors high-
lighted the striking characteristic of these xylose-fermenting yeasts. They were all 
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isolated from wood-inhabiting insects, decaying wood, or other wood-related 
sources. Thus, they concluded that the xylose-fermenting yeasts have an ecological 
niche in such habitats.

Nigam et al. (1985) considered that the screening of xylose-fermenting yeasts 
should not be limited to culture collections and reported a study of the presence of 
xylose-fermenting yeasts in natural substrates likely to contain xylose. Among 412 
isolates that were examined, 36 produced more than 1  g/L ethanol from 20  g/L 
xylose in oxygen non-limiting conditions. Also, six xylose-fermenting strains of a 
novel species of Candida, C. lyxosophila, were isolated from samples of woodland 
soil in Southern Africa (van der Walt et al. 1987).

In 1994, a review identified five yeast species of interest for xylose fermentation: 
C. shehatae, C. tenuis, P. tannophilus, P. segobiensis, and P. stipitis and mentioned 

Fig. 8.1 Metabolic pathways of xylose, arabinose, and glucose, the main sugar products of hemi-
cellulose hydrolysis of plant biomass, in yeast. XR xylose reductase, XDH xylitol dehydrogenase, 
XK xylulokinase, AR aldose reductase, LAD l-arabitol dehydrogenase, LXR l-xylulose reductase, 
PPP pentose phosphate pathway. Based on Hahn-Hagerdal et al. (2007), Laluce et al. (2012) and 
Wei et al. (2013)
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P. tannophilus and P. stipitis as the most extensively studied at that moment 
(Jeffries and Kurtzman 1994). P. stipitis is a naturally occurring xylose-fermenting 
yeast able to metabolize glucose, mannose, galactose, rhamnose, xylose, arabinose, 
cellobiose, and some lignin-related compounds (Jeffries and van Vleet 2009). It is 
still the most important natural yeast utilized for pentose fermentation and is also a 
source of genes to be introduced into S. cerevisiae strains by genetic manipulation.

Most of the yeast species found in soil can utilize aerobically arabinose, xylose, 
and cellobiose, which are the main products of the enzymatic hydrolysis of ligno-
cellulosic plant material by bacteria and fungi, and assimilate intermediates of lig-
nin degradation, all of them also found as components of root exudates (Tomme 
et al. 1995; Sampaio 1999; Fan et al. 2001; Botha 2006).

Pichia stipitis-like yeasts have been frequently isolated from wood-ingesting bee-
tles over a wide area in the United States and Panama. A well-supported clade con-
sisting of the passalid yeasts and P. stipitis, P. segobiensis, C. shehatae, and Candida 
ergatensis was distinguished, whose members were able to ferment and assimilate 
xylose or hydrolyse xylan, the major components of hemicelluloses of grasses 
(Carpita and Gibeaut 1993; Suh et al. 2003).

In the study by Rao et al. (2008), from 374 yeast strains isolated from rotten 
fruits and barks of trees, only 27 produced ethanol in the range of 0.12–0.38  g 
ethanol/g xylose.

Nearly 100 samples of different natural sources (flowers, fruits, wood, and soil) 
from Kyoto, Japan, were utilized to isolate yeast strains able to ferment xylose. 
Among 72 isolates, 16 strains displayed a significant ethanol production (Tanimura 
et al. 2012).

A total of 133 xylose-utilizing yeast strains were isolated from 84 samples of 
decaying agricultural residues and soils collected in Thailand. Only eight strains 
were able to ferment xylose to ethanol, belonging to the species Zygoascus helleni-
cus, Candida blankii, and the novel species, Candida saraburiensis (Nitiyon et al. 
2011). Another novel species proposed by these authors was Candida prachuapen-
sis, a xylose-assimilating but not a xylose-fermenting yeast. Indeed, the number of 
species able to assimilate xylose is relatively high, but only a few have been reported 
to both assimilate and ferment d-xylose to ethanol (Hahn-Hagerdal et al. 2007).

Twenty-eight yeast strains capable of fermenting xylose to ethanol were isolated 
from the rectum of Murrah buffalo and Swamp buffalo in Thailand. The species 
included Candida tropicalis, Candida parapsilosis, Candida mengyuniae, 
Sporopachydermia lactativora, Geotrichum sp., and Trichosporon asahii (Lorliam 
et al. 2013).

About 770 yeast strains corresponding to nearly 78 species were isolated from 
Guatemalan passalids (Coleoptera). The xylose-fermenting yeasts Scheffersomyces 
shehatae and S. stipitis were the most common ascomycete yeasts identified. 
Regarding physiological profiles, the Sugiyamaella members all assimilate xylose 
and l- and d-arabinose, although most of them are not able to ferment xylose 
(Kurtzman et al. 2011; Urbina et al. 2013).

A total of 105 yeast strains were isolated from rotten wood samples from 
Baotianman Nature Reserve, China. Only 17 strains were xylose-fermenting and 
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were identified as Scheffersomyces insectosa, Scheffersomyces lignosus, 
Scheffersomyces segobiensis, S. stipitis, S. shehatae, and Spathaspora passali-
darum. Two novel species were characterized as Scheffersomyces henanensis (Ren 
et al. 2014).

In Brazil, the first study to identify new xylose-fermenting yeasts was carried out 
in the Brazilian Amazonian Forest by Cadete et  al. (2012). A total of 224 yeast 
strains were isolated from rotting wood samples collected in the Amazonian forest, 
and six strains of Spathaspora passalidarum, two of Scheffersomyces stipitis (for-
merly known as Pichia stipitis), and representatives of five new species were identi-
fied as xylose-fermenting yeasts.

Forty-two yeast strains isolated from rotting wood of the Brazilian biodiversity 
were evaluated as xylose-fermenting and four of them were identified as new spe-
cies of Spathaspora: S. brasiliensis, S. roraimanensis, S. suhii, and S. xylofermen-
tans (Prompt 2012).

Yeast species from rotting wood of Atlantic rainforest ecosystems were investi-
gated for xylose fermentation and xylanase production. Among 69 species identi-
fied, 15 possible new species were obtained. Two of them are new xylose-fermenting 
yeasts (Sugiyamaella sp. and Sugiyamaella xylanicola). Most of the xylanase- 
producing isolates belong to the new species S. xylanicola, also positive for xylose 
fermentation. Scheffersomyces queiroziae and S. stipitis were the main xylose- 
fermenting yeasts (Morais et al. 2013).

Martiniano et al. (2013) evaluated the ethanol production potential of four native 
strains of S. shehatae isolated from natural habitats in Brazilian forests, like brome-
liads, mushroom, and Euterpe sp. The ethanol yield was higher in synthetic medium 
supplemented with xylose (0.44–0.48 g/g) than in acid hydrolysates (0.21–0.30 g/g). 
With immobilized cells of S. shehatae in a calcium alginate matrix, yield of 0.31 g/g 
was achieved in sugarcane bagasse hydrolysate (Antunes et al. 2016).

From rotting wood, 83 yeast colonies were obtained, and only 11 isolates were 
not able to produce ethanol from xylose. A range of 0.60–6.58 g/L ethanol was 
produced by the xylose-fermenting yeasts (Varize 2013).

From termites (Nasutitermes sp.) in the Amazonian habitat, a total of 54 yeast 
colonies were isolated, with 12 colonies able to assimilate xylose and one able to 
ferment it. The xylose-fermenting strain was identified as Meyerozyma guilliermon-
dii and tested using sugarcane bagasse hydrolysates for ethanol production (Matos 
et al. 2014).

Among 350 isolates from natural sources such as sugarcane, bagasse, rhizo-
sphere, and corn straw, 39 displayed fermentative activity of arabinose (56.4%) or 
xylose (38.5%) or both (5.1%). One of the yeast strains that showed both arabinose 
and xylose fermentation, isolated from sugarcane juice, was identified as 
Meyerozyma guilliermondii and tested in synthetic and bagasse hydrolysate for pen-
tose fermentation (Martini 2014). The yeast grew in xylose, arabinose, and glucose 
at the same rate at the initial medium pH 5.5. At pH 4.5, the growth rate was slower 
in arabinose, and for the other carbon sources, there was no difference at different 
pH values (Martini et al. 2016).
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Although a large list of microorganisms that ferment pentoses was described in 
this chapter, not all the discoveries in this area of research was covered. In the last 
decade, novel species of yeasts have been described as xylose-fermenting and some 
examples are listed in Table 8.1.

8.3  Improving Nutritional and Cultural Conditions 
for Pentose Fermentations

For ethanol production from biomass containing high proportions of hemicellulose 
rich in pentoses, a series of steps comprising pretreatment, hydrolysis (chemical or 
enzymatic), and fermentation (Canilha et al. 2012; Laluce et al. 2012) are necessary. 
Both pretreatment and hydrolysis have effects on the fermentation step in which the 
candidate microorganism will convert the sugars released into ethanol. Among the 
chemical pretreatments of biomass, the acid hydrolysis is reported to be one of the 
commonest and oldest methods. The main disadvantages of this process are the 
need for neutralization before fermentation and the by-product formation, such as 
furans, furfural, carboxylic acids, acetic acid, and phenolic compounds. Some of 
these compounds can be inhibitors of microbial fermentation. Thus, a detoxification 
step is required following acid hydrolysis to remove inhibitory compounds and 
improve microbial fermentation (Palmqvist and Hahn-Hagerdal 2000).

Ethanol yield and productivity are strongly affected by the culture medium com-
position and other cultivation conditions such as nitrogen supplementation, aera-
tion, temperature, pH, and sugar concentration (Jeffries 1986; du Preez 1994; 
Martiniano et al. 2013).

Table 8.1 Some of the new yeast species isolated and described for xylose fermentation from 
various substrates in the last decade

Yeast species Isolation Reference

Enteroramus dimorphicus Gut of passalid beetles in the United 
States

Suh et al. (2004)

Spathaspora passalidarum and 
Candida jeffriesii

Gut of passalid beetles in the United 
States and Panama

Nguyen et al. (2006)

Spathaspora arborariae Rotting wood in the Atlantic Rain 
Forest and a Cerrado ecosystem in 
Brazil

Cadete et al. (2009)

Candida saraburiensis Decaying agricultural residues and 
soils in Thailand

Nitiyon et al. (2011)

Wickerhamomyces xylosica 
and Candida phayaonensis

Soils of Thailand Limtong et al. (2012)

Scheffersomyces henanensis Rotten wood from the Baotianman 
Nature Reserve in Henan Province, 
Central China

Ren et al. (2014)
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8.3.1   Medium Composition

The chemical composition of hydrolysates utilized for fermentation varies consider-
ably concerning the plant species and hydrolysis conditions employed. The hemi-
cellulose fraction of hardwoods and agricultural raw materials is richer in five-carbon 
sugars than softwood materials (Hayn et al. 1993). Xylose (12–16 g/L) is the main 
component in hemicellulose hydrolysate followed by arabinose (2–3 g/L) and glu-
cose (0.7–7.6  g/L) (Mussato and Roberto 2004; Canilha et  al. 2005; Martiniano 
et  al. 2013; Milessi et  al. 2013; Martini et  al. 2016). Toxic compounds are also 
found in acid hydrolysates as furfural, 5-hydroxymethylfurfural, phenolics, weak 
acids, and others (Chandel et al. 2012).

Yeasts cultivated in a mix of sugars (hexoses and pentoses) may present an inhi-
bition or a delay in the xylose utilization when glucose is present (Gong et al. 1999). 
Concentrations above 20 g/L of glucose repress the xylose utilization even when 
yeast species with high affinity by pentoses such as P. stipitis are utilized (Hahn- 
Hagerdal et al. 1991). However, the transport mechanism of pentose assimilation is 
usually activated when the glucose concentration is exhausted (Hou 2012). Some 
species, such as S. passalidarum and C. shehatae, displayed higher ethanol produc-
tion from xylose than glucose (Mouro 2012).

Among the yeasts found in the Amazonia Forest by Cadete et al. (2012), glucose 
and d-xylose were initially metabolized at the same time, but the glucose consump-
tion rate was clearly faster. The consumption rate of xylose was increased after 
glucose exhaustion. The sugar composition of the hydrolysate utilized in the experi-
ments was 59 g/L xylose, 6.2 g/L glucose, and 6.4 g/L arabinose. It seemed, as 
already observed by Souto-Maior et al. (2009), that the application of glucose pulses 
enhanced xylose uptake under restricted mixed substrate concentrations.

Martini et al. (2016) reported that a strain of Meyerozyma guilliermondii con-
sumed the sugars glucose, xylose, and arabinose, in this sequential order, with etha-
nol and xylitol yields of 0.14 and 0.19 g/g sugars, respectively, in non-detoxified 
hydrolysates (from sugarcane bagasse) with yeast extract supplementation.

With P. stipitis, the highest ethanol yields, 0.42 g/g and 0.47 g/g, were verified 
when the ratios between glucose and xylose initial concentrations were 20/5 and 
24/1, respectively (Sanchez et al. 2002). In this work, C. shehatae and P. tannophi-
lus were also evaluated, and for all three strains, hexoses and pentoses were sequen-
tially consumed, glucose being the first.

The utilization of l-arabinose by yeasts has not received as much attention as 
xylose. A few studies have dealt with the arabinose metabolism and the culture 
conditions that drive the metabolism to the production of ethanol or arabitol. This 
may be partially due to the fact that arabinose utilization is considered less efficient 
than xylose. However, they share several control points (Almeida et al. 2011).

Fonseca et al. (2007a) studied the arabinose utilization by the yeasts Candida 
arabinofermentans and Pichia guilliermondii in aerobic batch cultures and com-
pared to the glucose and xylose metabolisms. Both pentoses were essentially 
respired, and production of polyols—xylitol or arabitol—have occurred from xylose 

S.R. Ceccato-Antonini et al.



141

or arabinose only under oxygen limitation. This was the first study to demonstrate 
the oxygen dependence for metabolite and product formation in arabinose- 
assimilating yeasts.

The same yeast species above were studied to characterize the arabinose trans-
port and the first steps of intracellular arabinose metabolism. The study revealed, at 
least, two transport systems and the catabolic pathway proposed for filamentous 
fungi also operated in the yeasts studied. The authors characterized for the first time 
a specific arabinose transporter (Fonseca et al. 2007b).

Besides the fact that the hemicellulosic hydrolysate is a multi-sugar substrate, 
the presence of inhibitors generated along the pretreatment and chemical hydrolysis 
of plant material influences considerably the microbial growth and fermentation. 
Three major groups include the inhibitory compounds: furaldehydes (furfural, 
5-hydroxymethyl furfural-HMF), weak acids (acetic acid, formic acid, and levulinic 
acid), and phenolics (vanillin, syringaldehyde, and coniferyl aldehyde) (Palmqvist 
and Hahn-Hagerdal 2000; Mussato and Roberto 2004). The strategy of concentrat-
ing the hydrolysate by evaporation to obtain higher amounts of sugars, as it fre-
quently occurs in the 1G generation ethanol industry, leads to the increase of the 
nonvolatile inhibitor concentration as well (Dehkhoda et  al. 2009). On the other 
hand, furfural, HMF and acetic acid may have their concentrations decreased due to 
their volatility (Martiniano et al. 2013; Martini et al. 2016). The most studied inhibi-
tory compound is acetic acid, which is present in hydrolysates at concentrations of 
2–5 g/L (Tengborg et al. 2001; Martini et al. 2016). These different inhibitory com-
pounds may also act synergistically affecting the microbial physiology (Parawira 
and Tekere 2011; Canilha et al. 2012).

The yeast S. arborariae in pure and mixed cultures with S. cerevisiae was nega-
tively affected by the presence of toxic compounds like acetic acid, furfural, and 
HMF in the culture medium, decreasing biomass formation and ethanol productiv-
ity (Cunha-Pereira et al. 2011).

Some strategies are used to overcome the inhibitors in lignocellulose hydroly-
sates as physical/chemical detoxification, biological detoxification using microor-
ganisms, enzymes or adaptation (evolutionary engineering) to toxic hydrolysate 
(Parawira and Tekere 2011).

Overliming, which consists in the addition of lime to increase the pH of the 
hydrolysate to precipitate toxic components, is one of the most used physico-
chemical treatments utilized to remove furans. Yet, other physicochemical applied 
treatments are ion exchange resins, neutralization, activated charcoal and extrac-
tion with organic solvents (Canilha et  al. 2012). Nonetheless, loss of sugars is 
reported when neutralization and activated charcoal are utilized as detoxifiers, in 
spite of the significant decrease in inhibitor concentrations (Martiniano et  al. 
2013; Martini et al. 2016).

The biological detoxification consists in the usage of specific enzymes or micro-
organisms that act on the inhibitory compounds and promote changes in their chem-
ical constitution (Parawira and Tekere 2011; Canilha et  al. 2012). The use of 
enzymes such as laccases and peroxidases has been found to be effective to remove 
phenolic compounds (Chandel et al. 2011). Microorganisms can naturally  assimilate 
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inhibitory compounds such as acetic acid, furfural, and guaiacol. Yeast species as 
Issatchenkia occidentalis, Iris occidentalis, M. guilliermondii, and S. cerevisiae 
have been reported to be hydrolysate detoxifiers (Talebnia and Taherzadeh 2006; 
Hou-Rui et al. 2009; Martini et al. 2016). The advantages of using a biological treat-
ment instead of a physicochemical treatment include fewer side reactions, fewer 
energy requirements, feasibility, and environmental friendliness. On the other hand, 
it is a long-time consuming process (Yang and Wyman 2008; Chandel et al. 2011; 
Parawira and Tekere 2011).

In addition, a particular microorganism may be adapted to inhibitors in a long- 
term process under selective pressure, by evolutionary engineering. This process is 
a promising alternative to the physicochemical detoxification step (Canilha et al. 
2012). Under laboratory conditions, variants of the cell population with a selective 
advantage can take over exponentially the initial dominating cells. A great advan-
tage to using this process is the fact that the evolution of a fermenting microorgan-
ism may be carried out in a whole hydrolysate containing a cocktail of inhibitors. 
Adaptation to lignocellulosic hydrolysates resulted in increased fermentation rates 
and ethanol yields (Parawira and Tekere 2011).

Wisselink et  al. (2009) first described a strategy utilized to get an evolved S. 
cerevisiae strain able to ferment a medium containing glucose, xylose, and arabi-
nose with a high ethanol yield (0.43 g/g total sugar) without formation of side prod-
ucts as xylitol and arabinitol. They utilized a schedule consisting of repeated batch 
cultivation with repeated cycles of consecutive growth in media with different com-
positions of glucose, xylose, and arabinose.

A recombinant industrial S. cerevisiae strain carrying the heterologous genes for 
xylose and arabinose utilization pathways integrated into the genome was evolved 
to improve simultaneous conversion of both pentoses to ethanol under aerobic and 
anaerobic conditions. Arabinose was totally converted to arabitol, but ethanol, xyli-
tol, and glycerol were produced exclusively from xylose under anaerobic condi-
tions. This work pioneered the characterization of the molecular mechanisms for 
improved mixed-pentose utilization obtained by evolutionary engineering of a 
recombinant S. cerevisiae strain (Sanchez et al. 2010).

To improve the inhibitor tolerance in a metabolically engineered xylose-utilizing 
strain of S. cerevisiae, a long-term adaptation was employed in repetitive batch cul-
tures using a cocktail of 12 different inhibitors and a long term chemostat adaptation 
using spruce hydrolysate (Koppram et  al. 2012). The yeast was evolved for 429 
generations in repetitive batch cultures, increasing the growth rate from 0.18 to 
0.33 h−1, and for 97 generations in chemostat cultivation, decreasing the lag phase 
from 48 to 24 h. Three evolved strains were isolated.

Wallace-Salinas and Gorwa-Grauslund (2013) verified that an evolved isolate 
(ISO12) from S. cerevisiae showed a superior phenotype than the parental strain ER 
when both temperature stress and inhibition by hydrolysate-derived compounds 
were applied together.

Smith et al. (2014) reported that the sequential application of random muta-
genesis followed by continuous culture under simultaneous selective pressure 
from inhibitors and xylose as the primary carbon source resulted in a strain of 
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S.  cerevisiae that exhibited a shorter lag phase. It also removed completely 
HMF, furfural, and acetic acid from the fermentation broth, with concomitant 
ethanol production from xylose.

8.3.2   Nitrogen Supplementation

An adequate nitrogen supplementation is essential for cell growth and to reduce/
avoid the negative effects caused by the presence of inhibitors (Silva et al. 2014). 
The most common sources of nitrogen are ammonium sulfate, urea, peptone, malt 
extract, and yeast extract (Ferreira et al. 2011; Cadete et al. 2012; Martiniano et al. 
2013; Antunes et al. 2014; Silva et al. 2014; Martini et al. 2016).

Four different formulations of fermentation media were evaluated by Antunes 
et al. (2014) for ethanol production by S. shehatae using bagasse hydrolysate. The 
most adequate formulation to produce better results for ethanol yield and productiv-
ity was 5 g/L ammonium sulfate, 3 g/L yeast extract, and 3 g/L malt extract. The use 
of yeast extract and urea was also reported by Ferreira et al. (2011).

However, the products used routinely such as yeast extract and peptone as nitro-
gen source are expensive and contribute to almost 50% of the cost of ethanol pro-
duction (Ananda et al. 2011). Some alternative nitrogen sources have emerged. For 
instance, rice bran, a residue of rice milling which contains amino acids, vitamins, 
proteins, and minerals seems to be a good substitute (Miller and Churchill 1986; 
Milessi et al. 2013; Silva et al. 2014). In fact, the ethanol yield from bagasse hydro-
lysates by S. stipitis was higher when rice bran extract was utilized instead of other 
nitrogen supplements (Milessi et al. 2013).

The findings of Silva et al. (2014) indicated that the best results depended on the 
yeast strain and the concomitant addition of an inorganic nitrogen source, as ammo-
nium sulfate. For S. stipitis, the hydrolysate must be supplemented with peptone and 
yeast extract. For C. guilliermondii, rice bran extract presented the best results, but 
for both yeasts, ammonium sulfate is also required as supplementation. In a syn-
thetic medium, ammonium salts increased the ethanol productivity of P. stipitis 
(Agbogbo and Wenger 2006). Corn steep liquor was also used successfully as a 
nitrogen source for P. stipitis (Amartey and Jeffries 1994) and engineered yeast 
strains (Sarks et al. 2014) in fermentation.

8.3.3   Oxygen

Among the operational conditions, the oxygen availability is considered the most 
important factor affecting pentose fermentation by yeasts, since it determines the 
partitioning of the carbon flow substrate between growth and product formation 
(du-Preez 1994) and plays an important role in cell growth, redox balance, and 
functioning of the mitochondria (Skoog and Hahn-Hagerdal 1990). Thus, the level 
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of oxygen can drive the product formation during fermentation of xylose. In aerobic 
conditions, the microbial metabolism is deviated for cell production, decreasing the 
xylitol production. Under oxygen-limiting conditions, xylitol accumulation occurs 
(Náhlik et  al. 2003). However, under anaerobic conditions, xylitol production is 
negligible (Vandeska et al. 1995).

In the early 1980s, C. shehatae and P. stipitis were found to be dependent on 
aeration to enhance the ethanol productivity (Schneider et al. 1981; du Preez et al. 
1984). Since then, many studies have pointed the requirement of oxygen to obtain 
better results in xylose fermentation. Indeed, microaerobic conditions are the most 
suitable operating conditions for this specific fermentation (Grootjen et al. 1990; 
Agbogbo and Coward-Kelly 2008; Silva et al. 2011; Bellido et al. 2013; Su et al. 
2015). Nevertheless, Krahulec et al. (2012) showed that a low level of oxygen is not 
a requirement to achieve high ethanol yields from xylose by P. stipitis.

The establishment of an adequate oxygen level is thus of great importance to 
obtain an efficient process with high values of conversion and productivity. In this 
sense, Silva et al. (2012) verified the influence of the oxygen transfer in xylose 
conversion to ethanol by P. stipitis. The authors reported that the oxygen availabil-
ity to the medium was essential to guarantee elevated ethanol production by this 
yeast, but this variable must be carefully controlled since the excess affects the 
carbon source metabolism, favoring the cell growth in detriment to the ethanol 
formation. In fact, moderate oxygen reduces xylitol formation and increases etha-
nol production by reoxidizing NADH in the cytosol through respiration metabo-
lism. However, it is complex and uneconomical to perform the oxygen control in 
industrial ethanol production. In this way, respiration-independent S. cerevisiae 
strains might be more beneficial for industrial ethanol production from xylose 
(Peng et al. 2012).

In fact, the issue of oxygen requirement by P. stipitis could be better understood 
in the light of the genome sequencing of this species. The strain sequenced (CBS 
6054) was isolated from insect larvae, similarly to other strains of P. stipitis that 
were also isolated from the guts of wood-inhabiting passalid beetles (Suh et  al. 
2003), suggesting that this yeast species is a common inhabitant of oxygen-limited 
environments rich in partially digested wood. The high efficiency of xylose fermen-
tation demonstrated by P. stipitis under microaerobic conditions is due to a well- 
handled regulation of redox balance. The abundance of genes for NADP(H) 
oxidoreductase reactions indicates that diverse strategies for balancing NAD and 
NADP-specific cofactors are present in P. stipitis (Jeffries et al. 2007).

Galafassi et  al. (2011) utilized a strategy based on the management of the 
aeration level to obtain ethanol from synthetic lignocellulosic hydrolysates by 
strains of Dekkera/Brettanomyces yeasts. In the first step, aerobic conditions 
resulted in fast biomass production from mixtures of hexoses and pentoses, and 
in the second step, under oxygen limitation, the ethanol was produced. Ethanol 
yields ranging from 0.2 to 0.3 g/g were obtained, with consumption of glucose, 
xylose, and arabinose. Despite the low specific growth rate and ethanol produc-
tion, a strain of Dekkera bruxellensis was able to grow and ferment sugarcane 
bagasse hydrolysates (Codato 2013).
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8.3.4   pH

The influence of the pH of the culture medium may vary among yeast strains, but 
in all cases, it affects cell growth, cell membrane permeability, and the solubility 
of components of the culture medium. For C. shehatae, an adequate pH for growth 
was between 3.5 and 4.5 (du Preez et al. 1986). For ethanol production, the best 
pH was 4.5 (Sanchez et al. 1997, 2004). Concerning P. stipitis, the optimum range 
for growth and fermentation in the presence of xylose was 4–7 at 25 °C (Slininger 
et al. 1990).

As mentioned above, acetic acid is a prominent inhibitor of xylose uptake, result-
ing in gradual acidification during fermentation. The effective control of pH reduced 
the inhibition by the acetic acid and enhanced specific xylose uptake rates as well as 
ethanol yields (Novy et al. 2013). In low pH, acetic acid becomes liposoluble and is 
able to diffuse through the plasmatic membrane. Inside the cell, it dissociates due to 
the neutral pH and is accumulated into the cytoplasm. The protons, released into the 
cytoplasm, result in the decrease in the cell pH causing inhibition of the cell activity 
and death (Chandel et al. 2012).

In pH values below 4.5, the consumption of the carbon sources by C. guillier-
mondii was strongly inhibited in bagasse hydrolysates. Morphological changes in 
the cell membrane, disturbances in the active transport through the membrane due 
to the pH alterations, and the competition between sugar and acetic acid for active 
sites are the main causes of the inhibition of sugar consumption in low pH (Felipe 
et al. 1997).

8.3.5   Temperature

The temperature effects on ethanol and xylitol formation are different. The polyol 
yield is less affected by variations in temperature than ethanol yield, and this fact 
may drive the production for one of the products when desired (Sanchez et al. 2004). 
The production of xylitol decreased substantially, and the ethanol production did 
not change when the temperature was raised from 30 to 37 °C during xylose fer-
mentation by P. tannophilus (Barbosa et  al. 1990). This suggests that oxidative 
phosphorylation becomes uncoupled at higher temperature. For P. stipitis, the opti-
mal fermentation temperature was 25–26  °C for xylose and 30  °C for glucose 
(Jeffries 2008).

About 83% of xylose was consumed by P. tannophilus to produce xylitol at a 
temperature range from 25 to 30 °C; however, alcohol and biomass production were 
significant outside this temperature range (Converti et al. 2001).

The use of Kluyveromyces marxianus for potential application in 2G ethanol has 
been disseminated (Signori et al. 2014; Nitiyon et al. 2016). This yeast is able to 
produce ethanol at high temperatures, assimilate pentoses and hexoses, and weak 
glucose repression in sucrose-based substrates (Limtong et al. 2007; Lertwattanasakul 
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et al. 2011). Two K. marxianus strains were able to ferment xylose at 37 °C, but S. 
stipitis was not. K. marxianus is superior to S. stipitis regarding thermotolerance but 
the ethanol productivity from xylose is higher with the last yeast species (Nitiyon 
et al. 2016).

8.4  Engineering Yeasts to Achieve Better Performance 
in Pentose Fermentation

As discussed in previous sections of this chapter, the challenges for using yeasts 
during the ethanol production from lignocellulosic substrates are multiple and 
diverse. The nature of the culture medium, the presence of inhibitors generated 
during the pretreatment and hydrolysis steps, the formation of products as ethanol 
in high titer, osmotic stress, and other toxic effects are important characteristics of 
the 2G generation bioethanol process (Almeida et al. 2011). A single yeast capa-
ble of overcoming this combination of environmental factors and with a genetic 
background that allows efficient conversion of pentoses to ethanol has not been 
easy to found.

The species S. cerevisiae is the most extensively used yeast in fermentation pro-
cesses with sugar- and starch-based raw materials, and it is greatly adapted to the 
industrial context and its peculiarities. However, it is unable to ferment pentoses 
(Hahn-Hagerdal et al. 2007). To make the process feasible, it is crucial to have an 
organism that gathers most of the required characteristics for this particular fermen-
tation. Natural xylose-fermenting yeasts may be a reservoir of genes to be expressed 
in S. cerevisiae by the usage of genetic engineering. In this context, great effort has 
been concentrated on the construction of recombinant yeast strains with increased 
xylose fermentation capacity over the past decades.

Many approaches have been utilized to engineer yeasts for xylose metabolism as 
described in Jeffries (2006, 2008), Hahn-Hagerdal et  al. (2007), Almeida et  al. 
(2011), Laluce et al. (2012), and Harner et al. (2015). Strategies of modeling, flux 
analysis, expression analysis, targeted deletion, random mutagenesis, genome shuf-
fling, and altered expression of key genes have been employed in laboratory and 
industrial yeast strains.

Richard et  al. (2003) combined the genes from different fungi to construct a 
strain able to utilize arabinose. The genes XYL1 and XYL2 from P. stipitis, XKS1 
from S. cerevisiae, and lad1 and lxr1 from Trichoderma reesei were inserted in 
plasmids or integrated into the chromosomes of S. cerevisiae. The resulting strain 
showed activities of all the enzymes of the pathways and was able to assimilate 
arabinose, but at a very low rate. The imbalance of redox factors and the arabinose 
transport into the cell are possible limitation factors for arabinose fermentation. For 
the first time, those authors demonstrated the production of ethanol from arabinose 
in anaerobic conditions.

Wisselink et al. (2007) also reported a case of fast and efficient anaerobic alco-
holic fermentation of arabinose by an engineered S. cerevisiae strain. The strain was 
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constructed by combining the expression of the structural genes of Lactobacillus 
plantarum for arabinose utilization, the overexpression of S. cerevisiae genes 
encoding the enzymes of the nonoxidative pentose phosphate pathway, and exten-
sive evolutionary engineering. A relatively high ethanol yield (0.43  g/g) was 
achieved by growing the engineered yeast on arabinose as the sole carbon source 
anaerobically.

Simultaneous cellobiose and xylose fermentation were also achieved by engi-
neering strains of S. cerevisiae (Ha et al. 2011). The authors expressed both wild- 
type xylose reductase and a mutant xylose reductase in S. cerevisiae, along with 
xylitol dehydrogenase and xylulokinase in order to construct a functional xylose 
metabolic pathway in this yeast. They utilized the strategy of evolutionary engineer-
ing to obtain a strain that rapidly consumed xylose and produced consistent ethanol 
yields (0.31–0.32  g/g). To increase the efficiency of xylose consumption, these 
authors also introduced genes coding for a cellodextrin transporter and a 
β-glucosidase. The strain containing all genes (DA24-16) was capable of consum-
ing cellobiose and xylose simultaneously.

In the study by Zhang and Geng (2012), S. cerevisiae and P. stipitis were used as 
parents for recombinant yeast strain construction. After two rounds of genome shuf-
fling and screening, a recombinant (ScF2) was obtained with the ability to ferment 
high concentration of xylose (100–250 g/L) into ethanol faster than P. stipitis.

A novel xylose-fermenting yeast strain, FSC1, was developed by intergeneric 
hybridization between S. cerevisiae and Candida intermedia mutants using a proto-
plast fusion technique. An ethanol yield of 0.38 g/g in a mix of substrates composed 
of glucose and xylose was achieved. The successive chemical mutation resulted in 
higher ethanol yield of 0.42 g/g substrate (Kahar and Tanaka 2014).

The genetic modification in laboratory strains of S. cerevisiae is relatively easier, 
especially because they are usually haploid and with a well-known genetic composi-
tion. However, industrial strains are diploid, polyploid, or aneuploid, with multiple 
copies of chromosomes and few auxotrophic marks. The genetic engineering of 
industrial strains have been limited to the introduction of the initial xylose and arabi-
nose utilization pathways in S. cerevisiae (Hahn-Hagerdal et al. 2007), such as the 
enzymes xylose reductase (XR) and xylitol dehydrogenase (XDH) from P. stipitis.

To change the preference of XR for NADPH in anaerobic conditions due to low 
availability of NAD+ for XDH (Fig. 8.1), which would result in xylitol formation 
and less ethanol production, Bengtsson et al. (2009) utilized site-directed mutagen-
esis to direct the preference towards NADH in P. stipitis. In sequence, a S. cerevisiae 
was constructed harboring the mutated XR. The fermentation yields presented by 
the recombinant yeast were 0.39 g/g for ethanol and 0.05 g/g for xylitol, in continu-
ous fermentation at a dilution rate of 0.12 h−1, with a mixture of glucose and xylose 
(10 g/L each), anaerobically.

Employing the recombinant S. cerevisiae described above, Runquist et al. (2009) 
demonstrated that similar product yields were obtained both for xylose and glucose. 
However the ethanol productivity from xylose was lower. Cofactor imbalance in the 
initial two steps of xylose utilization may be responsible for the decrease in ethanol 
productivity.
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A redox balancing strategy to an efficient xylose fermentation with simultaneous 
consumption of acetic acid by S. cerevisiae was proposed by Wei et al. (2013). The 
authors combined a NADH-consuming acetate consumption pathway and a NADH- 
producing xylose utilization pathway and the engineered yeast co-consumed xylose 
and the fermentation inhibitor acetate under anaerobic conditions to produce 
ethanol.

All the studies described in this section show that genetic manipulation might be 
successful in gathering robustness against all the inhibitors generated along the 
hydrolysis processes and higher fermentation performance in a single strain. In this 
context, the genomic analysis of P. stipitis and the newly yeast strains isolated as S. 
arborariae may reveal interesting genes for biotechnological traits (Jeffries et al. 
2007; Lobo et al. 2014).

8.5  Technological Scenarios for 1G and 2G Ethanol

Technical and economical feasibility must yet to be proven for the technology of 2G 
ethanol to be fully absorbed by industry. This situation was not different for the 
ethanol produced from hexose-based substrates since its implementation in the 
1970s in Brazil, which is now the most competitive producer of bioethanol from 
sugarcane in the world. New technologies were developed and transferred to distill-
eries to increase the industrial efficiency (Amorim et al. 2011). What can we learn 
from this successful technology that could be employed in the pentose fermentation 
to reach industrial performance? The characteristics of the industrial ethanol pro-
duction from sugarcane musts in Brazil were compared to the pentose fermentation 
in the light of the fermentation parameters (Table 8.2). The comparison is undoubt-
edly unfair for the pentoses because the industrial microorganism used for ethanol 
production from sugarcane musts is S. cerevisiae, which has no competitor with 
similar qualities. For pentose fermentation, the most important yeast species is P. 
stipitis, but the number of species is increasing. Furthermore, there are some recom-
binant strains of S. cerevisiae that are promising.

The main peculiarities of the Brazilian ethanol production process from sugar-
cane are laid on the facts that the process is not carried out under aseptic conditions, 
and the yeast cells are constantly recycled along the fermentative cycles, around 
400–600 cycles (Amorim et al. 2011). Sarks et al. (2014) utilized 24-h high cell 
density fermentations along with cell recycling to solve the slow/incomplete xylose 
fermentation, which is considered critical for lignocellulosic fermentation. Not all 
the strains tested were capable of efficiently performing the process. The xylose 
consumption depended on the initial cell concentration and the nutrient supplemen-
tation. The main cause of reduced xylose consumption with subsequent cycles is the 
decrease of specific xylose consumption rate rather than decreased viable cell mass. 
This approach for pentose fermentation is an advance to reduce fermentation time 
and improve ethanol productivity.
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Regarding the microbial contamination issue, as far as we know the dominance 
of the pentose-fermenting yeast in relation to other yeasts and bacteria contaminat-
ing the substrate has not received attention yet. This is a real challenge to be faced 
by the selected yeast, whichever it will be (Almeida et al. 2011).

8.6  Conclusions and Perspectives

Many obstacles and challenges involve the full development of 2G ethanol. The 
steps of pretreatment and chemical hydrolysis of the plant biomass generate unde-
sirable compounds that affect the fermentation. Although the enzymatic hydrolysis 
is an alternative to avoid the formation of these compounds, it is still a high-cost 
process. Regarding the fermentation step, which is the core of this chapter, the chal-
lenges to be overcome are quite large. Attempts to find naturally occurring yeast 
strains that can ferment pentoses have been successful, and P. stipitis has been one 
of the most important yeast species utilized in fermentations carried out in synthetic 
media or hydrolysates from varied plant sources. The parameters that drive the fer-
mentation by this yeast are not completely known, with the exception of the require-
ment for oxygen. It is noteworthy that the influence of initial cell concentration has 
not gained much attention yet. Even considering the specificities of the process and 
of the substrates, there is much to be learned from the experience of 1G ethanol. 
High cell densities are obtained in this process by recycling the cells after each fer-
mentative cycle, which guarantees high ethanol yield and shorter fermentation 
times. As far as we are concerned, only sparse experiments have dealed with cell 
recycling in pentose fermentation. Genome sequences of newly isolated strains may 
reveal interesting genes related to biotechnological traits and capable to facilitate 
genetic engineering of S. cerevisiae, thus allowing the production of a robust strain 
from this species able to ferment pentoses with higher efficiency. Despite the chal-
lenges yet to be faced, research must go towards the direction of searching for yeast 
with analogous distinct features as the ones exhibited by S. cerevisiae for the 1G 
ethanol technology.
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Chapter 9
New Developments in Sugarcane Genetics 
and Genomics

Melina Cristina Mancini, Cláudio Benício Cardoso-Silva, 
Estela Araujo Costa, Thiago Gibbin Marconi, 
Antonio Augusto Franco Garcia, and Anete Pereira De Souza

Abstract Modern sugarcane cultivars (Saccharum spp.) are derived from an inter-
specific hybridization between Saccharum officinarum and Saccharum spontaneum 
and pose a significant challenge for both genotyping and data analysis. Due to their 
large (estimated at approximately 10 Gb) and complex genome, which can include 
variable ploidy levels and aneuploidy, studies involving molecular markers for 
genetic and quantitative trait locus (QTL) mapping are extremely laborious. Several 
advances in the genetics and genomics of sugarcane have recently become possible 
with the emergence of new sequencing technologies, the use of several types of 
marker systems, and the use of genotyping data analysis software. Molecular mark-
ers and comparative genomics are powerful resources that allow us to explore allelic 
variation and to thus understand the genome organization of sugarcane. This chapter 
provides an overview of what is known about the genetic structure and the genomics 
of sugarcane as well as the main genomics strategies developed for sugarcane. 
Among the strategies discussed are the use of single-nucleotide polymorphisms 
(SNPs) and bacterial artificial chromosome (BAC) libraries and the analysis of the 
syntenic relationships with related species (maize, sorghum, and rice).
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9.1  Introduction

Currently, the increasing worldwide use of biofuels is one of the main factors 
responsible for financial and scientific investments in research. Since the early 
2000s, researchers from UNICAMP (Universidade Estadual de Campinas, Brazil), 
ESALQ-USP (Universidade de São Paulo, Escola Superior de Agricultura Luiz de 
Queiroz, Piracicaba/SP), IAC (Instituto Agronômico de Campinas, Campinas/SP), 
and UFSCar (Universidade Federal de São Carlos, Araras/SP) have focused exten-
sively on several related areas to advance knowledge of the genetic structure and 
genomics of sugarcane. The research of these groups is primarily dedicated to mic-
rosatellites or SSRs (Simple Sequence Repeats; Tautz 1989) and SNPs (Single- 
Nucleotide Polymorphisms), linkage maps and quantitative trait loci (QTL) 
mapping, the construction and evaluation of bacterial artificial chromosome (BAC) 
libraries, and the transcriptome analyses of several tissues. The first sugarcane 
research published by these groups was an analysis of genetic similarity and coef-
ficient of parentage (Lima et al. 2002), where the authors used the polymorphisms 
revealed by AFLP (Amplified Fragment Length Polymorphism; Vos et al. 1995) to 
identify the genetic similarities among 79 sugarcane genotypes.

The development of molecular markers, particularly SSRs, is an important tool 
used by these groups. Several scientific reports were published, with more than 700 
novel SSRs (Pinto et  al. 2004, 2006; Oliveira et  al. 2009; Marconi et  al. 2011), 
which were identified using the SUCEST database (sugarcane ESTs; Vettore et al. 
2001, 2003). In 2013, the development of approximately 1000 SNPs was used to 
study dosage effects in sugarcane using a novel approach for genetics and molecular 
studies (Garcia et al. 2013). This study represents an important advancement in the 
understanding of sugarcane genetics.

Several new statistical methods related to linkage maps and QTL mapping were 
developed and resulted in significant contributions to the scientific community 
(Garcia et al. 2006; Oliveira et al. 2007; Pastina et al. 2012; Gazaffi et al. 2014; 
Margarido et al. 2015). These researchers cataloged more than 5000 novel unigenes 
in sugarcane leaves and identified a large number of molecular markers including 
5106 SSRs and more than 700,000 SNPs (Cardoso-Silva et al. 2014).

Also, two bacterial artificial chromosome (BAC) libraries for the SP80-3280 and 
IACSP96-3046 varieties were constructed, with 2.4 and 1.8 times the genome cover-
age, respectively, representing the biggest BAC libraries from sugarcane to date. These 
BAC libraries make it possible to determine the architecture of different loci with vari-
able ploidy and also allow for the study of regions associated with interesting traits.

9.2  General Aspects of Sugarcane and the Use  
of Molecular Markers

Modern sugarcane varieties result from interspecific crosses between Saccharum 
officinarum (basic chromosome number: x = 10; 2n = 8x = 80) and Saccharum spon-
taneum (basic chromosome number: x = 8; 5x ≤ 2n ≤ 16x; 40 ≤ 2n ≤ 128). This 
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process enabled asymmetric chromosome transmission, resulting in varieties with a 
different chromosome number in somatic cells (2n), generally 100–130 chromo-
somes (D’Hont et al. 1998; Irvine 1999; Grivet and Arruda 2001). The aneuploidy 
condition and high ploidy level make sugarcane a crop plant with high genetic 
complexity.

The use of molecular biology tools, particularly molecular markers, has increased 
our understanding of the relevance of genetic polymorphisms and has been further 
enabled by studies on DNA markers that are genetically linked to traits of interest. 
The main markers used in molecular genetics studies are RFLP (Restriction 
Fragment Length Polymorphism; Botstein et  al. 1980), AFLP, SSR, and, more 
recently, SNP.  These markers are widely used in the construction of sugarcane 
genetic maps (Al-Janabi et al. 1993; Silva et al. 1993, 1995; D’Hont et al. 1994; 
Grivet et al. 1996; Mudge et al. 1996; Ming et al. 1998, 2002a; Guimarães et al. 
1997; Guimarães 1999; Hoarau et al. 2001; Aitken et al. 2005, 2007; Raboin et al. 
2006; Garcia et al. 2006; Oliveira et al. 2007; Palhares et al. 2012) and for the iden-
tification of genomic regions associated with QTLs (Sills et al. 1995; Daugrois et al. 
1996; Ming et al. 2001, 2002b, 2002c; Hoarau et al. 2002; Jordan et al. 2004; Silva 
and Bressiani 2005; McIntyre et al. 2005a, 2005b, 2006; Reffay et al. 2005; Aitken 
et al. 2006, 2008; Raboin et al. 2006; Wei et al. 2006; Al-Janabi et al. 2007; Piperidis 
et al. 2008; Pinto et al. 2010; Pastina et al. 2012).

9.3  Identification of Molecular Markers in Sugarcane

Databases are an excellent resource for the development of molecular markers and 
are available for several crop species. In the special case of sugarcane, a consortium 
of Brazilian researchers, called the SUCEST project, generated approximately 
238,000 expressed sequences by sequencing cDNA libraries from several tissues 
(Vettore et al. 2003). These sequences were used to identify and develop microsatel-
lite markers (Pinto et  al. 2004, 2006; Oliveira et  al. 2009; Marconi et  al. 2011). 
Furthermore, several differentially expressed contigs identified by SUCEST were 
used to develop SNP markers (Garcia et al. 2013). All these molecular markers were 
used in the construction of genetic linkage maps and for QTL mapping (Pinto et al. 
2010; Pastina et al. 2012; Santos et al. 2014).

Although the functional markers are more informative due to their direct associa-
tion with expressed regions of the genome, they are less abundant and polymorphic 
than genomic markers. To construct a genetic map, it is essential to identify 
 molecular markers scattered throughout the genome. Therefore, genotyping using 
genomic markers is necessary to construct a saturated genetic map.

With the availability of genomic sequences from BAC libraries containing large 
fragments of genomic DNA, the development of many molecular markers will be 
possible. The BAC sequencing provides a manner of splitting the sugarcane genome 
into several parts which makes genome assembly easier. Furthermore, these 
sequences contain many repetitive regions and can be used to search for molecular 
markers, such as microsatellites.
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Due to their importance, genomic sequences originating from BACs sequenced 
by Setta and collaborators (2014) were mined for microsatellite regions. In these 
data 4342 microsatellites were identified within 280 BAC sequences spanning 
32 Mbp. When we consider microsatellite types, the most abundant are di- and tri-
nucleotide, which represent 57% of the total.

The distribution of microsatellites was mapped using genomic sequences from 
grasses, such as sugarcane, maize, sorghum, and rice. When sugarcane was com-
pared with sorghum and maize, we noticed that the frequency of microsatellite 
motif distribution was similar among these species (Cardoso-Silva 2015). Although 
the sugarcane genome is not complete, the results are still in accordance with the 
phylogenetic relationships among these grasses. When we consider microsatellites 
that occur in coding regions, only 686 motifs were identified; of those, 161 were 
exonic and 525 were intronic (Cardoso-Silva 2015). The trinucleotide microsatel-
lites were more abundant in exons. In fact, previous studies have shown that trinu-
cleotide repeats are primarily exonic for all eukaryotes studied (Toth et al. 2000; 
Morgante et al. 2002) and constitute approximately 93% of the SSRs in monocots 
(Sonah et al. 2011). It has been hypothesized that the prevalence of trinucleotide 
microsatellites in exons is because this motif may offer a lower risk of frameshift 
mutations by maintaining the amino acid sequence of a protein if point mutations 
occur (Metzgar et al. 2000).

The development of molecular markers from expressed sequence tags (ESTs) 
and genomic sequences is fundamentally important for potential applications in 
breeding programs. The genomic markers are characterized by their high polymor-
phism level, whereas the expressed sequences are required due to their direct asso-
ciation with functional regions in the genome. Additionally, the usage of molecular 
markers directly associated with candidate genes can accelerate the identification of 
QTLs and their application in breeding programs.

9.4  Genetic Mapping in Sugarcane

In some fruit plants (e.g., passion fruit, cocoa, and apple) and forest trees (e.g., rub-
ber tree, populus, and eucalyptus), obtaining inbred lines is impractical due to the 
amount of time necessary to achieve homozygotes or because of inbreeding depres-
sion. In this case, a genetic map is constructed using an F1 segregating population, 
based on a full-sib progeny originating from a cross between two non-inbred par-
ents. To construct genetic maps in this situation, a previously commonly used alter-
native is the so-called double pseudo-test cross, resulting in the construction of two 
individual maps through the identification of polymorphisms in each parent 
(Grattapaglia and Sederoff 1994; Shepherd et al. 2003; Porceddu et al. 2002; Carlier 
et al. 2004).

Based on this approach and using only single dosage markers, linkage maps for 
sugarcane, S. officinarum (“LA Purple”) and S. robustum (“Mol 5829”) were con-
structed using RAPD (Random Amplified Polymorphic DNA; Williams et  al. 

M.C. Mancini et al.



163

1990), RFLP, and AFLP markers (Guimarães 1999). However, the information 
contained in these individual maps can be integrated into a single map using het-
erozygous markers (3:1 segregation) in both parents, which are used to establish a 
link between the markers that segregate individually for each parent (Barreneche 
et al. 1998; Wu et al. 2000; Garcia et al. 2006; Oliveira et al. 2007; Palhares et al. 
2012). The construction of an integrated genetic map using markers with different 
types of segregation has a number of advantages because it allows for the satura-
tion of the linkage map and extends the characterization of polymorphic variation 
to the entire genome. Specifically, for polyploid species, codominant markers can 
be useful for clustering co-segregated groups into their respective homology 
groups (Silva et  al. 1993). For sugarcane, integrated maps were generated by 
Garcia et  al. (2006), Oliveira et  al. (2007), and Palhares et  al. (2012) using the 
approach proposed by Wu et al. (2002) and the R package described by Margarido 
et  al. (2007). These maps were based on a full-sib population derived from the 
cross between two pre-commercial varieties, SP80-180 (female parent) and SP80-
4966 (male parent).

More recently, SNPs have been used as markers, resulting in novel perspectives 
on disease diagnosis, varietal characterization, and marker-assisted selection, as 
well as in the construction of high-resolution genetic maps and association mapping 
(Remington et al. 2001; Rafalski 2002; Batley et al. 2003; Wilson et al. 2004; Yu 
and Buckler 2006; Agrama et al. 2007; Salvi et al. 2007). SNPs are variations in the 
DNA sequence that occur when a single nucleotide is altered. These polymor-
phisms, along with deletions and insertions, are responsible for the majority of 
variation found in organisms (Cho et al. 1999; Rafalski and Tingey 2008) and are 
widely distributed throughout the genome. However, SNPs are more abundant in 
non-transcribed regions and regions flanking SSRs (Bundock and Henry 2004; 
Mogg et al. 2002). They are abundant in many species, including maize (Tenaillon 
et al. 2001), barley (Kanazin et al. 2002), and rice (Yu et al. 2002). With improve-
ments in and increased affordability of next-generation sequencing technologies 
(and expressed sequence databases), the identification and use of SNPs is increas-
ing. For sugarcane, the great advantage of SNPs over other markers types is the 
possibility of determining the copy number of each allele (marker dosage) behaving 
as a codominant marker.

Molecular markers, except for SNPs, with a codominant inheritance in diploid 
organisms, behave like dominant markers in sugarcane. Identifying potential poly-
morphisms for most markers is of limited usage in sugarcane because of its high 
ploidy level. Consequently, the genetic maps currently available for sugarcane 
without the use of SNPs did not achieve adequate coverage. These maps are esti-
mated to represent only 33–50% of the genome. By using SNPs as molecular mark-
ers, higher resolution and more saturated maps can be produced due to the 
abundance of SNPs and the high degree of automation involved in their analysis. 
Additionally, they have a co dominant nature in polyploid organisms (Nasu et al. 
2002; Garcia et  al. 2013), as already shown in barley (Rostoks et  al. 2005) and 
sunflower (Lai et al. 2005).
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9.5  SNP Genotyping Using Mass Spectrometry  
(Sequenom MassARRAY®)

In recent years, matrix-assisted laser desorption/ionization time-of-flight mass 
spectrometry (MALDI-TOF MS), the technology used by Sequenom iPLEX 
MassARRAY® (Sequenom 2007), has emerged as a powerful method for genotyp-
ing SNPs. Its main attributes are precision, speed in generating data, the possibility 
of performing multiple reactions, and the resulting data structure. Additionally, 
mass spectrometry is a powerful and versatile analytical method that provides valu-
able information about the composition and structure of molecules and can distin-
guish a number of specific analytes in mixtures. It can accurately detect and quantify 
allele frequencies as low as a few percent (Oberacher 2008). Due to an increase in 
the demand for SNP genotyping and a reduction in the cost, many methods for 
genotyping SNPs with MALDI-TOF MS have been implemented and, with a high 
degree of automation, have been applied to large-scale studies (Gut 2004). For poly-
ploid organisms, the MassARRAY® System has proven to be very useful because it 
can measure different allele frequencies within the polymorphic site.

Recent advances in next-generation DNA sequencing technology have led to a 
revolution in the way populations are genotyped. One promising approach called 
genotyping-by-sequencing (GBS) is based on high-throughput sequencing of 
genomic subsets targeted by restriction enzymes (Elshire et al. 2011). This approach 
has been demonstrated to be robust and capable of producing many thousands of 
molecular markers, such as SNPs, and is suitable for breeding and trait mapping in 
diverse organisms. GBS has been useful in the characterization of crop plants with 
complex genomes, such as wheat (Poland et al. 2012) and oat (Huang et al. 2014). 
In sugarcane, in addition to SNP identification by mass spectrometry, the GBS strat-
egy has already been used to produce SNP markers. However, the success of this 
strategy is still dependent on the development of downstream analysis tools for 
complex polyploids such as sugarcane.

In polyploid organisms, the frequency of SNPs in a certain locus is determined 
by the number of chromosomes that carry that specific locus, by the number of dif-
ferent alleles, and by the frequency of each allele. However, at least for sugarcane, 
little is known about the degree of similarity between homologous chromosomes 
within homology groups or about the complexity and allelic diversity at a single 
locus of a single gene. As a result, any method used to detect SNPs in a certain sug-
arcane locus must be able to determine the frequency of each base in different 
 genotypes, rather than just detecting the presence or absence of SNPs; this is exactly 
what occurs in MALDI-TOF MS. Such detection systems are more complex and 
expensive, but the information generated by them is essential to better understand 
the genetic and genomic structure in polyploids. In sugarcane, a polymorphic SNP 
between two genotypes is defined when an allele is present in one individual and 
absent in another or when the genotypes have different alleles or a different allele 
copy number (dose). Because the allele copy number is proportional to the height of 
each spectrometry peak (allele abundance), it is possible to estimate the number of 
copies. Data classification for polyploidy is a complex issue which has led to the 
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development of a new statistical method (SNP calling) and new software 
(SuperMASSA) for the analysis and classification of SNP data generated by mass 
spectrometry (Serang et al. 2012).

9.6  Analysis of the Sugarcane Genome Using SNPs

Garcia et al. (2013) reported the development and evaluation of SNPs for sugar-
cane. As a result, a new methodology for quantitative analysis allowing the allelic 
dosage estimation was applied for the first time. The development of this methodol-
ogy led to the discovery of important information about the complex architecture of 
the sugarcane genome. Several SNPs (1041) were genotyped in an association-
mapping panel with relevant sugarcane genotypes and 271 SNPs in the progeny of 
a biparental population derived from a cross between the Brazilian varieties 
IACSP95-3018 (female parent) and IACSP93-3046 (male parent). All the SNPs 
were genotyped using a method based on MALDI-TOF analysis, which was per-
formed on a mass spectrometer platform from Sequenom MassARRAY® using 
iPLEX GOLD chemistry.

The SNP assay is based on a single-base extension of the primer, which is locus 
specific, with a mass-modified nucleotide. The mass intensities for each individual 
in the population can be represented in a scatter plot (Fig. 9.1). Assuming equal 
efficiency in the reaction, the mass intensities can represent the abundance of each 
allele in the specific locus. In Fig. 9.1, it is possible to observe the formation of 
clusters with a different number of points (individuals). If the ploidy level is known, 
the number of clusters can be used to estimate the dosage. In diploids, for example, 
the scatter plot should contain three clusters, for both homozygotes and heterozy-
gotes (not considering copy number variation), with expected angles of 0°, 45°, and 
90° (indicating intensity ratios of (2,0), (1,1), and (0,2)). For autotetraploids, there 
should be five possible results (from 0 to 4 copies of a given allele) and so on, 
depending on the ploidy level.

In general, for sugarcane, the situation is more complicated because the number 
of clusters will depend on the ploidy level which is unknown. So, it was necessary 
to estimate ploidy without reliable cytological studies. The estimation of sugarcane 
ploidy was achieved using the method of Serang et al. (2012) that simultaneously 
considers the combination of parental information, the number of clusters, the 
intensities associated with different alleles, and the expected frequencies of indi-
viduals in each cluster. This approach was used to estimate the ploidy level in the 
SNPs genotyped in the biparental cross (IACSP95-3018 and IACSP93-3046). The 
results indicated that their ploidy level was within the 6–12 range. It is remarkable 
that only a few of the SNPs were present as single-dose (SD) alleles (21 out of the 
241 SNPs). Because most sugarcane genetics studies have only considered simplex 
markers, the actual sample of the genome already explored is rather small (Garcia 
et al. 2013). The observation of a small number of SD markers is quite different 
from previously published results in sugarcane (Hoarau et al. 2001; Aitken et al. 
2005; George and Aitken 2010, among others).
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9.7  Transcriptome Analysis

Transcriptome studies in sugarcane have primarily relied on public EST datasets. 
The first dataset was reported by researchers in South Africa (Carson and Botha 
2000, 2002), but the largest EST collection is the Brazilian SUCEST project, which 
has 238,000 ESTs (Vettore et  al. 2001, 2003). There are also EST libraries in 
Australia (Casu et al. 2003, 2004; Bower et al. 2005) and the United States (Ma 
et al. 2004), with approximately 10,000 ESTs each. The availability of large collec-
tions of expressed sequence tags (ESTs) provides information that can possibly be 
used for functional molecular marker development.

Recent technological developments in NGS have the potential to significantly 
increase our understanding of the organization of complex genomes. The use of 
RNA-Seq technology in large complex genomes has the major advantage of sub-
stantially reducing the effective genome size. For example, the 2.3  Gb haploid 
maize genome is reduced to a 97 Mb transcriptome, assuming all genes are expressed 
(Hansey et al. 2012).

RNA-Seq is a powerful method used to map and quantify transcriptomes, which 
was developed to analyze global gene expression in different tissues. This technique 
has also been used as an efficient and cost-effective method of systematically iden-
tifying SNPs in transcribed regions for different species (Cloonan et al. 2008; Morin 
et al. 2008; Chepelev et al. 2009; Cirulli et al. 2010). Furthermore, unprecedented 
opportunities arose for high-throughput functional genomics research, including 
gene expression profiling, genome annotation, and small ncRNA discovery (Bentley 

Fig. 9.1 Example of SNP genotyping using Sequenom MassARRAY®. Left: mass intensity of 
each allele of a given SNP. Right: each dot is a different individual allocated in the scatter plot 
depending on mass intensity for the two alleles (with low and high mass)
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2006; Morozova and Marra 2008). In this way, NGS technologies could have sig-
nificant implications for crop genetics and breeding. This technology has been 
applied as a tool for RNA sequencing in many species, such as Arabidopsis thaliana 
(Lister et al. 2008), Brassica spp. (Trick et al. 2009), rice (Lu et al. 2010), maize 
(Hansey et  al. 2012), rubber tree (Mantello et  al. 2014), and Panicum maximum 
(Toledo-Silva et al. 2013). Through the use of NGS technologies such as RNA-Seq, 
transcriptome analysis has proven to be a valuable first step in the study of genetic 
traits and has permitted researchers to obtain sequence information and expression 
levels for genes involved in important metabolic pathways and to also discover 
molecular markers in model and non-model organisms (Van Belleghem et al. 2012).

The first whole transcriptome from commercial sugarcane varieties was recently 
produced using NGS technology (Cardoso-Silva et  al. 2014). Gene annotation 
based on Gene Ontology enrichment analysis allowed the identification of several 
transcripts with functions that were distinctly represented among the different sug-
arcane genotypes. For example, the identification of enriched terms involved in 
stimulus-response pathways allowed the comparison of genotypes enriched with 
resistance-related genes with the genotypes that presented resistance traits. All of 
the genotypes were enriched for transcripts involved in the network of sucrose syn-
thesis, accumulation, storage, and retention, which was consistent with the high 
level of sucrose production in these sugarcane genotypes.

9.8  Conclusions and Perspectives

Construction of the sugarcane genetic map and QTL mapping based on marker 
systems is still incomplete and challenging due to the high ploidy level that occurs 
in the sugarcane genome. Alternatively, BAC approaches are being used to under-
stand the sugarcane genome organization by sequencing a long DNA fragment of 
interest. This approach allows for the investigation of tagged genes as well as their 
allelic variation originating from causes such as point mutations, insertions/dele-
tions, inversions, and transposons. Furthermore, the QTL regions can be sequenced, 
and their gene composition can be determined; then, individual alleles can be sam-
pled, and genetic implications can be inferred from sequence variations. Currently, 
this approach is being used by our group to investigate QTLs of interest in sugar-
cane varieties, specifically by BAC sequencing from IACSP93-3046 and SP80- 
3280 libraries
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Chapter 10
Environmental Sustainability Aspects 
of Second Generation Ethanol Production 
from Sugarcane

M.V. Galdos, H. Cantarella, A. Hastings, J. Hillier, and P. Smith

Abstract Sugarcane-derived ethanol from Brazil has a high output to input 
energy ratio and high greenhouse gas savings compared to fossil fuels. Current 
ethanol production is based on first generation (1G) technology, which fer-
ments the sugars extracted from sugarcane stalks. Cellulosic ethanol (2G) can 
be produced from what is currently considered agricultural and agro-industrial 
residues (straw and bagasse), and also from dedicated high biomass-producing 
crops. 2G ethanol provides an opportunity to intensify production, obtaining 
more energy per unit of area cropped and potentially reducing the environmen-
tal footprint. Straw removal from the field has more negative than positive con-
sequences for the environment and the production system, but the effects need 
to be evaluated at the site and regional levels. The use of bagasse as feedstock 
should be evaluated using life cycle assessment methods to account for its 
alternative uses as raw material and in cogeneration. Energy cane, a vigorous 
and rustic crop selected for total biomass production rather than for sucrose, is 
a promising feedstock for 2G ethanol. The presence of rhizomes, a deep root 
system, and intensive tillering contribute to erosion control, crop longevity, 
and soil carbon sequestration. There is a need for more long-term experiments 
focusing on soil quality, nutrient cycling, greenhouse gas emissions, and crop 
production using innovative techniques such as stable isotope labeling and 
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intensive soil flux measurements with automatic chambers to understand the 
impact of removing crop residues for bioenergy production and of using high-
biomass dedicated crops. Process-based models are useful in sustainability 
assessments of 2G sugarcane ethanol production since they take into account 
site and regional variability in soil biogeochemistry, climate parameters, man-
agement practices, plant genetic traits, and the interactions of these factors. 
The integration of models and geographic information systems allows for 
regional assessments of the potential impacts of bioenergy production, contrib-
uting to the identification and promotion of sustainable pathways for cellulosic 
ethanol production.

Keywords Crop residues • Energy cane • Modeling • Life cycle assessment

10.1  Introduction

Sugarcane (Saccharum spp.) is a C4 plant highly efficient in turning solar radia-
tion into biomass. In Brazil, sugarcane is used to produce ethanol, sugar, and 
electricity from cogeneration. Sugarcane-derived ethanol from Brazil has been 
considered an advanced biofuel, a better energy ration, and lower life cycle green-
house gas emissions when compared to fossil fuels. Current ethanol production is 
based on first generation (1G) technology, fermenting sugars extracted from sug-
arcane stalks. However, sugar only represents approximately one-third of the 
energy content of sugarcane. The other two-thirds are composed of straw that is 
either burned on the field or left as mulch, and bagasse, the fibrous material left 
from the juice extraction process, which is mostly used as fuel for process heat 
and electricity generation at the mill.

Cellulosic ethanol, also known as second generation (2G) ethanol, can be pro-
duced from what is currently considered agricultural and industrial residues 
(straw and bagasse). With the development of commercially viable lignocellu-
losic ethanol technology and the possibility to use other parts of the plant as 
feedstock, new scientific challenges will emerge in assessing the sustainability of 
production systems. Besides using crop residues for energy production, new high 
yield crops are being evaluated for 2G ethanol production, which will also gener-
ate the need for new sustainability assessment methods and tools. Biomass pro-
duction has environmental impacts on soil quality, greenhouse gas emissions, 
biodiversity, and water resources. One of the main challenges in sustainability 
science is to develop and apply methodologies to accurately estimate those 
impacts considering regional differences, to ultimately identify practices to miti-
gate this impact. In order to achieve this goal, it is necessary to combine innova-
tive measurement techniques, process- based models, and spatially explicit 
assessments, as discussed in this chapter.
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10.2  Crop Residues as Feedstock for 2G Ethanol

In the sugarcane production system, burning the residues has been a common 
practice to facilitate harvest and transport operations. Burning crop residues 
results in emissions of gases such as CO2, CH4, and N2O, which contribute to the 
greenhouse effect. Burning also emits soot, which causes nuisance as well as pos-
sible health damage to the people living in the surroundings of the crops (Cançado 
et al. 2006). Black carbon is a major component of soot, resulting from the incom-
plete combustion of fossil fuels, biofuels, and biomass. Black carbon scatters and 
absorbs portions of incoming solar rays, but also absorbs radiation from the dif-
fuse upward rays of scattered sunlight, with a net effect of warming of the atmo-
sphere (Galdos et al. 2013).

Due to environmental and economic reasons, there is ongoing burning phase out 
programs in the main sugarcane-growing regions in Brazil, with the gradual replace-
ment of manual harvest with burning by mechanized harvest without burning. The 
slope of terrain is one of the limiting factors for harvesting sugarcane mechanically. 
Currently, areas with a slope of 12% or less are considered mechanizable. In São 
Paulo state, the largest sugarcane producer in Brazil, preharvest burning is expected 
to cease in all areas suitable for mechanical harvest by 2021 by state law, but a vol-
untary sugarcane industry program (Environmental Protocol) has set even more 
aggressive targets for phasing out preharvest burning (Fig. 10.1). Most of the sugar-
cane area in the state is on gentle slopes, and thus suitable for mechanization. In the 
2013/2014 crop season, 83% of the sugarcane area was harvested without burning 
in São Paulo state (UNICA 2015). The progressive prohibition of burning and the 
development of mechanical harvesters have led to an increase in green cane har-
vesting (harvesting without burning) leaving 8–20 tons (dry matter) of straw per 
hectare on the field, mainly comprised of dry leaves and tops (Franco et al. 2013; 

Fig. 10.1 Schedule for phasing out preharvest sugarcane burning in São Paulo state. SPSL (São 
Paulo State Law); EP (Environmental Protocol) in Mechanizable areas (M, slope ≤12%) and Non- 
mechanizable areas (NM, slope >12%)
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Horta Nogueira and Leal 2012; Leal et al. 2013; Trivelin et al. 2013). Although 2G 
 bioethanol can be produced using only the bagasse that is transported to the mill, the 
collection of harvest residues will always be an issue because of the large quantity 
of energy it potentially contains—about 1/3 of the energy of the whole sugarcane 
plant—and of the economy of the whole process (Horta Nogueira and Leal 2012).

The impact of sugarcane straw removal on soil quality and, consequently, on the 
long-term sustainable plant production as well as the question of how much plant 
material can be collected with little or no impact was the object of a comprehensive 
study by Hassuani et al. (2005) and later on by several other authors (Cantarella 
et al. 2013; Leal et al. 2013; Sordi and Manechini 2013). The main results from 
these studies are summarized in Table 10.1. It is well established that the effect of 
straw preservation or removal is site specific (Marin et al. 2014; Thorburn et al. 
2012) and, in many cases, the net effect cannot be clearly defined. However, in 
general, the straw removal has more negative than positive consequences for the 
environment as well as for the production system. For annual crops, continuous 
complete crop removal by using the grain for human food, and the stem and leaves 
for animal bedding and fodder have been shown to reduce the soil carbon, and 
therefore its fertility, as in the Morrow Plots experiment (Odell et  al. 1982). 
Furthermore, it has led in the past to widespread wind erosion, as in the dustbowl 
event in 1930s USA. The Dust Bowl was a period of severe dust storms caused by 
a combination of prolonged drought and inappropriate soil tillage practices in the 
Great Plains region. Farmers had substituted deep-rooted grasses by annual crops 
using extensive deep plowing, leaving the soil bare and susceptible to wind erosion 
(Lee and Gill 2015).

Nutrient cycling in sugarcane is clearly improved with straw preservation, which 
in turn, reduces the fertilization needs. Rossetto et al. (2010), for example, showed 
a small response to potassium (K) in 15 fields where the straw was preserved. On 
the other hand, nitrogen (N) rates are likely to be increased because of the high C:N 

Table 10.1 Consequences of straw removal for 2G on the agroecosystem

Effect of straw collection on Type of impact

Soil organic C and C sequestration Negative
Nutrient cycling Negative; sometimes only long term effect
Sugarcane yield Usually negative
Soil compaction and other physical 
properties

Usually negative

Sugarcane sprouting or ratoon regrowth Usually negative
Soil erosion and nutrient losses Highly negative
Weed control Negative, but type of weed may change
Soil moisture Negative
Greenhouse gases emission Usually increases
Pests and diseases Usually positive
Risk of fire Positive
Ease of field operations Positive
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ratio and slow decomposition of the residue, which hardly contribute to sugarcane 
nutrition in the short run (Vitti et al. 2011). However, the continuous addition of 
straw will cause an increase in organic N pool. A new equilibrium is estimated to 
take 20–30 years (Robertson and Thorburn 2007) or even 40 years (Trivelin et al. 
2013) and, in the long run, N fertilization may also be reduced. Franco et al. (2013) 
and Trivelin et al. (2013) showed that approximately 80% of the nutrients present in 
the straw are in the tops—the green part of the harvest residues—and suggested that 
only the dry leaves should be collected for bioenergy. In addition, the dry leaves 
presented higher yields in the pretreatment step for 2G production (Franco et al. 
2013). Further, the separation of the tops with mechanical harvest is a challenge not 
only because presently the machines are not adapted to that, but also because plants 
in the field do not have a uniform height and high yielding sugarcanes tend to bend.

A thick mulch of straw may delay the sprouting of the ratoons and reduce plant 
stand of some sugarcane varieties. However, new sugarcane varieties are being 
tested under green cane, and it is likely that in the near future the plant material 
available will be adapted. Viator et al. (2006) observed that extracts of sugarcane 
straw presented autotoxic effect delaying early leaf development on ratoons, but this 
only happened under high extract concentrations; at low concentration the extracts 
stimulated sugarcane growth. In the unburned cane harvest system, a significant 
amount of straw on the ground can create an ideal microclimate (mainly tempera-
ture and humidity) for the development of weeds, pests, and diseases infestations 
(Wisniewski and Holtz 1997). Weeds, pests, and diseases present in sugarcane fields 
are important due to damage caused to stalks, tillers, leaves, root system, and stalk 
base, with larger infestations occurring, in general, in older cane (Hassuani et al. 
2005). The incidence of several sugarcane pests is likely to increase under straw 
blanketing. However, the reference system is usually fields where sugarcane was 
burned. Thus, it is still unclear whether the straw collection will substantially 
decrease the pest population because fire is not present (Dinardo-Miranda and 
Fracasso 2013).

Many studies have shown that straw preservation significantly contributes to 
increasing soil carbon (C), and consequently soil organic matter which is highly 
correlated with soil quality (Cerri et al. 2013; De Luca et al. 2008; De Resende et al. 
2006; Galdos et al. 2009a, b, 2010; Pinheiro et al. 2010). Several studies have shown 
that increased soil C sequestration under the green cane management system is 
affected by climate conditions (Robertson 2003), soil texture (Silver et al. 2000), 
time since green cane management implementation, and N fertilizer management 
(Graham et al. 2002a, b). Considering the large quantities of residue generated and 
their high carbon-to-nitrogen ratio and fiber content, it is likely that removing part 
of the straw will still secure most of the soil carbon sequestration potential. 
Nevertheless, the amount sustainably removed would be site specific, and should be 
calculated considering climate, topography, soil, and crop variables.

Straw removal may indirectly cause yield reduction (De Resende et  al. 2006; 
Marin et al. 2014). In addition, increasing C sequestration in soils may be an impor-
tant way of mitigating the climate warming effects of an excess of CO2 concentra-
tion in the atmosphere (Lal 2013). However, there is a limit to which soils can store 
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organic C (Galdos et al. 2009b; Lal 2008) so that after some time, the addition of 
organic material will have little effect on soil C accumulation although equilibrium 
is reached only in the long term. In fact, in some soils, studies spanning more than 
five decades have shown only small increases in the soil organic C stock from straw 
preservation, although other soil properties were positively affected (Graham et al. 
2002a, b).

The contribution of roots to soil C is usually overlooked. Otto et al. (2009) found 
that the root system could reach 5–7 t ha−1 (dry matter) at the peak of the vegetative 
stage of a high yielding sugarcane; root dry matter was reduced to about 2.5 t ha−1 
at the time of plant maturity for harvest. About 20–35% of the sugarcane plant dry 
matter may be allocated to the root system (Carvalho et al. 2013). Therefore, studies 
are needed to determine whether and in what situations the root system of sugarcane 
can supply C necessary for preserving or increasing soil organic matter content.

Some important roles of straw cover on the soil, such soil moisture preservation 
(Figueiredo and La Scala Jr. 2011), erosion control (Silva et al. 2012), and weed 
control (Hassuani et al. 2005), cannot be replaced by C input by roots. However, 
such beneficial effects can be achieved even when only part of the harvest residues 
are preserved, indicating that in many situations the collection of part of the straw 
for 2G ethanol production will not jeopardize soil quality and long-term yield 
potential. However, more research and modeling efforts are needed to help to define 
the adequate trade-off between using harvest residues for bioenergy and the preser-
vation of their benefits if left on the field.

Long-term experiments are required to determine the impact on soil carbon and 
soil fertility of removing crop residues from the field. Such experiments will allow 
calculations of the optimum level of straw removal that will maximize the ethanol 
production while preserving soil carbon and fertility. As variation in input will be 
provided by C4 sugarcane, experiments to determine the fate of soil carbon can be 
made by 14C pulse labeling and measuring the partitioning of the soil organic carbon 
into light and heavy size fractions (Zimmerman et al. 2011). These types of experi-
ments will also enable the parameterization of soil carbon turnover models for this 
crop management.

10.3  Energy Cane, Sweet Sorghum, and Miscanthus

Modern sugarcane cultivars are complex poly alloaneuploids comprising the 
genome of Saccharum officinarum, varying proportions of Saccharum spontaneum 
and recombinant or translocated chromosomes (Matsuoka et al. 2014—see Chap. 
9). S. officinarum is a juicy sugary form, and S. spontaneum is a grassy wild species. 
Crop breeding for sugarcane has been directed at increasing sugar productivity, in 
detriment of fiber. Energy cane tough is a distinct form of the plant that was selected 
for total biomass production rather than for sucrose. Its development started in 
Louisiana and Puerto Rico in the USA in the late 1970s aiming at a more vigorous 
and rustic crop with a high yield of fiber (Alexander 1985).
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Compared to sugarcane, energy cane cultivars are less demanding in nutrients, 
more resistant to diseases, and with higher competitive ability against weeds. Field 
studies in tropical and subtropical regions have shown high biomass productivity, 
with more than 250 t ha−1 year−1 in rainfed conditions (close to 60 t ha−1 year−1 dry 
matter) (Matsuoka et al. 2014). The production of a high number of tillers per stool, 
both in the plant and ratoon phases, is a characteristic of energy cane. For 2G etha-
nol production, the high total biomass yield implies a more efficient use of land, 
producing more energy per hectare, with clear positive implications to economic 
and environmental sustainability. Since energy cane is less demanding in water and 
nutrients, there is also high potential to use degraded or less fertile areas, thus avoid-
ing direct competition with food (Carvalho-Neto et al. 2014).

Another relevant aspect of the energy cane is the more vigorous and deeper root 
system, as compared with sugarcane varieties (Fig. 10.2). Root systems are directly 
related to soil structure and water infiltration, thus helping to prevent erosion by 
runoff. Carbon input from root turnover is one of the main factors affecting soil 
carbon sequestration, so it is expected that a more vigorous root system will contrib-
ute to increasing carbon fixation in the soil in the long term. There is also evidence 
of a rhizomatous habit in energy cane (Fig. 10.3), not present in sugarcane. Rhizomes 
provide the ability to overcome abiotic stress conditions, such as water deficit, 
freezing temperatures, and soil compaction from traffic (Matsuoka et  al. 2014). 
However, increased CO2 concentrations in the future might negatively affect rhi-
zome carbon accumulation. De Souza et al. (2013), in an experiment with miscan-
thus, described a decrease in starch content in roots and rhizomes with elevated CO2 
concentration under open-air conditions.

Fig. 10.2 Comparison between root systems of energy cane (a) and sugarcane (b) in 10-month- 
old plant crops grown in adjacent fields. Photo: Sizuo Matsuoka, Vignis S.A.
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The intensive tillering, vigorous root systems, and the presence of rhizomes also 
contribute to increasing crop longevity. Sugarcane is a perennial grass that needs to 
be replanted every 6 years on average, due to yield decline. In preparation for the 
crop renewal, the stool of the last harvested crop is killed and the soil is prepared for 
the new crop. Under the widespread conventional cultivation system, the whole 
replanting area is disturbed using tillage, disking, and, sometimes, subsoiling. Part 
of the soil carbon stored under the green cane management can be lost during the 
replanting period (Resende et al. 2006). The positive correlation between soil tillage 
and increased soil C mineralization has been observed in several studies, being 
attributed mainly to the destruction of soil aggregates and the subsequent exposure 
of the organic material to decomposing biota (Paustian et al. 1997). The longevity 
of energy cane is higher than sugarcane, reaching 10 or more years in a cycle before 
having to be replanted. There are in the long run, therefore, fewer soil disturbance 
events, with implications on both the energy use in the agricultural phase of ethanol 
production—lower diesel use from cultivation events—and in the potential for soil 
carbon sequestration. Since the replanting period leaves the soil bare until a new 
crop is planted, fewer cultivation events in the long term also mean lower exposure 
to water and wind erosion.

Sweet sorghum (Sorghum bicolor L. Moench) has been evaluated as a feedstock 
for both 1G and 2G ethanol production (Ratnavathi et al. 2011). Currently, there is 
preliminary research in Brazil for cropping sweet sorghum in the short period 
between sugarcane cycles, providing supplementary feedstock for ethanol mills in a 

Fig. 10.3 Rhizomes in 
energy cane. Photo: Sizuo 
Matsuoka, Vignis S.A.
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period of low sugarcane availability. Experiments with another 2G bioenergy feed-
stock in Europe, C4 Miscanthus x giganteus, has enabled the quantify and parame-
terize soil/crop models related to the impact of land use change from grassland and 
arable land to perennial miscanthus grasses. This has been achieved by investigating 
the fate of miscanthus organic material input and the soil carbon stored from the 
previous land use. This has been relatively easy to achieve by measuring the changes 
in carbon isotope ratios as the miscanthus carbon from C4 photosynthesis is distinct 
from the C3 plants, which include the native European grasses and other crops. 
These experiments have shown that arable land conversion results in a soil carbon 
increase, and changes from grasses to miscanthus plantations result in no overall 
change (Dondini et al. 2009; Zatta et al. 2013). In the USA, experiments and Life 
Cycle Assessments focusing on miscanthus have identified high potential for carbon 
sequestration in roots and the soil, and reduced the need for nutrient additions (Zeri 
et al. 2011; Masters et al. 2016). However, the agronomy of miscanthus is different 
from sugarcane and energy cane. Miscanthus is allowed to senesce in the field, and 
the nutrients are repartitioned to the rhizomes before harvest, while sugarcane and 
energy cane are cut green. This means that both root turnover and leaf fall are part 
of the miscanthus soil input and can be up to one-third of the biomass harvested.

10.4  Greenhouse Gas Emissions

Decreasing or maintaining low greenhouse gases (GHGs) emissions in all phases 
of the production cycle is a crucial condition for sustainable bioenergy. The effect 
of straw on GHGs emission from the soil system is complex. Signor et al. (2014) 
observed that removing straw from the field did not change GHG emissions as 
compared to preserving the plant blanketing. However, Figueiredo et  al. (2014) 
showed that when straw was removed there was an increase in CO2 emission from 
soil organic C. In another study, Carmo et al. (2013) tested the effect of varying 
amounts of sugarcane straw on N2O emission from N fertilizer and observed that 
emissions were weakly affected by plant material when the straw rate was up to 
15 t ha−1 dry matter, but increased substantially at 20 t ha−1 (Fig. 10.4), an amount 
of straw that is not usual under the present yield levels. Soil moisture seems to 
interfere with the interaction of straw and N fertilizer that controls N2O emission. 
Vargas et al. (2014) found that under low moisture the amount of straw did not 
affect N2O emission, but under high moisture, the presence of straw increased two-
fold the release of this GHG.

Vinasse, a by-product of ethanol production, is recycled in the sugarcane fields 
supplying nutrients and organic C. As vinasse contains N, its application to soil 
increases N2O emissions, and these are slightly higher in soils without straw 
(Oliveira et al. 2013). However, this study showed that the emission factor (how 
much N is lost as N2O compared to how much is applied) associated with the N 
contained in vinasse (0.44–0.68%) is lower than the default value of 1% used in the 
models by the International Panel of Climate Changes (IPCC). Similarly, Siqueira 
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Neto et al. (2015) calculated an emission factor of 0.65% for vinasse application, 
considering an application rate of 150 m3 per hectare. However, Paredes et al. (2014) 
suggested that the average factor for vinasse in several Brazilian studies is 1.94%.

The application of vinasse and N fertilizer on a sugarcane field with varying 
amounts of straw resulted in high N2O emissions (Carmo et al. 2013). When vinasse 
was added soon after N fertilization, the N-N2O emission factor of the fertilizer 
increased by about 12% per ton of straw and reached an emission factor of 3.0% at 
the highest rate of straw, 20 t ha−1 (Fig. 10.4). Vinasse supplies readily available C 
in addition to increasing soil moisture, which explains the high N2O emissions. As 
both vinasse and N fertilizer are common inputs in sugarcane fields, an alternative 
to reduce emissions is to apply them separately on different occasions and locations 
in the field (Carmo et al. 2013).

The vinasses used in the published studies are from sugarcane juices or molas-
ses. There is little information about the composition of vinasse from lignocellu-
losic materials because 2G ethanol is not being produced in large scale so far. Its 
composition will likely vary with the feedstock. Vinasse from sugarcane bagasse 
has approximately the same content of organic C as juice vinasse, but the nutrient 
content, especially of K, is much lower (Moraes et al. 2015). Although the experi-
ence so far with first generation vinasse will be useful, the management of 2G 
vinasse and the consequences of its use in the field remain to be studied.

10.5  Process-Based Modeling

Modeling can be an important tool in understanding carbon and nutrient dynamics 
in agricultural systems. By using models, it is possible to evaluate the long-term 
effects of different residue management practices considering site-specific condi-
tions such as soil texture, soil water dynamics, and different agricultural input types 

Fig. 10.4 Effect of trash and vinasse on N2O emission factor of N fertilizer in a sugarcane field. 
From Carmo et al. (2013)
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and rates. Models can be useful in evaluating sustainability aspects of both crop 
removal and the use of new feedstocks for 2G ethanol production. Biogeochemical 
models describe the main processes involving carbon, nutrients, water, and emis-
sions in the soil/plant/atmosphere interface, as illustrated in Fig. 10.5 for the 
ECOSSE model.

Muth et al. (2012) described a methodology to integrate soil physical and chemi-
cal parameters, and yield data and slope. This methodology allows the evaluation in 
a spatially explicit manner how much crop residue can be sustainably removed con-
sidering factors such as soil carbon stocks, soil erosion, and crop productivity. 
Duval et al. (2013) used the DayCent biogeochemical model (Fig. 10.6) to simulate 
energy cane production in central Florida (USA) in two different soil types includ-
ing emissions from the expansion into pastureland. The authors concluded that 
energy cane grown on nutrient poor soils has the potential to be a high-yielding 2G 
ethanol feedstock, and it acts as a GHG sink.

The issue of land use change has been at the forefront of the discussion on sus-
tainability of bioenergy. The direct and indirect environmental impacts of land use 
change related to bioenergy potentially include deforestation, increased greenhouse 
gas emissions, soil and water degradation, biodiversity losses, and competition with 
food production. Land use change can produce significant GHG emissions from 
biomass burning and decomposition of soil organic matter, especially when vegeta-
tion with high carbon stocks, such as forests, are replaced by crops (Buckeridge 
et al. 2012). Deforestation caused directly or indirectly by bioenergy crop expansion 
can deny all or part of the GHG mitigation benefits of biofuels (Miyake et al. 2012).

The integration of process-based models and geographic information systems 
(GIS) allows for regional assessments of the potential impacts of bioenergy crop 
expansion on water resources, carbon dynamics, and biodiversity. In a study focusing 
on soybean and corn expansion in North Dakota using a land use change model and 
a recharge estimation model—including climate change scenarios—Li and Merchant 
(2013) identified areas with high vulnerability for groundwater contamination from 
nitrates. This would be caused primarily by the displacement of crops such as wheat 
and alfalfa, which have lower fertilizer application rates than corn. Although there is 
limited land available for bioenergy production in Europe, spatially explicit esti-
mates of environmental impacts of the direct land use change occurring within the 
European Union states reveal that depending solely on 1G biofuels to fulfil bioenergy 
targets would lead to unintended negative consequences (Humpenöder et al. 2013). 
However, Hastings et al. (2009) showed a positive impact on soil carbon of growing 
miscanthus as a 2G crop on excess arable land in the EU, and Don et al. (2012) com-
paring 1G and 2G crops in Europe had the same conclusion.

Focusing on potential impacts of crop residue removal on soil carbon stock 
depletion, Lugato and Jones (2014) used an integration of the CENTURY model 
and GIS to evaluate the impact of low (30%) and high (90%) maize stover removal 
rates for 2G ethanol production at the European level. In the high removal scenario, 
mitigation practices such as using a ryegrass cover crop and returning biodigestates 
to the soil were considered in the modeling. The authors concluded that there would 
be soil carbon depletion of 39.7 Mt. CO2 and 135.4 Mt. CO2 eq by 2020 in the low 
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and high stover removal rates, respectively. Mitigation practices would diminish 
soil carbon losses, but would not totally offset the negative soil C balance.

Models can also be used to evaluate scenarios for the implementation of alterna-
tive feedstocks for 2G ethanol production at the regional scale. Davis et al. (2012) 
used the DayCent model to estimate the effects on ecosystem services of replacing 
corn ethanol feedstocks with the perennial cellulosic feedstocks switchgrass 
(Panicum virgatum L.) and miscanthus (Miscanthus x giganteus Greef et Deuter) at 
a county-level resolution for the central US region. The modeling results of replac-
ing corn by those cellulosic crops indicate a potential increase in ethanol and grain 
for food production and a reduction in nitrogen leaching and greenhouse gas 
emissions.

Life Cycle Assessments (LCAs) of current sugarcane ethanol production include 
the use of bagasse as a fuel and the export of electricity to reach the low GHG 
 emissions level and high energy balance. Nevertheless, these numbers will change 

Fig. 10.6 Special features of the DayCent modeling package, including carbon and nitrogen 
stocks and fluxes and the main crop, soil and atmosphere pools (Del grosso et al. 2011)
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if the straw and the bagasse are used for the production of 2G ethanol so that a com-
parison of LCAs with and without the 2G ethanol production is required to ensure 
that this is not a retrograde step in reducing overall GHG emissions. Also, some 
bagasse is used for the production of paper, cardboard, and construction boards and 
to provide heat and power for other industries. The impact of their substitution by 
other materials and fuels will also need to be considered in the overall LCA and the 
emissions that will be generated by the use of alternative material and processes.

Dias et al. (2013) performed an LCA of sugarcane ethanol in Brazil considering 
three scenarios: (1) conventional first generation (1G), (2) stand-alone second gen-
eration (2G), and (3) an integration of first and second generation (1G + 2G). The 
authors concluded that integration of first and second generation ethanol production 
processes could be more economical, more efficient, and present lower environmen-
tal impacts than the first generation or the stand-alone second generation, mainly 
since the output of energy per unit of feedstock used would be maximized. Sheehan 
et al. (2003) built a life cycle model to simulate the collection of corn stover in the 
state of Iowa (USA) to produce ethanol, including impacts on soil carbon dynamics, 
soil erosion, and yield. For Iowa cornfield conditions, modeling results indicated 
that the minimum amount of residues that should be left on the field was, on aver-
age, 4.9 and 2.5 t ha−1 for conventional tillage and no-till, respectively. Life cycle 
assessments of 2G ethanol production are also very sensitive to the allocation meth-
odologies applied (e.g., mass, energy, economic), which are related to how crop and 
agro-industrial residues such as straw and bagasse are accounted for.

10.6  Conclusion and Perspectives

Lignocellulosic ethanol production provides an opportunity to intensify production, 
obtaining more energy per unit of area cropped with sugarcane, by enabling the use 
of crop residues and highly productive fiber sources such as energy cane as feed-
stock. If agricultural inputs remain the same, the increase in energy output per unit 
of area or unit of feedstock will imply an increase in production efficiency and a 
smaller environmental footprint. Producing more energy per unit of land avoids 
land use change, which has direct and indirect effects on greenhouse gas emissions, 
soil and water quality, and biodiversity.

There are clear benefits of leaving crop residues on the field, such as protection 
against erosion, nutrient cycling, soil carbon sequestration, weed suppression, and 
soil moisture retention. On the other hand, considering the large quantities of resi-
due generated and their high carbon-to-nitrogen ratio and fiber content, it is likely 
that removing part of the straw will still secure most environmental and agronomic 
benefits. Those benefits are site specific so that the amount of straw that can be 
removed sustainably should be calculated considering climate, topography, soil, 
and crop variables. Best management practices such as no till, unburned harvest, 
crop rotation with N fixing crops, extending the plant/ratoon cycle, and leaving at 
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least part of the straw on the soil surface are important to secure the sustainability 
of second generation sugarcane ethanol.

More long-term experiments focusing on soil quality, nutrient cycling, GHG 
emissions, and crop production are necessary to understand the impact of removing 
crop residues for bioenergy production and of using high-biomass dedicated crops. 
Novel approaches and metrics should be used in assessing the relative impacts of 
agricultural management changes related to cellulosic ethanol production. For 
instance, stable isotopes can be used to assess the relative contribution of sugarcane 
surface litter and roots to soil carbon dynamics through ∂13C labeling, and nutrient 
cycling can be assessed using 15N labeled fertilizer and straw. Regarding soil GHG 
emissions, due to the high spatial and temporal variability, intensive soil flux mea-
surements in automated chambers should be established to understand the impact of 
crop residue removal and new feedstocks on soil carbon and nutrient stocks and 
fluxes.

Sustainability aspects of 2G sugarcane ethanol production need to take into 
account local and regional variability in soil biogeochemistry, climate parameters, 
management practices, plant genetic traits, and the interactions of these factors. 
Calibrated and validated models can be very useful for simulating processes in the 
soil/plant/atmosphere interface at the field scale. Furthermore, geographic informa-
tion systems containing soil, climate, and land use databases at the regional scale 
can be integrated with process-based models to upscale simulations and test the 
regional impacts of different bioenergy production scenarios and to identify sustain-
able production pathways.
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Chapter 11
Policy and Diplomacy in the Production 
of Second Generation Ethanol in Brazil: 
International Relations with the EU,  
the USA and Africa

Nicola Favretto, Lindsay C. Stringer, Marcos S. Buckeridge, 
and Stavros Afionis

Abstract Concerns over the global energy crisis and climate change are increasingly 
mediated through the deployment of renewable energy sources, such as biofuels. 
Second generation (2G) biofuels derived from non-edible feedstocks offer more 
sustainable and higher productive alternatives than first generation (1G) ones, which 
are more water and land intensive. New cooperation opportunities, particularly 
among Brazil, the USA and the EU, have been generated by the emerging 2G global 
market. Future expansion of 2G production and consumption in the African conti-
nent is envisaged to offer a range of benefits, including decreased oil dependency 
and generation of economic activities which can foster rural development. This 
chapter outlines the current state of affairs with respect to 2G biofuels in Brazil, 
including discussion on the future prospects of introducing 2G production in Africa. 
Opportunities and challenges of 2G cooperation between Brazil, the USA and the 
EU are discussed. Secondary data from government documents, published reports 
and scientific studies were integrated with semi-structured interviews and personal 
communications with Brazilian line ministries and EU officials. Data show a great 
potential for the expansion of Brazil’s 1G ethanol industry in Africa, but 2G devel-
opment is not identified as a foreseeable option in the forthcoming years. This is due 
to the high production costs, lack of advanced technology and the unattractive 
 business environment. The creation of a 1G consumer market and establishment  
of safe legal and policy frameworks are needed in order to foster 2G investments. 
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As observed in terms of international cooperation, Brazil’s potential to foster 2G 
technologies in Africa is compromised by a disconnect between science production, 
industrial and policy developments. Cooperation of Brazil with the EU is focused 
on fundamental sciences, while linkages with the USA are limited to private sector 
and market development. Increased policy coordination towards the transition from 
1G to 2G, as well as stronger budget support, is key for enabling Brazil’s future 
leadership in the international 2G arena.

Keywords Ethanol diplomacy • European Union • Africa • United States of 
America • Bioethanol • Sugarcane

11.1  Introduction

Between 2010 and 2040 the world’s energy consumption is estimated to increase at 
a rate of 56%, from 524 quadrillion British thermal units (Btu) in 2010 to 820 qua-
drillion Btu in 2040 (EIA 2013). Driven by rapid population growth and economic 
expansion, more than 85% of this unprecedented growth will occur among develop-
ing countries, with petroleum, natural gas and coal dominating the energy mix (EIA 
2013). Such high reliance on fossil fuels has raised concerns about energy security 
across the globe, particularly in the context of fluctuating global oil prices (Hamilton 
2009), scarcity of available petroleum reserves (Sorrell et  al. 2010) and political 
instability in the regions in which these reserves are located (Luft and Korin 2009). 
Concerns related to climate change are also pertinent, as combustion of fossil fuels 
remains the largest contributing factor to the release of greenhouse gases (GHG) 
into the atmosphere (IPCC 2014).

To address the aforementioned complications, governments worldwide have pro-
gressively introduced incentives to support the deployment of renewable energy 
sources, like inter alia biofuels (EIA 2013). First generation biofuels (1G) derived 
from edible agricultural products have been promoted as an option to enhance 
access to energy, lessen dependence on expensive imported oil, as well as reduce 
GHG emissions (Janssen and Rutz 2012; Goldemberg 2008). As a result, global 1G 
biofuel supply chains have been developed, particularly in the transport sector, 
where biofuels output, adjusted for energy content, accounted for 3.5% of global oil 
demand for road transport in 2013 (IEA 2014).

However, 1G biofuels are mainly produced from food crops, such as grains, sug-
arcane and vegetable oils. Their capability to contribute to long-term fossil fuel 
substitution has been questioned, as a range of debates on their socio-economic 
and environmental sustainability have been raised, particularly with regard to 
their impacts on food security and land-use (Nonhebel 2012; Cotula et al. 2008). 
More advanced fuels can be derived from lignocellulosic biomass (e.g. timber and 
waste products from forestry, agriculture, industry or households), specific non-
edible energy crops (e.g. sugarcane bagasse, switchgrass, miscanthus and willow), 
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biomass- to-liquids (BtL)-diesel and bio-synthetic gas (bio-SG) (IEA 2011). These 
fuels, collectively referred to as second generation biofuels (2G), are thought to 
offer more sustainable alternatives than 1G as they are more energy efficient, less 
water and land intensive (Hill 2007), and are expected to achieve greater GHG 
emissions reductions (Havlík et al. 2011).

From a global perspective, according to Köhler et al. (2014), a total of 69 2G 
pilot plants were established worldwide as of 2014, of which 35 were based in 
Europe, 21 in the USA, 6 in Brazil, 5 in Canada and 2 in Asia. Even though some of 
these plants have the technical capabilities to produce small quantities of cellulosic 
2G, the industry has not yet reached commercial deployment and production tech-
nology remains still at a development stage. Research and development (R&D) 
efforts have not yet produced solid results in the developed world and estimates 
about the timing for 2G’s commercial scaling-up remain uncertain. Varied estimates 
of possible growth paths are provided in the literature (Khanna 2008). According to 
interviews with Petrobras Biofuel1 and the Sugarcane Technology Research Center2 
in Brazil, commercial scaling-up should be achieved by the late 2010s.

As a consequence of supportive legislation and adequate funding spearheaded by 
the USA and, to a lesser extent, the European Union (EU) and Brazil, the future role 
of 2G global production and consumption is expected to become more prominent. 
Starting with the USA, its 2007 Renewable Fuel Standard sets a consumption man-
date ranging between 0.1 billion gallons of lignocellulosic biomass in 2010 and 16 
billion gallons in 2022 (Government of the US 2007). These ambitious policy goals 
resulted in growing R&D investments, which have led to the implementation of a 
number of pilot projects in the 2G sector (USDOE 2008). Yet, actual production in 
the USA remains far below policy targets (i.e. no 2G was used before 2012 and only 
200,000 gallons were commercialised in 2012). As a result, in 2013 the 2G con-
sumption mandate was waived by the Environmental Protection Agency (EPA) 
from the initial 1 billion gallons to 0.014 billion gallons (Thompson and Meyer 
2013). Annual percentage standards for 2014, 2015 and 2016 were set to 0.033, 
0.106 and 0.206 billion gallons, respectively (EPA 2015).

Turning to the EU, since the EU Biofuels Directive was approved in 2003, a 
range of policy instruments have been adopted with the aim to promote biofuel 
production. These include subsidy schemes, tax exemptions, funding for R&D and 
Common Agricultural Policy supporting mechanisms (Afionis and Stringer 2012). 
The EU’s more recent 2009 Renewable Energy Directive (RED) sets a mandatory 
target for energy from renewable fuels in transport of 10% by 2020 (European 
Commission 2009) and envisages the creation of a 1G market as a starting point for 
the development of a 2G one (Baka and Roland-Holst 2009). Benefits to the latter 
are provided in the RED, where contributions of 2G are credited with a multiplier 
of 2 towards the 10% target (European Commission 2009). Until 2015, EU actors 
had been negotiating amendments to RED, focusing in particular on whether the 
10% target should be differentiated to expressly include a sub-target for advanced 

1 Interview, Petrobras Biocombustível, Rio de Janeiro, March 2013.
2 Interview, Sugarcane Technology Research Center (CTC), Piracicaba, March 2013.
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biofuels. Intra-EU negotiations to this effect commenced in 2010, and were only 
concluded in April 2015 with a political compromise to set a 7% cap on 1G food-
crop biofuels and encourage Member States to individually put in place indicative 
targets for 2G and 3G (advanced) biofuels. In October 2014, the EU agreed on a 
new framework for climate and energy, which included EU-wide targets and policy 
objectives for the period between 2020 and 2030. One of these targets calls for at 
least a 27% share of renewable energy consumption (European Commission 2015). 
As of April 2016, the EU is in the process of reviewing its bioenergy sustainability 
policy in order to propose a new RED for the period after 2020.

Brazil is widely recognised as a global leader in 1G production, being the second 
ethanol producer worldwide after the USA and the leading exporter, accounting for 
more than 40% of global trade (Walter and Segerstedt 2012). While Brazil’s 1G 
leadership dates back to the 1970s, ethanol production and consumption were prin-
cipally boosted following the introduction of flex-fuel car engines into the market in 
2003, which could run on 100% gasoline, 100% bioethanol or any proportion mix 
of the two without any effect on vehicle performance (Afionis et al. 2013).

Due to various political and economic factors, however, the Brazilian sugarcane 
sector is today undergoing a period of deep crisis and even Brazil has experienced a 
dampening of enthusiasm for biofuels (Afionis et al. 2016). Internationally, con-
cerns about biofuels sustainability, coupled with the turbulence generated by the 
global and national economic crises, halted Brazil’s export-oriented ethanol produc-
tion expansion plans. Domestically, poor plantation management and planning deci-
sions effectively crippled ethanol production in Brazil during the early 2010s, 
causing market uncertainty, driving ethanol prices up and forcing Brazil to import 
ethanol from the USA in 2011 (Afionis et al. 2013).

Developing 2G biofuels has therefore been envisaged as a promising remedial 
solution, given their higher productivity and sustainability credentials. Indeed, 
almost all crops have more sugar potentially available in the cell walls of their 
stems and leaves than in their grains (SUNLIBB 2014). While the current ineffi-
ciency of conversion from biomass to biofuels makes 2G production economically 
uncompetitive, productivity gains related to the learning-curve effect are expected 
to eventually have a tapering effect on cost. According to Brazilian industry stake-
holders, 2G biofuels could potentially be as much as 20% cheaper compared to 
their 1G counterparts in a decades’ time.3 While no formal legislation has been 
promulgated up to date, substantial financial and technological resources have been 
devoted into developing Brazil’s 2G capacity. For instance, Brazilian public actors, 
like BNDES4 and FINEP,5 have cumulatively contributed close to US$ 2 billion 
since 2011  in 2G innovation projects, up from just US$ 100 million that same 
year.6 However, the investment made was not adequately coupled with the produc-

3 Telephone interview, GranBio, a 2G commercial plant in Alagoas, Brazil (September 2014).
4 Banco Nacional de Desenvolvimento Econômico e Social.
5 Financiadora de Estudos e Projetos; an organisation under the Brazilian Ministry of Science & 
Technology.
6 Interview, BNDES, Sao Paulo (September 2014).
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Fig. 11.1 Failures in the model for an innovation system for ethanol 2G production in Brazil. The 
natural sequence of events is shown in A, with solid arrows being the exchanges of information 
among actors. Dashed arrows are irreversible events. B shows the main problems related to the 
exchange of information between the main actors in the innovation game (academia, industry, 
government and market). The main reasons for system’s failure are given in red and pointed with 
thick red arrows. When connections, timing and style of financing initiatives are well adjusted, the 
innovation system will work more efficiently and more quickly. When one of them does not work 
efficiently, the whole system fails

tion of basic and applied sciences related to 2G technologies, leading to a discon-
nection between the production of knowledge and technology. As a result, 2G 
technologies currently used in Brazil are mostly based on science produced outside 
of the country (Fig. 11.1).

The emerging 2G global market has also opened up new cooperation opportuni-
ties for major actors like Brazil, the USA and the EU, which have been progres-
sively engaging in collaborative efforts aimed at overcoming the current production 
barriers. International cooperation is thought to offer not only attractive opportuni-
ties for more sustainable and profitable biofuel production, but also the prospect to 
establish biofuel markets elsewhere, for instance, in Africa. In addition to public-led 
initiatives, private sector companies from the aforementioned actors are actively 
investing in the Brazilian 2G sector, drawn by the country’s feedstock availability 
and production capacity. Brazil’s engagement in the 2G sector is expected to benefit 
the country by serving the twofold purpose of stabilising its internal biofuels market 
and reviving its ethanol diplomacy undertakings abroad (Afionis et  al. 2016). 
However, difficulties in linking the scientific research carried out by Brazilian 
 institutions to the country’s international cooperation undertakings have resulted in 
limited capacity to foster 1G and 2G technologies in Africa to date.
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The purpose of this chapter is to outline the current state of affairs with respect 
to 2G biofuels in Brazil, and to discuss the future prospects of introducing 2G bio-
fuel production in African countries. Section 11.2 outlines 2G biofuels development 
in Brazil and reviews the opportunities and challenges of 2G cooperation between 
Brazil, the USA and the EU. The feasibility of expanding the 2G market to Africa is 
discussed in Sect. 11.3, while Sect. 11.4 summarises our findings.

Our analysis is based on secondary data from government documents, published 
reports and scientific studies, as well as interviews and personal communications 
with Brazilian and EU officials. Primary data were gathered through thirty- 
three semi-structured interviews carried out across Brazil (March 2013, August–
September 2014, September 2015), EU headquarters (October 2013), Africa 
(October 2013 and July 2014), whereby a purposive sample and snowballing 
approach were used to identify respondents. Interviewees included Brazilian line 
ministries, the EU Delegation to Brazil, the European Commission in Brussels, the 
EU Delegations to Kenya and Mozambique, and the Brazilian Delegation to 
Brussels.

11.2  Potential for 2G Cooperation Between the EU,  
the USA and Brazil

During the 2000s, under the government of President Lula, Brazil pursued a range 
of coalitions with powerful 1G biofuels producers and consumers, such as the EU 
and the USA, with the aim to transform bioethanol into a globally traded commod-
ity. Fundamentally, the creation of a wide 1G international market of both producers 
and consumers is required for commoditisation to take place: ‘If you wish to make 
biofuel a commodity, more countries have to produce it’.7 In addition, Brazil is mak-
ing an effort to stimulate 2G ethanol production, with two plants having already 
started production (see below). For Brazil, 2G is vital in order to meet domestic 
ethanol demand for 2020.8 To create synergies, Brazil has engaged with the EU and 
the USA in setting up various projects for 1G and 2G ethanol production, with some 
of these initiatives even involving developing countries in Africa, Central America 
and the Caribbean.

Starting with the EU, its increasing preoccupation with climate change and 
energy security might induce an observer to assume—at first reading at least—that 
the EU and Brazil would be natural partners in promoting the use of sustainable 
biofuels on the global scene. Yet, our interviews point to the opposite conclusion. In 
particular, a difficult interaction with the European institutions has been noted by 
Brazil’s policymakers, who claim that the counterpart is not willing to undertake 
concrete actions in the sector: ‘They [the EU] say that they are maintaining an 

7 Interview, Ministry of External Relations, Brasilia, March 2013.
8 Telephone interview, GranBio, a 2G commercial plant in Alagoas, Brazil (September 2014).
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energy dialogue, but it’s nothing more than just talk’.9 Another interviewee noted 
that with the EU there is a lot of talking, lots of repetitive meetings and, hence, lots 
of ‘wasted’ time.10

Over time, a number of emerging issues have greatly polarised biofuel relations 
between the two partners. A first issue relates to the EU-wide standards and certifi-
cation criteria that have been promulgated by the RED with the intention to foster a 
more sustainable biofuels industry.11 Even though the EU stresses the need to draw 
an explicit link between consumption of biofuels and their sustainable production, 
Brazil’s policymakers perceive the EU’s criteria as an instrument used to create bar-
riers to international trade: ‘There is a lobby against biofuels’,12 ‘The discussion 
about the sustainability criteria is a façade, an excuse to set up some barriers’.13  
A second issue relates to market distortions caused by the EU’s unfavourable trade 
regime, with import tariffs and tax credits being accused of offsetting the compara-
tive advantage of leading producers like Brazil and constraining the commercialisa-
tion of their ethanol in the EU (Afionis and Stringer 2014).

This tense situation has had a knock-on effect in terms of fostering EU–Brazil 
partnerships in the 2G sector, which according to BNDES would represent an 
opportunity for Brazil to promote industrial scaling-up and maintain the country’s 
technological leadership in the sugarcane industry, while at the same time supplying 
global markets with sustainable biofuels.14 To date, cooperation is mostly concen-
trated in the areas of science, technology and innovation, with a number of joint 
projects having been funded through partnerships with individual Member States 
like the United Kingdom or Germany, or through the EU’s Framework Programmes 
for Research and Technological Development (FPs). SUNLIBB15–CeProBio16 was 
an example of such a project, which aimed inter alia at combining European and 
Brazilian research strengths in order to open the way for cost-competitive 2G biofu-
els production.

Scientific collaboration between Brazil and the EU on bioenergy can be consid-
ered as successful. SUNLIBB–CeProBio and other major scientific projects (e.g. 
INCT-Bioetanol) have been actively producing scientific data and have enriched the 
knowledge about bioenergy feedstocks on both sides of the Atlantic. The connec-
tions between Brazilian, UK, Dutch, French and German scientists in this area have 
generated a range of publications, facilitated, among others, by frequent joint meet-

9 Interview, Ministry of Mining and Energy, Brasilia, March 2013.
10 Interview, Ministry of Agriculture, Brasilia, September 2014.
11 Besides greenhouse gas savings (currently 35 %, rising to 50 % in 2017), the EU’s sustainability 
criteria stipulate that biofuel feedstock is not to be derived from primary forests, lands with high 
biodiversity value, protected territories and carbon-rich areas.
12 Interview, Ministry of External Relations, Brasilia, March 2013.
13 Interview, Institute of Electrotechnics and Energy, University of Sao Paulo, February 2013.
14 Interview, BNDES, Sao Paulo, March 2013.
15 Sustainable Liquid Biofuels from Biomass Biorefining (SUNLIBB). For further information, see 
sunlibb.eu.
16 Centre of Biological and Industrial Process for Biofuels (CeProBio).
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ings and a constant exchange of research staff. Throughout the duration of the proj-
ects, fundamental scientific advances have been achieved, leading to an increased 
understanding of 2G processes. Structure and composition of biomass feedstock for 
bioenergy in Brazil and Europe were studied in depth and are now  better under-
stood, while dozens of genes and enzymes were discovered and fully characterised. 
Plant growth and crop sustainability were also investigated by joint research groups 
in both regions.

In 2013, however, the planned publication for 2014 of a joint call on 2G biofuels 
that was to be funded under the remit of Horizon 2020 was delayed by the Brazilian 
side, as funds were reallocated to the Science without Borders initiative.17 The latter 
is a Brazilian government scholarship programme, which aims to send in excess of 
100,000 undergraduate and postgraduate Brazilian students at top universities around 
the world. Despite the setback, the call was eventually launched in October 2015.

Unlike the slow bilateral progress, European private sector 2G investments and 
collaborations in Brazil are substantial, even though they pale in comparison to those 
of their US counterparts. For example, the design and equipment of the Brazilian 2G 
plant in Alagoas was supplied by the Mossi Ghisolfi Group, which owns Europe’s 
largest commercial-scale plant for the production of bioethanol from non-food bio-
mass sources in Crescentino, Italy.18 Furthermore, Shell in 2011 launched a joint 
venture with Cosan, Brazil’s largest ethanol exporter, with one of the outcomes being 
the aforementioned 2G Raisen plant in Piracicaba. In December 2014, Abengoa and 
BNDES announced they would co-finance the construction of a 2G ethanol plant in 
Pirassununga, Sao Paulo, expected to be in full operation by 2017.19

However, a lack of coordination and communication between the industrial ini-
tiatives and the science being developed by Brazilian and European scientists has 
been observed. Such disconnect between science and industry is explained by the 
limited connectivity between the political and diplomatic parts of each region. This 
may be so because the latter are the forces that should be adjusting the timing of 
when and how the scientific knowledge would be directly applied in industry to 
generate maximum profit for both sides.

When it comes to relations with the USA, the overall picture is totally different, 
with Brazilian policymakers praising the ease with which they can cooperate with 
their American counterparts. One interviewee noted that the USA has clear goals 
and tools to implement actions,20 while another argued that it is easier to work with 
them given their similar views on sustainable biofuels: ‘We do not have to fight 
about the concept, as is the case with the EU’.21 Indicative of the positive bilateral 
relationship is the decision by the US government to satisfy a long-standing demand 
and allow the US$0.54 per-gallon surcharge on imported ethanol to expire at the end 

17 Interview, EU Delegation to Brazil, Brasilia, September 2014.
18 Interview, BNDES, Sao Paulo, September 2014.
19 Interview, CTBE, Campinas, Sao Paulo, September 2015.
20 Interview, BNDES, Sao Paulo, September 2014.
21 Interview, Ministry of External Relations, Brasilia, September 2014.
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of 2011, a measure initially put in place to shelter ethanol distilled from corn in the 
USA from ethanol distilled from sugarcane in Brazil.22

In terms of bilateral relations, Brazil and the USA signed a Memorandum of 
Understanding (MoU) in March 2007 to cooperate on biofuels, which was extended 
in 2011 to include aviation biofuels. Since then, they have been engaged in various 
R&D cooperation undertakings, focusing, for example, on maximising the effi-
ciency of flex-fuel vehicle engines or on facilitating the commercial-scale develop-
ment and deployment of aviation biofuels. Under the MoU, a subset of the activities 
is directed towards the stimulation of private sector biofuels investment in third 
countries. While initially the focus was solely on Central American and Caribbean 
countries, it was later expanded to include African countries, like Senegal and 
Guinea-Bissau (Dalgaard 2012). Technical assistance aims to strengthen policy 
frameworks, implement blending laws, and develop domestic biofuels production 
capabilities.23

In terms of private sector investments, US companies have been more active in 
Brazil than EU ones.24 To name a few examples, Solazyme, a San Frasisco-based 
bioproducts company, has a facility in Sao Paulo State and was planning to use 
modified algae to produce oil from sugarcane to be used in inter alia bio jet fuel, 
speciality chemicals and food supplements.25 Amyris is another US company that 
has production facilities in Sao Paulo, investing among others in aviation biofuels 
from sugarcane. Amyris has partnered with Brazilian airline GOL, and in July 2014 
a demonstration flight using farnesane was performed from Orlando, Florida, to Sao 
Paulo, Brazil.26 Finally, Boeing has signed a MoU with Brazilian aerospace con-
glomerate Embraer, to invest in a joint biofuels research centre in Sao Paulo State 
for developing sustainable aviation biofuels (Boeing 2014).

However, unlike cooperation with the EU, no joint fundamental sciences projects 
were established. US initiatives were always a ready-made strategy, bringing 
American technology to exploit the Brazilian market. In other words, there were no 
partnerships to support win-win cooperation in terms of common goals to achieve 
major objectives in the sustainable production of biofuels. Thus, the relationship 
with the USA can be characterised as even more chaotic and unilaterally focused on 
profitable opportunities, rather than anchored in cooperation between countries that 
would lead to a better world. In this sense, although some connections have been 
seen between Brazil and the EU, US–Brazil relations could be considered rather 
disparate.

Overall, expectations were that if these aforementioned 2G biofuel innovative 
investments proved successful, and as the global economic crisis recedes, more and 
more companies from across the world would be drawn to Brazil to seek joint ven-

22 Interview, Institute of Energy and Environment, University of Sao Paulo, August 2014.
23 Interview, US Embassy in Brazil, September 2014.
24 Interview, Ministry of Agriculture, Brasilia, September 2014.
25 Interview, US Embassy in Brazil, September 2014.
26 Interview, US Embassy in Brazil, September 2014.
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tures and invest.27 However, due to Brazil’s unstable economic and political situa-
tion, all such expectations need to be put on hold for the time being. In May 2016, 
Brazilian President Dilma Rousseff was suspended from office pending an impeach-
ment trial over accusations that she illegally manipulated government accounts. 
Consequently, even though Brazilian institutions, like BNDES, as well as Brazilian 
industrial stakeholders have been paying extra attention in ensuring the success of 
2G undertakings, the crisis in Brazil has created uncertainty as to the continuity 
prospects of such strategies.

Three cautious notes are in order at this point. Development of 2G biofuels has 
the potential to help, but is not going to be the answer to all of Brazil’s bioethanol 
problems. First, bringing back stability to its 1G sector is a prerequisite for success-
fully consolidating a 2G market and reviving anew its ethanol diplomacy overtures 
abroad. After all, the latter two presuppose a healthy sugarcane industry that is able 
to produce adequate supplies of feedstock. Second, Brazil’s policy remains focused 
on the promotion of 1G rather than 2G. No legislation promoting 2G is currently in 
place at the national level, and according to Brazil’s 10-Year National Energy 
Expansion Plan 2012–2021, the 61 billion litres of ethanol expected to be produced 
in 2021 will come entirely from 1G feedstocks (Government of Brazil 2013). The 
urgent need to elaborate a mandate and rules aimed at creating suitable business 
conditions for 2G is stressed by key producers: ‘If the Brazilian government wants 
to lead this [2G development], we have to think about having a mandate to create 
the business conditions to compete with the most advanced foreign countries (like 
the US) on 2G’.28 Clearer rules are also needed in terms of how varied combinations 
of 1G and 2G will be accounted for: ‘Certainly the final product sold in the market 
will be a mix of first and second generation fuels. Otherwise, if we isolate the plant, 
production would not be economically feasible. So, which certificate will accept this 
mix? Under what conditions?’29 Third, the problem with science-policy interfaces 
needs to be addressed so as to better incorporate the fundamental science produced 
during the last decade in Brazil into the various public and private sector undertak-
ings that have been emerging there. Doing so will provide industry with a more solid 
grounding and fewer trial-and-error strategies in the production of 2G ethanol.

11.3  Expanding Brazil’s 2G Production in Africa: 
An Ambitious Goal or Achievable Reality?

As noted in the preceding sections, 2G biofuels may play a major role in enabling 
Brazil to stabilise its internal ethanol market, as well as revitalise its ethanol diplo-
macy strategy. So far the latter has produced limited results due to a multiplicity of 
reasons, most important being lack of policy guidance on the part of the Rousseff 

27 Telephone interview, GranBio, a 2G commercial plant in Alagoas, Brazil (September 2014).
28 Interview, Petrobras Biocombustível, Rio de Janeiro, March 2013.
29 Interview, Petrobras Biocombustível, Rio de Janeiro, March 2013.
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administration, domestic production shortages, as well as the increasingly hostile 
international environment for 1G biofuels. However, the advantages of 2G biofuels 
address most of these issues to some degree, thereby potentially allowing Brazil to 
strengthen its ethanol promotion efforts abroad in the future.

The greatest potential for the expansion of Brazil’s ethanol production is found 
in the African continent due to the favourable climatic and soil conditions suitable 
to sugar cane plantation (Guardabassi and Goldemberg 2014), the perceived avail-
ability of agricultural land (Dalgaard 2012; Lynd and Woods 2011), and the shared 
cultural values and economic interests across Portuguese-speaking African counties 
(Cabral et al. 2013). The establishment of a global biofuel market is foreseen to 
deliver a range of benefits to African countries, including decreased dependency on 
oil and reduced foreign debt at the national level, as well as the generation of eco-
nomic activities fostering rural development at the local level (Walter and Segerstedt 
2012; Favretto et al. 2013).

Moved by these drivers, Brazil has actively engaged in cooperation with African 
countries towards their expansion of 1G production: ‘It is our interest to sell our 
technology…but we believe that we can also help them [Africa] in South-South 
cooperation… We try to really help in the sense of leaving them our expertise’.30 
Indicative of the importance Brazil places in such interactions is that ethanol diplo-
macy found its way into Brazil’s pledge for the 2015 Paris climate summit. In par-
ticular, its Intended Nationally Determined Contribution states that: ‘Brazil will 
undertake best efforts to enhance cooperation initiatives with other developing 
countries, particularly in the areas of… biofuels capacity-building and technology 
transfer’ (UNFCCC 2015).

Two routes have been pursued so far, namely the establishment of direct South–
South bilateral cooperation, as well as the initiation of North–South–South trilateral 
partnerships involving the EU or the USA as a Northern donor. In pursuing the 
bilateral path, technical cooperation agreements have been put in place with various 
countries, like Mozambique or Angola, with the aim of implementing joint projects 
led by Brazilian agencies and the private sector. Through the Getúlio Vargas 
Foundation (Fundação Getúlio Vargas—FGV), a number of feasibility studies have 
been conducted in the continent so as to identify optimal production sites, technolo-
gies and feedstocks (FGV 2009). The most promising countries identified by the 
FGV’s studies include Senegal, Zambia and Mozambique.31 Brazilian private sec-
tors actors, such as Petrobrás, Guarani and Odebrecht, have already entered the 
African market, having invested in sugar mills and 1G ethanol plants in Mozambique 
and Angola.32

Turning to trilateral cooperation initiatives involving the EU, it had been decided 
during the third EU-Brazil Summit in Stockholm in 2009 to set up joint trilateral 
projects for bioenergy and ethanol production in Africa, with Kenya and Mozambique 
serving as pilot countries. However, the two projects eventually became embroiled 

30 Interview, Ministry of External Relations, Brasilia, March 2013.
31 Interview, Ministry of Mining and Energy, Brasilia, March 2013.
32 Interview, Ministry of External Relations, Brasilia, September 2014.
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in the international sustainability controversy and were therefore never actually 
implemented.33 As far as trilateral cooperation involving the USA is concerned, out-
comes have been more substantial, with various African, Central American and 
Caribbean countries having received help through feasibility studies and technical 
assistance on regulatory framework development (Afionis and Stringer 2015).

Nevertheless, a range of economic, legal and regulatory constraints have posed 
significant barriers to 1G development. An obvious complication relates to the lack 
of capital, policies, infrastructure and skilled labour, as well as unclear land tenure 
regimes. Another commonly noted problem is the lack of legal and regulatory 
frameworks, which can cause market and investor uncertainty. Unstable economic 
and political conditions also hinder investments, as Brazilian funding institutions, 
like the BNDES, face difficulties in covering the requirements and mitigation costs 
linked to issues such as currency fluctuations and civil wars.34

Obviously, the aforementioned complications with 1G biofuels in Africa do not 
encourage the channelling of entrepreneurship into the development of 2G biofuel 
capacity in the near term. As one interviewee noted, once 2G production is up and 
going, Brazil will be ‘unbeatable’, with Africa being once again the primary target 
for foreign production expansion plans, facilitated via ethanol diplomacy.35 Yet, that 
time has not yet arrived and the current political challenges faced by the country 
suggest it might still be way into the future (see also UNCTAD 2016). Interviewees 
stressed that at such an early stage of 2G development, it is unlikely for technologi-
cal breakthroughs and cost reductions to be achieved in Africa due to its poor infra-
structure and lack of rules and finances: ‘Africa lacks infrastructure, policies and 
skilled workers… it is not a good strategy to start with 2G in Africa as we firstly 
should understand more about the technology, problems and economic feasibility in 
Brazil’.36

International organisations have stressed the need to avoid the emergence of 
technological gaps in this area between countries (see UNCTAD 2014). While 
actors like Brazil, China, the EU and the USA have all invested in 2G biofuels, 
developing countries at large have been absent from this technological race, which 
could lead to a growing disparity between country capacities. Support for remedial 
action has been proposed, including:

[Promotion of] policies supportive of international joint ventures which can help provide 
access to intellectual property owned by international companies, as well as improve regu-
latory climates attractive of investment in poorer countries. By often having natural envi-
ronments conducive for biomass production, developing country partners in international 
joint ventures might contribute host sites for demonstration and first commercial plants, as 
well as avenues for entering local biofuels markets. (UNCTAD 2014, p. 54)

Another option would be for Brazil to support some early 2G initiatives that have 
started to take place in Africa. For example, in November 2015, the South African 

33 Interview, Delegation of Brazil to the EU, Brussels, September 2013.
34 Interview, BNDES, Sao Paulo, March 2013.
35 Interview, BNDES, Sao Paulo, September 2014.
36 Interview, Petrobras Biocombustível, Rio de Janeiro, March 2013.
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government, through its Technology Innovation Agency (TIA), announced a call for 
proposals focusing on the demonstration of 2G and 3G technologies for biofuels 
production.37 South African institutions, like Stellenbosch University, have already 
been active in this area. In particular, researchers there are doing fermentation work 
in the laboratory, up to 100 L scale (kilograms), using paper sludge, with fermenta-
tion residues going to biogas production. Furthermore, the first passenger flight with 
sustainable aviation biofuel was performed in 2016 from Johannesburg to Cape 
Town, as a result of a cooperative project between Boeing, South African Airways 
and other partners (see UNCTAD 2016; Boeing 2016). 

While still a long way ahead, there are actions that Brazil can currently undertake 
in Africa in order to pave the way for a potential future introduction of 2G tech-
nology in Africa. After all, irrespective of the county setting, future 2G production 
will, in all places, build upon 1G infrastructure and technological know-how. Again, 
however, a cautious note is pertinent here. In particular, the possible impacts of pro-
 2G policies on food prices must be taken into account. It has been shown that even 
when 2G does not directly increase food prices, negative price effects might be 
generated depending on the type and quantity of land used, as well as on the impacts 
on other land uses (Thompson and Meyer 2013). Given the range of biofuel land- 
use and food-security-related concerns expressed worldwide, such reservations may 
severely constrain 2G production in Africa, especially if industrial development  
and deployment takes place in the absence of efforts and research to ensure their 
sustainability.

To conclude with Africa, very little progress has been made on the science pro-
duction side. Technology transfer will simply not be enough, as it would be neces-
sary to initiate research programmes involving African institutions and scientists 
from Brazil, the EU and the USA, so that African countries are given the opportu-
nity to establish the most appropriate strategies for the production of ethanol in their 
countries. An effort has to be made to ensure that collaboration among all these 
actors does not suffer from the same disconnection problems described above for 
Brazil. However, internal political stability in Brazil is a sine qua non if the country 
is to effectively demonstrate its ability to act and influence externally.

11.4  Conclusion

This chapter has examined the current state of affairs with respect to the 2G sector 
in Brazil. Among others, it highlighted the lack of a clear strategy to connect funda-
mental science production with technological and industrial developments at the 
private and public sector levels. This has in turn compromised Brazil’s potential to 
fully participate in the global race for 2G technologies. As a result, connections with 
the EU were limited to fundamental sciences and failed to influence private invest-
ment undertakings by domestic and external actors. With respect to the USA, no 

37 See: http://www.tia.org.za/Proposals
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connections at the fundamental science level were established, with US companies 
relying on American technological know-how when commencing operations in the 
Brazilian market.

In addition, the opportunities and challenges for expanding 2G production and 
trade in Africa have been discussed. Growing investments in 2G R&D have taken 
place in Brazil during the past few years, stimulated largely by the financial support 
provided to domestic and international private companies by national agencies (i.e. 
BNDES and FINEP). Nevertheless, such strategies were almost entirely discon-
nected from the advances in fundamental science carried out by important projects 
such as the INCT-Bioethanol and SUNLIBB–CeProBio. Furthermore, Brazil’s 
 policy targets remained entirely focused on 1G consumption, showing a lack of 
concrete commitment by the Brazilian government when it came to 2G develop-
ment. This contrasts with the approach adopted by major producers such as the 
USA, which has adopted an ambitious 2G consumption mandate through the 2007 
Renewable Fuel Standard. The EU has also mobilised considerable finances and 
supported 2G in the 2009 RED, even if to a lesser extent than the USA. An increased 
level of policy coordination (i.e. with a transition from 1G to 2G) and budget  support 
are essential for enabling Brazil’s future leadership in the international 2G arena.

This chapter has also put forward a proposal for reviving Brazil’s ethanol diplo-
macy, based this time on 2G and focusing on Africa as an example. Great potential 
for the expansion of Brazil’s ethanol industry is found in the African continent. 
Although the establishment of a 2G market could deliver a range of socio-eco-
nomic and environmental benefits to the local population, 2G development in 
Africa is not identified as a foreseeable option in the forthcoming years. The cre-
ation of a biofuels supply chain in Africa is constrained by a variety of factors, 
including high production costs and a lack of advanced technology needed for 
biofuel conversion, as well as the unattractive business environment to investors 
due to a lack of  adequate legal and policy frameworks. Such barriers might affect 
negatively the opportunities for production generation within Africa. Yet, as this 
chapter has argued, Brazil has high potential, given that strategies are well adjusted, 
to pave the way for the future introduction of 2G capacity in Africa by working to 
mitigate the bottlenecks that have hindered the deployment of 1G biofuels. The 
creation of a 1G consumer market and establishment of a safe legal and policy 
environment are a sine qua non prerequisite for attracting prospective Brazilian 2G 
investments to Africa.
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