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 f-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%
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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 > f-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, ¢) 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

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



10 M.S. Buckeridge et al.

BG Retrieval of AX someAX
AX Lignin some BG some BG some GM Celullose
Ammonium Sodium chlorite 0.1 M NaOH 1 M NaOH 4 M NaOH Residue
oxalate

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. f-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

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% p-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
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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)

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-f-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
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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 pB-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.
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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

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
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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).
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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, ¢ xylotriose, d arabinoxylated oligosaccharides, un
unknown xyloglucan oligosaccharides

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
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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)

Chemical composition
(number of carbons in

Class (%) Polymer (%) parenthesis) Hydrolases
Cellulose Microfibrils of Glucose (6) Cellulases, p-glucosidases
(28%) glucans (28%)

Hemicelluloses
(58%)

Arabinoxylan
(40%)

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

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

B-Glucan (10%)

Glucose (6)

Lichenase, -glucosidase

Xyloglucan (8%) Glucose (6), xylose Xyloglucan endoglucanase,
(5), galactose (6), -galactosidase, a-xylosidase,
ferulic acid (10), acetyl | feruloyl-esterase
(@)

Pectins (8%) Homogalacturonan | Galacturonic acid (6), | Endopolygalacturonase,

methyl (1) pectin methyl esterase

Arabinogalactan Arabinose (5), Arabinosidases, galactanases
galactose (6)

Arabinnan Arabinose (5) Arabinosidase, arabinanases

Lignin (6%) Polymers of Laccases

phenylpropanoids

Guaiacyl (7), syringyl
(11), conyferil (10)
The monosaccharide composition and the possible enzymes that attack each polymer of the wall.
Reprinted from De Souza et al. (2014)

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
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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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