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Abstract The structure and fine structure of leaf and culm
cell walls of sugarcane plants were analyzed using a com-
bination of microscopic, chemical, biochemical, and immu-
nological approaches. Fluorescence microscopy revealed
that leaves and culm display autofluorescence and lignin
distributed differently through different cell types, the for-
mer resulting from phenylpropanoids associated with vas-
cular bundles and the latter distributed throughout all cell
walls in the tissue sections. Polysaccharides in leaf and culm
walls are quite similar, but differ in the proportions of
xyloglucan and arabinoxylan in some fractions. In both
cases, xyloglucan (XG) and arabinoxylan (AX) are closely
associated with cellulose, whereas pectins, mixed-linkage-
β-glucan (BG), and less branched xylans are strongly bound
to cellulose. Accessibility to hydrolases of cell wall fraction
increased after fractionation, suggesting that acetyl and phe-
nolic linkages, as well as polysaccharide–polysaccharide
interactions, prevented enzyme action when cell walls are

assembled in its native architecture. Differently from other
hemicelluloses, BG was shown to be readily accessible to
lichenase when in intact walls. These results indicate that
wall architecture has important implications for the devel-
opment of more efficient industrial processes for second-
generation bioethanol production. Considering that pretreat-
ments such as steam explosion and alkali may lead to loss of
more soluble fractions of the cell walls (BG and pectins),
second-generation bioethanol, as currently proposed for
sugarcane feedstock, might lead to loss of a substantial
proportion of the cell wall polysaccharides, therefore de-
creasing the potential of sugarcane for bioethanol produc-
tion in the future.
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Introduction

One of the main sources of renewable energy for biofuels
is the conversion of plant-derived carbohydrates into
bioethanol. In this context, industries in the USA and
Brazil have developed processes to use corn starch [1] and
sugarcane sucrose [2], respectively, to produce bioethanol.
As a result, these two countries are currently the top two
producers of this biofuel in the world [3]. However, it is
becoming increasingly clear that bioethanol produced either
from corn starch stored in seeds or from sucrose stored in
sugarcane culms, the so-called first-generation (1G) bioe-
thanol, will not be sufficient to meet future demands for
biomass-derived transportation fuels. As a result, laborato-
ries around the world are now searching for ways to effi-
ciently hydrolyze cell wall polysaccharides from different
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and more complex feedstocks in order to provide the necessary
scientific foundation for the development of second-generation
(2G) technology for the production of biofuels. Wood chips
derived from trees (poplar and eucalyptus) and biomass from
grasses (miscanthus, switchgrass, corn stover, and sugarcane)
figure prominently among the feedstocks that are being consid-
ered as promising for 2G biofuel production [4, 5].

Wood and grass feedstocks differ significantly from each
other with respect to their cell walls, the former being
composed of Type I or Type III cell walls [6] and the second
consisting primarily of Type II cell walls [7]. Cell wall
polysaccharide composition has been assessed traditionally
through fractionation of the walls with alkali followed by
acid hydrolysis and monosaccharide compositional analyses
of the resulting wall extracts. This procedure provides par-
tial information about polysaccharides in the wall, but does
not provide details of the structure or fine structure of the
polymers. Although the differences in monosaccharide com-
position are usually small in the same cell wall type, the way
the polymers are arranged in the walls of each tissue can
vary considerably. This arrangement of polymers, called cell
wall architecture [7], is thought to be closely associated with
the fine structure of these carbohydrates. This brings another
dimension of complexity to the goal of designing efficient
processes for 2G bioethanol production from biomass.

Brazil currently produces bioethanol intensively from sug-
arcane feedstock [8]. In spite of the scientific and technolog-
ical developments related to the sugarcane industry in Brazil,
the strategies to produce the fundamental science needed to
improve this industry even more have lagged considerably in
comparisonwith other feedstocks likemaize [9]. Two thirds of
the energy content present in the carbohydrates of sugarcane is
stored in the polysaccharides located in the cell walls of culm
and leaves [10]. If the energy stored in these cell wall poly-
saccharides could be easily and efficiently accessed, then this
biomass could serve as the raw material for 2G bioethanol
production. However, in order to accomplish this, a much
more detailed understanding of cell wall polysaccharide struc-
ture and a better understanding of the interactions amongst the
diverse wall polymers are essential [11, 12].

The production of 2G bioethanol through the biochemi-
cal route is based currently on a process that uses optimized
pretreatments to “loosen” the walls of different feedstocks,
followed by hydrolysis of cell wall polysaccharides using
exogenously applied enzymes [10, 13, 14]. The biochemical
route has relied on the characterization of enzymes (mainly
from microorganisms) that can be produced efficiently in
large scale to hydrolyze bioenergy feedstock biomass [4,
10]. In this regard, polysaccharide hydrolytic enzymes from
diverse organisms are under investigation by numerous re-
search groups around the world [4, 5]. The strategies adop-
ted differ slightly, but essentially, they concentrate on (1)
enzyme characterization, (2) enzyme gene discovery and

heterologous expression, (3) enzyme engineering, and (4)
development of hydrolytic cocktails containing enzymes
from different microorganisms, to name but a few.

A major hurdle that must be overcome in order to use the
biochemical route to achieve efficient 2G bioethanol pro-
duction is to overcome the intrinsic recalcitrance of cell
walls to hydrolysis [15] that has been associated with the
high level of complexity of the plant cell wall. Most re-
search in this area focuses on the identification of optimal
enzymes and enzyme combinations that are capable of fully
hydrolyzing cell wall polysaccharides to produce monosac-
charides that can then be fermented to produce bioethanol
and other biofuels. However, the overall architecture and
fine structural details of the polymers extant in sugarcane
tissues, which are the potential substrates for these enzymes,
have not been studied with the same intensity. This is
important because unraveling the structural complexity of
cell wall polymers, as well as their interactions in the intact
wall, constitutes a major factor in overcoming recalcitrance
problems. Thus, the current work aims at achieving a better
understanding of the structural basis for recalcitrance asso-
ciated with the complexity of the cell walls of sugarcane
culms and leaves, in order to facilitate the design of en-
hanced strategies to hydrolyze them efficiently.

Relatively little is known about sugarcane walls, lignin
being the most studied component of these cell walls. He
and Terashima [16] studied the topology and composition of
lignin in different internodes of sugarcane culm. Using a
technique of feeding sugarcane tissue with tritiated com-
pounds that became incorporated into coniferyl, coumaryl,
and syringyl alcohols in vivo, they produced microautora-
diograms that showed lignification that incorporated these
three compounds into culm cell walls, the latter two being
accumulated mainly in the middle lamella in relation to the
fibers surrounding the vascular bundles. These authors also
found that young and mature tissues displayed approximate-
ly the same proportion of hydroxycinnamic acids, but that
ferulic acid decreased in relation to p-coumaric acid as
tissues aged.

Other studies of wall composition have largely been
confined to subfractionating the walls into large classes of
compounds such as glucan, hemicellulose, lignin, and
extractives [17]. These have been reported for sugarcane
as being 38–43 %, 25–32 %, 17–24 %, and 1.6–7.5 %,
respectively. Other authors [18] reported a sugarcane cell
wall composition of 48.6 % cellulose, 31.1 % hemicellulo-
ses (mainly by xylose and galactose), 19.1 % lignin, and
1.2 % ash. Performing hot water and alkali fractionation of
sugarcane bagasse, Peng et al. [19] found glucose, xylose,
and galactose (38.3 %, 27.6 %, and 19.2 %, respectively) as
being the major monosaccharides present in water-soluble
polysaccharides, and xylose (80–90 %) along with some
arabinose (3–8 %) and several other monosaccharides in
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smaller proportions when 1 % or 3 % (w/v) NaOH was used
to extract the walls. These authors reported that such water–
NaOH fractionation of sugarcane cell walls yielded 25.1 %
of polysaccharides, which accounted for 74.9 % of the
original hemicelluloses. They proposed that the breakage
of α-ether bounds between lignin and hemicelluloses from
bagasse cell walls promoted solubilization of hemicellulosic
polymers as well as lignin macromolecules. Fourier trans-
form infrared (FTIR) spectroscopy and 1H and 13C nuclear
magnetic resonance (NMR) spectrometry revealed that the
hemicellulose fraction of sugarcane walls contains small
amounts of lignin, suggesting that these two compounds
are closely associated in the walls.

For industrial purposes, sugarcane bagasse has been treated
with alkaline hydrogen peroxide, likely to break ester linkages
in the walls in order to increase the digestibility of the bagasse
in animal rumen [20]. It was reported that this treatment
results in the release of twice as much glucose, xylose, and
uronic acids in the rumen compared with untreated controls.
These authors suggested that the removal of lignin and ferulic
acids was key to the increased digestibility.

Although the existing studies in the literature show the
average cell wall composition of sugarcane, no fine struc-
ture or detailed composition of sugarcane cell wall has been
reported. Such detailed knowledge will be essential to de-
sign optimal tissue pretreatment and cell wall hydrolysis
protocols and, consequently, for the development of 2G
bioethanol technology [11, 12]. In the present work, we
analyzed cell walls from leaves and culm of sugarcane by
sequential alkali fractionation followed by monosaccharide,
fine structural (using limit digest oligosaccharides obtained
by enzyme hydrolysis) and antibody-based glycome profil-
ing of the polysaccharides present in the various wall
extracts. We describe fundamental aspects of the mono-
and oligosaccharide compositions as well as fine structural
aspects of the cell walls of the two organs of sugarcane—
leaf and culm—that are expected to be important feedstocks
for second-generation bioethanol production.

Materials and Methods

Plant Material

Leaves and culms of sugarcane (cv. SP80-3280) were harvested
from 3-month-old plants, dried at 60 °C until constant weight
was achieved, and ground in a ball mill (Tecnal, Brazil).

Light Microscopy

Leaf and culm segments were kept in Karnovsky fixative [21]
for 24 h, slowly dehydrated through a graded ethanol series
for 2 h each step, and embedded in resin (Historesin, Leica

Microsystems, Germany). Sections (12 μm) were cut using a
Leica RM2145 microtome; the sections were mounted on
glass slides and stained with 1 % (w/v) Toluidine Blue [22]
for 10 min to stain all cell walls or phloroglucinol [22] to stain
lignin. Stained sections were observed with a Leica DMLB
microscope equipped with epifluorescence optics, and images
were captured with a coupled Leica DFC320 camera and the
Leica Image Manager 50 software.

Cell Wall Preparations

Five hundred milligrams of each milled sample were sub-
jected to six successive extractions with 25 mL of 80 % (v/v)
ethanol at 80 °C for 20 min. The supernatants were dis-
carded to remove the soluble sugars and other soluble com-
pounds. The residual alcohol-insoluble residue (AIR) of
these extractions was washed with distilled water and dried
at 60 °C for 24 h.

Cell Wall Fractionation

The cell walls (AIR) were subjected to successive extractions
with increasingly harsh reagents to solubilize polysaccharide
fractions for further analysis. The AIR was extracted twice
with 25 mL of 0.5 M ammonium oxalate (pH7.0) at 80 °C for
3 h each with continuous stirring. The supernatant was recov-
ered by centrifugation of the suspension at 13,000×g. The
oxalate-extracted cell wall residues were then extracted with
20 mL of 3 % (w/v) of sodium chlorite in 0.3 % (v/v) acetic
acid [23], followed in succession by 0.1, 1.0, and 4.0MNaOH
extractions (each containing 3 mg/mL sodium borohydride) at
room temperature for 1 h each [24]. After each step, the
solubilized material was recovered as before, and the remain-
ing insoluble material was washed with distilled water and
dried at 60 °C for 24 h before being subjected to the next
extraction. The solubilized fractions were neutralized, dia-
lyzed extensively to remove salts, and freeze-dried. The frac-
tion yields were obtained gravimetrically.

Lignin Quantification

The intact cell walls (AIR) from leaves and culms were
homogenized in 50 mM potassium phosphate buffer, pH7,
with a mortar and pestle and transferred into a centrifuge tube.
The pellets were centrifuged (1,500×g, 5 min) and washed by
successive stirring and centrifugation as previously described
[25]. Total lignin content of the AIR was estimated using the
lignin thioglycolic acid (LTGA) method [26].

Glycome Profiling

Glycome profiling analyses of the cell wall fractions were
done as previously described [27]. This technique involves
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ELISA screening of the cell wall extracts with a compre-
hensive library of cell wall glycan-directed monoclonal anti-
bodies [28–31]. The results presented on the heatmaps are
the average of four biological replicates of each wall
fraction.

Neutral Monosaccharide Analysis

Each cell wall fraction and AIR was hydrolyzed with 72 %
(30 min)—4 % (1 h at 121 °C) (v/v) H2SO4 [32]. The
monosaccharide solution was taken to a pH between 6 and
8 by addition of 50 % (w/v) NaOH and subsequently ana-
lyzed by HPAEC-PAD on a CarboPac SA10 column (DX-
500 system, Dionex®) using a mixture of 99.2 % water and
0.8 % (v/v) 150 mM NaOH as eluent (1 mLmin−1). The
monosaccharides were detected with a post-column addition
of 500 mM NaOH (1 mLmin−1).

Uronic Acids Determination

Uronic acid content of each cell wall fraction and AIR was
determined by colorimetric assay using the m-hydroxybi-
phenyl method [33] and galacturonic acid as standard.

Oligosaccharides Analysis

The oligosaccharide profiles were obtained using 1 % (w/v)
of each fraction or AIR in 50 mM sodium acetate buffer, pH
5.0, as substrate. The substrates were incubated with 0.5 U
of xylanase (Sigma®), lichenase (Megazyme®), or GH12
xyloglucan endoglucanase (XEG; purified according to
[34]) for 24 h at 30 °C to assess the fine structure of
arabinoxylan, β-glucan, and xyloglucan, respectively. The
oligosaccharides produced were analyzed by HPAEC-PAD
on a CarboPac PA-100 (ICS-3000 system, Dionex®) using
88 mM NaOH and 200 mM sodium acetate as eluent
(0.9 mLmin−1) for 45 min.

Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectra were obtained with a Perkin-Elmer Spectrum
400, series FT-IR/FT-NIR, operating at 4 cm−1 resolution.
The analyses of AIR and cell wall extracts were performed
using the attenuated total reflectance accessory. The spectral
region scanned was between 4,000 and 650 cm−1, and 32
scans were performed for each sample. Only vibrations from
2,000 to 500 cm−1 are shown.

Data Analysis

Neutral monosaccharides and uronic acid contents were
expressed in relative values considering the total sum of
all of these components as 100 %.

The statistical differences between leaf and culm were
analyzed by one-way ANOVA test (JMP® Statistical Dis-
covery Software, version 5.0.1, SAS Inc., Cary, NC, USA).
A posteriori contrasts were examined by Tukey range test
with significance p≤0.05. Replication, where indicated
(e.g., n04), indicates the number of different biological
replicates.

Results

Cell Types of Sugarcane Leaves and Culm

The microscopic analyses of leaves and culm of sugarcane
(Fig. 1a, b) revealed the cellular complexity of these organs.
Leaves contain at least ten distinguishable cell types or
tissues (metaxylem vessels, tracheids and vessel elements;
phloem, sieve tubes and companion cells; bulliform cell;
epidermis; stomata; mesophyll cells; bundle sheath; and
sclerenchyma), while the culm contains at least seven dis-
tinguishable cell types (metaxylem vessels, tracheids and
vessel elements; phloem, sieve tubes and companion cells;
parenchyma; sclerenchyma; and epidermis).

Fluorescence microscopy analyses showed that leaf tis-
sue (Fig. 1c) has a stronger autofluorescence than does culm
(Fig. 1d). In the leaf, the autofluorescence is concentrated
more strongly on the vascular tissues and epidermis. A
particularly bright autofluorescence region is on the phloem
tissue as well as the bulliform cells. It appears that the
fluorescence has different wavelength maxima in these tis-
sues, which might reflect a difference in phenolic compound
composition in the walls. In the culm, all cell walls fluoresce
as well, with the vascular bundles showing a similar pattern
to leaves (Fig. 1d). In the leaf, a higher number of cells
display autofluorescence suggesting the presence of greater
proportions of phenylpropanoids in the walls of this organ.

Figure 1e and f present sections stained with phloroglu-
cinol to detect lignin. Lignin appears to be concentrated in
the fibers of the vascular bundles in leaves (Fig. 1e), where-
as it seems to be spread throughout all cell walls in culm
(Fig. 1f).

Monosaccharide Analyses and Lignin Content

Table 1 shows the yields, the lignin and uronic acid con-
tents, and neutral monosaccharide composition of the intact
cell walls (AIR) and cell wall fractions of sugarcane leaf and
culm. Lignin content of AIR was twofold higher in leaves
(4.9 %) than in culm (2.5 %; Table 1, B).

The overall monosaccharide compositions of intact cell
walls (AIR) isolated from leaf and culm are very similar
(Table 1, D). Glucose (Glc) and xylose (Xyl) are the most
abundant monosaccharides in AIR, accounting for ∼60 %
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and ∼34 % of the monosaccharides analyzed, respectively.
Statistically significant differences were found for arabinose
(Ara), which is about half as abundant in culm as it is in leaf,
and for galactose (Gal), which is two times more abundant
in culm than in leaf. For the other neutral monosaccharides,
a trace amount of fucose (Fuc) was detected, but mannose
(Man) and rhamnose (Rha) were not detected.

Cell walls were fractionated using sequential extractions
with reagents that would first release the more soluble (or
less interactive) polymers (ammonium oxalate), followed by
disruption of any phenolic-containing compounds (e.g.,
diferulic acids and lignin) to release materials tied to the
wall via these compounds. Finally, the remaining insoluble
wall residues were treated with a series of increasing con-
centrations of NaOH (0.1, 1, and 4 M) in order to extract
polysaccharides that are more tightly bound into the wall.

Ammonium oxalate released twice as much material
from culm (15 %) as it did from leaf (6 %; Table 1, A).
The most abundant monosaccharide in this extract was Glc
(approximately 41 % of the total monosaccharides in leaf
and 62 % in culm), with Gal (ca. 16 % in leaf and 15 % in

culm) and Ara (ca. 11 % in leaf and 9 % in culm) being
present in approximately the same relative amounts as Xyl
(ca. 10 % in leaf and 9 % in culm), and small amounts of
Man (ca. 2.5 % in leaf and 1 % in culm) and traces of Rha
(Table 1, D). The majority (∼60 %) of the uronic acids,
which originate from pectic polymers (homogalacturonan
and rhamnogalacturonans) present in the sugarcane samples
analyzed, was released by oxalate, and comparable amounts
were released from leaf and culm (18.5 % vs. 16.3 %;
Table 1, C).

Destruction of phenolic wall components using sodium
chlorite released similar amounts of material from leaf and
culm. The principal monosaccharides observed in the sodium
chlorite extracts were Glc (43% for leaf and 22% for culm) and
Xyl (ca. 35 % for leaf and 42 % for culm). Monosaccharides
likely to be associated with pectins (Ara, Gal, Rha, and uronic
acids) were present in similar proportions in the chlorite
extracts from the two organs (Ara, 10.5 % and 11.5 %; Gal,
5.7 % and 5.3 %; Rha, 0.1 % and 0.4 %; uronic acids, 3.2 %
and 5.1 %), the Glc proportion being similar in sodium chlorite
and ammonium oxalate extracts in leaves and about one third in

Fig. 1 Anatomical features of
sugarcane leaf and culm (first
internode) using different
microscopic techniques. (a)
Leaf and (b) culm under optical
microscopy stained with
toluidine blue (1 %) to show the
diverse cell types present.
(c) Leaf and (d) culm under
fluorescence microscopy to
display autofluorescence of
phenolic compounds present in
virtually all cell walls, but
mostly in phloem. (e) Leaf and
(f) culm reacted with
phloroglucinol showing lignin
in the sclerenchyma,
protoxylem, metaxylem in leaf
and culm, and also parenchyma
in culm. Cell types observed
include the following: (xy)
metaxylem vessel, (ph) phloem,
(bc) bulliform cells, (ep)
epidermis, (st) stomata, (me)
mesophyll, (bs) bundle sheath,
(sc) sclerenchyma, (pa)
parenchyma, and (px)
protoxylem. Bars = 100 μm
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culm. The amount of Xyl in the sodium chlorite extracts from
both organs is higher than that observed in the ammonium
oxalate fractions (Table 1, D).

Together, 0.1- and 1-M NaOH extracts account for about
37 % and 29 % of the walls of leaf and culm, respectively
(Table 1, A). Even though the Ara content of the leaf 1 M
NaOH extract was higher than that of culm, both extracts from
both organs are mainly composed of Xyl and Ara (together
accounting for ca. 80–85 % of the extracts) followed by Glc
(ca. 10–15 % of the extracts). The presence of uronic acids in

the 0.1- and 1-M NaOH extracts (ca. 3.5–6 %) was observed
in leaves in similar amounts in both fractions, while in culm,
about twice the uronic acid content was observed in the 0.1 M
NaOH extract relative to the 1 M NaOH extract (Table 1, C).

The 4MNaOH extract is rich in Glc (ca. 52 % and 63 % for
leaf and culm, respectively), followed by Xyl (ca. 36 % and
26% in leaf and culm, respectively) andAra (5.5% and 2% for
leaf and culm, respectively). The Glc content of the 4MNaOH
extract is similar to that of the ammonium oxalate and the
sodium chlorite extracts, especially for the leaf (Table 1, D).

Table 1 (A) Yields of cell wall extractions of alcohol insoluble residue
(AIR) prepared from sugarcane leaf and culm, (B) lignin content of
AIR of sugarcane leaf and culm, (C) Uronic acid content of AIR and

cell wall extracts of sugarcane leaf and culm, and (D) monosaccharide
analyses of AIR and cell wall extracts of sugarcane leaf and culm

AIR Ammonium oxalate Sodium chlorite 0.1 M NaOH 1 M NaOH 4 M NaOH Residue

A. Yield (%)

Leaf – 6.3±0.46 11.0±1.32 23.2±0.25 13.9±0.61 9.5±0.23 35.9±0.39

Culm – 14.9±1.32 14.1±1.43 15.9±0.96 13.0±1.15 12.9±0.86 29.2±1.90

p – 0.0009 0.167 0.0008 0.518 0.008 0.013

B. Lignin (%)

Leaf 4.9±0.3 – – – – – –

Culm 2.5±0.2 – – – – – –

p <0.001 – – – – – –

C. Uronic acids (%)

Leaf 2.6±0.02 18.5±1.5 3.2±0.13 4.0±0.43 3.7±0.72 1.9±0.25 0.2±0.01

Culm 2.9±0.13 16.3±0.95 5.1±0.61 5.7±0.44 3.5±0.21 2.0±0.28 1.0±0.18

p 0.091 0.258 0.047 0.027 0.808 0.860 0.021

D. Neutral monosaccharides (%)

Arabinose Leaf 4.6±0.08 11.2±1.18 10.5±1.47 14.7±0.40 11.3±0.38 5.4±0.36 0.1±0.01

Culm 2.4±0.08 8.8±0.49 11.5±0.45 13.8±0.27 7.3±0.28 2.0±0.20 0.1±0.02

p <0.001 0.125 0.529 0.122 <0.001 <0.001 0.518

Fucose Leaf 0.1±0.01 0.4±0.03 0.2±0.06 0.1±0.00 n.d. n.d. n.d.

Culm 0.1±0.00 0.2±0.03 0.3±0.04 n.d. n.d. n.d. n.d.

p 0.154 0.016 0.676 0.162 – – –

Galactose Leaf 0.5±0.02 16.2±2.11 5.7±0.99 0.8±0.04 0.6±0.03 0.6±0.05 n.d.

Culm 0.9±0.03 14.8±1.36 5.3±0.13 0.7±0.27 0.7±0.07 1.2±0.05 n.d.

p <0.001 0.593 0.720 0.965 0.128 <0.001 –

Glucose Leaf 58.7±0.46 41.3±2.02 43.0±7.46 7.7±0.43 13.8±1.01 52.4±2.41 98.1±0.19

Culm 59.8±0.35 61.9±1.56 22.1±4.24 10.5±1.60 14.3±2.33 63.3±3.38 97.2±0.18

p 0.100 <0.001 0.041 0.176 0.841 0.043 0.015

Mannose Leaf n.d. 2.4±0.22 2.2±0.50 1.7±0.17 n.d. 3.5±1.24 n.d.

Culm n.d. 1.1±0.19 2.3±0.25 0.5±0.46 0.4±0.38 5.1±0.81 n.d.

p – 0.004 0.862 0.069 0.938 0.331 –

Rhamnose Leaf n.d. 0.2±0.16 0.1±0.12 0.1±0.05 0.1±0.05 n.d. n.d.

Culm n.d. n.d. 0.4±0.15 0.1±0.10 n.d. n.d. n.d.

p – 0.222 0.269 0.954 0.322 – –

Xylose Leaf 33.6±0.42 9.7±1.67 35.2±5.58 71.0±0.38 70.1±0.94 36.1±1.84 1.6±0.19

Culm 33.5±0.26 8.2±0.52 41.9±3.63 68.7±1.76 73.7±2.35 26.3±2.89 1.7±0.19

p 0.950 0.432 0.356 0.283 0.226 0.034 0.613

Statistically significant differences are shown in bold (n04)
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The final insoluble wall residue remaining after all
extractions consists of ca. 98 % Glc in both organs with a
small amount of Xyl (1.6 %) and traces of Ara (0.1 %) and
uronic acids (Table 1, D and C).

Glycome Profiling Analyses

All cell wall fractions were subjected to glycome profiling
to gain a more complete picture of cell wall composition
than the one provided by monosaccharide analysis. The
glycan-directed antibodies used for these analyses recognize
diverse epitopes (substructures) on most major polysaccha-
ride types present in plant cell walls [28], with the exception
of rhamnogalacturonan II and cellulose.

The glycome profiles of the leaf and culm cell wall extracts
are remarkably similar overall (Fig. 2) in terms of the glycan
epitopes present in these two organs. The profiles of both culm
and leaf are particularly rich in xylan epitopes recognized by
the Xylan-4, -5, -6, and -7 clades, as would be expected given
the monosaccharide composition of sugarcane walls (Table 1,
D). Some xyloglucan epitopes, particularly those recognized
by the Non-Fuc XG-1, -2, -3, and -4 antibody clades, are also
present in both organs, but very little fucosylated XG was
detected. Lastly, mixed-linkage-β-glucan (recognized by the
BG1 antibody) was present in the ammonium oxalate and
alkali extracts of walls from both organs.

However, there are some differences between leaf and culm
that were observed in terms of epitope extractability (Fig. 2,
red boxes; Supplemental Table S1). Thus, some non-
fucosylated xyloglucans (recognized by the Non-Fuc XG-1
and Non-Fuc XG-2 antibodies) were released from the walls
by 0.1 M NaOH in culm, but not in leaves. Also, more of the
xylan epitopes recognized by the Xylan-6 antibodies were
released by oxalate and chlorite extraction from culm walls
than from leaf walls. A few instances of single antibody
differences between the glycome profiles of culm and leaf
were noted. However, the significance of these, if any, cannot
be assessed at present.

One prominent feature of the glycome profiles was the
presence of significant amounts of homogalacturonan [both
unesterified (HG-Backbone-1) and methyl-esterified (HG-
Backbone-2)] and arabinogalactan (RG-I/AG, AG-1, -2, -3,
and -4) epitopes in the ammonium oxalate fractions from
walls of both organs (Fig. 2, blue boxes). Indeed, the bulk of
the arabinogalactan epitopes that could be extracted from
sugarcane walls were present in these extracts. Relatively little
binding of xylan-directed antibodies (primarily Xylan-7
clade) was observed in the chlorite extracts from either organ.

Fine Structure of Cell Wall Hemicelluloses

The fractions obtained from leaves and culms were sub-
jected to hydrolysis with endohydrolases in order to obtain

partial access to the fine structure of arabinoxylan (AX),
mixed-linkage-β-glucan (BG), and xyloglucan (XG) present
in the walls of these organs.

Fractions of leaves treated with endo-β-xylanase, an
enzyme that attacks the β-1,4 linkages in the unbranched
parts of the AX backbone, yielded xylose from the ammo-
nium oxalate extract and a complex mixture of oligosac-
charides from the 0.1-, 1-, and 4-M NaOH extracts (Fig. 3).
These mono- and oligosaccharides were characterized as
xylose (a), xylobiose (b), xylotriose (c), and arabinosylated
xylooligosaccharides (d) (Crivellari, Trifona, Dupree, and
Buckeridge, in preparation). The ratio (a+b+c)/d increased
in the fractions extracted with higher alkali concentration,
suggesting that the less branched xylans were most tightly
bound to the walls. Some xylan is also present in the final
insoluble residue, suggesting that at least a sub-fraction of
AX is strongly bound to cellulose.

It is noteworthy that AIR treated with endo-β-xylanase
did not release the same pattern of oligosaccharides ob-
served in the extracted fractions. In particular, the absence
of branched oligosaccharides was observed, suggesting that
the β-1,4 linkages present in the highly branched portions of
arabinoxylan are not accessible to endo-β-xylanase attack in
the intact cell walls.

Although BG was hydrolyzed from AIR with lichenase
(an endo-enzyme that attacks β-1,4 linkages that are imme-
diately adjacent to β-1,3 linkages in the backbone of this
glucan), it seems to be bound in the wall with medium
strength, as it was released mainly in the 1-M NaOH extract
(Fig. 3). XG is virtually inaccessible to XEG (a GH12
xyloglucanase highly specific towards XG [34]) if AIR is
given as substrate. Little XG was released in the ammonium
oxalate extract. Most of this polymer was released in 1 and
4 M NaOH extracts. A complex pattern of XG oligosac-
charides was observed in the digested extracts, the structure
of which will have to be investigated further. Here, though,
we considered these oligosaccharides as products of xylo-
glucan hydrolysis based on the fact that the XEG used has
been proven previously to be specific to XG and is not able
to attack AX, BG, or cellulose [34]. Similarly to AX, some
XG oligosaccharides were released from the final insoluble
residue, again suggesting that at least some XG remains
strongly bound to cellulose after the alkali extractions. The
hydrolysis of culm (Fig. 4) produced similar results as for
leaves, with the exception that BG is released in the ammo-
nium oxalate extract instead of the 1 M NaOH extract, and
that XG seems to be spread through all extracts, with higher
proportions in the 0.1- and 4-M NaOH extracts.

The FTIR spectra (Fig. 5) show that the AIR of leaf and
culm exhibited vibrations consistent with the presence of
carbohydrates (1045) [35, 36] and also acetyl esters (1240)
[35] and lignin (1460) [37]. A comparison of the AIR
spectra with spectra of pure lignin from sugarcane (spectra
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supplied by M.T. Borges and K. Marabezi, not shown as
they will be published elsewhere by the authors) did not
show any coinciding lignin-associated peaks with the spec-
tra obtained in the present work, suggesting that very little
lignin is present in the AIR from young plants examined in
this study (see confirmation in Table 1, B). After fraction-
ation, several different peaks became apparent, notably
those associated with aromatic rings (1607) [38] and car-
boxylic acids (1425) [39]. A peak that is considered typical
of arabinosylated AX (990) [40] was detected in the 0.1- and
1-M NaOH extracts. The 4 M NaOH extract and the final

insoluble residue displayed patterns of vibrations consistent
with the profiles of samples rich in polysaccharides.

Discussion

The use of biomass for bioethanol production using 2G strat-
egy, i.e., pretreatment followed by enzymatic hydrolysis [10],
can be greatly benefitted by increased knowledge about what
polysaccharides are present and how they are arranged in the
cell walls. In this work, the cell walls of sugarcane leaves and
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Fig. 2 Glycome profiles of cell wall fractions prepared from sugarcane
leaves and culm. The walls were subjected to sequential extraction
using oxalate, chlorite, 0.1, 1, and 4 M NaOH as indicated at the top of
the heatmap. The solubilized extracts were then screened against an
array of plant glycan-directed monoclonal antibodies using ELISAs.
Antibody binding (average value of four independent replicates) is

depicted as colored heatmaps, with bright yellow depicting maximal
binding and black depicting no binding. The panel on the right (col-
ored boxes) depicts the groups of antibodies used, identified according
to the polysaccharides predominantly recognized by each group (see
Supplemental Table S1 for additional details about the individual anti-
bodies used)
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culm were subjected to multiple analytical procedures that
helped to reveal not only polysaccharide composition, struc-
ture, and fine structure but aimed also at providing informa-
tion about wall architecture. The data that resulted from this
multi-faceted approach provide a consistent framework for
sugarcane wall composition and structure. Furthermore, our
data also give some insight into how optimized pretreatments
might be designed to make sugarcane wall polysaccharides
more amenable to hydrolysis through improved access to the
key chemical linkages and polymer interactions that need to
be broken in order to improve efficiency of 2G technologies
for biofuel production from sugarcane feedstocks.

Interactions among Sugarcane Cell Wall Polysaccharides

The plant cell wall is a complex of interwoven polymers that
interact in different ways [7]. Covalent and non-covalent links
form a supramolecular complex in which polysaccharide
structure and fine structure play key roles in cell expansion,
plant defense, and biotechnological applications. Polysacchar-
ides can be branched with mono- and/or oligosaccharides
whose distribution can affect the mode of action of hydrolases
on the polysaccharide, being also important for understanding
their biological functions in the wall as well as in their

biotechnological applications [41–43]. Polysaccharides can
also be branched with non-sugar substituents, such as methyl,
acetyl, and phenolic compounds. Acetylation of AX, for ex-
ample, has been clearly demonstrated to interfere with hydro-
lysis of xylans by xylanases, as discussed below. Phenolic
esterification is also thought to play a key role in interlocking
polymers in the wall network. This can be done through
simple esterification of ferulic acids to branching monosac-
charides such as arabinose in AX [44], galactose, and arabi-
nose in pectins [45, 46] and in XG [47].

A broad examination of the glycome profiling results
(Fig. 2) shows that cell wall fractionation appears to partial-
ly follow the classical expected results. Pectins and BG are
more soluble and are extracted primarily with ammonium
oxalate, whereas hemicelluloses (AX and XG, but part of
the BG as well) are extracted in the alkali fractions [23].
This suggests that sugarcane walls from cells of the two
organs examined display at least two domains, one that is
readily accessible (water-soluble) and another that is com-
posed of an entangled polymer network primarily formed by
hemicelluloses, but also including pectins and pectic arabi-
nogalactans bound to cellulose.

The data from glycome profiling and the monosaccharide
composition of the ammonium oxalate extract confirmed that
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Fig. 3 Oligosaccharide profiles of alcohol-insoluble residue (AIR) and
cell wall extracts of sugarcane leaves treated with hemicellulases.
Lichenase (for detection of β-glucan, BG), xylanase (for detection of
arabinoxylan, AX), and xyloglucan endoglucanase (XEG, for detection

of xyloglucan, XG). a xylose, b xylobiose, c xylotriose, d arabinosy-
lated oligosaccharides, e BG trisaccharide, f BG tetrasaccharide, g BG
pentasaccharide, un unknown xyloglucan oligosaccharides
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a substantial fraction of BG is quite soluble in sugarcane cell
walls in general. The fact that this polymer is easily extracted
with ammonium oxalate suggests that much of the BG is
probably loosely bound to the wall and therefore potentially
more accessible to enzyme attack. This is consistent with the
results presented in Figs. 3 and 4, in which the ammonium
oxalate extract, when hydrolyzed with lichenase, produced
BG oligosaccharides. Also, there is evidence of the presence
of a less soluble BG sub-fraction that is released in the NaOH
extracts, suggesting that some of the BG possibly interacts
closely with other wall polysaccharides such as xylans, xylo-
glucans, and cellulose [48].

In sugarcane cell walls, most of the pectins were observed
to be easily extractable polymers. Our results indicate that
homogalacturonan (HG), denoted by the presence of uronic
acids in the mildest extracts (oxalate and 0.1 M NaOH), as
well as by the binding of antibodies that specifically recognize
HG (Table 1, C, and Fig. 2), and rhamnogalacturonan I
(RGI), probably branched with arabinogalactans (Fig. 2 and
Table 1, D), are the principal components of these easily
extractable pectins. The presence of some pectic polymers in
the sodium chlorite extracts suggests that a sub-population of
pectins is linked to cell wall phenolics and/or lignin in the

wall, since the role of chlorite in the fractionation procedure is
to oxidize and cleave phenolic compounds. Lignin was
detected in both leaf and culm tissues (Table 1, B), but is
mostly associated with the vascular bundles (Fig. 1e, f). Lig-
nin is thought to be linked mainly to side-chain sugars present
in the branched hemicelluloses, AX and XG (arabinose and
galactose, respectively). However, some authors have demon-
strated lignin cross-links to arabinogalactans, possibly includ-
ing pectic arabinogalactans [49, 50], while it has been shown
that pectins can also be ornamented with phenolic compounds
linked to the arabinosyl and galactosyl residues of RGI [45,
46] and that the arabinans in RGI may be linked by feruloyl
diesters [51].

On the other hand, autofluorescence, which affords visu-
alization of a greater diversity of phenylpropanoids in the
walls of grasses, was detected in all cell walls. Chlorite
treatment would also cleave these phenolic linkages, such
as ferulic and diferulic acid, thereby releasing polysacchar-
ides cross-linked with these compounds. It is noteworthy
that the nature of the autofluorescence differs between dif-
ferent groups of cells. For example, the phloem and bulli-
form cells (the latter being present in leaves only) appear to
contain a different type of phenolic compound in their walls
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compared with the remaining cells of the organs examined.
The characterization of these compounds remains to be
studied in the future.

FTIR analyses of the sodium chlorite fraction revealed
peaks with vibrations consistent with the presence of carbox-
ylic acid (possibly from galacturonic acid residues present in
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pectic polysaccharides; Fig. 5). Additionally, some FTIR
vibrations typical of aromatic rings were detected in all cell
wall extracts. Binding of antibodies to pectin epitopes was
detected in all wall extracts up to and including the 4MNaOH
extract (Fig. 2), which suggests that at least sub-populations of
pectin are more tightly associated with cellulose in sugarcane
walls. Recent NMR studies also suggest a close association of
pectins with cellulose [52, 53]. The manner in which these
more tightly bound pectic polysaccharides are bound into the
sugarcane wall matrix cannot be ascertained from the studies
presented here.

Xylans are present in the 0.1-, 1-, and 4-M NaOH extracts
of sugarcane walls (Figs. 2, 3, and 4). The neutral monosac-
charide data (Table 1, D) suggest that the xylans present in the
cell walls of leaf and culm contain unbranched xylan. The
oligosaccharide profiles also suggest the presence of signifi-
cant stretches of unbranched xylan backbone, leading to the
production of xylooligosaccharides after hydrolysis with
endo-β-xylanase. The strong binding of the Xylan-5, -6, and
-7 clades of antibodies, which are directed at linear, unsubsti-
tuted xylan epitopes (unpublished results of the Hahn labora-
tory), to the alkali extracts in the glycome profiles (Fig. 2) also
supports the presence of linear, unbranched xylans sugarcane
walls. The monosaccharide composition data also indicate the
presence of a considerable amount of arabinosylated xylan
backbone (Ara:Xyl ratios of ca. 1:5) in sugarcane walls. With
increased alkali concentrations, the ratio of Ara:Xyl is reduced
in extracts of both leaf and culm (from ca. 1:5 to 1:7 in leaves
and from ca. 1:5 to 1:10 in culm). An Ara:Xyl ratio within this
range (1:9) has been observed in run-mill sugarcane bagasse
[54]. The degree of AX branching seems to be higher in leaf
than in culm (denoted from the peaks marked as “d” in Figs. 3
and 4). This finding might reflect differences in the degree of
xylan branching in different cell types [55] present in these
organs (Fig. 1).

The monosaccharide composition of the sodium chlorite
extract also contains high amounts of Xyl and Ara (Table 1,
D) suggesting the presence of AX in this extract from both
organs. However, no xylan oligosaccharides are released by
endoxylanase digestion of the chlorite extract (Figs. 3 and
4), nor do the glycome profiles of the chlorite extracts show
high levels of xylan epitopes, particularly in the leaf chlorite
extract (Fig. 2). Xylans are known to be substituted with
acetyl esters [56, 57], which would not be cleaved by
chlorite treatment [58]. The presence of such acetyl esters
would prevent xylan cleavage by the endo-β-xylanase,
blocking the formation of xylooligosaccharides. Selig et al.
[59] have shown that the hydrolysis of native corn stover
xylans by an enzyme mixture containing endoxylanase and
β-xylanase is hindered by acetylation as compared with the
deacetylated substrate. Acetyl substituents also interfere
with the binding of xylan-directed antibodies, particularly
of those in the Xylan-5 and -6 clades of antibodies (Avci and

Hahn, unpublished results). Exposure to alkaline conditions,
such as during the NaOH extractions, will remove these
acetyl groups [59]. Hence, endo-β-xylanase treatments of
the NaOH extracts result in the release substantial amounts
of branched oligosaccharides (Figs. 3 and 4), and these
extracts are strongly recognized by xylan-directed antibod-
ies (Fig. 2). Thus, xylan polymers in the two sugarcane
organs studied here occur as (1) unbranched xylan, (2)
acetylated xylan, and (3) arabinosylated xylan, the latter
being likely to be feruloylated on the side-chain arabinosyl
residues. The distribution of these xylan domains amongst
the various classes of xylans present in sugarcane walls and
extractable under different conditions cannot be determined
from the data obtained in this study.

Xyloglucans were also detected in lower proportions in
sugarcane cell walls of leaves and culm. Diverse non-
fucosylated XG epitopes were detected in the glycome
profiles of the 1- and 4-M NaOH extracts (Fig. 2), and XG
oligosaccharides were released by XEG treatments of these
extracts (Fig. 3 and 4). The lower presence of XG compared
with xylans in sugarcane walls is very likely due to the
limited localization of XG to specific cell types (e.g., phlo-
em) in monocots [60]. The present study was carried out
only on above-ground organs of sugarcane. Other work
from our labs that focused on sugarcane root tissues dem-
onstrate the presence of XG in all cell types in that organ (to
be published elsewhere). Our results do not provide direct
evidence of association between AX and XG, but hypothet-
ically, these polysaccharides might be associated through
diferulic bridges between arabinosyl and galactosyl
branches of AX and XG, respectively.

Relationship Between Cell Wall Complexity and Wall
Recalcitrance in Sugarcane

In the present work, we found that enzymatic hydrolysis of
AIR with endoglycanases does not occur in the same fashion
as does the hydrolysis of isolated fractions of the wall. This
suggests that the level of complexity arising out of polymer–
polymer interactions within the walls (i.e., the cell wall archi-
tecture) of sugarcane leaves and culm has the potential to
interfere with the access of endoenzymes (at least of the main
endoglycanases, as used in this work) to the wall network. It is
noteworthy, for example, that endo-β-xylanase was not able
to hydrolyze linkages that release branched oligosaccharides,
unless fractionation of the wall has been performed with
sodium chlorite and NaOH. However, some xylose and un-
branched xylan oligosaccharides were indeed released from
AIR after enzyme attack. The explanation for the difficulty to
access branched AX when it is part of the wall network is
likely to be related to the above-mentioned facts that arabino-
syl residues may be esterified with phenolics, forming
diferulic linkages and/or lignin.
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A similar situation was observed for xyloglucan, which
seems to be inaccessible to hydrolysis by XEG (GH12)
when walls are intact, but release several different oli-
gosaccharides when wall extracts are treated with this
enzyme. Hypothetically, it is possible that AX and XG
might be interacting by means of phenolic bridges. This
observation is supported by the fact that less branched
AX are present in the 4 M NaOH fraction along with
XG (Figs. 3 and 4).

On the other hand, BG behaved differently from the other
two hemicelluloses (AX and XG). The majority of BG is
released from AIR by lichenase and is therefore accessible
to the enzyme in the intact wall. However, sub-populations
of BG are bound more tightly into the wall networks and are
not immediately accessible to lichenase, but are detectable
in some base extracts from both leaves and culm.

Our data suggest that polysaccharide fine structure, poly-
saccharide–polysaccharide interactions, and possibly poly-
saccharide–lignin/phenolics interactions are important
factors that limit complete saccharification of cell wall car-
bohydrates in sugarcane leaf and culm. Two factors that
were not addressed directly in this work appear to play
major roles in the recalcitrance of sugarcane walls to hydro-
lysis. The first is acetylation of wall polysaccharides, xylans
being particularly noteworthy in this respect in monocots
such as sugarcane. FTIR was readily able to detect the
vibration arising from the acetyl ester linkage (1240 in
Fig. 5) in AIR, but this peak disappears when the walls are
fractionated, particularly with alkali. The second is the pres-
ence of aromatics, detected by fluorescence microscopy (for
wall-bound phenolics) and phloroglucinol staining (for lig-
nin) in AIR, and also detected by FTIR, especially in the
sodium chlorite fraction. Although further experiments are
necessary to clarify the acetylation pattern of sugarcane wall
polymers, the results obtained in this work allow us to spec-
ulate that the polysaccharides present in sugarcane cell walls
are likely to be interlocked by phenolic compounds (proba-
bly feruloyl esters linked to terminal sugars of pectins such as
galactose and arabinose and linked to side-chain glycosyl
residues in hemicelluloses, such as arabinose in AX and
galactose in XG). Indeed, this argument is strengthened by
the findings of Xu et al. [61] that ferulic and p-coumaric
acids are present in sugarcane bagasse, such that 50 % of the
ferulic acid is linked to hemicelluloses, whereas the other
50 % is linked to lignin, and ca. 70 % of p-coumaric acid is
linked to the cell wall.

The structural features of sugarcane walls described here
are likely to have significance to industrial processes, as
they have potentially important implications for the use of
sugarcane for bioenergy production purposes. Industrial
processes impacted by the results presented here include
the choice of pretreatment as well as the design of hydroly-
sis protocols for the breakdown of grass cell walls. Previous

studies of the degradation of cell walls during barley malting
(reviewed in [62, 63]) yielded a list of enzymes that would
effectively degrade the cell walls, which included enzymes
related to BG and AX hydrolysis. Jamar et al. [63] men-
tioned that BG hydrolysis seems to be hindered by the
presence of AX, due to the occurrence of acetyl and feruloyl
esters on this polysaccharide. In the case of sugarcane walls,
the presence of such esters may interfere with AX and XG
hydrolysis, but we observed no such effect on BG accessi-
bility to hydrolysis.

Our studies of sugarcane confirm that the structural fea-
tures of the walls of sugarcane are generally in accordance
with what is known for the walls of grasses. Thus, a pre-
treatment coupled to a hydrolytic protocol to produce sugars
for fermentation and bioethanol production would have to
take into account that there is a hierarchy of linkages in
sugarcane walls that need to be broken. For the walls of
sugarcane leaves and culm, most of the pectins and BG
appear to be readily accessible to enzymes, whereas the
hemicelluloses AX and XG will require a pretreatment to
remove acetyl- and/or feruloyl-esters in order to make the
backbones and side-chains of these polysaccharides suscep-
tible to hydrolysis by exo- and endoenzymes. Pretreatments
normally use water and/or chemical substances such as
alkali and ammonia that clearly alter wall structure [10].
For example, the use of water in the form of steam explo-
sion, which is one of the preferred methods suggested for
second-generation sugarcane processing protocols, would
extract the more soluble polymers, such as BG and pectins,
and wash them out of the wall, preventing their utilization
for subsequent hydrolysis and sugar utilization. In the case
of the alkali pretreatments, there is the possibility that cleav-
age of ester linkages might also result in the release of even
more polysaccharides, which would also be lost in the
process. In any case, it must be recognized that pretreat-
ments can lead to significant losses of polysaccharides from
the walls, thereby decreasing the yield of sugars available
for subsequent fermentation. Thus, procedures may need to
be implemented to recover the polysaccharides and/or sug-
ars that are released during pretreatment in order to improve
the overall efficiency of the biomass processing.

On the basis of the structural and fine structural results
presented here, and the inferences about possible arrange-
ments of polymers into networks (i.e., the wall architecture)
in the walls of sugarcane leaves and culm, a hierarchical
model for enzymatic hydrolysis of sugarcane biomass can
be proposed (Fig. 6). In the absence of a general pretreat-
ment that would break diverse ester linkages (e.g., acetyl
esters and phenolic esters) within the cell walls [64], intact
walls (AIR) would have to be first treated with pectinases
(endopolygalacturonase, pectin-methyl-esterase, α-
arabinofuranosidase, and β-galactosidase) together with
lichenase to hydrolyze BG. In order to fully release pectins,
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feruloyl esterase may need to be used as well. The remain-
ing wall architecture, consisting primarily of cellulose, inter-
locked with AX and XG, would then be treated with a
mixture of enzymes capable of hydrolyzing not only the
main chains but also the side-chains of both polymers. At
the same time, feruloyl- and acetyl-esterases would still
have to be used in order to break the ferulic bridges among
hemicelluloses and to remove acetyl groups that could in-
terfere with enzymatic cleavage of the polysaccharides. This
importance of removal of phenolic substituents is under-
lined by the discovery of Siqueira et al. [65] that pretreat-
ment of sugarcane tissue (bagasse) with sodium chlorite
leads to a higher saccharification level of this biomass. After
these two enzymatic pre-treatment steps, the remaining cel-
lulose would likely become available for enzymatic attack
and could then be used as a substrate for endo-β-glucanase,
cellobiohydrolases, and β-glucosidases.

In conclusion, sugarcane leaf and culm differ little in
their wall composition and structure, the differences being
mainly in hemicelluloses. Thus, disregarding other logistical
problems related to the transport of leaves to the mills,
leaves could be included in second-generation biomass

processing, and mixtures of leaves and stem could be pro-
cessed together without the need for complex adjustments to
the processing protocols.

The overall sugarcane wall composition in terms of carbo-
hydrates only, based on estimates derived from monosaccha-
ride analysis, as well as on the results of glycome profiling and
enzymatically released oligosaccharides, is that cellulose
accounts for ∼30 % of the wall in both organs, hemicelluloses
comprise up to ∼50 %, and pectins ∼10 %. Knowledge of
which polysaccharides are present, their structure and fine-
structure, and how they are likely to be arranged in sugarcane
cell walls has important implications for 2G-process design.
One important issue to be considered for 2G-process design is
that targeting of the industrial processes exclusively at cellu-
lose alone as a source of fermentable sugars will waste as
much as 70% of the carbohydrates present in sugarcane walls.
These carbohydrates are important as they could be used
either for biofuel production and/or as products of the
biorefinery processes in which these polymers and/or oli-
gosaccharides derived from them could be used for bio-
technological applications (e.g., food and medicine) with
higher commercial value.

Fig. 6 Schematic hypothetical representation of a hierarchical attack
of hydrolytic enzymes on the cell wall networks of sugarcane leaf and
culm. The wall is viewed as a transverse slice in which the black dots
represent sections of cellulose microfibrils that coalesce to form a
macrofibril. This would hypothetically be tied by xyloglucan, which
is drawn as having a boundary (darker grey circles) formed by pheno-
lic compounds. The lighter grey thick circles toward the outside

surrounding would be formed by arabinoxylan that could be linked
to xyloglucan by diferulic bridges. These bundles of cellulose macro-
fibrils surrounded by hemicelluloses would be embedded into a matrix
composed of pectin and β-glucan. In the first step, the enzymes would
hydrolyze this matrix, which would need to be attacked in a hierarchi-
cal order until naked cellulose would become accessible to cellulases
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