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A B S T R A C T

Miscanthus is a leading bioenergy crop and rice provides enormous biomass for biofuels. Using Calcofluor White
staining, this work in situ observed an initial lignocellulose hydrolysis in two distinct Miscanthus accessions, rice
cultivar (NPB), and Osfc16 mutant after mild chemical pretreatments. In comparison, the M. sin and Osfc16
respectively exhibited weak Calcofluor fluorescence compared to the M. sac and NPB during enzymatic hy-
drolysis, consistent with the high biomass saccharification detected in vitro. Using xyloglucan-directed mono-
clonal antibodies (mAbs), xyloglucan deconstruction was observed from initial cellulose hydrolysis, whereas the
M. sin and Osfc16 exhibited relatively strong immunolabeling using xylan-directed mAb, confirming previous
findings of xylan positive impacts on biomass saccharification. Furthermore, the M. sin showed quick dis-
appearance of RG-I immunolabeling with varied HG labelings between acid and alkali pretreatments. Hence, this
study demonstrated a quick approach to explore wall polymer distinct deconstruction for enhanced biomass
saccharification under chemical pretreatment in bioenergy crops.

1. Introduction

Plant cell walls represent enormous biomass resource for biofuels
and chemical products (Cardona & Sanchez, 2007; Ragauskas et al.,
2006). In principle, biomass conversion involves in three major steps:
initial physical and chemical pretreatment of biomass for wall polymer
deconstruction, sequential enzymatic hydrolysis of lignocellulose for
fermentable sugar release, and final yeast fermentation of soluble su-
gars for bioethanol production (Carroll & Somerville, 2009; Wang et al.,
2016). However, lignocellulose recalcitrance basically leads to an un-
acceptably expensive biomass process (Himmel et al., 2007; Xie & Peng,
2011), which is basically determined by plant cell wall composition,
wall polymer feature and wall network style (Chen & Dixon, 2007; Li
and Feng et al., 2014; Wang et al., 2016; Zahoor and Sun et al., 2017).
Hence, it becomes important to sort out distinct deconstruction of
major wall polymers for enhancing lignocellulose enzymatic hydrolysis
upon various pretreatments in specific tissues and cell types in bioe-
nergy crops.

Plant cell walls are comprised mainly of cellulose, hemicellulose

and lignin with small amounts of pectin and wall proteins. In general,
there are two major types of cell walls: a thinner pectin-rich primary
cell wall and a thicker lignin-rich secondary cell wall (Somerville et al.,
2004). Cellulose is composed of β-1,4-linked glucan chains that form
crystalline microfibrils via hydrogen bonds, and cellulose crystallinity
has been examined as the key negative factor on biomass enzymatic
digestibility under various chemical pretreatments in different plant
species (Laureano-Perez, Teymouri, Alizadeh, & Dale, 2005; Li et al.,
2013; Li et al., 2015; Pei et al., 2016; Zhang et al., 2013). Hemi-
celluloses are a class of heterogeneous polysaccharides with distinct
compositions including xyloglucan (XG), xylan, mannan and mixed-
linkage glucan (Scheller & Ulvskov, 2010). As a major hemicellulosic
component of secondary cell walls, xylan is reported as the positive
factor on lignocellulose enzymatic saccharification by interaction with
cellulose microfibrils via hydrogen bonds, leading to reduced cellulose
crystallinity in grass plants examined (Ji, Zhang, Ling, Sun, & Xu, 2016;
Jia et al., 2014; Li et al., 2013; Li et al., 2017; Zahoor and Sun et al.,
2017). By comparison, xyloglucan is a major hemicellulosic constituent
of primary cell walls, but little is known about their impacts on biomass
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enzymatic saccharification (De Souza, Alvim Kamei, & Torres, 2015).
Pectin is the most structurally complex polysaccharide in primary cell
walls, and pectic polysaccharides mainly include homogalacturonan
(HG), rhamnogalacturonan-I (RG-I) and rhamnogalacturonan-II. In
particular, galacturonic acids are typical components of pectic poly-
saccharides (Atmodjo, Hao, & Mohnen, 2013). Despite of low level and
complicated structure of pectin, recent reports have shown that pectin
may play distinct roles in lignocellulose enzymatic hydrolysis, probably
by negatively affecting cellulose crystallinity (De Souza et al., 2015;
Wang, Huang, Li, Xiong, & Wang, 2015; Wang et al., 2016). However,
much remains unknown about major pectic polysaccharides decon-
struction and impacts on lignocellulose enzymatic hydrolysis under
chemical pretreatments.

Chemical pretreatments have been broadly applied to extract wall
polymers using alkali and acid agents such as KOH and H2SO4 (Singh,
Suhag, & Dhaka, 2015; Wang et al., 2016). In general, alkali pretreat-
ment could largely extract wall polymers by disassociating hydrogen
bonds with cellulose microfibrils, whereas acid pretreatment mainly
degrades wall polymers by splitting strong chemical bonds under high
temperatures (Hendriks & Zeeman, 2009; Jin et al., 2016; Xu et al.,
2012; Zahoor and Tu et al., 2017). Despite of distinct cell wall decon-
struction between alkali and acid pretreatments, it remains interesting
to in situ observe characteristic dissociation and deconstruction of each
wall polymer at specific cells and tissues of plants.

Recently, a large set of plant glycan-directed monoclonal antibodies
(mAbs) have been used as probes to visualize the localization of glycan
epitope (Avci, Pattathil, & Hahn, 2012; Moller et al., 2007; Pattathil
et al., 2010). This technique is also applied to study the distribution
patterns of glycan epitopes in plant cell walls after hydrothermal pre-
treatments (Demartini et al., 2011). However, this technology has not
been applied to in situ observe time-course wall polymer deconstruction
during enzymatic hydrolysis after chemical pretreatments in rice and
Miscanthus bioenergy crops. In this study, we presented the im-
munolabeling images of major wall polysaccharides epitopes during
time course of lignocellulose enzymatic hydrolysis after mild acid or
alkali pretreatments of stem tissues in two representative Miscanthus
accessions and two rice (Oryza sativa L) samples by using four specific
glycan-directed mAbs. Meanwhile, we in situ observed cellulose enzy-
matic digestions using Calcofluor White staining with cellulose micro-
fibrils, and detected biomass enzymatic saccharification by quantita-
tively measuring hexoses yields released from enzymatic hydrolysis
after chemical pretreatments in vitro. Notably, this study also performed
chemical analysis of major monosaccharides during the time-course
enzymatic hydrolysis, which confirmed the in situ observations of the
immunolabeling of major wall polysaccharides epitopes. Hence, this
study demonstrated a quick approach to observe wall polymer distinct
deconstruction for enhanced biomass enzymatic saccharification under
chemical pretreatments.

2. Materials and methods

2.1. Sample collection

Miscanthus sinensis (M. sin), Miscanthus sacchariflorus (M. sac), rice
cultivar (Nipponbare, NPB) and rice Osfc16 mutant (Li et al., 2017)
were collected in the experimental fields of Huazhong Agricultural
University, Wuhan, China. The top 11th internode stems of Miscanthus
and the upper second internode stems of rice were respectively col-
lected: (1) 8 μm thick sections embedded in paraplast plus boxes for
immunolabeling and (2) 100 μm thick sections used for chemical ana-
lyses of sugars.

2.2. Sample preparation for immunolabeling

Internode stem samples were cut into 0.5–1.0 cm pieces and fixed in
70% (v/v) ethanol, 5% (v/v) formaldehyde and 5% (v/v) glacial acetic

acid, and then dehydrated by ethanol and xylene series. The xylene
solution was gradually replaced by paraplast plus (Sigma, USA) chips at
60 °C, and the samples were transferred to 100% wax (24 h, 37 °C),
placed in sample moulds filled with molten wax and left at room
temperature to solidify (for at least 12 h). The stems were sectioned into
8 μm slices, mounted on polysine coated microscope slides and dried for
three days at 37 °C. Sections were de-waxed with xylene and rehydrated
through an ethanol series from 100% to 0%. Sections were washed
extensively in PBS Buffer. Two independent biological replicates were
performed for each sample.

2.3. Immunolabeling

Three glycan-directed mAbs (CCRC-M99, CCRC-M147, CCRC-M35)
were prepared from 5-fold dilution of hybridoma cell culture super-
natant, and one glycan-directed mAb (JIM5) was from a 10-fold dilu-
tion using 3% MP/PBS buffer as previously described by Avci et al.
(2012). The stem section samples were incubated in PBS containing 5%
(w/v) milk protein (MP/PBS) and a diluted antibody solution for 1.5 h.
Samples were then washed with PBS at least 3 times and incubated with
a 200-fold diluted secondary antibody (Alexa Fluor 488 anti-mouse IgG,
Invitrogen, A11001 for CCRC antibodies; Alexa Fluor 488 anti-rat IgG,
Invitrogen, A-11006 for JIM antibody) linked to fluorescein iso-
thiocyanate (FITC) in PBS for 1.5 h in darkness.

2.4. Calcofluor White staining

For cellulose staining, the stem section samples were washed in PBS
at least 3 times and incubated with Calcofluor White (0.25 μg/mL;
Fluorescent Brightner 28, Sigma, UK) for 5min in darkness and then
washed three times with PBS at room temperature (Cao et al., 2014).

2.5. Fluorescence imaging

Fluorescence was observed with a microscope equipped with epi-
fluorescence irradiation and DIC optics (Olympus BX-61). Fluorescence
images generated with Calcofluor White staining (blue) and immuno-
fluorescence (green) were observed. Images were captured with a
Hamamatsu ORCA285 camera and Improvision Velocity software. All
micrographs were captured using equivalent settings, and relevant
micrographs were processed in equivalent ways for generation of da-
tasets.

2.6. Pretreatment and enzymatic hydrolysis

Stem sections were pretreated with 0.5M KOH (rice) and 1M KOH
(Miscanthus) at 25 °C for 2 h, or with 1% H2SO4 at 70 °C (rice) and 1%
H2SO4 at 100 °C (Miscanthus) for 1 h. The pretreated samples were
washed three times with distilled water until pH7.0, and the pellets
were then incubated with 1.6 g/L mixed cellulases (containing β-
glucanase≥ 2.98×104 U, cellulase≥ 298 U and xylanase≥
4.8×104 U, purchased from Imperial Jade Bio-technology Co., Ltd.,
China) for 0.5 h, 1 h, 2 h (rice), or 2 h, 4 h, 12 h, 24 h (Miscanthus), re-
spectively. After washing three times with the enzymatic digested
samples, all supernatants were collected for chemical analysis of total
hexoses, pentoses and uronic acids. All samples were conducted in
biological triplicate.

2.7. Colorimetric assay of hexoses, pentoses and uronic acids

The UV–VIS spectrometer (V-1100D, Shanghai MAPADA
Instruments Co., Ltd. Shanghai, China) was used for the absorbance
reading. Hexoses were detected using the anthrone/H2SO4 method
(Fry, 1988), and pentoses were tested using the orcinol/HCl method
(Huang et al., 2012). The standard curves for hexoses and pentoses
were drawn using D-glucose and D-xylose as standards (purchased from
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Sinopharm Chemical Reagent Co., Ltd.) respectively. Because high
pentose levels can affect the absorbance reading at 620 nm for hexose
assay, deduction from the pentose reading at 660 nm was carried out
for final hexose calculation. A series of xylose concentrations were
analyzed for plotting the standard curve referred to for the deduction,
which was verified by gas chromatography–mass spectrometry
(GC–MS) analysis. Total uronic acids were assayed using m-hydro-
xybiphenyl/NaOH method (Fry, 1988). All experiments were per-
formed in biological triplicate.

2.8. Monosaccharide determination by GC–MS

Monosaccharides were determined by GC–MS as previously de-
scribed by Li et al. (2013). GC–MS analysis was performed based on
analytical conditions: Restek Rxi–5ms, 30m×0.25mm ID×0.25 um
df column; carrier gas: helium; injection method: split; split ratio: 20:1;
injection port: 250 °C; interface: 250 °C; injection volume: 1.0 uL;
temperature program: from 155 °C (held for 23min) to 200 °C (held for
5min) at 3.8 °C/minute, then from 200 °C to 300 °C (held for 2min) at
20 °C/minute; ion Source: E1; ion source temperature: 200 °C; ACQ
mode: SIM. Mass spectra were acquired with full scans based on the
temperature program from 50 to 500m/z in 0.45 s. Calibration curves
of all analytes routinely yielded correlation coefficients of 0.999 or
higher.

3. Results

3.1. Observation of cellulose hydrolysis upon alkali pretreatment in situ

In the present study, cellulose hydrolysis was in situ characterized in
Miscanthus and rice samples using Calcofluor White staining with stem
sections after KOH pretreatment at 25 °C for 2 h (Fig. 1). Under mild
alkali pretreatments, Miscanthus and rice samples exhibited Calcofluor
White, similar to their controls (without pretreatment). However,
treated with mixed-cellulases for 2 h enzymatic hydrolysis, two Mis-
canthus accessions started to show reduced Calcofluor white fluores-
cence in parenchyma, and after 24 h enzymatic hydrolysis, the fluor-
escence was observed in partial vascular bundles (Fig. 1a). By
comparison, the fluorescence disappeared in the M. sin accession earlier
than that of M. sac accession in parenchyma during the time-course
enzymatic hydrolysis. Because parenchyma and vascular bundles are
respectively rich in primary and secondary cell walls (Keegstra, 2010;
Somerville et al., 2004), these observations indicated that primary wall
cellulose is initially digested by the mixed-cellulases. While treated
with mixed-cellulases for 0.5 h, rice cultivar (NPB) and Osfc16 mutant
(Li et al., 2017) only showed fluorescence in vascular bundles, and the
fluorescence declined during the time-course enzymatic hydrolysis, in
particular in the Osfc16 mutant (Fig. 1b). Further incubation with
mixed-cellulases, the stem tissues of rice were destructed (data not
shown), probably due to much cellulose digestion and wall poly-
saccharide deconstruction.

3.2. Wall polymers deconstruction during cellulose hydrolysis after KOH
pretreatment

To detect major non-cellulosic polysaccharides in situ during cellu-
lose enzymatic hydrolysis, we employed four representative mAbs to
show the polysaccharides epitopes in Miscanthus and rice samples. The
results shown in Fig. 2 indicated the strong recognition of XG in the
phloem regions of Miscanthus and rice samples, and the im-
munolabeling was slightly changed from KOH pretreatments (Fig. 2a,
e). However, the XG epitopes were immediately lost from initial en-
zymatic hydrolysis in Miscanthus (2 h) and rice (0.5 h), indicating that
XG epitopes could be efficiently deconstructed by cellulose enzymatic
hydrolysis in all biomass samples.

Miscanthus and rice samples showed significantly different

fluorescence patterns binding to the xylan-directed mAbs CCRC-M147
during enzymatic hydrolysis after alkali pretreatment (Fig. 2b, f). De-
spite of broad immunolabeling distribution in vascular bundles in two
Miscanthus accessions, the labeling was gradually declined in the wall
polysaccharides epitopes recognized by the selected mAbs after KOH
pretreatment (defined as 0 h) and sequential enzymatic hydrolysis, and
the recognition was not detected from 12 h (M. sac) or 24 h (M. sin)
incubation with mixed-cellulases (Fig. 2b). By comparison, rice samples
showed strong recognition with whole stem sections after alkali pre-
treatment (Fig. 2f), probably due to the increased access to xylan epi-
topes after alkali pretreatment. Notably, after 0.5 h enzymatic hydro-
lysis, rice samples exhibited strong immunolabeling in entire
parenchyma, and the epitopes were hardly observed after 2 h enzymatic
hydrolysis. Because the mixed-cellulases contain xylanase with high
activity, the immunolabeling should be derived from the partially-un-
digested xylan that was associated with cellulose and/or other wall
polymers. In addition, Osfc16 mutant exhibited relatively stronger im-
munolabeling than those of NPB cultivar, consistent with the previous
findings about high xylans level in the mutant (Li et al., 2017).

Because HG is the most abundant pectic polysaccharides, this study
examined distribution of partially methyl-esterified HG recognized by
JIM5. InMiscanthus accessions, pectic related epitopes were observed in
the phloem, xylem and intercellular spaces, and the immunolabeling
was declined slightly after alkali pretreatment (Fig. 2c). However, the
immunolabeling epitopes were not observed after sequential enzymatic
hydrolysis for 2 h and 4 h in M. sac and M. sin, respectively. By com-
parison, the labeling was reduced considerably by the alkali pretreat-
ment in rice samples and was lost after 0.5 h enzymatic hydrolysis
(Fig. 2g). Meanwhile, using CCRC-M35 to bind RG-I backbone, the
immunolabling of RG-I epitopes was mainly observed in the inter-
cellular spaces, and reduced after alkali pretreatment (Fig. 2d, h). Be-
cause the mixed-cellulases do not have activity of pectic poly-
saccharides degradation, the results suggested that pectin should be
rapidly deconstructed with cellulose or hemicelluose during enzymatic
hydrolysis in both Miscanthus and rice samples.

3.3. Enhanced biomass saccharification in M. sin and Osfc16 under alkali
pretreatment

In this study, biomass enzymatic saccharification was measured by
calculating hexoses and pentoses (xylose and arabinose) yields released
from commercial mixed-cellulases enzymatic hydrolysis after chemical
pretreatments using stem sections of Miscanthus and rice samples
(Fig. 3). As a result, alkali pretreatment mainly released pentoses and
uronic acids, with extremely low level of hexoses. However, the se-
quential enzymatic hydrolysis released large amounts of hexoses (glu-
cose) and pentoses in both Miscanthus and rice samples. Notably, during
time course of enzymatic hydrolysis, M. sin accession showed sig-
nificantly higher hexoses yields than those of M. sac accession at
P < 0.05 and P < 0.01 levels (n= 3) (Fig. 3a, b), consistent with
relatively less Calcofluor White fluorescence at M. sin sections (Fig. 1a).
Similarly, Osfc16 mutant also exhibited significantly higher hexoses
(glucose) yield than that of NPB cultivar after 2 h enzymatic hydrolysis
(Fig. 3c, d), in supporting of previous findings about significantly
higher hexoses yield in the Osfc16 mutant (Li et al., 2017). Therefore,
these results suggested that Calcofluor White staining could not only be
used to detect lignocellulose enzymatic hydrolysis in situ, but it may
also be applicable for predicting biomass saccharification in vitro.

3.4. Acid pretreatment for wall polymer deconstruction and biomass
saccharification

To compare with the alkali pretreatment, this study also performed
acid pretreatment of transverse sections of Miscanthus and rice stems.
Because rice stem section was rapidly deconstructed by 1% H2SO4 at
100 °C, this study conducted the acid pretreatment at 70 °C for 1 h, but
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it remained to use 100 °C for Miscanthus samples. After acid pretreat-
ment, two Miscanthus accessions exhibited similar Calcofluor White
fluorescence patterns during enzymatic hydrolysis (Fig. 4a) as observed
of the alkali pretreatment (Fig. 1a). Accordingly, the acid pretreatment
could lead to similar hexoses (glucose) yields released from enzymatic
hydrolysis in Miscanthus accessions, compared with the alkali pre-
treatment, but it remained significantly higher hexoses yield in M. sin
than in M. sac (Figs. Fig. S1; 3a, b). By comparison, rice samples were
deconstructed from 0.5 h enzymatic hydrolysis after acid pretreatment,
but the Calcofluor White fluorescence was observed in partial par-
enchyma, even though enzymatic hydrolysis for 2 h (Fig. 4b), which
was different from alkali pretreatment and sequential enzymatic hy-
drolysis (Fig. 1b). In addition, the Osfc16 mutant had significantly
higher hexoses yields than those of NPB cultivar (Figs. Fig. S1; 3c, d),
consistent with relatively weak fluorescence in the mutant during en-
zymatic hydrolysis (Fig. 4b).

Furthermore, this study also observed epitopes of xyloglucan, xylan
and pectin during enzymatic hydrolysis after acid pretreatment in stem
sections using four mAbs (Fig. 5). As previously observed from alkali
pretreatment, two Miscanthus accessions showed quick digestion of XG
by enzymatic hydrolysis for 2 h after acid pretreatment (Fig. 5a).
However, the rice samples exhibited a complete XG deconstruction by
acid pretreatment prior to enzymatic hydrolysis (Fig. 5e), different from
alkali pretreatments (Fig. 2e). Compared with observations from alkali
pretreatments (Fig. 2b, f), the xylan epitope recognized by CCRC-M147

was not detected in two Miscanthus accessions after acid pretreatments
and sequential 2 h enzymatic hydrolysis (Fig. 5b), whereas the im-
munolabeling remained observed after alkali pretreatments and 12 h
enzymatic hydrolysis (Fig. 2b). Despite that rice samples exhibited re-
latively weak immunolabeling in vascular bundles by enzymatic hy-
drolysis after acid pretreatments, they did not show any dot-labeling
that had been observed in the alkali pretreatment. (Fig. 5f, f).

With respect to HG and RG-I related epitopes, Miscanthus and rice
samples showed distinct immunolabeling patterns after acid pretreat-
ments (Fig. 5c, d, g, h), compared with alkali pretreatments (Fig. 2c, d,
g, h). In general, the immunolabeling was quickly declined during en-
zymatic hydrolysis after acid pretreatments. Exceptionally, the RG-I
epitopes were not detected from 2 h enzymatic hydrolysis in M. sin
accession (Fig. 5d), which may partially cause its relatively higher
hexoses (glucose) yields than those of M sac. In addition, M. sin ac-
cession had relatively higher pentoses and uronic acids yields than
those of M. sac accession, whereas Osfc16 mutant remained higher
pentoses and uronic acids than those of NPB cultivar, consistent with
their distinct hexoses yields released from enzymatic hydrolysis after
acid pretreatments (Fig. S1).

3.5. Direct cellulose enzymatic hydrolysis for wall polymer deconstruction

Without any pretreatment, this study also observed wall polymer
deconstruction and biomass saccharification from direct enzymatic

Fig. 1. Calcofluor White staining in transverse sections of Miscanthus and rice stems from alkali pretreatment (0 h) and subsequent time course of enzymatic
hydrolysis. (a) Two Miscanthus accessions (M. sin, M. sac); (b) rice mutant (Osfc16) and cultivar (NPB); Scale bar= 100 μm.
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hydrolysis using stem sections of Miscanthus and rice samples.
Compared with the alkali and acid pretreatments (Figs. 1 and 4), both
Miscanthus and rice samples showed stronger Calcofluor White fluor-
escence during direct enzymatic hydrolysis (Fig. 6), consistent with
their lower hexoses (glucose) yields released from direct enzymatic
hydrolysis (Fig. S2). By comparison, the Calcofluor White fluorescence

was not observed in parenchyma from direct enzymatic hydrolysis inM.
sin accession, but remained in partial parenchyma of M. sac accession
(Fig. 6a), which was consistent with significantly higher biomass sac-
charification (hexoses/glucose yields) in M. sin accession (Fig. S2). By
contrast, rice samples exhibited Calcofluor White fluorescence in almost
whole stem sections, and Osfc16 mutant showed relatively weaker

Fig. 2. Immunolocalization of hemicellulosic and pectic polysaccharides epitopes in transverse sections of Miscanthus and rice stems from alkali pretreatment (0 h)
and subsequent time course of enzymatic hydrolysis. (a-d) Two Miscanthus accessions (M. sin, M. sac); (e–h) rice mutant (Osfc16) and cultivar (NPB); Scale
bar= 100 μm.

Fig. 3. Sugars yields released from alkali pretreatment (0 h) and subsequent time course of enzymatic hydrolysis in transverse sections of Miscanthus and rice stems.
(a, c) Three sugars yields (hexoses, pentoses, uronic acids), the bar as mean ± SD (n=3); (b, d) Percentage of glucose, xylose and arabinose (% of total sugars); *
and ** Indicated significant difference by t-test at P < 0.05 and 0.01 levels between two Miscanthus accessions (M. sin, M. sac), or between rice mutant (Osfc16) and
cultivar (NPB).
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fluorescence than that of NPB cultivar after direct enzymatic hydrolysis
for 1 h and 2 h (Fig. 6b), consistent with significantly higher biomass
saccharification in Osfc16 mutant (Fig. S2).

In terms of the immunolabeling epitopes of four non-cellulosic
polysaccharides deconstruction during direct enzymatic hydrolysis,
Miscanthus and rice samples did not show much reduced im-
munolabeling of xylan, HG and RG-I epitopes (Fig. S3). Compared with
the enzymatic hydrolysis after chemical pretreatment (Figs. 3; Fig. S2),
direct enzymatic hydrolysis leaded to relatively low pentoses and
uronic acids yields (Fig. S2). However, the immunolabeling of XG
epitopes was not detected after direct enzymatic hydrolysis in Mis-
canthus and rice samples (Fig. S3). Hence, direct enzymatic hydrolysis
could mainly digest cellulose and xyloglucan with little impacts on
other non-cellulosic polysaccharide deconstruction.

4. Discussion

Miscanthus has been considered as a leading bioenergy crop, and
rice (Oryza sativa L) is a major food crop around world with large
biomass residues for biofuels. Over the past years, attempts have been
made to select desirable Miscanthus accessions and rice transgenic lines
that are of high biomass saccharification and reduced lignocellulose
recalcitrance (Li et al., 2013; Li et al., 2017; Li and Si et al., 2014; Sun
et al., 2017; Zhang et al., 2013; Zhang et al., 2016). Although M. sin
accession and rice Osfc16 mutant have much higher biomass

saccharification than those of M. sac and NPB cultivar (Huang et al.,
2012; Li et al., 2016; Li et al., 2017), this study explored their distinct
cellulose enzymatic hydrolysis in situ at plant tissue and cell levels using
Calcofluor White staining. Because Calcofluor White staining is a useful
approach, it should be applicable for predicting biomass enzymatic
saccharification in bioenergy crops. Importantly, this study well de-
monstrated that primary wall-rich cellulose in parenchyma could be
efficiently digested by initial enzymatic hydrolysis. It has also suggested
that specific modification of secondary cell walls in vascular bundles
may lead to largely enhanced cellulose hydrolysis in bioenergy crops.
Accordingly, optimal pretreatment technology should be considered to
target for vascular bundles deconstruction.

More recently, integrative analyses have been performed to find out
the major wall polymer features that distinctively affect biomass sac-
charification using large populations of Miscanthus accessions and rice
mutants (Li et al., 2013; Li et al., 2015; Sun et al., 2017). As the major
hemicellulose of secondary cell walls in grasses, xylan has been ex-
amined to positively affect biomass saccharification by reducing cel-
lulose crystallinity in Miscanthus and rice samples (Wang et al., 2016).
Hence, this study confirmed xylan positive roles in biomass sacchar-
ification in situ, due to M. sin accession and Osfc16 mutant showing
relatively strong immunolabeling of xylan epitopes than those of M.
sacchariflorus accession and NPB cultivar during time course of enzy-
matic hydrolysis after alkali pretreatments. We interpreted that those
remaining labeling should be derived from partially-undigested xylan

Fig. 4. Calcofluor White staining in transverse sections ofMiscanthus and rice stems from acid pretreatment (0 h) and subsequent time course of enzymatic hydrolysis.
(a) Two Miscanthus accessions (M. sin and M. sac); (b) rice mutant (Osfc16) and cultivar (NPB); Scale bar= 100 μm.

Y. Li et al. Carbohydrate Polymers 192 (2018) 273–281

278



that are associated with cellulose microfibrils and/or other wall poly-
mers, which may not only allow cellulases enzyme accessible to cellu-
lose surface, but may also maintain cellulose microfibrils at native state
with low crystallinity for an efficient cellulose hydrolysis. Hence, de-
spite glycan-directed immuolabelling technology has been broadly ap-
plied to observe major wall polysaccharide distribution in situ in dif-
ferent plant species (Da Costa et al., 2017; Pattathil, Avci, Zhang,
Cardenas, & Hahn, 2015; Peralta, Venkatachalam, Stone, & Pattathil,
2017), this study could provide a useful approach to explore major wall
polymer roles in biomass enzymatic hydrolysis of bioenergy crops in the
future.

Furthermore, this study well examined that xyloglucan could be
efficiently digested from initial enzymatic hydrolysis, no matter che-
mical pretreatment is performed or not, suggesting that xyloglucan may
have little impact on lignocellulose enzymatic digestion. As xyloglucan
contains β-1,4-glucan backbone, genetic overexpression of xyloglucan
gene may lead to largely enhanced saccharification efficiency in bioe-
nergy crops, which should be an applicable approach for wall mod-
ification in the bioenergy crops.

Because this study has found that pectic polysaccharides were de-
constructed from initial cellulose enzymatic hydrolysis after alkali

pretreatment in Miscanthus accessions and also could be directly re-
moved by alkali pretreatment in rice samples, it suggested that HG and
RG-I should not much affect biomass enzymatic saccharification upon
alkali pretreatment. However, both HG and RG-I may be the factors
affecting biomass digestibility from acid pretreatments distinctive in
two Miscanthus accessions. For instance, compared with M. sac acces-
sion, M. sin exhibited a quicker deconstruction of RG-I epitopes and
relatively less immunolabeling of HG epitopes from enzymatic hydro-
lysis after acid pretreatment (Fig. 5c, d), which may partially cause
significantly higher hexoses (glucose) yields in theM. sinensis accession.
Surprisingly, although the hexoses (glucose) yields remained rising
from the time course of direct enzymatic hydrolysis without any pre-
treatment, the immunolabeling of HG and RG-I epitopes was not much
altered in Miscanthus and rice samples (Fig. S3), indicating that both
pectic polysaccharides may be tightly associated with other non-cellu-
losic polymers in wall networks. Therefore, this study also suggested
that specific pretreatment technology may be powerful to sort out wall
polysaccharide distinct roles in biomass enzymatic saccharification. In
addition, typical genetic mutants and transgenic lines should be used to
in situ explore wall polysaccharide deconstruction for biomass sac-
charification in the future.

Fig. 5. Immunolocalization of hemicellulosic and pectic polysaccharides epitopes in transverse sections ofMiscanthus and rice stems from acid pretreatment (0 h) and
subsequent time course of enzymatic hydrolysis. (a-d) Two Miscanthus accessions (M. sin and M. sac); (e–h) rice mutant (Osfc16) and cultivar (NPB); Scale
bar= 100 μm.
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5. Conclusion

This study in situ detected an efficient and quick cellulose hydrolysis
in primary wall-rich cells and tissues in Miscanthu and rice samples.
Using immunolabling of glycan epitopes, it also examined a distinct
deconstruction of four major wall polysaccharides (xyloglucan, xylan,
HG, and RG-I) during the time course of mixed-cellulases enzymatic
hydrolysis upon alkali or acid pretreatments, which interpreted why M.
sin accession and rice Osfc16 mutant have significantly higher biomass
saccharification in vitro. Hence, this study provides a quick approach to
dynamically explore wall polysaccharide distinct deconstruction for
enhanced biomass enzymatic saccharification in bioenergy crops.
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