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ARTICLE INFO ABSTRACT

Article history:

Received 19 June 2015

Received in revised form 27 July 2015
Accepted 28 July 2015

Available online 1 August 2015

Based on systems biology analyses of total 179 representative Miscanthus accessions, ammonium oxalate
(AO)-extractable uronic acids could either positively affect biomass digestibility or negatively alter ligno-
cellulose crystallinity at p < 0.01 or 0.05. Comparative analysis of four typical pairs of Miscanthus samples
indicated that the AO-extractable uronic acids, other than hexoses and pentoses, play a predominant role
in biomass enzymatic saccharification upon various chemical pretreatments, consistent with observa-
tions of strong cell tissue destruction in situ and rough biomass residue surface in vitro in the unique

ff?c' :‘i’grds" Msa24 sample rich in uronic acids. Notably, AO-extraction of uronic acids could significantly increase lig-
Uronic acids nocellulose Crl at p <0.05, indicating that uronic acids-rich polymers may have the interactions with
Lignocellulose crystallinity B-1,4-glucan chains that reduce cellulose crystallinity. It has also suggested that increasing of uronic
Miscanthus acids should be a useful approach for enhancing biomass enzymatic digestibility in Miscanthus and

Biomass digestibility beyond.

© 2015 Published by Elsevier Ltd.

1. Introduction

Plant cell walls represent abundant renewable biomass
resource for biofuels and chemicals (Ragauskas et al., 2006; Pauly
and Keegstra, 2008). However, lignocellulosic recalcitrance greatly
leads to a costly biomass process (Himmel et al., 2007; Lynd et al.,
2008). As a promising solution, genetic modification of plant cell
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walls has been proposed for reducing recalcitrance in bioenergy
crops (Torney et al., 2007; Xie and Peng, 2010; Vega-Sanchez and
Ronald, 2010). Hence, it becomes essential to identify the main fac-
tors of plant cell walls that affect biomass enzymatic digestibility
(Zhu et al., 2008; DeMartini et al., 2013; De Souza et al.,, 2015).
Recently, three major wall polymers (cellulose, hemicelluloses
and lignin) have been characterized with distinct effects on bio-
mass enzymatic saccharification in plants. In particular, cellulose
crystallinity is the key factor negatively affecting biomass
digestibility (Chang and Holtzapple, 2000; Laureano-Perez et al.,
2005; Zhang et al., 2013). However, little is reported about the uro-
nic acids-existed wall polymers effects on biomass enzymatic
digestions.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.biortech.2015.07.099&domain=pdf
http://dx.doi.org/10.1016/j.biortech.2015.07.099
mailto:lpeng@mail.hzau.edu.cn
mailto:pengliangcai2007@sina.com
http://bbrc.hzau.edu.cn
http://dx.doi.org/10.1016/j.biortech.2015.07.099
http://www.sciencedirect.com/science/journal/09608524
http://www.elsevier.com/locate/biortech

392 Y. Wang et al./Bioresource Technology 196 (2015) 391-398

In grass, uronic acids exist in glucuronoarabinoxylans (GAX)
and galactosyluronic acid-rich pectin (Kim and Carpita, 1992),
which could be effectively extracted with ammonium oxalate
(AO), a classic chelating agent (Peng et al., 2000). In principle,
glucuronic acids (GIcA) occur in the non-reducing branches
attached to xylan chains, while galacturonic acid (GalA) is found
primarily in pectic substances (Roberts et al., 1968). It has been
reported that hemicelluloses through its arabinose substitution
degree of glucuronoarabinoxylans (GAX) could negatively affect
lignocellulose crystallinity for high biomass digestibility in
Miscanthus (Xu et al., 2012; Li et al., 2013). However, due to their
low levels in mature biomass residues (Vogel, 2008; Mohnen,
2008), much remains unknown about the uronic acids-rich wall
polymers effects on biomass enzymatic saccharification in plants
(Xiao and Anderson, 2013).

Miscanthus is a typical C4 perennial grass with extremely high
biomass yield, and thus has been considered as one of leading
energy crops for biofuel feedstock (Lewandowski et al., 2003;
Angelini et al., 2009; Xie and Peng, 2010). As Miscanthus has well
adaptations to various environmental conditions, we have col-
lected more than thousand of natural Miscanthus accessions
nationwide and determined hundreds of the representative sam-
ples with diverse cell wall compositions (Huang et al., 2012;
Zhang et al., 2013). In this study, we initially performed systems
biology analysis of total 179 representative Miscanthus
accessions and then examined four typical pairs of Miscanthus
samples in order to find out the AO-extractable uronic acids role
in biomass enzymatic digestions under various chemical
pretreatments.

2. Methods
2.1. Plant sample collection

Total 179 Miscanthus samples from four major Miscanthus
species (Miscanthus sinensis-Msi, Miscanthus floridulus-Mfl,
Miscanthus sacchariflorus-Msa, and Miscanthus lutarioriparius-Mlu)
were harvested from Hunan experimental field, and the mature
stem were collected and dried at 50 °C after inactivated at 105 °C
for 10 min. The dried tissues were ground through 40 mesh and
stored in the dry-container until use.

2.2. Wall polymer fractionation

The procedure of plant cell wall fractionation was described by
Peng et al. (2000) with minor modification by Huang et al. (2012).
The well-mixed powder of biomass sample was initially ground
under the potassium phosphate buffer (pH 7.0). The remaining pel-
lets were consequentially extracted with chloroform-methanol
(1:1, v/v) and DMSO-water (9:1, v/v) to removal lipid and starch.
The remaining pellets, defined as total crude cell walls, were trea-
ted with 0.5% (w/v) ammonium oxalate (AO) for 1 h at 100 °C,
washed with distilled water for 4-5 times, and combined as
AO-extractable wall polymers. The remaining residues were fur-
ther treated with 4 mol/L KOH and 1.0 mg/mL sodium borohydride
for 1 h at 25 °C, and the combined supernatants were neutralized
and lyophilized as KOH-extractable hemicelluloses. The remaining
residues were hydrolyzed with 2 mol/L trifluoroacetic acid (TFA) at
121 °Cin autoclave (15 psi) for 1 h, washed with distilled water for
2-3 times and all supernatants were combined as the
non-KOH-extractable hemicelluloses. The remaining pellet was
used as crystalline cellulose. All experiments were carried out in
biological triplicate.

2.3. Colorimetric determination of hexoses, pentoses and uronic acids

UV-VIS  Spectrometer (V-1100D, Shanghai MAPADA
Instruments Co., Ltd., Shanghai, China) was used for hexoses, pen-
toses and uronic acids assay as described by Huang et al. (2015).
Hexoses were detected by anthrone/H,SO, method (Fry, 1988),
pentoses were measured by orcinol/HCI (Dische, 1962), and total
uronic acids were assayed by m-hydroxybiphenyl/NaOH (Fry,
1988). As the high pentose levels affect the absorbance reading
at 620 nm for hexoses assay, the deduction from pentoses was car-
ried out for a final hexoses calculation by using a series of xylose
concentrations for plotting the standard curve referred for the
deduction, which was verified by GC-MS analysis. All experiments
were conducted in biological triplicate.

2.4. Detection of three wall polymers

Cellulose was measured by hexoses assay, and hemicelluloses
were detected by calculating total hexoses and pentoses of hemi-
celluloses fractions. Lignin was determined using a two-step acid
hydrolysis method according to the Laboratory Analytical
Procedure of the National Renewable Energy Laboratory (Sluiter
et al., 2008).

2.5. Determination of monosaccharides and uronic acids by GC-MS

2.5.1. Monosaccharides

The AO fraction was dialyzed for 36 h under 4 °C, and 2.5 mL
desalted solution was hydrolyzed with 2 mol/L TFA at 121 °C in
autoclave (15 psi) for 1 h. Myo-inositol (100 pg) was added as the
internal standard. After TFA hydrolysis, the supernatant was dried
under vacuum at 38 °C. Distilled water (800 pL) and a freshly pre-
pared solution of NaBH,4 (400 pL, 100 mg/mL in 6.5 mol/L aqueous
NH;3) were added to the dried sample. The sample was incubated at
40 °C for 30 min, and the excess NaBH, was decomposed by adding
800 pL acetic acid. 400 pL sample was transferred into a 25 mL
glass tube, and the acetic anhydride (4 mL) was added and mixed
well. 1-Methylimidazole (600 pL) was added, and excess acetic
anhydride was decomposed by adding distilled water (10 mL).
Dichloromethane (3 mL) was added and mixed gently, and the
sample remained static for phase separation. The collected lower
phase was dehydrated by adding anhydrous sodium sulfate and
analyzed by GC-MS (SHIMADZU GCMS-QP2010 Plus).

2.5.2. Uronic acids

The silanization reaction was conducted for two types of uronic
acids assay as described by Wojtasik et al. (2011) with minor mod-
ifications. The AO fraction was dialyzed for 36 h, and 2.5 mL
desalted solution was hydrolyzed with 2 mol/L TFA (final concen-
tration) at 121°C in autoclave (15psi) for 1h. Myo-inositol
(10 pg) was added as the internal standard. The supernatant
(2 mL) was dried under vacuum at 38 °C to remove TFA, and pyri-
dine (50 pL) was added under nitrogen and incubated at 37 °C for
90 min. The N-methyl-N-(trimethylsilyl) trifluoroacetamide
(50 uL) was added under nitrogen and incubated at 30 °C for
120 min. The solution (50 pL) was diluted in 500 pL pyridine for
GC-MS analysis.

2.5.3. GC-MS analytical conditions

Restek Rxi-5ms, 30m x 0.25mm ID x 0.25 um df column.
Carrier gas: He. Injection method: split. Injection port: 250 °C.
Interface: 250 °C. Injection volume: 1.0 pL. GC temperature pro-
gram for monosaccharide determination: from 155 °C (held for
23 min) to 200 °C (held for 5 min) at 3.8 °C/min, then rise to
300 °C for 2 min at the rate of 20 °C/min. GC temperature program
for uronic acids determination: 50 °C held for 2 min, rise to 155 °C
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(at the rate of 50 °C/min) and held for 25 min, then rise to 200 °C
(at the rate of 3.5 °C/min) for 5 min, then to 300 °C (at the rate of
20 °C/min) for 2 min. lon source temperature: 200 °C, ACQ Mode:
SIM. The mass spectrometer was operated in the EI mode with ion-
ization energy of 70 eV. Mass spectra were acquired with full scans
based on the temperature program from 50 to 500 m/z in 0.45 s.
Calibration curves of all analytes routinely yielded correlation coef-
ficients 0.999 or better.

2.6. Measurement of cellulose crystalline index

X-ray diffraction (XRD) method was applied for measurement
of cellulose crystallinity index (Crl) using Rigaku-D/MAX instru-
ment (Ultima III, Japan) as described by Zhang et al. (2013).
Standard errors of the Crl method were estimated at +0.05-0.15
using five representative samples in triplicate.

2.7. Scanning electron microscopic (SEM) observation

2.7.1. Observation of biomass residue in vitro

The well-mixed biomass powder was pretreated with 1% (w/v)
NaOH at 50 °C for 2 h or 1% (v/v) H,SO4 at 121 °C for 20 min, and
sequentially hydrolyzed with the 6 mL (1.6 g/L) mixed-cellulases
at 50 °C for 48 h as described below (Section 2.8). The remaining
residues were washed with distilled water until pH 7.0. The sample
was sputter-coated with gold and observed by SEM (JSM-6390/LV,
Hitachi, Tokyo, Japan) as described by Xu et al. (2012) and Li et al.
(2013). Each sample was observed for 5-10 times and the repre-
sentative imagines were photographed in the study.

2.7.2. Observation of plant tissues in situ

The young stem tissues were cross-sectioned, and added with
1% (w/v) NaOH or 1% (v/v) H,SO4 under shaken at 150 rpm for
2 h at 50 °C. The stem tissues were then washed with distilled
water until pH 7.0 and hydrolyzed with the 0.5g/L
mixed-cellulases at 25 °C for 3 h for the NaOH-pretreated or for
6 h for the H,SO4-pretreated. Samples were washed again with dis-
till water, dried under air, and sputter-coated with gold in a
JFC-1600 ion sputter (Mito City, Japan). Surface morphology of
the treated-samples were sputter-coated with gold and observed
by SEM. Each sample was observed for 5-10 times and the repre-
sentative imagines were photographed in the study.

2.8. Biomass pretreatment and enzymatic hydrolysis

Chemical pretreatments were previously described by Zhang
et al. (2013), Huang et al. (2015) with minor modifications.

2.8.1. H,SO4 pretreatment

The well-mixed powder of biomass sample was added with
6 mL H,SO, at three concentrations (0.25%, 1%, 4%, v/v). The sealed
sample tube was heated at 121 °C for 20 min in autoclave (15 psi)
after mixing well. The tube was shaken at 150 rpm for 2 h at 50 °C,
and centrifuged at 3000g for 5 min. The supernatant was collected
for the determination of total sugars released from the acid pre-
treatment. The pellet was washed 5 times with 10 mL distilled
water until all soluble sugars were extracted (verified by colori-
metric determination of hexoses and pentoses), and the sample
was stored at —20 °C for enzymatic hydrolysis. The samples with
6 mL distilled water were shaken for 2 h at 50 °C as the control.
All samples were carried out in biological triplicate.

2.8.2. NaOH pretreatment

The well-mixed powder of biomass sample was added with
6 mL NaOH at three concentrations (0.5%, 1%, 4%, w/v). The sample
tube was shaken at 150 rpm for 2 h at 50 °C, and centrifuged at

3000g for 5 min. The supernatant was collected for the determina-
tion of total sugars released from the alkali pretreatment. The pel-
let was washed 5 times with 10 mL distilled water until all soluble
sugars were extracted, and stored at —20 °C for enzymatic hydrol-
ysis. The samples with 6 mL distilled water were shaken for 2 h at
50 °C as the control. All samples were carried out in biological
triplicate.

2.8.3. Enzymatic hydrolysis

The remaining residues from pretreatments of H,SO4 and NaOH
were washed with 10 mL mixed-cellulases reaction buffer (0.2 M
acetic acid-sodium acetate, pH 4.8). The washed residues were
incubated with 6 mL (3.2, 2.0 g/L for the enzymatic digestibility
analysis of 1% H,SO4/1% NaOH pretreatment of the 179
Miscanthus samples) mixed-cellulases containing B-glucanase
(=6 x 10*U), cellulase (>600U) and xylanase (=10 x 10*U)
from Imperial Jade Bio-technology Co., Ltd. The samples were
under shaken at 150 rpm at 50 °C for 48 h. After centrifugation at
3000g for 10 min, the supernatants were collected for sugar deter-
mination. The samples with 6 mL reaction buffer were shaken for
48 h at 50 °C as the control. All samples were carried out in biolog-
ical triplicate.

2.9. Statistical analysis of data

Superior Performance Software Systems software package (SPSS
17.0, Inc., Chicago, IL) was applied for the related statistical analy-
sis. Correlation analysis was performed using Spearman’s rank cor-
relation analysis at the two-sided 0.05 level of significance
('p<0.05, “"p<0.01). The variation and regression analysis are
developed using Origin 8.0 software (Microcal Software,
Northampton, MA) for the best fit curve from the experimental
data.

3. Results and discussions

3.1. Correlation between AO-extractable components and biomass
digestibility

In our previous studies, the representative Miscanthus acces-
sions have been determined with diverse cell wall compositions
including three major wall polymers: cellulose, hemicelluloses
and lignin (Xu et al., 2012; Zhang et al., 2013; Li et al., 2013). In
the present work, varied AO-extractable wall components (hex-
oses, pentoses, uronic acids) were examined in the selected 179
Miscanthus samples (Fig. 1). Compared with three major wall poly-
mers (Li et al., 2013), the AO-extractable wall components showed
extremely low levels, but remained much variations from 0.4% to
2.24% with variable coefficient (CV) value at 28.48% (S1 and
Fig. 1A). Among the AO-extractable components, hexoses dis-
played high CV value at 54.42%, whereas pentoses and uronic acids
had similar variations with CVs at 24.23% and 28.93%, respectively.

Biomass digestibility (or biomass saccharification) has been
measured by calculating hexoses yield (% cellulose) released from
hydrolysis by a crude cellulase mixture of lignocellulose after var-
ious physical and chemical pretreatments (Xu et al., 2012; Huang
et al.,, 2015). In this work, total 179 Miscanthus samples exhibited
a diverse biomass enzymatic digestibility after 1% (v/v) H,SO,4 or
1% (w/v) NaOH pretreatment (Fig. 1B). As a comparison, the pre-
treatment with 1% (v/v) H,SO,4 could result in the hexoses yields
ranged from 9.95% to 59.26%, whereas the 1% (w/v) NaOH pretreat-
ment had the varied hexoses yields from 17.54% to 69.39%. Hence,
the 179 Miscanthus samples exhibited a varied biomass enzymatic
digestibility, which suggests that those samples could be
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Fig. 1. Correlation between AO-extractable components and biomass digestibility in 179 Miscanthus accessions. (A) Variations of AO-extractable components; (B) variations
of hexoses yields (% cellulose) released from enzymatic hydrolysis after 1% (v/v) H,SO4 and 1% (w/v) NaOH pretreatments; (C) correlation between AO-extractable
components and hexoses yields (n=179). ~and "~ indicated the significant correlations at p <0.05 and 0.01, respectively. (A and B) The line and square within the box
presented the median and mean values of all data; the bottom and top edges of the box indicated 25 and 75 percentiles of all data, respectively; and the bottom and top bars

presented maximum and minimum values of all data, respectively (n=179).

applicable for correlative analysis among biomass enzymatic
digestibility and AO-extractable components.

Correlative analysis has been well applied into accounting for
three major wall polymers effects on biomass saccharification in
Miscanthus and other plants (Xu et al., 2012; Zhang et al., 2013;
Li et al,, 2013, 2014; Wu et al., 2013; Jia et al., 2014). Using 179
Miscanthus samples, correlative analysis was performed among
AO-extractable components and biomass digestibility upon 1%
(v/v) H3SO4 or 1% (w/v) NaOH pretreatment (Fig. 1C). In general,
total AO-extractable components showed a positive correlation
with biomass saccharification at significant levels (p <0.05 or
0.01). Among three AO-extractable components, however, uronic
acids exhibited much higher correlation coefficient values at 0.56
and 0.53 at p <0.01 from 1% (v/v) H;SO4 and 1% (w/v) NaOH pre-
treatments, respectively (Fig. 1C). By comparison, pentoses were
only positively correlated from 1% (v/v) H,SO,4 pretreatment, and
hexoses did not show any significant correlations. Therefore, the
results suggested that the AO-extractable uronic acids should be
the predominant factor positively affecting biomass enzymatic
digestibility in Miscanthus.

3.2. Analysis of four typical pairs of Miscanthus samples

As the AO-extractable components cover much low proportion
in cell wall composition, four typical pairs of Miscanthus samples
were selected in this work. Each pair showed a similar composition
of three major wall polymers (cellulose, hemicelluloses and lignin),
but had significantly different AO-extractable constitutions includ-
ing hexoses, pentoses and uronic acids (Table 1 and S2).
Furthermore, each pair exhibited distinct monosaccharide and uro-
nic acid compositions in the AO-extractable wall polymers (S3). As
GalA and GIcA are respectively rich in the pectin and hemicellu-
losic glucuronoarabinoxylans, almost all samples (except MIu01)
had high proportions of GalA ranged from 62% to 95%, indicating
that the AO-extracted wall polymers mainly contained pectin with
minor GIcA. As each pairs exhibited relatively high and low bio-
mass saccharification, they were applicable for testing
AO-extractable components effect on biomass enzymatic diges-
tions (Fig. 2 and S4). In details, Msi45 sample at Pair I had three
AO-extractable components (hexoses, pentoses and uronic acids)
significantly higher than that of its paired Mlu24 sample at
p <0.01 or 0.05 levels (Table 1 and S4). In terms of biomass saccha-
rification, Msi45 showed much higher hexoses yield than that of
Mlu24 at p < 0.01 or 0.05. Despite Pair I had pentoses and uronic

acids alterations, other than hexoses, it also exhibited a signifi-
cantly different biomass digestibility between two samples at
p <0.01 or 0.05 levels except 4% (v/v) H,SO4 pretreatment (Fig. 2,
Table 1 and S4).

To demonstrate the uronic acids predominately roles in the
AO-extractable components, Pairs Il and IV samples were further
examined, showing significant alterations (at p < 0.05) only on uro-
nic acids levels, other than hexoses and pentoses (Table 1, S3 and
S4). Despite Pairs III and IV had distinct GIcA and GalA proportions,
the Msa03 and Msa24 samples with relatively high uronic acids
levels, exhibited much higher hexoses yields than those of their
paired samples (Mlu05 an Msi02) at significant levels (p <0.01 or
0.05), except Pair IV from 4% (v/v) H,SO4 pretreatment. Notably,
Pair IIl samples respectively showed the remarkably high hexoses
yields increase rates by 104% and 203% from 0.25% (v/v) HxSO4
and 0.5% (w/v) NaOH pretreatments, compared with Pair I (52%,
43%) and Pair II (43%, 52%; S4). In addition, although Pair IV had
much less uronic acids alteration by 38% than that of Pair III by
78%, the Pair IV samples exhibited higher hexoses yield increase
rates (64%, 87%, 66%) that that of Pair I (46%, 33%, 8%) and Pair Il
(52%, 63%, 24%) from three concentrations of NaOH pretreatments.
Therefore, the results supported that uronic acids were the pre-
dominant factor positively affecting biomass enzymatic digestibil-
ity under chemical pretreatments.

3.3. Observation of cell tissues in situ and biomass residues in vitro

To confirm uronic acids predominant role in biomass enzymatic
digestion, stem cell tissues in situ and biomass residues in vitro
were observed in Pair IV, which exhibited uronic acids alteration
only (S5). Under scanning electron microscopy, the young stems
of two samples at Pair IV did not show any visible differences,
but Msa24 with relatively high biomass digestibility exhibited
much more destructed and lost parenchyma cells than that of its
paired Msi02 sample after pretreatment with 1% (v/v) H,SO4 and
1% (w/v) NaOH and sequential enzymatic hydrolyses. Hence, the
effective destruction of parenchyma cells should be due to rela-
tively high uronic acids levels in primary cell walls. Furthermore,
Msa24 sample exhibited much rougher surface of biomass residues
than that of Msi02 after 1% (v/v) H,SO,4 and 1% (w/v) NaOH pre-
treatment and sequential enzymatic hydrolysis of the ground
mature stem tissues, consistent with previous reports in
Miscanthus (Xu et al., 2012; Zhang et al, 2013; Li et al., 2013).
Therefore, both observations in situ and in vitro were strongly in
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Table 1
AO-extractable components (% dry matter) in four typical pairs of Miscanthus samples.
Pairs Samples Hexoses Pentoses Uronic acids
1 Msi45 (H)* 0.39 £0.02* 62.50%° 0.49 £ 0.02** 63.33% 0.23 +0.03* 21.05%
Mlu24 (L) 0.24 +£0.01 0.30+0.02 0.19+£0.02
Il Msi75 (H) 0.20+0.02 —4.76% 0.83 £0.07** 295.24% 0.25 +0.04* 47.06%
Mlu01 (L) 0.21 £0.04 0.21 +0.05 0.17 £ 0.03
111 Msa03 (H) 0.46 £ 0.08 39.39% 0.50 +0.08 31.58% 0.16 £ 0.02* 77.78%
Mlu05 (L) 0.33+0.05 0.38 +0.05 0.09 +0.02
v Msa24 (H) 0.29 £0.01 0% 0.39 £ 0.04 —-9.30% 0.29 +0.02* 38.10%
Msi02 (L) 0.29 £ 0.06 0.43 £0.04 0.21 £0.01
“and " indicated significant differences at pair by t-test at p < 0.05 and 0.01 (n = 3).
# Indicated the sample in the pair with relatively high (H) or low (L) biomass digestibility.
@ Percentage of the increased or decreased level at pair.
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Fig. 2. Hexoses yields (% cellulose) released from enzymatic hydrolysis after pretreatments of NaOH (A) and H,SO4 (B) at three concentrations in the four typical pairs of
Miscanthus samples. Three major wall polymers and AO-extractable components in four pairs of Miscanthus samples described in Table 1 and S2, and the values of hexoses

yields were listed in S4. The bars indicated the means + SD (n = 3).

supporting of findings about uronic acids predominant effect on
biomass enzymatic saccharification upon various chemical pre-
treatments in Miscanthus.

3.4. Correlation between AO-extractable components and
lignocellulose crystallinity

Lignocellulose crystallinity has been characterized as the key
factor negatively affecting biomass enzymatic digestibility in
Miscanthus and other plants (Chang and Holtzapple, 2000;
Laureano-Perez et al., 2005; Xu et al., 2012; Zhang et al., 2013;
Wu et al, 2013; Huang et al, 2015). To understand
AO-extractable components effects on biomass saccharification, a
correlation analysis was performed with lignocellulose crystalline
index (Crl) by using 80 representative Miscanthus accessions
(Fig. 3). Since the 80 Miscanthus accessions showed a normal distri-
bution of lignocellulose Crl (Fig. 3A), it becomes applicable to cal-
culate correlation coefficients. As a result, only AO-extractable
uronic acids showed significantly negative correlation with cellu-
lose Crl at p<0.01 with high coefficient value at 0.59 (Fig. 3B)
and R? value at 0.34 (Fig. 3C). By comparison, despite that hexoses
were significantly correlated with Crl at p < 0.05, but the coefficient
value remained much low at 0.23. The results indicated that
AO-extractable uronic acids positively affect biomass saccharifica-
tion probably by reducing lignocellulose crystallinity.

3.5. Mechanism on uronic acids predominate impacts on biomass
saccharification

To find out direct evidence about uronic acids effects on ligno-
cellulose crystallinity, cellulose Crl alterations were detected in
four typical pairs of Miscanthus samples (Table 2). According to
the cell wall fractionation procedure described in Materials and
Methods, the crude cell walls were obtained after starch was
extracted with DMSO fraction. As a result, the AO extraction from
crude cell walls (DMSO residues) could significantly alter lignocel-
lulose Crl with the increased rates (B — A/A) ranged from 1% to 6%.
Notably, a significantly positive correlation was found between
increased Crl rates and AO-extractable uronic acids levels at
p <0.05 in four pairs of Miscanthus samples with high coefficient
value at 0.76 (Fig. 4A) and R? value at 0.58 (Fig. 4B). By comparison,
both AO-extractable hexoses and pentoses did not show any signif-
icant correlation with increased Crl rates. The data thus indicated
that AO-extraction of uronic acids could significantly increase lig-
nocellulose crystallinity in Miscanthus.

Recently, it has been reported that hemicelluloses are the posi-
tive factor on biomass saccharification by negatively affecting lig-
nocellulose crystallinity in Miscanthus (Xu et al, 2012). In
particular, arabinose substitution degree of xylan plays a predom-
inant role for hemicellulosic positive impacts, suggesting that the
branched arabinose may have the interactions with p-1,4-glucan
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Fig. 3. Correlations between AO-extractable components and lignocellulose crystalline index (Crl). (A) Distribution of lignocellulose Crl values of 80 representative
Miscanthus accessions; (B) correlation between AO-extractable components and lignocellulose Crl values of raw biomass materials in Miscanthus accessions (n = 80); (C)
correlation distributions with coefficient R? values between AO-extractable uronic acids and lignocellulose Crl (n=80); “and " indicated the significant correlations at

p <0.05 and 0.01, respectively.

Table 2
Lignocellulose Crl alternation in four typical pairs of Miscanthus samples.

Pairs  Samples Crl (%) Increase rate (%)
DMSO residue (A) AO residue (B) (B —A)/A
I Msid5 (H)*  50.08“ 52.7 5.23
Mlu24 (L) 59.23 60.87 2.77
il Msi75 (H)  49.95 52.03 4.16
MIu01 (L) 60.26 62.04 2.96
11 Msa03 (H) 56.45 59.27 4.99
MIu05 (L) 58.68 59.44 1.29
v Msa24 (H)  50.82 53.97 6.18
Msi02 (L) 49.69 51.98 4.60

" DMSO residue as total crude cell walls; AO residues obtained from ammonium
oxalate (AO) extraction of crude cell walls.

# Indicated the sample in the pair with relatively high (H) or low (L) biomass
digestibility.

@ Standard errors of the Crl method were estimated at +0.1-0.2 using five rep-
resentative samples in triplicate, indicating that two samples should have signifi-
cantly different Crl if their increased/decreased Crl value is more than 0.2.

chains that reduce lignocellulose crystallinity for high biomass
digestibility (Li et al., 2013, 2014; Wu et al., 2013). Similarly, this
work has also demonstrated that the AO-extractable uronic acids
could positively affect biomass enzymatic digestibility by reducing
lignocellulose crystallinity. There are rational evidences: (1) uronic
acids have been examined with the highest correlative coefficient
values with biomass enzymatic digestibility under various
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Fig. 4. Correlation between AO-extractable components and increased rate of
lignocellulose Crl. (A) Correlation coefficients between AO-extractable components
levels (Table 1) and lignocellulose Crl increase rates (Table 2) in four pairs of
Miscanthus samples (n = 8); (B) correlation distributions with coefficient R? values
between AO-extractable uronic acids and lignocellulose Crl increase rates (n = 8);
" indicated the significant correlations at p < 0.05.

chemical pretreatments, compared with AO-extractable hexoses
and pentoses; (2) the typical Pair IV sample showing high uronic
acids only, has exhibited much stronger destruction of cell tissues
in situ and rougher surface of biomass residues in vitro than those
of its paired sample from chemical pretreatments and sequential
cellulase digestions; (3) AO-extraction of uronic acids, rather than
hexoses and pentoses, can significantly lead to an increased ligno-
cellulose crystallinity at p <0.05. Hence, the branched GIcA of
xylans or GlaA of pectin extracted with AO should have an interac-
tion with pB-1,4-glucan chains that reduces lignocellulose
crystallinity.

In addition, although cellulose microfibrils have been character-
ized with extensive interactions with pectin in Arabidopsis
(Dick-Perez et al., 2011), there are still not any evidences about
how pectin interaction with cellulose. Hence, this study could con-
clude that the AO-extractable uronic acids that existed as pectic
GalA and hemicellulosic GIcA may have the interactions with cel-
lulose in Miscanthus, due to their significantly reducing of lignocel-
lulose crystallinity. On the other hand, the non-AO-extractable
uronic acids-existed wall polymers may mainly interact with
major noncellulosic polymers (hemicelluloses and lignin), which
remains under test about their effects on biomass enzymatic
digestibility in the future.

3.6. Potential cell wall modification for enhancing biomass
saccharification

Genetic modification of plant cell walls has been proposed as a
promising solution for reducing biomass recalcitrance (Torney
et al., 2007; Xie and Peng, 2010; Vega-Sanchez and Ronald,
2010). As plant biomass constitutes numerous different cell types
with diverse wall components, identifying desirable cell walls is
a priority work for enhancing biomass digestibility (Pauly and
Keegstra, 2008; Knox, 2008). However, modification of three major
wall polymers (cellulose, hemicelluloses, and lignin) is not a simple
work, because it could largely affect plant growth and biomass
yield (Pauly and Keegstra, 2008; Xie and Peng, 2010). In this study,
we have found that the increased AO-extractable uronic acids in
the natural Miscanthus accessions (Pairs III and IV), could enhance
biomass enzymatic saccharification upon various chemical pre-
treatments. Since AO-extractable wall components cover extre-
mely low proportions in plant cell walls, genetic modification of
uronic acids-rich wall polymers may become a relatively simply
approach for enhancing biomass digestibility in bioenergy crops.

Due to complicated structures of plant cell walls, however,
minor modification of AO-extractable components may also cause
cell wall network dynamic alteration. Hence, a correlation analysis
was also performed between AO-extractable components and two
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major wall polymers (hemicelluloses and lignin) using 80 repre-
sentative Miscanthus samples (Fig. 5). Notably, AO-extractable uro-
nic acids showed significantly correlations either positively with
hemicelluloses or negatively with lignin level at p <0.01 (n = 80),
whereas total AO-extractable components only displayed a nega-
tive correlation with lignin at p<0.05. By comparison,
AO-extractable hexoses and pentoses did not show any significant
correlation. The data suggested that raising AO-extractable uronic
acids in plant cell walls may coordinately result in hemicelluloses
increase and lignin reduction in transgenic plants. As hemicellu-
loses and lignin have respectively been reported as positive and
negative factors on biomass saccharification in Miscanthus (Li
etal., 2013; Xu et al,, 2012), genetic modification of plant cell walls
by increasing uronic acids proportion should be a powerful
approach for enhancing biomass enzymatic digestibility in bioen-
ergy crops.

4. Conclusions

Using large population of Miscanthus accessions, AO-extractable
uronic acids have been determined with positive effects on bio-
mass enzymatic digestibility under various chemical pretreat-
ments. Analysis of four typical pairs of Miscanthus samples has
indicated that AO-extractable uronic acids, other than hexoses
and pentoses, could significantly reduce lignocellulose crystallinity
for high biomass saccharification. It suggests that uronic
acids-existed wall polymer modification is a promising approach
for enhancing biomass enzymatic digestibility in Miscanthus.

Acknowledgements

This work was supported in part by Grants from the 111 Project
of MOE (B08032), HZAU Changjiang Scholar Promoting Project
(52204-07022), and Fundamental Research Funds for the Central
Universities (2662015PY018).

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.biortech.2015.07.
099.

References

Angelini, L.G., Ceccarini, L., Nassi o Di Nasso, N., Bonari, E., 2009. Comparison of
Arundo donax L. and Miscanthus x giganteus in a long-term field experiment in
Central Italy: analysis of productive characteristics and energy balance. Biomass
Bioenergy 33, 635-643.

Chang, V.S., Holtzapple, M.T., 2000. Fundamental factors affecting biomass
enzymatic reactivity. Appl. Biochem. Biotechnol. 84-86, 5-37.

De Souza, A.P., Kamei, C.L., Torres, A.F., Pattathil, S., Hahn, M.G., Trindade, L.M.,
Buckeridge, M.S., 2015. How cell wall complexity influences saccharification
efficiency in Miscanthus sinensis. ]J. Exp. Bot. http://dx.doi.org/10.1093/jxb/
erv183.

DeMartini, J.D., Pattathil, S., Miller, ].S., Li, H., Hahn, M.G., Wyman, C.E., 2013.
Investigating plant cell wall components that affect biomass recalcitrance in
poplar and switchgrass. Energy Environ. Sci. 6, 898-909.

Dick-Perez, M., Zhang, Y., Hayes, ]., Salazar, A., Zabotina, O.A., Hong, M., 2011.
Structure and interactions of plant cell-wall polysaccharides by two-and three-
dimensional magic-angle-spinning solid-state NMR. Biochemistry 50, 989-
1000.

Dische, Z., 1962. Color reactions of carbohydrates. In: Whistler, R.L., Wolfrom, M.L.
(Eds.), Methods in Carbohydrate Chemistry, vol. 1. Academic Press, New York,
pp. 477-512.

Fry, S.C., 1988. The Growing Plant Cell Wall: Chemical and Metabolic Analysis.
Longman, London, pp. 97-99.

Himmel, M.E., Ding, S.Y., Johnson, D.K., Adney, W.S., Nimlos, M.R., Brady, J.W., Foust,
T.D., 2007. Biomass recalcitrance: engineering plants and enzymes for biofuels
production. Science 315, 804-807.

Huang, J., Xia, T., Li, A,, Yu, B, Li, Q., Tu, Y., Zhang, W., Yi, Z., Peng, L., 2012. A rapid
and consistent near infrared spectroscopic assay for biomass enzymatic
digestibility upon various physical and chemical pretreatments in Miscanthus.
Bioresour. Technol. 121, 274-281.

Huang, Y., Wei, X, Zhou, S., Liu, M., Ty, Y., Li, A,, Chen, P., Wang, Y., Zhang, X., Tai, H.,
Peng, L., Xia, T., 2015. Steam explosion distinctively enhances biomass
enzymatic saccharification of cotton stalks by largely reducing cellulose
polymerization degree in G. barbadense and G. hirsutum. Bioresour. Technol.
181, 224-230.

Jia, J., Yu, B.,, Wu, L., Wang, H., Wu, Z., Li, M., Huang, P., Feng, S., Chen, P., Zheng, Y.,
Peng, L., 2014. Biomass enzymatic saccharification is determined by the non-
KOH-extractable wall polymer features that predominately affect cellulose
crystallinity in corn. PLoS One 9, e108449.

Kim, ].B., Carpita, N.C., 1992. Changes in esterification of the uronic acid groups of
cell wall polysaccharides during elongation of maize coleoptiles. Plant Physiol.
98, 646-653.

Knox, J.P., 2008. Revealing the structural and functional diversity of plant cell walls.
Curr. Opin. Plant Biol. 11, 308-313.

Laureano-Perez, L., Teymouri, F., Alizadeh, H., Dale, B.E., 2005. Understanding
factors that limit enzymatic hydrolysis of biomass: characterization of
pretreated corn stover. Appl. Biochem. Biotechnol. 121-124, 1081-1099.

Lewandowski, L., Scurlock, ].M.O., Lindvall, E., Christou, M., 2003. The development
and current status of perennial rhizomatous grasses as energy crops in the USA
and Europe. Biomass Bioenergy 25, 335-361.

Li, F., Ren, S., Zhang, W., Xu, Z., Xie, G., Chen, Y., Tu, Y., Li, Q.,, Zhou, S., Li, Y., Ty, F., Liu,
L., Wang, Y., Jiang, J., Qin, J., Li, S., Li, Q., Jing, H.C., Zhou, F., Gutterson, N., Peng, L.,
2013. Arabinose substitution degree in xylan positively affects lignocellulose
enzymatic digestibility after various NaOH/H,SO, pretreatments in Miscanthus.
Bioresour. Technol. 130, 629-637.

Li, F.,, Zhang, M., Guo, K., Hu, Z., Zhang, R, Feng, Y., Yi, X,, Zou, W., Wang, L., Wu, C.,
Tian, J., Lu, T., Xie, G., Peng, L., 2014. High-level hemicellulosic arabinose
predominately affects lignocellulose crystallinity for genetically enhancing both
plant lodging resistance and biomass enzymatic digestibility in rice mutants.
Plant Biotechnol. J. 13, 514-525.

Lynd, L.R,, Laser, M.S., Brandsby, D., Dale, B.E., Davison, B., Hamilton, R., Himmel, M.,
Keller, M., McMillan, J.D., Sheehan, J., Wyman, C.E., 2008. How biotech can
transform biofuels. Nat. Biotechnol. 26, 169-172.

Mohnen, D., 2008. Pectin structure and biosynthesis. Curr. Opin. Plant Biol. 11, 266-
2717.

Pauly, M., Keegstra, K., 2008. Cell-wall carbohydrates and their modification as a
resource for biofuels. Plant J. 54, 559-568.

Peng, L., Hocart, C.H., Redmond, ].W., Williamson, R.E., 2000. Fractionation of
carbohydrates in Arabidopsis root cell walls shows that three radial swelling loci
are specifically involved in cellulose production. Planta 211, 406-414.

Ragauskas, AJ., Williams, C.K., Davison, B.H., Britovsek, G., Cairney, J., Eckert, C.A.,
Frederick Jr., W.J., Hallett, J.P., Leak, DJ., Liotta, C.L., Mielenz, J.R., Murphy, R.,
Templer, R., Tschaplinski, T. 2006. The path forward for biofuels and
biomaterials. Science 311, 484-489.

Roberts, R.M., Deshusses, J., Loewus, F., 1968. Inositol metabolism in plants. V.
Conversion of myo-inositol to uronic acid and pentose units of acidic
polysaccharides in root-tips of Zea mays. Plant Physiol. 43, 979-989.

Sluiter, A., Hames, B., Ruiz, R., Scarlata, C,, Sluiter, J., Templeton, D., Crocker, D., 2008.
Determination of structural carbohydrates and lignin in biomass. Tech. Rep.
NREL/TP-510-42618. NREL, Golden, CO.

Torney, F., Moeller, L., Scarpa, A., Wang, K., 2007. Genetic engineering approaches to
improve bioethanol production from maize. Curr. Opin. Biotechnol. 18, 193-
199.

Vega-Sanchez, M.E., Ronald, P.C., 2010. Genetic and biotechnological approaches for
biofuel crop improvement. Curr. Opin. Biotechnol. 21, 218-224.

Vogel, ]., 2008. Unique aspects of the grass cell wall. Curr. Opin. Plant Biol. 11, 301-
307.

Wojtasik, W., Kulma, A., Kostyn, K., Szopa, J., 2011. The changes in pectin
metabolism in flax infected with Fusarium. Plant Physiol. Biochem. 49, 862-872.

Wu, Z., Zhang, M., Wang, L., Tu, Y., Zhang, J., Xie, G., Zou, W., Li, F., Guo, K., Li, Q., Gao,
C., Peng, L., 2013. Biomass digestibility is predominantly affected by three
factors of wall polymer features distinctive in wheat accessions and rice
mutants. Biotechnol. Biofuels 6, 183.


http://dx.doi.org/10.1016/j.biortech.2015.07.099
http://dx.doi.org/10.1016/j.biortech.2015.07.099
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0005
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0005
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0005
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0005
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0010
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0010
http://dx.doi.org/10.1093/jxb/erv183
http://dx.doi.org/10.1093/jxb/erv183
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0020
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0020
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0020
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0025
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0025
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0025
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0025
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0030
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0030
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0030
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0035
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0035
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0040
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0040
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0040
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0045
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0045
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0045
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0045
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0050
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0050
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0050
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0050
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0050
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0055
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0055
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0055
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0055
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0060
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0060
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0060
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0065
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0065
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0070
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0070
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0070
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0075
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0075
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0075
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0080
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0080
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0080
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0080
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0080
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0080
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0080
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0085
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0085
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0085
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0085
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0085
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0090
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0090
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0090
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0095
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0095
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0100
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0100
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0105
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0105
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0105
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0110
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0110
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0110
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0110
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0115
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0115
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0115
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0120
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0120
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0120
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0125
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0125
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0125
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0130
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0130
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0135
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0135
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0140
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0140
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0145
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0145
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0145
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0145

398 Y. Wang et al./ Bioresource Technology 196 (2015) 391-398

Xiao, C., Anderson, C.T., 2013. Roles of pectin in biomass yield and processing for Zhang, W., Yi, Z., Huang, J., Li, F., Hao, B., Li, M., Hong, S., Lv, Y., Sun, W., Ragauskas, A.,

biofuels. Front. Plant Sci. 4, 67. Hu, F., Peng, J., Peng, L., 2013. Three lignocellulose features that distinctively
Xie, G., Peng, L., 2010. Genetic engineering of energy crops: a strategy for biofuel affect biomass enzymatic digestibility under NaOH and H,SO,4 pretreatments in
production in China. J. Integr. Plant Biol. 53, 143-150. Miscanthus. Bioresour. Technol. 130, 30-37.
Xu, N., Zhang, W., Ren, S., Liu, F., Zhao, C,, Liao, H., Xu, Z., Huang, J., Li, Q., Tu, Y., Yu, B,, Zhu, L., O'Dwyer, ].P., Chang, V.S., Granda, C.B., Holtzapple, M.T., 2008. Structural
Wang, Y., Jiang, J., Qin, ]., Peng, L., 2012. Hemicelluloses negatively affect features affecting biomass enzymatic digestibility. Bioresour. Technol. 99,
lignocellulose crystallinity for high biomass digestibility under NaOH and 3817-3828.

H,SO, pretreatments in Miscanthus. Biotechnol. Biofuels 5, 58.


http://refhub.elsevier.com/S0960-8524(15)01070-6/h0150
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0150
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0155
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0155
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0160
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0160
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0160
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0160
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0160
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0160
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0165
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0165
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0165
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0165
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0165
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0165
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0170
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0170
http://refhub.elsevier.com/S0960-8524(15)01070-6/h0170

	Ammonium oxalate-extractable uronic acids positively affect  biomass enzymatic digestibility by reducing lignocellulose  crystallinity in Miscanthus
	1 Introduction
	2 Methods
	2.1 Plant sample collection
	2.2 Wall polymer fractionation
	2.3 Colorimetric determination of hexoses, pentoses and uronic acids
	2.4 Detection of three wall polymers
	2.5 Determination of monosaccharides and uronic acids by GC–MS
	2.5.1 Monosaccharides
	2.5.2 Uronic acids
	2.5.3 GC–MS analytical conditions

	2.6 Measurement of cellulose crystalline index
	2.7 Scanning electron microscopic (SEM) observation
	2.7.1 Observation of biomass residue in vitro
	2.7.2 Observation of plant tissues in situ

	2.8 Biomass pretreatment and enzymatic hydrolysis
	2.8.1 H2SO4 pretreatment
	2.8.2 NaOH pretreatment
	2.8.3 Enzymatic hydrolysis

	2.9 Statistical analysis of data

	3 Results and discussions
	3.1 Correlation between AO-extractable components and biomass digestibility
	3.2 Analysis of four typical pairs of Miscanthus samples
	3.3 Observation of cell tissues in situ and biomass residues in vitro
	3.4 Correlation between AO-extractable components and lignocellulose crystallinity
	3.5 Mechanism on uronic acids predominate impacts on biomass saccharification
	3.6 Potential cell wall modification for enhancing biomass saccharification

	4 Conclusions
	Acknowledgements
	Appendix A Supplementary data
	References


