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h i g h l i g h t s

� One-step pretreatment with 4% NaOH has the highest hexoses yields in Miscanthus.
� 2% NaOH followed by 1% H2SO4 is optimal for high biomass saccharification.
� Hemicelluloses-rich Miscanthus samples show largely enhanced biomass digestibility.
� Lignin extraction predominately determines hexoses yields upon various pretreatments.
� Suggest the potential applications in energy crop breeding and biomass process.
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a b s t r a c t

In this study, one- and two-step pretreatments with alkali and acid were performed in the three Miscant-
hus species that exhibit distinct hemicelluloses levels. As a result, one-step with 4% NaOH or two-step
with 2% NaOH and 1% H2SO4 was examined to be optimal for high biomass saccharification, indicating
that alkali was the main effecter of pretreatments. Notably, both one- and two-step pretreatments largely
enhanced biomass digestibility distinctive in hemicelluloses-rich samples by effectively co-extracting
hemicelluloses and lignin. However, correlation analysis further indicated that the effective lignin extrac-
tion, other than the hemicelluloses removals, predominately determined biomass saccharification under
various alkali and acid pretreatments, leading to a significant alteration of cellulose crystallinity. Hence,
this study has suggested the potential approaches in bioenergy crop breeding and biomass process
technology.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Plant cell walls represent an attractive and enormous biomass
resource for biofuels and chemicals (Ragauskas et al., 2006; Chen
and Peng, 2013). Bioethanol derived from lignocellulose feedstock
has been regarded as clean and renewable biofuels (Himmel et al.,
2007; Xie and Peng, 2011). Principally, lignocellulose conversion
into bioethanol involves three main steps: chemical and physical
pretreatments for plant cell wall destruction, enzymatic hydrolysis
toward fermentable sugar releasement, and yeast fermentation
into ethanol production (Himmel et al., 2007; Rubin, 2008; Peng,
2011). However, plant cell wall composition and features basically
determine biomass recalcitrance, leading to a costly biomass con-
version (Himmel et al., 2007; Wang et al., 2014; Xie and Peng,
2014). As genetic modification of plant cell walls has been consid-
ered as a promising solution (Peng, 2011; Wang et al., 2014), it
becomes important to characterize the plant cell wall polymers
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that distinctively affect biomass enzymatic digestibility under var-
ious physical and chemical pretreatments.

Plant cell walls are mainly composed of cellulose, hemicelluloses
and lignin. Cellulose is the crystalline b-1,4-glucans, accounting for
28%–45% of dry matter in higher plants (Himmel et al., 2007; Peng
et al., 2002), and cellulose crystallinity is the key factor negatively
affecting biomass enzymatic digestibility in Miscanthus and other
plants (Xu et al., 2012; Wu et al., 2013; Jia et al., 2014; Li et al.,
2014a,b; Wang et al., 2014; Zhang et al., 2013; Huang et al., 2015).
Hemicelluloses are branched non-cellulosic polysaccharides with
various monosaccharides (Scheller and Ulvskov, 2010). Despite
hemicelluloses positively affect biomass saccharification under
alkali (NaOH) or acid (H2SO4) pretreatments in Miscanthus (Xu
et al., 2012), much remains unknown about mechanism of hemicel-
luloses impact in biomass pretreatments and sequential enzymatic
digestions. Lignin is a hydrophobic polymer consisting of three
major monolignols: p-hydroxyphenyl (H), guaiacyl (G), and syringyl
(Sun et al., 2013). It has been reported that lignin plays dual roles in
biomass enzymatic digestions, due to distinct monolignol propor-
tions in different plant species (Ragauskas et al., 2006; Studer
et al., 2011; Xu et al., 2012; Li et al., 2014d). In particular, lignin is
examined as the negative factor on biomass saccharification in Mis-
canthus (Xu et al., 2012). Hence, it remains to investigate the pre-
dominate effect of hemicelluloses or lignin on biomass
digestibility under various chemical pretreatments in Miscanthus.

As pretreatment is the initial step for biomass process, it becomes
essential to find out the optimal pretreatments that enhance bio-
mass saccharification. Generally, different pretreatments appear to
have distinct action mechanisms by either increasing the porosity
and accessibility of biomass particles or decreasing lignocellulose
crystallinity or selectively removing hemicelluloses and lignin
(Hendriks and Zeeman, 2009; Macdonald et al., 1983; Saha et al.,
2005; Zheng et al., 2009). A variety of pretreatments have been
applied to various lignocellulosic materials. Acid and alkali chemi-
cals such as H2SO4 and NaOH are extensively used for biomass pre-
treatments (Mosier et al., 2005). Principally, alkali pretreatment can
mostly lead to the lignin extraction by breaking hydrogen and other
covalent bonds, whereas acid pretreatment mainly causes the hemi-
celluloses release by splitting strong chemical bonds under high
temperature (Mosier et al., 2005; Zheng et al., 2009; Macdonald
et al., 1983; Xu et al., 2012). In this study, one- and two-step pre-
treatments with NaOH and H2SO4 were applied for understanding
the mechanism of plant cell wall polymer destructions by alkali
and acid chemicals, rather than for developing biofuel technology.

Miscanthus is a leading candidate bioenergy crop with high bio-
mass yield and well adaptation to various environmental condi-
tions (Lygin et al., 2011; Xie and Peng, 2011). Since Miscanthus is
originally derived from East Asia, large populations of Miscanthus
natural accessions with rich and stable germplasm resource were
collected in China (Huang et al., 2012; Xu et al., 2012; Li et al.,
2013; Zhang et al., 2013; Wang et al., 2014). In the present study,
three Miscanthus species were selected that exhibited distinct
hemicelluloses contents, and their biomass enzymatic digestibility
was also detected in order to find out hemicelluloses and lignin
effects on biomass saccharification under one- and two-step pre-
treatments with NaOH and H2SO4. Hence, this study could identify
that the hemicelluloses-rich Miscanthus species were effective at
lignin extraction under various chemical pretreatments, leading
to a significant alteration of cellulose crystallinity.

2. Methods

2.1. Plant materials

Miscanthus samples were collected from Hunan experimental
field in 2011 season. The collected mature stem tissues were dried
at 50 �C, ground through a 40 mesh screen and stored in a dry con-
tainer until use.

2.2. Plant cell wall fractionation

The plant cell wall fractionation procedure was described by
Peng et al. (2000) with minor modification (Li et al., 2014c). The
soluble sugar, lipids, starch and pectin of the samples were succes-
sively removed with the potassium phosphate buffer (pH 7.0),
chloroform–methanol (1:1, v/v), dimethyl sulphoxide (DMSO)–wa-
ter (9:1, v/v) and 0.5% (w/v) ammonium oxalate. The remaining
pellet was extracted with 4 M KOH containing 1.0 mg/mL sodium
borohydride for 1 h at 25 �C and washed with distilled water until
the soluble sugars were undetectable. The combined supernatant
was neutralized, dialyzed and lyophilized as KOH-extractable
hemicelluloses. The remaining residues were then extracted with
2 M trifluoroacetic acid (TFA) at 120 �C in an autoclave for 1 h,
and washed the residues with distilled water. The combined super-
natants were collected as the non-KOH-extractable hemicelluloses,
and combined with the KOH-extractable as total hemicelluloses.
The remaining residues were sequentially extracted with acetic
acid-nitric acids-water (8:1:2, v/v/v) for 1 h in a boiling water bath
and the remaining pellet was defined as cellulose. All samples were
conducted in biological triplicate.

2.3. Total hexoses and pentoses assay

A UV/VIS Spectrometer (V-1100D, MAPADA Instruments Co.,
Ltd., Shanghai, China) was applied for total hexoses and pentoses
assay as described by Wu et al. (2014) and Li et al. (2014a). The
anthrone/H2SO4 method was used for determination of total hex-
oses (Fry, 1988), and the orcinol/HCl assay was for total pentoses
(Dische, 1962). The standard curves for hexoses and pentoses were
drawn using D-glucose and D-xylose as standard, respectively. Both
anthrone/H2SO4 and orcinol/HCl methods were used to measure
total hemicelluloses levels and also employed for total sugars
released from pretreatment and enzymatic hydrolysis of biomass
samples. Regarding the high pentoses level effect on the absor-
bance reading at 620 nm for hexoses account, the deduction from
pentoses reading at 660 nm was conducted for final calculation
of hexoses level, verified by GC–MS analysis. All of the samples
resulted from biological triplicates.

2.4. Total lignin analysis

Total lignin contents of the raw samples and the residues
obtained from pretreatment were determined by two-step acid
hydrolysis method according to Laboratory Analytical Procedure
of the National Renewable Energy Laboratory (NREL; Sluiter
et al., 2008). The acid-insoluble lignin was accounted gravimetri-
cally after correction for ash. The acid-soluble lignin was measured
by UV spectroscopy. The details of the two-type of lignin assay
were previously described by Xu et al. (2012). All samples were
performed in biological triplicate.

2.5. Cellulose crystalline index (CrI) detection

Cellulose crystallinity was characterized by measuring crys-
talline index (CrI) of samples using X-ray diffraction (XRD) method
as described by Xie et al. (2013) and Zhang et al. (2013). The bio-
mass samples were analyzed by means of wide-angle X-ray diffrac-
tion on a Rigaku-D/MAX instrument (Uitima III, Japan) with
0.0197�/s from 10� to 45�. The crystallinity index was estimated
by using the height of the 200 peak (I200, h = 22.5�) and height at
the minimum between the 200 and 110 peaks (IAM, h = 18.5�),
based on the equation: CrI = 100 � (I200 � IAM)/I200. I200 represents
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both crystalline and amorphous materials while IAM represents
amorphous material. Standard error of the CrI method was detect-
ed at ±0.05–0.15 using five representative samples in triplicate.

2.6. Pretreatment and enzymatic hydrolysis

Alkali and acid pretreatments and biomass enzymatic hydroly-
sis were performed as previously described by Xu et al. (2012) with
minor modifications on chemical concentrations as described
below.

2.6.1. One-step pretreatment by H2SO4 and NaOH
The well-mixed biomass powders were pretreated by H2SO4

and NaOH. For one-step pretreatment with acid, the biomass sam-
ple was added with H2SO4 at various concentrations (%, w/w) in a
plastic centrifuge tube, and treated at 121 �C for 20 min in an auto-
clave. The tube was then cooled down, and shaken at 150 rpm and
50 �C for 2 h. The sample was finally centrifuged at 3000g for
5 min, and the supernatant was collected for determination of free
hexoses and pentoses while the residues were collected for plant
cell wall composition analysis. For one-step pretreatment with
alkali, the biomass sample was added with NaOH at various con-
centrations (%, w/v) in a plastic centrifuge tube, and shaken under
150 rpm at 50 �C for 2 h. The treated sample was centrifuged at
3000g for 5 min, and the supernatant was collected for assay of
hexoses and pentoses, and the residues were collected for plant
cell wall composition analysis. The biomass sample added with
distilled water was shaken for 2 h at 50 �C as the control, and all
samples were carried out in biological triplicate.

2.6.2. Two-step pretreatments by NaOH and H2SO4

The one-step NaOH or H2SO4 pretreated samples were rinsed
with distilled water until pH at 7.0. The biomass residues were
then added with H2SO4 or NaOH at various concentrations as the
second step pretreatments under the conditions as described
above. All samples were carried out in biological triplicate.

2.6.3. Enzymatic hydrolysis
The remaining residues from various pretreatment were washed

with distilled water until pH at neutral, and once with the mixed-
cellulases reaction buffer (0.2 M acetic acid-sodium acetate, pH
4.8). The washed samples were added with mixed-cellulases (con-
taining b-glucanase P 5.96 � 104 U and cellulase P 596 U and
xylanase P 9.6 � 104 U, purchased from Imperial Jade Bio-tech-
nology Co., Ltd., China) with the final enzyme concentration at
3.2 g/L (64 mg/g dry matter), and shaken under 150 rpm at 50 �C
for 48 h. After the enzymatic hydrolysis, the biomass samples were
centrifuged at 3000g for 10 min, and the supernatants were collect-
ed for determination of pentoses and hexoses. All samples were car-
ried out in biological triplicate.

2.7. Statistical calculation of correlation coefficients

Correlation coefficients were generated by performing spearman
rank correlation analysis for all the measured traits across the three
species of Miscanthus from different pretreatments (Xu et al., 2012;
Li et al., 2013). The analysis used average values calculated from all
original determinations values.

3. Results and discussion

3.1. Three Miscanthus species distinctive in hemicelluloses levels

In the previous studies, total 200 Miscanthus accessions have
been determined with a diverse plant cell wall composition and
biomass enzymatic digestibility under one-step pretreatments
with H2SO4 or NaOH (Huang et al., 2012; Xu et al., 2012; Li et al.,
2013, 2014c; Zhang et al., 2013). In this study, three Miscanthus
species with distinct hemicelluloses levels were selected in order
to distinguish hemicelluloses and lignin effects on biomass digest-
ibility under various chemical pretreatments (Table 1). In general,
the selected Miscanthus species had similar cellulose contents ran-
ged from 31.02% to 31.49% of dry matter, but showed significantly
different hemicelluloses levels from 29.24% to 35.38% of dry matter
at p < 0.01 levels (n = 3). In particular, the Msa32 sample from Mis-
canthus sacchariflorus exhibited hemicelluloses level higher than
that of the Mlu03 sample from Miscanthus lutarioriparius by 12 %,
but it had less hemicelluloses content than that of the Msi69 from
Miscanthus sinensis by 8% at p < 0.01 (Table 1). Despite Msi69 and
Msa32 had a similar lignin level, both samples showed a sig-
nificantly lower lignin content than that of Mlu03 by less than
5% at p < 0.01. Hence, the three Miscanthus samples may be appli-
cable for investigating hemicelluloses and lignin distinct roles in
lignocellulose enzymatic digestions under various chemical pre-
treatments performed in this study.

3.2. Biomass saccharification under one-step pretreatment

Biomass saccharification (digestibility) has been defined (Huang
et al., 2012) by measuring either hexoses yield (% of cellulose)
released from hydrolysis by a crude cellulase mixture of lignocellu-
lose after pretreatment, or the total sugar yield (hexoses and pen-
toses/dry weight) from both pretreatment and enzymatic
hydrolysis. In the present work, three Miscanthus samples were ini-
tially pretreated with NaOH or H2SO4 at series concentrations from
0.25% to 8% (Fig. 1 and Table S1). As a result, three Miscanthus spe-
cies exhibited a maximum increasing velocity of biomass saccha-
rification from 0.25% to 2% NaOH pretreatments (Fig. 1A).
However, Msi69 and Msa32 samples could reach to the highest hex-
oses yields up to 100% (cellulose) at 4% NaOH, whereas Mlu03 had
the top hexoses yield at 8% NaOH (Table S1). As a comparison, three
Miscanthus samples under H2SO4 pretreatments exhibited much
lower hexoses (or total sugars) yields than that of NaOH (Fig. 1B),
consistent with the previous observations in Miscanthus and other
plants (Xu et al., 2012; Wu et al., 2013; Jia et al., 2014). Notably,
three Miscanthus samples showed a distinct biomass saccharifica-
tion under both NaOH and H2SO4 pretreatments. For instance,
Msi69 had much higher hexoses (or total sugars) yields than that
of Msa32 from 0.25% to 2% NaOH and H2SO4 pretreatments, while
Mlu03 showed lower hexoses (or total sugars) yields than that of
Msa32 under various concentrations of NaOH and H2SO4 pretreat-
ments (Table S1). Hence, the results were in agreement with the
previous findings that biomass saccharification is either positively
affected by hemicelluloses or negatively influenced by lignin in Mis-
canthus (Xu et al., 2012). However, it remains unclear about which
plant cell wall polymer (hemicelluloses or lignin) plays a pre-
dominant role in biomass enzymatic digestions.

3.3. Biomass digestibility upon two-step pretreatments

As the one-step pretreatments with alkali (NaOH) or acid
(H2SO4) could distinctively enhance biomass saccharification in
three Miscanthus species, the two-step pretreatments with dilute
alkali and acid were performed in this study (Fig. 2, Tables S2
and S3). In terms of the biomass saccharification with maximum
velocity rate as described above, the four concentrations (0.25%,
0.5%, 1% and 2%) of NaOH and H2SO4 were applied for the two-step
pretreatments (Fig. 2A). Among the three Miscanthus species,
Msi69 sample exhibited the highest hexoses (or total sugars)
yields, whereas Mlu03 had the lowest yields under various two-
step pretreatments. Pretreated with 2% NaOH followed by 1%



Table 1
Cell wall composition (% dry matter) in the three Miscanthus species.

Sample Cellulose Hemicelluloses Lignin

Msi69 (H) 31.02 ± 0.67 0.04%@ 35.38 ± 0.52** 8.02% 25.33 ± 0.27 0.87%
Msa32 (M) 31.04 ± 2.20 1.47%# 32.75 ± 0.40** 12.01% 25.55 ± 0.13** 4.43%
Mlu03 (L) 31.49 ± 1.45 29.24 ± 0.66 26.69 ± 0.11

(H), (M), (L): indicated the Miscanthus sample with relatively high (H), medium (M) and low (L) biomass digestibility. All data as means ± SD (n = 3).
** A significant difference between two Miscanthus species by t-test at p < 0.01 level (n = 3).
@ Increased rate between Msi69 and Msa32: subtraction of two samples divided by low value.
# Increased rate between Msa32 and Mlu03: subtraction of two samples divided by low value.
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Fig. 1. Biomass digestibility of three Miscanthus species under one-step pretreat-
ment with NaOH (A) or H2SO4 (B) at various concentrations: hexoses yields (%
cellulose) released by mixed-cellulases after pretreatment; Total sugar (hexoses
and pentoses) yields (% dry matter) released from both pretreatment and sequential
enzymatic hydrolysis; The bar indicated means ± SD (n = 3).
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H2SO4 (2% NaOH + 1% H2SO4), three Miscanthus samples showed
the highest biomass saccharification among all two-step pretreat-
ments performed in the study. By comparison, all samples had
the lowest biomass digestibility under the 0.25% NaOH and 0.25%
H2SO4 pretreatment. On the other hand, pretreated with H2SO4 fol-
lowed by NaOH (H2SO4 + NaOH), three Miscanthus samples exhib-
ited much lower hexoses (or total sugars) yields (Fig. 2B),
compared with the two-step pretreatments of alkalis followed by
acids (NaOH + H2SO4) (Fig. 2A). In particular, the three samples
appeared to have a relatively higher biomass digestibility under
the 0.25% H2SO4 + 2% NaOH pretreatment than that of the other
two-step pretreatments with H2SO4 followed by NaOH (H2SO4 + -
NaOH). Hence, the data suggested that the alkali (2% NaOH), other
than the acid, should be the predominant effecter for enhancing
high biomass saccharification among various two-step pretreat-
ments performed in this work.

3.4. Comparison of hexoses yields between one- and two-step
pretreatments

As described previously, both one- (4% NaOH) and two-step (2%
NaOH + 1% H2SO4) pretreatments could largely enhance biomass
enzymatic saccharification. As a comparison, however, three Mis-
canthus samples pretreated with 4% NaOH, exhibited significantly
higher hexoses yields (of dry matter) than that of the two-step pre-
treatment (2% NaOH + 1% H2SO4) at p < 0.05 and 0.01 (Table 2). For
instance, Msi69 under two-step pretreatment showed less hexoses
yields than that of the one-step by 14%, whereas Msa32 and Mlu03
respectively had the reduced hexoses yields by 27% and 28%, sug-
gesting that the one-step alkali pretreatment with 4% NaOH con-
sistently remained slightly higher biomass saccharification
compared with the two-step pretreatments (2% NaOH + 1% H2SO4).

3.5. Hemicelluloses and lignin extractions under various pretreatments

To compare hemicelluloses and lignin extractions under one-
and two-step pretreatments, the extracted plant cell wall polymers
were determined in three Miscanthus samples under four pretreat-
ments (Table 3). In general, three Miscanthus samples exhibited the
highest hemicelluloses extraction rates ranged from 78% to 87%
under 4% H2SO4 pretreatment, whereas they had much low
extracted rates from 33% to 44% under 4% NaOH pretreatment, or
from 31% to 48% under two-step pretreatments with 0.25% NaOH
and 0.25% H2SO4. By comparison, the two-step pretreatments with
2% NaOH and 1% H2SO4 also remained high hemicelluloses extrac-
tion rates from 55% to 70% in three Miscanthus samples. Notably,
due to their distinct hemicelluloses levels in raw stalks, three Mis-
canthus samples showed a quite different hemicelluloses extrac-
tion rate among the four pretreatments (Table 3). The results
suggest that both one- and two-step pretreatments could relatively
extract more hemicelluloses in the hemicelluloses-rich Miscanthus
samples.

With respect to lignin extraction, the one-step pretreatment
with 4% H2SO4 could lead to the lowest lignin extraction rates ran-
ged from 17% to 31% in three Miscanthus samples, contrast to the
hemicelluloses extraction. Meanwhile, the two-step pretreatments
with 0.25% NaOH and 0.25% H2SO4 remained much low extraction
rates from 23% to 39% (Table 3). Notably, both one-step pretreat-
ment with 4% NaOH and two-step pretreatments with 2% NaOH
followed by 1% H2SO4 caused similar and high lignin extraction
rates in the Msi69 at 72% and 73% or in the Msa32 at 65% and
63%. In the Mlu03 sample, both one-step pretreatment with 4%
NaOH and two-step pretreatments with 2% NaOH followed by 1%
H2SO4 also remained high lignin extraction rates at 51% and 45%
(Table 3). Hence, the data indicated that one-step pretreatment
with 4% H2SO4 and 4% NaOH respectively lead to predominant
hemicelluloses and lignin extractions, confirming that alkali and
acid pretreatments have distinct mechanism of plant cell wall
polymer extractions (Hendriks and Zeeman, 2009). It was the first
time to report that the two-step pretreatments with dilute alkali
and acid could also largely extract both hemicelluloses and lignin
in the hemicelluloses-rich Miscanthus samples. Hence, it suggests
that hemicelluloses level should also positively affect both hemi-
celluloses and lignin extractions under the two-step pretreatments
with dilute alkali and acid.

3.6. Mechanism of hemicelluloses and lignin distinct effects on biomass
digestibility

Hemicelluloses and lignin have been respectively examined to
be the positive and negative factors affecting biomass saccharifica-
tion under one-step pretreatment with alkali or acid in Miscanthus
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Fig. 2. Biomass digestibility of three Miscanthus species under two-step pretreatments (A) with NaOH followed by H2SO4 or (B) with H2SO4 followed by NaOH at various
concentrations: hexoses yields (% cellulose) released by mixed-cellulases after pretreatment; total sugar (hexoses and pentoses) yields (% dry matter) released from both
pretreatment and sequential enzymatic hydrolysis; The bar indicated means ± SD (n = 3).

Table 2
Hexoses yields (% dry matter) released under one- and two-step pretreatments in
three Miscanthus species.

4% NaOH 2% NaOH + 1% H2SO4 Increased rate (%)

Msi69 (H) 33.60 ± 0.79 29.39 ± 0.61 14.31⁄

Msa32 (M) 32.59 ± 0.24 25.55 ± 0.39 27.56⁄⁄

Mlu03 (L) 28.66 ± 0.19 22.41 ± 0.30 27.88⁄⁄

⁄ and ⁄⁄ Indicated significant different hexoses yields released from pretreatment
and sequential enzymatic hydrolysis by t-test at p < 0.05 and p < 0.01 levels
between one-step pretreatment with 4% NaOH and the two-step pretreatment
with 2% NaOH followed by 1% H2SO4; The increased rate was calculated by
subtraction of two pretreatments values divided by low value. All data as
means ± SD (n = 3).

Table 3
Hemicelluloses and lignin extraction rates from four pretreatments in three Miscanthus sp

Sample Pretreatment Hemicelluloses level* after
pretreatment

Extrac
contro

Msi69
(H)

Control (raw material) 35.38 ± 0.52
4% H2SO4 4.55 ± 0.06 87.14
4% NaOH 19.68 ± 0.40 44.37
2% NaOH + 1% H2SO4 10.73 ± 0.12 69.67
0.25% NaOH + 0.25%
H2SO4

18.35 ± 0.31 48.13

Msa32
(M)

Control 32.75 ± 0.40
4% H2SO4 5.54 ± 0.14 83.07
4% NaOH 18.85 ± 0.19 42.43
2% NaOH + 1% H2SO4 12.35 ± 0.30 62.28
0.25% NaOH + 0.25%
H2SO4

18.70 ± 1.04 42.90

Mlu03 (L) Control 29.24 ± 0.66
4% H2SO4 6.58 ± 0.17 77.50
4% NaOH 19.61 ± 0.35 32.92
2% NaOH + 1% H2SO4 13.10 ± 0.18 55.19
0.25% NaOH + 0.25%
H2SO4

20.18 ± 0.32 30.99

* Indicated the hemicelluloses and lignin levels (% dry matter) in the biomass residue
# Indicated the hemicielluloses and lignin extraction rates: subtraction between hem

divided by control value.
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(Xu et al., 2012), however, it remains unclear about mechanism of
two plant cell wall polymer contrast effects on biomass enzymatic
digestibility in plants. As alkali and acid agents could distinctively
extract hemicelluloses and lignin, a correlation analysis was per-
formed between the extracted plant cell wall polymers and the
hexoses yields released from enzymatic hydrolysis in three Mis-
canthus species under the four pretreatments (Fig. 3). Despite the
hemicelluloses levels in the raw stalks have a positive correlation
with biomass saccharification in Miscanthus (Xu et al., 2012), such
correlation was not observed either on the hemicelluloses levels of
biomass residues after the four pretreatments, or the hemicellulos-
es extracted amounts/rates with the four pretreatments (Fig. 3A).
Notably, the lignin levels of biomass residues after the four
ecies.

ted rate# (% of
l)

Lignin level* after
pretreatment

Extracted rate# (% of
control)

25.33 ± 0.27
17.52 ± 0.20 30.85

7.01 ± 0.96 72.33
6.81 ± 0.12 73.14

15.47 ± 0.44 38.94

25.55 ± 0.13
18.35 ± 0.33 28.20

8.90 ± 0.62 65.18
9.44 ± 0.24 63.06

16.98 ± 0.37 33.54

26.69 ± 0.11
22.06 ± 0.42 17.34
13.01 ± 0.57 51.23
14.78 ± 1.72 44.63
20.65 ± 0.26 22.64

s after pretreatment. All data as means ± SD (n = 3).
icelluloses/lignin level of biomass residue with the control value (raw material)
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Fig. 3. Correlations between hexoses yields and plant cell wall polymers extractions under four pretreatments: (A) hemicelluloses; (B) lignin; hemicelluloses and lignin levels
(% dry matter) were defined by measuring the biomass residues from four pretreatments (Table 3); extracted hemicelluloses and lignin amounts (% dry matter) were
subjective to the subtractions of raw materials with the biomass residues from four pretreatments; extracted hemicelluloses and lignin rates (% control) were defined by
calculating the extracted polymers amounts divided by control (raw materials). ⁄⁄ Indicated significant correlation level at p < 0.01 (n = 12).
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Fig. 4. Correlation between the increased cellulose CrI and the extracted lignin amount (A) and rate (B) under four pretreatments. ⁄⁄ Indicated significant correlation level at
p < 0.01 (n = 12).
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pretreatments exhibited a significantly negative correlation with
the hexoses yields at p < 0.01 levels (n = 12; Fig. 3B), consistent
with the previous findings that the lignin levels in the raw stalks
negatively affect biomass saccharification under alkali and acid
pretreatments in Miscanthus (Xu et al., 2012). As a contrast, the
lignin extracted amounts and rates from the four pretreatments
were positively correlated with the hexoses yields at p < 0.01 levels
(Fig. 3B). Hence, the results indicated that the lignin extraction,
other than the hemicelluloses removals, should predominately
affect biomass enzymatic digestibility in Miscanthus under various
one- and two-step pretreatments with alkali and acid. On the other
hand, as the hemicelluloses-rich samples showed relatively high
lignin extractions in this study, it also suggests that the hemicellu-
loses-positive effects on biomass saccharification should be due to
an effective lignin extraction with hemicelluloses under the four
pretreatments, consistent with the assumption that there is a tight
association between hemicelluloses and lignin in Miscanthus (Xu
et al., 2012; Li et al., 2014c).

Furthermore, a correlation was performed between the extract-
ed lignin and the altered cellulose CrI (Table S4) in three Miscanthus
samples under the four pretreatments. Significantly, the extracted
amounts and rates of lignin exhibited a positive correlation with
the increased amounts and rates of cellulose CrI at p < 0.01 levels
(Fig. 4). As cellulose CrI is the main factor negatively affecting bio-
mass enzymatic digestibility in the raw stalks of Miscanthus (Xu
et al., 2012; Zhang et al., 2013), the data interpreted the lignin-
negative effects should be due to its increasing cellulose crystallini-
ty in the raw biomass. In other words, despite that cellulose CrI of
the raw biomass materials is the negative factor on biomass saccha-
rification in Miscanthus, this study indicated that cellulose CrI of the
biomass residues obtained from various pretreatments could not be
used to account for biomass enzymatic digestibility. However, the
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altered amount and rate of cellulose CrI from pretreatments could
significantly indicate biomass enzymatic saccharification in
Miscanthus.

Taken all together, the effective lignin extraction under one- and
two-step pretreatments with alkali and acid has a predominate
enhancement on biomass enzymatic saccharification in Miscanthus.
In addition, the hemicelluloses-rich biomass could positively affect
biomass enzymatic digestibility by an effective co-extraction of
hemicelluloses and lignin under various alkali and acid
pretreatments.
4. Conclusions

Hemicelluloses-rich Miscanthus species have exhibited the
enhanced biomass saccharification under either one-step pretreat-
ment with 4% NaOH or two-step pretreatment with 2% NaOH fol-
lowed by 1% H2SO4. Hence, the lignin removal predominately
determines the biomass enzymatic digestibility distinctive in the
hemicelluloses-rich samples under various alkali and acid pretreat-
ments by effectively co-extracting hemicelluloses and lignin poly-
mers, leading to a significant alteration of cellulose crystallinity. It
has also suggested the potential approaches on plant cell modifica-
tion in bioenergy crops and biotechnology in biomass process.
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