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crucial parameter for biofuels.

" A rich Miscanthus germplasm allows
for a stable and consistent NIRS
analysis.

" NIRS assay was performed for
biomass digestibility upon various
pretreatments.

" Seven optimal equations were finally
generated for multiple NIRS
predictions.

" NIRS proves as a high-throughput
screening tool for biomass
enzymatic digestibility.
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Near infrared spectroscopy (NIRS) has been broadly applied as a quick assay for biological component and
property analysis. However, NIRS remains unavailable for in-depth analysis of biomass digestibility in
plants. In this study, NIRS was used to determine biomass enzymatic digestibility using 199 Miscanthus
samples, which represents a rich germplasm resource and provides for a stable calibration model. The
intensive evaluation indicates that the calibration and validation sets are comparable. Using the modified
partial least squares method, seven optimal equations were generated with high determination coeffi-
cient on calibration (R2) at 0.75–0.89, cross-validation (R2cv) at 0.69–0.87, and the ratio performance
deviation (RPD) at 1.80–2.74, which provide multiple options for NIRS prediction of biomass digestibility
under different pretreatments. As biomass digestibility is a crucial parameter for biofuel processing, NIRS
is a powerful tool for the high-throughput screening of biomass samples in plants.
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1. Introduction

Bioenergy is increasingly considered as a promising renewable
energy over the world. As the second generation of bioenergy,
the lignocellulosic ethanol is currently receiving an attention.
(Lynd et al., 1991; Sánchez and Cardona, 2008; Sims et al., 2010).
Because of its recalcitrance, however, current lignocellulosic pro-
cesses are unacceptably expensive including three major steps:
pretreatment for biomass destruction, enzymatic hydrolysis for
free sugar release, and yeast fermentation for ethanol production.
The greatest barrier that affects lignocellulose as an industrial
feedstock lies in its indigestibility, and biomass-pretreatment is
needed to make the cellulose present in plant cell walls more
accessible for enzymatic hydrolysis (Lynd et al., 2008). Hence, the
biomass digestibility based on the enzymatic hydrolysis of ligno-
cellulose after various physical and chemical pretreatments,
becomes a crucial factor for biofuel production (Taherzadeh and
Karimi, 2008; Alvira et al., 2010).

Miscanthus is one of the C4 perennial plants originated from
East Asia. As it has the highest biomass yield among grasses,
Miscanthus is regarded as a promising bioenergy crop candidate
(Lewandowski et al., 2003; Pauly and Keegstra, 2008; Angelini
et al., 2009; Xie and Peng, 2010). Furthermore, Miscanthus has a
great diverse germplasm with 11 species around the world (Jakob
et al., 2009), and more than 1000 natural Miscanthus accessions
including four major species (Miscanthus sacchariflorus, Miscan-
thus lutarioriparius, Miscanthus sinensis, and Miscanthus floridulua)
have been collected in China (Xie and Peng, 2010). With respect
to the rich germplasm, it is promising to select out the potential
energy Miscanthus crops that are of a high biomass digestibility
for biofuel production. However, the classic assay for biomass
digestibility is time consuming, labor intensive and chemically
expensive, and appears to be unsuitable for screening of large pop-
ulation samples (Taherzadeh and Karimi, 2008; Carroll and Somer-
ville, 2009). Although an automated saccharification assay for
digestibility assessment has been used to screen the large number
of samples, it remains restricted for various physical and chemical
pretreatments (Gomez et al., 2010).

Near infrared spectroscopy is a non-destructive and rapid
analytical tool which combines laboratory data and the spectral
information to predict sample property and component composi-
tion. It has been widely used in the qualitative and quantitative
analyses of biological and non-biological materials in the agricul-
ture, food, textile, petrochemical and pharmaceutical fields. Partic-
ularly, NIRS can take a high-throughput screening of large amounts
of samples (Williams and Norris, 1987). Recently several studies
have focused on applying NIRS as an alternative method for the
biomass assessments, such as analysis of chemical composition
in rice straw (Jin and Chen, 2007), determination of the ground
barley quality for fuel ethanol production (Sohn et al., 2007), pre-
diction of wheat straw degradability subjective to total biomass
reduction (Bruun et al., 2010), quantification of the cell wall com-
position in wheat straw (Lomborg et al., 2010), prediction of the
cell wall components after on-farm pretreatment (Digman et al.,
2010), and evaluation of cereal grains in bioethanol production
(Pohl and Senn, 2011). However, it remains unavailable for a NIRS
determination of plant biomass enzymatic digestibility upon vari-
ous physical and chemical pretreatments.

In this work, we performed a NIRS assay for biomass enzymatic
digestibility upon various physical (heat) and chemical (1% NaOH,
1% H2SO4) pretreatments using 199 representative Miscanthus
samples, and presented seven optimal equations that can provide
multiple options for a quick and consistent prediction of biomass
digestibility from large populations of samples.
2. Methods

2.1. Materials

A total 199 Miscanthus samples were selected from 1400 wild
Miscanthus germplasm accessions collected in China. The samples
represent four major Miscanthus species and various ecological
types. The samples were harvested from an experimental field in
Hunan. The mature stem tissues were collected and dried at
50 �C after inactivation at 105 �C for 10 min. The dried tissues were
ground through a 40 mesh screen and stored in a dry container
until use.

2.2. Determination of biomass digestibility

2.2.1. Physical and chemical pretreatments
Heat pretreatment: 10 mL of distilled water was added to 0.5 g of

the biomass sample in a 15 mL plastic centrifuge tube. The tube
was sealed and heated at 121 �C for 20 min in an autoclave
(15 psi). Then, the tube was shaken at 150 rpm for 2 h at 50 �C,
and centrifuged at 3000g for 5 min. The supernatant was collected
to determine the total sugars (pentoses and hexoses) released from
the heat pretreatment, and the pellet was washed five times with
10 mL of distilled water for enzymatic hydrolysis. All samples were
carried out in triplicate.

Acid (H2SO4) pretreatment: 10 mL of H2SO4 at various concentra-
tions (0.25% and 1%, v/v) was added to 0.5 g of the biomass sample.
The tube was sealed, heated at 121 �C for 20 min in an autoclave
(15 psi). Then, the tube was shaken at 150 rpm for 2 h at 50 �C,
and then centrifuged at 3000g for 5 min. The supernatant was col-
lected for the determination of total sugars released from the acid
pretreatment, and the pellet was washed five times with 10 mL of
distilled water for enzymatic hydrolysis.

Alkali (NaOH) pretreatment: 10 mL of NaOH at 0.5% and at 1% (w/
v) was added to 0.5 g of the biomass sample. 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 alkali pretreatment and the pellet was washed
five times with 10 mL of distilled water for enzymatic hydrolysis.

2.2.2. Enzymatic hydrolysis
The remaining residues from various pretreatments were

washed with 10 mL of mixed cellulase reaction buffer (0.2 M acetic
acid–sodium acetate, pH 4.8). Then, 10 mL of 0.20 % (w/v) mixed
cellulases (containing P6 � 104 U of b-glucanase, P600 U of cellu-
lase, and P10 � 104 U of xylanase from Imperial Jade Biotechnol-
ogy Co., Ltd., Ningxia 750002, China). During enzymatic
hydrolysis, the samples were shaken at 150 rpm for 48 h at 50 �C.
After centrifugation at 3000g for 10 min, the supernatant were col-
lected for total sugar determination.

2.2.3. Colorimetric assay of total hexoses and pentoses
UV–vis Spectrometer (V-1100D, Shanghai MAPADA Instru-

ments Co., Ltd., Shanghai, China) was used for the absorbance read-
ing. Hexoses were detected using the anthrone/H2SO4 method (Fry,
1988). Briefly, 1.0 mL of aqueous sample (containing 20–100 lg of
hexoses) was added to 0.2% anthrone (2.0 mL) in concentrated
H2SO4, mixed well, and incubated in a boiling water bath for
5 min. After cooling the sample, its absorbance was read at
620 nm. Pentoses were detected using the orcinol/HCl method
(Dische et al., 1962). Briefly, 1.0 mL of aqueous sample (containing
5–40 lg of pentoses) was added to 6% orcinol (67.0 lL) in ethanol,
followed by 0.1% FeC13�6H2O (2.0 mL) in concentrated HCl, mixed
well, and incubated in a boiling water bath for 20 min. After
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cooling, the absorbance of the sample was read at 660 nm.
Anthrone was purchased from Sigma–Aldrich Co., LLC., and ferric
chloride and orcinol were obtained from Sinopharm Chemical
Reagent Co., Ltd. The standard curves for hexoses and pentoses
were drawn using D-glucose and D-xylose as standards (purchased
from Sinopharm Chemical Reagent Co., Ltd.), respectively.

2.3. Plant cell wall fractionation and polymer determination

The plant cell wall fractionation method was used to extract
cellulose and hemicelluloses, as described by Peng et al. (2000).
Cellulose was estimated via hexoses analysis, and hemicelluloses
were calculated by determining the total hexoses and pentoses,
as described above. Total lignin was assayed using a two-step acid
hydrolysis method according to the Laboratory Analytical Proce-
dure of the National Renewable Energy Laboratory (Sluiter et al.,
2008). The samples were hydrolyzed with 72% (w/w) sulfuric acid
at 30 �C for 90 min with a gentle shaking at 115 rpm, and subse-
quently diluted to 3.97% (w/w) with distilled water and heated at
115 �C for 60 min. The supernatant liquids were read at 205 nm
for acid soluble lignin, and the remaining residues were placed in
a muffle furnace at 575 ± 25 �C for 4 h for the acid insoluble lignin
assay.

2.4. Near infrared spectra data collection

Near infrared spectra data collection was performed using a
XDS Rapid Content™ Analyzer (FOSS, Co., LLC, Denmark) equipped
with a dual detector system: silicon (400–1100 nm), lead sulfide
(1100–2500 nm), and the ISIscan™ software. The spectral absor-
bance values were recorded as log1/R, where R is the sample
reflectance.

The dried samples were placed into a mini-sample cup (stan-
dard ring cup). The reflectance each sample was recorded in tripli-
cate at wavelengths ranging from 400 to 2500 nm with 2 nm
intervals at room temperature. The reflectance values were then
averaged for further analysis.

2.5. Data processing and calibration development

The WinISI III software package (Version 1.50e, Infrasoft Inter-
national LLC) was used for the chemometric management of data.
Several pretreatments of raw spectral data were performed before
calibration. Derivative spectra were used instead of the raw optical
data to solve the problems associated with overlapping peaks and
baseline correction (Giese and French, 1955). In addition, the gap
and smoothing of derivative spectra were used to make the trans-
formation affect the number of apparent absorption peaks. Two
mathematical treatments were tested in the development of
calibrations: ‘‘0, 0, 1, 1’’ and ‘‘1, 4, 4, 1’’, where the first digit is
the number of the derivative, the second is the gap over which
the derivative is calculated, the third is the number of the first
smoothing, and the fourth is the number of the second smoothing.
Five scatter correction methods were provided, namely standard
normal variate (SNV), detrend only (DET), standard multiple scat-
ter correction (MSC), a combination of SNV and DET (NSVD), and
weighted multiple scatter correction (WMSC) to remove artifacts
and imperfections from the data. Various wavelength ranges
(408–2492, 780–2492, and 1108–2492 nm) were selected to ob-
tain the best calibration equation.

A principal component analysis (PCA) algorithm was carried out
to identify the spectral outlier sample and determine the structure
and variability of spectral population (Cowe and McNicol, 1985).
Full spectra wavelengths (408–2492 nm) were selected and pre-
treated with ‘‘1, 4, 4, 1’’ and ‘‘NSVD’’ treatments for PCA. The global
H (GH) of each sample was determined using the measured
distance from mean. The sample, which is the GH outlier
(GH > 3.0), was finally eliminated after the PCA.

The partial least squares (PL1) algorithm was used to determine
the calibration and validation sets because it represents the spec-
tral variation as much as it can, and the eigenvalues can be ad-
justed for a single reference value attached to each spectrum.
One of every four samples sorted using the score calculated by
PL1 algorithm was selected into the validation set.

The modified partial least squares (MPLS) method was per-
formed to provide a prediction equation (Shenk and Westerhaus,
1991a). In MPLS, the near infrared spectra residuals at each wave-
length, obtained after calculating each factor were standardized
(divided by the standard deviations of the residuals at a wave-
length) before calculating the next factor. Cross-validation is rec-
ommended when developing MPLS equations to select the
optimal number of factors and avoid over-fitting (Shenk and West-
erhaus, 1995). For cross-validation, the calibration set was parti-
tioned into several groups. Each group was then validated using
a calibration developed on other samples. Finally, validation errors
were combined into a standard error of cross-validation (SECV)
(Williams and Sobering, 1996). The chemical (T) outliers (T > 2.5)
were defined as samples with a relationship between the reference
value and the spectrum which is significant different from the rela-
tionship of other samples in the population, whereas the GH outli-
ers were defined as samples whose spectra show excessive
distance (GH > 10) from the spectral center of the calibration set.
The T/GH outliers were eliminated during calibration.

The statistical calculations used to select the best equations in-
cluded the coefficient determination of the calibration/cross-vali-
dation/external validation (R2/R2cv/R2ev), the standard error of
calibration (SEC), the standard error of prediction in external vali-
dation (SEP), and the standard error of cross-validation (SECV). The
best equations had high R2, R2cv, R2ev, and low SEC, SEP, SECV.
Moreover, the ratio performance deviation (RPD), defined as the
relationship between the standard deviation of the chemical meth-
od (SD ref) and that of the prediction in the NIR model (SECV) (Wil-
liams and Sobering, 1996), was used to evaluate the prediction
capacity of the equation.
3. Results and discussion

3.1. Diverse biomass digestibility from a large number of Miscanthus
samples

A total of 199 representative Miscanthus samples that comprise
four major species (M. sacchariflorus, M. lutarioriparius, M. sinensis,
and M. floridulua) and some hybrids were selected from more than
1400 natural Miscanthus accessions originally distributed from
100.59–126.40� longitude and 18.81–43.39� latitude in China,
which is attributed to a rich germplasm resource. The selected
Miscanthus samples have a wide cell wall composition (Fig. 1A).
Further, their biomass digestibility was assessed by determining
the sugar yield released from different physical (heat) and chemi-
cal (1% NaOH, 1% H2SO4) pretreatments of the crude biomass and
sequential enzymatic hydrolysis using a crude cellulase mixture
for lignocellulose. A large variation in biomass enzymatic digest-
ibility was observed among the selected Miscanthus samples
(Fig. 1B, Table S1). Hence, the diversity of biomass digestibility
was highly suitability for an NIRS assay.
3.2. Characterization for global spectra population

NIRS scanning was initially performed for the selected Miscan-
thus samples with three replication spectra (Fig. 2A). The averaged
spectra were generated using the WinISI III software (Fig. 2B). The
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Fig. 2. Variation of NIRS absorbance spectra in Miscanthus samples. (A) 591 original scanned spectra; (B) averaged 199 spectra; (C) 3D plot of the discriminant among the four
Miscanthus species (yellow: M. sinensis, purple: M. floridulus, red: M. sacchariflorus, light blue: M. lutarioriparius, green: Hybrid); and (D) 3D plot of the PCA scores (green: the
GH outlier sample) (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).
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WinISI III software, with respect to its ‘‘discriminant equation’’
module regressed the wavelength information on all group values
and defined it from 1.0 to 2.0, where 1.0 represents no identifica-
tion, 2.0 represents a perfect identification, and 1.5 indicates that
the classification is equivocal. Cross-validation was conducted as
normal PLS to test the accuracy of the discrimination. Hence, this
module can be used to determine the variation among different
Miscanthus species. Regarding the discrimination data, most of
the predicted values were close to 1.5 (data not shown). Further-
more, a 3D plot was used to give a better presentation of the data
at three dimensions. If the discrimination was fine, the 3D lines
could be observed at 45�. Consequently, the different Miscanthus
species were not significant discrimination (Fig. 2C), indicating
that the selected Miscanthus samples had a continuous distribu-
tion. Therefore, the selected Miscanthus samples could be consid-
ered as a global population for a stable calibration model.
In terms of the structure and variability of the spectral popula-
tion and identification of anomalous samples, a PCA algorithm was
applied to characterize the averaged spectra. For the PCA of 199-
sample spectral population, 21 components were kept to explain
99.74% of the variance presented in the data, and only one sample
was eliminated as a GH outlier (GH P 3.0) (Fig. 2D). The
distribution of PCA data is symmetrical in the 3D plot, which indi-
cates that the spectral population behaved well in calibration and
prediction.

3.3. Determination of calibration and validation sets

The PL1 algorithm was applied to determine the calibration and
validation sets. The spectra pretreatment and the principal compo-
nent used to measure the GH for each calculation can accept the
default values suggested by the software. One of every four



Table 1
Calibration and validation sets for biomass digestibility (% dry matter) in Miscanthus samples.

Calibration Validation

Na Minb Maxc Mean SDd N Min Max Mean SD

Pretreatments
Heat 150 0.07 7.26 1.43 1.42 49 0.12 6.11 1.23 1.25
1% NaOH 150 1.57 8.78 4.39 1.23 49 1.59 6.70 4.06 1.18
1% H2SO4 150 9.92 32.98 24.93 3.55 49 14.00 30.24 24.97 3.01

Enzymatic hydrolysis
Non-pretreated 150 0.94 10.14 3.56 1.59 49 0.74 7.47 3.36 1.56
Heat 150 1.87 10.75 5.32 1.58 49 2.93 10.50 5.37 1.81
1% NaOH 150 20.99 43.72 31.62 4.87 49 22.71 42.10 31.67 5.14
1% H2SO4 150 6.65 20.41 12.79 2.65 49 6.55 18.83 12.79 2.27

Pretreatments and enzymatic hydrolysis
Heat 150 2.06 14.56 6.69 2.66 49 3.17 11.84 6.78 2.40
1% NaOH 150 25.42 50.83 35.66 5.40 49 28.72 50.32 36.70 5.64
1% H2SO4 150 16.67 50.52 37.72 5.29 49 22.41 48.31 37.76 4.44

a N, sample number.
b Min, minimum value.
c Max, maximum value.
d SD, standard deviation.

Table 2
Calibration and validation statistics for equations generated for prediction of biomass digestibility (% dry matter) in Miscanthus samples.

Calibration Cross validation External
validation

Na Mean SDb SECc R2d Spectrum range
(nm)

DTe SCMf Termsg SECVh R2cvi RPDj N SEPk R2evl

Pretreatments
Heat 137 1.25 1.21 0.45 0.86 1108–2492 0,0,1,1 SNVm 9 0.47 0.85 2.57 47 0.90 0.49
1% NaOH 142 4.29 1.13 0.72 0.60 780–2492 1,4,4,1 WMSCn 7 0.78 0.53 1.45 48 0.75 0.58
1% H2SO4 136 25.54 2.74 1.81 0.56 780–2492 0,0,1,1 MSCo 10 2.07 0.43 1.32 48 2.52 0.34

Enzymatic hydrolysis
Non-pretreated 138 3.53 1.40 0.86 0.62 408–2492 1,4,4,1 Nonep 4 0.94 0.55 1.49 47 1.36 0.32
Heat 139 5.41 1.58 0.54 0.88 780–2492 1,4,4,1 WMSC 8 0.67 0.82 2.36 47 0.88 0.78
1% NaOH 143 31.66 4.81 1.82 0.86 408–2492 1,4,4,1 WMSC 8 2.12 0.81 2.27 48 2.11 0.84
1% H2SO4 144 12.89 2.56 1.13 0.81 408–2492 1,4,4,1 None 7 1.30 0.74 1.97 48 1.30 0.68

Pretreatments and enzymatic
hydrolysis

Heat 141 6.51 2.47 0.89 0.87 408–2492 1,4,4,1 MSC 4 0.98 0.84 2.52 48 1.11 0.80
1% NaOH 143 35.56 5.40 2.02 0.86 1108–2492 1,4,4,1 MSC 7 2.32 0.82 2.33 44 2.58 0.82
1% H2SO4 140 38.31 4.41 2.17 0.76 1108–2492 0,0,1,1 None 10 2.54 0.67 1.74 45 2.93 0.48

a N, sample number.
b SD, standard deviation of reference value.
c SEC, standard error of calibration.
d R2, determination coefficient.
e DT, derivative treatment.
f SCM, scatter correction methods.
g Terms, number of principal component used for calibration.
h SECV, standard error of cross validation.
i R2cv, determination coefficient of cross validation.
j RPD, ratio performance deviation (SD/SECV).
k SEP, standard error of prediction in external validation.
l R2ev, determination coefficient of external validation.

m SNV, standard normal variate.
n WMSC, weighted multiple scatter correction.
o MSC, standard multiple scatter.
p None, none scatter correction.
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samples sorted using the PL1 algorithm was included into the
validation sets, and the remaining 3/4 of the samples were used
for calibration sets. Then, 49 of the 199 samples were selected into
the validation sets, and the remaining 150 samples were included
in the calibration sets. The calibration and validation sets were
compared in terms of their mean, minimum, and maximum bio-
mass digestibility (Table 1). In addition, the variations for calibra-
tion and validation sets were calculated (Fig. S1). Therefore, the
results demonstrated that the calibration and validation sets were
comparable.
3.4. Calibration and validation of Miscanthus samples

The PCA for the calibration set was carried out before calibra-
tion. During the PCA of 150 samples, 19 components were kept
to explain 99.67% of the variance presented in the data. Conse-
quently, two samples were eliminated as GH outliers (data not
shown).

The calibration was developed with four cross-validation
groups, a maximum of 12 terms and two outlier elimination
passes, and the GH and T outlier samples were then eliminated.
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Fig. 3. Correlation between the predicted and measured values for biomass digestibility. (A and B) Sugar yield released by enzymatic digestibility after the pretreatments of
heat (A), 1% NaOH (B); (C) Sugar yield released from both heat pretreatment and enzymatic hydrolysis; and (D) Sugar yield released from both 1%NaOH pretreatment and
enzymatic hydrolysis.

Table 3
Statistics for calibrated optimal equations on biomass enzymatic digestibility (% dry matter) under the related physical and chemical pretreatments in Miscanthus.

Calibration Cross validation

Na Mean SDb SECc R2d Spectrum range (nm) DTe SCMf Termsg SECVh R2cvi RPDj

Pretreatments
Heat 183 1.23 1.17 0.48 0.83 1108–2492 0,0,1,1 WMSCk 8 0.50 0.82 2.35

Enzymatic hydrolysis
Heat 190 5.38 1.59 0.58 0.87 408–2492 1,4,4,1 DETl 7 0.65 0.83 2.44
1% NaOH 188 31.56 4.75 1.71 0.87 408–2492 1,4,4,1 WMSC 8 1.92 0.84 2.48
1% H2SO4 194 12.88 2.49 1.11 0.80 408–2492 1,4,4,1 Nonem 7 1.26 0.75 1.99

Pretreatments and enzymatic hydrolysis
Heat 188 6.52 2.37 0.80 0.89 1108–2492 1,4,4,1 DET 6 0.86 0.87 2.74
1% NaOH 187 35.72 5.18 1.91 0.86 408–2492 1,4,4,1 SNVn 9 2.12 0.83 2.44
1% H2SO4 189 38.24 4.25 2.12 0.75 408–2492 1,4,4,1 NSVDo 9 2.36 0.69 1.80

a N, sample number.
b SD, standard deviation of reference value.
c SEC, standard error of calibration.
d R2, determination coefficient.
e DT, derivative treatment.
f SCM, scatter correction methods.
g Terms, number of principal component used for calibration.
h SECV, standard error of cross validation.
i R2cv, determination coefficient of cross validation.
j RPD, ratio performance deviation (SD/SECV).
k WMSC, weighted multiple scatter correction.
l DET, detrend only.

m None, none scatter correction.
n SNV, standard normal variate.
o NSVD, a combination of SNV and DET.
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For the correlation between the spectral data and the laboratory
values (biomass digestibility), six scatter correction methods, two
derivative treatments, and three spectrum regions selections were
combined to produce 36 calibration equations (Table S2). The best
equation was selected from them subject to high R2, R2cv and low
SEC and SECV.



Table 5
Time-consuming comparison between NIRS and the classic method for analysis of
biomass enzymatic digestibility in Miscanthus.

Classic NIRS

Pretreatment 2–2.5 h 2 min
Sequential enzymatic hydrolysis 48 h
Colorimetric test 1 h
Total 51–51.5 h 2 min

Table 4
Calibration statistics for additional equations on biomass enzymatic digestibility (% dry matter).

Calibration Cross validation

Na Mean SDb SECc R2d Spectrum range (nm) DTe SCMf Termsg SECVh R2cvi RPDj

Pretreatments
0.5% NaOH 72 1.42 0.72 0.28 0.84 408–2492 0,0,1,1 WMSCk 2 0.30 0.82 2.37
0.25% H2SO4 73 19.50 2.74 0.85 0.90 780–2492 1,4,4,1 SNVl 8 1.12 0.84 2.45

Enzymatic hydrolysis
0.5% NaOH 73 22.97 5.16 2.47 0.77 1108–2492 0,0,1,1 MSCm 7 2.83 0.70 1.82
0.25% H2SO4 77 8.81 2.29 1.14 0.75 1108–2492 0,0,1,1 NSVDn 6 1.31 0.68 1.74

Pretreatments and enzymatic hydrolysis
0.5% NaOH 73 24.45 5.64 2.61 0.79 1108–2492 0,0,1,1 MSC 7 2.99 0.72 1.88
0.25% H2SO4 74 28.43 4.30 1.25 0.92 780–2492 1,4,4,1 SNV 8 1.68 0.85 2.56

a N, sample number.
b SD, standard deviation of reference value.
c SEC, standard error of calibration.
d R2, determination coefficient.
e DT, derivative treatment.
f SCM, scatter correction methods.
g Terms, number of principal component used for calibration.
h SECV, standard error of cross validation.
i R2cv, determination coefficient of cross validation.
j RPD, ratio performance deviation (SD/SECV).
k WMSC, weighted multiple scatter correction.
l SNV, standard normal variate.

m MSC, standard multiple scatter.
n NSVD, a combination of standard normal varite and detrend.
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As a consequence, the equations for the total sugars released
from both pretreatments and sequential enzymatic hydrolysis
had R2 values ranging from 0.76 to 0.87 during calibration (Table
2). The equations for the sugars released only from enzymatic
hydrolysis after the physical and chemical pretreatments, exhib-
ited higher R2 values from 0.81 to 0.88, but the equation remained
a low R2 value (0.62) for the sugars released from a direct enzy-
matic hydrolysis without any pretreatment. By comparison, the
R2 values of the equations for sugars released only from physical
and chemical pretreatments were relatively low except for the heat
pretreatment, with an R2 value at 0.86.

Based on the cross-validation data, the equations for total
sugars released from both the pretreatments and the sequential
enzymatic hydrolysis had R2cv values ranging from 0.67 to 0.84
and RPD values from 1.74 to 2.52. As a comparison, the equations
for sugars released only from enzymatic hydrolysis after physical
and chemical pretreatments exhibited R2cv values from 0.74 to
0.82 and RPD values from 1.97 to 2.36. In addition, the equation
for sugars released from heat pretreatment also displayed high
R2cv (0.85) and RPD values (2.57), which was consistent with the
calibration data.

The external validation was taken out for the equations by using
the ‘‘Monitor results’’ module of the WinISI III software. The GH
outlier samples were eliminated from the validation sets, and the
correlations between the predicted and reference values were then
recalculated. The data show that the highest R2ev value for the
total sugars released using both 1% NaOH pretreatment and
sequential enzymatic hydrolysis was 0.82, and even reached 0.84
using only enzymatic hydrolysis (Table 2). By contrast, the R2ev
values were relatively low for the sugars only released from
pretreatments.

Overall, for both calibration and validation, the equations for
sugars released from the 1% NaOH and the 1% H2SO4 pretreatments
or from direct enzymatic hydrolysis without pretreatment
displayed low R2 and R2ev values (Table 2). The equations also
exhibited low R2cv and RPD values for cross-validation, which sug-
gests that these three equations were not applicable. For the sugars
released from enzymatic hydrolysis after 1% H2SO4 pretreatment
or from both 1% H2SO4 pretreatment and the sequential enzymatic
hydrolysis, the equations had high R2 values for calibration but low
R2ev value for external validation, which is consistent with their
relatively lower RPD values. Thus, the two equations were not
sufficiently accurate for application. For the sugars from heat pre-
treatment, the equation displayed high R2, R2cv, and RPD values for
calibration and cross-validation, but a low R2ev for external valida-
tion, which may be due to some T outlier samples in the validation
sets. However, the other four equations displayed both high R2 and
R2ev values, as well high R2cv and RPD values for cross-validation.
In addition, their corresponding plots for validation showed good
correlations (Fig. 3).

Based on the above calibration and validation data, all samples
were recalibrated by merging the validation sets with the calibra-
tion sets, finally generating seven new equations with higher R2

(0.75–0.89), R2cv (0.69–0.87), and RPD (1.80–2.74) values, and
lower SECV value which was more close to SEC values (Table 3),
indicating that these equations displayed more sufficiently accu-
rate for application. Therefore, the resulting seven equations pre-
sented the multiple options for NIRS prediction of biomass
digestibility in Miscanthus.

Moreover, an additional calibration analysis for sugars released
from other pretreatments (0.5% NaOH and 0.25% H2SO4) only was
performed using 79 Miscanthus samples. The 79 samples were
randomly selected with a diverse biomass digestibility (Fig. S2,
Table S3), and six equations were generated with much high R2

(0.75–0.92), R2cv (0.68–0.85), and RPD (1.74–2.51) values (Table
4). The data confirmed that the NIRS method was consistent and
sensitive for the prediction of biomass enzymatic digestibility un-
der different pretreatments.

Taking all together, we could summarize that physical (heat)
pretreatment was better than chemical (NaOH and H2SO4) ones
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for NIRS calibration, and low chemical concentration (0.5% NaOH
or 0.25% H2SO4) pretreatments also showed a better calibration
correlation. It suggested that the heat and low chemical concentra-
tion pretreatments could make a larger variation in sugar yields
among the test samples, which are more suitable for NIRS calibra-
tion. In addition, any physical and chemical pretreatments could
result in a better NIRS calibration than non-pretreatment for sugar
yield released from enzymatic hydrolysis, because Miscanthus
tissues could make the cellulose present in plant cell walls more
accessible for enzymatic digestion after pretreatments (Lynd
et al., 2008).

Finally, the NIRS and classic biomass assay methods were com-
pared in terms of time consumption (Table 5). The NIRS appeared
much quicker (P1500-fold) and cheaper for biomass digestibility
than the classic approach. Although NIRS has been extensively
applied for biochemical component prediction and biological prop-
erty assessment in plants, to our knowledge, this at the first study
to demonstrate its applicability for biomass enzymatic digestibility
under various physical and chemical pretreatments. Biomass
digestibility is a crucial factor for processing biomass into biofuels
(Alvira et al., 2010), thus, NIRS can be a powerful approach for the
high-throughput screening of biomass samples in plants.

4. Conclusions

Based on a large number of Miscanthus samples, the NIRS
approach was demonstrated applicable for the sensitive and con-
sistent prediction of biomass enzymatic digestibility of four major
species. Seven optimal equations were generated to represent the
various combinations for the pretreatment and sequential enzy-
matic hydrolysis of Miscanthus. The NIRS assay can be used for
the global screening of biomass samples in plants because of its
speed and consistency. In addition, NIRS has a widespread applica-
tion in biochemical component analysis and is a powerful tool for
in-depth biological characterization.
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