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h i g h l i g h t s

� Sweet sorghum is a leading bioenergy crop with rich soluble sugars and high biomass.
� Diverse sweet sorghum samples are suitable for a stable and consistent NIRS assay.
� Nine calibration optimal equations of NIRS with much high R2, R2cv and RPD values.
� NIRS simultaneous assay for stalk sugars, bagasse saccharification and wall polymers.
� NIRS applicable for high-throughput screening of bioenergy sweet sorghums.
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a b s t r a c t

In this study, 123 sweet sorghum (Sorghum bicolor L.) accessions and 50 mutants were examined with
diverse stalk soluble sugars, bagasse enzymatic saccharification and wall polymers, indicating the poten-
tial near infrared spectroscopy (NIRS) assay for those three important parameters. Using the calibration
and validation sets and modified squares method, nine calibration optimal equations were generated
with high determination coefficient on the calibration (R2) (0.81–0.99), cross-validation (R2cv) (0.77–
0.98), and the ratio performance deviation (RPD) (2.07–7.45), which were at first time applied by single
spectra for simultaneous assay of stalk soluble sugars, bagasse hydrolyzed sugars, and three major wall
polymers in bioenergy sweet sorghum.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction process with numerous compounds that inhibit biofuel conversion.
Lignocellulose represents an enormous biomass for biofuels in
bioenergy crops (Chen and Peng, 2013; Cotton et al., 2013). Princi-
pally, biomass process for bioethanol production involves three
major steps: physical and chemical pretreatments for cell wall
dissociation, enzymatic hydrolysis for soluble sugar release, and
yeast fermentation for ethanol production. However, plant cell
wall recalcitrance fundamentally determines a costly biomass
As a promising solution, genetic modification of plant cell walls has
been proposed for reducing biomass recalcitrance in bioenergy
crops (Xie and Peng, 2011).

Among the energy crops, sweet sorghum (Sorghum bicolor L.)
exceptionally contains a rich fermentable-sugar at stalk and abun-
dant degradable-lignocellulose at bagasse (Byrt et al., 2011;
Zegada-Lizarazu and Monti, 2012; Li et al., 2014a). As a typical
C4 species, sweet sorghum is regarded as a leading candidate of
bioenergy crops because of its rapid growth rate, great water-use
efficiency, strong soil tolerance and wide adaptability (Li and
Chan-Halbrendt, 2009; Xie and Su, 2012).

It has been reported that both stalk soluble sugars and dry
bagasse could not significantly affect lignocellulose saccharification
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under various chemical pretreatments by determining large popu-
lations of sweet sorghum accessions, suggesting the potential for
selecting the elite sweet sorghum accessions with high stalk soluble
sugars and bagasse saccharification yields (Li et al., 2014a). Notably,
three major wall polymers have been determined with distinctive
effects on biomass enzymatic digestibility in sweet sorghum acces-
sions (Li et al., 2014a). Hence, it becomes important to find out an
approach for quickly detecting multiple parameters (stalk soluble
sugars, biomass digestibility and wall polymers) in bioenergy sweet
sorghum accessions.

However, the traditional laboratory methods are labor-inten-
sive, time-consuming and expensive for determining the stalk sol-
uble sugars, bagasse enzymatic hydrolysis and the cell wall
polymers (Roberts et al., 2011; Li et al., 2014a). Hence, the classic
methods could not meet the need for efficiently selecting the elite
sweet sorghum cultivars from large populations of germplasms
distributed over the world. Near infrared spectroscopic assay
(NIRS), which combines laboratory data and the spectral informa-
tion, has been considered as a powerful tool for high-throughput
screening of large populations of plant samples. For example, NIRS
has been used for predicting soluble sugars in sugarcane
(Rodriguez-Saona et al., 2001) and biomass enzymatic digestibility
upon various physical and chemical pretreatments in Miscanthus
(Huang et al., 2012). It could also analyze sweet sorghum bagasse
digestibility and crude protein (Roberts et al., 2011). Furthermore,
the soluble sugars and cell wall compositions in sweet sorghum
have been separately measured by Fourier transform infrared
(FTIR) spectra (Martin et al., 2013). However, little is reported
about NIRS simultaneous assay for multiple parameters of plant
samples, in particular on sweet sorghum.

In our previous studies, we have determined diverse soluble
sugar levels at stalk, varied biomass enzymatic digestibility and
cell wall compositions at bagasse in large populations of sweet sor-
ghum germplasm accessions (Li et al., 2014a) and genetic mutants.
In this work, we used the previous data and generated nine NIRS
models for simultaneously predicting those three parameters in
sweet sorghum samples with high R2, R2cv and RPD values, and
low SECV value.
2. Methods

2.1. Materials

123 sweet sorghum germplasm accessions were collected
worldwide (63 accessions were mentioned in Li et al. (2014a))
and 50 sweet sorghum mutants were selected by generating EMS
mutagenesis pools of wild type (Nengsi 1). The sweet sorghum
samples were grown in Hubei experimental field in 2011, and
the mature stalks were harvested from 90 to 140 days after sowing.
2.2. Measurement of dry matter and soluble sugars at stalks

Measurements of dry matter and soluble sugar level at mature
stalks were performed as described by Li et al. (2014a). The mature
stalks were harvested after seeds and leaves were removed. The
remaining stalk tissues were dried at 50 �C after inactivation at
105 �C for 20 min. The dried stalks were weighed as dry matter
and then ground into powders through a 40 mesh screen for fur-
ther analysis of stalk soluble sugars, bagasse enzymatic hydrolysis
and cell wall polymers.

The biomass sample (0.3 g) was added with 6 mL distilled
water, and shaken at 150 rpm for 2 h at 50 �C. After centrifugation
at 3000g for 10 min, the biomass residues were washed five times
with distilled water, and all supernatants were collected as stalk
soluble sugars (pentoses and hexoses). Soluble sugars were
detected by colorimetric assay as described below. All experiments
were performed in biological triplicate.

2.3. Determination of sugars yield released from enzymatic hydrolysis
at bagasse

The biomass enzymatic digestibility (saccharification) was
defined by determining the sugars yield released from enzymatic
hydrolysis of bagasse after 1% NaOH (w/v) pretreatment as
described by Li et al. (2014a). The bagasse sample was washed 5
times with 10 mL distilled water, and added with 6 mL 1% NaOH
in the test tube. The sample tube was then shaken at 150 rpm for
2 h at 50 �C. After centrifugation at 3000g for 5 min, the pellet
was washed three times with 10 mL distilled water and stored
for enzyme hydrolysis. All experiments were conducted in biolog-
ical triplicate.

The remaining samples from 1% NaOH pretreatment were
washed 5 times with 6 mL distilled water, and once with 10 mL
mixed-cellulases reaction buffer (0.2 M acetic acid-sodium acetate,
pH 4.8). The washed residues were added with 0.16% (w/v) mixed-
cellulases (containing b-glucanase P 2.98 � 104 U, cellu-
lase P 298 U and xylanase P 4.8 � 104 U from Imperial Jade Bio-
technology Co. Ltd.) to 6 mL. During the enzymatic hydrolysis, the
samples were shaken under 150 rpm at 50 �C for 48 h. After centri-
fugation at 3000g for 10 min, the supernatants were collected for
bagasse sugars (pentoses and hexoses) yield assay. The samples
without mixed-cellulases addition were shaken for 48 h at 50 �C
as the control. All samples were carried out in biological triplicate.

2.4. Colorimetric assay of hexoses and pentoses

UV–VIS Spectrometer (V-1100D, Shanghai MAPADA Instru-
ments Co. Ltd. Shanghai, China) was applied for the absorbance
reading. Hexoses were detected using the anthrone/H2SO4 method
(Fry, 1988), whereas pentoses were detected using the orcinol/HCl
method (Dische, 1962). 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 hex-
oses and pentoses were plotted using D-glucose and D-xylose as
standards (purchased from Sinopharm Chemical Reagent Co. Ltd.)
respectively.

2.5. Plant cell wall fractionation and wall polymers measurement

Plant cell wall fractionation procedure was used for extraction of
cellulose and hemicelluloses as described by Peng et al. (2000) and
Li et al. (2014a). After the soluble sugars, lipids, starch and pectin
were consecutively removed, the remaining pellet was extracted
with 4 M KOH with 1.0 mg/mL sodium borohydride for 1 h at
25 �C, and washed with distilled water until soluble sugars were
not detectable. The combined supernatant was then neutralized,
dialyzed and lyophilized as KOH-extractable hemicelluloses. The
remaining pellet was extracted with H2SO4 (67%, v/v) for 1 h at
25 �C and the supernatants were collected for determination of free
hexoses and pentoses as total cellulose and non-KOH-extractable
hemicelluloses (Li et al., 2014a). The total hemicelluloses were cal-
culated by the KOH-extractable and non-KOH-extractable hemicel-
luloses as described above. Total lignin was assayed using a two-
step acid hydrolysis method according to the Laboratory Analytical
Procedure of the National Renewable Energy Laboratory (Sluiter
et al., 2008) with minor modifications. The acid-insoluble lignin
was calculated gravimetrically after correction for ash, and the
acid-soluble lignin was measured using UV spectroscopy (Wu
et al., 2013). All experiments were carried out in biological
triplicate.
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2.6. Near infrared spectra (NIRS) collection and variability analysis

Spectra collection and variability analysis of NIRS were described
by Huang et al. (2012) with minor modification. 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 absorbance values
were recorded as log1/R, where R is the sample reflectance.

The dried samples were placed into a mini-sample cup (standard
ring cup). The reflectance each sample was recorded in triplicate at
wavelengths ranging from 400 nm to 2500 nm with 2 nm intervals
at room temperature. The reflectance values were then averaged
for further analysis. The WinISI III software package (Version
1.50e, Infrasoft International LLC) was used for the chemometric
management of data. A principal component analysis (PCA) algo-
rithm 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 pretreated with ‘‘1, 4, 4, 1’’ and ‘‘None’’
treatments for PCA. The global H (GH) of each sample was deter-
mined using the measured distance from mean. The sample, which
is the GH outlier (GH > 3.0), was finally eliminated after the PCA.
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Fig. 1. Variation of NIRS absorbance spectra in sorghum samples. (A) 519 original
scanned spectra; (B) averaged 173 spectra (colorful: the 123 accessions; black: the
50 mutants); (C) 3D plot of the PCA scores of 173 spectra (green: the GH outlier
sample); (D) 3D plot of the PCA scores of 74 spectra (green: the GH outlier sample).
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
2.7. Near infrared spectra data calibration and validation

Procedures for spectra data calibration and validation were
described by Huang et al. (2012) with minor modifications. Deriva-
tive spectra and the gap and smoothing of derivative spectra were
performed before calibration (Giese and French, 1955). Two mathe-
matical treatments,‘‘0, 0, 1, 1’’ and ‘‘1, 4, 4, 1’’, five scatter correction
methods, namely standard normal variate (SNV), detrend only
(DET), standard multiple scatter correction (MSC), a combination
of SNV and DET (NSVD), weighted multiple scatter correction
(WMSC), and three wavelength ranges (408–2492 nm, 780–
2492 nm, and 1108–2492 nm) were selected to obtain the best
calibration equation.

The modified partial least squares (MPLS) method was per-
formed to provide a prediction equation (Shenk and Westerhaus,
1991). Cross-validation is recommended when developing MPLS
equations in order to select the optimal number of factors and to
avoid over-fitting (Shenk and Westerhaus, 1995). What is more,
one of every four samples sorted based on the laboratory value
of predicted matters were selected into the external validation.

The coefficient determination of the calibration/cross-valida-
tion/external validation (R2/R2cv/R2ev), the standard error of cali-
bration (SEC), the standard error of prediction in external
validation (SEP), and the standard error of cross-validation (SECV)
Table 1
Variations of dry matter, stalk sugars and bagasse hydrolyzed sugars in sweet sorghum ac

Dry matter Stalk hexoses Stalk sugars Bagasse hex
yield

123 accessions
Mean value 67.15 ± 42.85g* 13.83 ± 10.04% 15.67 ± 10.54% 19.94 ± 3.22

(5.58 g–
231.27 g#)

(0.71–40.82%) (1.62–44.13%) (9.87–28.02

Coefficient
variation

63.81% 72.57% 67.25% 16.15%

50 mutants
Mean value 191.75 ± 63.99g 40.32 ± 5.84% 44.11 ± 6.29% 16.63 ± 1.94

(106.14 g–
430.38 g)

(26.79–
50.10%)

(29.61–
54.66%)

(13.00–21.6

Coefficient
variation

33.37% 14.45% 14.25% 11.68%

* Indicated mean ± SD.
# Indicated the minimum and maximum values.
were used to evaluate the best equations. What is more, the ratio
performance deviation (RPD), was used to evaluate the prediction
capacity of the equation (Williams and Sobering, 1996).
3. Results and discussion

3.1. Diversity of stalk soluble sugars, bagasse saccharification and wall
polymers

In the previous study, we have identified the 63 representative
sweet sorghum germplasm accessions that displayed a varied sol-
uble sugar level at stalk and diverse cell wall composition at
bagasse (Li et al., 2014a). In this work, we characterized total 173
sweet sorghum samples including 123 sweet sorghum germplasm
accessions and 50 genetic mutants, which represented two major
genetic resources used in sweet sorghum breeding. In general, both
sweet sorghum accessions and mutants were respectively exam-
ined with diverse dry matter and varied soluble sugars at stalk
(Table 1 and Fig. A1). In particular, the 123 accessions showed
the soluble hexoses level ranged from 0.71% to 40.82% (% dry
matter). But, the mutants showed relatively higher levels of soluble
cessions and mutants.

oses Bagasse sugars
yield

Total hexoses in stalk and
bagasse

Total sugars in stalk and
bagasse

% 37.48 ± 5.96% 33.77 ± 8.29% 53.16 ± 7.50%
%) (20.59–56.70%) (21.62–63.89%) (40.57–78.54%)

15.90% 24.55% 14.11%

% 27.71 ± 2.85% 57.05 ± 5.98% 71.82 ± 6.34%
9%) (22.79–34.23%) (42.69–67.03%) (57.61–82.22%)

10.30% 10.48% 8.83%



Table 2
Calibration and validation sets for sugar contents and cell wall polymers in 173 sorghum samples.

Calibration Validation

Na Minb Maxc Mean SDd N Min Max Mean SD

Stalk hexoses 129 0.71 49.55 21.41 15.24 44 0.72 50.10 21.84 14.75
Stalk sugars 129 1.62 53.93 23.76 16.20 44 1.62 54.66 24.28 15.73
Bagasse hexoses yield 129 9.87 28.02 18.96 3.38 44 12.90 25.24 19.05 2.96
Bagasse sugars yield 129 20.59 56.70 34.77 7.23 44 23.54 45.78 34.32 5.76
Total hexoses in stalk and bagasse 129 21.62 66.01 40.36 13.16 44 22.30 67.03 40.88 12.95
Total sugars in stalk and bagasse 129 40.93 81.60 58.53 11.02 44 40.57 82.22 58.59 11.49
Cellulose 55 18.88 34.19 25.72 4.39 19 18.03 34.06 25.59 4.66
Hemicelluloses 55 13.43 32.56 23.82 4.93 19 12.97 31.33 23.44 5.20
Lignin 55 11.37 19.45 15.52 1.96 19 12.07 19.09 15.12 2.05

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

Table 3
Calibration and validation statistics for equations generated for prediction of stalk soluble sugars, bagasse sugars yield and total hexoses and sugars both in stalk and bagasse (%
dry matter).

Calibration Cross validation External
validation

Na Mean SDb SECc R2d Spectrum range
(nm)

DTe SCMf Termsg SECVh R2cvi RPDj N SEPk R2evl

Stalk hexoses 115 21.32 15.08 1.53 0.99 780–2492 1,4,4,1 MSCm 7 1.76 0.99 8.56 43 5.75 0.86
Stalk sugars 115 24.49 16.24 1.82 0.99 408–2492 1,4,4,1 MSC 8 2.21 0.98 7.35 41 2.34 0.98
Bagasse hexoses yield 123 18.98 3.11 1.39 0.80 780–2492 0,0,1,1 DETn 10 1.65 0.73 1.89 44 2.17 0.63
Bagasse sugars yield 121 34.37 6.58 2.36 0.87 1180–2492 0,0,1,1 NSVDo 8 2.67 0.84 2.47 44 4.07 0.71
Total hexoses in stalk and

bagasse
119 40.47 12.94 3.04 0.94 1180–2492 1,4,4,1 DET 3 3.16 0.94 4.09 42 4.63 0.88

Total sugars in stalk and bagasse 123 58.69 11.08 3.93 0.87 780–2492 0,0,1,1 Nonep 9 4.33 0.85 2.56 44 4.89 0.82

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 MSC, standard multiple scatter.
n DET, detrend only.
o NSVD, a combination of SNV and DET.
p None, none scatter correction.
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hexoses ranging from 26.79% to 50.1%, compared with the germ-
plasm accessions. As genetic mutants could be directly used in bio-
energy crop breeding (Xie and Peng, 2011), the test samples
combining germplasm accessions with genetic mutants should be
advantageous for selecting the optimal genetic bioenergy sweet
sorghum lines by NIRS assay in this work. In addition, the sweet
sorghum samples also displayed a diverse total sugars (hexoses
and pentoses) level at stalks.

Furthermore, we determined either the hexoses or total sugars
(hexoses and pentoses) yield released from enzymatic hydrolysis
of bagasse after 1% NaOH pretreatment in the sweet sorghum
accessions and mutants (Table 1 and Fig. A1). As a result, the 123
sweet sorghum accessions exhibited the hexoses yield ranged from
9.87% to 28.02%, and the mutants varied from 13% to 21.69%. Com-
pared with the hexoses yield, both the sweet sorghum samples
could even show high variations of total sugars (hexoses and pen-
toses) yield at bagasse from 20.59% to 56.7% in accessions and from
22.79% to 34.23% in mutants. Hence, both sweet sorghum acces-
sions and mutants also exhibited high variations of total hexoses
and sugars (hexoses and pentoses) released from stalk and bagasse
(Table 1 and Fig. A1).

As biomass enzymatic digestibility (hexoses and sugars yield) is
affected by plant cell wall compositions (Xu et al., 2012; Li et al.,
2013; Wu et al., 2013; Zhang et al., 2013; Li et al., 2014a,b,c; Jia
et al., 2014), we determined three major wall polymers (cellulose,
hemicelluloses and lignin) level in the 59 accessions and 15
mutants (Table A1). Notably, the sweet sorghum samples also
showed a diverse cell wall composition (Fig. A1). Taken all
together, therefore, the diversity of stalk soluble sugars, bagasse
enzymatic digestibility and cell wall compositions suggested that
the sweet sorghum samples could be applicable for NIRS modeling
(Huang et al., 2012).

3.2. NIRS modeling for predicting stalk soluble sugars and bagasse
biomass saccharification

Using 123 sweet sorghum accessions and 50 mutants, we per-
formed NIRS spectra collections with three replicates (Fig. 1A).
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Fig. 2. Correlation between the predicted and measured values for stalk soluble
sugars, bagasse sugars yield and total sugars. (A) Stalk hexoses; (B) bagasse sugars
yield; (C) total hexoses in stalk and bagasse; (D) total sugars in stalk and bagasse.
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For near infrared assay, the averaged spectra were generated by
means of the WinISI software. The different distribution of the
averaged spectra between the 123 accessions and 50 mutants
was shown in Fig. 1B, consistent with the values of various soluble
sugars and wall polymers (Tables 1 and A1). With regard to the dis-
tribution of the total 173 samples, a 3D plot was given to present
the data at three dimensions. Using the PCA algorithm of 173 spec-
tra population, 17 components were kept to interpret the 99.72% of
the variance, and just one sample was eliminated as a GH outlier
(GH P 3.0) (Fig. 1C). Hence, the symmetrical distribution indicated
the spectra behaved well in calibration and prediction.

One of every four samples based on the value of predicted
objects were included into the validation sets, and the remaining
was used for the calibration sets. As a result, the validation sets
included 44 samples, and the calibration sets contained 129 sam-
ples. The calibration and validation sets for stalk soluble sugars,
bagasse hydrolyzed sugars and total sugars in stalk and bagasse
were compared and the variations between the calibration and val-
idation sets were calculated (Table 2 and Fig. A2).
Table 4
Calibration and validation statistics for equations generated for prediction of cell wall pol

Calibration

Na Mean SDb SECc R2d Spectrum range(nm)

Cellulose 51 25.72 4.43 1.09 0.94 408–2492
Hemicelluloses 54 23.93 4.82 1.47 0.91 780–2492
Lignin 50 15.44 1.84 0.49 0.93 408–2492

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 DET, detrend only.
o None, none scatter correction.
The calibration was processed with five cross-validation groups,
a maximum of 11 terms and two outlier elimination passes, and
the GH and T outlier samples were then eliminated. And 36 calibra-
tion equations were produced by six scatter correction methods,
two derivative treatments, and three spectrum regions selections,
in which the best calibration equation subjective to high R2, R2cv
and low SEC and SECV (Huang et al., 2012). Hence, the calibration
optimal equations for stalk soluble sugars, bagasse hydrolyzed sug-
ars and total sugars had R2 values ranging from 0.80 to 0.99 during
calibration (Table 3). By comparison, the prediction for stalk hex-
oses was almost entirely accurate, consistent with the previous
reports (Rodriguez-Saona et al., 2001; Duarte et al., 2002; Martin
et al., 2013). With respect to the bagasse hydrolyzed sugars, the
R2 value for the hexoses in bagasse was 0.80, and the R2 value for
the total hexoses in stalk and bagasse was also high up to 0.94
(Table 3).

According to the cross-validation data, the calibration optimal
equations for stalk soluble sugars, bagasse hydrolyzed sugars and
total sugars showed the R2cv values ranging from 0.73 to 0.99
(Table 3), in agreement with the calibration data. Furthermore,
we conducted an external validation using the ‘‘Monitor results’’
module of the WinISI III software in order to compare the correla-
tions between the predicted and reference values. All of the R2ev
values were higher than 0.71 except for the R2ev value of the
bagasse hydrolyzed hexoses (Fig. 2 and Table 3).

In sum, the calibration optimal equations for stalk soluble sug-
ars, bagasse enzymatic sugars and total sugars in stalk and bagasse
displayed high R2, R2cv and low SEC and SECV values (Table 3),
which suggested a high applicability for near infrared modeling.

3.3. NIRS modeling for cell wall polymers assay

It has been reported that plant cell wall compositions could
determine biomass enzymatic digestibility in plants (Chen and
Dixon, 2007; Fu et al., 2011; Xu et al., 2012; Li et al., 2013; Wu
et al., 2013; Zhang et al., 2013; Li et al., 2014a,b,c; Jia et al.,
2014). In particular, cellulose and lignin exhibit significantly nega-
tive effects on biomass saccharification in sweet sorghum (Li et al.,
2014a). Hence, it becomes important to perform high-throughput
NIRS assay for wall polymers. Based on their stalk soluble sugars,
bagasse dry matter and hydrolyzed sugars, total 74 representative
sweet sorghum samples were selected in this study including 59
sweet sorghum accessions and 15 mutants. As described previ-
ously, the 74 sweet samples exhibited a diverse cell wall composi-
ymers.

Cross validation External validation

DTe SCMf Termsg SECVh R2cvi RPDj N SEPk R2evl

0,0,1,1 SNVm 5 1.23 0.92 3.59 19 1.15 0.94
1,4,4,1 DETn 3 1.74 0.87 2.78 19 1.73 0.90
1,4,4,1 Noneo 5 0.77 0.83 2.40 19 0.86 0.87
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Fig. 3. Correlation between the predicted and measured values for cell wall
polymers. (A) Cellulose; (B) hemicelluloses; (C) lignin.

Table 5
Statistics for calibrated optimal equations on stalk soluble sugars, bagasse sugars yield an

Calibration

Na Mean SDb SECc R2d Sp

Stalk hexoses 156 21.69 15.32 1.87 0.99 11
Stalk sugars 156 24.09 16.32 1.99 0.99 11
Bagasse hexoses yield 163 18.81 3.16 1.36 0.81 78
Bagasse sugars yield 158 34.16 6.37 2.17 0.88 11
Total hexoses in stalk and bagasse 159 40.68 13.17 2.39 0.97 78
Total sugars in stalk and bagasse 164 58.78 11.15 4.04 0.87 11

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 None, none scatter correction.
l DET, detrend only.

m NSVD, a combination of SNV and DET.
n SNV, standard normal variate.

Table 6
Statistics for calibrated optimal equations on cell wall polymers.

Calibration

Na Mean SDb SECc R2d Spectrum ran

Cellulose 68 25.70 4.46 0.85 0.96 1180–2492
Hemicelluloses 71 23.88 4.94 1.38 0.92 408–2492
Lignin 70 15.49 1.95 0.51 0.93 1180–2492

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 NSVD, a combination of SNV and DET.
l DET, detrend only.

m None, none scatter correction.
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tion, indicating those samples applicable for the NIRS assay (Fig. A1
and Table A1). As a result, the NIRS models for the three cell wall
polymers all had high R2 values over 0.9 during calibration
(Table 4). Based on the cross-validation data, the R2cv values of
the calibration optimal equations for cellulose, hemicelluloses
and lignin were 0.92, 0.87 and 0.83, respectively. Furthermore,
the 1/4 samples for the external validation also showed the high
correlations between NIRS predicted and reference values
(Fig. 3). Therefore, the developed NIRS assay was well enough for
fast determining cell wall polymers, which could be used to screen
out large populations of sweet sorghum samples with high bio-
mass enzymatic digestibility.

3.4. Simultaneous assay of stalk soluble sugars, bagasse hydrolyzed
sugars, total sugars and cell wall polymers

Based on the obtained calibration and validation data as
described above, all sweet sorghum samples were recalibrated,
and six new calibration optimal equations were finally generated
for simultaneously determining the stalk soluble sugars, bagasse
hydrolyzed sugars, and total sugars (Table 5). Meanwhile, other
three new calibration optimal equations were established for mea-
suring cell wall compositions in sweet sorghum (Table 6). Notably,
d total hexoses and sugars in stalk and bagasse.

Cross validation

ectrum range(nm) DTe SCMf Termsg SECVh R2cvi RPDj

80–2492 1,4,4,1 Nonek 6 2.06 0.98 7.45
80–2492 1,4,4,1 DETl 6 2.22 0.98 7.37
0–2492 1,4,4,1 DET 9 1.53 0.77 2.07
80–2492 1,4,4,1 NSVDm 8 2.43 0.85 2.62
0–2492 1,4,4,1 SNVn 9 2.83 0.95 4.65
80–2492 1,4,4,1 None 2 4.22 0.86 2.64

Cross validation

ge (nm) DTe SCMf Termsg SECVh R2cvi RPDj

1,4,4,1 NSVDk 4 0.98 0.95 4.57
1,4,4,1 DETl 3 1.57 0.90 3.15
1,4,4,1 Nonem 7 0.64 0.89 3.03
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all the nine calibration optimal equations exhibited much high R2

(0.81–0.99), R2cv (0.77–0.98), and RPD (2.07–7.45) values, with rel-
atively low SECV values. Hence, the NIRS models could be powerful
for sufficient and accurate predictions of stalk soluble sugars,
bagasse hydrolyzed sugars, total sugars and cell wall polymers in
sweet sorghum samples. To our knowledge, it was at the first time
to provide a platform for fast and simultaneous assay of multiple
traits/factors in sweet sorghum samples using NIRS, which should
be applicable for bioenergy sweet sorghum breeding and biofuel
process.

4. Conclusion

123 sweet sorghum accessions and 50 genetic mutants have
been examined with diverse stalk soluble sugars, bagasse enzy-
matic digestibility and cell wall compositions. Using the NIRS of
173 sweet sorghum samples, nine calibration optimal equations
have been generated with much high R2, R2cv, and RPD values
and relatively low SECV. Those equations could be applied for
simultaneously and rapidly predicting stalk soluble sugars, bagasse
hydrolyzed sugars, total sugars and cell wall polymers. Therefore,
the high-throughput NIRS models could offer the fast approach
for bioenergy sweet sorghum selection.
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