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Abstract: This study was conducted to investigate the feasibility of determining tannin content in sorghum grains with
near-infrared reflectance spectroscopy (NIRS). A total of 110 sorghum grain samples were collected. The data matrix of the
pretreated NIRS was randomly divided into a calibration set (Nc=77 samples) and a prediction set (Np=33 samples). The
analysis of tannin content was based on the colorimetric method of GBT 15686-2008. Diffuse reflectance spectra of 110 sorghum
samples were generated on a Fourier-transform NIRS with a scanning range of 12800-4000 cm™ and resolution of 16 cm™ and 64
scans. Several spectra pretreatment methods were compared to for an optimum spectral pretreatment method. The optimal model
was determined according to coefficient of determination for calibration (RZCAL), root mean standard error of calibration
(RMSEca1), coefficient of determination for cross-validation (RZCV), root mean standard error of cross-validation (RMSEcy) and
the residual predictive deviation (RPD). The results showed that the tannin content of the sorghum grains ranged from 0.01% to
2.12% DM with the average of 0.58%, and first derivative was the optimal spectral pretreatment with the lowest RMSEy of
0.14. The absorption peaks of the optimal model mainly located at 9402-7492 cm™ and 5452-4244 cm™. The RPD of calibration,
cross-validation and external validation were 6.22, 4.22 and 3.0, respectively. The findings suggest that the established model
using NIRS is effective to quantify tannin content in sorghum grains rapidly.
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attributes, nutrient value and health potential, sorghum has
attracted increasing attention from academia and industries in
the past decades. As well, it has been used as feedstuff in
livestock production with the advantages of high energy value
and relatively low price [4-6]. However, the intrinsic tannin in
sorghum grains acts as a double-edged sword in animal
nutrition, i.e., a proper dose of dietary tannin would exert a
positive effect on animal health and production, whereas
exceeding dose may cause certain deleterious effects such as
reduced feed intake, nutrient digestibility, growth
performance and poor gastrointestinal health, acting as an
antinutritional factor [7]. Thus, to optimize the utilization of
sorghum in animal production, there is a need for a precise

1. Introduction

Sorghum is one of the leading cereal crops worldwide and
ranks the fifth highest production of the cereal crops,
following maize, wheat, rice, and barley, with 57.6 million
tons of annual production globally in 2017 [1]. Sorghum is
well known for its outstanding agronomic performance with
great adaptability to a variety of environments and has been
widely cultivated in tropical and subtropical regions for
food/feed production or industrial feedstock [2]. Sorghum
grain is high in starch content and is a rich source of nutrients
and bioactive compounds such as phenolic acids, flavonoids,
and tannins [2, 3]. Because of the superior agronomic
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measurement of tannin content which largely depends on
variety, agronomic and climate conditions [8].

Tannin content has been determined by standard
wet-chemical methods such as Chlorox bleach test,
vanillin-HCI colorimetric assay and normal-phase HPLC with
fluorescence detection, which are time and effort consuming,
costly and destructive [8]. Notably, due to the exploding
sample size and the need of on-line decision making in
modern production, a faster and easier method for tannin
determination is imperative. Of the alternatives, spectroscopic
techniques might provide a faster, non-invasive measurement
based on the interaction of light and chemical groups. For
example, near-infrared reflectance spectroscopy (NIRS) is
based on the unique near-infrared absorption properties of
different chemical groups in organic compounds [9, 10]. It has
been used as a rapid and cost-effective method for the
qualitative and quantitative analyses in various industries [11,
12]. Incorporation of NIRS and chemometric techniques has
given birth of numerous models for rapid analysis of chemical
composition (protein, fiber, oil, minerals, etc.) or structure
(texture) of a variety of materials, such as soil, forage, fruits [9,
13]. Dykes et al. [14] reported the possibility of using NIRS to
rapidly and non-destructively predict the concentration of
condensed tannins in whole grain sorghum. Factors like
weather condition and nutrient supply also affect the tannin
profile in sorghum grain, so more research is needed to prove
the feasibility of NIRS in quantifying tannin content.

The present study compared eight spectral pretreatment
methods and established a calibration model for quantitative
analysis of tannin in sorghum grain using NIRS method. The
model would facilitate the on-line decision making in
sorghum production.

2. Materials and Methods

2.1. Sampling and Pretreatment

A total of 110 sorghum grain samples collected from China,
USA and Brazil were ground (1.0 mm sieve) with a pulverizer
(Retsch ZM200, Germany). The powdered samples were kept
in sealed plastic bags (85 x 60 mm) and stored in a dry, dark
place. To evaluate the performance of the calibration models,
the data matrix of the pretreated NIR spectra (N=110 samples)
was randomly divided into a calibration set (Nc=77 samples)
and a prediction set (Np=33 samples), with the tannin values
in the range of the calibration set.

2.2. Analysis of Tannin Content in Wet Chemical Method

The analysis of tannin content was based on the
colorimetric method of GBT 15686-2008 [15]. In brief,
sample (1 g) extracted with 20 mL of 75% dimethylformamide
solution was centrifuged, and the supernatant was mixed with
ammonia solution (8 g/L) and ammonium ferric citrate (3.5
g/L). The absorption was read on 525 nm and Tannic acid
(Merck 773) was used as a standard. Samples were measured
in triplicate.

2.3. Spectral Scanning

A Bruker Tang-R near infrared spectrometer (Bruker,
Karlsruhe, Germany) was used to acquire NIR spectra in
reflectance mode. All the samples were successively subjected
to spectral scanning in the sample cup (diameter: 75 mm).
Spectra were scanned at 12800-4000 cm™ with a resolution of
4 cm™ and 64 scans per sample. Each sample was measured
four times and the mean was used for multivariate analysis.

2.4. Calibration Model Establishment and Validation

Spectral data were analyzed using OPUS 7.5 software.
Potential outliers were checked by applying principal
component analysis and Hotelling’s T-squared statistic. Eight
mathematical spectral pre-processing methods were compared,
including  Vector normalization, minimum-maximum
normalization, first derivative, second derivative, multivariate
scattering correction, first derivative + minus a straight line,
first derivative + vector normalization and first derivative +
multivariate scattering correction. In order to avoid
over-fitting, partial least squares (PLS) method combined with
full cross-validation was used to develop the calibration model.
The optimal model was determined according to coefficient of
determination for calibration (ch AL), TOOt mean standard error
of calibration (RMSEc,1), coefficient of determination for
cross-validation (RZCV), root mean standard error of
cross-validation (RMSEcy) and the residual predictive
deviation (RPD), which was calculated by the standard
deviation (SD) of the measured composition divided by
RMSEC\/, i.e., RPD:SD/RMSECV

Besides the internal cross-validation, external validation
was further conducted. The best models obtained for the
calibration set were tested using 33 samples of the prediction
set randomly selected from 110 samples. The prediction
power was evaluated based on coefficient of determination for
validation (R%ya;) and root mean standard error of prediction
(RMSEP). All the procedures were performed according to
the method outlined by Zhang et al [16].

3. Results and Discussion
3.1. Analyzed Value of Tannin Content in Sorghum Grain

As illustrated in Figure 1, tannin content of the sorghum
grains used in the present study ranged from 0.01% to 2.12%
DM with the mean of 0.58% DM (SD=0.06). The distribution
of tannin contents of the samples exhibited a normal pattern
with the most frequent zone of 0.28%-0.35% DM accounting
for 40.17% of the sample population, followed by the zones
of 0.35%-0.43% DM and 0.21%-0.28% DM. The results of
Zhang et al. [16] investigating the tannin content of 90
sorghum germplasm resources showed that the range of
tannin content was 0.05%-1.35% DM with an average of
0.58% DM. Similarly, the study of Mu et al. [17] revealed
that the average tannin content of 17 sorghum varieties was
0.72% DM with a distribution range of 0.08%-1.26%. These
findings suggested that our samples cover a full range of
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Figure 1. The distribution of tannin content in sorghum grain samples.
=
s \
o L]
W 3
B a
~
g G
pi ™
< “~a
gk
a
o
=4
3
o
12000 11000 10000 9000 8000 7000 6000 5000 4000
Wavelength/cm!

Figure 2. Raw near-infrared reflectance spectra of sorghum grain.
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Figure 3. First derivative pretreated NIR spectra of sorghum grain.
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The original NIR spectra of the 110 sorghum grain
samples were similar (Figure 2). In general, the absorption
values of the NIR spectra of sorghum grain remained around
0.200 in the wavenumber of 12800-7500 cm™ and then
progressively enhanced in the range of 7500-4000 cm™ with
several absorption peaks high up to 0.800 of absorption.
These spectra are generally known to consist of many
overlapping narrow bands of different vibrational modes for
various of functional groups. Thus, the spectra need to be
pretreated for establishing a model. For example, first
derivative is useful in resolving overlapping bands and
minimizing the effect of particle size. Savitzky-Golay
smoothing can wipe out high frequency information and
enhance the ratio of signal to noise. Standard normal variate
can reduce spectral and particle size variability [9, 18]. In the

0.200

00

Absorbance

present study, eight pretreatments including vector
normalization, minimum-maximum normalization, first
derivative, second derivative, multivariate scattering
correction, first derivative + minus a straight line, first
derivative + vector normalization and first derivative +
multivariate scattering correction, were applied to process the
spectra. Compared with Figure 1, the spectra appeared more
informative and distinctive (Figure 3 and Figure 4). Hence,
these processing enhanced the resolution and improved NIRS
prediction power owing to the reduction of multi-collinearity
and baseline shift. Relatively, first derivative was the best
spectrum pretreatment method with a lowest RMSEcy of
0.14. Thus, first derivative pretreated spectra were further
used to build up calibration model, with apparent absorption
peaks locating in 9402-7492 cm™ and 5452-4244 cm™.
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Figure 4. First derivative + vector normalization pretreated NIR spectra of sorghum grain.

3.3. Establishment of Calibration Model and Its Evaluation

The performance of the calibration models was evaluated
using coefficient of determination for calibration (RZCAL),
root mean standard error of calibration (RMSEc,y),
coefficient of determination for cross-validation (RZCV),
root mean standard error of cross-validation (RMSEcy) and
the residual predictive deviation (RPD). The performance
of our calibration model with the best spectrum
pretreatment method (first derivative) was represented in
Table 1, Figure 5 and Figure 6. The chv of calibration,
cross-validation and external validation was 97.50, 94.37
and 88.86 along with the RMSEcy of 0.09, 0.13 and 0.18,
respectively. Generally, an optimal model is indicated by
high R* and RDP, low RMSEc,, and RMSEcy values. In
fact, NIRS 1is very difficult to attain the regression
relationship and repeatability as well as those of the wet
chemical measurement (R* > 0.99), especially when the
model is adaptable to a wide range of samples with different

characteristics influenced by various factors. Practically,
the thumb rule is that RPD values > 10 are considered
equivalent effectiveness to the reference method, whereas
RPD values < 2.5 indicate that NIRS is not suitable for the
quantitative determination of the components [9]. For the
present study, the RPD values of the best model were > 3.0
(Table 1), implying that the model is effective for the
analytical purposes. The performance of the model is owed
to the wide range of tannin content and the optimization of
spectrum pretreatment as mentioned above. Taken together,
a rapid determination of tannin content in sorghum grain
using NIRS is feasible and effective.

Table 1. Optimization results for calibration model of tannin content in
sorghum grain.

Item R’ RMSE RPD
Calibration 97.50 0.09 6.33
Cross-validation 94.37 0.13 4.22
External validation 88.86 0.18 3.00
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Figure 5. NIRS predicted value VS analyzed value by calibration and cross-validation statistics.
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Figure 6. NIRS predicted value VS analyzed value by external validation statistics.

4. Conclusions

Chemical analysis showed that the tannin content of the
110 sorghum samples ranged 0.01%-2.12% DM, covering
almost of the reported tannin values in sorghum germplasms.
The comparison of various spectra pretreatment methods
revealed that first derivative was the optimal method for
processing sorghum spectra as the absorption peaks of the
optimal model mainly located in 9402-7492 cm™ and
5452-4244 cm’'. The residual predictive deviation (RPD)
values of calibration, cross-validation and external validation
were 6.22, 4.22 and 3.0, respectively, higher than the
threshold (RPD > 2.5) for the admission of quantitative
analysis. Therefore, the established model using NIRS is
effective to conduct rapid determination of tannin content in
sorghum grains, and our model would facilitate the on-line
decision making of sorghum quality.
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