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Deoxynivalenol (DON; 12,13-epoxy-3,7,15-trihydroxy
trichothec-9-en-8-one; CAS no. 51481-10-8) is a trichothecene 
mycotoxin accumulated in wheat and other small cereal 
grains as a result of Fusarium head blight (FHB) caused by 
Fusarium graminearum (Gibberella zeae) or F. culmorum.1 
FHB causes yield loss by causing sterility in wheat heads or 
by producing kernels which are shrivelled and light in weight. 
These FHB-infected kernels or Fusarium-damaged kernels 
(FDKs) have a chalky white or pink colour and are often 
referred to as scabby or tombstone kernels. Further, FHB 
affects the quality of food, feed, malting and brewing products 

due to the presence of DON, which has been implicated in 
mycotoxicoses in both humans and farm animals.2 FHB inci-
dence has reached epidemic proportions in the USA and in 
many other wheat growing areas in the world.3,4 It has been 
estimated that the cumulative direct economic losses from 
FHB in wheat and barley in nine US wheat growing states 
were $2.5 billion from 1993 through to 2001. The combined 
direct and secondary economic losses for all the crops were 
estimated at $7.7 billion.5 Development of resistant culti-
vars is regarded as one of the most economical methods for 
controlling FHB damage in wheat.
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The near infrared (NIR) absorption spectra of deoxynivalenol (DON) and single wheat kernels with or without DON were examined. The 
NIR absorption spectra of 0.5–2000 ppm of DON in acetonitrile were recorded in the 350–2500 nm range. Second derivative processing 
of the NIR spectra and spectral subtractions showed DON absorption bands at 1408 nm, 1904 nm and 1919 nm. NIR spectra of sound and 
Fusarium-damaged kernels were also acquired using two instruments. Subtraction of average absorption spectra and second deriva-
tive spectra were evaluated to identify different NIR signatures of the two types of kernel. Differences in peak height and positions of 
the NIR absorption bands of the kernels were noted. At 1204 nm, 1365 nm and 1700 nm, the differences were in the heights of the absorp-
tion peaks. Such differences may be attributed to changes in the levels of grain food reserves such as starches, proteins and lipids and 
other structural compounds. Shifts in absorption peak positions between the two types of kernels were observed at 1425–1440 nm and 
1915–1930 nm. These differences may arise from other NIR active compounds, such as DON, which are not common for the two types of 
kernel. Since the NIR absorption of DON may have contributed to the shifts between sound and Fusarium-damaged kernels, this study 
indicates the potential for NIR spectrometry to evaluate Fusarium damage in single kernels based on the DON levels.
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Many analytical methods have been developed for the detec-
tion and quantification of DON and other trichothecenes in 
cereals, such as thin-layer chromatography, liquid, gas and 
supercritical fluid chromatography and immunochemical 
methods.2 Though quite accurate, these methods are expen-
sive, time-intensive and destructive to the sample. Evaluating 
the resistance of wheat breeding germplasm to FHB could 
be greatly expedited if breeders had access to rapid, non-
destructive methods for identifying FDKs and for estimating 
their DON levels. Non-destructive methods such as optical 
sorting,6 image-based machine vision7 and density separa-
tion techniques8 have been developed to identify FDKs of 
wheat to assess the damage caused by FHB disease. However, 
such methods are unable to detect FDKs based on their DON 
levels.

Fusarium-infected grains, including both FDKs and DON 
containing asymptomatic grains, have varying levels of DON 
in response to the FHB infection. The DON levels of FDKs 
depend on many factors such as the virulence of the strain of 
the Fusarium pathogen, resistance of the cultivar to FHB, the 
time of infection relative to the growth and developmental stage 
of the wheat head and the climatic conditions before and during 
the period of infection.9–13 Other fungi and insect damage can 
also cause scabby kernels that may not contain DON. Moreover, 
the presence of DON in asymptomatic kernels has also been 
reported,13–15 probably as a result of DON translocation within 
various tissues in the infected wheat head.16 This limits the 
feasibility of techniques such as colour sorting, machine vision 
or density separation to detect Fusarium-infected kernels that 
are asymptomatic or to differentiate scabby kernels without 
DON. When a large number of small samples are evaluated, 
rapid, single-kernel, non-destructive methods for detecting 
FDKs based on DON levels become very important. Rapid, 
single-kernel, near infrared spectrometric methods have been 
developed that can successfully identify FDKs and estimate 
their DON levels with a standard error of 44 ppm.17

Improvements to NIR spectrometric techniques may be real-
ised if DON has unique NIR spectral signatures and, hence, 
influences the NIR absorption of the FDKs. Ruan et al.18 demon-
strated that NIR absorbance is influenced by DON levels of 
grains and showed that NIR spectroscopy could be used to 
determine DON levels in barley using a neural network model.

There has been no attempt to study the NIR absorbance of 
DON in pure form and as a component in grains. Because this 
NIR absorption may be used to detect DON in FDKs and eval-
uate Fusarium damage based on DON levels, it is important to 
study these NIR absorption spectra. This manuscript presents 
a characterisation of the NIR absorption spectra of pure DON 
and sound and FDKs.

Materials and methods
NIR scanning of DON
The NIR spectra of DON were collected using an ASD 
QualitySpec Pro spectrometer (ASD Inc, Boulder, CO, USA). 

DON in pure crystalline form (Sigma Aldrich) was dissolved 
in acetonitrile (C2H3N) to prepare a 2000 ppm stock solu-
tion. It was serially diluted with acetonitrile to prepare 
a series of solutions ranging down to 0.5 ppm DON. The 
transmission spectra of these solutions were acquired in 
IR quartz cuvettes (10 mm path length) in the 350–2500 nm 
region. Three different spectra were collected for each DON 
concentration.

NIR scanning of sound and FDKs
The NIR spectra of wheat (Variety Wheaton) were collected 
using 15 kernels each of sound kernels and FDKs. The kernels 
were extracted from uninfected and artificially inoculated 
wheat heads. For artificial inoculation, the heads were inocu-
lated at anthesis by injecting a single central floret with 10 µL 
macroconidia (1 × 105 mL–1) of F. graminearum isolate Z-3639 
(USDA-ARS Culture Collection accession NRRL 29169) and 
covering with plastic bags for 48 h. From these wheat heads, 
previous unpublished single kernel DON measurements by 
gas chromatograpy-mass spectrometry showed that sound 
kernels from uninoculated healthy heads had non-detectable 
DON levels, but FDKs of the artificially inoculated wheat heads 
had DON levels ranging from 33–1008 ppm.

Wheat kernels were scanned using a single-kernel NIR 
(SKNIR) system (Perten Instruments, Stockholm, Sweden), 
which is used for automatic sorting of kernels and a high 
resolution VIS-NIR ASD QualitySpec Pro spectrometer. The 
SKNIR system coupled with a 256-element InGaAs detector 
with a resolution of 3.125 nm per diode scanned kernels in 
the 950–1650 nm range and recorded spectra in 5 nm intervals. 
The ASD QualitySpec Pro spectrometer with a spectral resolu-
tion of 3 nm at 700 nm and 10 nm at 1400 nm and 2100 nm had 
a scanning range of 350–2500 nm with a sampling interval 
of 1.4 nm for the 350–1000 nm region and 2 nm for the 1000–
2500 nm region and the associated spectral software inter-
polated the spectral data collected at 1 nm intervals. Data 
on each kernel were acquired twice in two different posi-
tions. The SKNIR system automatically feeds kernels into 
the viewing bucket and orients them by vibrating the kernels 
during manual mode scanning. For scanning with the ASD 
QualitySpec Pro spectrometer, kernels were manually posi-
tioned between the tip of the fibre-optic probe (ASD Chem 
Reflectance Probe/135320, ASD Inc, Boulder, CO, USA) and 
the Spectralon standard, spaced 8 mm apart and coupled to 
the irradiating/collecting points of the ASD spectrometer. The 
fibre-optic probe had 33 illuminating and 4 collecting 200 
micron core fibres.

Analysis of spectral data
The SKNIR scans were automatically saved as GRAMS/AI, 
Version 8.0 (Thermo Fisher Scientific, Waltham, MA, USA) .spc 
files. The ASD scans saved as .asd files were converted to .spc 
format using the RS3 (ASD Inc, Boulder, CO) and the GRAIMS/
AI software packages. Second derivative processing of the 
spectral data was carried out with the Savitsky–Golay proce-
dure of the GRAMS/AI software, which used a second-degree 
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polynomial with 15 data points to identify peak positions in the 
composite spectra.19

Results and discussion
NIR absorption of DON
The DON molecule (Figure 1) has a number of –OH, –C=O 
and –CH functional groups. The overtone frequencies of the 
stretching and bending vibrations of those functional groups 
fall in the NIR region. Therefore, the NIR transmission spectra 
of DON solutions were investigated to identify specific absorp-
tion bands. The absorbance spectra (in OD units) or log [1/T] 
spectra of solutions having 0.5 ppm to 2000 ppm of DON in 

acetonitrile are presented in Figure 2. There were no visible 
absorption bands in the spectral region below 1000 nm. The 
region after 2200 nm is also typically noisy because of the poor 
sensitivity of the sensor. Therefore, ASD spectrometer spectral 
data in figures are presented only between 1000–2100 nm. The 
strong absorption band with a peak around 1717 nm showed 
noise due to a high OD above 2.0. This strong absorption band 
was due to the –CH stretch first overtone of the –CH3 group of 
the acetonitrile molecule. 

Changes in NIR absorption due to differences in the DON 
concentration were subtly visible in the 1390–1440 nm and 
1880–1950 nm regions of the OD spectra (Figure 2). To amplify 
those differences, each spectrum was subtracted from the 
2000 ppm spectrum and the resulting difference spectra are 
presented in Figure 3. Tthese difference spectra clearly showed 
the position and strength of the NIR absorption bands of DON. 
The absorption band peaked at 1414 nm (Table 1) is prob-
ably due to the first overtone of –OH groups of DON while the 

~10-fold stronger band at 1906 nm may be due to the second 
overtone of –C=O and R–OH vibrations of the DON molecules. 
Second derivatives of the spectra were analysed to further 
resolve these two band positions. Spectral subtraction of the 
second derivative spectra identified three DON absorption 
bands with peaks at 1408 nm, 1904 nm and 1919 nm (Figure 4, 
Table 1). The band at 1408 nm may arise from the first overtone 
of the –OH and the two bands at 1904 and 1919 nm may be due 
to the second overtones of the –C=O group.20 These results 
indicate that DON has distinct NIR absorption bands.

NIR absorption of sound and FDKs
The average absorption spectra for the two types of kernel and 
the difference spectrum are shown in Figure 5. The difference 
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Figure 1. The structure of deoxynivalenol [(3",7")-3,7,15-trihydroxy-12,13-epoxytrichothec-9-en-8-one] 
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Figure 1. The structure of deoxynivalenol [(3a,7a)-3,7,15-
trihydroxy-12,13-epoxytrichothec-9-en-8-one]
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Figure 2.  ASD spectra of DON solutions from 0.5 -2000 ppm. Path length = 10 mm. 
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Figure 2. ASD spectra of DON solutions from 0.5 ppm to 2000 ppm. Path length = 10 mm.
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spectrum indicated two broad bands around 1205 nm and 
after 1400 nm. These bands were further resolved by exam-
ining second derivative spectra (Figure 6), which showed two 
clear absorption peaks at 1195 nm and 1425 nm. The band at 
1195 nm, which was found in both types of kernel, is in the CH 
second overtone region and may result from differences in the 
levels of stored food reserves such as carbohydrates, proteins 

and lipids. Fusarium infection depletes food reserves for fungal 
growth and the kernels shrink and become lighter.21,22 In the 
1400 nm region, the absorption band for sound kernels had 
its peak at 1430 nm while that of the FDKs was at 1445 nm. 
The difference peak was at 1425 nm. The higher wavelength 
position of the peak in the FDK spectra, relative to the sound 
kernels, may be due to the influence of DON found in FDKs.
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Figure 3. Difference spectra of 0.5 to 1000 ppm DON solutions with 2000 ppm spectrum. 
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Figure 3. Difference spectra of 0.5 ppm to 1000 ppm DON solutions with 2000 ppm spectrum.
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Figure 4. Difference second derivative spectra of 500, 1000 and 2000 ppm DON solutions with 0.5 ppm spectrum. 
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Figure 4. Difference second derivative spectra of 500 ppm, 1000 ppm and 2000 ppm DON solutions with 0.5 ppm spectrum.
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The NIR spectra of sound and FDKs collected with the ASD 
spectrometer were of kernels scanned in the 350–2500 nm 
range; however, the spectra are presented for the 1000–2100 nm 
range, since most of the clear absorption peaks are present 
within this range. The raw absorption spectra show a number 

of bands. The difference spectrum of the averaged spectra 
of sound kernels and FDKs (Figure 7) highlighted the bands 
with peaks around 1208 nm, 1440 nm, 1905 nm and 2001 nm 
(Table 1). The second derivative spectra (Figure 8) were used to 
resolve the absorption peaks of the sound kernels and FDKs. 
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Figure 5. Average SKNIR spectra of sound and fusarium damaged (scabby) kernels and the difference spectrum. 
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Figure 5. Average SKNIR spectra of sound and FDKs (scabby) and the difference spectrum.
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Figure 6. Average second derivative SKNIR spectra of sound and fusarium damaged (scabby) kernels and the difference spectrum. 
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Figure 6. Average second derivative SKNIR spectra of sound and FDKs (scabby) and the difference spectrum.
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Two types of kernel showed different patterns in NIR absorp-
tion spectra. The noise at 1000 nm and 1830 nm was due to the 
detector cut-off.

The second derivative spectra showed prominent absorp-
tion band peaks around 1204 nm, 1365 nm and 1700 nm for 
both sound kernels and FDKs with sound kernel peaks having 

higher intensity. These bands may be due to second overtone, 
combination and first overtone vibrations of –CH groups20 of 
the structural and food reserve components of grains, such 
as starch and other carbohydrates, lipids and proteins, which 
are present at different levels in FDKs and sound kernels. The 
absorption bands appearing at 1425 nm and 1915 nm in sound 

 8

 

 
 
Figure 7. Average ASD spectra of sound and fusarium damaged (scabby) kernels and the difference spectrum. 
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Figure 7. Average ASD spectra of sound kernels and FDKs (scabby) and the difference spectrum.
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Figure 8. Average second derivative ASD spectra of sound and fusarium damaged (scabby) kernels 
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Figure 8. Average second derivative ASD spectra of sound kernels and FDKs (scabby).
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kernels were shifted by approximately 15 nm in FDKs and 
positioned at 1440 nm and 1930 nm. It is probable that these 
shifts may be due to compounds that are not common to both 
types of kernel, such as DON.

The difference of the second derivative spectra of sound 
kernels and FDKs is presented in Figure 9. Notable difference 
bands were observed with peaks at 1202 nm, 1363 nm, 1420 nm, 
1698 nm and 1896 nm. The strongest difference bands, with 
peaks at 1420 nm and 1896 nm, may arise from the DON NIR 
absorption bands at 1408 nm, 1904 nm and 1919 nm (Table 1). 

The difference in spectral bands around 1200 nm and 
1420 nm (Figures 6 and 9) were common to spectra collected 
from both instruments. However, these results showed the 
ASD spectrometer can get high-resolution, noise-free spectra 
up to about 2000 nm, which includes the strong DON NIR 

absorption band at around 1900 nm. Therefore, extending 
the scanning range of the SKNIR spectrometer up to about 
2000 nm may improve the ability of the instrument to detect 
and sort FDKs 

Conclusions
The results obtained in these studies from the NIR absorp-
tion spectra of sound kernels and FDKs and DON showed 
that DON has distinct peaks in the NIR region. The NIR 
absorption differences between the sound kernels and 
FDKs may arise, in part, due to differences in DON levels of 
the grains. Thus, NIR spectrometry could be used as a rapid, 
non-destructive, single-kernel technique to evaluate grain 
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Figure 9. The difference spectrum between average second derivative spectra of sound and fusarium damaged (scabby) kernels. 
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Figure 9. The difference spectrum between average second derivative spectra of sound kernels and FDKs (scabby).

Instrument Sample spectra Wavelength (nm)

ASD Spectrometer DON , OD 1414, 1906

ASD Spectrometer DON, 2nd derivative 1408, 1904, 1919

SKNIR FDKs, OD 1205, 1400(broad peaks)

SKNIR FDKs, 2nd derivative 1195, 1425

ASD Spectrometer FDKs, OD 1208, 1440, 1905, 2001

ASD Spectrometer FDKs, 2nd derivative 1204, 1365, 1700

Table 1. Summary of wavelengths associated with near infrared absorption by FDKs and DON.
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samples of wheat germplasm for Fusarium damage based 
on their DON levels. Our future studies will use this tech-
nique to estimate the DON levels of FDKs. Our preliminary 
results indicated that NIR absorption spectra could esti-
mate DON levels in kernels having more than 60 ppm DON. 
Further studies are necessary to lower the DON detection 
limits of this technique, especially to detect DON levels in 
Fusarium-infected asymptomatic kernels having significant 
DON levels. 
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