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ABSTRACT

This report describes a method to estimate the bulk deoxynivalenol
(DON) content of wheat grain samples with the single-kernel DON levels
estimated by a single-kernel near-infrared (SKNIR) system combined
with single-kernel weights. The described method estimated the bulk
DON levels in 90% of 160 grain samples to within 6.7 ppm of DON
when compared with the DON content determined with the gas chroma-
tography—mass spectrometry method. The single-kernel DON analysis
showed that the DON content among DON-containing kernels (DCKs)
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varied considerably. The analysis of the distribution of DON levels
among all kernels and among the DCKs of grain samples is helpful for
the in-depth evaluation of the effect of varieties or fungicides on
Fusarium head blight (FHB) reactions. The SKNIR DON analysis and
estimation of the single-kernel DON distribution patterns demonstrated in
this study may be helpful for wheat breeders to evaluate the FHB re-
sistance of varieties in relation to their resistance to the spread of the
disease and resistance to DON accumulation.

Fusarium head blight (FHB) of wheat is a destructive disease
caused by Fusarium graminearum and several other Fusarium
species (Parry et al 1995; McMullen et al 1997; Miedaner 1997;
Dill-Macky 2010). In addition to significant losses in grain yield
and quality, the trichothecene mycotoxins such as deoxyniva-
lenol (DON), produced by the Fusarium fungus in infected
wheat kernels, are a serious problem affecting grain marketabil-
ity and the safety of food and feed (Johnson et al 2001; Finamore
et al 2004). In terms of both economic and environmental points
of view, host resistance has long been considered the most practi-
cal and effective means of controlling FHB; such host resistance
to FHB in wheat is the result of several morphological and physi-
ological resistance mechanisms (Schroeder and Christensen
1963; Mesterhazy 1995).

In wheat breeding programs, it is necessary to evaluate numer-
ous wheat varieties for FHB resistance, and the assessment of
FHB resistance is based on the evaluation of such disease parame-
ters as the disease incidence, severity, percentage of Fusarium-
damaged kernels (FDKs), and DON levels in grains. In addition,
certain weighted indexes, including the FHB, ISK (incidence,
severity, and kernel damage), and DISK (DON, incidence, sever-
ity, and kernel damage) indexes, based on some of the above dis-
ease parameters, are also used (Gilbert and Woods 2006; Thomp-
son 2010). The ISK index uses a weighted mean with weights of
0.3, 0.3, and 0.4 for the incidence, severity, and kernel damage
measured as the % FDK, respectively, where ISK = [0.3 x in-
cidence (%)] + [0.3 x severity (%)] + [0.4 x FDK (%)]. DISK
uses a weighted mean with weights of 0.2, 0.2, 0.3, and 0.3 for
DON, incidence, severity, and kernel damage, respectively, where
DISK = [0.3 x DON (ppm)] + [0.2 x incidence (%)] + [0.2 x
severity (%)] + [0.3 x FDK (%)].

The FDK and DON levels in harvested grains are two im-
portant parameters often used to assess the FHB reaction of wheat
varieties and to assess the efficacy of fungicides to control FHB.
FDKs are usually visually estimated by trained personnel through
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the manual sorting and counting of sound kernels and FDKs. Bulk
or single-kernel DON levels are determined with standard labora-
tory methods such as gas chromatography—mass spectrometry
(GC-MS) and high-performance liquid chromatography (Mirocha
et al 1998; Koch 2004; Jiang et al 2006). However, the manual
sorting of FDKs is laborious and is subject to inconsistencies
because of intra-rater repeatability and inter-rater reliability, and
laboratory techniques for determining DON levels are time con-
suming, expensive, and destructive.

An automated single-kernel near-infrared (SKNIR) sorter has
been developed for the rapid, nondestructive, and objective evalu-
ation and sorting of single wheat kernels for a variety of quality
traits (Dowell et al 2006). Wegulo and Dowell (2008) compared
the capability of this SKNIR system to estimate FDKs with the
visual estimates assigned by experienced raters. Visual sorting
was found to be strongly correlated with SKNIR sorting; further-
more, the SKNIR system had a wider range of Fusarium-dam-
aged kernel detection and was more consistent.

Peiris et al (2010) used the SKNIR system to classify visually
sound kernels and FDKs with an accuracy of 98.8 and 99.9%,
respectively. The sound fraction had no or very little accumulation
of DON, whereas the FDK fraction was sorted into two-to-three
fractions with low to high DON levels, as confirmed by analyzing
the DON levels of the sorted fractions with a standard laboratory
method. Indeed, the sorting of grains into several fractions de-
pending on their DON levels provides more information com-
pared with techniques that estimate the DON concentration of
unsorted bulk samples. Thus, varieties that exhibit high DON
levels resulting from a small fraction of kernels with high DON
contents can be delineated from those that exhibit low DON con-
tents because of a high proportion of kernels with low DON lev-
els, allowing the identification of varieties that can produce a high
proportion of sound and low-DON kernels, regardless of the bulk
DON content.

Single-kernel analysis of the DON levels in a bulk grain sample
can offer more information on the distribution of DON levels
among the kernels in a grain sample, perhaps providing an indica-
tion of the underlying FHB resistance mechanisms. Here, we
describe a SKNIR spectroscopic method to estimate the bulk
DON content and analyze the single-kernel DON distribution
among kernels in grain samples for the comprehensive evaluation
and comparison of the effect of varieties and fungicides on FHB
reactions.

MATERIALS AND METHODS

Description of Samples. The grain samples for this study were
selected from scab nursery trials grown in 2009-2010 (2010) and
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2010-2011 (2011) under heavy disease pressure to test several
wheat cultivars and fungicides for FHB control. These grain sam-
ples consisted of wheat cultivars Art, Everest, Fuller, Heyne, Karl
92, Overley, Roane, Santa Fe, Truman, and Tomahawk grown
with or without Prosaro fungicide applications. Only eight culti-
vars were evaluated in each year; cultivars Roane and Truman in
the 2010 trial were replaced by cultivars Art and Santa Fe in
2011. Prosaro 421 SC fungicide was applied at 6.5 fl oz/ac at the
fully headed growth stage. Nested within this experiment, Ca-
ramba, Prolene, Topguard, and Folicar fungicides were also tested
with application rates of 13.5, 5.0, 14.0, and 4.0 fl oz/ac, respec-
tively, using cultivar Fuller. Each of these 20 cultivar x fungicide
treatment combinations had four replicate plots in the field. The
disease pressure was achieved by applying a corn spawn inocu-
lum of the Z-3639 (NRRL 29214) isolate of F. graminearum to
the soil (65 g/m?). The spawn produced fungal perithecia, which
released ascospores during wheat heading. The infections were
enhanced by running overhead impulse sprinklers for 3 min every
hour from 9:00 p.m. through 6:00 a.m. during the grain-filling
stage. The plots were harvested with a plot combine. All of the
160 grain samples were used for the development of the method
for estimation of the bulk DON content of grain samples. The
distribution of the single-kernel DON levels in wheat cultivars
grown with or without Prosaro fungicide was demonstrated using
two selected wheat cultivars (moderately FHB-resistant Everest
and FHB-susceptible Tomahawk).

DON Predictions. A subsample of approximately 100 g was
drawn from the harvested grains of each plot and cleaned to re-
move the chaff and other debris in addition to scabby kernels.
Approximately 50 g of kernels from the cleaned sample was

TABLE I
Deoxynivalenol (DON) Concentration Determined by the Single-Kernel
NIR Method (SK DON) and Standard GC-MS Method (Lab DON)?

SK DON Lab DON

Year Cultivar Fungicide (ppm) (ppm)
2010 Everest 6.3+1.1 35104
Tomahawk 29.8+5.7 139+ 14
Everest Prosaro 55+1.0 3.8+0.3
Tomahawk Prosaro 17.7+£2.6 11.8+£0.5
2011 Everest 1.5+1.2 1.8+0.2
Tomahawk . 3.8+0.7 94+1.1
Everest Prosaro 0.6+0.3 2.0+0.3
Tomahawk Prosaro 1.8+£0.2 6.2+04

4 Wheat was grown with or without the application of fungicide. The DON
values are the mean of four 500-kernel samples * standard error.
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Fig. 1. Relationship between the single-kernel NIR-estimated bulk deoxyni-
valenol (DON) level and DON determined by the standard GC-MS method.
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loaded into the SKNIR grain feeder, which was programmed to
estimate the single-kernel DON levels in 500 kernels using the
calibration developed to estimate the DON concentration in single
wheat kernels (Peiris et al 2010). This single-kernel DON calibra-
tion (R* = 0.72; standard error of cross-validation = 154.2 ppm
with 5 PLS factors) could successfully separate kernels with low
DON concentration (<60 ppm) from kernels with high DON con-
centration (>60 ppm) with 95.7 and 96.7% accuracy, respectively.
Single-kernel DON levels of the high-DON fraction (>60 ppm)
were estimated with R? = 0.87 and a standard error of prediction
(SEP) of 60.8 ppm.

The 500 kernels were sorted into four groups based on the esti-
mated DON value: kernels with nondetectable DON levels were
sorted into bin 1, whereas those kernels having <60 ppm, 60—-160
ppm, and >160 ppm estimated DON were sorted into bins 2, 3,
and 4, respectively. The kernels sorted into bins 2—4 were re-
garded as DON-containing kernels (DCKs). The number of ker-
nels and total weight of kernels sorted into each bin were re-
corded. The SKNIR-estimated bulk DON level of the 500-kernel
samples was determined with the following equation:

SKDON (ppm) x SKW (g)
TKW (g)

DON (ppm) =)

where SKDON is the SKNIR-predicted single-kernel DON value,
SKW is the single-kernel weight, and TKW is the total kernel
weight of the 500 kernels from each grain sample. The average
weight of the kernels in each bin was used as the single-kernel
weight for all the kernels in the respective bin. To evaluate the
performance of this SKNIR bulk DON estimation method, the
SKNIR-estimated bulk DON values of 160 wheat kernel samples
representing the 10 wheat cultivars were compared with the DON
values of representative samples estimated with a GC-MS labora-
tory method.

Two-sample ¢ tests assuming unequal variances were performed
on the % DCK and average DON values of grain samples of culti-
vars Everest and Tomahawk grown with or without fungicide
applications in 2010 and 2011 to test the statistical significance of
the mean DON level differences between the two cultivars, grow-
ing seasons, and fungicide treatment within the cultivars.

Estimates of Sampling Error. Using the same sort setting as
described earlier, another 3,000 kernels were sorted from a sam-
ple that had a DON value of 8.0 ppm as determined by GC-MS.
From these 3,000 kernels, 500-kernel samples were randomly
selected 60 times, and the % DCK and bulk DON values of those
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Fig. 2. The absolute difference between the single-kernel NIR deoxyni-
valenol (DON) and GC-MS-determined DON levels of 160 grain samples.



samples were computed to estimate the sampling error associated
when using 500-kernel samples for DON estimation.

DON Distributions. The distribution of the SKNIR-estimated
single-kernel DON levels between the cultivars and fungicide
treatments was also compared. The single-kernel DON distribu-
tion among the kernels in the grain samples was compared by
plotting the DON content against percentage of kernels. A total of
100 DCKs were randomly selected from Everest and Tomahawk
cultivars grown without fungicide application, and the DON con-
tents of these selected DCKs were sorted from high to low and
plotted against the kernel number to demonstrate the comparison
of the DON distribution among the DCKs of the two cultivars.

Cultivars Everest and Roane, which had the same bulk DON
(4.7 ppm) and DCK (6.0%) levels, were used to demonstrate the
different modes of bulk DON accumulation in relation to the sin-
gle-kernel DON distribution pattern between the two grain sam-
ples. The kernel weight and DON level data of the 500-kernel
samples were sorted from the lowest to highest DON levels. Start-
ing from the sound kernels with no detectable DON, the bulk
DON values were estimated using the cumulative weight and
cumulative DON content as each DCK with the lowest to highest
DON content was added.

RESULTS AND DISCUSSION

SKNIR Method for the Estimation of Bulk DON. The bulk
DON values of wheat cultivars Everest and Tomahawk grown
with or without fungicide in two growing seasons are presented in
Table 1. Overall, the DON values determined with the standard
laboratory method were higher in 2010 (8.3 ppm) than in 2011
(4.8 ppm) (P value = 0.0162). The susceptible cultivar Tomahawk
had a higher overall DON value of 10.3 ppm compared with a
mean DON content of 2.8 ppm in Everest (P value < 0.0001).
Fungicide application reduced the mean DON content in the Toma-
hawk grains from 11.7 to 9.0 ppm; however, the reduction in the
DON content was only significant at o = 0.10 (P value = 0.0604).
There was no significant difference in the mean DON levels of
Everest with regard to the fungicide treatment (P value = 0.3038).
This pattern of DON variation between the years, cultivars, and
fungicide treatments was the same when the sample DON levels
were estimated with the SKNIR method. The high DON content
in 2010 may be because of the prevalence of more favorable cli-
matic conditions for the spread of the disease. In Kansas, severe
FHB occurrence was reported in 2010, although the FHB losses
were very low in 2011 (Lilleboe 2010, 2011). The Everest cultivar
is more resistant to FHB compared with Tomahawk, as shown by
the lower DON levels when grown under the same conditions.

The feasibility of the SKNIR method to estimate the bulk DON
content was further evaluated by comparing the SKNIR-estimated
DON content in 160 bulk kernel samples with the DON levels of
representative subsamples determined with the standard GC-MS
method. The SKNIR method predicted the bulk DON content
with a root mean squared error of prediction (RMSEP) = 4.98
ppm, bias = —1.04 ppm, and R = 0.35 (P < 0.0001). The removal
of five outliers reduced RMSEP to 3.69 ppm with bias = —1.62
ppm and R? = 0.43 (P < 0.0001) (Fig. 1). The absolute difference
of the SKNIR-estimated and lab-determined DON values of 160
samples were plotted against the percentage of samples. The
SKNIR method estimated the DON levels of 90% of the samples
within 6.7 ppm of DON (Fig. 2).

Sampling error is a reason for the observed differences between
the SKNIR-estimated and lab-determined bulk DON contents. To
assess the sampling error in the SKNIR bulk DON estimation
when using 500 kernels per sample, 3,000 kernels from a sample
with a lab-determined DON value of 8.0 ppm were sorted; from
this, 50 random 500-kernel samples were selected, and the DON
values were computed. The estimated DON values ranged from
5.4 to 15.8 ppm, with a mean of 9.7 ppm and standard deviation

of 1.7 ppm. The 3,000-kernel sample had 13.7% DCKs, whereas
the DCKSs in the 50 randomly selected 500-kernel samples varied
from 10.6 to 16.4%. When the grain samples with low FHB dam-
age were used for the analysis, the probability that the % FDK
and DON-level distribution within the FDKs was exactly repre-
sented in the 500-kernel sample was low compared with a sample
with more extensive FHB damage. This result may be the reason
for the high variability observed in the SKNIR-estimated DON
levels when the sample DON level is low (Fig. 1); such variability
could be expected to be lower if the number of kernels per sample
is further increased.
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Fig. 3. Single-kernel deoxynivalenol level distribution in the harvested
grains of the susceptible cultivar Tomahawk (T) and the resistant cultivar

Everest (E) with Prosaro fungicide (P) or without it (C) in the 2010 (10)
and 2011 (11) seasons.
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In addition, the use of the average weight of the kernels in each
bin as the individual single-kernel weight for the kernels in the
respective bins can also add an error to the DON estimation. The
SKNIR system does not have the capability of recording the
weight of individual kernels as the kernels are sorted. Therefore,
the addition of a weighing device for recording single-kernel
weights may be helpful to improve the capacity of the system to
estimate DON with less error. Therefore, it can be reasonably
expected that the use of individual kernel weights and an increase
in the sample size may further improve the ability of SKNIR to
predict sample DON levels with less error. This possibility war-
rants further testing.

Distribution of DON Levels Among Single Kernels in Grain
Samples. The ability of the SKNIR system to predict DON levels
rapidly and nondestructively makes it possible to examine how
single-kernel DON levels vary among the kernels within a sam-
ple.

The single-kernel DON levels data were sorted from high to
low and plotted against the percentage of kernels in the sample.
These figures show the DON level of single kernels against kernel
count and illustrate DON accumulation patterns as well as DON
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Fig. 4. Single-kernel deoxynivalenol level distribution in the harvested
grains of the control (C) and Prosaro fungicide-treated (P) wheat cultivars
Tomahawk (T) and Everest (E) in the 2010 (10) and 2011 (11) seasons.
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spread among kernels in grain samples, which could be used to
visualize and compare the effect of cultivars or fungicides on
FHB. The effects of the cultivar on the distribution of the single-
kernel DON levels of harvested grains when grown with or with-
out fungicide application in two seasons are shown in Figure 3.
The overall DON levels and DCKs were lower in 2011 compared
with 2010. However, Everest contained a lower percentage of
DCKs than Tomahawk in both seasons, regardless of whether the
plants were grown with or without fungicide application. In 2010,
Everest and Tomahawk had 6.4 and 32.3% DCKs, which was
reduced to 5.7 and 19.6%, respectively, when the plants were
grown with fungicide application. A similar pattern of DCKs was
observed between the two varieties in 2011, although the overall
DCKs were lower. The lower DCK level consistently found in
Everest may be because of this cultivar having a higher type II
resistance (resistance to fungal spread within the head) compared
with Tomahawk.

The effect of fungicide application on the distribution of the
single-kernel DON levels of the harvested grains of the two culti-
vars in the two seasons is shown in Figure 4. The application of
fungicide in 2010 significantly reduced the DCKs in Tomahawk
from 32.3 to 19.6% (P value = 0.0294), whereas the change in
Everest from 6.4 to 5.7% was not significant (P value = 0.2907)
(Fig. 4). Fungicide application in 2011 also significantly reduced
the DCKs in Tomahawk from 7.0 to 4.0% (P value = 0.0182),
whereas the reduction in DCKs from 1.8 to 1.4% for Everest was
not significant (P value = 0.3147). These results show that appli-
cation of fungicide reduced the DON levels in the harvested
grains of Tomahawk by reducing the percentage of DCKs. The
application of fungicide significantly reduced the DCK levels in
the FHB-susceptible cultivar Tomahawk in both years, irrespec-
tive of the disease pressure.

These results showed that DON is not equally distributed
among all the kernels in a sample. Indeed, only a certain propor-
tion of kernels in an FHB-infected grain sample contain DON.
Moreover, the DON levels also vary among DCKs. Thus, the eval-
uation of the DON distribution among DCKs is also important
because varieties that accumulate higher DON levels owing to a
small fraction of DCKs that contain higher DON levels, most
likely because of an inability of the variety to metabolize and
detoxify DON, could be identified.

Distribution of DON Levels Among DCKs. The distribution
of the DON content among the DCKs of Tomahawk and Everest
was compared by analyzing the distribution of the SKNIR-pre-
dicted DON contents in 100 randomly selected DCKs (Fig. 5).
DCKs were selected from the harvested grains of the two varieties

Everest

= = = Tomahawk

DON (ug/kernel)

Kernel

Fig. 5. Distribution of the deoxynivalenol (DON) levels in 100 DON-
containing kernels of cultivars Tomahawk and Everest grown in 2010
without fungicide application.



grown under controlled conditions without fungicide application
in 2010, and the pattern of variation of the DON content among
the kernels was different for the two varieties. Approximately
80% of the DCKs of both varieties contained DON contents less
than 5 pg/kernel. However, the remaining 20% of Everest DCKs
had higher DON levels compared with Tomahawk, which may be
because these kernels were from spikelets closer to the points of
initial infection. Peiris et al (2011) measured the single-kernel
DON levels in the kernels of artificially inoculated spikes of two
wheat varieties and showed that the kernels closer to the point of
inoculation had higher DON levels, whereas the DON levels grad-
ually decreased in the kernels that were increasingly distal to the
point of inoculation. Significant differences were also found in
the magnitude of the single-kernel DON levels between the two
varieties grown under similar greenhouse environments and inoc-
ulated with the same strain of F. graminearum, results that were
most likely because of differences in mycotoxin detoxification
ability. Some studies have indicated that wheat varieties show
differences in their ability to detoxify DON (Lemmens et al 2005;
Sneller et al 2012), and it appears that Tomahawk may be able to
resist DON accumulation better compared with Everest. Addition-
ally, Tomahawk may be more efficient than Everest at detoxifying
accumulated DON.

Contribution of DCKs to the Accumulation of Bulk DON in
Grain Samples. When the DON content and weight of individual
single kernels within a grain sample are known, two wheat varie-
ties having the same DCK and bulk DON contents can be differ-
entiated by examining how the DON levels are distributed among
the DCKs and how those DCKSs contribute to the accumulation of
DON levels in the bulk sample. Using two 500-kernel samples
from Everest and Roane varieties, both of which had 4.7 ppm
DON and 6.0% DCKs, we assessed the cumulative bulk DON
levels of the samples as influenced by the DCKs with lowest to
highest DON contents, as shown in Figure 6. By sorting the
DCKSs from lowest to highest DON levels, the cumulative bulk
DON contents of two samples will increase in two different ways,
as shown in Figure 6. This result shows that, if 2% of the kernels
with the highest DON contents were removed from the samples,
the bulk DON levels of Everest and Roane would be approxi-
mately 1.2 and 1.5 ppm, respectively. Similarly, to obtain a final
bulk DON value of 1.0 ppm in the harvested grains by removing
the kernels with the highest DON content, it would be necessary
to remove approximately 2.8% of the kernels with the highest
DON levels from Roane, whereas only approximately 2.4% of the
kernels would need to be removed from the Everest sample. Thus,

Everest

- = =Roane

Bulk DON (ppm)

94 96 98 100

% Kernels
Fig. 6. Change in the cumulative bulk deoxynivalenol (DON) content of
two wheat cultivars with 6.0% DON-containing kernels (DCKs) and 4.7

ppm DON as the DCKs with the lowest to highest DON contents are
added to sound kernels in each sample.

it appears that Everest has a higher resistance to DON accumula-
tion, such that a higher proportion of DCKs has a lower DON
content compared with Roane. This finding may be because of the
higher resistance of Everest to the accumulation of DON com-
pared with Roane. Sneller et al (2012) showed that a significant
genetic effect exists in wheat germplasm in terms of resistance to
toxin accumulation, and these authors suggested that there is a
need to understand this resistance to DON accumulation better
and to develop rapid screening methods to assess this trait. Ac-
cordingly, the single-kernel DON analysis of grain samples may
help to assess the resistance of wheat varieties for DON accumu-
lation.

CONCLUSIONS

Our results showed that the bulk DON levels of small kernel
samples can be estimated with the SKNIR method by evaluating
the weight and predicted DON levels of single kernels. The sin-
gle-kernel DON distribution among kernels can provide more
insight into how DCKs contribute to the final DON levels of har-
vested grains. Two samples having the same DCKs and bulk
DON levels can also be differentiated based on the DON distribu-
tion patterns among kernels, and the single-kernel DON distribu-
tion can be used to ascertain how variety resistance or fungicides
reduce DON in harvested grain samples. Study of the distribution
of single-kernel DON levels among kernels and among DCKs in a
grain sample may be useful to evaluate varieties for their re-
sistance to the spread of disease and their resistance to DON ac-
cumulation.
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