Classification of Hard Red Wheat by Near-Infrared Diffuse Reflectance Spectroscopy
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ABSTRACT

Various forms of discriminant analysis models have been developed
and tested for distinguishing two classes of wheat—hard red winter and
hard red spring. Near-infrared diffuse reflectance (NIR) spectroscopy was
used to measure the intrinsic properties of ground samples of hard red
winter and spring wheats grown during the 1987, 1988, 1989, and 1990
crop years, of which 100 samples from each of the first three years formed
the calibration set for each model. Discriminant functions were developed
by using the following parameters: NIR-predicted protein content
(adjusted to 129 moisture), NIR-predicted hardness, NIR protein and
NIR hardness, and the scores from principal component analysis (PCA)
of full-range (1,100-2,498 nm) NIR spectra. Each function was tested
on 1,325 samples (excluded from training of the models) from the
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1987-1989 crop years and on 678 samples from the 1990 crop year, all
of known class. Model performance, expressed as the percent of misclassi-
fied samples for each year and class, was poorest for the one-parameter
models, which often had misclassification rates in excess of 25%. A five-
factor PCA model was the most accurate, with an average misclassification
rate of 5% for 1987, 1988, and 1989 samples. However, the misclassification
rate of the PCA model rose to 8% for the 1990 samples, suggesting that
model accuracy is reduced when samples grown during years excluded
from calibration, such as from a new year’s crop, are classified. Examina-
tion of the principal component factors indicates that hardness, protein
level, and the interaction of water with protein and other constituents
within wheat are responsible for correct NIR-based classification.

Wheat grown in the United States is divided into eight classes:
hard red winter (HRW), hard red spring (HRS), soft red winter
(SRW), durum, white (soft white winter [SWW] and club), hard
white winter (HWW), mixed, and unclassed. Wheat classification
is a component of the U.S. Standards and has traditionally been
determined according to kernel morphology (e.g., size, shape,
color, crease appearance). The price that wheat is traded in the
United States is customarily based on class. The cost also may
be a function of the protein content (adjusted to 12% moisture)
of a wheat lot. The U.S. wheat system is different from that
of Canada, Australia, and France in that wheat in the United
States usually is not segregated by cultivar (Office of Technology
Assessment 1989). Further, the class of wheat is often difficult
to track through the market system, particularly in the case of
the two dominant bread-making classes, HRW and HRS.
Historically, cereal lot uniformity was maintained by human
inspection of samples drawn from lots. Much of this success could
be attributed to the limited number of cultivars available and
to the inspector’s knowledge of the geographical origin of growth,
because classes generally were segregated by location. Typically,
fewer than 10 cultivars per class existed, allowing the inspector
to become familiar with each cultivar. Today, classification is
becoming increasingly more difficult because of the presence of
many more cultivars and the overlapping of growing regions.
Crossbreeding between cultivars belonging to two or more classes
is becoming increasingly prevalent. Of particular concern is the
discrimination between HRW and HRS wheats because these
are the two most common bread-making classes grown and traded
(domestic and export markets) in the United States, and their
morphological appearance is very similar.

Methods for objective classification include polyacrylamide gel
electrophoresis, reversed-phase high-performance liquid
chromatography, and digital image analysis of kernels. The first
two methods are widely used for the examination of wheat endo-
sperm proteins, and in addition to possessing the capability of
distinguishing varietal differences (Wrigley et al 1982, Bietz et
al 1984, Marchylo et al 1988), they have been used for classification
(Endo et al 1990a,b). When digital image analysis is applied to
intact kernels (Zayas et al 1985, 1986; Neuman 1987; Symons
and Fulcher 1988a,b; Chen et al 1989; Thomson and Pomeranz
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1991), size and shape differences among wheat classes are exploited
to distinguish wheat classes and varieties. Generally, several
geometric parameters are used in multivariate analysis models,
yielding classification rates more than 90% accurate. The disad-
vantages of the existing classification methods include the length
of time per analysis, the required level of operator skill, and the
equipment cost.

Relying on differences between the fluorescence properties of
the pericarp, aleurone, and endosperm and measuring protein
content and near-infrared reflectance (NIR) hardness, Irving et al
(1989) obtained near-perfect classification among five classes
(HRW, HRS, SRW, SWW, and durum) and one subclass (club)
of wheat. The authors noted that despite the high accuracy of
their models, the application of such instrumentation at inspection
sites was unlikely because of the complexity of the instrumentation
and analysis. However, because these properties are intrinsic to
the wheat kernel, and intrinsic properties (e.g., protein, moisture,
hardness) often are easily measurable through the use of NIR
spectroscopy, such instrumentation was used in the present study.
Classification by NIR spectroscopy stands as an attractive alter-
native to the other methods because this technique is well accepted
throughout the U.S. grain industry; some terminals, mills, and
bakeries already possess full-wavelength range NIR scanning
spectrophotometers. The objectives of this study were to examine
the ability to discriminate between the two wheat classes HRW
and HRS using one or both of the two parameters, NIR-predicted
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Fig. 1. Geographical origin (by state) of all wheat samples studied. HRS =
hard red spring wheat; HRW = hard red winter wheat. CO = Colorado,
KS = Kansas, MN = Minnesota, MT = Montana, ND = North Dakota,
NE = Nebraska, OK = Oklahoma, SD = South Dakota, and TX =
Texas.
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protein content and NIR hardness, and to examine the effective-
ness of principal component-based discriminant analysis applied
to full-range (1,100-2,500 nm) NIR spectra of HRW and HRS
wheat classes.

MATERIALS AND METHODS

Sample Collection

The samples examined in the study were those of the 1987-1990
annual crop surveys conducted by the Doty Laboratories (Kansas
City, MO) of U.S.-grown HRW and HRS wheats. The yearly
surveys are used for the purpose of gauging the general quality
of the wheat, and the information is sold to trading, milling,
and baking companies. The survey samples are a very good repre-
sentation of the level of quality of the HRW and HRS wheats
that are grown in the United States each year.

Each crop survey consisted of more than 600 samples of com-
mercial stock gathered from country elevators located in a nine-
state region of the central United States. Figure 1 contains a
summary of the geographical (i.e., state) origin by year of the
HRW and HRS classes used in the present study. The proportion
of spring to winter samples was approximately 1:2, with the
exception of the 1988 survey, in which the number of HRS samples
was small because of an insufficiency in material. Classification
was performed by Doty personnel at the time of sample collection.
Correctness of classification was verified with the 1987 samples
by the Federal Grain Inspection Service, Board of Appeals and
Review (FGIS-BAR), the official body for classification in the
United States. Discrepancies between the two sources of classi-
fication amounted to 23 of 718 samples (or 3%). The disputed
samples were excluded from model development. Because verifica-
tion by the FGIS-BAR was not performed on the remaining three
years of data, any of the classification models that have been
developed in the present study cannot be expected to attain perfect
classification.

Approximately 15 g of each sample was ground by a Udy
cyclone grinder (model 3010-018, Fort Collins, CO) equipped with
a 1-mm screen. From this, 3-5 g was loosely packed in a nylon
ring (38 mm i.d., 8 mm deep) and capped on one end with an
infrared transmitting quartz window 1.27 mm thick. Diffuse
reflectance readings, log(1/ R[A]), (700 readings in 2-nm incre-
ments at A = 1,100-2,498 nm) were collected with an NIR Systems
(Silver Spring, MD) model 6250 spectrophotometer. A ceramic
disk was used as the reflectance reference. Each sample’s spectrum
was the average of 50 repetitive scans.
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Fig. 2. Scatter plot of near-infrared reflectance (NIR) hardness vs. protein
content (12% moisture basis) of 100 randomly selected samples each of
hard red winter (HRW) and hard red spring (HRS) wheat from 1990.
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Protein Content and NIR Hardness Determinations

Generally, spring wheats tend to have a higher protein content
than do winter wheats. To some extent, the hardness of spring
wheats is also greater than winter wheats (Pomeranz et al 1988,
Delwiche 1991). These two observations serve as the starting point
for developing objective methods for distinguishing HRW from
HRS wheats. As an example, a scatter plot of NIR hardness
versus NIR protein content adjusted to 12% moisture basis (mb)
for a random selection of 100 samples each of 1990 HRW and
HRS wheat is shown in Figure 2. HRW samples tend to be
separated from HRS samples in both NIR hardness and NIR
protein content, thus forming two broad clusters. The degree to
which these clusters does not overlap has a direct bearing on
the ability of the discriminant functions that make use of hardness,
protein, or a combination of both to properly classify the wheat.

The protein content of each sample was determined from a
four-wavelength spectral model that is currently used by the FGIS
for official inspection. Drift in predictions due to year-to-year
changes in instrument settings and grinding was minimized by
standardizing the model against a set of wheat of known protein
content (as analyzed by Kjeldahl assays) and applying a slope
and bias adjustment to the model. The model for any given year
had the form

Protein (12% mb) =

+ log(1/R)s,180nm — 0.765 log(1/R)2 100nm (1)
o aq +‘ 0.0344 IOg(l/R)],g‘u)nm - 0.396 lOg(l/R)lﬁgo“m]

with the values for coefficients ay and a; obtained through stan-
dardization.

NIR hardness calculations were performed according to AACC
procedures (AACC 1986, Norris et al 1989). NIR hardness is
based on an empirical scale and generally ranges from about
10 (very soft) to 110 (very hard). The ability of NIR reflectance
spectroscopy to measure kernel hardness arises from the property
that differences in particle size distributions of ground wheat occur
among the various classes (Yamazaki 1972, Meppelink 1974,
Williams 1979, Wu et al 1990). Such differences affect the manner
in which NIR radiation impinging on the surface of ground wheat
becomes diffusely reflected. Radiation striking larger particles
becomes more highly absorbed than that striking the smaller
particles. Thus, class-specific particle size distributions of ground
wheat are measurable from the NIR spectra. Although the greatest
differences in hardness occur between soft and hard classes,
smaller differences also occur within the hard wheat classes, HRW
and HRS. Wu et al (1990) determined that HRS flours yield
a larger fraction of small (<15 um) particles than do HRW flours,
whereas the opposite trend occurs in the 24- to 30-um fraction.

Based on the AACC (1986) standard procedure, the NIR
spectrophotometer was standardized using a set of five soft and
five hard cultivars obtained from FGIS. For each year, five
subsamples per cultivar from the standardization set were ground
and scanned. Soft and hard cultivars were assigned the NIR
hardness values 25 and 75, respectively, as prescribed by the
AACC. Based on the spectra of each year’s standardization set,
a slope and bias correction was applied to the coefficients b,
and b; of the NIR hardness equation (equation 3 of Norris et al
1989)

Hardness = bo + bl[log(l/R)z,zgonm - 0745 lOg(l/R)xﬁgonm] (2)

The repeatability of the NIR hardness model, as measured by
the average of the standard deviations of the predicted NIR hard-
ness scores from each of the five-subsample cultivar groups, is
generally 3. .

Discriminant Analyses

Fifty samples from each of the two classes and from each of
the 1987, 1988, and 1989 surveys (for a total of 150 HRW and
150 HRS samples) formed the calibration (i.e., training) set. Each
50-sample group was representative (in terms of NIR protein






