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Regulatory agencies within the USDA have expressed an interest in
single kernel analysis of grain for determination of basic intrinsic properties
such as protein content. A study was undertaken to determine the feasi-
bility of measuring protein content of intact wheat kernels using near-
infrared transmittance spectrophotometry. Six wheat classes were
examined: hard red winter, hard red spring, hard white, soft red winter,
soft white, and durum. Five samples per class were used, with each sample
represented by 96 randomly drawn kernels. Within each class, single kernel
spectra (850-1,050 nm) were calibrated to single kernel protein content
using four samples; the remaining sample was set aside for model valida-
tion. The chemometric method of partial least squares (PLS) analysis
was used. For reference values, the protein content (N X 5.7) of each

The direct relationship between protein content in wheat and
the quality of flour for bakery products is well known (Wrigley
and Bietz 1988). Along with wheat hardness and class, protein
content is one of the most important factors for determining end
use. Often, trade premiums are offered on high protein wheats.
Until recently, nearly all grain quality analyses were performed
on samples consisting of hundreds, if not thousands, of kernels,
most often in ground form. In so doing, information was lost
on the characteristics of the individual kernel. With the imple-
mentation of the Grain Quality Improvement Act in 1986 (OTA
1989), in which grading tests were mandated to address end-use
quality, the USDA's Federal Grain Inspection Service (FGIS)
has been seeking new methods for grading. Ideally, these methods
should be fast, objective, capable of characterizing end-use func-
tionality, and in cases where mixture detection is important, cap-
able of operating on single kernels of grain. Plant breeders desire
new techniques for single kernel analyses (e.g., hardness, protein,
oil, moisture content, and viability) that are nondestructive in
order to circumvent the existing time-consuming and expensive
performance tests performed on new genetic lines.

Near-infrared (NIR) transmittance spectrophotometry is a pos-
sible means to meet these criteria in single kernel quality assess-
ment. Previous research has demonstrated the capability of this
instrumentation in the measurement of moisture in corn (Finney
and Norris 1978), moisture in soybeans (Lamb and Hurburgh
1991), oil in corn (Orman and Schumann 1992), and hardness
in wheat (Delwiche 1993). The present study explores the possi-
bility of using such technology to determine the overall protein
content of individual wheat kernels. The objective has been to
develop an NIR transmittance technique, with associated chemo-
metrics, that is capable of estimating single kernel protein content
for a given class of wheat. Six wheat classes were examined:
hard white wheat, hard red winter, hard red spring, soft red winter,
soft white wheat, and durum (HWW, HRW, HRS, SRW, SWW,
and DUR, respectively).
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kernel was measured by combustion. Typical model accuracies of r2 in
the range of 0.85-0.93 and standard errors of prediction of 0.4-0.9%
protein were determined on the validation sets. The number of PLS factors
required for optimal model performance ranged from 6 to 14, dependent
on wheat class and the type of mathematical transformation on the spectra
before modeling. Repeatability measurements on kernels that were
reloaded into the kernel clamp indicated that the variance of model-
determined protein content caused by kernel positioning was largest for
the smaller wheat kernels. Improvement in model performance could
probably be attained by the averaging of transmittances taken from several
positions on each kernel.

MATERIALS AND METHODS

Wheat
Wheat samples from the six classes were supplied by the FGIS

Technical Center in Kansas City, MO. These samples were drawn
from the protein standard reference stock that the Technical
Center distributes to the FGIS field offices for standardizing near-
infrared (formerly, ground-sample reflectance; currently, bulk-
sample transmittance) instruments. Each wheat class was repre-
sented by five samples (1-5) selected for a broad range in protein
content (Table I). Within a class, sample 1 had the lowest protein
content (with the exception of the SRW class, in which sample
2 had the lowest) and sample 5 had the highest. Samples were
grown in the geographical regions of the continental United States
that are typically attributed to each class (central for HRW and
HRS, eastern-central for SRW, northern-central for DUR,
western for HWW, and northwestern for SWW). All samples
were from the 1988-1992 harvests, with two classes (HWW and
SWW) containing samples from one year, two (HRS and SRW)
from two years, and two (HRW and DUR) from three years.
Generally, each sample was of one commercial variety, though
not specified. At the Kansas City depository, the entire contents
of each sample (typically several hundred kilograms) were
thoroughly mixed to ensure uniformity among subsamples. The
stock was kept in cold storage (0-5° C) by FGIS. Likewise, samples
were held at this temperature at the Beltsville, MD, laboratory
until the humidity conditioning process.

Nitrogen Analyzer
A nitrogen and food protein determinator (model FP428,

LECO, St. Joseph, MI) was used to determine the protein content
(N X 5.7) of individual wheat kernels. This system bases the deter-
mination of nitrogen on the thermal conductivity of the combus-
tion gases, having first removed water and carbon dioxide gases
and converted the oxides of nitrogen to pure nitrogen gas. High
purity ethylenediamine tetraacetic acid (nitrogen content 9.59%
by weight) was used to calibrate the analyzer. An electronic
balance with readability to 0.01 mg was used in conjunction with
the analyzer.

NIR Spectrophotometer
Single kernel transmittance spectra were collected on a compu-

terized Cary model 14 prism grating spectrophotometer. Each
kernel was individually placed in a spring clamp such that the
crease was facing the front of the clamp and the germ was always
on the same side of the clamp. Within the clamp, the kernel
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was sandwiched between opposing pieces of butyl rubber, which
formed an elliptical aperture that was approximately half the
cross-sectional area of a typical wheat kernel. Light from a
tungsten lamp (24 V DC, 150W) was chopped and then dispersed
by a prism and grating before being passed through a 1.7-mm
slit (6 nm nominal bandpass) and focused to a size (11 X 3 mm)
slightly larger than the clamp's aperture. A silicon detector
oriented normal to the path of incident light was positioned 10
mm from the far side of the kernel. These procedures are further
discussed and illustrated in Delwiche (1993).

Experimentation
For each sample, -30 g of seed was placed in a polystyrene

dish contained in a desiccator fixed at 53% rh (250C) (Greenspan
1977) by an aqueous solution of magnesium nitrate at saturation.
This humidity corresponded to an approximate moisture content
of 12% (wb) in wheat (ASAE 1983), which is commonly the basis
moisture content for trade in the United States. Samples were
allowed to equilibrate for at least three weeks before removal
from the desiccator.

At random, 96 kernels per sample were selected and individually

scanned in the spectrophotometer. Transmittance readings were
collected from 740 nm to 1,139 nm and recorded to RAM every
0.2 nm at a scan speed of 10 nm/sec. Each recorded value was
the average of 1,024 pairs of light and dark readings digitized
with a 16-bit analog-to-digital converter operating at 100 kHz.
Energy readings were referenced to corresponding wavelength
readings through a 0.5-mm thick Teflon sheet and metal screen
assembly with an average optical density of 1.3 A over the wave-
length region. A running mean smooth of 1-nm half-width was
performed on the values in RAM, whereupon every fifth value
was kept, converted to log(1/T), and stored on external disk.
Each stored spectrum consisted of 400 successive log(1 / T) values
in 1-nm increments. Upon scanning, each kernel was immediately
weighed to the nearest 0.01 mg. Because of the length of time
required for each scan (-3 min), each kernel was scanned only once.

For single kernel protein contents to be expressed on a constant
moisture basis, the dry weight of each kernel was determined
by oven drying at 1300C for 19 hr in accordance with standard
procedure (Hart et al 1959, ASAE 1983). Empty 9-mm bullet
casings (one per kernel) were used as drying containers; 9.52-mm
(3/8 in.) diameter ball bearings were placed on the casings before

TABLE I
Means and Standard Deviations (SD) for Single Wheat Kernels

Dry Kernel Weight (mg)

Mean SD

45.10
42.53
46.05
44.28
44.52
44.50

30.35
29.65
24.13
30.21
25.84
28.04

34.69
32.55
24.15
35.76
33.10
32.05

26.66
28.40
26.89
26.94
29.00
27.58

37.43
47.99
47.30
45.95
33.82
42.50

9.56
8.49
9.00
8.40
8.37
8.76

4.00
4.00
4.36
3.80
3.63
3.96

6.32
5.39
3.93
5.89
4.77
5.26

4.73
3.35
5.67
4.95
6.40
5.19

5.81
7.98
8.81
7.50
7.12
7.44

Moisture (% wb)

Mean SD

10.31 0.21
10.60 0.25
10.26 0.13
10.17 0.13
10.35 0.21
10.34 0.19

11.31
11.10
12.16
10.97
10.69
11.25

11.07
11.92
12.17
11.62
11.50
11.66

11.22
12.05
12.06
10.98
10.60
11.38

10.75
10.89
10.88
11.06
10.65
10.85

0.34
0.24
0.19
0.19
0.19
0.23

0.23
0.23
0.18
0.25
0.21
0.22

0.19
0.16
0.20
0.28
0.25
0.22

0.22
0.24
0.22
0.16
0.17
0.20

Protein (%)b

FGISC Combustiond
Mean Mean

11.24 11.63
12.06 11.78
12.87 12.70
13.26 13.29
13.70 13.92
12.63 12.66

11.59
12.27
13.51
14.46
15.84
13.53

12.33
14.48
14.50
15.38
16.71
14.68

9.08
8.02

10.46
11.09
11.55
10.04

7.90
8.92

10.04
10.38
12.05

9.86

11.24
11.65
12.94
13.54
15.97
13.07

12.48
13.63
13.21
14.83
16.55
14.14

8.63
7.86

10.49
10.38
10.65
9.60

8.60
9.16
9.88
9.93

11.71
9.86

DUR 1 96 44.07 7.47 10.64 0.26 13.28 13.18
2 96 46.86 8.04 10.34 0.22 13.87 13.74
3 96 44.27 6.51 10.83 0.19 14.20 13.13
4 96 35.50 5.77 10.58 0.25 15.22 14.29
5 96 44.34 6.02 10.14 0.25 16.47 15.90

Average 480 43.01 6.76 10.51 0.23 14.61 14.05
aHWW = hard white wheat; HRW = hard red winter; HRS = hard red spring; SRW = soft red winter; SWW = soft white wheat; DUR =
durum.

b12% mc.
'Values furnished by USDA Federal Grain Inspection Service (FGIS) Feb. 93. Representative of the protein content of the entire stock of each
sample.

dTotal protein mass of n kernels/mass (12% mc-adjusted) of n kernels.
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Sample'

HWW 1
2
3
4
S

Average

HRW 1
2
3
4
S

Average

HRS 1
2
3
4
S

Average

SRW 1
2
3
4
S

Average

SWW 1
2
3
4
S

Average

No. of
Kernels

96
96
96
96
96

480

95
96
96
96
86

469

96
96
96
96
96

480

96
96
96
96
96

480

96
96
96
96
96

480




