Effect of Nitrogen Fertilizers Differing in Release Characteristics
on the Quantity of Storage Proteins in Wheat
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ABSTRACT

Sodium-dodecyl sulfate polyacrylamide-gel electrophoresis and laser-
scanning densitometry were used to quantify storage proteins of spring
wheat (Triticum aestivum L.) fertilized with various granular NH,NOs-
N fertilizers, differing in their mode and rate of N release. Kadett, Ruso,
and Reno cultivars were used in field trials. Their flour had the same
high molecular weight glutenin subunit composition but differed in gliadin
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composition. Nitrogen fertilizer application improved breadmaking
quality of wheat flour, mainly by increasing the quantity of low molecular
weight gliadins. However, w-, a-, and B-gliadins also increased in Kadett.
The most positive effect on flour protein concentration and loaf volume
was obtained with an application of granular, dicyandiamide-regulated,
slow-release N fertilizer.

The gliadins and glutenins in wheat (Triticum aestivum L.)
flour are the major components of gluten, which determines the
quality of the flour when used for various technological processes,
including breadmaking (Miflin et al 1983). Considerable quanti-
tative variation among gliadins (Huebner and Bietz 1988, Mar-
chylo et al 1990) and glutenins (Marchylo et al 1990) can result
from differences in environment. Such variation among storage
proteins may have important implications in marketing and clas-
sifying wheat for technological purposes.

The dough and baking properties of wheat gluten can be in-
fluenced by nitrogen (N) fertilization strategies (Parades-Lopes
et al 1985) such as manipulating gluten quantity and quality with
inorganic granular or foliar N fertilizers (Doekes and Wennekes
1982, Martin et al 1992, Peltonen 1992) or with organic N fertilizers
like manure (Salomonsson and Larsson-Raznikiewicz 1985). Ac-
cording to Pugar and Sasek (1970), the application of N fertilizer
consistently led to a large increase in the gliadins, a smaller increase
in the glutenin, and a slight increase in the albumins and globulins.
Conversely, Jahn-Deesbach and Jiirgens (1973), Shipper and
Jahn-Deesbach (1981), and Doekes and Wennekes (1982) found
that an increase in protein content obtained from wheat cultivars
fertilized with granular N increased only the gliadin content and
loaf volume; the glutenin, albumin, and globulin contents did
not change. Salomonsson and Larsson-Raznikiewicz (1985) re-
ported that both the gliadins and the glutenins were positively
correlated with the grain protein concentration, but the albumin
and globulin content did not change. These results contrast those
of Tanaka and Bushuk (1972), who indicated that all protein
fractions varied in proportion to the total protein content of the
flour, with no net change in the composition of protein. These
contradictory reports probably arise from the differences between
the fractionation method based on the solubility of the protein
and the different quantities of protein found. Therefore, Shewry
et al (1986) reported that the classification of storage proteins
should be based on their biological and functional properties
rather than on their solubility characteristics. This classifies stor-
age proteins into high molecular weight glutenins (HMW sub-
units), sulfur-poor prolamins (w-gliadins), and sulfur-rich prola-
mins (low molecular weight [LMW] subunits of glutenin, a-,
B-, and y-gliadins). The HMW-subunit composition of glutenin
at the Glu-I locus has a strong influence on rheological and
breadmaking properties of bread wheats (Payne et al 1979; 1980;
1981a,b; 1987a).

Only a few reports exist on the quantitative variation of HMW-
glutenin subunits and the relation of this characteristic with
breadmaking quality (Huebner and Bietz 1985, Kruger et al 1988,
Sutton et al 1989, Marchylo et al 1990). In turn, the effect of
different sources of N fertilization on storage proteins, classified
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as suggested by Shewry et al (1986), was examined by Timms
et al (1981), Martin et al (1992), and Peltonen (1992). According
to Timms et al (1981), a very heavy application of urea (370
kg ha™!) three weeks after anthesis increased the proportions of
w-gliadins and decreased those of HMW subunits. Peltonen (1992)
reported that foliar application of urea (43 kg ha™') improved
the baking quality of wheat flour but decreased the proportion
of HMW subunits of flour storage proteins. The effect of urea
on other storage proteins was not significant. Conversely, Martin
et al (1992) reported that granular ammonium sulfate (NH,SO,)
increased both HMW and LMW subunits. There is no information
available on the effect of granular ammonium nitrate (NH,;NOs)
fertilization on the amount of storage proteins, particularly the
HMW-glutenin subunits. For an accurate means of improving
baking quality of wheat through N fertilization, the present study
was undertaken to examine the effect of granular NH,NO; fer-
tilizers, differing in their mode and rate of N release, on wheat
protein quality.

MATERIALS AND METHODS

Field Experiments

Three Scandinavian bread wheat cultivars were used in this
study: Kadett (Sweden), Ruso (Finland), and Reno (Norway).
They were selected on the basis of their commercial importance
in the local wheat market of Finland. All three cultivars have
the same HMW-glutenin subunit composition (subunit 1 at Glu-
Al subunits 7 + 9 at Glu-BI, and subunits 5 + 10 at Glu-DI),
but they have considerable variation in the relative mobilities
of all gliadins. The greatest variation occurs in w-gliadins, the
least in y-gliadins; variation is moderate in o- and B-gliadins
(Peltonen and Sontag-Strohm 1992). All cultivars were grown
at the experimental farm of Helsinki University (1990-91) in three
replicated plots of 10 m”. Soil pH was 5.5, and it had adequate
levels of P, K, Ca, and Mg for spring wheat production (Anon.
1991). The standard N fertilization (110 kg of N ha™') was selected
to correspond to current usage in Finnish wheat production.
Nitrogen was applied at sowing, 7 cm deep, as granular NH,NO,
and granular slow-release N fertilizers in which the solubility of
NH,NO,; was partly regulated with dicyandiamide (DCD), oxa-
mide (OA), and isobutylidene diurea (IBDU). The concentrations
of slowly soluble N in the total N were 5.4, 24.2, and 28.9%,
respectively. All N fertilizer products were manufactured by
Kemira Oy, Finland. The control plots were not fertilized. This
program yielded series of samples with increasing flour protein
concentrations.

Quality Evaluation

The grain samples were combined and mixed thoroughly for
quality analyses. Subsamples (2 kg) were milled with a laboratory
mill (Brabender Quadrumat Senior, model Q.U.-S,, Duisburg,
Germany) to obtain flour of approximately 70% extraction. The
Kjeldahl method (method 46-11A, AACC 1983) was used to de-
termine the N concentration of the flour. Protein concentration
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was determined by multiplying N values by 5.7. A sample (0.2 g)
was used for determining the sulfur (S) content of flour with
a Leco CHNS-1000 meter (Leco Corporation, St. Joseph, MI).
Dough mixing time and stability were measured with a Brabender
farinograph (method 115, ICC 1982). Test baking was performed
using a Panasonic bread bakery (model SD-BT2P, Matsushita
Electric Co., Japan). Zawistowska et al (1988) reported that the
procedure used by this bakery is analogous to the Canadian remix
baking test (Irvine and McMullan 1960). The formula used for
basic baking was described by Peltonen and Salovaara (1991).
Quality analyses were made on duplicate treatments.

Separation and Quantification of Wheat Storage Proteins
Storage proteins were divided into four groups: 1) HMW-
glutenin subunits; 2) almost entirely w-gliadins; 3) mainly LMW-
glutenin subunits, but with some a-, B- or +y-gliadins; and 4)
mainly o-, 8-, and vy-gliadins, but with some LMW-glutenin
subunits (Fullington et al 1987). Flour was separated using a
sodium-dodecyl sulfate polyacrylamide-gel electrophoresis (SDS-
PAGE) sample buffer of 3% (w/v) SDS and 7.5% (v/v) 2-mer-
captoethanol, as described by Payne et al (1981a). Electrophoresis
was done according to the method described by Laemmli (1970),
using a vertical gel of 180 X 160 X 1.5 mm and acrylamide con-
centration of 14% (w/v), containing 0.3% (w/v) 1M Tris-HCI
(pH 8.8) and 0.1% (w/v) SDS. Although the subunits can be
recognized visually as separate bands using a 7.5 or 10% acryl-
amide gel (Lawrence 1986), the resolution and accurate quanti-
fication for subunits 9 and 10 was improved by using a 14% acryl-
amide gel. The gels were stained with a solution of 0.05% (w/v)
Coomassie Brilliant Blue R-250, 5% (v/v) ethanol, 12.05% (w/v)

Fig. 1. Densitometric readings of total prolamins from spring wheat (cv.
Ruso). High molecular weight glutenin subunits (1-5), w-gliadins (6-8),
low molecular weight glutenin subunits (9-15), and - and B-gliadins
(16-20).

trichloroacetic acid, and 75% (v/v) water for 72 hr. They were
then destained in 10% (v/v) acetic acid, which was changed three
or four times over a two-day period (Payne et al 1979).

The densitometric analysis of the storage proteins was done
using a LKB UltroScan XL laser densitometer (model 2222-020,
Pharmacia LKB Biotechnology, Sweden) in combination with
GelScan XL software. Each lane was scanned twice, using different
tracks of a duplicate gel. The coefficient of variation (CV) of
the staining intensity was 16.9% for HMW-glutenin subunits,
23.8% for w-gliadins, 19.4% for LMW-glutenin subunits, and 9.3%
for a- and B-gliadins (n = 60) for lanes between gels. Figure
I shows typical densitometric readings. The quantity of protein
present in a particular band (x;) was obtained by multiplying
the relative concentration of the flour gluten by the subunit (%
w/w, db) as described previously by Branlard and Dardevet (1985).
Gluten content was determined using method 137 of the ICC
(1982). Calculations were made assuming that 70% of the gluten
formed consisted of glutenins and gliadins (Tatham and Shewry
1985).

Statistical Analyses

The data were analysed using ANOVA and correlation analysis
(MSTAT 1989). Significantly different means were separated using
Duncan’s multiple range test.

RESULTS

Nitrogen Fertilization and Baking Quality

Fertilization of the wheat cultivars with N resulted in more
flour protein, improved loaf volumes, and significantly increased
LMW-glutenin subunits, as a consequence of increased glutenin-
to-gliadin ratio, when compared with controls (Table I). Of the
slow-release N fertilizers, DCD fertilizer application resulted in
significantly higher flour protein concentration (12.8%) and loaf
volume (1,927 ml). DCD fertilizer promoted an increase in flour
protein of 2.6% and in loaf volume of 204 ml, compared with
that of the control. SN fertilizer application resulted in the same
flour protein content as that of DCD fertilizer, but it gave sig-
nificantly lower bread volume (1,918 ml). IBDU fertilizer increased
protein concentration by 2.2% and loaf volume by 175 ml, which
was less than that of all other granular N fertilizers. The concen-
tration of slowly soluble N was highest with IBDU fertilizer, which
may greatly restrict the N solubility and thus reduce plant N
uptake efficiency and breadmaking quality. The solubility prop-
erties of granular N fertilizers (SN, DCD, OA, and IBDU) did
not, however, change the N-S ratio, HMW-glutenin subunit
content, nor the amount of a- and B-gliadins.

Baking Quality of Wheat Cultivars

The flour protein concentration and dough mixing time were
higher for Ruso than for Reno; Kadett was intermediate (Table
IT). For Ruso, the loaf volume was 134-185 ml higher, the N-S
ratio was 0.8-1.0% lower, and the total amount of HMW-glutenin

TABLE 1
Effect of Granular N Fertilizer on Baking Properties of Spring Wheat*

Prolamins (g) in 100 g of Flour

Protein Loaf HMW-* LMW.? Glutenin to
N Fertilization Content Volume Nitrogen-Sulfur Gutenin w- Glutenin a- and B- Gliadin
Treatment” (%) (ml) Ratio Subunits Gliadins Subunits Gliadins Ratio
Control 10.2d 1723 d 95a 1.99 a 1.21a 9.04 b 4.11a 2.07b
SN 12.6 be 1918 b 10.2a 2.63a 1.20 a 12.82 a 471 a 2.6la
IBDU 124¢ 1898 ¢ 10.1a 255a 1.26 a 12.84 a 499 a 2.46 a
OA 12.5¢ 1920 b 9.6a 271 a 1.28 a 13.48 a 4.59 a 276 a
DCD 12.8 ab 1927 a 97a 2.67 a 1.35a 13.30 a 484 a 258 a

“Means of two years and three cultivars. Within columns, means followed by the same letter are not significantly different at P = 0.05, according

to Duncan’s multiple range test. Readings are the mean of 18 replicates.

®Control = 0 kg of N ha™'; SN = 110 kg of N ha™', no inhibitor N; IBDU = slow-release N as isobutylidene diurea; OA = oxamide; DCD

= dicyadiamide.
¢ High molecular weight.
¢ Low molecular weight.
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subunits was 0.81-0.87 g higher in 100 g of flour, than they were
for Kadett and Reno. All three cultivars investigated had similar
mean quantities of w-gliadins. Reno had a significantly higher
quantity of LMW-glutenin subunits, and thus also a higher
glutenin-to-gliadin ratio than that of Kadett. Conversely, the
mixing stability and the amount of a- and B-gliadins were higher
in Kadett and lower in Reno; Ruso was intermediate in these
properties.

There was no significant correlation between baking quality
properties and the quantity of HMW-glutenin subunits in the
three cultivars (Table IIT). In Kadett, the quantity of w-gliadins

was significantly positively correlated with dough mixing time
and loaf volume; the flour protein concentration and dough mix-
ing stability were strongly correlated with the increase in LMW-
glutenin subunits. In addition, the amount of a- and B- gliadins
in Kadett were correlated positively with flour protein concen-
tration. The baking properties of Ruso and Reno increased with
N fertilization, probably only because of the quantitative changes
in LMW-glutenin subunits.

Although the effect of N fertilization on total content of HMW-
glutenin subunits was poor in this study, the improved bread-
making quality after N application was related to the variation

TABLE II
Statistical Summary of Baking Properties Data from Spring Wheat Cultivars*

Prolamins (g) in 100 g of Flour

Protein Mixing Mixing Loaf HMW-® LMW-* Glutenin to

Content Time Stability Volume  Nitrogen-Sulfur Glutenin Glutenin  a- and - Gliadin
Cultivar (%) (min) (min) (ml) Ratio Subunits  ©-Gliadins  Subunits Gliadins Ratio
Kadett 11.5 ab 3.09 ab 4.46 a 1941 a 102 a 2.08b 1.16 a 15.26 b 8.47a 1.80 ¢
Ruso 119a 3.50a 4.10 ab 1756 b 9.2b 289a 1.19a 17.39 ab 6.94 b 2490
Reno 11.2b 2.88b 3.86b 1890 a 10.0a 2.02b 1.13a 20.06 a 452¢ 391a

“Means of two years and five N fertilizer treatments. Within columns, means followed by the same letter are not significantly different at P = 0.05,
according to Duncan’s multiple range test. Readings are the mean of 30 replicates.

® High molecular weight.
¢ Low molecular weight.

TABLE III
Correlation Coefficients Between Baking Properties and the Content of Storage Protein Groups in Nonfertilized and N-Fertilized" Wheat Cultivars

Cultivar® HMW-"Glutenin LMW-*Glutenin a- and 8-
and Quality Trait Subunits w-Gliadins Subunits Gliadins
Kadett
Protein content 0.08 0.35 0.87°"¢ 0.95™
Mixing time 0.41 0.87" 0.64" 0.61
Mixing stability —0.25 -0.37 0.54 0.49
Loaf volume 0.39 0.92" 0.34 0.46
Ruso
Protein content 0.54 0.17 0.88™° 0.53
Mixing time 0.60 —0.04 0.86™" 0.40
Mixing stability 0.34 —0.26 0.82" 0.36
Loaf volume 0.60 0.11 0.69 0.24
Reno
Protein content 0.31 —0.31 0.88" —0.25
Mixing time 0.41 —0.30 0.81" —0.24
Mixing stability —0.27 —0.47 077" —0.56
Loaf volume 0.47 —0.41 0.67" —0.33
*n=10.

®High molecular weight.
¢ Low molecular weight.

d #x #xx gre significantly different at P <0.05, P<0.01 and P < 0.001, respectively.

TABLE IV
Correlation Coefficients Between Baking Properties and the Content of the
High Molecular Weight Glutenin Subunits in Nonfertilized and N-Fertilized Wheat Cultivars

Cultivar® and Quality Trait Glu-A1(1) Glu-B1 (1+9) Glu-D1 (5 + 10)
Kadett
Protein content 0.39 0.56 0.36
Mixing time 0.20 0.75™"° 0.16
Mixing stability 0.61° 0.02 0.03
Loaf volume 0.06 0.61° 0.14
Ruso
Protein content 0.82" 0.59 0.66°
Mixing time 0.78" 0.63° 0.59
Mixing stability 0.61° 0.45 0.26
Loaf volume 0.61" 091" 0.36
Reno
Protein content 0.92" 0.53 0.66°
Mixing time 0.92"™ 0.49 0.59
Mixing stability 0.73° 0.40 0.26
Loaf volume 0.84™° 0.42 0.36
*n=10.

b #+ *xx and significantly different at P<0.05, P<0.01 and P < 0.001, respectively.
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in the quantity of HMW-glutenin subunits (Table IV). In Ruso
and Reno, an increase in the quantity of Glu-AI (subunit 1) cor-
related strongly with an increase in flour protein concentration,
dough mixing time, mixing stability, and loaf volume; in Kadett,
however, it correlated strongly only with mixing stability. The
Glu-Bl subunits (7 and 9) correlated significantly with mixing
stability and loaf volume in Kadett and Ruso, and the quantity
of Glu-DI subunits (5 and 10) was associated with high flour
protein concentration in Ruso and Reno.

DISCUSSION

There is a risk that application of high levels of a nitrogenous
fertilizer (NH;NOs-N), in the absence of sulfur fertilization, may
lead to a change in the balance between available N and available
S, such that the available S level becomes insufficient for normal
grain development (Timms et al 1981, Skerritt et al 1988). Under
S-deficient growing conditions, w-gliadins increased (Timms et
al 1981, Skerritt et al 1988), leading to a drop in baking quality
(Moss et al 1981). Byers et al (1987) showed that an N-S ratio
in excess of 17:1 lowered breadmaking quality. In this study,
N fertilization did not significantly influence the N-S ratio, which
ranged between 9.2:1 and 10.2:1. Therefore, the effect of N fer-
tilization on baking quality characteristics was not dependent on
the limiting S status of flour, but protein composition is affected
by NH,NO;-N fertilization.

The improvements in breadmaking quality (flour protein con-
centration, dough properties, and loaf volume) obtained by
NH4NO;-N fertilization were due to increases in the glutenin-
to-gliadin ratio of wheat gluten, which is in agreement with the
results of Martin et al (1992), who found that the increase in
the glutenin-to-gliadin ratio was due to an increased quantity
of HMW and LMW subunits. In contrast, our study indicated
that the positive effect of N fertilization on baking quality was
strongly associated with a high quantity of LMW-glutenin sub-
units. The effect of N application on HMW-glutenin subunits
was not significant. These results contrast with those of Doekes
and Wennekes (1982), who showed that the glutenin-to-gliadin
ratio of gluten decreased with an increase in loaf volume.

Studies of Cressey et al (1987), Grama et al (1987), and Sutton
et al (1989) did not establish any variation in glutenin-to-gliadin
ratio between cultivars. In contrast, MacRitchie (1989) and Martin
et al (1992) found that a cultivar with strong dough properties
and good baking performance was associated with a high glutenin-
to-gliadin ratio. In this study, the glutenin-to-gliadin ratio seems
to have the most genotypic variability. Kadett and Reno had
very different glutenin-to-gliadin ratios because of differences in
the quantities of LMW-glutenin subunits and - and B-gliadins.
This, however, resulted only in differences in dough mixing prop-
erties; loaf volumes were similar. Conversely, the strong gluten
characteristics (as described by Moss et al 1981, Fullington et al
1987, Lawrence et al 1988), long dough mixing time requirement,
high quantity of HMW-glutenin subunits, and low N-S ratio in
Ruso led to poor baking performance. We conclude that the
optimum glutenin-to-gliadin ratio of a cultivar for breadmaking
may depend absolutely on the particular type of wheat used, the
type of bread made, and the process used. Therefore, as in previous
publications (Doekes and Wennekes 1982, Cressey et al 1987,
Grama et al 1987, MacRitchie 1989, Sutton et al 1989, Martin
et al 1992), no apparent optimum glutenin-to-gliadin ratio for
breadmaking was established. However, ratios can easily be man-
ipulated through N fertilization strategies to become more optimal
for baking, as shown by this and other studies (Martin et al
1992, Peltonen 1992). In this study, the best response to NH/NO;-
N was obtained with DCD fertilizer, which led to high flour
protein concentration and large loaf volume. Similar results were
reported by Rodgers and Ashworth (1982), indicating that N
uptake by wheat plants was increased using a DCD inhibitor
of N fertilizer.

There may be changes in the types and groups of gliadins and
glutenins between cultivars and N treatments (Timms et al 1981).
We also recorded genotypic differences in response to NH,NO;-

4 CEREAL CHEMISTRY

N fertilization. The improvements in baking characteristics of
the spring wheat cultivars after N application were related to
the quantitative changes in LMW-glutenin subunits and also to
an increase in w-, and a-, and B-gliadins in Kadett. This difference
between cultivar response to N fertilization is not surprising, be-
cause Peltonen and Sontag-Strohm (1992) demonstrated varietal
differences between these cultivars regarding w-, a-, and B-glia-
dins. Sozinov and Poperelya (1984) showed how different allelic
variants of gliadin were related to breadmaking quality. Payne
et al (1987b) demonstrated that the differences in baking quality
of genotypes (differing in the Glu-AI locus) primarily stemmed
from the LMW-glutenin subunits. Huebner and Bietz (1988) sug-
gested that either weather or other environmental factors dur-
ing kernel development can generate quantitative variation in
gliadin synthesis. According to Marchylo et al (1990), the effect
of environment was strongest on w-gliadins and weakest on HMW-
glutenin subunits. Although granular N fertilization did not
change total quantity of HMW-glutenin subunits, N applications
caused clear quantitative variation within HMW-glutenin sub-
units, mainly in Glu-AI subunit 1. The quantity of subunit 1
had a strong positive influence on flour protein concentration,
dough mixing properties, and loaf volume in Ruso and Reno.

In conclusion, these results reveal the complexity of wheat pro-
teins after N fertilization and explain the variation in protein
composition and wheat baking quality within cultivars. The results
of this study indicate that knowledge of the effect of N fertilization
on glutenin and gliadin characteristics may have practical appli-
cations for improving technological quality of wheat flour. How-
ever, only three cultivars were examined in detail, and all had
similar HMW-glutenin subunit compositions. Therefore, studies
on the effects of N fertilization on the amount of storage proteins
with emphasis on the other HM W-glutenin subunit combinations
are needed.

ACKNOWLEDGMENTS

We thank our colleague, S. Mohan Jain for helpful discussions. This
research was supported by the Finnish Academy and Kemira Oy.

LITERATURE CITED

AMERICAN ASSOCIATION OF CEREAL CHEMISTS. 1983. Ap-
proved Methods of the AACC, 8th ed. Method 46-11A, approved
October 1976, revised October 1982, September 1985. The Association:
St. Paul, MN.

ANONYMOUS. 1991. Viljavuustutkimuksen tulkinta peltoviljelyssa.
(Fertiliser recommendations for Finnish agricultural crops.) Viljavuus-
palvelu, Helsinki.

BRANLARD, G., and DARDEVET, M. 1985. Diversity of grain protein
and bread wheat quality. II. Correlation between high molecular weight
subunits of glutenin and flour quality characteristics. J. Cereal Sci.
3:345.

BYERS, M., McGRATH, S. P., and WEBSTER, R. 1987. A survey
of sulphur content of wheat grown in Britain. J. Sci. Food Agric.
31:211.

CRESSEY, P.J., MacGIBBON, D. G.,and GRAMA, A. 1987. Hexaploid
wild emmer wheat derivatives grown under New Zealand conditions.
3. Influence of nitrogen fertilization and stage of development on protein
composition. N. Z. J. Agric. Res. 30:53.

DOEKES, G. J., and WENNEKES, L. M. J. 1982. Effect of nitrogen
fertilization on quantity and composition of wheat flour protein. Cereal
Chem. 59:276.

FULLINGTON, J. G., MISKELLY, D. M., WRIGLEY, C. W., and
KASARDA, D. D. 1987. Quality-related endosperm proteins in sulfur-
deficient and normal wheat grain. J. Cereal Sci. 5:233.

GRAMA, A, PORTER, N. G., and WRIGHT, D. S. C. 1987. Hexaploid
wild emmer wheat derivatives grown under New Zealand conditions.
2. Effects of foliar urea sprays on plant and grain nitrogen and baking
quality. N. Z. J. Agric. Res. 30:45.

HUEBNER, F. R., and BIETZ, J. A. 1985. Detection of quality differences
among wheats by high-performance liquid chromatography. J.
Chromatogr. 327:333.

HUEBNER, F. R., and BIETZ, J. A. 1988. Quantitative variation among
gliadins of wheats grown in different environments. Cereal Chem.
65:362.



ICC. 1982. Standard Methods of the International Association for Cereal
Chemistry. Method 115, Method 137. Verlag Moritz Schifer: Detmold,
Germany.

IRVINE, G. N., and McMULLAN, M. E. 1960. The ‘remix’ baking test.
Cereal Chem. 37:603.

JAHN-DEESBACH, W., and J URGENS, U. 1973. Der Einfluss varierter
Stickstoffgaben auf die Ertragsmorphologie und Stickstof feinlagerung
bei Sommerweizen in einem Gefissversuch. IV. Mitteilung. Stick-
stoffeinlagerung in die verschiedenen Proteinfraktionen des Ganzkornes
und der einzelnen Mahlfraktionen. Z. Acker. Pflanzenb. 138:276.

KRUGER, J. E., MARCHYLO, B. A., and HATCHER, D. 1988.
Preliminary assessment of a sequential extraction scheme for evaluating
quality by reversed-phase high-performance liquid chromatography and
electrophoretic analysis of gliadins and glutenins. Cereal Chem. 65:208.

LAEMMLI, U. K. 1970. Cleavage of structural protein during the as-
sembly of the head bacteriophage T4. Nature 227:680.

LAWRENCE, G. J. 1986. The high molecular weight glutenin subunit
composition of Australian wheat cultivars. Aust. J. Agric. Res. 37:125.

LAWRENCE, G. J., MacRITCHIE, F., and WRIGLEY, C. W. 1988.
Dough and baking quality of wheat lines deficient in glutenin subunits
controlled by the glu-Al, glu-B1, and glu-D1 loci. J. Cereal Sci. 7:109.

MacRITCHIE, F. 1989. Identifying the baking quality related components
of wheat flour. Cereal Food World 34:548.

MARCHYLO, B. A., KRUGER, J. E., and HATCHER, D. W. 1990.
Effect of environment on wheat storage proteins as determined by
quantitative reversed-phase high-performance liquid chromatography.
Cereal Chem. 67:372.

MARTIN, R. J., SUTTON, K. H., MOYLE, T. N,, HAY, R. L., and
GILLESPIE, R. N. 1992. Effect of nitrogen fertiliser on the yield and
quality of six cultivars of autumn-sown wheat. N. Z. J. Crop Hortic.
Sci. 20:273.

MIFLIN, B. J., FIELD, J. M., and SHEWRY, P. R. 1983. Cereal storage
proteins and their effect on technological properties. Page 255 in: Seed
Proteins. J. Daussant, J. Mosse, and J. Vaughan, eds. Academic Press:
London.

MOSS, H. J., WRIGLEY, C. W., MacRITHIE, F., and RANDALL,
P. J. 1981. Sulfur and nitrogen fertilizer effects on wheat. II. Influence
on grain quality. Aust. J. Agric. Res. 32:213.

MSTAT. 1989. User’s guide: A microcomputer program for the design,
management, and analysis of agronomic research experiments. Michi-
gan State University: East Lansing.

PARADES-LOPES, O., COVARRUBIAS-ALVAREZ, M. M., and
BARQUIN-CARMONA, J. 1985. Influence of nitrogen fertilization
on the physicochemical and functional properties of bread wheats.
Cereal Chem. 62:427.

PAYNE, P. I, CORFIELD, K. G., and BLACKMAN, J. A. 1979.
Identification of a high-molecular-weight subunit of glutenin whose
presence correlates with bread-making quality in wheats of related
pedigree. Theor. Appl. Genet. 55:153.

PAYNE, P. I, LAW, C. N., and MUDD, E. E. 1980. Control by
homeologous group 1 chromosomes of the high-molecular-weight
subunits of glutenin, a major protein of wheat endosperm. Theor. Appl.
Genet. 58:113.

PAYNE, P. L, CORFIELD, K. G., HOLT, L. M., and BLACKMAN,
J. A. 198la. Correlation between the inheritance of certain high-
molecular-weight subunits of glutenin and bread-making quality in
progenies of six crosses of bread wheat. J. Sci. Food. Agric. 32:51.

PAYNE, P. I, HOLT, L. M., and LAW, C. N. 1981b. Structural and

genetical studies on the high-molecular-weight subunits of wheat
glutenin. 1. Allelic variation in subunits amongst varieties of wheat
(Triticum aestivum). Theor. Appl. Genet. 60:229.

PAYNE, P. 1., NIGHTINGALE, M. A., KRATTIGER, A. F. V., and
HOLT, L. M. 1987a. The relationships between HMW glutenin subunit
composition and the bread-making quality of British-grown wheat
varieties. J. Sci. Food Agric. 40:51.

PAYNE, P. 1., SEEKINGS, J. A,, WORLAND, J. A, JARVIS, M.G,,
and HOLT, L. M. 1987b. Allelic variation of glutenin subunits and
gliadins and its effect on breadmaking quality in wheat: Analysis of
F5 progeny from Chinese Spring X Chinese Spring (Hope 1A). J. Cereal
Sci. 6:1033.

PELTONEN, J. 1992. Ear developmental stage used for timing sup-
plemental nitrogen application to spring wheat. Crop Sci. 32:1029.

PELTONEN, J., and SALOVAARA, H. 1991. Experiences of an
automatic small-scale ‘home bakery’ in test bakings of six spring wheat
varieties. J. Agric. Sci. Finl. 63:131.

PELTONEN, J., and SONTAG-STROHM, T. 1992. Genotype differences
of storage proteins in four Scandinavian spring wheat cultivars during
seed development. Agric. Sci. Finl. 1:499.

PUGAR, J., and SASEK, A. 1970. Einfluss der organischen und Mineral-
diingung auf die Vertretung der Eiweissfraktionen im Weizenkorn.
Getreide Mehl Brot 20(4):27.

RODGERS, G. A., and ASHWORTH, J. 1982. Use of nitrification
inhibitors to improve recovery of mineralized nitrogen by winter wheat.
J. Sci. Food Agric. 33:1219.

SALOMONSSON, L., and LARSSON-RAZNIKIEWICZ, M. 1985.
Qualitative and quantitative studies of proteins of wheat from different
growing systems. Swed. J. Agric. Res. 15:133.

SHEWRY, P. R., TATHAM, A. S., FORDE, J., KREIS, M., and
MIFLIN, B. J. 1986. The classification and nomenclature of wheat
gluten proteins: A reassessment. J. Cereal Sci. 4:97.

SHIPPER, A., and JAHN-DEESBACH, W. 1981. Zusammensetzung
der Getreideproteine in abhingigheit von genetischen, Gkologischen und
physiologischen Faktoren. Getreide Mehl Brot 35:314.

SKERRITT, J. H., LEW, P. H., CASTLE, S. L. 1988. Accumulation
of gliadin and glutenin polypeptides during development of normal
and sulphur-deficient wheat seed: Analysis using specific monoclonal
antibodies. J. Exp. Bot. 39:723.

SOZINOV, A. A., and POPERELYA, F. A. 1984. Block of gliadin
components in wheat genetics, breeding and seed growing. Kulturp-
flanze 32:165.

SUTTON, K. H., HAY, R. L., and GRIFFIN, W. B. 1989. Assessment
of the potential bread baking quality of New Zealand wheats by RP-
HPLC of glutenins. J. Cereal Sci. 10:113.

TANAKA, K., and BUSHUK, W. 1972. Effect of protein content and
wheat variety on solubility and electrophoretic properties of flour
proteins. Cereal Chem. 49:247.

TATHAM, A., and SHEWRY, P. R. 1985. The conformation of wheat
gluten proteins. The secondary structures and thermal stabilities of
a-, B-, v- and w-gliadins. J. Cereal Sci. 3:103.

TIMMS, M. F., BOTTOMLY, R. C,ELLIS, J. R. S., and SCHOFIELD,
J. D. 1981. The baking quality and protein characteristics of a winter
wheat grown at different levels of nitrogen fertilisation. J. Sci. Food
Agric. 32:684.

ZAWISTOWSKA, U., LANGSTAFF, J., and BUSHUK, W. 1988.
Improving effect of a natural a-amylase inhibitor on the baking quality
of wheat flour containing malted barley flour. J. Cereal Sci. 8:207.

[Received January 12, 1993. Accepted September 20, 1993.]

Vol. 71, No. 1,1994 5§



