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Abstract

Nitrogen (N) nutrition, post-anthesis temperature and
drought-induced changes in the kinetics of accumu-
lation of dry mass, total grain N and protein fractions
(albumins-globulins, amphiphils, gliadins, and gluten-
ins) contents were examined for winter wheat
(Triticum aestivum L.). Crops were grown in con-
trolled environment tunnels in 1994 and 1998. In
1994, five post-anthesis temperatures averaging from
15-25 °C were applied during grain-filling. In 1998
two post-anthesis temperatures averaging 13 °C and
20 °C were applied and factorized with two post-
anthesis water regimes. In 1994 crops also were
grown in the field, where different application rates
and timing of N nutrition were tested. When
expressed in thermal time, the kinetics of accumula-
tion of the protein fractions were not significantly
affected by post-anthesis temperature or drought;
whereas N nutrition significantly increased the rate
and duration of accumulation of storage proteins.
Albumin-globulin proteins accumulated during the
early stage of grain development. The rate of accu-
mulation of that fraction decreased significantly at c.
250 °Cd after anthesis, when the storage proteins
(gliadins and glutenins) started to accumulate signifi-
cantly. Single allometric relationships for the different
environmental conditions exist between the quantity
of each protein fraction and the total quantity of N
per grain. From these results it was concluded that
(1) the process of N partitioning is neither signifi-
cantly affected by post-anthesis temperature or
drought nor by the rate and timing of N nutrition and
(2) at maturity, variations in protein fraction compos-
ition are mainly because of differences in the total
quantity of N accumulated during grain-filling.

Key words: Albumins-globulins, drought, grain development,
gliadins, glutenins, lipid-binding proteins, nitrogen, protein
composition, temperature, wheat.

Introduction

Proteins are the most important components of wheat
(Triticum aestivum L.) grains governing end-use quality
(Weegels et al., 1996). Variations in both protein content
and composition significantly modify flour quality for
bread-making (Weegels et al., 1996; Lafiandra et al., 1999;
Branlard et al., 2001). Although grain protein composition
depends primarily on genotype, it is significantly affected
by environment factors and their interactions (Graybosch
et al., 1996; Huebner et al., 1997; Triboi et al., 2000; Zhu
and Khan, 2001).

In wheat, grain proteins are traditionally separated on
the basis of their solubility as albumins, globulins,
gliadins, and glutenins. From anthesis to 10-15 days
after anthesis (daa), the first two fractions consisted of only
metabolic and structural proteins, but from 10-15 daa
albumin (mainly o-amylase/trypsin inhibitors and j-
amylases) and globulin (mainly triticins) storage proteins
accumulate in the developing starchy endosperm (Singh
etal., 1991; Gupta et al., 1991, 1996). At maturity, triticins
account only for about 5% of the total grain protein (Singh
et al., 1991), and B-amylases account only for 8-10% of
the polymeric protein fraction (Gupta et al., 1991).
However, most of the albumin proteins identified from
proteomic analyses of mature grain endosperm of wheat
(Skylas et al., 2000; Singh et al., 2001) and barley
(Hordeum vulgare L.; Finnie et al., 2002) belong to a
family of o-amylase/trypsin inhibitors, with putative dual
storage roles. The gliadin and glutenin fractions consist of
storage proteins only. Storage proteins are defined as
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proteins that accumulate during the grain-filling period and
are used as nitrogen (N) sources during seed germination
(Shewry and Halford, 2002). With the exception of the o-
amylase/trypsin inhibitors and P-amylases, storage
proteins have no known physiological function during
grain maturation. A fifth fraction of lipid-bound proteins,
named amphiphil, can be isolated (Marion et al., 1994) and
consists of proteins involved in the formation of cell
membranes and hydrophobic layers such as cutin and
suberin, and of proteins involved in the transport of fatty
acid or their CoA derivatives (Douliez et al., 2000). Some
of the non-membrane amphiphil proteins have anti-
microbial activity in vitro (Douliez et al., 2000). Non-
membrane amphiphil proteins have a large effect on grain
hardness and dough rheological properties (Dubreil et al.,
1998).

Albumins-globulins accumulate from anthesis to
approximately 20 daa, and then remain at an almost
constant level. Storage proteins accumulate from approxi-
mately 6 daa to the end of grain-filling (Gupta et al., 1996;
Stone and Nicolas, 1996; Panozzo et al., 2001). It has been
reported that gliadins accumulate earlier in grain-filling
than glutenins (Stone and Nicolas, 1996; Panozzo et al.,
2001). The kinetics of accumulation of the amphiphil
fraction have not been reported. The accumulation of the
different protein fractions is highly asynchronous, infer-
ring that the protein composition of the grain changes
during grain development. One consequence is that
conditions that shorten grain-filling, such as high tempera-
ture or drought, affect the balance of protein fractions
(Jamieson et al., 2001).

For certain varieties, flour, dough, and baking quality
parameters were reported to be altered in response to a
short period of heat stress (>35 °C, Blumenthal et al.,
1993), and some of these effects have been linked to an
increased gliadins-to-glutenins ratio (Blumenthal et al.,
1991) and decreases in the proportion of the larger
molecular size glutenins (Wardlaw et al.,, 2002).
However, moderately high temperatures of 25-32 °C
have a positive effect on dough properties (Finney and
Fryer, 1958; Randall and Moss, 1990; Wrigley et al.,
1994), and have been reported to lead to variation of the
composition of the gliadin fraction (Daniel and Triboi,
2000). With current knowledge, the effect of moderately
high temperature during grain-filling on the accumulation
of protein fractions has only been reported for the gliadin
fraction (Daniel and Triboi, 2001).

Although water deficits severely affect end-use quality
for several cultivars of wheat (Guttieri et al., 2000, 2001),
little is known about the effect of water deficit and its
interaction with temperature on the accumulation of
protein fractions. Analysis of the kinetics of accumulation
of gliadins and high- and low-molecular weight glutenins
in irrigated and non-irrigated fields did not show a
significant effect of drought (Panozzo et al., 2001).

Similarly post-anthesis drought did not affect the rate of
accumulation of SDS-soluble and SDS-insoluble polymers
(glutenins; Daniel and Triboi, 2002), however, post-
anthesis drought shortened the period of grain-filling
before the onset of polymer insolubilization (Daniel and
Triboi, 2002).

N nutrition increases the total quantity of protein per
grain at harvest ripeness and this is correlated with an
increase in the quantity of gliadin and glutenin storage
proteins for wheat (Pechanek et al., 1997; Wieser and
Seilmeier, 1998; Triboi er al., 2000) and hordeins for
barley (Hordeum vulgare; Shewry et al., 2001). For wheat,
increasing N supply usually leads to an increase of the
percentage of gliadins while that of glutenins is not
changed (Jia et al., 1996; Doekes and Wennekes, 1982;
Gupta et al., 1992); although, more recent work shown that
this result depends on the genotype considered (Pechanek
et al., 1997; Wieser and Seilmeier, 1998). The quantity of
albumins-globulins is scarcely influenced by N nutrition
(Pechanek et al., 1997; Wieser and Seilmeier, 1998;
Johansson et al., 2001). Amino acid composition also
changes with the total quantity of N per grain (Mossé et al.,
1985).

Despite the fact that the response of protein composition
to environmental factors in mature wheat grain results
from changes in protein deposition during grain-filling,
very few studies have examined separately the effects of
environmental factors and their interactions on the accu-
mulation of protein fractions during grain-filling. In the
present study, the effect of post-anthesis temperature and
drought, and N nutrition on the kinetics of accumulation of
the different protein fractions have been studied in separate
experiments in controlled environment closed-top cham-
bers and in the field.

Materials and methods

Plant material and culture conditions

All experiments were at Clermont-Ferrand, France (45°47" N, 3°10’
E, 329 m elevation) with the winter wheat (Triticum aestivum L.)
variety Thésée.

Temperature and drought experiments

Crops were grown outside in 2 m? containers 0.5 m deep, filled with
a 2:1 mixture of black soil:peat, in order to control the water and N
supply and temperature. Nitrogen was supplied as ammonium-
phosphate (N:P, 18:46); 30 kg N ha! was applied about 1 week after
the beginning of tillering, 100 kg N ha™! when the stem started to
elongate, 100 kg N ha™! at meiosis, and 100 kg N ha™! at anthesis.
Seeds were sown at a density of 500 seed m™2, resulting in 382478
plant m™ at anthesis. The high plant density inhibited the
development of axillary tillers which co-ordinated the development
of the crops within and between the containers. The crops were rain-
fed from sowing to anthesis, and received 328 and 226 mm of
rainfall during that period in 1994 and 1998, respectively. In order to
control and monitor the air temperature, water supply, and gas
exchange, the containers were covered with transparent closed-top
chambers under natural light 5 daa. Details of the controlled

220z 1snBny 9|, uo Jesn aonsnr Jo Juswipedad "S'N AQ #¥S9¥S/LE/ L/88E/YS/BI0IHE/qX]/W0o" dno"olWepesE)/:Sd)Y WOy PaPEOUMOQ



environment closed-top chambers are given elsewhere (Tribof et al.,
1996). At anthesis, all the containers were irrigated to field capacity
by applying 90 mm of water, they then received 25-
50 mm of water every 4-7 d until harvest in order to replace
measured crop evapotranspiration. Spikes were tagged at anthesis in
order to allow the accurate determination of the developmental stage
when harvesting.

Different air temperatures relative to the outside air temperature
were applied under the controlled environment closed-top chambers.
Therefore, as under field conditions, there was a gradual increase in
the air temperature during the grain-filling period. In 1994, four air
temperatures were applied relative to the outside air temperature: —5
°C (treatment termed -5, average temperature of 14.9 °C); 0 °C (0,
average temperature of 19.5 °C); +5 °C (+5, average temperature of
22.3 °C); +5 °C until 300 °Cd, base 0 °C, after anthesis then
+10 °C until harvest maturity (+5/+10, average temperature of 24.7
°C); and +10 °C until 300 °Cd after anthesis then +5 °C until harvest
maturity (+10/+5, average temperature of 23.7 °C). In 1998, two air
temperatures were applied relative to the outside air temperature:
-5 °C (average temperature of 12.6 °C) and +5 °C (average
temperature of 19.9 °C). In order to avoid extreme temperatures, the
temperature under the closed-top chambers was limited to ensure
that the air temperature did not fall below —5 °C and did not exceed
+35 °C.

In 1998, in order to study the interaction between post-anthesis
temperature and drought, one container for each temperature
treatment was irrigated, as described previously, to replace measured
crop evapotranspiration, whereas the other one received only 5-15%
of the measured crop evapotranspiration from anthesis to harvest
maturity. Total irrigation amounts over the period of differential
irrigation were 220 mm and 13 mm for the wet and drought -5
treatments (-SW and —5D, respectively) and 243 and 38 mm for the
wet and drought +5 treatments (-5SW and —5D, respectively).

In order to study the dynamic accumulation of dry mass, total N,
and protein fractions, three replicates of 20 plants (approximately
0.25 m™2) were collected every 50-130 °Cd from approximately
50 °Cd after anthesis to grain maturity.

Nitrogen experiment

The effect of N availability at anthesis in relation to the level of N
nutrition before anthesis was studied in 1994 in a field experiment.
Seeds were sown at a density of 300 seeds m™2. Average temperature
from sowing to anthesis and from anthesis to ripeness harvest were
7.8 °C and 19.6 °C, respectively. Crops were rain-fed. Accumulated
rainfall from sowing to anthesis and from anthesis to ripeness harvest
was 344 mm and 61 mm, respectively.

Three levels of N supply before anthesis were applied. Low-N
treatments (treatments termed L) were established on plots that had
not received N since 1948. Moderate-N nutrition treatments (M)
were established on the same plots as the L treatments, but received
50 kg N ha! at the beginning of tillering. High-N nutrition
treatments (H) were on plots where leaves of sugar beet from a
previous cultivation and a cut of alfalfa had been buried. The H
treatments resulted in an uptake by the crops of 63.7+2.2 kg N ha™!
from sowing to anthesis, compared with 23.0£0.8 and 47.8£3.3 kg
N ha! for the L and M treatments, respectively (P <0.001; df=24).
At anthesis, each plot was split into three subplots to which 0 kg N
ha™! (treatments termed L0, MO, and HO), 30 kg N ha~!' (L30, M30,
and H30) or 150 kg N ha™' (L150, M150, and H150) were applied.

Samples of 0.20 m? were taken in each subplot at 0, 290, 505, 712,
and 900 °Cd after anthesis. Three replicates were used per treatment.

Plant sampling and protein extraction

Stems, leaves, chaffs and grains were separated, and their dry mass
was determined on subsamples after oven-drying at 70 °C to a
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constant mass. The remaining grains were frozen in liquid N, freeze-
dried, and stored at 4 °C before analysis.

The protein fractions albumin-globulin, amphiphil, gliadin, and
glutenin were sequentially extracted from 833 mg of flour (Marion
et al., 1994; Triboi et al., 2000). Briefly, grains were ground to
wholemeal flour using a Quadrumat Jr mill (Brabender, Duisburg,
Germany). During each extraction step, the samples were continu-
ously stirred on a magnetic stirrer for 60 min. Soluble and insoluble
fractions were separated by centrifugation at 8 000 g for 30 min at
the extraction temperature. Albumins-globulins were extracted at
4 °C with 25 ml 0.05 M NaCl, 0.05 M sodium phosphate buffer pH
7.8. Amphiphilic proteins were extracted at 4 °C from the previous
pellet with 25 ml 2% (v/v) Triton X-114, 0.1 M NaCl, 0.05 M
sodium phosphate buffer pH 7.8. Gliadins were extracted at 20 °C
from the previous pellet with 25 ml 70% (v/v) ethanol. Glutenins
were extracted at 20 °C from the previous pellet with 25 ml 20 g I
SDS (sodium dodecyl sulphate), 2% (v/v) 2-mercaptoethanol (2-
SH), 0.05 M tetraborate buffer pH 8.5. After centrifugation the
glutenins were recovered in the supernatant.

N content determination

Total N content for grains was determined on freeze-dried samples
by the Kjeldhal method using a Kjeltec 2300 analyser (Foss Tecator
AB, Hoeganaes, Sweden). After the supernatant solutions were
evaporated to approximately 5 ml in a forced-draught oven at 50 °C,
total N content for the different protein fractions and the residue of
the extraction was determined using the same method. The sum of
the quantity of N for each protein fraction plus the residue was
strongly correlated with the total quantity of N determined
independently (?=0.99, df=98, P <0.001), and the slope of the
reduced-major-axis linear regression between these two dependent
variables was very close to unity (0.99%+0.01). Protein content was
calculated from the percentage of total N by multiplying by a
conversion factor of 5.62 for grains of wheat (Mossé et al., 1985).

Statistics

Percentages of the different protein fractions were analysed using
one-way ANOVA (0=0.05) on logit transformed data, followed by a
Tukey’s test. Statistically significant differences were judged at
P=0.05.

To determine the rate and duration of accumulation of dry mass,
total N and protein fractions, data were fitted with a 3-parameter
logistic function equation:

Qmax

- —4r(t—tos) ( 1 )
1 + 0.05exp (#)

(1)

Where Q is the quantity of dry mass or N, ¢ is the number of days or
degree-days after anthesis, and Q.. is the final value of Q
approached as t — oo, r is the maximum rate of accumulation defined
as the derivative of the point of inflexion, and 95 is the duration of
accumulation defined as the duration, from anthesis, in which 95%
of Omax 1s accumulated. For each experiment, the accumulation of
the different grain components were analysed simultaneously using
a parallel curve analysis (Ross, 1984) using GenStat statistical
package (5th edn, VSN International Ltd, Oxford, UK).

The partitioning of the total quantity of N per grain between the
different protein fractions was analysed using the broken-stick
procedure of the GenStat statistical package with the constraint for
the two lines to intercept at the change point (k;):

bi; — bu;
with k; = ——— 1 (9)

pLi N+bii N<k
0 =
Pui — Pri

pui N +bni N>k’
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Fig. 1. Dry mass (A, B) and total quantity of N (C, D) versus the number of days after anthesis for grains of wheat (Triticum aestivum L. cv.
Thésée) for the 1994 (A, C) and 1998 (B, D) experiments. Treatments are denoted as outlined in Materials and methods. Data are means *1 SE

for n=3 replicates each of 10 plants.

where Q; is the quantity of N in the fraction i, py; and by; are the
partitioning coefficient and the intercept for the initial stage of grain
development (termed stage I) for the fraction i, respectively, and pyr;
and byy; are the partitioning coefficient and the intercept for the
second stage of grain development (stage II) for the fraction i,
respectively, and k; is the intercept between the lines for the two
stages of grain development for the fraction i, and represents the
quantity of total N accumulated in the fraction i at the end of the
stage 1.

Results

Accumulation of dry mass and total N

In order to characterize the effect of the different
treatments the kinetics of accumulation of dry mass and
total N per grain are presented. The effects of temperature
and drought were examined using non-limiting fertilizer
treatments. Figures 1 and 2 present the kinetics of
accumulation of dry mass and total N per grain in real
time and thermal time, respectively, for different post-
anthesis temperatures and watering regimes when soil N
supply is not limiting.

An increase in the average post-anthesis temperature of
7 °C (in 1998) and 9 °C (in 1994) increased the rate of dry
mass accumulation per day and per grain by 20% and 22%,
respectively (ranging from 1.95%0.15 to 2.76*+0.16 mg
d™! grain™!; Fig. 1A, B), which did not compensate for the
decrease of 60% in the duration of dry mass accumulation,
as determined from anthesis. When expressed as a function
of accumulated thermal time above O °C, the rate of dry

mass accumulation decreased by 26% when the post-
anthesis temperature increased by 7-9 °C (ranging from
0.12+0.01 to 0.16=0.01 mg (°Cd)~! grain™!), whereas the
duration of accumulation was not affected, and averaged
625*20 °Cd (Fig. 2A, B). The rate of dry mass accumu-
lation per day or per degree-day was decreased by 17% and
26% by post-anthesis drought for the —5D and +5D
treatments as compared to the -5W and +5W treatments,
respectively. Post-anthesis drought decreased the duration
of dry mass accumulation by 17% and 13% for the —5D
and +5D treatments as compared to the -SW and +5W
treatments, respectively.

The rate of N accumulation per day was increased by
40% and 60% with an increase in post-anthesis tempera-
ture of 7 °C (in 1998) and 9 °C (in 1994), respectively,
whereas the rate per degree-day was not significantly
modified (Figs 1C, D and 2C, D), and averaged 2.4*+0.1 ug
N (°Cd)™! grain™'. Similarly the duration of N accumula-
tion was reduced from 48 d for the -5 treatments to 28 d for
the +10/+5 treatments, whereas the duration in degree-days
was not significantly modified, and averaged 74657 °Cd.
Post-anthesis drought had only slight effects on the rate
and duration of N accumulation, as a function of thermal
time.

These results confirm that deposition of dry mass is
more sensitive to moderately high temperature (<30 °C) or
drought post-anthesis than is the deposition of protein
(Jenner et al., 1991; Triboi and Triboi-Blondel, 2002). This
probably reflects the relative insensitivity of starch
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Fig. 2. Dry mass (A, B) and total quantity of N (C, D) versus the thermal time after anthesis for grains of wheat for the 1994 (A, C) and 1998 (B,
D) experiments. Treatments are denoted as outlined in Materials and methods. Data are means *1 SE for n=3 replicates each of 10 plants.

production, which accounted for 60-72% of the grain dry
mass (data not shown), to moderate post-anthesis tem-
perature (Jenner et al., 1991). Consequently, the percent-
age of protein increased from 8.9% to 13.8% and from
11.8% to 14.6% when the average post-anthesis tempera-
ture increased by 7 °C (in 1998) and 9 °C (in 1994),
respectively. Post-anthesis drought had a similar effect on
the percentage of protein, though at the higher tempera-
ture, the drought decreased the quantity of protein per
grain by 18%.

Figure 3 presents the kinetics of accumulation of dry
mass and total N in thermal time for different rates and
timing of N nutrition. By contrast with post-anthesis
temperature and drought, N nutrition had no significant
effect on the rate (2.5+0.1 mg DW (°Cd)™! grain™!) and
duration (642*18 °Cd) of dry mass accumulation
(Fig. 3A). However, the rate of N accumulation was
significantly increased by N applied either before or after
anthesis (Fig. 3B). Specifically, the rate of N accumulation
for the treatments L.LO, HO, and H150 were 1.28*0.16,
1.50+0.24, and 2.14*0.19 pug N (°Cd)"!' grain..
Consequently, N applied at anthesis at a rate of 150 kg N
ha™! increased the grain protein concentration by 89, 55,
and 37% compared to the LO, MO, and HO treatments,
respectively. Similar protein concentrations were obtained
for the L150, M150, and H150 treatments, averaging
13.820.2%. The rate of N accumulation per degree-day
and per grain was similar for the L150, M150, and H150
treatments. The duration of N accumulation increased from
64660 and 594+52 °Cd for the LO and MO treatments,
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Fig. 3. Dry mass (A) and total quantity of N (B) versus the thermal
time after anthesis for grains of wheat. Crops were grown in the field
with different rate and timing of N fertilization. Treatments are
denoted as outlined in Materials and methods. Data are means =1 SE
for n=3 replicates each of 10 plants.

respectively, to 772%16 °Cd for the L150, M150, and
H150 treatments. These results confirm that deposition of
dry mass is less sensitive to N nutrition than is the
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Fig. 4. Relationship of the percentages of N at harvest ripeness in the
albumin-globulin (Alb-Glo), amphiphil (Amp), gliadin (Gli), and
glutenin (Gln) fractions as a function of the total quantity of N per
grain. Wheat crops were grown in controlled environment closed-top
chambers at different post-anthesis temperatures and watering regimes,
and in the field where different rates and timing of N fertilization were
applied. Data are means *1 SE for n=3-6 replicates.

deposition of protein, and that the later that N is applied,
the larger the effect on protein percentage and the lesser
the influence on grain dry weight (Jenner et al., 1991).

Protein fractions composition

The residue from the sequential protein extraction
accounted for 1.5-9.0% of the total quantity of N per
grain. This fraction is mostly composed of polymeric
storage proteins: glutenins, B-amylases, o-amylase/trypsin
inhibitors, and triticins (Singh and Shepherd, 1987; Gupta
et al., 1991). In the results presented here the residue
fraction has been pooled with the glutenin fraction.
Figure 4 summarizes for the different temperature,
drought and N fertilization experiments the trends of the
percentage of the different protein fractions versus the total
quantity of N per grain at harvest ripeness. Interestingly,
unifying patterns were clearly visible (Fig. 4). The
experimental treatments applied induced a range of
variation for the total quantity of N per grain at harvest
ripeness of 740 ug N grain™' (varying form 560 to 1300 pg
N grain!). The percentage of gliadins was positively
correlated with the total quantity of N per grain for values
of the total quantity of N per grain between 560 and c. 1000
ug N grain™!, with no further variation for higher total
quantity of N per grain. The opposite trend was observed
for the albumins-globulins and amphiphils, where per-
centages decreased by 26% and 18%, respectively, when

the total quantity of N per grain increased from 560 to 1000
ug N grain!. The percentage of glutenins at harvest
ripeness was not modified by the variations of the total
quantity of N per grain, and averaged 39.5+0.4%.

Accumulation of protein fractions

Under conditions of non-limiting soil-N supply, the rate of
accumulation of the different protein fractions was not
markedly modified by post-anthesis temperature and
drought (Fig. 5), and averaged 0.88*+0.08, 0.31*0.03,
0.80=0.06, and 1.03+0.06 ug N (°Cd)~! grain™!, for the
albumins-globulins, amphiphils, gliadins, and glutenins
fractions, respectively. However, the duration of accumu-
lation of the different protein fractions expressed in
degree-days decreased by 21-25% when the post-anthesis
temperature increased by 7-9 °C.

Under conditions of non-limiting soil-N supply, drought
increased the rate of accumulation of albumins-globulins
by 60% at the lower temperature, but had no significant
effect at the higher temperature (Fig. 5B). Post-anthesis
drought had no significant effect on the rate of accumu-
lation of the amphiphils at both temperatures (Fig. 5D).
With the exception of the amphiphils at the lower
temperature, whose duration of accumulation was not
modified, the duration of accumulation of the albumins-
globulins and amphiphils was decreased by 40-62% by
post-anthesis drought. By contrast, post-anthesis drought
decreased the rate of accumulation of gliadin by 40% and
30% at the lower and higher temperature, respectively, and
that of glutenins by 30% and 60% at the lower and higher
temperature, respectively (Fig. 5F, H). The duration of
accumulation of gliadins and glutenins was not signifi-
cantly modified by post-anthesis temperature, regardless of
the post-anthesis temperature.

By contrast with the effect of post-anthesis temperature
and drought, the rates of accumulation of albumins-
globulins, gliadins, and glutenins were markedly increased
in response to N fertilization (Fig. 6), and this effect was
stronger for the storage proteins than for the structural
proteins. For the L treatments, N fertilization at anthesis
increased the rate of gliadins and glutenins accumulation
by 161% and 68%, respectively, and for the H treatments
by 48% and 51% for the gliadins and glutenins, respect-
ively. The rate of accumulation of the amphiphils was not
significantly affected by N nutrition. The duration of
accumulation of the different protein fractions was not
significantly modified by N nutrition.

Quantity of protein fractions versus the total quantity
of N per grain

The relationship between the quantity of each protein
fraction and the total quantity of N per grain for developing
and mature grain was not influenced by post-anthesis
temperature and drought or by the rate and timing of N
nutrition (Fig. 7). The partitioning coefficients of N
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Fig. 5. Relationships between the quantity of albumins-globulins (A, B), amphiphils (C, D), gliadins (E, F), and glutenins (G, H) versus the
thermal time after anthesis for grains of wheat for the 1994 (A, C, E, G) and 1998 (B, D, F, H) experiments. Crops were grown in 2 m? trays
under controlled environment closed-top chambers. Treatments are denoted as outlined in Materials and methods. Data are means *1 SE for n=3

replicates.

between the protein fractions are equal to the first
derivatives of this relationship. Two different linear
relationships can be identified for each protein fraction.
This indicates a change in the ratio of the relative rates of
accumulation of total N to the different protein fractions
(Table 1). As expected, the sum of the slopes for the
different protein fractions for each stage of grain devel-
opment equalled one, whereas the sum of the intercept for

each stage of grain development was not significantly
different from zero.

These changes in the partitioning coefficients for the
different protein fractions were synchronized and the
decrease in the partitioning coefficients for the albumins-
globulins corresponded to an increase in the partitioning
coefficients for the storage protein (i.e. gliadins and
glutenins). The intercept of the two linear relationships
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time after anthesis for grains of wheat grown in the field with different
rates and timing of N fertilization. Treatments are denoted as outlined
in Materials and methods. Data are means =1 SE for n=3 replicates.

averaged 275+30 pg N grain™!, which corresponded
approximately to 240 °Cd after anthesis. For the second
stage of grain development (i.e. from 240 °Cd after
anthesis to grain physiological maturity) the partitioning
coefficients were four times higher for the storage proteins
compared with the structural proteins. Also for the second
stage of grain development, the partitioning coefficient
was 30% higher for the glutenins compared with the

gliadins, and the intercept was significantly higher for the
glutenins compared with the gliadins. The direct implica-
tion of the former result is that the gliadin-to-glutenin ratio
increased during the grain-filling period, despite a higher
rate of accumulation and partitioning coefficient for the
glutenins compared to the gliadins.

Discussion

The treatments applied in this study produced a wide range
of dry mass and total quantity of N per grain. Variations in
protein concentration were due mainly to variations of
grain dry mass for the post-anthesis temperature and
drought treatments or to variations in the total quantity of
N per grain for the N-nutrition experiments. This agrees
well with previous studies (Triboi and Triboi-Blondel,
2002). Variations in the kinetics of accumulation of total N
into the grain resulted in important variations in the
kinetics of accumulation and final composition of protein
fractions. However, stable relations were found between
the different protein fractions and the total quantity of N
per grain.

Assuming that the rate of total N accumulation per grain
and per degree-day (Fy) is constant, then the total quantity
of N per grain (N) could be viewed as the equivalent of a
developmental time that integrates the effect of tempera-
ture (as thermal time, 7,), and of N availability (Fy):

N=T,X Fx 3)

The relationship between the quantity of each protein
fraction and the total quantity of N per grain strongly
suggests that the processes of N partitioning within the
grain were not altered by post-anthesis temperature,
drought, and the rate and timing of N fertilization. Single
linear relationships have been reported between the total
quantity of gliadins and the total quantity of N per grain
and between the quantities of o-, B-, y-, and m-gliadin
subunits and the total quantity of gliadins per grain for
crops grown at different temperatures and with different
rates of N nutrition (Daniel and Triboi, 2000, 2001). Other
studies have found close correlations between the percent-
age of gliadins or glutenins in the flour and the protein
content of the flour for mature grains of wheat (Jia et al.,
1996; Pechanek et al., 1997). For maize (Zea mays L.),
single linear relationships apply between the quantities of
the different protein fractions (albumins-globulins, zeins,
and glutelins) and the total quantity of N for crops grown in
the field and for detached grains grown in vitro (Landry,
2002). Linear relationships were also found between the
percentages in the flour of the 20 protein amino acids and
protein content for samples of mature grains of wheat from
12 different genotypes, and one genotype grown in 11
locations with a range of protein content ranging from 7.9—
18.5% (i.e. 650-1700 pg N grain™'; Mossé et al., 1985).
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Table 1. Partitioning coefficients (p; and py), and intercepts (b; and by), for the relationships between the different protein

fractions and the total quantity of N per grain

Intercept of the regression lines for the two stages of grain development (k) determined using a broken-stick regression model (equation 2). The

numbers in brackets are the residual df.

Protein fractions Stage 1 Stage 11 k (ug N grain™)
)41 by (ug N grain™) Pu by (ug N grain™)

Albumins-globulins (239) 0.59+0.04 10+8 0.15+0.01 135+6 283+17

Amphiphils (238) 0.16%0.01 —4+2 0.05+0.00 42+2 428+23

Gliadins (239) 0.06+0.03 —-6=*5 0.34%+0.01 -82+5 274+20

Glutenins (239) 0.22+0.04 —4+7 0.46+0.01 —68=+5 268+24

z 1.03%+0.06 —4+12 1.00+0.01 26*+10 -

An important implication of these results is that the
amino acid and protein fractions composition of wheat
grains at harvest ripeness merely reflect differences in the
total quantity of N accumulated during grain-filling.
Practically, the protein fractions composition and amino
acid composition of wheat grains can be deduced directly
from the total quantity of N per grain. Herein lies a
mechanistic explanation for the belief that higher protein
content is generally equated with higher protein quality for
bread making (Weegels et al., 1996).

The coefficients of partitioning of N within the grains
changed markedly at approximately 240 °Cd after anthesis
for the albumins-globulins, gliadins and glutenins. This

time also corresponds to the transition between the cell
division and the cell expansion stages for grains (Briarty
et al., 1979; Chojecki et al., 1986). Similarly, the
coefficients of partitioning of the albumins-globulins and
the storage proteins change concomitantly at the beginning
of the cell expansion stage for grains of maize (Landry and
Moureaux, 1976). This is similar to results for pea (Pisum
sativum), where, in embryos, the expression of RNA of
storage proteins is restricted to regions of the embryo that
lacked mitotic activity (Hauxwell et al., 1990). However, a
significant amount of N was detected in the gliadin and
glutenin fractions as early as 50 °Cd after anthesis, about
60 °Cd earlier than previous reports using SDS-Page
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electrophoresis for gliadins (Tercé-Laforgue and Pernollet,
1982), and SDS-Page electrophoresis and SE-HPLC for
gliadins and low molecular weight glutenin subunits
(Gupta et al., 1996). This may be due to contaminants in
this study’s gliadins and glutenin fractions, particularly in
the glutenin fractions which have been pooled with the
residue of the sequential protein extraction.

It has been clearly established that the primary control of
the synthesis of storage proteins in barley and wheat grains
is at the level of gene transcription (Rahman et al., 1983;
Giese and Hopp, 1984; Bartels and Thompson, 1986). A
regulatory element called the ‘prolamin box’ comprising
up- and down-regulatory motifs, named the ‘endosperm
motif” and the ‘GCN4 motif’, respectively, have been
found in the promoter region of several genes of storage
proteins (Hammond-Kosack et al., 1993; Miiller and
Knudsen, 1993); and their role in the regulation by the
level of N of storage protein gene expression has been
clearly demonstrated (Miiller and Knudsen, 1993). This
and the results reported here together suggest that the
synthesis of storage proteins is limited mainly by the
availability of N, and provide a mechanistic explanation
for the better estimates of the accumulation of total N from
simulation modelling when N demand by the grain is set in
response to N supply rather than grain number per unit area
(sink determined; Jamieson and Semenov, 2000).

At harvest ripeness, the composition of the protein
fractions was much more affected by the N treatments than
the temperature treatments, as concluded earlier (Wieser
and Seilmeier, 1998; Daniel and Triboi, 2000). However,
the results presented here show that the different effects of
temperature and N nutrition on protein composition is
mostly due to different quantities of N per grain, but not to
different effects on the partitioning of N within the grain.
The percentage of glutenins in the total N was not
significantly influenced by post-anthesis temperature,
drought or N nutrition, so that the percentage of glutenin
in the total N is nearly totally genotype-dependent
(Graybosch et al., 1996).

As far as is known, the kinetics of accumulation for the
amphiphil fraction has not been reported before. As with
albumins-globulins, amphiphils accumulated during the
early stage of grain development, although their rate of
accumulation did not decrease as much as for the
albumins-globulins. This pattern of accumulation is in
good agreement with their putative functions in the
formation of membrane and cell wall, but also as a protein
associated with lipid storage in the endosperm (Douliez
et al., 2000).

The gliadin fraction represented 15-27% of the total
protein, which is significantly lower than values previously
reported (30—45%; Bénétrix et al., 1994, Jia et al., 1996;
Stone and Nicolas, 1996). In the present study, amphiphil
proteins were extracted prior to storage proteins, which
may explain the lower percentage of gliadins reported

here. Indeed the quantity of protein extracted from the
flour in 70% ethanol is decreased by approximately 40% if
the flour has been defatted before the alcohol extraction
(Tercé-Laforgue and Pernollet, 1982). A significant
amount of lipids, and thus probably of lipid-binding
proteins, is extracted by the ‘classical’ procedure, involv-
ing 70% ethanol, used to extract the gliadin fraction (Ponte
et al., 1967). Thus purer gliadins are extracted on defatted
flour, as in this study (Marion et al., 1994). Although, the
Triton X114, used to extract the amphiphil proteins, also
extracts some y-gliadins (Blochet et al., 1991).

The rates and durations of accumulation of both gliadins
and glutenins expressed in thermal time were not influ-
enced by moderately high temperature (<35 °C), confirm-
ing earlier results (Stone and Nicolas, 1998; Daniel and
Triboi, 2001). Also the rates of accumulation of the
different protein fractions were not significantly modified
by drought post-anthesis, but their durations of accumu-
lation were significantly reduced, confirming earlier results
(Panozzo et al., 2001).

The observation that the quantity of gliadins and
glutenins in mature grain increased in response to N
corroborates previous reports (Jia et al., 1996; Pechanek
et al., 1997, Triboi et al., 2000). In addition, new
information on the kinetics of accumulation of protein
fractions was obtained. The rate of accumulation of
albumins-globulins, gliadins, and glutenins increased in
response to N. However, no significant effect of N nutrition
on the duration of accumulation of the different protein
fractions was found.

Conclusions

The separate study of the effects of the major environ-
mental factors on protein fractions accumulation gave new
insights into the regulation of protein accumulation. At
least for the cultivar studied, the relationships between the
total quantity of N accumulated and the quantity of the
different protein fractions were modified neither by post-
anthesis temperature or drought nor by the rate or timing of
N nutrition. Thus the protein fractions composition
depended mostly on the total quantity of N per grain.
Structural proteins (albumins-globulins and amphiphils)
accumulated in the grain mainly during the cell division
stage, whereas the storage proteins (gliadins and glutenins)
accumulated mainly during the filling period. The next step
in the study of the environmental determination of grain
protein fractions will be to transcribe these results and
hypotheses into a simulation model. This will allow not
only the effect of varied environmental conditions to be
analysed, but also the effect of the genotypic variability of
N remobilization on the accumulation of the different
protein fractions and the synthesis of storage proteins.

220z 1snBny 9|, uo Jesn aonsnr Jo Juswipedad "S'N AQ #¥S9¥S/LE/ L/88E/YS/BI0IHE/qX]/W0o" dno"olWepesE)/:Sd)Y WOy PaPEOUMOQ



Acknowledgements

The authors thank Professor Dr John R Porter (Department of
Agricultural Sciences, Royal Veterinary and Agricultural
University, Taastrup, Denmark) and Drs Jean-Francois Soussana
(Unité d’ Agronomie, INRA Clermont-Ferrand, France), and Peter D
Jamieson (New Zealand Institute for Crop and Food Research Ltd.,
Christchurch, New Zealand) for helpful discussions and comments
on the manuscript, and Ruth Butler (New Zealand Institute for Crop
and Food Research Ltd., Christchurch, New Zealand) for her
excellent statistical assistance, and Lucette Leblevenec, Joélle
Messaud, and Francois Gerbe for their technical assistance. PM
gratefully acknowledges the support of the French National Institute
for Agricultural Research (INRA) for financial support during his
visit to New Zealand.

References

Bartels D, Thompson RD. 1986. Synthesis of mRNAs coding for
abundant endosperm proteins during wheat grain development.
Plant Science 46, 117-125.

Bénétrix F, Kaan F, Autran J-C. 1994. Changes in protein
complexes of durum wheat in developing seed. Crop Science 34,
462-468.

Blochet JE, Kaboulou A, Compoint J-P, Marion D. 1991.
Amphiphilic proteins from wheat flour: specific extraction,
structure and lipid binding properties. In: Bushuk W, Tkachuk
R, eds. Gluten proteins 1990. St Paul, Minnesota: American
Society of Cereal Chemists, 314-325.

Blumenthal CS, Barlow EWR, Wrigley CW. 1993. Growth
environment and wheat quality: the effect of heat stress on dough
properties and gluten proteins. Journal of Cereal Science 18, 3—
21.

Blumenthal CS, Batey IL, Bekes F, Wrigley CW, Barlow EWR.
1991. Seasonal changes in wheat-grain quality associated with
high temperatures during grain-filling. Australian Journal of
Agricultural Research 42, 21-30.

Branlard G, Dardevet M, Saccomano R, Lagoutte F, Gourdon
J. 2001. Genetic diversity of wheat storage proteins and bread
wheat quality. Euphytica 119, 59-67.

Briarty LG, Hughes CE, Evers AD. 1979. The developing
endosperm of wheat. A stereological analysis. Annals of Botany
44, 641-658.

Chojecki AJS, Bayliss MW, Gale MD. 1986. Cell production and
DNA accumulation in the wheat endosperm, and their association
with grain weight. Annals of Botany 58, 809-817.

Daniel C, Triboi E. 2000. Effects of temperature and nitrogen
nutrition on the grain composition of winter wheat: effects on
gliadin content and composition. Journal of Cereal Science 32,
45-56.

Daniel C, Triboi E. 2001. Effects of temperature and nitrogen
nutrition on the accumulation of gliadins analysed by RP-HPLC.
Australian Journal of Plant Physiology 28, 1197-1205.

Daniel C, Triboi E. 2002. Changes in wheat protein aggregation
during grain development: effects of temperatures and water
stress. European Journal of Agronomy 16, 1-12.

Doekes GJ, Wennekes MJ. 1982. Effect of nitrogen fertilization
on quantity and composition of wheat flour protein. Cereal
Chemistry 59, 276-278.

Douliez JP, Michon T, Elmorjani K, Marion D. 2000. Structure,
biological and technological functions of lipid transfer proteins
and indolines, the major lipid binding proteins from cereal
kernels. Journal of Cereal Science 32, 1-20.

Dubreil L, Méliande S, Chiron H, Compoint J-P, Quillien L,
Branlard G, Marion D. 1998. Effect of puroindolines on the

N partitioning within grains in wheat 1741

breadmaking properties of wheat flour. Cereal Chemistry 75,
222-229.

Finney KF, Fryer HC. 1958. Effect on loaf volume of high
temperature during the fruiting period of wheat. Agronomy
Journal 50, 28-34.

Finnie C, Melchior S, Roepstorff P, Svensson B. 2002. Proteome
analysis of grain-filling and seed maturation in barley. Plant
Physiology 129, 1308-1319.

Giese H, Hopp HE. 1984. Influence of nitrogen nutrition on the
amount of hordein protein Z and B-amylase messenger RNA in
developing endosperms of barley. Carlsberg Research
Communications 49, 365-383.

Graybosch RA, Peterson CJ, Shelton DR, Baenziger PS. 1996.
Genotypic and environmental modification of wheat flour protein
composition in relation to end-use quality. Crop Science 36, 296—
300.

Gupta RB, Batey IL, MacRitchie F. 1992. Relationships between
protein composition and functional properties of wheat flours.
Cereal Chemistry 69, 125-131.

Gupta RB, Shepherd KW, MacRitchie F. 1991. Genetic control
and biochemical properties of some high molecular weight
albumins in bread wheat. Journal of Cereal Science 13, 221-235.

Gupta RB, Masci S, Lafiandra D, Bariana HS, MacRitchie F.
1996. Accumulation of protein subunits and their polymers in
developing grains of hexaploid wheats. Journal of Experimental
Botany 47, 1377-1385.

Guttieri MJ, Ahmad R, Stark JC, Souza E. 2000. End-use quality
of six hard red spring wheat cultivars at different irrigation levels.
Crop Science 40, 631-635.

Guttieri MJ, Stark JC, O’Brien K, Souza E. 2001. Relative
sensitivity of spring wheat grain yield and quality parameters to
moisture deficit. Crop Science 41, 327-335.

Hammond-Kosack MCU, Holdsworth M, Bevan MW. 1993. In
vivo footprinting of a low molecular weight glutenin gene
(LMWG-1D1) in wheat endosperm. EMBO Journal 12, 545-554.

Hauxwell A, Corke FMX, Hedley CL, Wang TL. 1990. Storage
protein gene expression is localized to regions lacking mitotic
activity in developing pea embryos. An analysis of seed
development in Pisum sativum. Development 110, 283-289.

Huebner FR, Nelsen TC, Chung OK, Bietz JA. 1997. Protein
distributions among hard red winter wheat varieties as related to
environment and baking quality. Cereal Chemistry 74, 123-128.

Jamieson PD, Semenov MA. 2000. Modelling nitrogen uptake and
redistribution in wheat. Field Crops Research 68, 21-29.

Jamieson PD, Stone PJ, Semenov MA. 2001. Towards modelling
quality in wheat—from grain nitrogen concentration to protein
composition. Aspects of Applied Biology 64, 111-126.

Jenner CF, Ugalde TD, Aspinall D. 1991. The physiology of
starch and protein deposition in the endosperm of wheat.
Australian Journal of Plant Physiology 18, 211-226.

Jia YQ, Masbou V, Aussenac T, Fabre JL, Debaeke P. 1996.
Effects of nitrogen fertilization on maturation conditions on
protein aggregates and on the breadmaking quality of Soissons, a
common wheat cultivar. Cereal Chemistry 73, 123-130.

Johansson E, Prieto-Linde ML, Jonsson JO. 2001. Effects of
wheat cultivar and nitrogen application on storage protein
composition and breadmaking quality. Cereal Chemistry 78,
19-25.

Lafiandra D, Masci S, Blumenthal CS, Wrigley CW. 1999. The
formation of glutenin polymer in practice. Cereal Foods World
44, 572-578.

Landry J. 2002. A linear model for quantitating the accumulation
of zeins and their fractions (0+8, B&Y) in developing endosperm
of wild-type and mutant maizes. Plant Science 163, 111-115.

Landry J, Moureaux T. 1976. Quantitative estimation of
accumulation of protein fractions in unripe and ripe maize

220z 1snBny 9|, uo Jesn aonsnr Jo Juswipedad "S'N AQ #¥S9¥S/LE/ L/88E/YS/BI0IHE/qX]/W0o" dno"olWepesE)/:Sd)Y WOy PaPEOUMOQ



1742 Triboi et al.

grain. Qualitas Plantarum—~Plant Foods for Human Nutrition 25,
343-360.

Marion D, Nicolas Y, Popineau Y, Branlard G, Landry J. 1994.
A new and improved sequential extraction procedure of wheat
proteins. In: Wheat kernel proteins—molecular and functional
aspects’: Universita Degli Studi della Tuscia, 197-199.

Mossé J, Huet JC, Baudet J. 1985. The amino acid composition of
wheat grain as a function of nitrogen content. Journal of Cereal
Science 3, 115-130.

Miiller M, Knudsen S. 1993. The nitrogen response of a barley C-
hordein promoter is controlled by positive and negative
regulation of the GCN4 and endosperm box. The Plant Journal
4, 343-355.

Panozzo JF, Eagles HA, Wootton M. 2001. Changes in protein
composition during grain development in wheat. Australian
Journal of Agricultural Research 52, 485-493.

Pechanek U, Karger A, Groger S, Charvat B, Schoggl G, Lelley
T. 1997. Effect of nitrogen fertilization on quality of flour protein
components, dough properties, and breadmaking quality of wheat.
Cereal Chemistry 74, 800-805.

Ponte JJG, De Stefanis VA, Cotton RH. 1967. Studies of gluten
lipids. 1. Distribution of lipids on gluten fractions separated by
solubility in 70% ethanol. Cereal Chemistry 44, 427—435.

Rahman S, Shewry PR, Forde BG, Kreis M, Miflin BJ. 1983.
Nutritional control of storage-protein synthesis in developing
grain of barley (Hordeum vulgare L.). Planta 159, 366-372.

Randall PJ, Moss HJ. 1990. Some effects of temperature regime
during grain-filling on wheat quality. Australian Journal of
Agricultural Research 41, 603-617.

Ross GJS. 1984. Parallel model analysis: fitting non-linear models
to several sets of data. In: COMPSTAT 1984—Sixth Symposium
on Computational Statistics, 458—463.

Shewry PR, Halford NG. 2002. Cereal seed storage proteins:
structures, properties and role in grain utilization. Journal of
Experimental Botany 53, 947-958.

Shewry PR, Tatham AS, Halford NG. 2001. Nutritional control of
storage protein synthesis in developing grain of wheat and barley.
Plant Growth Regulation 34, 105-111.

Singh J, Blundell M, Tanner G, Skerritt JH. 2001. Albumin and
globulin proteins of wheat flour: immunological and N-terminal
sequence characterization. Journal of Cereal Science 34, 85-103

Singh NK, Shepherd KW. 1987. Solubility behaviour, synthesis,
degradation and subcellular location of a new class of disulfide-
linked proteins in wheat endosperm. Australian Journal of Plant
Physiology 14, 245-252.

Singh NK, Shepherd KW, Langridge P, Gruen LC. 1991.
Purification and biochemical characterization of triticin, a
legumin-like protein in wheat endosperm. Journal of Cereal
Science 13, 207-219.

Skylas DJ, Mackintosh JA, Cordwell SJ, Basseal DJ, Walsh BJ,
Harry J, Blumenthal CS, Copeland L, Wrigley CW, Rathmell
W. 2000. Proteome approach to the characterization of protein
composition in the developing and mature wheat-grain
endosperm. Journal of Cereal Science 32, 169—188.

Stone PJ, Nicolas ME. 1996. Varietal differences in mature protein
composition of wheat resulted from different rates of polymer
accumulation during grain-filling. Australian Journal of Plant
Physiology 23, 727-737.

Stone PJ, Nicolas ME. 1998. Comparison of sudden heat stress
with gradual exposure to high temperature during grain-filling in
two wheat varieties differing in heat tolerance. 1I. Fractional
protein accumulation. Australian Journal of Plant Physiology 25,
1-11.

Tercé-Laforgue T, Pernollet JC. 1982. Quantitative and
qualitative study of gliadin accumulation during wheat
(Triticum aestivum L.) caryopsis development. Comptes Rendus
de I’Academie des Sciences. Serie B: Science de la vie 294, 529—
534.

Triboi E, Abad A, Michelena A, Lloveras J, Ollier JL, Daniel C.
2000. Environmental effects on the quality of two wheat
genotypes. 1. quantitative and qualitative variation of storage
proteins. European Journal of Agronomy 13, 47-64.

Triboi E, Triboi-Blondel AM. 2002. Productivity and grain or
seed composition: a new approach to an old problem—invited
paper. European Journal of Agronomy 16, 1-12.

Triboi E, Triboi-Blondel AM, Martignac M, Falcimagne R.
1996. Experimental device for studying post-anthesis canopy
functioning in relation to grain quality. In: Proceedings of the 4th
European Society of Agronomy Congress, 68—69.

Wardlaw IF, Blumenthal C, Larroque O, Wrigley CW. 2002.
Contrasting effects of chronic heat stress and heat shock on kernel
weight and flour quality in wheat. Functional Plant Biology 29,
25-34.

Weegels PL, Hamer RJ, Schofield JD. 1996. Critical review:
functional properties of wheat glutenin. Journal of Cereal Science
23, 1-18.

Wieser H, Seilmeier W. 1998. The influence of nitrogen
fertilization on quantities and proportions of different protein
types in wheat flour. Journal of the Science of Food and
Agriculture 76, 49-55.

Wrigley CW, Blumenthal C, Gras PW, Barlow EWR. 1994.
Temperature variation during grain-filling and changes in wheat
grain quality. Australian Journal of Plant Physiology 21, 875-
885.

Zhu J, Khan K. 2001. Effects of genotype and environment on
glutenin polymers and breadmaking quality. Cereal Chemistry
78, 125-130.

220z 1snbny 9| uo Jesn sopsnr jo Juswpedaq 'S N Aq #1S591S/L €L 1L/88E/¥S/2101e/gXl/Woo dno olwepede//:sdyy woly papeojumoq



