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Abstract

Wheat (Triticum aestivum L.) is one of the most important agricultural crops worldwide. However, water is the most important
limiting factor for wheat production. This study was initiated to test water stress environmental effects on grain quality and nutri-
tional value of wheat by using single different water conditions at post-anthesis stage. Further analyses were conducted to examine
variations in concentrations and compositions of the bioactive compounds and nutritions in strong-gluten winter wheat subjected
to different levels of water deficit during grain filling. For the experiment on the response to different soil water conditions during
post-anthesis stage, effects of soil water environment on protein content and composition in the grains were significant. Soil water
conditions in this study greatly affected mineral contents in the grains of winter wheat, particularly with regard to the major min-
erals (P, K, Ca and Mg). Water deficit during grain filling can result in a decrease in lipid contents in wheat grains, which agrees
well with experimental findings elsewhere. Concomitantly, a mild water deficit during grain filling would be beneficial to the grain
filling and starch compositions, significantly improved bread-making quality. Therefore, it was concluded that good management
of wheat field water at post-anthesis stage was helpful to improving grain quality and nutritions relevant to processing and human
nutrition. 7o cite this article: C.-X. Zhao et al., C. R. Biologies 332 (2009).
© 2009 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction to severe stress at grain development stage [1]. Grain
of certain cultivars can often attract a price premium

Wheat is one of the most important food crops. if it has a combination of good characters that make it
Wheat is grown under irrigated as well as rain-fed con- suitable for bread making, rather than biscuit-making
ditions worldwide. Under rain-fed conditions the devel- or livestock feed [2,3]. As we know, both protein con-
oping grains of wheat are frequently exposed to mild tent and protein quality have marked effects on bread-
making quality [4]. In addition, wheat grain is rich in

** Corresponding author, bioactive compounds which provide nutritional benefits
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tion of wheat grain will affect the quality of human nu-
trition, especially for protein and microelement content,
such as Fe and Zn, which are vital for human health [5].
Nutritional problems related to diets of cereal as wheat-
based were observed throughout the country, and the
consequences of malnutrition create immense economic
and social costs [6,7].

Environmental factors, such as temperature, water
and nitrogen nutrition also influence the ratio between
soluble and insoluble proteins, affect bread-making
quality, which is a function of the protein composi-
tion that is genetically controlled [8,9]. In addition, in
studies focused on the environment or on the cultivar—
environment interactions, a randomly chosen set of
samples obtained in multisite experiments were often
used, without a good knowledge of the potentially inter-
active factors causing these variations [10].

Wheat grain quality is crucial; in environments lim-
iting the attainment of high quality, durum wheat is re-
placed by bread wheat of which the grain yield is higher
than that of durum wheat [3,11]. Variations in flour
quality in a hard-grained winter cultivar were related to
changes in protein composition from drought stress dur-
ing grain filling [12]. Certainly, timing is very important
in modifying the effect of stress on yield formation [13].
Although the effect of drought stress on grain develop-
ment and its yield in wheat is well documented [14,15],
the studies on changes in nutritional value of the ma-
ture grains in strong-gluten wheat, in response to water
stress at post-anthesis are, however, scanty. It is, there-
fore, imperative that a comprehensive analysis of the
drought stress-induced changes in the nutritional value
of wheat grains be carried out in cultivars categorized as
strong gluten. This paper seeks to further clarify water
stress environmental effects on grain quality and nutri-
tional value (such as protein, mineral composition, lipid
and starch content, efc.) of wheat using single different
water conditions at post-anthesis stage.

2. Materials and methods
2.1. Plant materials and growth conditions

From 2007 to 2008, the experiment was conducted
at Laiyang experimental station, Qingdao Agricultural
University, China. Wheat seeds of strong-gluten va-
riety (Triticum aestivum L., cv. Jimai 20) were col-
lected from Crop Research Institute, SAAS (Shan-
dong Academy of Agricultural Sciences). Plants were
raised in 30 pots (36 cm diameter and 52 cm height,
18 seeds per pot) filled with local field topsoil in the
rain-proof greenhouse. Organic compost (0.60 kg/pot),

urea (62.46 g/pot) and (NH4),HPO4 (90 g/pot) were
applied prior to planting. Before sowing the soil was ir-
rigated to 80% soil water capacity (SWC). The sowing
was done on 8th October and the grains were harvested
on 13th June. 20 days after sowing, nine plants left by
thinning were maintained in each pot. The plants were
irrigated daily and the quantity of water applied was al-
ways in excess, up to full drainage before flowering. For
imposition of water deficit at post-anthesis stages, three
soil water levels, 45% (W1), 65% (W2), and 85% (W3)
SWC, were applied to each pot (10 pots per treatment)
separately from flowering, and kept constant through-
out the entire period of experiment by simply weighing
each pot every 2 days, and adding the water lost accord-
ingly. At the late growth phase, when total biomass of
wheat accounted for more than 0.5% of the total pot
weight (plastic pot + soil + soil water + biomass), that
fraction of biomass was taken into account. At last, the
grain samples were harvested at maturity in three repli-
cates, which were stored in paper bags and kept in a
freezer at —20 °C after being received in the laboratory
until the related tests begun.

2.2. Protein isolation and quantification

Protein is analyzed as nitrogen on a Leco TruSpec
carbon—nitrogen analyzer according to the method of
Forage Analyses Procedures [16]. Protein content was
calculated from nitrogen content multiplying by a con-
stant of 5.7. The protein fractions from the grains were
extracted using the protocol as described [17,18].

2.3. Mineral content

The ash content of the wheat grain was determined
according to the AOAC method 923.03 [19]. Ground
wheat samples were brought to room temperature prior
to use. Crucibles were pre-dried in a furnace for 5 h at
525 °C. The crucible were cooled to room temperature
in a desiccator. Approximately 2 g ground wheat grain
samples were weighed into the dried crucibles and sam-
ples were ashed in a furnace for 5 h at 525 °C. Minerals
were extracted from ash in hot 3 N HCI before analysis
using Inductively Coupled Plasma Mass Spectrometer
(ICP-MS).

2.4. Lipid content

Oil content was determined according to the AOAC
method 960.39 [19]. Approximately 2 g ground wheat
grain samples were weighed into a cellulose thimble.
The thimbles were then placed in the Soxtec extraction
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Table 1

Effects of soil water content at post-anthesis stage on protein and fractions in strong-gluten wheat grain.

Treatment Protein (%) Albumin (%) Globulin (%) Gliadin (%) Glutenin (%) Glutenin/gliadin ratio
Wil 16.7%* 2.5 2.2% 4.5%* 6.7** 1.49*

w2 15.9* 2.6% 2.1 4.0* 5.7 1.42

w3 14.8 2.4 2.0 3.6 5.1 1.42

unit (Tecator, Model 1043 Extraction Unit, Sweden),
and 40 ml of petroleum ether was used to extract the
oil from the samples. The extraction time was 30 min.
The aluminum cup with the extracted oil was placed into
vacuum oven (Fished Scientific, Isotemp® Oven, Fair
Lawn, NJ) for 15 min to evaporate the excess moisture.
The amount of extracted oil was determined gravimetri-
cally.

2.5. Starch characteristics

Stiff dough was prepared by mixing (100 g) meal
with distilled water (45-55 ml) in a laboratory pin mixer
(National Mfg Co., Lincoln, NE) for 3 min at slow
speed [20]. The dough ball was kept covered with moist
cheese cloth at 30 °C for 1 h. Starch was washed from
the dough ball, by kneading with hand under a stream
of distilled water, over a sieve with mesh openings of
70 pm, fitted over a 2-liter vessel. The starch slurry was
wet-sieved twice through the bolting cloth, to remove
bran and endosperm cell-wall impurities. The material
retained on the cloth was discarded. Starch slurry was
then centrifuged at 2500g for 10 min. The upper pig-
mented layer (tailings) was carefully removed, using a
small spatula, mixed with water (20 ml) and decanted
from any starch which had settled after 30 min. The
starch fraction plus starch from the decanting step were
purified by resuspending in distilled water and centrifu-
gation. Four such purification cycles were carried out to
obtain pure starch. The starch was finally dried at 40 °C
in a forced-air drier. The starch recovery was between
45% and 48%.

Amylase and amylopectin content of the starches
isolated from different varieties was determined using
the method of Williams, Kuzina, and Hlynka [21]. The
quantity of amylase was determined from a standard
curve plotted using blends of amylose and amylopectin.

2.6. Statistical analysis

Data were analyzed using SPSS 12.0 software for
two-way ANOVA, ¢-test and standard deviation. The
standard deviations were shown with numerals in ta-
bles and with error bars in figures, respectively. It was
considered significant when P < 0.05 (marked with (¥))

and extremely significant when P < 0.01 (marked with

(*%)).
3. Results and discussion
3.1. Protein characteristics

Protein content of grain is well known to affect
the functional properties of processed wheat products.
Hence it is an important parameter analyzed to evaluate
quality attributes of wheat varieties. Protein amount and
composition in grain are significantly influenced by en-
vironmental conditions such as temperature and mineral
availability to plant. This study examined the protein
contents of strong-gluten winter wheat grown at differ-
ent soil water conditions during the later growth stage.
Protein contents of the strong-gluten winter examined
in this study varied from 14.8% to 16.7% (Table 1).
Wheat grain samples from the experiments, 45% SWC
(wl) and 85% SWC (w3) had the highest (16.7%) and
lowest (14.8%) protein contents, respectively, which
showed that over high SWC was not benefit to the ac-
cumulation of protein in wheat grain at post-anthesis
stage, that is to say, proper water deficit (65% SWC)
was benefit to protein formation of wheat grain at later
growth stage. Whereas the opposite effect was observed
in wheat grain yield [21], the obtaining of grain yield
was higher under w2 (65% SWC) than w1 (45% SWC)
and w3 (85% SWC).

In addition, the protein fractions (globulin, gliadin,
glutenin, and glutenin/gliadin ratio) in grain samples
were observed to be down-regulated in response to
SWC increasing at post-anthesis except albumin (Ta-
ble 1), which showed that the accumulation of protein
components was sensitive to water stress at the later
stage. The differential regulation of accumulation of
proteins (especially gliadins and glutenins) in the ma-
ture grains of wheat by water conditions may have im-
portant implications in the processing qualities, and thus
warrants further investigation. The results of protein
fractions also revealed that good management of water
in wheat field at post-anthesis stage was helpful both
to improving protein content and composition in wheat
grain and to yield formation.
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Table 2
Effects of soil water content at post-anthesis stage on mineral composition (mg/g) in strong-gluten wheat grain.
Treatment P (mg/g) K (mg/g) Ca (mg/g) Mg (mg/g) Zn (mg/kg)
W1 3.2 £0.04** 3.44+0.1 0.5 +0.03* 1.3 £0.02* 54.6+£1.2%*
w2 3.14+0.02* 3.6 +0.09* 0.4 £0.06 1.340.04* 52.34+0.7*
W3 2.94+0.03 3.8 +£0.2%* 0.4+£0.02 1.2+0.09 452+1.5
3.2. Mineral composition e i
12

Ash content which refers to the mineral content E
of grain varies with variety, agronomic practices such £
as fertilization and irrigation. Mineral composition of % GE
wheat grain affects flour extractability. Wheat can be E o0s
an important and inexpensive source of certain minerals 'E
for humans in the developing countries including China. -
The low concentrations of several essential micronutri- 0.2

ents in modern crops contribute to the problem of mi-
cronutrient malnutrition, for instance, nearly half of the
world’s population is at risk of inadequate Zn intake [5].
So, the lower (nutritional value):(caloric value) of crops
under agronomic practices including water supply will
aggravate the micronutrient malnutrition problem in the
world.

Five minerals (P, K, Ca, Mg, and Zn) were identi-
fied in ash samples from the experiments. Table 2 shows
that the relationships between their contents and SWC.
P, Ca, Mg, and Zn content in grain samples were lin-
early correlated with the increasing in SWC (ranged
from 45% to 85%), their contents increased, except that
K of all the samples was enhanced in response to SWC
(ranged from 45% to 85%) increasing. The results in-
dicated mineral contents in the grains of winter wheat
were greatly affected by soil water conditions in the
field, which showed that nutrient concentrations (P, Ca,
Mg and Zn) in wheat grain were decreased by too high
SWC. Whereas water deficit low SWC such as wl in
the experiment) was benefit to mineral accumulation in
wheat grain at post-anthesis stage, serious water short-
age can lead to high decreasing in grain yield during the
stage. As indicated above on SWC effects, proper wa-
ter conditions (such as w2 in the experiment) at the later
growth stage of wheat can be favorable to more mineral
concentrations and higher yield in wheat grain than the
other.

3.3. Lipid contents

Although lipids are minor components of whole
wheat grain they play important role in nutritional value,
processing and storability of grain. Lipid content and
composition of wheat are affected by variety and growth

wl w2 wi

Fig. 1. Effects of soil water content at post-anthesis stage on lipid
contents (%(w/w)) in strong-gluten wheat grain.

conditions [22]. In wheat grain lipids are present in free
and bound forms [23].

Lipid contents of the wheat samples examined in the
experiment are reported as weight percent of petroleum
ether extracts (free lipids) based on whole grain weight.
Fig. 1 indicated that SWC (ranged from 45% to 85%)
can have a significant effect on oil contents (0.88—
1.21%) of the grain samples at post-anthesis stage, that
is to say, water deficit during grain filling can result in a
decrease in lipid contents in wheat grains. The above
results also indicated that wheat grains in this study
had significantly lower protein and higher lipid contents
from wheat exposed to high SWC at post-anthesis stage
(Table 1 and Fig. 1). A similar trend was also observed
in soy bean. Protein and lipid contents in soybean had
a negative correlation [24]. A reduction in lipids con-
tent on exposure to water stress conditions has also been
reported earlier in lupin seeds [25] and chickpea geno-
types [26].

3.4. Starch characteristics

Starch in the endosperm of wheat is the major form
of carbon reserves and comprises 60% to 75% of the fi-
nal dry weight of the grain [27]. Therefore, biosynthesis
and accumulation of starch in grain is also a key pro-
cess determining grain yield and quality in wheat. Our
results in Table 3 clearly demonstrate that drought (w1)
and more water supply can decrease starch contents.
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Table 3

Effects of soil water content at post-anthesis stage on starch and component content in strong-gluten wheat grain.

Treatment Starch (%) Amylose (%) Amylopectin (%) Amylopectin to amylose ratio
Wil 61.1 20.1 41.0 2.04
w2 65.5% 21.2 443 2.09
w3 63.2 20.5 42.7 2.08

65.5% of the final starch weight in wheat grains was
accumulated during the later growth period of wheat
imposed to w2 treatment (65% SWC), and only 61.1%
(treatment w1) to 63.2% (treatment w3) for grains in
the same period. As shown in Table 3, it also illustrates
a mild water deficit (w2: 65% SWC) during grain filling
would be beneficial to the grain filling by enhancing re-
mobilization of stored reserves from the stems to grains
for these cultivars. However, water stress imposed dur-
ing the grain-filling period of wheat, especially at the
early filling stage, usually results in a reduction in grain
weight and leads to reduced grain yield [21,28,29]. In
addition, water stress caused premature grain desicca-
tion and resulted in a marked decline in grain sucrose
and reduced grain weight [30].

Starch molecules have one of two molecular struc-
tures: a linear structure, known as amylose; and a
branched structure, known as amylopectin. The amy-
lose: amylopectin ratio in wheat starch is known to
affect its chemical characteristics. The results (Table 3)
in this study was to determine the influence of soil wa-
ter environment on amylose and amylopectin content,
and amylose:amylopectin ratio in wheat grain at post-
anthesis stage. Under terrible soil moisture deficit (treat-
ment w1) at post-anthesis stage, amylopectin to amylose
ratio, amylopectin and amylase content in the grains de-
clined significantly, compared to treatment w2 and w3.
Whereas good water environment (treatment w2) was
benefit not only to biosynthesis and accumulation of
starch but also to the regulation of starch composition
(such as amylopectin to amylose ratio) during grain
formation. So, we can say that if water availability is
limited, drought stress can be most easily afforded dur-
ing anthesis and grain development.

4. Conclusions

Wheat grain is an excellent staple food containing
numerous nutritional and health beneficial compounds.
This study focused on protein, mineral, lipid and starch
contents in strong-gluten wheat grain exposed to dif-
ferent soil water content at post-anthesis stage. It is
also important to examine variations in concentrations
and compositions of the bioactive compounds and nu-
tritions.

(1) Protein contents of the samples varied from 14.8%
to 16.7%. Effects of soil water environment on pro-
tein content and composition were significant.

(2) Five minerals (P, K, Ca, Mg, and Zn) were iden-
tified in ash samples from the experiments, which
were similar to the data published in the literature.
In addition, P, K, Ca and Mg were the major miner-
als found in all the samples.

(3) Water supply to soil (ranged from 45% to 85%) can
have a significant effect on lipid contents (0.88%—
1.21%) of the grain samples at post-anthesis stage,
and a similar trend was also observed in other cere-
als.

(4) 65.5% of the final starch weight in wheat grains was
accumulated during post-anthesis period of wheat
imposed to 65% SWC, and only 61.1% (under 45%
SWC) to 63.2% (under 85% SWC) for grains in the
same period.

It is evident from our results that as indicated above
on SWC effects, proper water conditions at the later
growth and development stage of wheat grain can be
favorable to more mineral concentrations, better nu-
tritions, higher quality and yield [21] in wheat grain.
Meanwhile, the line of research will lead to elucidation
of biological pathways that are involved in synthesis and
accumulation of bioactive components in wheat and ul-
timately help to engineer good water management that
can be used as agronomic practices to produce these
valuable compounds in large quantities.
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