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Abstract

To improve sunflower (Helianthus annuus L.) oil quality, the pattern of tocopherol and the effect of brief interval of high temperature
on tocopherol accumulation during embryo development were investigated. Total tocopherol content increased linearly from 12 to 33
days after anthesis (DAA) and then remained stable until maturity. y-Tocopherol content reached a maximum on 33 DAA and then
decreased. 5-Tocopherol was not detected until 19 DAA. The effect of brief interval of high temperature (> 35 °C for seven consecutive
days) on tocopherol accumulation was studied. The accelerating effect of high temperature on tocopherol accumulation on a dry weight
basis was detected, but the reduction of tocopherol yield occurred from 12 to 19 DAA because the embryo dry weight was reduced sig-
nificantly. However, the embryos exposed to a temperature of 35 °C from 12 to 19 DAA significantly increased the tocopherol yield per
embryo, with no effect on the dry matter weight. These results are useful for evaluating the tocopherol content in sunflower oil and may

help recognizing high quality of the oil.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

As animportant nutrient for human beings, vitamin E has
been well known for its antioxidative properties (Kamal-
Eldin & Appelqvist, 1996). It consists of tocopherols and
tocotrienols in which a chromanol ring system is common
and a polyprenyl side chain is distinct (Munné-Bosch & Ale-
gre, 2002). Vitamin E is also an indispensible vitamin that
can be useful in food and drug products (Biesalski, Hemmes,
Hopfenmuller, Schmid, & Gollnick, 1996; Sergi et al., 2004).
Furthermore, natural vitamin E, which has higher vitamin E
vigor, comes from plant species. Therefore, it is necessary to
understand the accumulation of vitamin E for enhancement
of this vitamin in crops (Kornsteiner, Wagner, & Elmadfa,
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2006; Kriese et al., 2004). Tocochromanols and lipids in bar-
ley accumulated in parallel until 80% of the final dry weight
of the kernels was reached; tocochromanols did not change
when lipid content decreased (Falk, Krahnstéver, van der
Kooij, Schlensog, & Krupinska, 2004). Accumulation of
tocopherol in oilseeds was proved to be related to the plastid
development rather than to the lipid accumulation (Beringer
& Northdurft, 1979; Brunia et al., 2002). As an important oil
plant, sunflower (Helianthus annuus L.) is also an important
source of tocopherol, hence their high vitamin value
(Velasco, Fernandez-Martinez, Garcia-Ruiz, & Dominguez,
2002). The main tocopherols of sunflower occur as a family
of four derivatives, which are known as a-, B-, y-, and
o-Tocopherols (Morrison, Conventry, & Barnes, 1982). As
reserve pool of nutriments, sunflower seed is rich in tocoph-
erol, oil and other nutritional components. In sunflower
seeds, oil content was not correlated with tocopherol content
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(Alpaslan & Gunduz, 2000; Demurin, Skoric, & Karlovic,
1996). In sunflower cell cultures, vitamin E content can be
enhanced with a special medium (Caretto et al., 2004). How-
ever, whether tocopherol content in sunflower embryos can
be regulated has not been explored before.

Heat stress is becoming an important abiotic stress for
crops with increasing global temperature (Chimenti, Hall,
& Sol LoApez, 2001; Savin & Nicolas, 1996, 1999; Savin,
Stone, Nicolas, & Wardlaw, 1997). In many regions of
the world, short-time high temperature occurs frequently
and affects crop development (Conroy, Seneweera, Basra,
Rogers, & Nissen-Wooller, 1994). For example, high tem-
perature affected embryo-growth rate and duration, floret
and grain number and nutrients, such as oil, fatty acids,
protein and starch. A brief interval of high temperature
inhibited kernel development and altered starch and pro-
tein compositions (Jenner, 1994; Savin et al., 1997, Wrig-
ley, Blumenthal, Gras, & Barlow, 1994). In addition,
Rondanini, Savin, and Hall (2003) examined oil, embryo
weight and fatty acids by exposing the capitulate of cv.
HAZ89 growing at period interval of high temperature and
concluded that oil content was reduced and final oil com-
position proved to be sensitive to the timing of heat stress
(i.e., 19-26 days after anthesis). However, no information
on dynamic change of vitamins (such as tocopherols) is
available in response to high temperature stress.

The objectives of the present study were (1) to investi-
gate the accumulation of tocopherol during embryo devel-
opment of sunflower, and (2) to clarify the effect of brief
treatment with high temperatures (35, 37 and 40 °C) on
tocopherol accumulation in developing sunflower embryos
in the sensitive periods.

2. Materials and methods
2.1. Sunflower management and temperature treatments

In 2003 and 2004, two parallel experiments were con-
ducted in the Institute of Botany, Chinese Academy of Sci-
ences, Beijing, China. Plants of AlS5, an oil type cultivar,
were individually grown in 5-L plastic salvers filled with a
3:1:1 (v/v/v) mixture of soil, peat and sand. Plants were fer-
tilized with NH4HCO3 (20 g per plant) every 30 days after
emergence, were watered with 2.5 L water per plant in the
first two weeks and 5.0 L on a weekly basis. The plants were
grown in the open until 5 DAA (days after anthesis), and
were then transferred to the greenhouse at 31/25 °C (day/
night). Temperature was measured as close to the capitulum
as possible and regulated using a calibrated thermistor.
Plants were randomly arranged and rotated weekly.
Embryos were randomly chosen at each of the six develop-
mental stages, i.e., 5, 12, 19, 26, 33, and 40 DAA. The
results of the two experiments were equivalent. The results
in 2004 were coherent with the following experiments, so
the results of the year 2004 experiment are presented here.

Brief interval of high temperature heated the capitu-
lum in each of the three following periods, HT1: 12—

19 DAA, HT2: 19-26 DAA and HT3: 26-33 DAA in
the summer of 2004. The control plants were grown at
31/25°C (day/night). Samples were grown under con-
trolled condition until each group of samples was
exposed to different mean daily temperatures (35, 37
and 40 °C, respectively). Samples were placed in an inde-
pendent module within the greenhouse, differing only in
their temperature region. Plants were transferred to the
control condition again after high temperature treatment
for 7 days, and then harvested 40 DAA. Temperature
was monitored at half-hour intervals, using thermometers
close to capitulums as detailed by Rondanini et al.
(2003). The temperature in each interval was observed
(data not show).

2.2. Determination of sunflower embryo development

Sunflower seeds, located in a band halfway between the
center and the circumference of the flower head (Zimmer-
man & Fick, 1973), were harvested at a 7-day interval from
the periphery of each capitulum. Samples were then dried
at 60 °C for 48 h, and cooled over silica gel to dry the seeds
(Ploschuk & Hall, 1995). Contents of lipid and protein in
embryos were determined, and dry weight, fresh weight
and water content were also measured to investigate the
sunflower seed development.

One hundred embryos (achenes without hull and seed
coat) were homogenized to a particle size smaller than
2.0 mm (Kochhar & Rossell, 1987). Oil was extracted in
boiling petroleum ether and oil content was determined
according to FOSFA (the Federation of Oils, Seeds and
Fats Associations; 1982).

Protein content in total homogenates of embryos was
measured according to Bradford (1976) using Bio-Rad pro-
tein assay dye reagent with bovine serum albumin (BSA) asa
standard. Ten sunflower embryos were homogenized in 4 ml
of 50 mM HEPES/NaOH (pH 7.4) using a glass homoge-
nizer. The homogenate was centrifuged at 16,000g for
30 min before the assay.

2.3. Tocopherol extraction and determination during
sunflower embryo development

Seeds were collected 5, 12, 19, 26, 33, and 40 DAA and
cleaned with sterilized water prior to removal of seed coats.
The seed meats were ground to a fine powder using a coffee
grinder, weighed, and transferred to a cellulose thimble.
The samples were exhaustively extracted in a Sohxlet appa-
ratus for 3 h with hexane containing 1 gkg~' BHT (butyl-
ated hydroxytoluene). Hexane was removed by rotary
evaporation and the resulting crude oil was dissolved in a
small amount of hexane. The tocopherol composition
was analyzed with a Hewlett—Packard 1100 HPLC system
(IUPAC, 1998) and fluorescence detector with 290 nm exci-
tation and 330 nm emissions (Kriese et al., 2004). Tocoph-
erol derivatives were identified by comparing retention
times with the standards (Sigma—Aldrich, Bellefonte, PA,
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USA) and the quantities were compared with the curve
generated using different amounts of standards.

3. Results
3.1. Sunflower embryo development under control condition

To establish the sensitive stages of tocopherol accumula-
tion, fresh weight, dry weight and water content during
embryo development were determined (Fig. 1). Fresh
weight increased progressively until 26 DAA when the
fresh weight reached its highest, 6.64 g/100 embryos. From
26 to 40 DAA, the fresh weight decreased slightly. How-
ever, the highest dry weight (5.79 g/100 embryos) appeared
on the 33 DAA, and then remained almost constant.

The accumulation of oil and protein, during embryo
development was also determined (Fig. 2). Oil accumulated
slowly during the early stage before 12 DAA. However, in
the following stage from 12 to 26 DAA, oil accumulated
linearly, which was the dominating period of oil accumula-
tion. After that time, oil content did not increase, and then
decreased from 33 DAA. Protein was depositing smoothly
during embryo development, except for the period from 19
to 33 DAA (Fig. 2).

3.2. Tocopherol accumulation during embryo development

The tocopherol content in embryo was measured dur-
ing embryo development. The total tocopherol content
in 100 embryos is shown in Fig. 3a. It was very low before
12 DAA (216.6 mg/100 embryos), linearly increased till 33
DAA (2005.6 mg/100 embryos) and then remained nearly
constant from 33 DAA. From 5 to 40 DAA, the tocoph-
reol increments in each 7-day interval were 148.1, 446.7,
725.1, 617.2, and 35.3 mg/100 embryos, respectively. In
addition, tocopherol content on the basis of embryo dry
weight was also measured (Fig. 3b). Before 12 DAA, the
increasing rate of tocopherol was equal to that of embryo
dry weight, but from 12 to 33 DAA, tocopherol content
on a dry weight basis of embryos increased linearly, indi-
cating that the tocopherol accumulation rate was higher
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Fig. 1. Fresh weight, dry weight and water content in sunflower embryos at
different development stages. Data represent means + SE for 100 embryos
for each period after anthesis.
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Fig. 2. Accumulation of lipid and protein during development of
sunflower embryos. Each datum point represents the mean + SE of
measurements made on three separate batches of embryos.

than that of embryos dry weight. This period from
12 DAA to 33 DAA was the main phase of tocopherol
accumulation.

The tocopherol content in each period is shown in
Fig. 3c and d. The a-form of tocopherol shared a similar
trend of accumulation with total tocopherol. The B- and
y-tocopherol contents increased before 33 DAA. Then,
the pB-tocopherol content went up and vy-tocopherol
decreased slightly. The pattern of change of y-tocopherol
was similar to that of the oil (Figs. 2 and 3d). 3-Tocopherol
was not detected until 19 DAA and then increased gradu-
ally at a slow rate (Fig. 3d).

3.3. Dynamics of sunflower embryos development affected by
brief interval of high temperature

High temperature (35, 37 and 40 °C) treatment was car-
ried out on developing embryos in HT1, HT2 and HT3.
The final fresh weight was curtailed significantly
(—44.3%) in HT1 after high temperature treatment
(>35°C) (Table 1). However, in HT2 and HT3, the final
fresh weights were not significantly influenced by high tem-
perature. The pericarp/embryo ratio is another index to
validate embryo development. In this study, high tempera-
ture affected pericarp/embryo ratio significantly in HT1
and HT2 (Table 1). In HT1 at 40 °C, the pericarp/embryo
ratio was about 2.5-folds higher than that of the control. In
addition, the increment of the dry weight in each interval
was determined (Table 2). The dry weight was hardly
increased after treatment of at 37 and 40 °C in HTI1. At
the same time, the embryo hardly developed after treat-
ment in HT1 (Table 1 and Fig. 4a). The effect of brief peri-
ods of high temperature on embryo development is shown
in Fig. 4a—c. In HT1 and HT2, the embryo development
was delayed significantly at 37 and 40 °C (Fig. 4a and b).
However, at 35°C, the embryo development was not
affected in HT1, HT2 and HT3 (Fig. 4c). The final dry
weight was significantly affected by heat treatments applied
in HT1 and HT2; the decrease of the dry weight was only
2.0% at 35 °C in HT3 (Fig. 4d).
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Fig. 3. Tocopherol accumulation during embryos development. Each datum point represents the mean + SE of measurements made on three separate
batches of embryos.

Table 1

Final index of embryo growth affected by increased temperature applied following the three separate 7-day-interval high temperature treatments during
embryo development in sunflower (HT1 = 12-19 DAA, HT2 = 19-26 DAA, HT3 = 26-33 DAA)

Treatment Final 100-embryo  Final 100-embryo  Final 100-pericarp  Pericarp/embryo Increment of dry  Increment of dry  Increment of dry
fresh weight (g) dry weight (g) weight (g) ratio (g) weight in HT1 (g) weight in HT2 (g) weight in HT3 (g)

HTI

Control 6.30a 5.83a 1.17a 0.20b 1.21a

T35 6.12a 5.71a 1.14a 0.20b 1.09a

T37 3.42b 3.17b 1.14a 0.36a 0.14b

T40 3.51b 3.13b 1.25a 0.40a 0.07b

HT2

Control 6.31a 5.83a 1.17a 0.20b 0.96a

T35 6.18a 5.69a 1.15a 0.21b 0.92a

T37 5.00a 4.64a 1.20a 0.26a 0.23b

T40 4.94a 4.62a 1.33a 0.29a 0.18b

HT3

Control 6.31a 5.83a 1.17a 0.20a 0.78a

T35 6.09a 5.64a 1.13a 0.20a 0.57a

T37 5.92a 5.51a 1.05a 0.19a 0.44ab

T40 5.75 5.31a 1.06a 0.20a 0.26b

2> Means within a column in each part followed by the same letter are not significantly different as differentiated with the least-significant difference
generated by SPSS 10.0 at P =0.05.

3.4. Accumulation of tocopherol during development of
embryos affected by brief intervals of high temperature

The effect of brief intervals of high temperature on
dynamics of tocopherol accumulation was examined (Table

2 and Fig. 5). The dynamics of tocopherol was affected
after high temperature treatment in HT1 and HT2
(Fig. 5a and c). In HT1, high temperature (>35 °C) treat-
ment resulted in a synchronous decrease the tocopherol
content. However, the tocopherol content was not affected



142

Table 2
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Final index of tocopherol accumulation affected by increased temperature applied following the three separate 7-day-interval high temperature treatments

during embryo development in sunflower

Treatment Final individual tocopherol content (mg/100 Final total tocopherol content Increment of total tocopherol content
embryos) (mg/100 embryos)
o B y 1 mg/100 embryos mg/DW In HT1 In HT2 In HT3
HTI
Control 1885.6b 77.0a 82.5a 25.8a 2040.9a 351.0b 446.7a
T35 1998.9a 80.9a 83.5a 26.9a 2190.3a 383.9b 489.5a
T37 1444 3¢ 62.9a 58.8b 21.7a 1587.7b 501.6a 169.0b
T40 1483.0c 64.7a 62.8b 22.9a 1633.3b 522.1a 177.5b
HT2
Control 1855.6b 77.0ab 82.5b 25.8a 2040.9b 351.0b 725.1b
T35 2481.4a 92.7a 96.8a 31.8a 2702.7a 476.7a 1133.5a
T37 1556.8¢ 71.0b 65.5¢ 24.5a 1556.8¢ 370.5b 575.5b
T40 1546.2¢ 71.1b 69.9bc 23.2a 1546.2¢ 370.7b 641.2b
HT3
Control 1855.6b 77.0a 82.5a 25.8a 2040.9b 351.0a 617.2a
T35 2481.4a 78.2a 92.7a 28.5a 2402.7a 426.7a 841.6a
T37 1556.8b 79.6a 86.4a 26.5a 2148.5b 393.4a 598.9a
T40 1546.2b 79.3a 86.9a 25.1a 2139.5b 404.2a 771.6a

(HT1 =12-19 DAA, HT2 = 19-26 DAA, HT3 = 26-33 DAA).
4¢ Means within a column in each part followed by the same letter are not significantly different as differentiated with the least-significant difference

generated by SPSS 10.0 at P =0.05.

at 35 °C (Fig. 5a). On the contrary, the rate of tocopherol
accumulation was increased at 35 °C in HT2 (Fig. 5¢). The
tocopherol content was reduced by high temperature
(>35°C) in HTI1, and the final tocopherol content was
reduced 22.2% compared with the control (Table 2).

Although tocopherol content was reduced (Fig. 5a), the
tocopherol accumulation, based on embryo dry weight,
was activated following high temperature treatment
(>35°C) in HT1 (Fig. 5b). In HT2, the high temperature
treatment resulted in a similar trend for variation of
tocopherol content as HT1 (Fig. 5¢). The accumulation
of tocopherol in high-temperature-treated (>35 °C)
embryos was not different from that of the control embryos
in HT2 (Fig. 5d). However, the 35 °C-treated embryos had
higher tocopherol content than other high-temperature-
treated (>35 °C) embryos (Fig. 5¢). In HT3, significant var-
iation was not detected both in the tocopherol content
(Fig. S5e) and in the tocopherol accumulation rate
(Fig. 5f). In conclusion, tocopherol content was enhanced
at 35°C in HT2, was reduced at high temperature
(>35°C) in HT1 and HT2, and was not affected signifi-
cantly in HT3 after high temperature treatment (=35 °C)
(Table 2).

4. Discussion

Oil accumulated slowly in sunflower embryos until
14 DAA, and then followed by a second phase of rapid
synthesis that lasted until 28-30 DAA (Rondanini et al.,
2003). In addition, the protein deposition took place
between 12 and 31 DAA (Pleite, Pike, Garcés, Marté-
nez-Force, & Rawsthorne, 2005). In the present study,
oil accumulated linearly from 12 to 26 DAA, and then

decreased; proteins were mainly deposited from 19 to
33 DAA. The fresh weight of embryos accumulated grad-
ually in parallel with oil content, while tocopherol accu-
mulated ceaselessly until dry weight of embryo reached
its peak at 33 DAA. The slight difference for results about
oil and protein, compared to the previous reports, was
probably due to genetic and environmental differences
(Alpaslan & Gunduz, 2000; Velasco et al., 2002). These
results showed that the dynamics of Al5 sunflower grain
development generally agree with other sunflower lines
(Rondanini et al., 2003).

One aim of the present study was to investigate the
dynamics of tocopherol accumulation during embryo
development and to discover the sensitive period of
tocopherol accumulation. Tocopherol accumulation was
related to the plastid development rather than the lipid
accumulation in oilseeds (Beringer & Northdurft, 1979.).
In our study, total tocopherol content, on the embryo
dry weight basis, increased linearly from 12 to 33 DAA,
and was then stable until maturity. These suggested that
the interval from 12 to 33 DAA was the sensitive period
of tocopherol accumulation. This was longer than the main
period (12-26 DAA) of oil accumulation (Fig. 2) (Beringer
& Northdurft, 1979; Pleite et al., 2005). Furthermore, the
dynamics of accumulation of individual tocopherols was
different (Fig. 3a, ¢, and d). The a-tocopherol accumulated
in parallel to the total tocopherol, probably because o-
tocopherol was the dominant tocopherol in sunflower
(Demurin et al., 1996). The y-tocopherol content reached
its maximum after 7 days when oil content reached its peak
(Figs. 2 and 3d).

Another objective of this study was to study the effect
of a brief interval of high temperature (35, 37 and 40°)
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sunflower (HT1 = 12-19 DAA, HT2 = 19-26 DAA, HT3 = 26-33 DAA).

treatment on tocopherol accumulation in developing
embryo. The effect of brief interval of heat (>35°C)
was significant on grain weight in the early stages (12—
19 DAA), and decreased as grain growth proceeded
(Rondanini et al., 2003). In the present study, high tem-
perature (>35 °C) treatment influenced the embryo devel-
opment from 12 to 26 DAA (Fig. 4a and c), which
agrees with the previous reports (Wardlaw & Wrigley,
1994). The dynamics of oil accumulation were reduced
significantly by heat stress (>35°C) in HT1 and HT2.
The duration of oil accumulation was only 21.4 days
in HT1 affected by 40 °C (Rondanini et al., 2003). The
dynamics of tocopherol affected by brief interval of high
temperature was investigated based on the above results.
In this study, the duration of tocopherol accumulation
was not influenced (Fig. 5a, ¢, and e). However, the
tocopherol content in each embryo was decreased signif-
icantly at high temperature (>35°C) in HT1 and HT2
(Table 2). Although the tocopherol content was reduced,
the rate of tocopherol accumulation was enhanced in
HTI1 and HT2 at 37 and 40 °C (Fig. 5b, d, and f). These

attested the accelerating effect of high temperature on
tocopherol accumulation. High temperature led to a
lower linoleiq acid/oleic acid ratio in the mutants (Marti-
nez-Force, Alvarez-Ortega, Cantisan, & Garcés, 1998)
because of the loss in antioxidant defense potential and
elevation in peroxidation products made under high tem-
perature (Durak et al., 1999). Therefore, the accelerating
effect of high temperature on tocopherol accumulation
probably resulted from quenching reactive oxygen species
and lipid radicals caused by high temperature (Kamal-
Eldin & Appelqvist, 1996). However, the tocopherol con-
tent was reduced significantly by high temperature
(>35°C), due to the significant decrease of dry weight
in HT1 and HT2 (Fig. 4). In this study, different dynam-
ics of tocopherol accumulation after 7-day interval at
35°C were observed. Embryos did not show a slower
growth rate (Fig. 4a-c) and a significant decrease of
dry weight at 35°C (Table 2) was noted. However, the
tocopherol accumulation was stimulated greatly at
35°C in HT2. The yield of tocopherol treated at 35°C
in HT2 increased steadily until harvest. The tocopherol
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Fig. 5. Accumulation of tocopherol in developing sunflower embryo affected by increased temperature applied during three separate 7-day intervals
during embryo development in sunflower (HT1 = 12-19 DAA, HT2 = 19-26 DAA, HT3 = 26-33 DAA).

content accumulated at 35°C in HT2 was higher than
those of other treatments (Fig. 5). Therefore, the mature
seeds, treated at 35°C in HT2 and harvested after
40 DAA, contained more tocopherol than other har-
vested seeds. Based on these results, it is possible to
improve the temperature of special period during embryo
development, by adjusting seedtime, to improve the
tocopherol content in seeds and enhance the quality of
sunflower oil (Bergmiiller, Porfirova, & D&érmann, 2003).

In conclusion, our results indicate that tocopherol accu-
mulated linearly from 12 to 33 DAA in developing embryo.
The y-tocopherol accumulation ceased when the embryo
dry weight reaches its maximum. Others tocopherols accu-
mulated continuously until harvest. Direct detrimental
effects on grain filling and tocopherol yield were detected
by brief treatment at high temperature (>35°C). At
35°C, the grain filling was not affected during the three
7-consecutive days, and the tocopherol accumulation was
elevated after treatment in 19-26 DAA. Based on these
results, the extent of the effects depends on the timing of
stress and the degree of high temperature with differing
periods of sensitivity applying for embryo weight and
tocopherol accumulation. It is possible to improve tocoph-

erol content in sunflower embryo treated with special tem-
perature during special period (e.g., HT2).
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