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Plants as sessile organisms are exposed to persistently changing stress factors.
Heat stress adversely affects plant growth and development and induces oxida-
tive stress in plants. To understand the effect of high-temperature stress on plant
growth and development, it is necessary to study the physiology and morphol-
ogy of whole plants and their organs. The oxidative stress level was assessed by
increased production of lipid peroxidation (LP) products, such as malondialde-
hyde (MDA) and conjugated dienes (CD), and cellular membrane permeability,
as evaluated by electrolyte leakage (EL) in different wheat (Triticum aestivum cv.
Harmonija) organs after 24-hour high-temperature (42 °C) treatment. Measure-
ments of relative water content (RWC) in leaf tissues were used to assess water
deficits in plants. High-temperature treatment had no effects on RWC in the root,
but reduced RWC in the coleoptile at all investigated stages of seedling develop-
ment and in the first leaf (p < 0.01) at the late stages of development. A 24-h high-
temperature exposure completely inhibited the growth of the first leaf and root
(p £0.001). LP significantly increased in the coleoptiles of wheat seedlings due to
high temperature, but in contrast LP in the root was similar to control at all inves-
tigated stages of development. A significant increase of LP products (p <0.01) was
observed in the first leaf at the late stages of wheat seedling development. Such
elevated level of LP led to increase of cellular membrane permeability. 24-h high
temperature results in the desiccation of the first leaf and coleoptile. Obviously
the root of wheat seedlings is less sensitive to heat stress than the first leaf and
coleoptiles. The study revealed that specific effects of high temperature on the root
result in increase of electrolyte leakage, but high temperature hardly affects lipid
peroxidation processes.
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INTRODUCTION

aerial plant parts, sunburn of branches and stems,
leaf death, leaf abscission and senescence, and cau-

Gradually, increasing temperature is a great thre-
at to agricultural production all over the world.
Some reports show that an increase in temperatu-
re by a single degree above normal can lead to a
significant reduction in growth and yield (Pastori,
Foyer, 2002). High temperature affects morpholo-
gical, biochemical, and physiological processes in
plants, and the major effects entail scorching of
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ses inhibition of shoot and root growth, and redu-
ces yield (Ismail, Hall, 1999; Wahid et al., 2007).
High temperature induced oxidative stress in
plants (Gong et al., 1997). In many cases, a result
of stress is the formation of reactive oxygen species
(ROS). The ROS in plant tissue can initiate lipid
peroxidation (LP) that causes damage to cell mem-
branes and is considered to be the most important
mechanism of tissue damage, e. g. protein degra-
dation, enzyme inactivation, pigment bleaching
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and disruption of DNA strands (Anderson,
Padhye, 2004). Numerous studies have been con-
ducted in order to elucidate the mechanisms and
the effects of this oxidative stress, e. g. by monito-
ring ROS or looking at LP products. The presence
of ROS has been investigated for different organs
of plants under high temperature and salt stress
(Hui et al., 2008; Li, 2009; Savicka, Skute, 2010),
light-treated leaves (Wu, von Tiedemann, 2004),
etc. The intermediate and the end products of LP
have also been explored to monitor the process
(Larkindale, Huang, 2004).

A major impact of plant environmental stress
is cellular membrane modification, which results
in its perturbed function or total dysfunction (Ji-
ang, Huang, 2001). Cell membrane stability has
long been taken as an indicator of stress tolerance
(Blum, Ebrecon, 1981). For example, cell mem-
brane stability has been widely used for screening
against drought and heat tolerance in plant species
such as Sorghum bicolor (Sullivan, Ross, 1979),
wheat (Blum, Ebrecon, 1981), rice (Tripathy et al.,
2000), salt tolerance in wheat (Farooq, Azam,
2006), etc. The exact structural and functional mo-
dification caused by high-temperature stress is not
fully understood. However, the cellular membra-
ne dysfunction due to stress is well expressed in
increased permeability and leakage of ions, which
can be readily measured by the efflux of electroly-
tes. Also, plants may experience different types of
stress at different developmental stages and their
mechanisms of response to stress may vary in
different tissues (Queitsch et al., 2000).

The present investigations were undertaken to
study the changes in LP, cellular membrane sta-
bility and the RWC under heat stress in Triticum
aestivum L. organs. Morphological, biochemical
and physiological changes in wheat organs were
investigated to elucidate their relationship to in-
jury from elevated temperature. Four and six days
old seedlings of wheat were subjected to high
temperature stress (42 °C). These were analysed
for products of LP, EL and RWC under control
and stress conditions.

MATERIALS AND METHODS

Plant materials
The object of the study was etiolated seedlings of
winter wheat (Triticum aestivum L., cv. Harmo-

nia). Wheat is a convenient object for studying
plant morphology, physiology and molecular
biology, because the development of cereals is
synchronous throughout ontogeny (Kirnos et al.,
1997). Etiolated wheat seedlings germinated on
moist filter paper in dark at 26 °C for 24 h. After
germination, the seedlings were transferred to a
plant growth chamber maintained at 26 °C and
75% relative humidity in the dark. The organs of
wheat seedlings (first leaves, coleoptiles and ro-
ots) used for all the experiments were 4-day-old
(the early stage) and 7-day-old (the late stage).
Wheat roots were used because high root tempe-
rature accelerates senescence of the entire plant
(Ferguson et al., 1990). The first leaf and coleop-
tile were used because the first leaf is a develo-
ping organ of wheat, but the coleoptile is a senes-
cent organ of wheat, and processes which occur
in these organs during high-temperature stress
were expected to differ.

Heat treatment

Heat treatments to wheat seedlings were given in
a plant growth chamber by raising its temperatu-
re to desired levels from 26 to 42 °C. All the heat
treatments were given in the dark. The seedlings
were exposed to 42 °C for 24 h, and samples (first
leaves, coleoptiles and roots) were taken imme-
diately after high-temperature exposure and at
twenty-four hour intervals for measurement of
the growth of wheat seedlings (maximum length
of root, first leaf and coleoptile length), RWC, LP
products (primary LP product, MDA, and secon-
dary, CD) and EL.

Relative water content

The RWC is a useful indicator of the state of wa-
ter balance of a plant; it is essential because it
expresses the absolute amount of water which the
plant requires to reach full artificial saturation.
The RWC was measured on the wheat seedling
organs following the method of Turner (1981).
Three wheat organs (first leaf, coleoptile and ro-
ots) were examined in each replication. Fresh
weight (FW) of plant tissue was determined
immediately after harvest, and then wheat or-
gans were allowed to float in distilled water until
tully rehydrated. The wheat organs were weighted
for turgid weight (TW). The turgid organs were
dried in a hot oven at 80 °C to constant weight,
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and dry weight (DW) was recorded. The RWC of
the first leaves, coleoptiles and roots was calcu-
lated as:

RWC (%) = (FW - DW) / (TW - DW) * 100.

Measurement of malondialdehyde content

The MDA content was determined by the thio-
barbituric acid (TBA) reaction as described by
Ali et al. (2005) with slight modifications. Leaves,
coleoptiles and roots were homogenized in 0.1%
trichloroacetic acid (TCA) (1/10, w/v) and centri-
fuged at 14,000 rpm for 15 min. After centrifuga-
tion, 1ml of supernatant was mixed with 2.5 ml
0.5% TBA in 20% TCA and incubated in hot wa-
ter (95 °C) for 30 min. Thereafter, it was cooled
immediately on ice to stop the reaction and cen-
trifuged at 10,000 rpm for 30 min. Absorbance at
532 and 600 nm was determined, and MDA con-
centration was estimated by subtracting the non-
specific absorption at 600 nm from the absorption
at 532 nm using a molar extinction coefficient,
155 mM™* cm™.

Measurement of conjugated diene content

Lipid peroxidation was determined by measuring
the primary products of lipid peroxidation - con-
jugated diene formation (Recknagel, Ghoshal,
1966). For the preparation of measurement of die-
nic conjugate contents, leaf, coleoptile and root se-
gments were pound in mortar with 1 M Tris - HC]
bufter (pH 7.8) (1/5, w/v) and lipids were extracted
by a hexane-isopropanol (1 : 1 v/v) mixture (9 ml
per 1 ml of the sample) by shaking. After shaking,
1 ml H,O was added to the mixture to stratify he-
xane and isopropanol phases. The measurement of
dienic conjugate contents was made spectrophoto-
metrically in hexane phase at 233 nm. The dienic
conjugate contents in the sample were calculated
according to 233 nm molar extinction coeflicient
to polyunsaturated fatty acids conjugated dienes,
22x10° M cm™.

Determination of electrolyte leakage

The electrolyte leakage was determined as descri-
bed before by Guo et al. (2006). Shoots of four
seedlings were immersed in 15 ml of distilled wa-
ter in a test tube overnight at room temperature.
The initial conductivity was determined using a

conductivity meter. The tubes were then placed
in boiling water for 15 min and cooled to room
temperature. Conductivity was again determined.
The electrolyte leakage was calculated as the ratio
of conductivity before boiling to that after boiling:

EL(%) = (C,~C,) / (C~C,) * 100,

where C, is the ratio of conductivity before boi-
ling, C_is the ratio of conductivity after boiling,
and C_ is the conductivity of deionized water.

Statistical analysis

Data are presented taking into consideration the
standard error (SE) of three replicates. Results
were analysed by one-way ANOVA to identify si-
gnificant differences between the groups, and their
significance levels (p < 0.05) were determined.

RESULTS

Relative water content and seedling growth

High-temperature stress decreased the RWC of
wheat coleoptiles and leaves; the effect increased
during the recovery period and depended on time
of exposure (Fig. 1, 2). The reduction in the RWC
(p < 0.01) was observed in the first leaf only after
high-temperature treatment at the late stages of
wheat seedlings development — 24 hours after the
beginning of stress at the late stages of the first
leaf development it was found to be decreased by
5% and it reached 45% at the end of the investi-
gated period compared to control (Fig. 1b). The
morphological features of seedlings revealed that
a long-term high-temperature stress in wheat
seedlings caused inhibition (p < 0.001) of the first
leaf growth (Fig. 1). The length of the first leaf
of experimental seedlings at the early stages of
development immediately after exposure was in-
hibited by 23% (Fig. 1a) and at the late stages by
29% compared to control seedlings (Fig. 1b). As
it is shown in Fig. 1, this effect was also present at
the end of the investigated period (55% and 31%,
respectively). The coleoptile showed greater re-
duction in the RWC than the first leaf — 24 hours
after the beginning of stress at the early stages
of wheat seedling development it was found
to be decreased by 6.3%, two days after expe-
riment water loss was 39% and it reached 49%
at the end of the investigated period compared
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to control (p < 0.05) (Fig. 2a). It was observed
a statistically significant decrease (p < 0.01) in
the RWC in the coleoptile at the late stages of
coleoptile development. The RWC of the treat-
ed coleoptile was reduced by 50% immediately
after high-temperature treatment and remained
steady high during the recovery period compa-
red to the control coleoptile (Fig. 2b). Although
a long-term high-temperature exposure strongly
inhibited the development of roots and first leaves,
the heat-treated coleoptile was only insignificant-
ly (p = 0.05) shorter than the control coleoptile
(Fig. 2). High-temperature treatment provoked
the statistically significant (p < 0.001) inhibition
of the maximum root length — 24 hours after the
beginning of stress at the early stages of root deve-
lopment it was found to be inhibited by 35% and
it reached 61% at the end of the investigated pe-
riod compared to control (Fig. 3a). The length of
the treated root at the late stages of development
was inhibited by approximately 40% immediately
after high-temperature treatment (p < 0.001) and

remained steady high during the recovery period
(p < 0.001) compared to the control coleoptile
(Fig. 3b). However, no significant changes in the
RWC of the root were observed at any investigated
stages of development (Fig. 3).

Malondialdehyde content

Figure 4 presents changes in the MDA content
under control and heat stress conditions in the
first leaf at the early and at the late stages of whe-
at seedling development. A significant decrease
(p £ 0.001) of the MDA content was observed in
the first leaf immediately after high-temperature
exposure at the early (48%) and at the late (32%)
stages of seedling development. The MDA content
was increased (p > 0.05) one day after exposure
in the first leaf at the early stages of development
by 24% compared to the MDA content immedi-
ately after stress and became similar to control
(Fig. 4a), although the MDA content decreased
considerably in the first leaf at the early stages
of development during the third and fourth day

RWC, %

RWC, %

Days after experiment

200
£
£
150 5
=
°
g
100 =
%
(]
£
50 &2
[EEE Control (RWC)
0 24 h (RWC)
—— Control (length)
200
—— 24 h (length)
£
150 £
=
)
5
100 =
<]
e
3
50 £
o
-
=
0

Fig. 3. Relative water content (RWC) and length of the root at the early (a) and at the late (b)
stages of wheat seedling development in response to 24-h high-temperature stress (HTS; 42 °C)
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Fig. 4. MDA content (nmol/g*FW) in the first leaf at the
early (a) and at the late (b) stages of development in res-
ponse to 24-h high-temperature stress (HT'S; 42 °C) (HTS1
(5-day-old seedlings) and HTS2 (8-day-old seedlings) -
experiment finishing date). Bars indicate standard errors
(n = 3) and missing error bars indicate that they are smaller
than the symbol

after exposure in both control and experimental
first leaf, however the MDA content was signifi-
cantly (p < 0.001) higher in the control first leaf
than in the heat-treated first leaf. There were no
significant (p = 0.05) changes in the content of
the MDA under heat stress two next days after
high-temperature exposure in the first leaf at the
late stages of development (Fig. 4b). The MDA
content started to decrease slightly (p < 0.05) in
the control first leaf, but it remained steady in the
first heat-treated leaf at the late stages of seedling
development.

Data revealed significant differences under
heat stress as well as across different sampling ti-
mes (p < 0.01) for the MDA content in the heat-
treated coleoptile (Fig. 5). The MDA content in
the heat-treated coleoptile was similar to control
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Fig. 5. MDA content (nmol/g*FW) in the coleoptile at the
early (a) and at the late (b) stages of development in res-
ponse to 24-h high-temperature stress (HT'S; 42 °C) (HTS1
(5-day-old seedlings) and HTS2 (8-day-old seedlings) -
experiment finishing date). Bars indicate standard errors
(n = 3) and missing error bars indicate that they are smaller
than the symbol

immediately after exposure at the early stages of
development, then it started to increase and was
steady high during the recovery period (57%)
compared to control (p < 0.001) (Fig. 5a). The
MDA content increased slightly with time in the
heat-treated coleoptile at the late stages of see-
dling development — one day after exposure it
was found to increase by 26% (p < 0.01) and it
reached 39% (p < 0.001) at the end of the inves-
tigated period compared to control (Fig. 5b). The
content of MDA remained steady in the control
at all stages of seedlings development.

There was no significant (p < 0.01) change in
the content of MDA under control or heat stress
conditions in the root at all stages of development
(Fig. 6), although during the first days after heat
stress the MDA content decreased slightly at
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Fig. 6. MDA content (nmol/g*FW) in the root at the early
(a) and at the late (b) stages of development in response to
24-h high-temperature stress (HTS; 42 °C) (HTSI1 (5-day-
old seedlings) and HTS2 (8-day-old seedlings) — experi-
ment finishing date). Bars indicate standard errors (n = 3)
and missing error bars indicate that they are smaller than
the symbol

the early stages of development, but it increased
to a level approaching the control at later days
(Fig. 6a).

Conjugated diene formation

The CD content decreased slightly in both control
and experimental first leaves during first days
after stress at the early stages of wheat seedling
development (Fig. 7). The CD content was lower
(p £ 0.05) in the heat-treated first leaf than in the
control first leaf at the early stages of development
(5% immediately after heat stress; 30% one day
after stress). The CD content in the heat-treated
first leaf reached the control level two days after
stress and remained steady in both (Fig. 7a). Un-
der heat stress at the late stages of development,
the CD content was higher in the heat-treated first
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Fig. 7. CD content (nmol/g*FW) in the first leaf at the early
(a) and at the late (b) stages of development in response to
24-h high-temperature stress (HTS; 42 °C) (HTS1 (5-day-
old seedlings) and HTS2 (8-day-old seedlings) — experi-
ment finishing date). Bars indicate standard errors (n = 3)
and missing error bars indicate that they are smaller than
the symbol

leaf than in the control immediately after expo-
sure (35%, p < 0.05) and remained steady high
throughout the investigated period (p < 0.01)
(Fig. 7b).

In contrast to the first leaf, the coleoptile of
wheat seedlings showed significant (p < 0.05)
differences compared to the control coleoptile
(Fig. 8). The CD content decreased slightly in
both control and experimental coleoptiles during
first days after stress, however, the CD content
was higher in the heat-treated coleoptile than in
the control coleoptile at the early (23% immedi-
ately after heat stress; 37% one day after stress;
p < 0.05) (Fig. 8a) and at the late (30% immedi-
ately after heat stress; 14% one day after stress;
p <0.05) (Fig. 8b) stages of development. The CD
content started to increase two days after exposure
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and showed a sharp increase three days after
exposure in the heat-treated coleoptile at the ear-
ly (70%, p < 0.01) and at the late (66%, p < 0.05)
stages of seedlings development compared to
control. After a sharp increase, a decrease in the
CD content was noted four days after high-tem-
perature exposure in the coleoptile at the early
(30%, p < 0.01) and at the late (14%, p < 0.05)
stages of seedling development, however, it was
significantly higher than in the control coleopti-
les (Fig. 8).

The CD content did not change in the root
immediately after heat stress compared to control
and it began to increase (p < 0.01) on the third
day at the early (37%) and at the late (18%) stages
compared to control (Fig. 9).
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Electrolyte leakage

The EL was measured at the end of the heat-
stress period and each 24-h period during four
days after the experiment at the early and at the
late stages of development in order to find diffe-
rences in EL as affected by high temperature
(42 °C). There was observed a steady high level
of EL in the experimental first leaf throughout
the investigated period compared to control
seedlings (Fig. 10). Although a high level of EL
was observed throughout the investigated period
(p < 0.05), at the late stages membrane permeabi-
lity in the first leaf was higher after high-tempera-
ture exposure (approximately 75%; Fig. 10b) than
at the early stages (approximately 64%; Fig. 10a)
compared to control.
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Fig. 8. CD content (nmol/g*FW) in the coleoptile at the
early (a) and at the late (b) stages of development in res-
ponse to 24-h high-temperature stress (HT'S; 42 °C) (HTS1
(5-day-old seedlings) and HTS2 (8-day-old seedlings) -
experiment finishing date). Bars indicate standard errors
(n = 3) and missing error bars indicate that they are smaller
than the symbol

Fig. 9. CD content (nmol/g*FW) in the root at the early
(a) and at the late (b) stages of development in response to
24-h high-temperature stress (HTS; 42 °C) (HTS1 (5-day-
old seedlings) and HTS2 (8-day-old seedlings) — experi-
ment finishing date). Bars indicate standard errors (n = 3)
and missing error bars indicate that they are smaller than
the symbol
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Identical increase (p < 0.05) of EL was obser-
ved in the heat-treated coleoptile at the early sta-
ges of development (Fig. 11a). EL increased by
approximately 73% in the coleoptile at the early
stages immediately after exposure and remained
steady throughout the studied period compared
to control. EL was greater in the heat-treated co-
leoptile at the late stages of seedling development
(Fig. 11b) immediately after exposure (p < 0.01)
and remained high two days after high-tempera-
ture exposure (p < 0.05), then EL started to de-
crease but it was higher than in the control cole-
optile (p < 0.05).

EL was slightly higher (p < 0.05) under high-
temperature treatment in the root of wheat see-
dlings immediately after experiment (9%) at the
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Fig. 10. Electrolyte leakage (EL) in the first leaf at the early
(a) and at the late (b) stages of development in response to
24-h high-temperature stress (HTS; 42 °C) (HTS1 (5-day-
old seedlings) and HTS2 (8-day-old seedlings) - experi-
ment finishing date). Bars indicate standard errors (n = 3)
and missing error bars indicate that they are smaller than
the symbol

early stages of development and remained at the
similar level next day after high-temperature expo-
sure (Fig. 12a). The decrease of EL was observed
during the second and third day after the experi-
ment (15% and 36%, respectively) compared to the
EL immediately after stress. However, EL in the
root was greater at the late stages of development
than at the early stages (Fig. 12b). There was obser-
ved a steady high level of EL in the heat-treated co-
leoptile at the late stages immediately after exposu-
re (26%) and during the recovery period (p < 0.05)
compared to the control coleoptile (Fig. 12b). One
day after exposure EL was found to increase by
32%, the increase was 41% on the second and
third day after high-temperature treatment and it
reached 59% at the end of the investigated period.
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Fig. 11. Electrolyte leakage (EL) in the coleoptile at the
early (a) and at the late (b) stages of development in res-
ponse to 24-h high-temperature stress (HT'S; 42 °C) (HTS1
(5-day-old seedlings) and HTS2 (8-day-old seedlings) -
experiment finishing date). Bars indicate standard errors
(n = 3) and missing error bars indicate that they are smaller
than the symbol
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Fig. 12. Electrolyte leakage (EL) in the root at the early (a)
and at the late (b) stages of development in response to
24-h high-temperature stress (HTS; 42 °C) (HTS1 (5-day-
old seedlings) and HTS2 (8-day-old seedlings) — experi-
ment finishing date). Bars indicate standard errors (n = 3)
and missing error bars indicate that they are smaller than
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DISCUSSION

Temperature is a critical factor in the plant en-
vironment, and it may play a significant role in
growth and development (Zrébek-Sokolnik, 2012).
Plant organisms are rarely affected by individual
factors, and temperature stress is frequently asso-
ciated with reduced water availability and, in con-
sequence, oxidative stress. The inhibition of pho-
tosynthesis processes, damage of cell membrane,
programmed cell death and protein synthesis after
high-temperature treatment have been widely stu-
died in separated cell compartments and rarely in
whole plants or their organs (Xu et al., 2006); the-
refore, high-temperature treatment on functionally
different organs of wheat seedlings was studied.
Morphological, physiological and biochemical

changes in the wheat root (high root temperature
accelerates senescence of the entire plant (Fergu-
son et al., 1990)), coleoptile and first leaf (senescent
and developing organs of wheat, respectively) were
investigated to elucidate their relationship to injury
from elevated temperature (42 °C). Our results su-
ggest that high temperature injures plants, at least
partially, by promoting senescence processes. The
EL was the greatest in the heat-treated first leaf
and this high level remained during the recovery
period at all investigated stages. This concurs with
work described by Zhou, Leul (1999), in which
they used the same assay in rape. However, the
MDA content decreased in the first leaf after high-
temperature treatment, and this reduction further
enhanced during the recovery period. The decrease
in the CD content was also observed in the first
heat-treated leaf at the early stages of development.
Similar results were obtained previously in the pea
leaves (Kurganova, 2001). Kurganova (2001) repor-
ted that a short-term high-temperature exposure
led to a significant increase in LP products such as
CD and hydroperoxides in leaves. However, the LP
content decreased till the control level after a long-
term high-temperature exposure. These results are
in agreement with the RWC in the first leaf. The
reduction in the RWC was observed in the first
leaf only after high-temperature treatment at the
late stages of wheat seedlings development, in spite
of significant inhibition of the first leaf length at all
investigated stages. The results suggest that the first
leaf had the greater ability to avoid the water stress
induced by high temperature (42 °C) than the co-
leoptile at the early stages of development. These
results possibly suggest that the 4-day-old coleop-
tile showed a better protection mechanism against
stressful conditions than the senescent coleoptile.
A significant decrease in the RWC of the stres-
sed coleoptile was observed during the whole pe-
riod of investigation. Our results are in agreement
with those of Ivanov et al. (2001) who report that
extreme temperature stresses (45 °C) are closely
related to water deficit — due to reduced root water
absorption and to a disruption of stomata control
of leaf transpiration temperature, stressed plants
suffer a strong water shortage. Most of the visible
consequences of high temperature action are wil-
ting and chlorosis of treated plants. The increase of
the LP content in the coleoptile immediately after
high-temperature stress and during the recovery
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period is the evidence that the main influence of
high temperature is due to the coleoptile at the
early stages of seedling development. But the cole-
optile getting older it loses the protective proper-
ties and the increase of LP in the heat-treated first
leaf at the late stages of development was obser-
ved. Leakage points may also result from damage
of membrane components. A high susceptibility
of the wheat coleoptile to high temperature, evi-
denced by a strong increase in electrolyte leakage
after heat treatment, was related with MDA and
CD production, which indicate the occurrence of
LP. Our data shows that oxidative damages, such
as increase of CD production, occur in the cole-
optile of wheat seedlings at all investigated stages
after heating and that the level of damage incre-
ases over 4 days post heating. The MDA content
was significantly higher (p < 0.01) in the coleoptile
during the recovery period at the early stages of
development compared to control. These results
indicated that high-temperature exposure increa-
ses LP and EL, which are symptomatic of cellular
damage. Similar results were obtained previously
in Arabidopsis (Larkindale, Knight, 2002) and ma-
ize (Gong et al., 1998). Thus, seed germination is
the most crucial and sensitive stage of a plant life
cycle, particularly in the presence of environmen-
tal stresses (Cavusoglu, Kabar, 2010). However,
in spite of an increase of oxidative activity in the
coleoptile, i. e. increase of membrane permeabi-
lity, MDA and CD content, a relative stability of
the morphological features of the coleoptile (the
coleoptile length) was observed. The coleoptile is
a senescent organ and its defence systems are re-
duced, therefore such high susceptibility of wheat
coleoptile to high temperature was observed.

As regards EL, although increased permeability
occurred in the root of wheat seedlings at the early
stages of seedling development submitted to high
temperature, these organs presented a return to
control values during the recovery period, sugges-
ting the presence of reversible damages mainly re-
sulting from changes in the biophysical properties
of the membrane. Cellular membranes are consi-
dered the primary site of attack during heat injury
(Wahid et al., 2007) and remain functional even in
the presence of stress (Raison et al., 1980). Further-
more, no recovery occurred as regards EL in the
root at the late stages of development, contrary to
what was observed at the early stages. However, no

changes as regard MDA content and no statistically
significant increase of the CD content were obser-
ved in the root at all investigated stages compared
to control and such level remained over 4 days post
heating. It has been shown in a number of recent
studies that long-term exposure to elevated tem-
peratures suggests the ability for root acclimation
(Gunn, Farrar, 1999; Atkin et al., 2000). A possi-
ble reason of the permanent increase of membrane
permeability in the root at the late stages of develo-
pment is change in the composition and structure
of integral membrane proteins. It is a well known
fact that high temperature modifies the compo-
sition and structure of membranes by weakening
the hydrogen bonds and electrostatic interactions
between polar groups of proteins within the aqu-
eous phase of the membrane. Thus, integral mem-
brane proteins tend to associate more strongly with
the lipid phase. Disruption and damage to mem-
branes alter their permeability and result in loss
of electrolytes (Christiansen, 1978). The consensus
is that electrolyte leakage reflects damage to cellu-
lar membranes and is an important factor in heat
tolerance. The structure and stability of various
membranes are, therefore, important during high-
temperature stress (McDaniel, 1982). However, si-
gnificant inhibition of the maximum root length
was observed after high-temperature exposure.

CONCLUSIONS

In conclusion, obtained results demonstrate that
the early seedling development stages in wheat
(Triticum aestivum L.) are the most crucial and
sensitive to high temperature conditions. Wheat
organs show symptoms of oxidative stress at ele-
vated temperature (42 °C), as indicated EL and the
content of LP products (MDA and CD). The most
substantial influence of high temperature was ob-
served in a senescent organ, i. e. the coleoptile.
However, no changes as regard the MDA content
and no statistically significant increase of the CD
content were observed in the heat-treated root in
spite of an increase of EL. Our results showed that
a relatively long (24 h) high-temperature exposu-
re completely inhibited the growth of wheat see-
dlings and this effect was also present till the end
of the experiment. High temperature results in the
desiccation of the plant as well. Our results are in
agreement with recent studies, which report that
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once the temperature exceeds the maximum up to
which growth takes place, plants enter a state of
quiescence (Mavi, Tupper, 2004).

ACKNOWLEDGEMENTS

This

study was supported by ESF project

No 2009/0205/1DP/1.1.1.2.0/09/APIA/VIAA/152

Received 14 May 2012
Accepted 18 June 2012

REFERENCES

1.

Ali M. B., Hahn E. J., Paek K. Y. 2005. Effects of
light intensities on antioxidant enzymes and ma-
londialdehyde content during short-term accli-
matization on micro-propagated Phalaenopsis
plantlet. Environmental and Experimental Botany.
Vol. 54(2): 109-120.

Anderson J. A., Padhye S. R. 2004. Protein aggre-
gation, radical scavenging capacity, and stability
of hydrogen peroxide defence systems in heat-
stressed vinca and sweet pea leaves. Journal of
the American Society for Horticultural Science.
Vol. 129: 54-59.

Atkin O. K., Holly C., Ball M. C. 2000. Acclimation
of snow gum (Eucalyptus pauciflora) leaf respira-
tion to seasonal and diurnal variations in tempera-
ture: the importance of changes in the capacity and
temperature sensitivity of respiration. Plant, Cell
and Environment. Vol. 23: 15-26.

Blum A., Ebrecon A. 1981. Cell membrane stabi-
lity as a measure of drought and heat tolerance in
wheat. Crop Science. Vol. 21: 43-47.

Cavusoglu K., Kabar K. 2010. Effects of hydrogen
peroxide on the germination and early seedling
growth of barley under NaCl and high tempera-
ture stresses. EurAsian Journal of BioSciences.
Vol. 4: 70-79.

Christiansen M. N. The physiology of plant tole-
rance to temperature extremes. In: Jung G. A. (ed.)
Crop Tolerance to Suboptimal Land Conditions.
Madison: WI, Am. Sc. Agron.; 1978: 173-91.
Farooq S., Azam F. 2006. The use of cell membrane
stability (CMS) technique to screen for salt tole-
rant wheat varieties. Journal of Plant Physiology.
Vol. 163(6): 629-37.

Ferguson D. L., Guikema J. A., Paulsen G. M.
1990. Ubiquitin pool modulation and protein de-
gradation in wheat roots during high temperature
stress. Plant Physiology. Vol. 92: 740-46.

Gong M., Chen S. N, Song Y. Q,, Li Z. G. 1997.
Effect of calcium and calmodulin on intrinsic
heat tolerance in relation to antioxidant systems
in maize seedlings. Australian Journal of Plant
Physiology. Vol. 24: 371-79.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Gong M., Li Y. J., Chen S. Z. 1998. Abscisic acid-
induced thermo-tolerance in maize seedlings is
mediated by calcium and associated with antioxi-
dant systems. Journal of Plant Physiology. Vol. 153:
488-96.

Gunn S., Farrar J. E 1999. Effect of a 4 °C incre-
ase in temperature on partitioning of leaf area
and dry mass, root respiration and carbohydrates.
Functional Ecology. Vol. 13: 12-20.

Guo Z., Ou W, Lu S., Zhong Q. 2006. Differential
responses of anti-oxidative system to chilling and
drought in four rice cultivars differing in sensiti-
vity. Plant Physiology and Biochemistry. Vol. 44:
828-36.

Hui Y., Qiuming C., Mingfang Y. 2008. Effects of
short-term heat stress on oxidative damage and
responses of antioxidant system in Lilium longiflo-
rum. Plant Growth Regulation. Vol. 54(1): 45-54.
Ismail A. M., Hall A. E. 1999. Reproductive-stage,
heat tolerance, leaf membrane thermo-stability
and plant morphology in cowpea. Crop Science.
Vol. 39: 1762-1768.

Ivanov S., Konstantinova T, Parvanova D.,
Todorova D., Djilianov D., Alexieva V. 2001. Effect
of high temperatures on the growth, free proline
content and some antioxidants in tobacco plants.
Proceeding of the Bulgarian Academy of Sciences.
Vol. 54(7): 71-74.

Jiang Y., Huang B. 2001. Drought and heat stress
injury to two cool-season turf grasses in relation
to antioxidant metabolism and lipid peroxidation.
Crop Science. Vol. 41: 436-42.

Kirnos M. D., Aleksandrushkina N. I,
Vanyushin B. F. 1997. Apoptosis in the cells of
initial leaf and coleoptile of wheat seedlings.
Biochemistry (Moscow). Vol. 62: 1008-1014.
Kurganova L. N. 2001. Perekisnoe okislenie li-
pidov - odna iz vozmoznih komponent bis-
troj reakciji na stress (Lipid peroxidation is one
possible component of quick stress reaction).
Vestnik Nizegorodskogo Universiteta im. NI
Lobacevskogo. Serija: Biologia. Vol. 1: 76-78.
Larkindale J., Huang B. 2004. Changes of lipid
composition and saturation level in leaves and ro-
ots for heat-stressed and heat-acclimated creeping
bent grass (Agrostis stolonifera). Environmental
and Experimental Botany. Vol. 51: 57-67.
Larkindale J., Knight M. R. 2002. Protection
against heat stress-induced oxidative damage in
Arabidopsis involves calcium, abscisic acid, ethy-
lene and salicylic acid. Plant Physiology. Vol. 128:
682-695.

Li Y. 2009. Physiological responses of tomato see-
dlings (Lycopersicon esculentum) to salt stress.
Modern Applied Science. Vol. 3(3): 171-176.
Mavi H. S., Tupper G. J. Plant injury due to sud-
den changes in temperature. In: Mavi H. S,
Tupper G. J. (eds.). Agrometeorology: Principles



Some morphological, physiological and biochemical characteristics of wheat seedling Triticum aestivum L. organs... 21

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

and Applications of Climate Studies in Agriculture.
New York: Haworth Press; 2004: 50-64.

McDaniel R. G. The physiology of tempera-
ture effects of plants. In: Christiansen M. N,
Lawis C. E (eds.). Breeding Plants for Less
Favourable Environments. John Wiley and Sons;
1982: 13-45.

Pastori G. M., Foyer C. H. 2002. Common compo-
nents, networks and pathways of cross-tolerance
to stress. The central role of “redox” and abscisic
acid-mediated controls. Plant Physiology. Vol. 129:
460-468.

Queitsch C., Hong S. W, Vierling E., Lindquest S.
2000. Heat shock protein 101 plays a crucial role
in thermotolerance in Arabidopsis. Plant Cell.
Vol. 12: 479-92.

Raison J. K., Berry J. A., Armond P. A, Pike C. S.
Membrane properties in relation to the adaptation
of plant to temperature stress. In: Turner N. C,,
Kramer P. J. (eds.). Adaptation of Plants to Water
and High Temperature Stress. New York: John
Wiley & Sons; 1980: 261-273.

Recknagel R. O., Ghoshal A. K. 1966.
Lipoperoxidation of rat liver microsomal lipids by
carbon tetrachloride. Nature. Vol. 210: 1162-1163.
Savicka M., Skute N. 2010. Effects of high tempe-
rature on malondialdehyde content, superoxide
production and growth changes in wheat seedlings
(Triticum aestivum L.). Ekologija. Vol. 56(1-2):
26-33.

Sullivan C. Y., Ross M. W. Selections for drought
and heat resistance in grain sorghum. In:
Mussell H., Staples R. (eds.). Stress Physiology in
Crop Plants. New York: Wiley; 1979: 263-81.
Tripathy J. N., Zhang J., Robin S., Nguyen T. H,,
Nguyen H. T. 2000. QTL for cell-membrane stabi-
lity mapped in rice (Oriza sativa L.) under drought
stress. Theoretical and Applied Genetics. Vol. 100:
1197-1202.

Turner N. C. 1981. Techniques and experimental
approaches for the measurement of plant water
status. Plant Soil. Vol. 58: 339-66.

Wahid A., Gelani S., Ashraf M., Foolad M. R.
2007. Heat tolerance in plants: An overview.
Environmental and Experimental Botany. Vol. 61:
199-223.

Wu Y. X, von Tiedemann A. 2004. Light-
dependent oxidative stress determines physiologi-
cal leaf spot formation in barley. Phytopathology.
Vol. 94: 584-592.

Xu S, Li J., Zhang X., Wei H., Cui L. 2006. Effects
of heat acclimation pretreatment on changes of
membrane lipid peroxidation, antioxidant meta-
bolites, and ultrastructure of chloroplasts in two
cool-season turfgrass species under heat-stress.
Environmental and Experimental Botany. Vol. 56:
274-285.

35. Zhou W,, Leul M. 1999. Unicozanole-induced
tolerance of rape plants to heat stress in relation
to changes on hormonal levels, enzyme activities
and lipid peroxidation. Plant Growth Regulation.
Vol. 27: 99-104.

36. Zrobek-Sokolnik A. Temperature stress and res-
ponses of plants. In: Parvaiz Ahmad and Prasad
M. N. V. (ed.). Environmental adaptations and
stress tolerance of plants in the era of climate chan-
ge. New York: Springer; 2012: 113-134.

Marina Savicka, Natalja Skute

KVIECIO (TRITICUM AESTIVUM L.) DAIGO KAI
KURIOS MORFOLOGINES, FIZIOLOGINES IR
BIOCHEMINES SAVYBES PAVEIKUS AUKSTA
TEMPERATURA

Santrauka
Siluminis $okas neigiamai veikia augalo augima bei
vystymasi sukeldamas augaly oksidacinj stresg. Sie-
kiant suprasti aukstos temperatiiros $oko poveikj augalo
augimuli ir vystymuisi, batina tirti viso augalo ir atskiry jo
daliy fiziologija bei morfologija. Oksidacinio streso lyg-
muo buvo jvertintas pagal lipidy peroksidacijos produkty,
tokiy kaip malono dialdehidas ir konjuguoti alkadienai,
pagauséjimg ir lastelés membranos pralaiduma, kuris
vertintas remiantis elektrolity nutekéjimu skirtingose
kvie¢iy (Triticum aestivum cv. Harmonija) dalyse po
24 val. poveikio auksta temperatara (42 °C). Santyki-
nis vandens kiekis lapy audiniuose buvo matuojamas
siekiant jvertinti vandens trokumg augaluose. Auksta
temperatiira neturéjo jtakos santykiniam vandens kiekiui
s$aknyje, tac¢iau vandens sumazéjo visy tirty daigo vysty-
mosi stadijy diegamakstése ir vélyvyjy vystymosi stadijy
pirmajame lape (p < 0,01). Auksta temperatira per
24 val. visi$kai nuslopino pirmojo lapo ir sakny augima
(p < 0,001) ir sukélé pirmojo lapelio ir diegamakstés
dziavimg. Akivaizdu, kad kvie¢iy daigy Saknys yra
maziau jautrios $iluminiam Sokui nei pirmasis lapelis
ir diegamakstés. Auksta temperatiira reik§mingai padi-
dino lipidy peroksidacijg kvie¢iy daigy diegamakstése,
taciau $aknyse $i buvo panasi j kontrole visose tirtose
vystymosi stadijose. Reiksmingas lipidy peroksidaci-
jos produkty pagauséjimas (p < 0,01) buvo nustatytas
kvie¢iy daigy vystymosi vélyvyjy stadijy pirmajame la-
pelyje. Toks aukstesnis lipidy peroksidacijos produkty
lygis padidino lasteliy membranos pralaiduma. Tyrimas
atskleide, kad aukstos temperatiros specifinio poveikio
$aknims pasekmé yra padidéjes elektrolity nuotékis,
taciau temperatira beveik nepaveikia lipidy peroksidaci-
jos procesy.

Raktazodziai: lipidy peroksidacija, elektrolito
nuotékis, santykinis vandens kiekis, Siluminis $okas, ok-
sidacinis stresas, kvie¢iy daigas






