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Abstract

A study was conducted to assess the influence of heat stress imposed at different growth stages of wheat (Triticum
aestivum L.) plants. Four wheat cultivars namely S-24, Saher-2006, Lasani and AARI-10 were subjected to high temperature
(HT) stress at tillering and booting phenological phases. Under stress conditions, root and shoot fresh weights, membrane
thermostability (MTS) and non-photochemical quenching (NPQ) were significantly perturbed in all four wheat cultivars at
both developmental stages. However, HT stress did not influence all the other attributes significantly including shoot fresh
weight, chlorophyll @ and b pigments, photosynthetic rate (4), leaf water (¥,), internal CO, (C;), osmotic (‘¥) and turgor
() potentials, transpiration rate (£), water-use-efficiency (4/E), stomatal conductance (g;) as well as F\/F), ratio. Among
all wheat cultivars, cv. Lasani performed better in shoot and root fresh weight, and chlorophyll @ contents at the tillering
stage, while in MTS at the booting phase, cv. S-24 in shoot fresh weight, £, and g at the boot stage and highest MTS and
WUE at the tillering stage. However, cv. AARI-10 performed well in root fresh weight, V', ¥, ¥, WUE and NPQ when
stress was applied at the boot stage, while £ and F,/F,, in this cultivar on exposure to stress at the tillering stage. Cultivar
Saher-2006 performed better in g, leaf ¥ and ¥, at the tillering stage, while F,/F,, was recorded better at the boot stage and
A in the same cultivar at all growth stages. Overall, HT stress applied at different growth stages was only effective in
altering root fresh weight, MTS and NPQ in all four wheat cultivars. Of all wheat cultivars, cv. AARI-10 performed better in
growth and physiological attributes examined in the present study under HT stress applied at different phenological stages.
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Introduction

Among the principal abiotic stresses (salinity,
drought and temperature) that markedly affect plants,
least is understood about heat stress (Rasul et al., 2011).
Increased incidence, duration and intensity of
unfavorable temperature extremes cause significant
economic losses annually (Long & Ort, 2010). However,
metabolic alterations, changes in fluidity of membrane
and protein conformation as well as reassembly of
cytoskeleton facilitate plants to detect temperature rise
and fall (Ruelland & Zachowski, 2010). High
temperature strictly limits growth and productivity of
plants and is categorized as one of the most important
abiotic threats to many crops (Hassan, 2006).

Plants respond to high temperature by changing
phenology and anatomy (Giaveno & Ferrero, 2003; Zhang
et al., 2008) and physio-biochemical characteristics.
Regarding plant physiological phenomena, disturbances
in plant water status (Simoes-Araujo et al., 2003;
Cabanero et al., 2004), decreased photosynthesis (Wise et
al., 2004), increased concentration of compatible solutes
(Sakamoto & Murata, 2002), hormonal disturbances
(Maestri et al., 2002), production of ROS (Suzuki &
Mittler, 2006) and thermostability of cell membrane
(Somerville & Browse, 1991) have been reported.

Of the physiological mechanisms in plants,
photosynthesis is highly vulnerable to supraoptimal
temperatures (Quinn & Williams, 1985; Salvucci &

Crafts-Brander, 2004; Camejo et al., 2005; Wahid et
al., 2007). Rate of photosynthesis and respiration
continues to rise with increasing temperature up to a
certain limit but after this metabolic processes tend to
slow down (Larkindale & Knight, 2002). Heat stress-
induced reduction in photosynthesis is ascribed to
destruction of chloroplast and decreased chlorophyll
content (Xu et al., 1995). The damage suffered by
chloroplast enzymes due to oxidative stress is
considered another  reason  for  diminished
photosynthesis under elevated temperature (Sairam et
al., 2000). Supraoptimal temperatures can impose a
negative  impact on  stomatal  conductance,
photosynthetic rate (4) and rate of transpiration (E)
resulting in an increase in temperature of leaf (Falk et
al., 1996; Kadir, 2006). Plants use antioxidant enzymes
to detoxify reactive oxygen species and mitigate
oxidative stress-induced damage under -elevated
temperature (Shah et al., 2001). For example, Sairam et
al. (2000) showed a protective role of ascorbic acid
against oxidative damage in wheat plants occurring
during reproductive stage due to supraoptimal
temperature. Similarly, heat stress imposed at the
reproductive stage prompted a rise in the activities of
antioxidants of enzymatic nature in thermotolerant
wheat plants (Balla et al., 2009).

Although booting and flowering are the phases
most susceptible to heat stress (Stone, 2001; Shah et
al., 2011), high temperature at any stage of plant life-
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cycle can cause yield loss due to impact on metabolic
processes (Maestri ef al., 2002). Heat stress affects the
number of grains as well as grain weight (Ferris et al.,
1998). Increased phasic development (Stone & Nicolas,
1995; Stone, 2001), diminished photosynthesis,
enhanced senescence (Almeselmani, 2010), increased
respiratory activity (Berry & Bjorkman, 1980; Peng et
al., 2004) and reduced starch reserves (Chinnusamy &
Khanna-Chopra, 2003; Yan et al., 2008) are chief
causes of reduced wheat yield under -elevated
temperature.

Supraoptimal temperature is a real threat to
production of many crops including wheat (Alexander et
al., 2006; Sud & Bhagwat, 2010), because it can
influence anthesis and grain filling phases (Stone &
Nicolas, 1995). Heat stress during reproductive stages is
a major factor of decline in grain yield of wheat crop
due to delayed planting in Pakistan (Khan, 2004; Joshi
et al., 2007; Ubaidullah ef al., 2007). Therefore, there is
a dire need to better understand the plant responses to
heat stress, as it will help to develop cultivars that are
better capable of withstanding temperature extreme.
Increased knowledge of heat stress effects will also
enable to foretell the agronomic outcomes of global
warming resulting from increased emission of
greenhouse gases. Therefore, the aim of the present
study were to assess the response of selected wheat
cultivars to supra-optimal temperatures in terms of a
variety of physio-biochemical parameters which could
be used as markers of tolerance to heat stress for
selecting heat tolerant cultivars.

Materials and Methods

Four cultivars S-24, Saher-2006, Lasani and AARI-
10 of spring wheat (Triticum aestivum L.) were tested
for thermotolerance. A pot experiment was conducted at
UAF, Pakistan during 2011-2012. The experiment was
divided in to three sets. One set was used as control, the
second set for heat stress imposed at the tillering phase
and the third set used to impose high temperature at the
booting stage. Temperature stress was applied at two
growth phases i.e., boot and tillering stages. High
temperature was maintained in transparent plastic
enclosures. Maximum and minimum temperatures of the
enclosures were noted daily. At the maturity of the
experiment two plants were collected carefully and fresh
weights of both the roots and shoots were determined
separately. In addition, the data were collected for the
following parameters.

Cell membrane thermostability (CMT): It was recorded
following Sullivan (1972). For it, a fully expanded
youngest leaf was collected and leaf discs of equal sizes
were prepared. After excision the samples were placed
immediately in test tubes each having 2 mL dH,0. One
set of samples was kept at 50°C and the other at 25°C for
1 h. After it, dH,O (10 mL) was added to each test tube
and again treated at 10°C for one day to allow ion
diffusion. After this, all samples were kept at 25°C for 30
min and EC of the extract was recorded. Again samples
were autoclaved at 0.1 MPa pressure for 10 min to extract
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all ions from the samples. Relative cell injury (RCI) in
percent was calculated using the following formula:

% Injury = [1-(1-T1/T2) =+ (1-(C1/C2)] x 100

Water relation attributes: A youngest fully expanded
leaf was excised and leaf water potential determined using
a Scholander type pressure chamber (Arimad-2-Japan).
Then, the same leaves were stored at -80°C for seven
days. After it, they were thawed and the sap extracted and
used for osmotic potential determination using an
osmometer (VAPRO, 5520, USA). Turgor potential was
estimated as the difference between ¥, and ¥, following
Nobel (1991).

Chlorophyll pigments: The procedure described by
Arnon (1949) was adopted for the analysis of major
photosynthetic pigments. Fresh leaf (250 mg) was
homogenized in 5 mL freshly prepared acetone (80%;
v/v) and the extract was filtered. The optical density of
the filtrate was recorded at 663 and 645 nm using a UV-
visible spectrophotometer (IRMECO, U2020).

Gas exchange characteristics: A portable infra-red gas
analyzer (Model LCA-4; ADC, Hoddeson, England) was
used for the determination of different gas exchange
parameters including rate of photosynthesis and
transpiration, concentration of sub-stomatal CO, as well
as stomatal conductance. For all these measurements, a
young leaf from top was used at day time with
maximum sunshine.

Chlorophyll fluorescence: The quantum yield, non-
photochemical quenching and efficiency of PSII were
determined on a young fully expanded leaf during
daytime following Strasser et al. (1995). For the
determination of above captioned leaf fluorescence
attributes, OS5p Modulated Fluorometer (ADC
BioScientific Ltd., Great AmwellHerts, UK) was used.

Statistical analysis: A completely randomized two-factor
factorial experiment was designed. Data collected for
different attributes were subjected to ANOVA technique
to assess the significance level between different
treatments using the COSTAT Computer Program,
Cohort Berkely, California.

Results

Supraoptimal temperature significantly reduced the
shoot fresh biomass of wheat plants. The varietal response
to high temperature was also significant (Fig. 1). Cultivar
Lasani had slightly higher biomass than the others when
exposed to high temperature at tillering stage, while at the
boot stage cv. S-24 showed considerably higher biomass
production than the other cultivars (Fig. 1). Root fresh
weight of all wheat cultivars was reduced significantly by
supraoptimal temperature. Cv. Lasani had highest root
biomass at the tillering phase, whereas cv. AARI-10 at the
boot stage. At the tillering phase, cv. S-24 was inferior to
the other cultivars in terms of fresh root biomass while at
the boot stage cv. Saher-2006.
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Fig. 1. Shoot and root fresh weights, chlorophyll pigment and water relation attributes of four wheat cultivars exposed to supraoptimal
temperature at two growth stages.
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Fig. 2. Gas exchange and fluorescence attributes of four wheat cultivars exposed to supraoptimal temperature at two growth stages.
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A non-significant decrease in chlorophyll @ and b
contents in the four wheat cultivars was recorded at both
stages, but the response of the varieties to the stress was
highly significant (p<0.001). Cv. Lasani had the highest
chlorophyll @ contents under control and stress at the
tillering phase. The cultivars which showed minimum
value of this parameter were S-24 at the tillering phase
and Lasani at the boot phase. Chlorophyll a/b ratio was
not influenced by supraoptimal temperature significantly
imposed at any stage and all interactions among different
factors were non-significant (Fig. 1).

Heat stress did not cause a significant decrease in leaf
water potential (y,) of four wheat cultivars at both stages.
However, the varietal response to stress was highly
significant (p<0.001). Cv. AARI-10 maintained highest
Y, when the stress was applied at the tillering phase.
Under control conditions, highest ¥,, was recorded for cv.
Lasani. The lowest ¥,, was recorded for cv. Lasani at the
boot phase and for cv. Saher-2006 at the tillering phase
(Fig. 1). Leaf osmotic potential (¥;) of the wheat plants
was not influenced by supraoptimal temperature at both
stages. However, the varieties responded to the stress
significantly (p <0.01). Cv. Lasani showed the lowest ¥
at the tillering phase and cv. Saher-2006 at the boot phase.
All interactions among different factors were non-
significant (Fig. 1). Leaf turgor potential (¥,) was not
influenced significantly by supraoptimal temperature.
Again, the varietal response to heat stress was significant
(p < 0.05) with cv. Saher-2006 being the best at the
tillering phase and cv. AARI-10 at the boot phase (Fig. 1).

Supraoptimal temperature caused a non-significant
decrease in photosynthetic rate (4) of wheat plants.
However, the response of varieties and stages to high
temperature was highly significant (p < 0.001). More
drastic decrease in 4 was observed at the boot stage. The
highest 4 was maintained by cv. Saher-2006 under
control and stress conditions at both stages. Cv. AARI-10
showed a minimal photosynthetic activity at the tillering
stage, while cv. Lasani at the boot stage (Fig. 2).
Influence of high temperature on transpiration rate (E) in
all wheat cultivars was non-significant but the varieties
differed significantly in this attribute (p<0.001).
Maximum E was observed in cv. AARI-10 at the tillering
stage and in S-24 at the boot stage. Minimum
transpiration rate was shown by cv. Lasani at the tillering
stage and by cv. AARI-10 at the boot stage (Fig. 2).

Water-use-efficiency (WUE = A/E) showed a non-
significant decline under stress at both stages. Different
stages and varieties were differentially affected by
supraoptimal temperature. At the tillering phase, highest
WUE was recorded in cv. Lasani and the lowest in cv.
AARI-10 at the same stage but maximum at the boot
stage (Fig. 2). The cultivar which had lowest WUE at the
boot stage was S-24. The influence of heat stress on
internal CO, concentration (C;) was non-significant for all
varieties at both stages. All interactions among different
factors were non-significant. Effect of supraoptimal
temperature on stomatal conductance (g;) was not
significant but the varietal response was highly significant
(»p<0.001). The highest value of g, was recorded in cv.
Saher-2006 at the tillering phase and in cv. S-24 at the
boot stage (Fig. 2).
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F/F, ratio was not affected significantly by
supraoptimal temperature. The varieties and the two
stages responded significantly to high temperature.
Maximum value of F,/F,, was recorded in cv. Saher-2006
at the boot stage and in cv. AARI-10 at the tillering phase,
while cvs. Lasani and S-24 had minimum values of this
parameter at the tillering and the boot stage, respectively
(Fig. 2). High temperature had a significant influence on
non-photochemical quenching (NPQ) at both stages of
growth. Cv. AARI-10 had the highest values of NPQ at
both stages. At the tillering phase, the lowest value of this
parameter was recorded in cv. Lasani and at the boot
stage in cv. S-24 (Fig. 2).

Supraoptimal temperature significantly influenced
membrane thermostability (MTS) of all wheat cultivars at
both growth stages. All cultivars showed a decrease in
MTS under stress. Cultivar Lasani showed relatively
higher MTS at the boot phase and cv. S-24 at the tillering
phase (Fig. 2).

Discussion

Twenty first century has witnessed an ever-increasing
rise in temperature due to change in climate (Gornall et
al., 2010). This rise in temperature has put most of the
crops to an increased incidence of heat stress (Watanabe
& Kume, 2009). Plant physiological processes like
photosynthesis, respiration and membrane integrity can be
affected by supraoptimal temperature. Extremely high
temperature might lead to cellular damage and even cell
death within a very short time span (Wahid et al., 2007),
but if the temperature is not high enough, the exposure
period should be long to cause damage or death (Howarth,
2005). Although all stages of plants can be affected by
high temperature, the particular stage of the plant has a
role in the susceptibility of the plant to high temperature
(Young et al., 2004).

In the present experiment, heat stress caused a
significant reducing effect on growth parameters
including shoot and root fresh biomass. The observed
effect of supraoptimal temperature on shoot fresh biomass
is analogous to Gilani et al. (2008) and Cheng et al.
(2009), they noted a significant decline in shoot fresh
weight as a result of high temperature in sugarcane and
wheat plants, respectively. However, non-significant
effect on root mass of grapes was recorded by Kadir &
Weihe (2007) which is in contrast to the results of the
present study.

Cell membrane thermostability is a rapid technique,
measured as outflow of solutes from leaf pieces. It gives
an indirect measure of plant heat tolerance (Saelim &
Zwiazek, 2000; Stoddard et al., 2006; Wahid et al., 2007,
Acosta et al., 2010). In the present study, heat stress
significantly decreased the cell membrane thermostability
(CMT). Cv. S-24 had the highest MTS at the tillering
stage while cv. Lasani at the boot phase. This decrease in
CMT is in conformity with Yildrim et al., (2009) who
reported a decrease in membrane thermostability of wheat
genotypes as a result of heat stress.

The speed with which water and gases pass through
stomata is called stomatal conductance (g;). So the
stomatal orifice has a very vital role as the photosynthetic
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efficiency depends upon influx of water and gases
through stomata (Ashraf & Harris, 2013). No significant
effect of supraoptimal temperature on stomatal
conductance was observed. Similar results were recorded
by Bahar et al., (2011), for wheat genotypes exposed to
supraoptimal temperature. But Anjum et al., (2008)
observed an increase in stomatal conductance of wheat
genotypes under heat stress. Transpiration rate is highly
changeable under always changing climatic situations and
is a vital indicator of physiological characteristics
(Ahmed et al., 2012). Like stomatal conductance, no
significant effect of supraoptimal temperature was
observed on transpiration rate (F), internal CO,
concentration (C;) and photosynthetic rate (4). The results
of Amirjani (2012) were opposite to what have been
recorded here in the way they reported a decrease in
transpiration rate and 4 but arise in C;in wheat genotypes
under heat stress.

Concentrations of photosynthetic pigments (chl. a,
b, carotenoids and chl. a/b ratio) may reflect the degree
of stress tolerance in different plants (Zhang et al.,
2008). This study reports no significant effect of
supraoptimal temperature on chlorophyll contents. This
is what Amirjani (2012) reported after exposing wheat
plants to a temperature of 30/25°C (day/night) but a
reduction in chlorophyll contents was observed at
35/30°C (day/night). He also reported no significant
effect of heat stress on chl. a/b ratio.

Water status of plants is thought to be highly variable
in response to fluctuating temperatures (Mazzora et al.,
2002). In contrast to our study in which no significant
effect of heat stress on water relation attributes (water,
osmotic and turgor potentials) was recorded, Gilani ef al.,
(2008) reported a significant reduction in water status of
sugarcane plants in response to high temperature.

Chlorophyll fluorescence is thought to be a reliable
technique for in situ measurement of supraoptimal
temperature-induced damage to photosynthetic machinery
(Xu & Huang, 2001). The only chlorophyll fluorescence
parameter to be significantly affected by supraoptimal
temperature was non-photochemical quenching (NPQ) in
which a significant rise was observed under stress. In
other fluorescence parameters (F,/F, ratio and quantum
yield) no significant change was recorded due to heat
stress. In contrast to this, Anjum et al., (2008) observed a
significant decrease in F,/F,, ratio in wheat plants at high
temperature, but no significant effect on NPQ.

In conclusion, high temperature adversely affected
only root and shoot fresh weights, MTS and NPQ in all
four wheat cultivars at both developmental stages.
However, HT stress did not influence all the other studied
attributes significantly. Among all wheat cultivars, cv.
Lasani performed better in shoot and root fresh weight,
and chlorophyll a contents at the tillering stage, while in
MTS at the booting phase, cv. S-24 in shoot fresh weight,
E, and g, at the boot stage and highest MTS and WUE at
the tillering stage. However, cv. AARI-10 performed well
in root fresh weight, ¥y, ¥, ¥,, WUE and NPQ when
stress was applied at the boot stage, while £ and F,/F,, in
this cultivar on exposure to stress at the tillering stage.
Cultivar Saher-2006 performed better in g;, and leaf ¥
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and ¥, at the tillering stage, while F,/F,, was recorded
better at the boot stage and 4 in the same cultivar at all
growth stages. Overall, HT stress applied at different
growth stages was only effective in altering root fresh
weight, MTS and NPQ in all four wheat cultivars. Of all
wheat cultivars, cv. AARI-10 performed better in growth
and potential physiological attributes under stress
conditions applied at different phenological stages.
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