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Abstract 
 

Eight spring wheat cultivars were evaluated under three heat stress conditions 
(early, late and very late) in order to identify suitable cultivars to develop heat-
tolerant genotypes resistant to future global warming. Results from the study indicate 
that stress did not negatively affect flag leaf area in ‘Prodip’ and ‘Sufi’, flag leaf dry 
matter partitioning in ‘Prodip’, ‘BARI Gom-26’ and ‘Shatabdi’, above-ground dry 
matter partitioning in ‘Shatabdi’ and ‘BARI Gom-26’, seedling emergence in ‘Sufi’ 
and ‘BARI Gom-26’, or tiller production in ‘Sufi’ and ‘BARI Gom-26’. With respect 
to lower yield reduction, relative performance and heat susceptibility index (HSI), 
‘Sufi’ was highly heat stress-tolerant, followed by ‘BARI Gom-26’ and ‘Shatabdi’. 
On the basis of HSI values in early heat stress and extremely late heat stress 
(corresponding to early and extremely late sowing), ‘BARI Gom-26’ (HSI=0.10, 
0.65) and ‘Shatabdi’ (0.22, 0.62) were highly tolerant to early heat stress and 
moderately tolerant to extremely late heat stress while ‘Sufi’ was highly tolerant 
(0.35) to extremely late heat stress and moderately tolerant (0.51) to early heat stress. 
All other genotypes were susceptible to heat stress, among which ‘Gourab’ (2.19, 
1.46) was the most susceptible followed by ‘Sourav’ (1.19, 1.42), ‘Prodip’ (1.03, 
1.23), ‘BARI Gom-25’ (1.61, 0.89) and ‘Bijoy’ (1.04, 1.28). Thus, ‘BARI Gom-26’, 
‘Shatabdi’ and ‘Sufi’ have the greatest potential to be used as high-yielding wheat 
genotypes under warm to hot environments and could be used in a breeding 
programme to develop heat-tolerant wheat. 
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Running title: Growth and development of wheat under heat stress.  
Hossain et al. 
 
Introduction 
 

Plant growth and crop yield depend on temperature and its extremes. The 
optimum temperature range for C3 crops is 15-20 °C and for C4 crops it is 
25-30 °C (Ruan et al., 2012). The variation in temperature requirements and 
temperature extremes varies widely for different cultivars of the same 
species, and among species, it varies widely for most crops. The 
reproductive phase of many crop species is relatively more sensitive to heat 
stress than the vegetative phase (Hall, 1992; Martiniello and Teixeira  
da Silva, 2011). Vegetative growth and the reproductive phase in wheat 
differ in their sensitivity to temperature (Almeselmani et al., 2011; 
Chakrabarti et al., 2011; Hossain et al., 2011a; Karmanenko et al., 2011; 
Khakwani et al., 2011; Al-Karaki, 2012; Hakim et al., 2012; Hossain and 
Teixeira da Silva, 2012a; Hossain et al., 2012a; Hossain et al., 2012b; 
Hossain et al., 2012c; Hossain et al., 2012d; Noorka and Teixeira da Silva, 
2012; Noorka et al., 2013). 

A study conducted by the International Food Policy Research Institute 
(IFPRI) indicated that the world demand for wheat will have risen from 552 
million tons in 1993 to 775 million tons by 2020 (Rosegrant et al., 1997; 
Hossain and Teixeira da Silva, 2012b). At the same time, climate change-
induced temperature increases are likely to reduce wheat production in 
developing countries (where around 66% of all wheat is produced) by  
20-30% (Lobell et al., 2008; Hossain and Teixeira da Silva, 2012b). 

In Bangladesh, wheat occupies second place in terms of grain production 
after rice, but its yield is lower than other wheat-growing countries around 
the world (Hossain and Teixeira da Silva, 2012b). Poor yield in hot 
countries such as Bangladesh is usually blamed on high temperature, which 
has been confirmed by careful observations and experimentation (Hossain  
et al., 2009; Hossain et al., 2011a; Hakim et al., 2012; Hossain and Teixeira 
da Silva, 2012a; Hossain et al., 2012a; Hossain et al., 2012b; Hossain et al., 
2012c; Hossain et al., 2012d). On the basis of Intergovernmental Panel on 
Climate Change (IPCC, 2007) and climatic data received from 34 
meteorological climate sites of Bangladesh (Islam, 2009), Poulton and 
Rawson (2011), concluded that temperature in Bangladesh is increasing and 
will likely impact the future of agriculture in Bangladesh. 
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The adverse effect of temperature can be minimized by sowing a wheat 
crop within the optimum period or to breed heat-tolerant genotypes that 
could be sown late and very early to ensure high grain yield. Therefore, the 
present study was conducted to identify heat-tolerant and heat-sensitive 
wheat genotypes for future breeding to develop heat-tolerant cultivars. 
 
Materials and Methods 
 

The study was conducted in an experimental field of the Wheat Research 
Center (WRC), Dinajpur, Bangladesh during November to April 2007-08 
and 2008-09. The Agro-Ecological Zone (AEZ) of the area is Old 
Himalayan Piedmont Plain (AEZ-1) (FAO/UNDP, 1988). The geographical 
position of the area lies between 25° 38´ N, 88° 41´ E and lies 38.20 m 
above sea level. The soil of the experimental field is sandy loam and acidic 
having less than 1% of organic matter content. The quantity of N (nitrogen), 
K (potassium), S (sulphur), B (boron), Mg (magnesium) and Zn (zinc) was 
below the critical level, but P (phosphorus) was higher than the critical level 
(Hossain et al., 2011b). 

Eight spring wheat varieties (‘Sourav’, ‘Gourab’, ‘Shatabdi’, ‘Sufi’, 
‘Bijoy’, ‘Prodip’, ‘BARI Gom-25’ and ‘BARI Gom-26’) were used as 
experimental materials. The performance of these varieties was evaluated 
under four growing conditions: early heat stress (sown on 8 November) 
(EHS), optimum sowing (OS) condition (22 November), late heat stress (13 
December) (LHS) and extremely late heat stress (EXLHS) (27 December). 

The experiment was conducted in a randomized complete block design 
(RCBD) with three replications. Unit plot size was 1.6×4 m. Seeds were 
treated with Provax-200 WP, an effective fungicide for seeds containing 
Carboxin and Thiram. Seeds were sown at 120 kg ha-1 in lines 20 cm apart. 
Recommended fertilizer doses, 100-27-40-20-1 kg ha-1 of N-P-K-S-B, 
respectively, were applied. Plants were irrigated at the crown root initiation 
{21 days after sowing (DAS)}, booting (55 DAS) and grain-filling  
(75 DAS) stages. Intercultural operations were done when required and 
depending on treatments. 

Data on number of seedling emergence m−2 (NSE) at 10, 12, 14 and 16 
DAS, number tillers m-2 (NT) at 35, 40, 45, 50 DAS, flag leaf area (FLA), 
dry matter yield of flag (DMYFL) and dry matter partitioning of above-
ground parts (DMPAGP) just after the grain-filling stage (ZS 7.1) were 
recorded. 
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ZS (Zadoks et al., 1974) was followed for these growth stages since this 
scale has been described as the most comprehensive and easiest scale, 
providing a good description for both vegetative and reproductive stages of 
cereals (Harrel et al., 1993). 

Flag leaf area was measured by a leaf area meter (Model-CI-202, CID 
Inc., USA) from five flag leaves of five plants, and then averaged. Dry 
weight of 10 flag leaves from 5 plants and above-ground parts m-2 were 
harvested then dried in an electric oven at 60 °C for 72 h and finally 
weighed on a digital balance. 

The crop was harvested plot-wise at full maturity according to 
treatments. Sample plants were harvested separately from an area of 3×1.2 
m (i.e., 3 m long, 6 middle rows), avoiding border effects. The harvested 
sample crop of each plot was bundled separately, tagged and placed on a 
threshing floor. The bundles were thoroughly dried in bright sunshine until 
fully dried, then weighed and threshed. 

Data on grain yield (g m-2) (GY) was determined and adjusted to 12% 
moisture level by the following equation (Hellevang, 1995). 
 

Y (M2)= )(
100
100

1
2

1 MY
M
M



  

 

Where 
 

Y (M2)= weight of grain at expected moisture percentage (generally 12% for 
wheat); 
 

Y (M1)= weight of grain at actual moisture percentage; 
 

M1=actual moisture percentage; 
 

M2=expected moisture percentage. 
 

To compare the yield performance of a genotype, relative performance 
(RP%) for yield was calculated as described by Asana and Williams (1965) 
and was expressed as a percentage: 
 

RP (%)= 100
eperformanc Optimum

eperformanc Stress  

 

Heat Susceptibility Index (HSI) was used to measure stress tolerance in 
terms of minimizing the reduction in yield caused by unfavorable versus 
favorable environments. HSI was calculated for each genotype according to 
the formula of Fisher and Maurer (1978): 
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where 
 

Y= mean grain yield of a genotype under a stressed environment; 
 

Yp= mean yield of the same genotype under a stress-free environment; 
 

X= mean Y of all genotypes; 
 

Xp= mean Yp of all genotypes. 
 

In this experiment, stress implies high temperature combined with drought. 
If HSI is < 0.5, then the genotype is highly stress tolerant, if HIS > 0.5 < l.0,  
it is moderately stress tolerant, and if HIS > 1.0, it is susceptible to stress. 

Temperature data (Figure 1) was recorded regularly by the HOBO U12 
Family of Data Loggers (MicroDAQ.com) at the Meteorological Station, 
WRC, Dinajpur, Bangladesh. The data of all parameters were analyzed 
using MSTAT-C (Russell, 1994). Treatments means were compared for 
significance by using the LSD test at the 5% level of probability. 
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Figure 1. Temperature during the wheat growing period (Source: Meteorological Station, 
Wheat Research Center, Nashipur, Dinajpur, Bangladesh). 
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Results 
 
Weather conditions during the wheat-growing period 
 

It can be observed from Figure 1 that EHS (8 November) and maximum 
temperature in the vegetative stage was near or above 26 °C and the minimum 
was ≤15 °C, but at the grain-filling stage, the maximum was ≥25 °C and the 
minimum was 10-12 °C. The temperature at the vegetative stage was not 
suitable for good yield because maximum temperature was >26 °C (Figure 1). 
When wheat was sown on 22 November (OS), mean maximum temperature 
in the vegetative stage neared 25 °C and the minimum neared 10 °C, but at 
the grain-filling stage mean maximum temperature also neared 24 °C and 
minimum neared 13.5-14 °C, which is suitable for good yield in a wheat crop. 
Under EXLHS (27 December), i.e., at the vegetative growing stage, 
maximum temperature was ≥26 °C and minimum ≤10 °C, but at the grain-
filling stage, maximum temperature was >30 °C and the minimum was  
≤18-20 °C (March-April), which is not suitable for proper growth and good 
yield in wheat because it is sown late. The temperature during germination 
was <10 °C and in the grain-filling stage, it was >30 °C, which affected the 
growth and development of the ELS crop (Figure 1). 
 
Number of seedling emergence m-2 
 

From sowing to emergence, seedling mortality, and hence crop 
establishment, is a problem when soil temperatures are high. In the present 
study, the interaction effect of sowing time and varieties was not significant 
for NSE counted at 10, 12, 14 and 16 DAS (Table 1). From Figure 1 it can 
be observed that temperature was between 19 and 23 °C (average day + 
night temperature) in the germination stage of EHS, 18 to 19 °C at OS, 14 to 
19 °C at LHS and 14 to 15 °C at EXLHS, which did not exceed the 
optimum and maximum range for germination (Table 1). 
 
Number of tillers 
 

Tillers are an important component of wheat yield because they have the 
potential to develop grain-bearing heads. The NT of a developed plant is not 
constant and will vary because of two factors: genetic potential and 
environmental conditions. Some varieties have a greater potential to develop 
more tillers than others and may change in response to different 
environmental conditions. Plants are likely to produce more tillers when 
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environmental conditions such as temperature, moisture, and light are 
favorable, when plant populations are low and soil fertility levels are high. 
In our study, the NT of wheat cultivars was significantly affected by sowing 
date (Table 2). Observing data recorded on different DAS, all varieties 
produced maximum NT in OS and minimum was in EHS, with few 
exceptions. Figure 1 shows that in OS, wheat faced high temperature stress 
from germination to the vegetative stage, resulting in reduced tillering 
capacity and poor crop establishment. On the other hand, in LHS and 
EXLHS, wheat faced low temperature stress at germination through to the 
seedling stage, resulting in poor germination and fewer tillers. ‘Shatabdi’ 
produced maximum NT in OS and EHS, followed by ‘Gourab’ and ‘Sufi’. 
In LHS and EXLHS, ‘Sufi’ produced maximum NT due to better 
germination and stand establishment than other cultivars (Tables 1, 2). 
Considering all sowing times and all varieties, ‘Sufi’ produced higher NT 
followed by ‘Shatabdi’, while ‘Bijoy’ produced the least. 
 
Flag leaf area 
 

In the present study, a higher FLA of all genotypes was found in OS 
compared to heat stress (Figure 2), which ultimately affected grain yield. In 
OS, higher FLA was found in ‘Sufi’, followed by ‘Shatabdi’ and ‘Prodip’. 
On the other hand, no significance differences were noted in EXLHS, 
except for ‘Gourab’. Leaf senescence may have been enhanced by higher 
temperature, which reduced green LA. 
 
Dry matter yield of flag leaf 
 

In this study, the maximum values of DMYFL for all varieties were 
obtained under OS and the lowest values under stress conditions (EHS, LHS, 
EXLHS), which was due to high temperature stress (Figures 1, 3). ‘Prodip’ 
produced the highest DMYFL in all sowing conditions, except for EHS while 
the lowest DMYFL was found in ‘Bijoy’ under EHS, followed by ‘Prodip’ 
under EHS and ‘Sufi’ under EXLHS (Figure 3). The reduction in DMYFL 
was higher under EHS and EXLHS, but the reduction was genotype-
dependent. Compared with OS, the reduction in DMYFL under OS and 
EXLHS was 34.00 and 28.28% in ‘Sourav’, 18.16 and 30.82% in ‘Gourab’, 
16.30 and 26.79% in ‘Shatabdi’, 22.82 and 38.79% in ‘Sufi’, 37.98 and 19.25% 
in ‘Bijoy’, 52.79 and 34.82% in ‘Prodip’, 32.81 and 22.44% in ‘BARI Gom-
25’ and 3.99 and 15.65% in ‘BARI Gom-26’, respectively (Figure 3). 
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Figure 2. Flag leaf area of different wheat genotypes as affected by temperature. Bars 
indicate the mean standard deviations (±SD), which are significantly different at P≤0.01 
(LSD test). 
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Dry matter partitioning of above-ground parts 
 

In this study, wheat sown under EHS was highly affected by heat stress 
followed by EXLHS and LHS (Figure 4). In EHS, the crop faced high 
temperature from germination to the vegetative stage, resulting in poor 
germination, lower plant population, loss of viable leaf area and a decrease 
in green leaf duration, ultimately hampering photosynthesis (Figures 1, 4). 
‘Shatabdi’ sown in OS produced maximum DMPAGP followed by 
‘Shatabdi’ sown in LHS (Figure 4). On the other hand, ‘Gourab’ sown in 
EHS produced the lowest DMPAGP, followed by ‘Sourav’ and ‘Sufi’, also 
in EHS. Compared to OS, the dry matter reduction of EHS, LHS and 
EXLHS was 32.59, 11.43 and 25.04% in ‘Sourav’, 40.56, 8.07 and 17.29% 
in ‘Gourab’, 26.59, 17.58 and 24.78% in ‘Shatabdi’, 15.82, 6.72 and 
7.25% in ‘Sufi’, 17.12, 7.46 and 19.99% in ‘Bijoy’, 26.09, 2.85 and 
22.44% in ‘Prodip’, 16.34, 4.09 and 14.88% in ‘BARI Gom-25’ and 27.97, 
1.55 and 4.12% in ‘BARI Gom-26’, respectively. In LHS and EXLHS, 
‘BARI Gom-26’ was less affected by heat stress (1.55 and 4.12%), but  
at EHS, ‘Sufi’ (15.82%) was less affected than other varieties. Considering 
DMPAGP, ‘Gourab’ in EHS and ‘Sourav’ in EXLHS were highly heat 
sensitive (Figure 4). As observed in Figure 1, in EHS, the crop faced  
an unfavorable (high temperature) environment from germination to the 
vegetative stage, and in LHS and EXLHS, it faced unfavorable conditions 
at the reproductive stage, ultimately affecting DMPAGP and yield  
(data not presented). 
 
Grain yield 
 

In our study (Figure 5), all varieties in OS produced higher GY than all 
stress conditions (EHS, LHS and EXLHS). ‘Sourav’, ‘Gourab’, ‘Prodip’ and 
‘BARI Gom-26’ in OS produced statistically higher and similar GY (Figure 
5). Comparing all varieties and sowing conditions, ‘BARI Gom-26’ 
produced higher GY in all stress conditions, followed by ‘Shatabdi’ in EHS, 
‘Prodip’ in LHS and ‘Sufi’ in EXLHS, which might be due to the stress 
tolerance of these varieties. Considering yield reduction in heat stress 
condition (EHS, LHS and EXLHS), compared to OS, ‘BARI Gom-26’ was 
the lowest (2, 7 and 20%), followed by ‘Sufi’ (9, 12 and 11%) and 
‘Shatabdi’ (4, 20 and 19%) and ‘Gourab’ was the highest (40, 27 and 45%) 
(Figure 5). 
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Figure 4. Dry matter partitioning of different wheat genotypes as affected by temperature. 
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Relative performance 
 

To compare the yield performance of a genotype under normal 
conditions and heat stress, relative performance (RP%) for yield is the 
parameter that can identify tolerance to heat stress. ‘BARI Gom-26’  
(98 and 93%) was heat tolerant in EHS and LHS followed by ‘Shatabdi’ 
(96 and 88%) and ‘Sufi’ (91 and 87%) in EHS and LHS while ‘Gourab’ 
(60, 73 and 55%) was heat sensitive in EHS, LHS and EXLHS conditions, 
based on RP% values (Figure 6). On the other hand, in EXLHS, ‘Sufi’ 
(89%) was heat stress tolerant, followed by ‘BARI Gom-26’ (80%) and 
‘Shatabdi’ (81%). 
 
Heat susceptibility index 
 

HSI may be calculated separately in different stress environments to 
assess their stress potential. In this study, the HSI of ‘Sourav’, ‘Gourab’, 
‘Bijoy’, ‘Prodip’ and ‘BARI Gom-25’ was higher than 1.0, indicating that 
these genotypes had no tolerance to heat stress in EHS and EXLHS 
(Figure 7). The HSI values of the remaining three wheat genotypes 
indicate their various levels of tolerance to high temperature. Among 
them, ‘BARI Gom-26’ (HSI=0.10, 0.65) and ‘Shatabdi’ (HSI=0.22, 0.62) 
were highly tolerant and moderately tolerant to heat stress in EHS and 
EXLHS, respectively. On the other hand, ‘Sufi’ was highly tolerant 
(HSI=0.35) and moderately tolerant (HSI=0.51) to heat stress in EXLHS 
and EHS, respectively (Figure 7). ‘Sufi’, ‘BARI Gom-26’ and ‘Shatabdi’ 
also showed high RP% under heat stress (Figure 6). Thus, it can be 
considered that these varieties are tolerant to heat stress. 
 
Discussion 
 

In our research, fluctuations in weather conditions (Figure 1) were 
reflected in crop growth and development (Tables 1, 2; Figures 2-4) and 
ultimately by yield (Figure 5), which is common among several crops 
(Martiniello and Teixeira da Silva, 2011; Hakim et al., 2012; Hossain and 
Teixeira da Silva, 2012a; Hossain et al., 2012a; Hossain et al., 2012b; 
Hossain et al., 2012c; Hossain et al., 2012d). 
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Number of seedling emergence m-2 
 

Seed germination is one of the most important phases effecting yield and 
quality in crop production (Almansouri et al., 2001). Further, the interaction 
between seedbed environment and seed quality plays an important role in 
the establishment of a crop (Khajeh-Hosseini et al., 2003). Hakim et al. 
(2012); Hossain and Teixeira da Silva (2012a); Hossain et al. (2012a); 
Hossain et al. (2012b); Hossain et al. (2012c) and Hossain et al. (2012d) 
reported favorable temperature for germination to be between 12 and 25 °C, 
and if maximum soil temperature reached 30 to 45 °C, seriously affecting 
seedling emergence, this would affect the initial plant population, and 
ultimately a loss in crop yield. Those authors also reported that when soil 
moisture and air temperature were low (<12 °C), germination was delayed, 
adversely affecting crop establishment, similar to our findings in which 
germination of all genotypes at EXLHS took longer than at OS, possibly 
because of low temperature (Table 1; Figure 1). When all varieties  
were compared, numerical differences were recorded in all four sowing 
conditions which might be due to varietal differences of seed size and seed 
rate. This notion is supported by Sarker et al. (2009), who stated that the 
plant population of wheat varieties is dependent on seed size i.e., number of 
plants/unit area was higher in a variety that had smaller seed. 
 
Number of tillers 
 

The results of our study, with respect to number of tillers plant-1 
(Table 2), show a parallel resemblance to the following findings in 
wheat: In the late planting season, soil temperature can be expected to be 
below 10 °C, which affects seed germination and stand establishment, 
ultimately producing few tillers and finally decreasing grain yield 
(Farooq et al., 2008; Hakim et al., 2012; Hossain and Teixeira da Silva, 
2012a; Hossain et al., 2012a; Hossain et al., 2012b; Hossain et al., 2012c; 
Hossain et al., 2012d). Kumer et al. (1994) and Fischer (1985) found, in 
EHS (1st and 2nd week of November), that wheat is exposed to an 
unfavorable environment (high temperature) at the vegetative stage in 
sub-tropical countries like Bangladesh, India and Pakistan. As a result, 
the crop becomes thin and produces less tillers, ultimately reducing the 
yield of early seeded crops. 
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Flag leaf area 
 

Flag leaf is most important organ (43% contribution to grain yield) of 
wheat regarding its contribution to grain yield (GRDC, 2003). Therefore, 
FLA is a very important determinant of grain yield in wheat. Post-anthesis 
high temperature stress in wheat is a major cause of yield reduction  
(Herbek and Lee, 2009). Our data on FLA shows parallels to earlier 
findings: Al-Khatib and Pallsen (1984) reported that high temperature 
adversely affected source and sink activities and accelerated the decline in 
viable leaf blade area and photosynthetic activity per unit leaf area, resulting 
in reduced dry weight of wheat. Volkova and Koshin (1984) stated that 
temperature above 41 °C decreases the potential photosynthetic rate of leaves 
in both heat-resistant and-susceptible wheat varieties. High temperatures can 
cause considerable pre-and post-anthesis damage, including scorching of 
leaves and twigs, sunburn on leaves, branches and stems, leaf senescence and 
abscission, shoot and root growth inhibition, discoloration and damage, and 
reduced yield (Vollenweider and Gunthardt, 2005). 
 
Dry matter yield of flag leaf 
 

During the vegetative stage, high day temperature can damage leaf gas 
exchange properties. Vijayalakshmi et al. (2007) stated that post-anthesis 
high temperature stress in wheat is a major cause reducing yield due to the 
loss of viable LA and a decrease in the duration of green leaves, ultimately 
causing yield loss, similar to our present findings. They also found that 
increased duration of green leaves had a positive effect on GY under high 
temperature. LA of wheat largely depends on the diversity of the genotype, 
plant growth stage and air temperature. Genotypic difference in duration of 
green leaves and LA in response to heat stress was also reported by Stone 
and Nicolas (1998) and Fisher et al. (1998). Guttieri et al. (2001) reported 
that dry matter accumulation decreased due to a decrease in leaf number, 
leaf area index and accelerated leaf senescence. 
 
Dry matter partitioning of above-ground parts 
 

Heat stress is one of the most important causes of reduced yield and dry 
matter production in many crops, including maize and wheat (Giaveno and 
Ferrero, 2003). The major impact of high temperatures on shoot growth is a 
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severe reduction in the length of the first internode, resulting in the 
premature death of plants (Hall, 1992). Hossain and Teixeira da Silva 
(2012a); Hossain et al. (2012a); Hossain et al. (2012b); Hossain et al. 
(2012c) and Hossain et al. (2012d) noticed that when wheat was grown from 
sowing to maturity at high temperatures, phenological development was 
rapid, leading to poor biomass production and sterility, and consequently 
poor yield. Guttieri et al. (2001) reported that dry matter accumulation 
decreased due to a decrease in kernel number, leaf number, kernel weight 
and acceleration of leaf senescence. Our findings related to dry matter 
reduction in stress conditions are in agreement with observations made by 
Hossain et al. (2011a) and Hakim et al. (2012). 
 
Grain yield 
 

In sub-tropical climates like Bangladesh, excess radiation and high 
temperatures are often the most limiting factors affecting plant growth and 
final GY (Wahid et al., 2007; Hossain et al., 2009; Hossain et al., 2011a; 
Hakim et al., 2012). Heat stress, singly or in combination with drought, is a 
common constraint during anthesis and grain-filling stages in many cereal 
crops of temperate regions. For example, heat stress extended the duration 
of grain filling with a reduction in kernel growth leading to losses in kernel 
density and weight by up to 7% in spring wheat (Guilioni et al., 2003). 
Nahar et al. (2010) also observed yield reduction of five genotypes 
(‘Sourav’, ‘Shatabdi’, ‘Sufi’, ‘Bijoy’ and ‘Prodip’) under late heat stress 
condition. Carvalho et al. (1983) stated that the ideal wheat genotype should 
be high yielding under any environmental conditions. However, since 
genetic effects are not independent of environmental effects, most 
genotypes do not perform satisfactorily in all environments. When an 
interaction between a genotype and the environment occurs, the relative 
ranking of cultivars for yield often differs when genotypes are compared 
over a series of environments and/or years (Al-Otayk, 2010). These results 
indicate that the genotypes studied responded differently to different 
environmental conditions suggesting the importance of assessing genotypes 
under different environments in order to identify the best genetic make up 
for a particular environment. Similar results were obtained by El-Morshidy 
et al. (2001); Abd-El-Majeed et al. (2005) and Tawfelis (2006). Buriro et al. 
(2011) evaluated five wheat genotypes (‘TJ-83’, ‘Imdad-2005’, ‘Abadgar-
93’, ‘Moomal-2000’, ‘Mehran-89’) under heat stress. Among these genotypes, 
‘Moomal-2000’ and ‘Mehran-89’ performed better under heat stress  
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(20-30 °C air temperature) while the remaining three cultivars were found to 
be heat-sensitive. 
 
Relative performance 
 

Asana and Williams (1965) reported that performance of different 
genotypes under stress may be observed by calculating RP%. They also 
reported that a higher value of RP% of a variety indicates that that variety is 
highly stress tolerant while a lower value of RP% indicates its susceptibility 
to heat stress. Sikder et al. (2001); Hossain and Teixeira da Silva (2012a) 
and Hossain et al. (2012d) stated that RP% of a variety can be used to 
determine heat tolerance under late seeded and warmer conditions. They 
also reported that GY of tolerant and moderately tolerant varieties showed 
higher RP% than sensitive varieties. There is a similarity between those 
findings and the present study (Figure 6). 
 
Heat susceptibility index 
 

The importance of HSI in agriculture has been abridged by several 
researchers. It sometimes represents a measure of genotypic yield potential 
under heat stress (Bruckner and Frohberg, 1987) but does not account for 
differences in yield potential among genotypes (Clarke et al., 1992). 
Ahmad et al. (2003); Hossain and Teixeira da Silva (2012a) and Hossain et 
al. (2012d) claimed HSI to be a measure of yield stability. HSI actually 
provides a measure of yield stability based on minimization of yield loss 
under stressed compared to non-stressed conditions rather than on yield 
level under dry conditions per se (Clarke et al., 1984). Therefore, a stress-
tolerant genotype as defined by HSI needs not necessarily to have a  
high yield potential. The ideal wheat genotype should be high yielding 
under any environmental conditions. However, since genetic effects are 
not independent of environmental effects, most genotypes do not perform 
satisfactorily in all environments (Carvalho et al., 1983). 
 
Acknowledgements 
 

We are most grateful to the staff of the Wheat Research Center, 
Bangladesh for maintaining the experimental plants. Especially, Dr. P.K. 
Malaker, Chief Scientific Officer, for his good suggestions and information 
that have allowed us to write the manuscript more precisely. 



A. Hossain et al. / International Journal of Plant Production (2013) 7(3): 615-636                         633 

 

References 
 
Abd El-Majeed, S.A., Mousa, A.M., Abd El-Kareem, A.A., 2005. Effect of heat stress on 

some agronomic traits of bread wheat (Triticum aestivum L.) genotypes under upper 
Egypt conditions. Fayoum J. Agric. Res. Dev. 19 (1), 4-16. 

Al-Khatib, K., Pallsen, G.M., 1984. Mode of high temperature injury to wheat during grain 
development. Physiol. Plant. 61 (3), 363-368. 

Ahmad, R., Qadir, S., Ahmad, N., Shah, K.H., 2003. Yield potential and stability of nine 
wheat varieties under water stress conditions. Int. J. Agric. Biol. 5 (1), 7-9. 

Al-Karaki, G.N., 2012. Phenological development-yield relationships in durum wheat 
cultivars under terminal high temperature stress in semiarid conditions. ISRN Agron. 
2012, 7p. 

Almansouri, M., Kinet, J.M., Lutts, S., 2001. Effect of salt and osmotic stresses on 
germination in durum wheat (Triticum durum Desf.). Plant Soil. 231, 243-254. 

Almeselmani, M., Teixeira da Silva, J.A., Deshmukh, P. 2011. Stability of different 
physiological characters, yield and yield components under high temperature stress in 
tolerant and susceptible wheat genotypes. Fruit, Vegetable Cereal Sci. Biotech. 5, 86-92. 

Al-Otayk, S.M., 2010. Performance of yield and stability of wheat genotypes under high 
stress environments of the central region of Saudi Arabia. JKAU: Met., Env. Arid Land 
Agric. Sci. 21 (1), 81-92. 

Asana, R.D., Williams, R.F., 1965. The effect of temperature stress on grain development 
in wheat. Aust. J. Agric. Res. 16, 1-3. 

Bruckner, P.L., Frohberg, R.C., 1987. Stress tolerance and adaptation in spring wheat. Crop 
Sci. 27, 31-36. 

Buriro, M., Oad, F.C., Keerio, M.I., Tunio, S., Gandahi, A.W., Hassan, S.W.U., Oad, S.M., 
2011. Wheat seed germination under the influence of temperature regimes. Sarhad J. 
Agric. 27 (4), 539-543. 

Carvalho, F.I.F., Federizzi, L.C., Nodari, R.O., 1983. Comparison among stability models 
in evaluating genotypes. Rev. Bras. Genét. 6 (4), 667-691. 

Chakrabarti, B., Singh, S.D., Nagarajan, S., Aggarwal, P.K., 2011. Impact of temperature 
on phenology and pollen sterility of wheat varieties. Aust. J. Crop Sci. 5 (8), 1039-1043. 

Clarke, J.M., Townley-Smith, T.F., McCaig, T.N., Green, D.G., 1984. Growth analysis of 
spring wheat cultivars of varying drought resistance. Crop Sci. 24, 537-541. 

Clarke, J.M., Depaw, R.M., Townley-Smith, T.F., 1992. Evaluation of methods for 
quantification of drought tolerance in wheat. Crop Sci. 32, 723-727. 

El-Morshidy, M.A., Kheiralla, K.A., Abdel-Ghani, A.M., Abdel-Kareem, A.A., 2001. 
Stability analysis for earliness and grain yield in bread wheat. The Second Plant 
Breeding Conference, October 2, Assiut University, Egypt. pp. 199-217. 

FAO/UNDP (Food and Agricultural Organization/United Nations Development 
Programme). 1988. Land resources appraisals of Bangladesh for agricultural 
development. Agro-ecological regions of Bangladesh. Rome, FAO. (Report No. 2). 

Farooq, M., Basra, S.M.A., Rehman, H., Saleem, B.A., 2008. Seed priming enhancement 
the performance of late sown wheat by improving chilling tolerance. J. Agron. Crop Sci. 
194, 55-60. 

 



634                         A. Hossain et al. / International Journal of Plant Production (2013) 7(3): 615-636 

 

Fischer, R.A., 1985. Physiological limitation to producing wheat in semi-tropical and 
tropical environments and possible selection criteria. In: Proc. Int. Symp. Wheat for 
More Tropical Environments. Mexico, DF, CIMMYT, pp. 209-230. 

Fischer, R.A., Maurer, R., 1978. Drought resistance in spring wheat cultivars. I. Grain yield 
responses. Aust. J. Agric. Res. 29, 897-912. 

Fisher, R.A., Rees, D., Sayre, K.D., Lu, Z.M., Condon, A.G., Savedra, A.L., 1998. Wheat 
yield progress associated with higher stomatal conductance and photosynthetic rate, and 
cooler canopies. Crop Sci. 38, 1467-1475. 

Giaveno, C., Ferrero, J., 2003. Introduction of tropical maize genotypes to increase silage 
production in the central area of Santa Fe, Argentina. Crop Breed. App. Biotech.  
3, 89-94. 

GRDC (Grains Research and Development Corporation), 2003. Cereal growth stages and 
their importance to fungicide application. GRDC project report 2002-03, pp. 1-4. 

Guilioni, L., Wery, J., Lecoeur, J., 2003. High temperature and water deficit may reduce 
seed number in field pea purely by decreasing plant growth rate. Funct. Plant Biol.  
30, 1151-1164. 

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

Hakim, M.A., Hossain, A., Teixeira da Silva, J.A., Zvolinsky, V.P., Khan, M.M., 2012. 
Yield, protein and starch content of 20 wheat (Triticum aestivum L.) genotypes exposed 
to high temperature under late sowing conditions. J. Sci. Res. 4 (2), 477-489. 

Hall, A.E., 1992. Breeding for heat tolerance. Plant Breed. Rev. 10, 129-168. 
Harrel, D.M., Wilhelm, W.W., McMaster, G.S., 1993. SCALES: A computer program to 

convert among three developmental stages scales for wheat. Agron. J. 85, 758-763. 
Hellevang, K.J., 1995. Grain moisture content effects and management. Department of 

Agricultural and Biosystems Engineering, North Dakota State University. Available 
online at: http://www.ag.ndsu.edu/pubs/plantsci/crops/ae905w.htm. 

Herbek, J., Lee, C., 2009. A Comprehensive Guide to Wheat Management in Kentucky. 
U.S. Department of Agriculture, M. Scott Smith, Director, Cooperative Extension 
Service, University of Kentucky College of Agriculture, Lexington, and Kentucky State 
University, Frankfort. 

Hossain, A., Teixeira da Silva, J.A., 2012a. Phenology, growth and yield of three wheat 
(Triticum aestivum L.) varieties as affected by high temperature stress. Not. Sci. Biol.  
4 (3), 97-106. 

Hossain, A., Teixeira da Silva J.A., 2012b. Wheat production in Bangladesh: its future in 
the light of global warming. AoB PLANTS doi: 10.1093/aobpla/pls042. 

Hossain, A., Sarker, M.A.Z., Saifuzzaman, M., Akhter, M.M., Mandal, M.S.N., 2009. 
Effect of sowing dates on yield of wheat varieties and lines developed since 1998. 
Bangladesh J. Prog. Sci. Tech. 7, 5-8. 

Hossain, A., Sarker, M.A.Z., Hakim, M.A., Lozovskaya, M.V., Zvolinsky, V.P., 2011a. 
Effect of temperature on yield and some agronomic characters of spring wheat 
(Triticum aestivum L.) genotypes. Int. J. Agril. Res. Innov. Tech. 1 (1&2), 44-54. 

Hossain, A., Sarker, M.A.Z., Hakim, M.A., Islam, Mst, T., Ali, M.E., 2011b. Effect of lime, 
magnesium and boron on wheat (Triticum aestivum L.) and their residual effects on 
mungbean (Vigna radiata L.). Int. J. Agril. Res. Innov. Tech. 1 (1&2), 9-15. 



A. Hossain et al. / International Journal of Plant Production (2013) 7(3): 615-636                         635 

 

Hossain, A., Lozovskaya, M.V., Zvolinsky, V.P., Teixeira da Silva, J.A., 2012a. Effect of 
soil and climatic conditions on yield-related components performance of spring wheat 
(Triticum aestivum L.) varieties in the northern Bangladesh. Natural Sci.: J. Fund. Appl. 
Res. 2 (39), 77-86. 

Hossain, A., Lozovskaya, M.V., Zvolinsky, V.P., Teixeira da Silva, J.A., 2012b. Effect of 
soil and climatic conditions on phenology of spring wheat varieties in the northern 
Bangladesh. Natural Sci.: J. Fund. Appl. Res. 2 (39), 86-97. 

Hossain, A., Teixeira da Silva, J.A., Lozovskaya, M.V., Zvolinsky, V.P., 2012c. The effect 
of high temperature stress on the phenology, growth and yield of five wheat (Triticum 
aestivum L.) genotypes. Asian Australasian J. Plant Sci. Biotechnol. 6 (1), 14-23. 

Hossain, A., Teixeira da Silva, J.A., Lozovskaya, M.V., Zvolinsky, V.P., Mukhortov, V.I., 
2012d. High temperature combined with drought affect rainfed spring wheat and barley 
in south-eastern Russia: Yield, relative performance and heat susceptibility index. J. 
Plant Breeding Crop Sci. 4 (11), 184-196. 

IPCC (Intergovernmental Panel on Climate Change), 2007. Climate Change 2007: 
synthesis Report. Contribution of Working Groups I, II and III to the Fourth Assessment 
Report of the Intergovernmental Panel on Climate Change [Core Writing Team, R.K. 
Pachauri, R.K and A. Reisinger (eds)]. IPCC: Geneva, Switzerland, 104p. 

Islam, A.S., 2009. Analyzing changes of temperature over Bangladesh due to global 
warming using historic data. Young scientists of Asia conclave, Jawaharlal Nehru 
Centre for Advanced Scientific Research (JNCASR), 15-17 January, Jakkur, Bangalore. 

Karmanenko, N.M., Osipova, L.V., Nilovskaya, N.T., 2011. Acid, cold and drought 
tolerance in cereal. Russian Acad. Sci. 37 (5), 354-357. 

Khajeh-Hosseini, M., Powell, A.A., Bingham, I.J., 2003. The interaction between salinity 
stress and seed vigour during germination of soybean seeds. Seed Sci. Technol.  
31, 715-725. 

Khakwani, A.A., Dennett, M.D., Munir, M., 2011. Drought tolerance screening of wheat 
varieties by inducing water stress conditions. Songklanakarin J. Sci. Technol.  
33 (2), 135-142. 

Kumer, R., Madan, S., Yunus, M., 1994. Effect of planting date on yield and quality of 
durum wheat varieties. Res. J. Haryana Agric. Univ. 24, 186-188. 

Lobell, D.B., Burke, M.B., Tebaldi, C., Mastrandrea, M.D., Falcon, W.P., Naylor, R.L., 
2008. Supporting online materials for: Prioritizing climate change adaptation needs for 
food security in 2030. Sci. 319 (5863), 607-610. 

Martiniello, P., Teixeira da Silva, J.A., 2011. Physiological and bio–agronomical aspects 
involved in growth and yield components of cultivated forage species in Mediterranean 
environments: A review. Eur. J. Plant Sci. Biotech. 5 (Special Issue 2), 64-98. 

Nahar, K., Ahamed, K.U., Fujita, M., 2010. Phenological variation and its relation with 
yield in several wheat (Triticum aestivum L.) cultivars under normal and late sown 
mediated heat stress condition. Not. Sci. Biol. 2 (3), 51-56. 

Noorka, I.R., Batool, A., Rauf, S., Teixeira da Silva, J.A., Ashraf, E., 2013. Estimation of 
heterosis in wheat (Triticum aestivum L.) under contrasting water regimes. Intl. J. Plant 
Breeding. 7 (1), 55-60. 

Noorka, I.R., Teixeira da Silva, J.A., 2012. Mechanistic insight of water stress-induced 
aggregation in wheat (Triticum aestivum L.) quality: The protein + paradigm shift. Not. 
Sci. Biol. 4 (4), 32-38. 



636                         A. Hossain et al. / International Journal of Plant Production (2013) 7(3): 615-636 

 

Poulton, P.L., Rawson, H.M., 2011. Physical constraints to cropping in southern 
Bangladesh. In: (Ed.), H.M. Rawson, Sustainable intensification of rabi cropping in 
southern Bangladesh using wheat and mungbean. ACIAR Technical Reports No. 78. 
Australian Centre for International Agricultural Research, Canberra, 256p. 

Rosegrant, M.W., Sombilla, M.A., Gerpacio, R.V., Ringler, C., 1997. Global food markets 
and US exports in the twenty-first century. Paper prepared for the Illinois World Food 
and Sustainable Agriculture Program Conference ‘Meeting the Demand for Food in the 
21st Century: Challenges and Opportunities for Illinois Agriculture, May 27, 1997. 

Ruan, C.J., Teixeira da Silva, J.A., Shao, H.B., 2012. A critical review on improvement of 
photosynthetic carbon assimilation in C3 plants using genetic engineering. Crit. Rev. 
Biotechnol. 32 (1), 1-21. 

Russell, O.F., 1994. MSTAT–C v.2.1 (A computer based data analysis software). Crop and 
Soil Science Department, Michigan State University, USA. 

Sarker, M.A.Z., Malaker, P.K., Bodruzzaman, M., Barma, N.C.D., 2009. Effect of 
management and seed rate on the performance of wheat varieties with varying seed size. 
Bangladesh J. Agric. Res. 34 (3), 481-492. 

Sikder S., Ahmed, J.U., Hossain, T., 2001. Heat tolerance and relative performance of 
wheat varieties under late seeded conditions. Indian J. Agric. Res. 35 (3), 141-148. 

Stone, P.J., Nicolas, M.E., 1998. The effect of duration of heat stress during grain filling on 
two wheat varieties differing in heat tolerance: Grain growth and fractional protein 
accumulation. Aust. J. Plant Physiol. 25, 13-20. 

Tawfelis, M.B., 2006. Stability parameters of some bread wheat genotypes (Triticum 
aestivum L.) in new and old lands under upper Egypt. J. Plant Breed. 10 (1), 223-246. 

Vijayalakshmi, K., Gill, B.S., Fritz, A.K., Paulsen, G.M., 2007. Physiological and genetic 
analyses of post anthesis heat tolerance in winter wheat (Triticum aestivum L.). Ph.D 
Thesis Abstract of Genetics interdepartmental program, Manhattan, Kansas. 202p. 

Volkova, A.M., Koshin, V.A., 1984. The influence of high temperature on photosynthesis 
and chlorophyll content in spring wheat varieties differing in heat resistance. Aust. J. 
Plant Physiol. 87, 76-81. 

Vollenweider, P., Gunthardt-Goerg, M.S., 2005. Diagnosis of abiotic and biotic stress 
factors using the visible symptoms in foliage. Environ. Pollut. 137, 455-465. 

Wahid, A., Gelani, S., Ashraf, M., Foolad, M.R., 2007. Heat tolerance in plants: an 
overview. Environ. J. Exp. Bot. 61, 199-223. 

Zadoks, J.C., Chang, T.T., Konzak, C.F., 1974. A decimal code for the growth stages of 
cereals. Weed Res. 14, 415-421. 

 


