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Terminal heat referred to as increase in temperature during grain filling, is one of the im-
portant stress factors for wheat production and is responsible for decline in wheat production
in many environments worldwide. In order to meet the challenges of high temperature ahead
of global warming, concerted efforts are needed to evaluate wheat genotypes for heat tolerance
and develop genotypes suitable for such stressed environments. Twenty-seven advanced
wheat genotypes developed for stress and normal environments by different research centres
were evaluated during 2009—10 and 201011 under timely sown (normal) and late sown (heat
stress) environments. Analysis of variance revealed that the genotypes differed significantly in
grain filling duration (GFD), grain growth rate (GGR) and thousand-grain weight (TGW). Out
of 27 genotypes, 16 were found to be tolerant for thousand-grain weight under late planting
(heat stress) during 2009—10 but only 12 were tolerant during 2010—11. Many of the genotypes
registered more reduction in thousand-grain weight during 2010—11 as compared to 2009-10;
the temperatures during 2009—10 were higher. The differences in grain filling duration under
two conditions during both seasons as well as difference in temperatures during first half of
grain filling explain the reduction pattern in the genotypes. GFD had significant negative cor-
relation with temperatures during post heading period and the difference in GFD under two en-
vironments had positive correlation with these temperatures. The reduction in GFD had re-
gression of 33.3% on reduction in GGR and reduction in GGR had regression of 41.6% on re-
duction in TGW genotypes AKW 1071, DBW 17, HS 277, K 7903, K 9107, NW 1014 and
RAJ 3765 had less sensitivity to stress environments during both years.

Keywords: grain filling duration, thousand-grain weight, heat stress, grain growth rate,
wheat (Triticum aestivum L.)

Introduction

Heat stress is responsible for decline in wheat production in many environments around
the world covering 36 m ha (Hays et al. 2007). Current estimates indicate that wheat crop
grown on around 13.5 m ha in India is affected by heat stress (Joshi et al. 2007). In South
East Asia, a significant wheat growing area is affected by heat stress and majority of this
lies in Eastern Gangetic Plains, central and peninsular parts of India. Intergovernmental
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Panel on Climate Change projected that temperature increase by the end of this century is
expected to be in the range 1.8 to 4.0°C (IPCC 2007). Due to global warming, by 2020 in
south Asia the Rabi season will face an increase of 1.08°C and 1.54°C increase in mini-
mum and maximum temperature and by 2050 an increase of 2.54 and 3.18°C in minimum
and maximum temperatures has been predicted. In many regions of the world, including
the parts of India, Pakistan, United States, Australia and Mexico, wheat crops are exposed
to high temperatures during grain filling period and thus adversely affecting the plant
growth, yield and grain quality. High temperature shortens the duration of grain fill and
decrease the time to apoptosis and harvest maturity (Altenbach et al. 2003). Yield loss due
to moderately high temperature is associated with shortening of grain growth period
(Bagga and Rawson 1977; Stone and Nicolas 1995a). In order to meet the challenges of
high temperature ahead of global warming, concerted efforts are being made to evaluate
germplasm for heat tolerance and identify and develop genotypes suitable for such
stressed environments. The crop is exposed to high temperature stress by late planting.
However, the stress intensity varies from season to season under field conditions. Our ob-
jectives were to study genotypes performance during both crop seasons and stress envi-
ronments and to determine the role of grain filling and temperature in reduction pattern of
genotypes.

Materials and Methods
Plant materials

Twenty-seven advanced breeding lines and cultivars of wheat (Triticum aestivum L.)
developed at various centres under All India Coordinated Wheat Improvement Program
for different agro-climatic conditions constituted the plant material for present study
(Table 2).

Table 1. Anova of TGW, GFD, GGR during 2009-10 and 201011

- 2009-10 2010-11

Source of variation DF

TGW GFD GGR TGW GFD GGR
Genotype 26 40.38%*  49.49%* 0.043** 51.47%*  22.25%* 0.04%*
Environment 1 433.69** 680.01** 0.02 149.1%*  286.72%** 0.02
Genotype x Environment 26 10.57 8.34 0.02 16.88* 19.91* 0.01
Residual 27 7.58 8.06 0.01 8.45 8.98 0.01
Total (corrected) 107 24.19 23.56 0.02 23.90 17.14 0.02

* significant at P < 0.05; ** significant at P <0.01

Field trials was conducted during two consecutive crop seasons 2009-10 and 2010-11
under timely (normal) and late (heat stress) conditions at Directorate of Wheat Research
(ICAR), Karnal (Haryana), India. The experiment was laid out in randomized complete
block design (RCBD) with two replications. The plot area was 1.2 m” and seed rate was
100 kg/ha. Irrigation was applied as per required while fertilizer application were fol-
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Table 2. Reduction (%) in TGW, GFD and GGR and Heat susceptibility index of 27 genotypes
during 2009-10 and 201011

2009-10 2010-11

Genotype

TGW GFD GGR HSI TGW GFD GGR HSI
AKW 1071 6.8 -1.4 8.2 0.7 -0.87 8.07 -9.73 -0.2
DBW 14 5.0 10.2 —4.8 0.5 12.15 13.07 -1.05 22
DBW 17 8.9 0.0 8.8 0.9 -0.41 4.29 -4.91 -0.1
HD 2329 8.3 18.7 -13.0 0.9 13.39 9.25 4.55 2.4
HD 2687 4.8 2.9 1.9 0.5 6.27 3.95 241 1.1
HD 2733 11.9 43 7.6 1.2 9.20 -30.67 23.29 1.6
HD 2833 12.4 8.1 4.6 1.3 17.90 25.77 -10.57 32
HS 277 39 18.1 -17.3 0.4 -7.17 -9.30 2.49 -1.3
HUW 510 0.9 115 -12.3 0.1 14.61 16.67 -2.78 2.6
K 7903 3.6 15.5 -14.0 0.4 4.22 22.50 -23.53 0.7
K 9107 4.1 5.4 -1.3 0.4 —7.80 8.73 -18.27 -1.4
K 9465 33 11.1 -8.7 0.3 8.23 14.23 -7.42 1.5
K 9644 12.0 20.5 -11.1 1.2 -4.55 5.63 -9.81 -0.8
NIAW 34 12.9 18.0 —6.6 1.3 9.07 8.57 0.55 1.6
NW 1014 —6.6 13.6 -21.9 -0.7 3.04 15.27 —-14.45 0.5
PBW 175 26.3 5.7 21.9 2.7 16.21 1.33 14.99 2.9
PBW 502 8.7 18.5 -9.9 0.9 11.22 7.87 3.70 2.0
RAJ 3765 7.3 12.6 -5.8 0.8 -2.00 13.56 -18.21 -0.4
RAJ 4014 13.7 15.2 -1.8 1.4 18.66 15.29 3.90 33
RAJ 4083 6.9 20.5 -17.2 0.7 10.09 9.14 1.07 1.8
UP 2425 5.6 13.3 7.2 0.6 18.48 3.02 15.88 33
VL 616 21.8 7.1 15.7 2.3 —14.40 -0.67 -13.64 -2.6
VL 804 10.7 14.3 42 1.1 10.94 5.13 6.08 1.9
WH 147 21.8 12.9 10.7 2.3 -2.84 5.96 -9.41 -0.5
WH 533 13.2 11.3 2.6 1.4 —-18.02 -1.37 -16.23 -3.2
WH 542 20.7 12.8 11.8 2.1 3.54 12.03 -9.49 0.6
WH 730 6.4 23.9 -23.0 0.7 7.77 7.93 -0.20 1.4

lowed as per recommended agronomic packages and practices. Daily mean maximum and
mean minimum temperatures were recorded for characterization of environments. Mean
minimum and maximum temperatures before and after heading were calculated by taking
into consideration the minimum number of days to heading and maximum number of days
to maturity during each year. The observations were recorded for phenology and yield re-
lated traits of all the genotypes. The investigated traits were days to heading (DH), days to
anthesis (DA), days to maturity (DM), grain yield (YLD), number of grains per spike
(GN), grain weight per spike (GW), thousand-grain weight (TGW) (g), grain filling dura-
tion (GFD). Phenological traits were recorded at 75% condition. Grain filling duration
was calculated as the period from days to anthesis to days to physiological maturity. The
five main shoot spikes sampled from each plot were hand threshed to obtain grain number
and grain weight/spike.
Data was subjected to statistical analysis using SAS computer software.
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Table 3. Correlation between grain filling duration under normal and stress environments and temperatures

during grain filling period

Heading to anthesis

2009/10 2010/11 2009/10 2010/11
Temperature
GFDI1 GFD2 GFD3 GFD4 GFDd1 GFDd2
Maximum —0.80** -0.13 —0.46* —0.76** 0.19 -0.46*
Minimum —0.71** 0.28 -0.32 —0.47** 0.07 —0.37*
Average —0.76** 0.07 —0.43* —0.68** 0.13 —0.47**
Anthesis day
Maximum -0.08 —0.83%* -0.17 —0.60** 0.39* -0.46*
Minimum 0.12 —0.68** 0.10 —0.53%** 0.00 —0.46**
Average 0.05 —0.81%* -0.03 —0.59%* 0.18 —0.49%*
One week after anthesis
Maximum -0.22 —0.96** —0.74** —0.67** 0.53** 0.01
Minimum —0.13 —0.96** —0.85** —0.54** 0.48** -0.04
Average -0.17 —0.97** —0.85%%* —0.62%* 0.51%* -0.02
Two weeks after anthesis
Maximum —0.80** —0.95%* —0.93** —0.63** 0.81** 0.83**
Minimum —0.59** —0.86** —0.80** —0.45* 0.52%** 0.36
Average -0.73 —0.94%* —0.90** —0.56** 0.74** 0.73%*
Three weeks after anthesis
Maximum —0.82** -0.96** —0.96** —0.63** 0.49%** 0.89**
Minimum —0.72** 0.29 —0.82** 0.09 0.12 0.73%*
Average —0.78** —0.92%%* —0.92%%* -0.22 0.34 0.85%*
Four weeks after anthesis
Maximum —0.66** —0.95%* —0.87%* —0.75%* 0.58** 0.75%*
Minimum —0.57** —0.88%* —0.81** -0.20 0.58** 0.23
Average —0.64** —0.94** —0.88%* —0.43* 0.59%** 0.49%**
* significant at P < 0.05; ** significant at P <0.01
GFD 1&3 = normal sowing; GFD 2&4 = late (stress) sowing
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Figure 1b. Regression of reduction in grain growth rate on thousand-grain weight

Results

The mean average temperature during two crop seasons was 16.5°C and 15.6°C under
timely sown conditions and 17.3°C and 16.4°C under late sown conditions. During post
heading period, the maximum temperature ranged from 18.8 to 37.5°C and 25.0 to 33.2°C
and minimum temperature from 4.7°C to 19.6°C and 9.5°C to 20.5°C under timely sown
conditions during two crop seasons. Under late sown conditions the maximum tempera-
ture ranged from 24.6 to 40.6°C and 20.0 to 34.0°C and minimum temperature from 10.6
to 19.8°C and 6.2 to 20.5°C, respectively. On average late sown temperature were higher
by 3.7 and 2.4°C during 2009-10 and by 3.1 and 1.7°C during 2010—11. The daily weather
data revealed that the heat stress (>30°C) initiated after 15 days of heading during
2009-10 crop season and after 21 days during 2010—11 crop season.

Analysis of variance revealed that the genotypes differed significantly in grain filling
duration (GFD), grain growth rate (GGR) and thousand-grain weight (TGW) (Table 1).
The mean values of GFD (35.4£0.39 and 37.9 + 0.41 days), GGR (1.06 £0.01 and 1.04 +
0.01 mg/day) and TGW (37.4 £2.76 and 39.3 £ 0.4 g) under heat stress (late sown were
significantly different from that under normal (timely sown) conditions, indicating signif-
icant influence of heat stress (late planting) on these traits. GFD under normal and stress
conditions ranged from 30 to 43 days and 25 to 36 days during 2009-10 and 28 to 45 days
and 30 to 36 days during 2010—11. The average reduction in GFD under stress conditions
was 3 and 2 days, respectively, during two seasons. Maximum reduction of 9 days was re-
corded during both seasons. Four genotypes registered more than 7 days reduction in GFD
during 2009-10 and two genotypes during 2010-11. The average grain growth rate
(GGR) was higher under late sown environments than timely sown environments during
both crop seasons. There was about 3% increase in grain growth rate under late sown envi-
ronments. The grain growth rate among genotypes ranged from 0.78 to 1.29 and 0.67 to
1.31 mg/day under timely sown environments and 0.86 to 1.32 and 0.83 to 1.26 mg/day
under late sown environments. Ten genotypes suffered significant reduction in grain
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growth rate. The average TGW was 41 g under normal conditions and 37 and 39 g under
stress conditions during both years. There was 9.7 and 5.6% reduction in TGW under heat
stress conditions of two crop seasons. Genotypes PBW 175, RAJ 4014, VL 616, WH 147
and WH 542 were significantly affected in TGW during 2009—10 crop season where as
genotypes HD 2833, HUW 510, PBW 175, RAJ 4014 and UP 2425 were significantly af-
fected during 201011 crop season. However, sixteen genotypes had less than 1.0 heat
susceptibility index (HSI) during 2009—10 and only twelve had HSI less than 1.0 during
2010-11 (Table 2). These genotypes were considered as tolerant.

Discussion

Wheat is a cool season crop and grows with an optimum temperature regime of 15-18°C
during the grain filling stage (Wardlaw and Wrigley 1994; Stone 2001) but daily high tem-
perature of 25-35°C or greater is common across many regions of the world where wheat
is grown which affect the crop (Stone 2001). High temperature restricts the growth, bio-
mass production and productivity (Boyer 1982; Lobell and Asner 2003; Peng et al. 2004),
and reduces the grain mass and quality of the harvested products (Stone and Nicolas
1995a, b). Yield loss due to moderately high temperature estimated as 4 percent for each
degree centigrade above the optimum in wheat is associated with shortening of grain
growth period (Bagga and Rawson 1977; Stone and Nicolas 1995a). An average tempera-
ture of 15°C during grain formation is considered optimum for maximum grain weight
(Chowdhary and Wardlaw 1978; Fischer 1986). Different genotypes show different re-
sponse for grain weight under high temperature after anthesis (Ahmad et al. 1989). Tahir
and Nakata (2005) reported 20% to 40% reduction in main stem grain weight of 18 wheat
genotypes. The optimum kernel weight maintained under stress is a good criterion for
measure of heat tolerance (Tyagi et al. 2003). During the present study the reduction in
TGW under heat stress conditions was detected. The reduction was higher (10%) during
crop season 2009—10 (heat intensity 0.097) and comparatively low (6%) during crop sea-
son 2010-11 (heat intensity 0.056). Sixteen genotypes were tolerant for TGW during
2009-10 and only twelve during 2010-11 (Table 2); although temperatures during
2009-10 were higher as compared to during 2010-11. Of twenty-seven genotypes investi-
gated, 14 did not conform to their tolerance/susceptible status in second year (Table 2).
Five of these genotypes, namely K9644, WH 533, WH 542, VL 616 and WH 147 were
susceptible under high stress i.e. crop season 2009-10 (heat intensity 0.097) and tolerant
under low stress, i.e. crop season 201011 (heat intensity 0.056). These genotypes had
higher reduction in grain filling duration under high stress conditions. Thousand-grain
weight is reduced more in warmer environments (Mohammadi 2012). Rest of the geno-
types, HUW 510, HD 2329, K 9465, WH 730, DBW 14, RAJ 4083, UP 2425, PBW 502
and HD 2687 were tolerant under high stress conditions and susceptible under low stress
conditions. Six of these genotypes, RAJ 4083, UP 2425, PBW 502, HD 2329, HD 2687
and WH 730 had higher reduction in GFD under high stress conditions. Still these geno-
types had higher reduction in TGW under low stress conditions and less reduction in GFD.
The reduction in GFD due to heat stress affect the grain weight as well as grain yield. GFD
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was also reduced by 3 and 2 days, respectively, under stress conditions (average tempera-
ture was higher by 3.1 and 2.4°C, respectively). GFD under timely sown environments
had significant negative correlation with temperatures during heading to anthesis as well
as weekly temperatures from 2 weeks after anthesis to 4 weeks after anthesis. However
GFD under late sown environments had significant negative correlation with temperatures
on anthesis day as well as weekly temperatures from one week after anthesis to 4 weeks af-
ter anthesis (Table 3). The difference in GFD under two environments had positive corre-
lation with these temperatures. Grain-filling duration is determined predominantly by
temperature (Sofield et al. 1977; Slafer and Rawson 1994) and its decreases at warmer
temperatures (Sofield et al. 1977; Wardlaw et al. 1980; Al-Khatib and Paulsen 1984; Jen-
ner 1991). The duration of grain filling decreases with increase in every 1°C above the op-
timal growing temperature (Streck 2005). According to Wiegand and Cuellar (1981) thou-
sand-grain weight is dependent on grain filling duration, when temperature is in excess of
about 15°C.

Genotypes RAJ 4083, UP 2425, PBW 502, HD 2329, HD 2687 and WH 730 had higher
reduction in GFD less reduction in TGW under high stress conditions. The grain growth
rate in these genotypes was comparatively less under low stress conditions, which resulted
into more reduction in TGW under these conditions. The grain growth rate is also influ-
enced by temperature as well as GFD. Grain growth rate is negatively correlated with
grain filling duration under both, normal as well as stress environments. The reduction in
GFD has regression of 33.3% on reduction in GGR and reduction in GGR has regression
of 41.6% on reduction in TGW (Figs la, b). In wheat high temperature (>30°C) after
anthesis, decrease the rate of grain-filling and decrease the quality (Al-Khatib and Paulsen
1984; Randall and Moss 1990; Stone et al. 1995). Grain weight is reduced by high temper-
atures (Wardlaw et al. 1980; Johnson and Kanemasu 1983), as mediated by a reduction in
both the duration and rate (Sofield et al. 1977; Wardlaw et al. 1980) of grain filling. Geno-
types tend to increase grain growth rate to compensate for reduction in duration and to
maintain grain weight under high temperature stress conditions.
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