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Abstract 
 
The present study aims at deciphering the response of Basmati rice mutants to high temperature stress. The work aims to find an early 
screening method by correlating seedling and physiological response to yields. After rigorous screening in controlled environment (growth 
chamber) and field conditions over a period of four years 16 mutants’ lines were selected: HTT-18, HTT-29, HTT-31, HTT-39, HTT-51, 
HTT-53, HTT-74, HTT-81, HTT-92, HTT-97, HTT-98, HTT-104, HTT-114, HTT-119, HTT-132 and HTT-138. These have been tested 
against standards: Super Basmati and IR-64. Field trials were conducted at three locations while early seedling-stage traits and their 
biochemical analyses were studied in growth chamber experiments. Data of seedling traits were used to establish correlations with paddy 
yield under hot field conditions. The temperatures were high at two sites: Multan and Bahawalpur ranging 24-46 °C and 25-45 °C 

respectively), and relatively lower at NIAB field station (26-45 °C. The paddy yield was significantly correlated with early seedling-stage traits 
such as shoot length (0.79**), shoot fresh and dry weight (0.48* and 0.49*), and cell membrane thermo-stability (0.60**). Additionally, 
significant higher activities of antioxidants (SOD and APX) and lower stress indicators (MDA, Esterase and TOS) were observed in the 
heat tolerant mutants. These mutants were classified for their heat tolerance by principle component analysis (PCA) using yield-correlated 
early seedling-stage and other physio-biochemical parameters. As a result, the heat tolerance classification of mutants based on PCA 
coincided with the yield of mutants grown under hot field conditions. The present study suggests that these seedling parameters may be 
used as surrogates for field performance and used in the selection of thermo-tolerant Basmati rice. Our next objective is to screen these 
thermo-tolerant lines for multiple weather adversities resistance by applying the strategy being reported here. 
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Introduction  
 

The global mean temperature is rising every year and it is 
predicted that by 2100 it will be 3.7°C higher than present (IPCC, 
2013). The current global climate predictions are expected to 
adversely affect rice production by up to 25-32% (Wassmann et 
al., 2009; Ray et al., 2015; Van Oort and Zwart, 2018). Increased 
daytime temperatures of more than 34°C will depress rice yield 
by 8% (Bahuguna et al., 2015; Shi et al., 2014). In 2003, about 5.2 
million tons of paddy rice was lost due to a heat wave with 
temperatures above 38 °C for more than 20 days (Xia and Qi, 
2004; Yang et al., 2004). Rice is differentially sensitive to 
temperature stress at seedling to grain filling stages, and 83, 53 
and 11% losses in rice yield have been reported when heat stress 
was imposed at panicle exertion, early grain filling and late grain 
filling stages (Ali et al., 2018) whereas Kumar et al. (2015) 
reported losses in yield (9-55%) in rice genotypes when subjected 
to heat stress from anthesis to maturity. A significant influence 
of high temperature has been observed on seedling traits 
including a decline in shoot dry mass, relative growth rate and 
net assimilation rate (Prasanth et al., 2012). Sailaja et al. (2015) 
reported negative impacts of cell membrane injury on yield in 
rice. High temperature resulted in electrolyte leakage and ultra-
structural modification of the cell membrane system (Zhang et 
al., 2009; Liu et al., 2013). Heat stress induced changes in 
membrane fluidity and the production of free radicals resulting 
in the loss of membrane integrity and ion leakage in different 
crop plants (Wahid et al., 2007; Bita and Gerats, 2013; Ali et al.  
 
 

 
 
2013; Sailaja et al. 2015). The severity of reactive oxygen species 
(ROS) induced damage depends on the antioxidant status of the 
plant (Mohammed and Tarpley, 2009) and under environmental 
stress, the increased production of active oxygen species reduces 
the protective activity of antioxidants (Shah et al., 2011; Shalata 
and Neuman, 2001). Thus, along with several other factors, 
oxidative stress damage caused by high temperature disrupts 
growth and development of rice plants (Mohammed and 
Tarpley, 2011). Many studies demonstrate that elevated 
temperature injury is caused by excessive production of reactive 
oxygen radicals and consequent low activities of antioxidant 
enzymes and membrane damage in plants (Zhang et al., 2006; 
Zhu et al., 2005). Plants with the ability to scavenge and/or 
control the level of cellular ROS may be able to withstand heat 
stress (Almeselmani et al., 2006; Bita and Gerats, 2013), and 
naturally higher levels of antioxidant enzymes in a plant may be 
considered as an aid to combat high temperature stress 
(Bahuguna et al., 2016; Ramesh et al. 2017). Cao et al. (2009) 
suggested that the relatively higher yields in heat tolerant rice 
genotypes under high temperature are associated with high levels 
of activities of ATPase and antioxidant enzymes. 
Plant breeders strive extensively to find simple, quick and 
reproducible screening methods to identify heat-resistant plants 
from segregating populations and germplasm stocks. Even if 
paddy yields are accepted as the most suitable trait for 
identification of rice under high-temperature conditions, the 
screening for thermo-tolerant rice in the field conditions is labor 
intensive, time consuming and takes up valuable land.
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Therefore, pre-screening under controlled conditions with rapid, 
efficient and reproducible approaches is required, e.g. at early 
developmental stages. Higher temperature significantly reduced 
the rice yield under field conditions (Ohe et al., 2007; Shah et al., 
2014; Jumiatun et al., 2016; Chaturvedi et al., 2017; Yang et al., 
2017). Screening for heat tolerance in the field presents a 
challenge due to interactions with other environmental factors 
and certain genotypes are required that are adapted to that 
environment, thus precluding the screening of exotic germplasm. 
Nevertheless, given these constraints, a wide range of traits are 
available that may allow successful selection in the field (Hall, 
2011). However, attempts had been made in different crop plants 
to identify thermo-tolerant genotypes using yield-correlated 
early-stage traits (Demirel et al., 2016).  
Heat tolerance to seedlings is critical for adequate crop 
establishment. The aim of the study was to investigate 
correlations between early morpho-physiological stage traits and 
paddy field yield.  
 
Results 
 
Seedling stage screening in a growth chamber 
The average maximum temperature for the whole growing 
season (June-November) is presented in fig. 1. The average 
temperature at NIAB, Faisalabad was 36.3°C, 36.9°C at Multan 
and 37.5°C at Bahawalpur while minimum temperature at NIAB, 
Faisalabad was 27.3°C as compared to Multan (28.9°C) and 
Bahawalpur (24.9°C). The mean relative humidity at NIAB, 
Faisalabad was 62.9%, 55.5% at Multan and 53.8% at 
Bahawalpur. The total rainfall recorded during the growing 
season at NIAB, Faisalabad was 585.2 mm, 170.2 mm at Multan 
and 77.0 mm at Bahawalpur. The cell membrane thermo-stability 
(CMTS) presented in Fig 2 at normal temperature (28±2oC) 
ranged from 84.2 - 93.0% with a mean of 88.4% among the 
mutants. The controls had high values: Super Basmati (92.7%) 
and IR-64 (93.0%). However, CMTS decreased 20-42% with a 
mean of 27% at high temperature stress (45±2oC). At high 
temperature, the CMTS ranged from 50.6 - 74.2% with a mean 
of 64.2% among the mutants as compared to Super Basmati 
(55.7%) and IR-64 (42.0%).  
The shoot length stress tolerance index (SLSTI) varied among 
the mutants (Table 1) and the maximum value (87.2%) was noted 
in Heat Temperature Tolerant (HTT) mutant HTT-18 whereas 
mutant HTT-29 maintained the minimum value of 73.9% as 
compared to Super Basmati (74.9%) and IR-64 (75.8%). For 
RLSTI, the values ranged from 80.9% (HTT-53) to 108.9% 
(HTT-98) as compared to Super Basmati (86.5%) and IR-64 
(84.2%). The maximum values of STI for shoot fresh and dry 
weights (76.4 and 80.4%, respectively) were observed in HTT-
132 and HTT-97 while the minimum STIs of 72.6 and 73.9%, 
respectively were noted in HTT-31 and HTT-29 as compared to 
Super Basmati (75.2 and 74.9%, respectively) and IR-64 (75.0 and 
75.8% respectively). For root fresh and dry weights, the 
maximum STIs for root fresh and dry weights were noted 87.3 
and 64.6%, respectively in HTT-97 and HTT-114 whereas HTT-
31 and HTT-51 maintained the minimum values of 82.5 and 
54.8%, respectively as compared to Super Basmati (85.8 and 
57.8%, respectively) and IR-64 (87.0 and 60.5%), respectively. 
The maximum CMTS was observed in HTT-18 (80.1%) whereas 
the least was noted in HTT-132 (58.5%) as compared to Super 
Basmati (60.1%) and IR-64 (44.7%). 
Stress tolerance indices (Table 2) showed that mutant HTT-18 
had the highest score (8.72) for shoot length while the minimum 
score (7.39) was noted in HTT-29 as compared to Super Basmati 
(7.49) and IR-64 (7.58). The maximum score (18.15) for root 
length was observed in mutant HTT-98 whereas the minimum 
score (13.48) was obtained by HTT-53 as compared to Super 
Basmati (14.42) and IR-64 (14.04). Mutant HTT-98 obtained the 
highest score of 6.27 for shoot fresh weight whilst HTT-31 had 

a score of 6.05 as compared to Super Basmati (6.27) and IR-64 
(6.25). For shoot dry weight, the maximum score was noted in 
HTT-97 (8.04) whereas HTT-29 had the minimum score of 7.39 
as compared to Super Basmati (7.49) and IR-64 (7.58). HTT-97 
showed the highest score (6.72) for root fresh weight and the 
minimum was 6.35 in HTT-31 as compared to Super Basmati 
(6.60) and IR-64 (6.69). The maximum (4.97) and the minimum 
(4.22) scores for root dry weight were noted in mutants HTT-
114 and HTT-51, respectively as compared to Super Basmati 
(4.44) and IR-64 (4.65). The highest score (24.02) for CMTS was 
noted in HTT-18 while the minimum was 17.56 in HTT-132 as 
compared to Super Basmati (18.03) and IR-64 (13.40). On a 
cumulative basis of the scores, mutant HTT-98 obtained the 
highest score of 75.12 while the least was 71.10 obtained from 
HTT-97 and these were higher than the standards, Super Basmati 
(64.74) and IR-64 (60.20). Based on seedling growth traits, none 
of the mutants were categorized as sensitive to heat stress (as 
expected, as the mutants under study were selected after years of 
testing (2012-14) and reported as having better responses to heat 
stress, (Zafar et al., 2017). Ten mutants HTT-98, HTT-18, HTT-
51, HTT-29, HTT-97, HTT-39, HTT-92, HTT-119, HTT-81, 
and HTT-31 exhibiting cumulative scores of 73 and above 
showed tolerance to heat stress as compared to Super Basmati 
(68.06) exhibiting moderately tolerant and IR-64 (62.82) showing 
sensitive behavior to high temperatures. 
The correlation analysis (Table 3) among different seedling 
growth parameters and yield under high temperature stress 
indicated highly significant positive correlations of shoot length 
with CMTS, shoot fresh weight with shoot dry weight, and root 
fresh weight with root dry weight, however, CMTS had negative 
associations with root fresh and dry weights. Paddy yield 
exhibited highly significant correlations with shoot length, shoot 
fresh and dry weights, and CMTS, however, root dry weight 
showed negative correlation with paddy yield. 
The principal component analysis (PCA) was performed to 
reveal the pattern and clustering of data matrix for determination 
and identification of selection criteria. The results explained the 
genetic diversity among the rice mutants (Table 4). From the 
PCA, first three principal components with eigenvalue > 1 were 
selected, and these components accounted for more than 90% 
of the cumulative variance. The remaining components were 
eliminated and considered less significant. Based on the 
component loadings after varimax rotation, the first two 
components were extracted, and the other components were 
eliminated. These two principal components accounted for 
82.8% of the total variance of the original data and the 
communalities showed that all the variables had been described 
to an acceptable level as communalities ranged from 0.722 to 
0.959. The first component gave information on variation in 
shoot length, root dry weight, CMTS and paddy yield which 
described more than 53.1% of the variance. In this component, 
shoot length, root dry weight and CMTS were observed as more 
important for the improvement of rice paddy yield. The second 
component described about 30% variation, which originated 
mainly from shoot fresh and dry weight. To classify the mutants 
for their heat tolerance, the values of yield-correlated traits like 
shoot length, shoot fresh and dry weight, root dry weight and 
CMTS were used in the PCA. The first two vectors (PC1 and 
PC2) accounted for 82.8% of total variation. The mutants were 
classified into four groups based on PC1 and PC2 values (Fig 3). 
The mutants with +PC1 and +PC2 were graded as tolerant, with 
+PC1 and −PC2 as moderately tolerant, with −PC1 and +PC2 
as moderately susceptible, and with −PC1 and –PC2 as 
susceptible. According to this classification, the mutants HTT-
53, HTT-92, HTT-97 and HTT-98 were graded as tolerant, and 
HTT-18, HTT-29, HTT-31, HTT-39, HTT-74 and HTT-
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81 as moderately tolerant mutants. However, Super Basmati and 
IR-64 exhibited moderately susceptible to susceptible response. 
 
Biochemical analysis 
The enzymatic and non-enzymatic antioxidants along with other 
important biochemical attributes were analyzed to understand 
the mechanism of heat tolerance in rice mutants.    
 
Stress biomarkers 
The oxidative damage during peroxidation of membrane lipids is 
often estimated by the quantification of malondialdehyde (MDA) 
production. The MDA contents among the mutants (Fig 4.A) 
generally increased under heat stress as compared to control 
conditions, however, some of the mutants maintained the MDA 
contents under the both conditions (HTT-31 and HTT-138) or 
decreased under heat stress (HTT-18, HTT-97 and HTT-104). 
The increased MDA level indicated that the production of 
reactive oxygen species (ROS) was greater under heat stress than 
control conditions. The highest stress-induced increase in MDA 
contents was observed in HTT-119. A relatively higher MDA 
content was also observed in heat sensitive mutants while the 
level was low in heat tolerant mutants under normal conditions. 
It indicates that MDA content can be simply used for potential 
heat stress tolerance in normal conditions. The total oxidant 
status (TOS) decreased under heat stress, however, some of the 
mutants showed higher status of TOS as compared to their 
respective control conditions (Fig 4. J). The highest TOS was 
observed in HTT-18 under heat stress and also it showed the 
maximum value of TOS among the mutants under heat stress 
whereas the highest reduction of TOS was observed in mutant 
HTT-138. Based on relative tolerance responses, five mutants 
HTT-104, HTT-97 HTT-98, HTT-31 and HTT-18 showed 
promise against heat stress as compared to Super Basmati. 
 
Enzymatic antioxidants 
For scavenging ROS in plants, two types of antioxidant systems 
(enzymatic and non-enzymatic) were deployed. The peroxidase 
(POD) and catalase (CAT) are the key enzymes along with 
superoxide dismutase (SOD) and others. The POD activity (Fig 
4.B) reduced as a result of heat stress in all the mutants with 
varying degree of decrease. The highest POD activity under heat 
stress was observed in HTT-39 with least decrease (12%) as 
compared to control conditions whereas the highest stress-
induced increase in POD activity was exhibited by HTT-98 and 
HTT-104. The CAT activity (Fig 4.C) generally decreased under 
heat stress as compared to control conditions, however, in some 
of the mutants, the CAT activity increased with maximum value 
in HTT-18 followed by HTT-29 and HTT-98. The SOD activity 
(Fig 4.D) increased slightly under heat stress as compared to 
normal conditions, however, some of the mutants showed lower 
levels of SOD activity as compared to their respective controls. 
The highest SOD activity under heat stress was observed in 
HTT-98 whereas the lowest SOD activity was observed in HTT-
114. Heat stress enhanced the ascorbate peroxidase (APX) 
activity among the mutants (Fig 4.F); however, some of the 
mutants (HTT-18, HTT-29, HTT-53 and HTT-81) showed less 
APX activity as compared to their respective control conditions. 
The highest APX activity under heat stress was observed in 
HTT-51. 
 
Non-enzymatic antioxidants 
The total phenolic content (TPC) generally decreased under heat 
stress (Fig 4.E), however, mutants HTT-18 and HTT-39 
exhibited higher TPC contents, and mutants HTT-29 and HTT-
119 maintained the TPC contents under stress and normal 
conditions. The highest stress-induced incline in TPC contents 
was observed in HTT-132.  
 
 

Hydrolytic enzymes 
Esterase activity decreased very slightly under heat stress (Fig 
4.G), however, most of the mutants exhibited higher esterase 
activity compared to their respective control conditions. The 
highest stress-induced incline in esterase activity was detected in 
HTT-51 and increase in HTT-114.The protease activity generally 
decreased under heat stress (Fig 4.H). The maximum protease 
activity under heat stress was observed in HTT-138, however, 
HTT-81 exhibited the least decrease as compared to other 
mutants under heat stress. Biochemical attributes 
The total soluble protein (TSP) content decreased in all the 

mutants except in mutants HTT-29 and HTT-31 where TSP 
contents increased under heat stress (Fig 4. I). The highest 
decrease in TSP contents under heat stress was observed in 
HTT-132 whereas the least decrease was noted in HTT-119.  
 
Principal component analysis based on biochemical 
indices 
For classification of the mutants for their heat tolerance, the 
values of yield-correlated traits such as POD, TPC, CAT, MDA, 
TSP, and TOS were used in the PCA (Table 5). The first four 
vectors (PC1-PC4) accounted for 85.5% of total variation. The 
mutants were classified into four groups based on first and 
second factor values (Fig 5). The mutants with +PC1 and +PC2 
were graded as tolerant, with +PC1 and −PC2 as moderately 
tolerant, with −PC1 and +PC2 as moderately susceptible, and 
with −PC1 and –PC2 as susceptible. According to this 
classification, the mutants HTT-92, HTT-114 and HTT-119 
were graded as tolerant, and HTT-18, HTT-29, HTT-74 and 
HTT-81 as moderately tolerant mutants. 
 
Field experiments 
The mutants along with standards were studied under field 
conditions with varying temperatures at NIAB Faisalabad, 
Multan and Bahawalpur. Although the temperatures at all the 
locations were on the high side, those at Multan and Bahawalpur 
were higher than at NIAB overall growth stages (from vegetative 
to maturity). The analysis of variance showed highly significant 
differences among genotypes for paddy yield and other related 
agronomic traits at all locations except for productive tillers 
plant-1 at Bahawalpur (Table 6). There was a significant 
difference among different locations for paddy yield. The 
mutants showed significant differences in paddy yield. Paddy 
yield at NIAB was adversely correlated with other locations (Fig 
6) suggesting that high potential yield at NIAB did not necessarily 
result in improved yield under stressful locations. Overall, 38% 
paddy yield reduced at Multan and 31% at Bahawalpur as 
compared to NIAB. The mean paddy yields ranged from 2,583 
to 4,567 kg ha-1 at NIAB, 1,357 to 3,163 kg ha-1 at Bahawalpur 
and 2,241 to 2,683 kg ha-1 at Multan. All the mutants produced 
lesser paddy yields at Bahawalpur and Multan as compared to 
NIAB. Among the mutants, the paddy yield declined 10-70% at 
Multan whereas at Bahawalpur the decline was 4-57%. The high-
yielding mutants HTT-18 produced the highest paddy yield 
(4,567 kg ha-1) at NIAB followed by HTT-74 (4,556 kg ha-1) and 
HTT-29 (4,059 kg ha-1) as compared to standards Super Basmati 
(3408 kg ha-1) and IR-64 (3228 kg ha-1). The mutant HTT-74 
showed higher reduction in paddy yield (70%) followed by HTT-
29 (49%) and HTT-18 (38%) at Multan as compared to Super 
Basmati (46%) and IR-6 (37%) whereas at Bahawalpur, the 
mutant HTT-74 showed 35% reduction in paddy yield followed 
by HTT-18 (31%) and HTT-29 (29%) as compared to Super 
Basmati (23%) and IR-64 (54%).
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Discussion 
 
High temperature stress is one of the major factors affecting 
plant growth and development (Howarth, 2005; Sailaja et al., 
2014; Tayade et al., 2018). The crucial limitation for breeding 
high-yielding heat tolerant rice cultivars is the lack of reliable 
screening techniques. A multi-trait approach may be needed 
owing to the nature of heat tolerance as a complex phenotypic 
trait under the control of multiple physiological and genetic 
factors (Wahid et al., 2007; Collins et al., 2008; Ainsworth and 
Ort, 2010; Sailaja et al., 2015; Tayade et al., 2018). Screening must 
reflect yield performance of genotypes grown under hot field 
conditions. Screening at early developmental stages under 
controlled environmental conditions is preferred due to its 
advantages of applicability in the off-season and in a short time, 
testing potential in non-adapted germplasm, saving land space, 
labor and inputs. The identification of yield-related early 
seedling/physiological traits at an early seedling-stage has been 
of great interest to physiologists and breeders (Demirel et al., 
2016; Sailaja et al., 2015). Thus, we aimed at to develop an early 
stage screening technique by investigating yield-related early 
seedling-stage/physiological traits (shoot and root lengths, their 
fresh and dry weights and cell membrane thermo-stability), as 
well as biochemical attributes (enzymatic and non-enzymatic 
antioxidants, stress biomarkers and hydrolytic enzymes etc.). 
Principle component analysis was performed to identify 
productive thermo-tolerant mutants. 
The present study revealed that seedling traits were significantly 
influenced by high temperature. In general, high temperature 
treatment reduced shoot/root lengths and their respective fresh 
and dry weights, and the cell membrane thermo-stability 
(CMTS). The adverse effects of high temperature on seedling 
growth traits and CMTS in rice has been observed by other 
researchers (Prasanth et al., 2012; Zhou et al., 2012; Ali et al., 
2013; Sailaja et al., 2014; Zafar et al., 2017). All seedling growth 
traits significantly varied among the mutants under both control 
and stress conditions. However, only root dry weight (RDW) 
under high temperature was adversely correlated with paddy yield 
grown under hot field conditions. The study indicated that high 
temperature decreased root dry weight. Similarly, early seedling 
growth traits in rice had been negatively affected in response to 
high temperature (Zhou et al., 2012), therefore, for pre-screening 
of rice with high yield in hot field conditions, shoot length, and 
its fresh and dry weight and CMTS may be evaluated together 
with other yield-associated traits applying multi-level screening 
approach. 
Based on data sets of the previous studies conducted for Indica 
seedling traits in 46 genotypes including 39 mutants, the mutants 
were characterized as moderately tolerant to tolerant (Zafar et al., 
2017). Among these, 16 mutants that produced higher paddy 
yield (2-31% higher than standard) were further tested for 
seedling growth traits as well as for their yield performance under 
field conditions at three locations. The relative heat tolerance of 
the mutants was assessed based on various seedling 
growth/physiological traits and field conditions. The data from 
seedling growth traits and yield data obtained from the hot field 
conditions (see section on weather) were used for correlation 
analysis. According to the correlation analysis, shoot length and 
its fresh and dry weights, root dry weight and CMTS were 
correlated with yield performance under hot field conditions. 
Afterwards, the mutants were classified for their thermo-
tolerance by PCA using all yield-correlated traits. PCA is 
considered as a useful statistical tool for screening multivariate 
data which are highly correlated with each other (Johnson, 1998). 
Use of PCA to classify rice genotypes for heat tolerance has been 
recommended by several researchers (Kakani et al., 2005; Liu et 

al., 2006). The PCA results showed considerable similarity to 
yield performance of the mutants under hot field conditions with 
the performance of seedling growth traits. The first component 
represented the significance of this PC for heat related traits such 
as shoot length and CMTS. The mutants having vigorous shoots 
and higher CMTS may be considered as selection criteria under 
hot field condition. The mutants HTT-18, HTT-29, HTT-31, 
HTT-39, HTT-51, HTT-74 and HTT-81 exhibited larger shoots 
as well as better yield under hot conditions. Based on PCA 
results, mutants HTT-53, HTT-92, HTT-97 and HTT-98 were 
classified as tolerant, HTT-18, HTT-29, HTT-31, HTT-39, 
HTT-51, HTT-74 and HTT-81 as moderately tolerant, HTT-
104, HTT-119 and Super Basmati as moderately susceptible. The 
remaining three mutants HTT-114, HTT-132 and HTT-138 
along with standard IR-64 were classified as susceptible. 
According to the productivity under hot field conditions, the 
mutants HTT-18, HTT-29, HTT-31, HTT-39, HTT-51, HTT-
74 and HTT-81 were considered as heat tolerant. Interestingly, 
the classification of mutants based on PCA using shoot length, 
and its fresh and dry weight and CMTS coincided neatly with the 
heat tolerance level of mutants grown in the hot field conditions. 
The important characters coming together in different PCs 
tended to remain together, which may be kept into consideration 
during utilization of these characters in thermo-tolerance 
breeding programmes to bring about rapid improvement for 
yield and other associated traits. The leaf related traits are very 
important in thermo-tolerance because the major part of the 
starch in rice grains at harvest is the photosynthetic product of 
the leaves (source), which is translocated from the leaves directly 
to the growing grains (Venkateswarlu and Visperas, 1987).  
Field screening for heat stress is difficult due to variation in 
environmental conditions like humidity and temperature. 
Alternatively, screening for heat stress tolerance may be done on 
the basis of various biochemical parameters such as 
malondialdehyde (MDA), SOD, CAT, POD, APX, TSP content 
and protease (Kang and Saltveit, 2002; Maestri et al., 2002; Iqbal 
et al., 2010; Hameed et al., 2012; Ramesh et al., 2017). Heat stress 
affects the biochemistry of the plants and the activities of 
antioxidant enzymes increased significantly in the heat tolerant 
varieties (Cao et al., 2009).  High temperature stress caused up-
regulation of several heat responsive genes which code for 
numerous heat shock proteins (Charng et al., 2007). In the 
present study, the level of TSP fell under heat stress in most of 
the mutants. TSP content was also reported to be decreased 
under heat stress in wheat (Hameed et al., 2012). An effective 
heat tolerance mechanism at sensitive stages of plant growth can 
be adopted by protecting the structural proteins, membranes and 
different enzymes from damage by heat shock. HSPs and some 
other stabilizing factors might play important role in these 
processes related to heat tolerance (Maestri et al., 2002). 
The PCA results showed considerable similarity to yield 
performance of the mutants under hot field conditions with the 
antioxidant activities. The first component represented the 
significance of this PC for heat related traits such as TPC and 
TOS. The higher activities of protective enzymes in the 
antioxidant system in plants might be one of the physiological 
mechanisms for heat tolerance in rice (Ramesh et al., 2017). The 
mutants exhibiting higher TPC and TOS may be considered in 
selection under hot field condition. The mutants HTT-18, HTT-
29, HTT-39, HTT-92 and HTT-114 exhibited higher levels of 
TPC or TOS as well as better yield under hot conditions. Based 
on PCA results, mutants HTT-18, HTT-29, HTT-74, HTT-81, 
HTT-92, HTT-114 and HTT-119 were classified as tolerant to 
moderately tolerant and rest of the mutants were classified as 
susceptible to moderately susceptible. 
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Table 1.  Range (maximum and minimum) of different stress tolerance indices (STIs) in Basmati mutants with respect to their responses to 
high temperature stress in the growth chamber  

Mutant Stress Tolerance Index (%) 

SL RL SFW SDW RFW RDW CMTS 

HTT-18 87.2A 95.1B 74.8ABCD 74.9CDE 86.5BCDE 59.0DE 80.1A 

HTT-29 73.9G 95.7B 75.3ABCD 73.9A 85.9EF 55.7GH 78.6AB 

HTT-31 75.8FG 82.8GHI 72.6E 75.8BCD 82.5H 55.8GH 79.1AB 

HTT-51 74.7G 94.7BC 75.8ABC 74.8CDE 86.9ABC 54.8H 78.4AB 

HTT-53 75.9FG 80.9I 75.7ABC 75.8BCD 86.2DEF 57.7EF 75.0CD 

HTT-97 80.4CD 95.1B 76.2AB 80.3A 87.3A 57.3EFG 72.3DEF 

HTT-98 76.0FG 108.8A 75.2ABCD 76.1BC 86.1DEF 64.0AB 79.9 A 

HTT-114 76.7EFG 93.6BC 76.1AB 76.8B 87.1AB 64.6A 64.5G 

HTT-132 75.9FG 107.6A 76.4A 75.9BCD 86.1DEF 63.4AB 58.5I 

Super Basmati 74.9G 86.6E 75.2ABCD 74.9CDE 85.8F 57.8EF 60.1HI 

IR-64 75.8FG 84.2FG 75.0ABCD 75.8BCD 87.0ABC 60.5CD 45.2J 

SL: Shoot length, RL: Root length, SFW: Shoot fresh weight, SDW: Shoot dry weight, RFW: Root fresh weight, RDW: Root dry weight, 
CMTS: Cell membrane thermo-stability 
 

 
Fig 1. Mean temperature, rainfall and relative humidity for whole rice growing season at NIAB, Multan and Bahawalpur during 2016. 
 
Table 2. Range (maximum and minimum) of scores obtained on the basis of different stress tolerance indices for different seedling growth 
traits in Basmati mutants.  

  Mutant 
 

Score Total 
Score SL RL SFW SDW RFW RDW CMTS 

HTT-18 8.72A 15.85B 6.23ABCD 7.49CDE 8.65BCDEF 5.90DE 24.03A 76.9 

HTT-29 7.39G 15.94B 6.28ABCD 7.39E 8.59G 5.57GH 23.58AB 74.7 

HTT-31 7.58FG 13.79EFG 6.05E 7.58BCD 8.25I 5.58FGH 23.74AB 72.6 

HTT-51 7.47G 15.78B 6.31AB 7.48CDE 8.69ABC 5.48H 23.53AB 74.7 

HTT-53 7.59FG 13.49G 6.31AB 7.58BCD 8.62DEFG 5.77EFG 22.49CD 71.8 

HTT-97 8.04CD 15.85B 6.35AB 8.03A 8.73A 5.73EFG 21.68DEF 74.4 

HTT-98 7.60FG 18.13A 6.27ABCD 7.61BC 8.61EFG 6.40AB 23.96A 78.6 

HTT-114 7.67EFG 15.60BC 6.34AB 7.68B 8.71AB 6.46A 19.36G 71.8 

HTT-132 7.59FG 17.93A 6.36A 7.59BCD 8.61FG 6.34AB 17.56I 72.0 

Super Basmati 7.49G 14.43DE 6.27ABCD 7.49CDE 8.58G 5.78EF 18.02HI 68.1 

IR-64 7.58FG 13.10G 6.25ABCD 7.58BCD 8.70ABC 6.05CD 13.55J 62.8 

SL: Shoot length, RL: Root length, SFW: Shoot fresh weight, SDW: Shoot dry weight, RFW: Root fresh weight, RDW: Root dry weight, 
CMTS: Cell membrane thermo-stability. 
 

 
Fig 2. Cell Membrane Thermo-stability (CMTS) (%) in Basmati rice mutants.
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Table 3. Correlations among different stress tolerance indices of various seedling growth traits in Basmati rice mutants  

Parameter Seedling growth traits 

Shoot 
Length 

Root 
Length 

Shoot Fresh 
Weight 

Shoot Dry 
Weight 

Root Fresh 
Weight 

Root Dry 
Weight 

Cell Membrane 
Thermo-stability 

Root length 0.291       

Shoot Fresh Weight 0.424 0.128      

Shoot Dry Weight 0.412 0.122 0.973**     

Root Fresh Weight -0.210 -0.202 0.247 0.182    

Root Dry Weight -0.392 0.008 0.051 0.025 0.652**   

Cell Membrane 
Thermo-stability 

0.536* 0.307 0.074 0.067 -0.639* -0.585*  

Paddy Yield 0.794** 0.357 0.477* 0.487* -0.383 -0.560* 0.595** 

*: Significant at 5-10%.  

 
Fig 3. Classification of Basmati rice mutants based on yield-correlated early-stage seedling traits through PCA. Mutants that had +PC1 and 
+PC2, +PC1 and −PC2, −PC1 and +PC2, −PC1 and −PC2 scores were classified as tolerant, moderately tolerant, moderately susceptible, 
and susceptible, respectively. 
 
Table 4. Principal component Analysis in Basmati rice mutants based on seedling growth traits and yield. 

Variable Principal Component 

PC1 PC2 PC3 PC4 PC5 PC6 

Eigenvalue 3.186 1.779 0.467 0.384 0.157 0.026 

% of variance explained 53.1 29.7 7.8 6.4 2.6 0.4 

% of cumulative variance explained 53.1 82.8 90.5 96.9 99.6 100.0 

Trait Factor loadings after varimax rotation Communality 
  F1 F2 

Shoot Length  0.718 -0.464 0.732 

Shoot Fresh Weight  0.050 -0.978 0.959 

Shoot Dry Weight  0.057 -0.974 0.952 

Root Dry Weight -0.836 -0.149 0.722 

Cell Membrane Thermo-stability  0.856  0.005 0.733 

Paddy Yield  0.795 -0486 0.869 

 
Table 5. Principal component analysis in Basmati rice mutants based on biochemical parameters and yield. 

Variable Principal Component 

PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 

Eigenvalue 2.730 1.645 1.401 1.062 0.542 0.306 0.190 0.125 

% of variance explained 34.1 20.6 17.5 13.3 06.8 03.8 02.4 0.16 

% of cumulative variance 
explained 

34.1 54.7 72.2 85.5 92.2 96.1 98.4 1.000 

Trait Factor loadings after varimax rotation Communality 
 F1 F2 F3 F4 

POD 0.038 -0.858 0.345 0.866 0.966 

TPC 0.881 -0.186 -0.090 0.823 0.823 

CAT 0.401 0.098 -0.796 0.804 0.804 

MDA 0.178 0.054 0.834 0.740 0.740 

TSP 0.006 -0.105 -0.972 0.964 0.964 

TOS 0.874 0.135 0.249 0.852 0.852 

Yield 0.163 -0.890 -0.262 0.050 0.890 
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Fig 4. Effect of heat stress on (A) MDA, (B) POD, (C), CAT, (D) SOD, (E) TPC, (F) APX, (G) esterase (H) protease (I) TSP and (J) TOS 
in Basmati rice mutants. 
 

 
Fig. 5. Classification of Basmati rice mutants based on biochemical parameters. Mutants that had +PC1 and +PC2, +PC1 and −PC2, −PC1 
and +PC2,−PC1 and −PC2 scores were classified as tolerant, moderately tolerant, moderately susceptible, and susceptible, respectively. 
 
According to the productivity under hot field conditions, the 
mutants HTT-18, HTT-29, HTT-39, HTT-92 and HTT-114 
were considered as heat tolerant. Interestingly, the classification 
of mutants based on PCA using POD, TPC, CAT, MDA, TSP 
and TOS coincided with the heat tolerance level of mutants 
grown in the hot field conditions. The important characters 
coming together in different PCs had the tendency to remain 
together, which might be kept into consideration during selection 
for thermo-tolerance. 
 
Materials and Methods 
 
Screening for heat tolerance in the growth chamber 
A total of 161 Basmati rice mutant lines and advanced mutants 
of Basmati-370 along with standards Super Basmati and IR-64  

 
varieties were screened to study their physiological responses at 
seedling stage against high temperature stress (45 ±2 °C) for 12 
h along with controls (28±2 °C) in the growth chamber during 
the years 2012-14 at NIAB, Faisalabad, Pakistan. The seeds were 
sown in the plastic pots filled with autoclaved standard compost 
and in two sets and placed in the growth chamber running at 
normal temperature (28±2 °C). Both sets were placed in the dark 
till the initiation of germination (3-4 days). After germination, 12 
h photoperiod was maintained and one set of six days old 
seedlings after germination was shifted to another growth 
chamber for high temperature stress running at 45±2 °C for 12 
h. After high temperature exposure, the seedlings were allowed 
to recover for three days by placing them under normal 
temperature conditions  (28±2  °C)  at  12  h  photoperiod.  Based  
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Table 6. Analysis of variance for different agro-morphological traits in Basmati mutants at NIAB, Multan and Bahawalpur during 2016. 

Source of 
variation 

Degree of 
freedom 

 

Mean square 

Days to 
Flower 

Plant 
Height 

Productive 
Tiller 
Plant-1 

Panicle 
Length 

Spikelet 
Main 

Panicle-1 

Panicle 
Fertilit

y 

Biomass Paddy 
Yield 

Harvest 
Index 

Replicate           

NIAB 2 1.685 0.079 0.305 0.087 5.766 1.633 13727.7 40477.384 2.586 

Multan 2 0.241 2.848 0.745 0.574 73.803 4.496 12452.157 2396.487 0.099 

Bahawalpur 2 2.296 0.127 26.271 0.662 60.539 0.145 35706.1 36941.7 1.409 

Genotype           

NIAB 17 104.9** 600.9** 7.8** 6.1** 1181.9** 32.6** 7976353.6** 820759.2** 41.134** 

Multan 17 151.6** 450.7** 8.3** 10.6** 1158.6** 508.5** 24518568.6** 866006.4** 94.728** 

Bahawalpur 17 166.1** 701.9** 44.4 6.2** 613.1** 280.6** 4313296.5** 1047760.7** 69.7** 

Error           

NIAB 34 1.215 0.373 0.180 0.124 22.227 0.000 41754.535 9761.109 0.766 

Multan 34 1.319 0.758 2.355 0.665 111.603 6.008 18121.863 7504.564 1.186 

Bahawalpur 34 0.963 0.982 30.143 1.053 72.925 2.540 14158.592 13974.615 1.275 

**&*: Significant at p<0.01 and 0.01, respectively 
 

 
Fig 6. Relationship between paddy yield at NIAB and mean paddy yield under other locations in Basmati rice 

 
 
on  the performance of 161 Basmati rice mutants/lines against 
high temperature stress during the years 2012-14 trials in the 
growth chamber, 16 mutants were finally selected exhibiting 
promise to high temperature stress. During 2015, after seedling 
emergence of the selected 16 mutants along with Super Basmati 
and IR-64, 12 h photoperiod was maintained for two weeks 
following a completely randomized design with three 
replications. One set of seedlings was subjected to heat stress for 
6 h daily for 6 days in growth chamber running at 45±2 °C while, 
the other set was kept at normal temperature that served as 
control. After high temperature exposure, the seedlings were 
allowed to recover for three days by placing under normal 
temperature (28±2 °C) in the growth chamber and data on five 
random seedlings per replicate were recorded on shoot and root 
lengths, seedling fresh and dry weights, cell membrane thermo-
stability (CMTS). Fresh weights were recorded immediately after 
harvesting to avoid evaporation. For dry weight estimations, pre-
weighted seedlings were kept at 72±2 °C till complete drying 
with no further decrease in weight. For biochemical analysis, 
twenty seedlings (bulk sample) were used. The cell membrane 
thermo-stability (CMTS) was calculated as follows. 
 

( ) ( ) ( ) x100/CC1//TT11PIInjury Percent 2121 −−−=  
where T1: 1st conductivity measurement of heat stressed leaf 
segments (45 oC). 
T2: 2nd conductivity measurement (after autoclaving) of heat 
stressed leaf segments. 
C1: 1st conductivity measurement of control plant leaf segments 
(28 oC). 
C2: 2nd conductivity measurement (after autoclaving) of control 
plant leaf segments. 
 

CMTS = 100- Percent Injury 
The stress tolerance indices (STIs) for the above-mentioned 
traits were calculated as follows.  
 

STI =
Value under stress

Value at control
x100 

 
The scoring allocations of the mutants were carried out based on 
cumulative STIs of the seedling traits. Based on cumulative 
scores of the traits, the scoring was made, and the mutants were 
ranked as 1, 2, and 3, and grouped as tolerant, moderately 
tolerant and sensitive respectively. 
 
Biochemical Analysis 
For estimation of different stress biomarkers, enzymatic and 
non-enzymatic antioxidants, hydrolytic enzymes and other 
biochemical attributes, the methodologies are given below.  
 
Stress biomarkers 
The level of lipid peroxidation in the leaf tissue measured in 
terms of malondialdehyde (MDA) content was determined by 
the thiobarbituric acid (TBA) reaction using method of Heath 
and Packer, (1968) with minor modifications as described by 
Dhindsa et al. (1981). The MDA content was calculated by using 
extinction coefficient of 155 mM–1cm–1. The esterase activity was 
measured by Fast Blue BB method. The absorbance of colour 
compound produced was measured at 590 nm using 
spectrophotometer (U-2800, 122-003 Hitachi, Japan). Total 
oxidant status (TOS) was determined by using a novel automated 
Erel's (2005) formulated method. The absorption of colour 
compound produced was measured at 560 nm by using 
spectrophotometer (HITACHI U-2800).
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Enzymatic antioxidants 
For estimation of enzymes, bulk samples of fresh leaves of 
twenty-five seedlings (0.15 g) were ground in cold extraction 
buffer specific for different enzymes. Samples were centrifuged 
at 15,000×g for 20 min at 4oC. The supernatant was separated 
and used for the determination of different enzyme activities and 
other biochemical assays.  
The enzyme activities were expressed on a fresh weight basis. 
The aactivity of peroxidase (POD) was measured using the 
method of Chance and Maehly (1955) with some modification. 
One unit of POD activity was defined as an absorbance change 
of 0.01 min-1. The ccatalase (CAT) was estimated using the 
method described by Beer and Sizer (1952).  An absorbance 
changes of 0.01 min-1 was defined as 1 U of CAT activity. For 
superoxide dismutase (SOD) activity, leaf extracts and analysis 
are as described by Dixit et al. (2001). The activity of SOD was 
assayed by measuring its ability to inhibit the photochemical 
reduction of nitroblue tetrazolium (NBT) following the method 
of Giannopolitis (1977). One unit of SOD activity was defined 
as the amount of enzyme that caused 50% inhibition of 
photochemical reduction of NBT. The ascorbate Peroxidase 
Activity (APX) was measured using the method of Dixit et al. 
(2001).  The oxidation rate of ascorbic acid was estimated by 
following the decrease in absorbance at 290 nm after every 30 
seconds (Chen and Asada, 1989). 
 
Non-enzymatic antioxidants 
Total phenolic content (TPC) was estimated as total phenolics 
assay by micro colorimetric method (Ainsworth and Gillespie, 
2007) which utilizes Folin-Ciocalteau (F-C) reagent. Phenolic 
content (gallic acid equivalents) of samples was determined using 
linear regression equation.  
 
Hydrolytic enzymes 
The protease activity was dictated by the casein digestion assay 
described by Drapeau et al. (1974). By this method one unit is 
that amount of enzyme, which releases acid soluble fragments 
equivalent to 0.001 A280 per minute at 37°C and pH 7.8. 
Enzyme activity was expressed on a fresh weight basis. Esterase 
activity was measured by the Fast-Blue BB method. The 
absorbance of color compound produced was measured at 590 
nm using spectrophotometer (U-2800, 122-003 Hitachi, Japan). 
 
Biochemical attributes 
The estimation of total soluble proteins content (TSP) used the 
method of (Bradford, 1976) using spectrophotometer 
(HITACHI, U2800).  
 
Evaluation under field conditions 
Based on the performance of 161 Basmati rice mutants/lines at 
the seedling stage against high temperature stress during the years 
2012-15 trials in the growth chamber, 16 mutants were finally 
selected exhibiting promise to high temperature stress. These 
mutants were further evaluated in the field following randomized 
complete block design with three replications at three locations 
(NIAB, Multan and Bahawalpur) during 2016 and the data were 
recorded on paddy yield and other agro-morphological traits 
(days to 50% flower, plant height, productive tiller per plant, 
panicle length, spikelets on main panicle, panicle fertility, 
biomass, paddy yield and harvest index).  
 
Weather data 
The weather conditions at NIAB, Multan and Bahawalpur 
(temperature, relative humidity and rainfall) for the whole 
growing season including vegetative and reproductive growth 
periods during the season 2016 are presented in Fig 1. Both the 
sites (Multan and Bahawalpur) had higher temperatures than 
NIAB at vegetative as well as reproductive stage and were 
relatively hotter than NIAB which affected the productivity of 

mutants at these locations. The average maximum temperature 
for the whole growing season ranged from 26.0-45.0°C with an 
average of 36.3°C at NIAB, Faisalabad, 24.0-46.0°C with an 
average of 36.9°C  at Multan and 25.0-45.0°C with an average of 
37.5°Cat Bahawalpur (June-November) while minimum 
temperature at NIAB, Faisalabad ranged 22.0-31.5°C with an 
average of 27.3°C as compared to 22.0-33.0°C with an average 
of 28.9°C at Multan and 11.0-31.0°C with an average of 24.9°C 
at Bahawalpur. The relative humidity ranged 33.5-86.0% with an 
average of 62.9% at NIAB, Faisalabad, and 23.0-79.0% with an 
average of 55.5% at Multan and 29.0-76.0% with an average of 
53.8% at Bahawalpur. The total rainfall recorded during the 
growing season at NIAB, Faisalabad was 585.2 mm, 170.2 mm 
at Multan and 77.0 mm at Bahawalpur.  
During vegetative stage (June-August), the average maximum 
temperature range was 31.0-45.0°C with an average of 37.9°C at 
NIAB, Faisalabad, 30.0-46.0°C with an average of 38.9°Cat 
Multan and 35.0-45.0°C with an average of 39.2°C at Bahawalpur 
while minimum temperature at NIAB, Faisalabad ranged 22.0-
31.5°C with an average of 27.3 °C as compared to 22.0-33.0 °C 
with an average of 28.9 °C at Multan and 23.0-31.0 °C with an 
average of 28.2°C at Bahawalpur. The relative humidity ranged 
33.5-86.0% with an average of 63.1% at NIAB, Faisalabad, 23.0-
79.0% with an average of 55.1% at Multan and 29.0-76.0% with 
an average of 54.0% at Bahawalpur. The total rainfall recorded 
during this stage at NIAB, Faisalabad was 261.8 mm, 82.1 mm at 
Multan and 38.5 mm at Bahawalpur.  
At the flowering/grain-filling stage (September-November), the 
average maximum temperature range was 26.0-39.0°C with an 
average of 34.6°C at NIAB, Faisalabad, 24.0-39.0°C with an 
average of 34.6°C at Multan and 25.0-40.0°C with an average of 
35.5°C at Bahawalpur while minimum temperature at NIAB, 
Faisalabad ranged 9.7-26.5°C with an average of 20.5 °C as 
compared to 11.0-29.0 °C with an average of 22.2 °C at Multan 
and 11.0-27.0°C with an average of 21.0°C at Bahawalpur. The 
relative humidity ranged 47.0-80.0% with an average of 62.6% at 
NIAB, Faisalabad, 33.0-71.0% with an average of 56.0% at 
Multan and 34.0-66.0% with an average of 53.6% at Bahawalpur. 
The total rainfall recorded during this stage at NIAB, Faisalabad 
was 30.8 mm, 3.0 mm at Multan and 0.0 mm at Bahawalpur.  
 
Statistical analysis 
The analysis of variance (ANOVA) and correlations were 
computed using MSTATC statistical programme to determine 
differences among the mutants for different agronomic and 
seedling growth traits. The significance of correlation between 
yield and other agronomic/seedling growth traits was 
determined at 0.01 and 0.05 levels of probability. 
Principal component analysis (PCA) was performed using mean 
values to find traits accounting for phenotypic variation as well 
as to classify the mutants for heat tolerance using computer 
software “Minitab 14” for Windows. For PCA, procedures of 
Chatfield and Collin (1980), Mahloch (1974), Mazlum (1994), 
and Mazlum et al. (1999) were followed. The component 
loadings (correlation coefficients) and the variances (eigenvalues) 
regarding the components were computed for all the characters 
at the first step following a correlation matrix as all the traits had 
equal importance with different scales. The proportion of the 
total variance explained by each principal component was 
additive, with each new component contributing less than the 
preceding one to the explained variance. According to Brejda et 
al. (2000), data were considered in each component with 
eigenvalue >1 which determined at least 10% of the variation. 
The higher eigenvalues were considered as best representatives
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of system attributes in principal components. Subsequently, the 
components were selected whose eigenvalue (λ) was >1, and 
varimax rotations were performed until all the communalities 
were ~0.7. The values of only yield-correlated seedling growth 
traits (shoot length, root length, shoot dry weight, root fresh and 
dry weights, and cell membrane thermo-stability) were included 
in the PCA. The eigenvalues generated by PCA were used to 
grade mutants for their heat tolerance. The first two PC scores 
(PC1 and PC2), accounted for maximum variability of the 
parameters tested, were used to classify the mutants. The 
mutants that had +PC1 and +PC2 scores were classified as 
tolerant, those with +PC1 and −PC2 scores as moderately 
tolerant, those with −PC1 and +PC2 scores as moderately 
susceptible, and those with −PC1 and −PC2 scores as 
susceptible following Kakani et al. (2005). 
 
Conclusion 
 
Several studies revealed that high temperature damage to plants 
was caused by the excessive production of reactive oxygen 
radicals and consequent low activities of antioxidant enzymes 
and the cell membrane damage (Zhang et al., 2006 and Zhu et 
al., 2005) and ultimately yield. The decrease in antioxidant activity 
under stressed conditions resulted in higher levels of ROS that 
might contribute to cell injury (Fadzillah et al., 1996). The present 
studies revealed that screening for seedling growth related traits 
(shoot length, shoot fresh and dry weight and cell membrane 
thermo-stability), and trends of biochemical parameters at the 
seedling stage might support the selection for thermo-tolerance 
in rice. The results of the growth-related traits and biochemical 
parameters coincided favourably with yield data under hot field 
conditions. In this study, the levels and activities of MDA, SOD, 
APX and esterase increased/maintained over control indicating 
higher production of ROS under high temperature stress.  
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