
Genetic Basis of Heat Tolerance and Some Yield 
Components in Zea mays L. 

 

By 

 

MUHAMMAD NAVEED 
M.Sc. (Hons.) Agriculture 

96-ag-1735 
 

 

 

 

 

 
A thesis submitted in partial fulfillment 

of the requirements for the degree of 

 
 

Doctor of Philosophy 

In 

Plant Breeding and Genetics 

 
 

Department of Plant Breeding & Genetics, 

Faculty of Agriculture, 

University of Agriculture, Faisalabad 

2016



 

 

 

 

 

 



Dedication 
 
 

 I had 
 
 

choices, 
 
 

but  
 
 
I  
 
 

chose you, 
 
 

The A. N.



The Controller of Examinations 
University of Agriculture 
Faisalabad. 
 
 

We, the supervisory committee, certify that the contents and form of thesis submitted 

by Mr.  Muhammad Naveed, Reg. No. 96-ag-1735 have been found satisfactory and 

recommend that it be processed for evaluation by external examiner(s) for the award of 

degree. 

 
 
Supervisory Committee: 
 
Supervisor                                         _________________________________ 

                                              (Dr. Muhammad Ahsan) 
 
 
 

Co-supervisor  _________________________________ 
     (Dr. Hafiz Muhammad Akram) 
 
 
 
 

Member                                            _________________________________ 
  (Dr. Muhammad Aslam)  

 
 
 
 

Member                                            _________________________________ 
                                              (Dr. Nisar Ahmed) 



Acknowledgements 
 

It is my pleasure to acknowledge the help of many people without which this 

manuscript could have never been completed. First of all I would express my heartiest 

gratitude to my supervisor Dr. Muhammad Ahsan, Associate Professor, Department of 

Plant Breeding and Genetics, University of Agriculture, Faisalabad for his guidance, keen 

interest and best cooperation during the study period. I gratefully acknowledge Dr. Ihsan 

Khaliq , Professor, Dr. Muhammad Aslam, Associate Professor, Dr. Nisar Ahmed, 

Associate Professor, University of Agriculture, Faisalabad and Dr. Hafiz Muhammad 

Akram,  Agronomist, Agronomic Research Institute, Ayub Agricultural Research Institute, 

Faisalabad for their guidance, scholarly review, valuable suggestions and cooperation, which 

played a significant role in the completion of this dissertation.  

I am also thankful to Prof. Dr. Abdus Salam Khan, the then Chairman, and Prof. 

Dr. Hafeez A. Sadaqat, the incumbent Chairman, Department of Plant Breeding and 

Genetics, University of Agriculture, Faisalabad for their munificent attitude and direction. I 

also like to thank my senior colleagues (M. Shafiq, Dr. Anwar-ul-Haq, C.M. Rafiq, M. 

Saleem) and friends (Kashif Nadeem, H. Bashir Ahmad, M. Sajjad Saeed, Dr. M. Kashif, Dr. 

Shah Nawaz, Dr. Iqrar, Dr. Jehanzeb, Dr. Javed Iqbal, Dr. Tehseen) for their moral support. 

I am also thankful to my whole family for their continuous assistance and prayers 

during my studies and in the preparation of this manuscript. I am also thankful to my kids 

Aazeen and Mohid who supported and prayed for my success despite ignoring them due to 

busy schedule. Last but not the least, I wish to submit my sincere and earnest thanks to my 

father, mother, wife, brothers and sisters. 

 

    Muhammad Naveed 

    naveed1735@yahoo.com



Declaration 
 

I hereby declare that contents of the thesis, “Genetic basis of heat tolerance and some 

yield components in Zea mays L” is the product of my own research and no part has been 

copied from any published source (except the references, standard mathematical or genetic 

models/ equations/formulae /protocols etc). I further declare that this work has not been 

submitted for award of any other diploma/degree. The university may take action if the 

information provided is found inaccurate at any stage. (In case of any default, the scholar will 

be proceeded against as per HEC plagiarism policy). 

 

Muhammad Naveed 
96-ag-1735 



Contents 
Chapter  Title Page 
1  Introduction 1 
2  Review of Literature 5 
 2.1 Climate change and agriculture 5 

 2.2 High temperature effects on crop plants 6 

 2.3 Impact of heat stress on maize plant 8 

 2.4 Breeding maize for heat stress tolerance 17 

 2.5 Heat tolerance mechanism 20 

 2.6 Genetics of heat stress tolerance 22 

 2.7 Heritability and genetic advance 25 

 2.8 Correlation coefficients analysis 27 

3  Materials and Methods 29 
 3.1 Experimental sites 29 

 3.2 Collection of the genetic stocks 29 

 3.3 Screening of the plant material 29 

 3.4 Procedure for assessing heat tolerance 31 

 3.5 Statistical analysis 31 

 3.6 Selection of the parents 32 

 3.7 Hybridization and development of the breeding material 32 

 3.8 Evaluation of the genetic material 32 

 3.9 Methodologies followed for recording the traits 32 

 3.10 Biometrical analyses 35 

4  Results and Discussion 39 
 4.1 Screening for heat stress tolerance 39 

 4.2 Assessment of generations on the basis of variance analyses 59 

 4.3 Genetic basis of heat stress tolerance 65 

 4.4 Heritability and genetic advance 96 

 4.5 Estimation of correlation coefficients 99 

5  Summary 109 
  Literature Cited 112 
  Appendices 140 



List of Tables 
Table Title Page 
3.1 List of 100 maize inbred lines used for screening against heat stress tolerance 30 
3.2 Raising of parents, their hybrids and development of segregating materials 30 
3.3 Coefficients for dissecting sum of squares among six generations into 

orthogonal contrasts 
35 

3.4 Coefficients of genetic effects for weighted least squares analysis of 
generation means 

36 

3.5 Coefficients of genetic variance components for weighted least square 
analysis of generation variances 

37 

4.1 Mean squares acquired from pooled analysis of variance of 100 maize inbred 
lines characterized for eight plant traits grown under normal and heat stress 
conditions 

40 

4.2 Mean squares of relative heat tolerance for eight plant traits accessed in 100 
maize inbred lines 

40 

4.3 Summary of best and worst performing inbred lines for eight plant traits 
accessed in 100 maize inbred lines 

57 

4.4 Mean squares acquired from one way analysis of variance of fifteen plant 
traits of six basic generations grown under normal and heat stress conditions 

60 

4.5 Mean squares acquired from two way analysis of variance of fifteen plant 
traits of six basic generations grown under normal and heat stress conditions 

61 

4.6 Mean squares acquired from the partitioned analysis of variance of fifteen 
plant traits of six basic generations grown under normal conditions 

63 

4.7 Mean squares acquired from the partitioned analysis of variance of fifteen 
plant traits of six basic generations grown under heat stress conditions 

64 

4.8 Estimates of genetic effects alongwith standard errors and χ² values of the 
best fitted models for fourteen traits under contrasting environmental 
conditions 

67 

4.9 Means and variances of six basic generations for fourteen plant traits of Zea 
mays L. under normal conditions 

68 

4.10 Means and variances of six basic generations for fourteen plant traits of Zea 
mays L. under heat stress conditions 

69 

4.11 Variance components best fit model following weighted analysis of 
components of variation under the contrasting environmental conditions 

95 

4.12 Estimates of heritability (broad sense and narrow sense) and genetic advance 
for fourteen plant traits in Zea mays L. 

97 

4.13 Genotypic and phenotypic correlation coefficients among fourteen maize 
plant traits under normal conditions 

101 

4.14 Genotypic and phenotypic correlation coefficients among fourteen maize 
plant traits under heat stress conditions 

102 



 

 

List of Figures 
Figure Title  Page 
4.1 Matrix plot of leaf temperature (LT) under heat stress vs normal 

conditions 
41 

4.2 Matrix plot of cell membrane thermo-stability (CMT) under heat stress vs 
normal conditions 

43 

4.3 Matrix plot of stomatal conductance (SC) under heat stress vs normal 
conditions 

45 

4.4 Matrix plot of transpiration rate (TR) under heat stress vs normal 
conditions 

47 

4.5 Matrix plot of leaf firing (LF %age) under heat stress vs normal conditions 49 
4.6 Matrix plot of kernels per ear (KPE) under heat stress vs normal 

conditions 
51 

4.7 Matrix plot of 100-grain weight (HGW g) under heat stress vs normal 
conditions 

53 

4.8 Matrix plot of grain yield per plant (GYPP g) under heat stress vs normal 
conditions 

55 

4.9 Leaf temperature (LT) under (a) normal and (b) heat stress conditions 70 
4.10 Cell membrane thermo-stability (CMT) under (a) normal and (b) heat 

stress conditions 
72 

4.11 Stomatal conductance (SC) under (a) normal and (b) heat stress conditions 73 
4.12 Transpiration rate (TR) under (a) normal and (b) heat stress conditions 75 
4.13 Leaf firing (LF %age) under (a) normal and (b) heat stress conditions 76 
4.14 Plant height (PH) under (a) normal and (b) heat stress conditions 79 
4.15 Ear leaf area (ELA) under (a) normal and (b) heat stress conditions 80 
4.16 Days to tasseling (DTT) under (a) normal and (b) heat stress conditions 81 
4.17 Days to silking (DTS) under (a) normal and (b) heat stress conditions 85 
4.18 Days to maturity (DTM) under (a) normal and (b) heat stress conditions 86 
4.19 Ear length (EL) under (a) normal and (b) heat stress conditions 87 
4.20 Kernels per ear (KPE) under (a) normal and (b) heat stress conditions 89 
4.21 100-grain weight (HGW) under (a) normal and (b) heat stress conditions 91 
4.22 Grain yield per plant (GYPP) under (a) normal and (b) heat stress 

conditions 
93 

 

  



 

 

List of Appendices 
Appendix Title  Page 
1 Actual and relative values of leaf temperature for 100 maize inbred 

lines 
138 

2 Actual and relative values of cell membrane thermo-stability for 100 
maize inbred lines 

139 

3 Actual and relative values of stomatal conductance for 100 maize 
inbred lines 

140 

4 Actual and relative values of transpiration rate for 100 maize inbred 
lines 

141 

5 Actual and relative values of leaf firing (%age) for 100 maize inbred 
lines 

142 

6 Actual and relative values of kernels per ear for 100 maize inbred 
lines 

143 

7 Actual and relative values of 100-grain weight for 100 maize inbred 
lines 

144 

8 Actual and relative values of grain yield per plant for 100 maize 
inbred lines 

145 

9 Maximum and minimum temperatures recorded under normal (field) 
and heat stress (plastic tunnel) conditions during the screening phase 
of 100 inbred lines of Zea mays L. 

148 

10 Maximum and minimum temperatures recorded under normal (field) 
and heat stress (plastic tunnel) conditions during the evaluation 
phase of six basic generations of Zea mays L. 

149 



 

 

Abstract 
The seeds of one hundred maize inbred lines collected from various research 

organizations were planted in two sets, one under normal and the other under high 
temperature conditions in a plastic tunnel for the purpose of screening against heat at 
reproductive stage. Based on the actual and relative values for leaf temperature, cell 
membrane thermo-stability, stomatal conductance, transpiration rate, leaf firing, kernels per 
ear, 100-grain weight and grain yield per plant, one heat tolerant (ZL-11271) and one heat 
susceptible (R-2304-2) parents were selected and crossed to develop six basic generations 
comprised parents (P1, P2), hybrid (F1) and segregating generations (BC1, BC2, F2) in 
subsequent cropping seasons. All these generations were then evaluated under both normal 
(field) and heat-stressed (plastic tunnel) conditions using factorial randomized complete 
block design with three replications. The recorded data under both the conditions on various 
morphological and physiological plant traits were analyzed in nested block design for one 
way, two way and partitioned analysis of variances which revealed statistically significant 
differences (P≤0.01-0.05) for all the characters except anthesis-silking interval. Generation 
mean analysis of plant traits recorded under normal conditions revealed both additive and 
dominance genetic effects alongwith epistatic interactions for leaf temperature, cell 
membrane thermo-stability, stomatal conductance, leaf firing, plant height, ear leaf area, days 
to maturity, ear length, kernels per ear, 100-grain weight and grain yield per plant. For all 
these traits except stomatal conductance, dominance effects were more pronounced than 
additive estimates. Only additive genetic effects alongwith epistatic interactions were 
revealed for transpiration rate, days to tasseling and days to silking under normal conditions. 
Days to silking and days to maturity had dominance genetic effects with no epistatic 
interaction while traits like leaf temperature, cell membrane thermo-stability, stomatal 
conductance, transpiration rate, leaf firing, plant height, days to tasseling, ear leaf area, ear 
length, kernels per ear, 100-grain weight and grain yield per plant revealed both additive and 
dominance genetic effects alongwith epistatic interactions under heat-stressed conditions. 
Additive genetic effects were greater in magnitude for leaf temperature, cell membrane 
thermo-stability and stomatal conductance while estimates of dominance genetic effects were 
higher in case of transpiration rate, leaf firing, plant height, ear leaf area, ear length, kernels 
per ear, 100-grain weight and grain yield per plant under heat-stressed regime. Estimates of 
broad sense heritability were higher than that of narrow sense heritability while estimates of 
narrow sense heritability for infinity generation were greater than its F2 generation for all the 
traits.  Considering the estimates of heritability and genetic advance at once suggested that 
only simple selections might be enough for further improvement of traits such as cell 
membrane thermo-stability, stomatal conductance, transpiration rate, leaf firing, ear length, 
kernels per ear and grain yield per plant under both the condition. Grain yield per plant had 
positive and significant association with stomatal conductance, transpiration rate, ear length 
and kernels per ear while negative but significant with leaf temperature, cell membrane 
thermo-stability, leaf firing and 100-grain weight at both genotypic and phenotypic levels 
under both normal and heat-stressed conditions. Ear leaf area exhibited positive and negative 
association only at genotypic level with grain yield under normal and heat-stressed 
conditions, respectively. It can be concluded that traits like cell membrane thermo-stability, 
ear leaf area and kernels per ear may be given priority in breeding strategies for achieving 
improvement in maize grain yield under high temperature circumstances. 
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Chapter 1 

Introduction 

Maize (Zea mays L.) commonly referred as corn is a monoecious, diploid (2n=2x=20) 

grass that belongs to genus Zea and family poaceae.  Genus Zea has only one cultivated 

species “mays” while the other four species and subspecies are wild in nature known as 

teosintes. Maize plant is believed to be originated from teosinte and domesticated in Mexico, 

from where it spread to other parts of the world through America about 2500 BC (Beadle, 

1980; Smith, 2013). Maize and teosinte have same chromosome numbers and are readily 

crossable to each other to produce prolific hybrids however they have distinct plant 

characteristics which are being controlled by only two different genes. Maize has a solitary 

tall stem possessing numerous leaves while teosinte has small bushy plant. There is still some 

confusion about its evolution as to whether from basal branching (Zea mays L. spp. 

parviglumis) or lateral branching (Zea mays L. spp. medicana) teosinte subspecies or from 

both (Doebley and Stec, 1993).  

Corn is the 3rd leading cereal after wheat and rice both in terms of production and per 

unit yield worldwide as well as in Pakistan (Rahman et al., 2013). There is a significant 

enhancement in the yield potential of maize over the last few decades due to genetic 

modification and engineering of plant traits for the development of versatile hybrids and 

synthetic genotypes possessing insect pest and herbicide tolerance. It is a multipurpose crop 

being used as staple food for human consumption, feed for poultry, fodder for livestock and 

as a resource for bioenergy production and industrial applications (Vasal, 2000; Chen et al., 

2012). Starch, oil and gluten are the major corn products being used in making a variety of 

food items. Maize starch is used in manufacturing a range of adhesives, fabrics, plastics and 

several other chemicals of industrial importance.     

Geographically, maize is grown between 58o to 40o Northern to Southern latitudes 

and in temperate to tropical environments successfully. Being a member of C4 plant 

kingdom, maize plant is regarded more efficient in water use and carbon dioxide than C3 

crops like alfalfa, soybean and pulses. It is a short day plant with shallow root system so 

plant growth depends much on the availability of soil moisture (Karl, 2010). It requires 

particular number of growing degree days (> 10oC) to flower in an environment where it is 
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adapted (Paliwal, 2000). It is a highly cross pollinated crop often called “open pollinated” 

due to the greater amount of uncontrolled natural pollination. As the pollen grains are carried 

by wind, therefore, there are more chances of cross pollination and natural variation. This 

characteristic leads to the evolution of more new varieties in maize than any other crop. Due 

to the presence of greater variability in maize genetic resources, it can be classified into 

amylose, dent, flint, flour, pod, pop, striped, sweet and waxy corn subspecies based on starch 

contents (Smith, 2013).   

Globally, maize is cultivated on an area of 183 million ha. with annual production of 

1021 million metric tones and average yield of 5573 kg ha-1. In Pakistan, it is grown twice a 

year in spring and autumn seasons on an area of about 1.2 million ha. with annual production 

of 5.0 million tones and average yield of 4155 kg ha-1 (Annonymous, 2014a). Crop sown 

during the months of January-March (spring season) faces the maximum temperature at 

flowering stage causing leaf firing and tassel blast which results in reduced seed set while 

crop sown during the months of June-August (autumn season) countenances maximum 

temperature at sowing time which affects seed germination and seedling growth. The major 

causes of yield gap in local and global production are the abiotic factors such as drought and 

heat. Heat stress alone and in combination with drought is limiting maize production by 

negatively affecting the plant growth and seed development (Noohi et al., 2009; Cairns et al., 

2012). Detrimental effects of heat stress include malfunctioning of reproductive organs 

(desiccation of silk and pollen grains, reduced pollen germination, increased flower abortion, 

fertilization failure and shrunken seeds), photosynthetic acclimation and disfiguring other 

physiological processes directly and changing the pattern of plant development indirectly 

(Talwar et al., 1999; Sinsawat, 2004; Hussain et al., 2006; Kim et al., 2007; Ristic et al., 

2009). Once the pollination is accomplished then the developing kernels depends entirely on 

the source of photosynthates. The rise in temperature beyond 30oC impacts the activity of 

Rubisco in maize which in turn reduces photosynthesis and ultimately decreases grain filling 

period and grain size (Steven et al., 2002). 

 High temperature has both favorable and outrageous effects on maize crop. It is 

capable of exploiting the solar energy and warmer environment upto a certain level due to C4 

plant nature (Ashraf and Hafeez, 2004). Optimum day (25-32°C) and night (16.7-23.3°C) 

temperatures for maize plant lead to enhanced photosynthetic rate than respiration resulting 
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in rapid plant growth. However, plant growth affected severely when optimum temperature 

decreases to 5°C or increases beyond 32°C (Steven et al., 2002). On one side, optimum 

temperature enhances crop growth and results in higher yield while on the other side 

increased temperature enhances anthesis-silking interval (ASI), thus reduces synchronized 

flowering (Aldrich et al., 1986; Samuel et al., 1986). During pollination and grain filling 

stages, a temperature of 35°C may reduce the yield on daily basis by 101 kg ha-1 (Smith, 

1996). Similarly, during flowering and grain formation phases, a temperature of 45-48°C is 

dangerous to crop health and ultimately affects the grain yield (Ulukan, 2009). During grain 

filling stage, an increase in mean daily temperatures from 22 to 28°C causes 10-42% yield 

losses (Lobell and Burke, 2010; Lobell et al., 2011; Rowhani et al., 2011; Cairns et al., 

2013).  

Heat tolerance can be accomplished through genetic management approach as 

development of heat tolerant varieties for once would be a cheap input technology that would 

play a vital role in lessening the harmful impacts of abiotic stresses on agricultural 

production of low income small land holding farmers (Saxena and Toole, 2002; Tester and 

Langridge, 2010). Screening of the available plant germplasm for the identification of 

superior genetic resources with better heat tolerance is the way forward in the development 

of genetic management technology (Chen et al., 2012). Sustainability in maize production 

can be achieved by means of introgression of thermos-tolerant genes into the existing 

promising genotypes.   

Understanding the mode of inheritance of heat relevant traits like leaf temperature, 

cell membrane thermo-stability, stomatal conductance, transpiration rate, leaf firing and yield 

related components such as plant height, ear leaf area, days to tasseling, days to silking, 

anthesis-silking interval, days to maturity, ear length, kernels per ear, 100-grain weight, and 

yield per plant is a pre-requisite to decide a suitable breeding procedure. Knowledge about 

the type and extent of different genetic effects responsible for the inheritance of various 

metric traits can be accessed through generation mean analysis which is based on first order 

statistics where estimates obtained are statistically robust. Generation mean analysis provides 

information about different components of genetic variances such as d, h, i, j and l. Such 

information assists in determining an appropriate breeding strategy for the improvement of 

various metrical plant traits. Furthermore, this technique is also useful in evaluating the type 
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of epistasis, which depends on the positive or negative signs of two genetic components viz., 

h and l. Cross combinations with either positive or negative signs on h and l components 

indicates presence of complementary epistasis while those combinations where h and l 

components have opposite sign reveals duplicate epistasis. Some other useful estimates like 

genetic advance, heritability, heterosis and inbreeding depression can also be worked out 

from generation mean analysis.  

Considering the significance of heat stress in corn growing belt of Pakistan, the 

present study was planned to explore the genetics of heat tolerance in maize with the 

following objectives; 

� Screening the inbred lines for heat tolerance and susceptible. 

�  Selection of the contrasting parents / inbred lines.  

� Development of six basic generations i.e. P1, P2, F1, F2, BC1 and BC2. 

� Evaluation of all the breeding material under both normal and heat stress 

conditions. 

� Computation of genetic effects, variance components, heritability and genetic 

advance to find out gene or genes responsible for heat tolerance mechanism. 

� Estimation of genotypic and phenotypic correlation coefficients.  

The findings of the current research work may be helpful in devising selection criteria 

and future breeding strategies for the development of heat tolerant maize synthetics and 

hybrids. 
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Chapter 2 

Review of Literature 

Plants during growth and development encounter wide ranging stress factors for their 

survival. A stress can be any external factor that affects the productivity and contributes to 

plant responses pessimistically (Rhodes and Nadolska-Orczyk, 2001). Plant stresses can be 

broadly classified into environmental known as abiotic and biological defined as biotic 

factors. Globally, drought, heat and salinity are the leading abiotic plant stresses which 

severely limited agricultural production and threatened food security (Gao et al., 2007). 

Recent trends in climate change and their uncertain nature have further intensified the 

intimidation of these factors (Pittock, 2009).  

2.1. Climate change and agriculture 

Any change in normal weather characteristics like humidity, light, precipitation, 

temperature and some other meteorological features for an extended time period is referred 

as climate change (Anonymous, 2007). Success of agriculture is directly associated with the 

climatic conditions as crop development depends largely upon environmental constituents 

such as light, temperature and rainfall. Climate change and agriculture both are interlinked 

and affect each other (Hoffmann, 2013). Major cause of climate change is the increase in 

atmospheric concentrations of greenhouse gases (GHGs) which are slowly but gradually 

heating up earth’s temperature known as global warming (Treut et al., 2007; Anonymous, 

2014b). Carbon dioxide (CO2), methane (CH4), ozone (O3) and water vapors (H2O) are the 

leading greenhouse gases responsible for 9-26%, 4-9%, 3-7% and 36-70% green house 

effect, respectively. Agriculture and its land use practices alongwith burning of fossil fuels 

are responsible for the increased emission of greenhouse gases (Anonymous, 2007). Climate 

change is projected to have larger effects on agriculture, food availability and its security 

(Anonymous, 2008). Agriculture is particularly susceptible to climatic alterations. Changes 

in the frequency and intensity of droughts or floods, temperature and atmospheric CO2 

concentrations could significantly influence agricultural crop productions. Irregular and 

frequent droughts and downpours will either shorten or extend the crop durations causing 

decline in crop yields. Although rise in temperature and CO2 is useful in few crops, however, 

to harvest its benefits, other aspects such as availability of water, soil moisture, nutrients 
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intensity and some other requirements must be fulfilled. Heat stress may make some crops 

grow faster, but at the same time could reduce the productivity. The reason is that the time 

period necessary for seeds to fully develop is reduced, resulting in forced maturity, 

deterioration in quality and quantity of the crop product.  The effects of heat stress on any 

particular crop depend upon its optimal temperature requirement for vegetative and 

reproductive phases. There will be a reduction in crop production if warmness exceeds from 

the optimal requirement of any crop. Under enhanced atmospheric CO2 concentrations, water 

use efficiency of crop plants would improve alongwith improvement in production potential 

and grain quality like amylase content in rice (Conroy et al., 1994; Woodward and Kelly, 

1995; Taub, 2010). Non-availability of some timely inputs like water and fertilizer in due 

course, may however, spoil these advantages (Kimball and Idso, 1983). An increase in the 

concentrations of CO2 would lower the contents of micronutrients (iron & zinc) in grains thus 

reducing the dietary worth of crops due to decreased uptake of nitrogen (Seneweera and 

Conroy, 1997; Scherer, 2005). Moreover, grain protein contents would also be reduced under 

elevated CO2 and temperature effects (Ziska et al., 1997). Warmer and wetter climate 

coupled with enhanced CO2 concentrations would promote insect pests attack and may 

proliferate weed pressure that compete for resources with the crop plants, ultimately reducing 

the crop yields. Variation in climatic trends will also disturb the distribution of wild crop 

relatives which constitute an important component of plant genetic resources, leading to 

disintegration and eventual destruction. All these factors will reduce the productivity 

potential of crops, lift food prices, and add-up to the economic concerns as the overall effects 

of climate change on agriculture are anticipated to be harmful in terms of global food 

security (Anonymous, 2009).  

2.2. High temperature effects on crop plants 

Increase in ambient temperature to a degree adequate enough to cause impairment to 

various plant responses is called heat or high temperature stress. A temperature rise of 10-15 

°C above the ambient is usually regarded as heat stress. Recent climatic studies predicted an 

increase of 1.1-6.4°C in ambient temperature in the coming years, worldwide (Lobell and 

Field 2007). During the very last century, there is an increase of 0.5°C in air temperature, 

which is projected to go up by 0.3°C every decade from the present values reaching to about 

1°C by the year 2025 and 3°C by the year 2100 (Jones et al., 1999; Anonymous, 2007). This 
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change may cause shifting of agricultural lands and shortening of cropping periods (Porter, 

2005). 

Heat stress is a worldwide agricultural issue that can induce anatomical, biochemical 

and morpho-physiological alterations in crop plants resulting in heavy production losses 

(Hall, 2001; Wahid et al., 2007). It affects the plant development right from germination till 

the final harvest. Short term effects of high temperature stress may be cellular injury or cell 

death due to increased ion leakage as a result of denaturation of membrane proteins or 

increased fluidity of membrane lipids while the long term impact may be decreased size of 

cells, tissues and organ hampering plant development (Schöffl et al., 1998; Savchenko et al., 

2002; Rasheed, 2009).  In hot and humid conditions, high temperature can cause burning of 

plant foliage, poor and discolored produce while under moderate conditions, it can reduce 

dry matter production and ultimately yield (Giaveno and Ferrero, 2003; Vollenweider and 

Gunthardt-Goerg, 2005).  Heat stress in plants may either reduce or delays seed germination, 

seedling emergence and vigor (Ashraf and Hafeez, 2004). In cotton and soybean, heat stress 

reduces activity of specific enzymes and protein synthesis resulting in reduced seedling 

growth and development (Mahan and Mauget, 2005; Ren et al., 2009). High temperature 

stress influences different plant developmental mechanisms controlling growth of leaves and 

other plant parts, and total biomass production. This severely damages the sustainability of 

crop production (Salah and Tardieu, 1996; Wollenweber et al., 2003; Kim et al., 2007). 

Heat stress during anthesis and seed development affects the reproductive phase more 

significantly. Pollination in particular is susceptible to heat stress, which may influence the 

growth of pollen mother cell and microspore causing male sterility (Abiko et al., 2005). 

Viability of mature pollen grain is seriously affected and in case fertilization occurs 

successfully, kernel density and development is reduced (Dupuis and Dumas, 1990; Maestri 

et al., 2002; Monjardeno et al., 2005). High temperature stress during reproductive stage in 

brassica, cotton and field pea may cause flower bud and fruit shedding (Hall, 1992; Young et 

al., 2004).   

Increase in temperature beyond the optimal requirement also causes anatomical and 

morphological changes to cellular and sub cellular level. These include reduction in cell size, 

increased compactness of trichomes and stomata, and de-shaped mitochondria and round-

shaped chloroplast in heat stressed damaged mesophyll cells (Berry and Bjorkman, 1980; 
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Carpentier, 1999; Banon et al., 2004; Zhang et al., 2005). Researchers also reported heat 

stress affects on sprouting buds in sugarcane and on the appearance and elongation of 

hypocotyls in peas (Rasheed, 2009; Tian et al., 2009). 

Plants display a range of physiological and metabolic responses under changing 

environmental conditions. Heat stress affects the physiological reactions directly while 

developmental processes indirectly. All the photosynthetic attributes are vulnerable to 

increased temperature (Downton and Slatyer, 1972; Al-Khatib and Paulsen, 1990). 

Photosynthetic system in C4 plants is less affected to heat stress than C3 plants and there may 

be diminishing of net photosynthetic (Pn) and stomatal conductance in some species 

(Morales et al., 2003; Wahid and Rasul, 2005). Photosynthesis in most crop plants reduces 

when the leaf temperature goes beyond 38°C (Edwards and Walker, 1983). Heat stress 

affects photo-system I and II, and electron transport in barley and potato. However, in 

sugarcane, it increases the chlorophyll a/b ratio and decreases chlorophyll / carotenoid 

proportions (Havaux, 1998; Szilvia et al., 2005; Wahid, 2007). Loss of chlorophyll 

pigmentation in wheat has been regarded as an indication of heat tolerance (Ristic et al., 

2008).  

High temperature stress induces oxidative stress, dehydration and accrues proline, 

sugars, polyols, and several compounds of ammonium and sulphonium in various crop plants 

(Machado and Paulsen, 2001; Mazorra et al., 2002; Potters et al., 2007). Chloroplast and 

mitochondria are the major production sites of superoxide, a type of reactive oxygen species 

(ROS) which causes cellular injury, peroxidation, damaging of membrane lipids, pigments 

and functions (Mittler et al., 2004; Xu et al., 2006). Moreover, as uptake and diffusion of 

water and organic solutes across membranes is disturbed, it reduces the photosynthesis and 

respiration while increases the transpiration rate and chlorophyll fluorescence resulting in 

meager tissue water contents and closure of stomata (Tsukaguchi et al., 2003; Taiz and 

Zeiger, 2006; Wahid et al., 2007). 

2.3. Impact of heat stress on maize plant 

 Temperature beyond the optimum level induces undesirable changes in various maize 

plant processes including growth, morpho-physiological, yield and yield components. For 

maize, optimum temperature required by the seeds for germination is 20-30°C while for 

seedlings to grow successfully into mature plants is 28-31°C (Medany et al., 2007; Farooq et 
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al., 2009). Temperature in excess of 30°C significantly affects the maize germination 

percentage and seedling growth. The effects of heat stress on maize germination indicate its 

embryo sensitivity to thermal stress while reduced seedling vigor and growth reveal 

inadequate reserve mobilization (Weaich et al., 1996). The reason is that the activity of 

specific enzymes controlling protein synthesis in the developing embryos is inhibited causing 

poor germination and vice versa (Riley, 1981). The growth of maize seedlings increases in 

soil temperature of 26°C and beyond. This reduction in root and shoot biomass takes place 

by 10% per °C while at  35°C, growth stucks severely (Walker, 1969). A temperature in the 

range of 40°C reduces coleoptile development which stops completely when the temperature 

reaches 45°C (Akman, 2009). Maize shoot dry mass (SDM), relative growth rate (RGR) and 

net assimilation rate (NAR) are greatly affected under heat stress, which also induces 

irremediable necrosis of leaf tissues (Kappen, 1981; Struik et al., 1986; Giaveno and Ferrero, 

2003; Ashraf and Hafeez, 2004). Restriction in elongation of first internode and overall shoot 

growth is the major vegetative phase effects of heat stress on the maize crop growth (Weaich 

et al., 1996).  

In maize, heat stress losses during reproductive stage have been registered quite often 

by many researchers (Aldrich et al., 1986; Samuel et al., 1986; Smith, 1996; Ulukan, 2009; 

Lobell and Burke, 2010; Lobell et al. 2011; Rowhani et al. 2011; Cairns et al. 2013). In some 

species, one hot day or cold night during fertilization period can harm the reproductive 

accomplishments. Flowering and grain filling stages of maize are the most vulnerable to heat 

stress as it can interrupt the anthesis and injure most of the tassels resulting in no or very 

small pollen production, and thus increases the incidence of male sterility (Dass et al., 2010). 

Pollen desiccation and silk death can occur when the temperature is in the range of 45°C as 

its intensity and duration determines the extent of damages caused (Pingali and Pandey, 

2001; Dass et al., 2010). 

2.3.1. Effects on physiological traits 

2.3.1.1. Leaf temperature (LT) 

 Measurement of leaf temperature for high temperature tolerance is becoming popular 

among the plant scientists for the screening of a large number of germplasm (Wanjura et al., 

2004; Singh et al., 2007; Karademir et al., 2012; Khan et al., 2014). It is based on the reading 

of infrared thermometers. Leaf or canopy temperature is an efficient and low cost 
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physiological tool which indicates the crop water status. Many research workers has used it 

for discriminating drought and heat tolerant genotypes phenotypically (Jackson et al., 1977; 

Reynolds et al., 2009; Mason and Singh, 2014). Bahar et al. (2012) reported significant 

differences in canopy temperature between midday (30.08-33.90°C) and afternoon readings 

(33.82 to 36.34°C) to comprehend the effective use of canopy temperature. Its utilization 

could be more advantageous if applied for screening the segregating breeding material as 

yield does not matter the most at that stage. Low canopy temperature under high temperature 

favors high grain yield (Mason and Singh, 2014). When the leaf temperature goes beyond 

38°C, photosynthesis in most crop plants also reduces due to inactivation of enzymes 

(Edwards and Walker, 1983; Steven et al., 2002). Under heat and drought stress, maize and 

other crop plants revealed a higher canopy and leaf temperatures due to inhibition or 

reduction in transpiration (Siddique et al., 2000). Significant association is reported between 

canopy temperature and yield in wheat under heat-stressed conditions (Mason and Singh, 

2014).  

2.3.1.2. Cell membrane thermo-stability (CMT) 

 It is an important parameter of heat tolerance in crop plants which estimates the injury 

at the cellular level (Ristic et al., 1998). Cellular membranes have been considered as major 

sites of heat caused damages in crop plants. High temperature disturbs the chemical bonding 

within molecules of cellular membranes due to increase in kinetic force and molecular 

crossway movement in the membranes. This enhances the fluidity of membranes owing to 

the lipid bilayer unsaturation and protein denaturation (Savchenko et al., 2002). Heat stress 

impairs the membrane organization, its functions and viability due to leakage of cell solutes 

and other substances (Nagarajan et al., 2005). The reduction in cell membrane thermo-

stability with increased electrolyte leakage has been extensively used as an indirect selection 

measure in barley, cotton, cowpeas, potato, sorghum, soybean, tomato and wheat (Martineau 

et al., 1979; Chen et al., 1982; Ashraf et al., 1994; Perdomo et al., 1996; Marcum, 1998; 

Ismail and Hall, 1999; Blum et al., 2001; Wahid and Shabbir, 2005). The extent of solute 

leakage depends upon the plant species, age of sampling tissue, organ type and plant growth 

stage. Electrolyte leakage in mature plant leaves is higher than the developing ones in maize. 

The reason is that the increase in the concentrations of saturated fatty acids in mature leaves 

raises the dissolving temperature of cellular membranes, resulting in reduced thermo-
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tolerance (Karim et al., 1997 & 1999; Wahid et al., 2007). Literature pertaining to cell 

membrane thermo-stability in maize regarding thermo-tolerance is scarce. Ismail and Hall 

(1999) in an experiment on cowpeas reported less leakage of electrolytes in thermo-tolerant 

genotypes during flowering and seed setting and vice versa. Malik et al. (1998) classified the 

cotton genotypes based on injury percentage into high (> 60%), medium (60-70% injury) and 

low (< 80%) heat tolerant accessions by using fully expanded leaves.  

 The association between cell membrane thermo-stability and grain yield may vary 

from crop to crop like in sorghum where significant correlation has been observed while in 

soybean and wheat where no such relationship is recorded (Martineau et al., 1979; Sullivan 

and Ross, 1979; Shanahan et al., 1990). Therefore, causes of yield reduction under high 

temperature stress remained intangible and require further studies for achieving targeted 

objectives (Wahid et al., 2007).    

2.3.1.3. Stomatal conductance (SC) 

 High temperature reduces the active form of rubisco, which in turn diminishes the 

stomatal conductance and net photosynthesis in most of the crop plants significantly (Crafts-

Brandner and Salvucci, 2002). Stomatal conductance is maximum at an optimum 

temperature of 20-30°C, however, extremely low (5°C) or high temperatures (45°C) 

influence it severely (Baldocchi, 2005; Naveed et al., 2014). The trend in stomatal 

conductance gives an insight of the water status of the plants. Measurement of stomatal 

conductance is unreliable under water deficit soil conditions. Decrease in stomatal 

conductance occurs when differences in humidity increases between inside and outer leaf 

surface. Change in temperature affects the stomatal activity to a greater extent. Increase in 

leaf temperature and change in leaf surface vapor contents occurs due to decrease in 

transpiration rate and moderate stomatal closure. Heat stress increases the transpiration rate 

and lowers the moisture level which distresses stomatal conductance, net photosynthetic rate 

and chlorophyll contents directly (Morales et al., 2003; Akbar, 2008). Maize and cotton 

seedlings raised under NaCl stress exhibited a significant decrease in stomatal conductance 

(SC) and net photosynthetic rate (NPR). Reduction in stomatal conductance is greater in 

cotton than maize while decrease in net photosynthesis is more in maize than cotton 

suggesting that the leaf aperture for maize reduced while for cotton, it increased (Yu et al., 

2001).  
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2.3.1.4. Transpiration rate (TR)  

 High temperature stress enhances the transpiration rate due to greater temperature 

differences between leaf surface and its surrounding environments (Daubenmire, 1974). 

Transpiration rate increases under heat stress as photosynthesis and respiration processes are 

obstructed due to disturbances in absorption and diffusion of water and other substances by 

the biological membranes causing stomatal closure and tissue moisture loss (Tsukaguchi et 

al., 2003; Taiz and Zeiger, 2006; Wahid et al., 2007). Transpiration rate increases with rise in 

leaf temperature suggesting that hampering is not correlated with stomatal closure (Crafts-

Brandner and Salvucci, 2002). When the heat stress exceeds the maximum tolerance level, 

the plants go into a dormant state to survive themselves against the adverse effects of the 

environment, however further rise in temperature is lethal to their existence. Temperature 

above 42°C will impair leaf and physiological functions. Rate of change in temperature is 

more dangerous than the extent of change. Abrupt alterations in temperature are more 

harmful to crop plants than the gradual changes, as regulation of protoplasm to the changed 

environmental hotness requires some time. Higher the temperature more will be the food 

reserves exhaustion in processes like respiration. Heat stress shrinks the size of cell of leaf 

blades, thickens the leaf surface and shortens the internodal length ultimately reducing the 

plant height. Other heat caused changes in plant growth include denser and smaller stomata, 

acutely lobed leaves, longer roots, increased root to shoot ratios. Heat stress modifies the 

plant morphological and physiological processes resulting in reduced crop yields (Akbar, 

2008).  

2.3.2. Effects on agro-morphological plant traits  

2.3.2.1. Leaf firing (LF) 

 Leaf firing is a phenomenon which involves irreparable damage and quick drying of 

tissues of developing leaves under excessive and high temperature stress. Plants vulnerable to 

higher temperature have more growth rate and greater leaf tissue injuries in comparison to 

heat tolerant plants. Heat susceptible plants in contrast to tolerant ones don’t have the 

capacity to produce enough matter to revamp leaf firing, and other vegetative and 

reproductive damages (Bai, 2003). Leaf firing has been considered a better indicator of heat 

tolerance than the shoot growth rate in maize (Levitt, 1980). Leaf chlorosis and leaf firing are 

the most evident heat susceptible phenotypes in maize at vegetative stage. Severe leaf firing 
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in plants causes reduction in leaf area suitable for photosynthesis and in this way hampers the 

development of yield relevant components, resulting in yield losses (Chen et al., 2010). 

Hybrid plants developed by crossing heat tolerant and susceptible parents exhibited no leaf 

firing and tassel blast implying that thermo-tolerance in maize is a dominant parameter (Chen 

et al., 2012).   

2.3.2.2. Plant height (PH) 

Tissue expansion, which determines the final plant height, takes place during pre-

anthesis stage. Heat stress prior to anthesis affects tissue expansion negatively causing an 

increase in plant height. However, pre-silking heat stress reduces plant height in maize 

(Cicchino et al., 2010). High temperature during stalk elongation period reduces the 

internodal length resulting in shorter plant height. Reductions in plant height and leaf size are 

the consequence of inadequate photosynthetic activity as an increase in respiration and 

decline in photosynthesis occurs under heat and drought stresses. Low temperature increases 

the cell wall inflexibility of lower internodes and limit cell expansion resulting in shortened 

internodes (Abendroth et al., 2011). These findings suggested that the shorter internodal 

length and plant height in maize are the complex traits whose real causes are difficult to 

determine due to the combined effects of different stresses (Monsanto, 2012). 

2.3.2.3. Ear leaf area (ELA) 

 Ear leaf area gives an indication of the size of the source. Reduction or decrease in 

the ear leaf area means cut-off in light interception and total source size for assimilates 

(Steduto, 1996). Tissue expansion and resultantly increase in leaf area occurs during the pre-

anthesis stage. Heat stress to maize crop during pre-anthesis increases the leaf area in 

contrast to pre-silking where leaf area is reduced. High temperature during pre-silking 

decreases the leaf area index in maize (Cicchino et al., 2010). Heat stress reduces the leaf 

area and also has drastic effects on growth and grain yield (Soutworth et al., 2000). There 

may be a reduction of upto 17-25% in grain yield with the detachment of the ear leaf (Subedi 

and Ma, 2005). Leaf emergence increases with the increase in ambient temperature while the 

maximum leaf area is observed at 27 °C day and 16°C night temperatures (Fortin et al., 

1994). Leaf area and leaf expansion rate (LER) during day time are the best determinants of 

heat tolerance at seedling stage (Karim et al., 2000). Stay green characteristic of leaf of 
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physiological maturity could be used as indirect selection criteria for improving the heat 

tolerance and grain yield in maize (Borrel et al., 2000).  

2.3.2.4. Days to tasseling (DTT) and silking (DTS)  

High temperature is documented to have adverse affects on the maize plant during 

vegetative period and development of reproductive organs such as tassel formation and 

flowering period, pollination and fertilization phases and pollen fertility (Saini and Aspinall, 

1982; Warrington and Kanemasu, 1983; Dupuis and Dumas, 1990; Ellis et al., 1992). Heat 

stress at vital maize developmental stages causes considerable grain yield losses (Lobell et 

al., 2011). The susceptibility of maize plant to high temperature increases after reaching V8 

or eight leaf stage (Chen et al., 2010). Initiation of tassel and anthesis starts early while silk 

emergence delays under heat stress. Temperature in the range of 38.2-42.6°C during anthesis 

and silking causes lower seed setting due to lesser and enviable pollen production and 

dispersal (Kaur et al., 2010). Heat stress increases pollen shedding, which reduces when the 

temperature reaches 30°C and affects pollen viability at 38°C. Hastening in pollen shedding 

and delay in silk appearance results in poor pollination and fertilization events (Nielsen, 

2010). Moderate heat stress at the start of the reproductive phase lowers the quantity of 

pollen production, rate of pollination, kernel setting and kernel weight, which contributes to 

yield losses significantly (Cheikh and Jones, 1994; Wilhelm et al., 1999). An increase of 1°C 

in temperature from the optimum requirement would result in 1-4% reduction in final yield 

(Shaw, 1983). Drought and heat occurring in combination during pollination phase can cause 

grain yield losses upto 100% (Heiniger, 2001). Maize crop generally starts to feel stress when 

the ambient temperature exceeds 35°C during pre and post anthesis periods, and grain filling 

phases in rain-fed environments (Steven et al., 2002; Ulukan, 2009).  

2.3.2.5. Anthesis-silking interval (ASI) 

Shorter gap or interval between anthesis and silking periods of maize is vital for 

achieving high grain yield. Anthesis-silking interval of upto 10 days may lead to per day 

reduction of 8.7% in yield (Bolanos and Edemeades, 1993). Heat stress during pre-silking 

stage increases the interval between anthesis and silking while its effects are more 

pronounced on silking date than the anthesis date (Cicchino et al., 2010). Under stress 

environments, shorter anthesis-silking interval and greater number of ears per plant 

determine higher yield in maize (Chapman et al., 1997). Anthesis-silking interval may be 
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used as indirect selection criteria for the genetic improvement of grain yield under water 

deficit conditions (Magorocosho et al., 2003). Anthesis-silking interval is also an important 

trait for determining the variation of grain yield in maize (Bolanos and Emeadeas, 1993). Ear 

and silk development is affected more than tassel growth if the stress occurs prior to anthesis 

which leads to increased anthesis-silking interval that causes undeveloped and unproductive 

kernels in maize. Due to this reason, negative association existed between anthesis-silking 

interval and kernel number (Edmeades et al., 1993; Bolaños and Edmeades, 1996). 

Synchronous flowering or minimum anthesis-silking interval may increase maize grain yield 

upto 144 kg ha-1 (Zaidi et al., 2013).  

2.3.2.6. Days to maturity (DTM) 

 The primary consequence of high temperature on maize plant is at the rate of its 

maturity. Heat stress speeds up or reduces the maturity period of maize crop which causes 

reduction in the time period for grain filling, resulting in lesser mean kernel weight (Graham 

et al., 2013). High temperature hampers the crop growth right from germination upto 

maturity due to effects on the time of water supply and other substances essential for plant 

development (Wanjura and Buxtor, 1972). Wheat under heat stress completes all of its 

growth stages earlier than the crop raised under normal ambient temperature (Fischer, 1985). 

With a decrease in duration of all crop stages, reduction in the number of days required for 

collecting assimilates and biomass production takes place. This ultimately influences the 

grain filling period and crop production severely (Fischer and Maurer, 1976; Wiegand and 

Cuellar, 1981; Nahar et al., 2010).    

2.3.3. Effects on yield and yield components 

2.3.3.1. Ear length (EL) and kernels per ear (KPE) 

 The extent to which kernels have developed on the whole ear refers to kernel settings 

in maize. An ear which is also called cob continues to develop irrespective of kernel setting. 

Partial kernel setting on the ear may be due to failure of fertilization or abortion of fertilized 

ovules due to higher temperature and drought stress. Silk desiccation and non-receptiveness 

also increases under heat stress, which causes poor pollen germination and seed setting. 

Usually kernels near the tip of cob are more vulnerable to abortion while aborted kernels are 

withered mostly white in color with yellow embryos evident inside. Tip kernels are normally 

last to be fertilized, therefore, weaker and more vulnerable to heat stress than the rest of the 
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kernels (Nielsen, 2013). Pollen viability decreases with increase in temperature affecting the 

setting of kernels per plant (Roy et al., 1995). Heat stress reduces the developmental period 

of kernels and may lead to kernel abortion. Heat caused disruption of hormonal balance and 

low levels of zeatin are the leading causes of poor kernel growth in maize. Abscisic acid 

plays an important role in the growth and firmness of maize kernels (Cheikh and Jones, 

1994). Higher levels of abscisic acid and cytokinins are required for the development of 

kernels under heat stress (Jones and Brenner, 1987; Cheikh and Jones, 1994). Both ear length 

and kernels per ear are linked to heat stress and have a strong association with grain yield 

(Noor et al., 2011).  

2.3.3.2. 100-grain weight (HGW) 

 High temperature forces the early plant physiological maturity and reduces the grain 

filling period and consequently average grain weight (Graham et al., 2013). Heat stress 

during flowering affects grain weight significantly in comparison to ears per plant and kernel 

rows per ear which are least affected at this stage (Noor, 2013). Heat stress during dough and 

dent grain filling stages cause reduction in grain size and grain weight due to premature 

formation of kernel black layer. Decrease in the photosynthetic leaf area, disease and insect 

pest attack at the start of the grain filling stage also contribute towards reduced grain weight. 

Heat stress will have no effect on final yield once the grain has attained physiological 

maturity in maize (Nielsen, 2013). Grain weight and grain numbers in wheat are vulnerable 

to heat stress as both decreases with increase in temperature (Ferris et al., 1998). High 

temperature induces various endospermic structural modifications and reduces starch 

biosynthesis and photosynthetic area (Hawker and Jenner, 1993; Perdomo et al., 1996). 

Changes in the composition of endosperm arise during cell division. Continuous heat stress 

for 4-6 days during grain filling in maize causes 40-75% reduction in kernel mass and 

increases the kernel absorption three to twelve folds, respectively (Commuri and Jones, 

1999).  

2.3.3.3. Grain yield per plant (GYPP) 

 In maize, grain yield per plant is the outcome of number of kernels and kernel weight, 

while kernel setting depends upon pollen numbers that fertilizes the silks. Heat stress during 

reproductive stage reduces the viable flowers per plant and interrupts the anthesis period 

resulting in reduced pollen availability. In this way, high temperature affects the final grain 
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yield by disrupting the pollination and fertilization organs and processes. High temperature 

hastens the plant growth resulting in decrease of the optimal plant development period and 

grain size. This accelerated phenological advancement also changes the timing of plant water 

demand. Early season temperature increase causes the early onset of reproductive phase, 

which results in a shortened maturity period and limited grain yield (Harrison et al., 2011). 

Maize grain yield reduces under heat stress due to adverse effects on the growth stage (Badu-

Apraku et al., 1983; Soutworth et al., 2000). For superior maize plant growth, optimum day 

and night temperatures ranged 25 to 32.8°C and 16.7 to 23.3°C, respectively. However, 

temperature in excess of 35°C negatively affects the plant development. High temperature 

stress around flowering and pollination-silking stages affect kernel setting and grain yield 

adversely in maize (Cicchino et al., 2010). During the reproductive stage of maize, 

temperature is usually higher than the optimum for superior grain yield (Cheikh and Jones, 

1994). Increase of every 1°C in optimum temperature of 25°C causes 3-4% reduction in 

maize yield alongwith 10% more irrigation requirements (Shaw, 1983; Erickson et al., 2011). 

Under optimal and rain-fed environmental conditions, reduction in grain yield by 1% occurs 

with every degree day spent over 30°C (Lobell et al., 2011). Heat stress during cob formation 

and grain filling period results in reduced grain yield per plant. Yield losses of 101 kg ha-1 

day-1 have been reported if the temperature persists to 35°C or above during anthesis and 

grain development. Availability of adequate soil moisture can mitigate the harmful effects of 

high temperature (37.8°C) to some extent (Smith, 1996). Heat stress causes poor seed setting 

and ultimately grain yield due to reduced pollen viability and silk receptivity (Hussain et al., 

2006). During grain development, rise in temperature from 22 to 28°C may cause yield 

losses upto 10% (Thompson, 1966). Early maturing varieties under heat stress yield higher 

due to the lower injury percentage, leaf temperature and days to flowering in comparison to 

late maturing varieties (Coskun et al., 2011). 

2.4. Breeding maize for heat stress tolerance 

2.4.1. Genetic potential  

 Any crop improvement program including heat tolerance depends largely upon the 

existence of genetic variation and selection of potential parents. Presence of variation in gene 

pool is the basis for genetic improvement of a crop against any biotic and abiotic factor. 

Genetic variability for heat tolerance has been reported in all the field crops, including 
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cotton, mung bean, tomato, rice, wheat and so on  (Collins et al., 1995; Farooq et al., 2011; 

Golam et al., 2012; Matsui and Omasa, 2002; Rehman et al., 2004). Potential variation in 

maize germplasm existed for drought and heat tolerance. Identification and classification of 

such variations are the most important steps in developing tolerant genotypes (Lu et al., 

2011). Khodarahmpour (2012) reported highest variation in maize plant traits like anthesis-

silking interval, kernels per row, kernels per ear and grain yield per plant under heat stress. 

Screening maize germplasm for tolerance to high temperature has so far been met with little 

success (Noor et al., 2011). Existence of genetic variation for most important yield relevant 

traits like kernels per row, cob length, ears per plant and for some other characters such as 

canopy temperature, internodal length and chlorophyll contents under heat stress conditions 

has the potential to be exploited as dependable secondary characters for screening against 

high temperature. The availability of genetic variation can be exploited through assortment 

and hybridization provided that the variability is achieved by the major genetic elements 

(Iqbal et al., 2010). Bai (2003) evaluated 179 recombinant inbred lines (RILs) derived from 

the cross B76 × B106 and reported significant differences among the genotypes for 

chlorophyll fluorescence, leaf firing and some other agronomic parameters. He also reported 

transgressive segregation for these traits. Tassawar et al. (2007) in line × tester mating design 

studied heat tolerance in maize and suggested that both parents and their crosses are 

photosensitive based on thermal units being utilized. They reported significant variation 

among the genotypes for seed vigor, field emergence, anthesis-silking interval (ASI), silk 

receptivity, seed setting, ears per plant, leaf senescence and days taken to maturity. Chen et 

al. (2012) identified heat tolerant maize phenotypes and used them to develop genetic 

material which exhibited improved tolerance against high temperature stress. Akbar et al. 

(2009) identified potential parents for heat tolerance in a screening experiment with 

significant differences among genotypes in morphological (plant height, kernels per ear, ears 

per plant, 100-kernel weight, grain yield and seed setting %age) and physiological (CMT, 

leaf osmotic potential, photosynthesis, stomatal conductance, transpiration rate, turgor 

potential and water potential) traits. Naveed et al. (2014) observed significant differences 

among the inbred lines for cell membrane thermo-stability and pollen related parameters like 

germination, viability, quantity, moisture percentage and pollen tube length which can be 

used for improving high temperature tolerance in promising maize genotypes. Rahman et al. 
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(2013) in a study involving maize hybrids reported varied genotypic responses for plant 

height, days to tasselling and silking, ear height, 1000-grain weight, shelling %age and grain 

yield under heat stress conditions.  

2.4.2. Selection criteria 

Plant breeding is the science of developing new genotypes suitable for different 

environments.  These environments may or may not be favorable for the development of 

these varieties. Heat stress, which affects the crop production and its quality significantly, 

may be one of those environments. Hence, breeding for high temperature tolerance may be 

an effective tool for overcoming current and future environmental effects produced by global 

climatic changes. The choosing of appropriate selection criteria is very important for crop 

improvement. Raising the crop in plastic tunnel or late sown conditions could simulate heat 

stress (Chen et al., 2000). They recommended kernel weight per spike and grain yield per 

plant as effective selection criteria in wheat breeding for thermo-tolerance. Various 

parameters related to morphology and physiology could be exploited for the screening of 

maize inbred lines against drought and heat stress at different plant growth stages (Mehdi et 

al., 2001; Akbar, 2008). Seedling emergence has been regarded as an important high 

temperature tolerance trait in semi-arid tropics (Noor, 2013). A whole plant response 

predominantly at reproductive phases such as flowering and seed setting to high temperature 

is more appropriate for screening against thermo-tolerance. Identification of potential parents 

is the first step in breeding for high temperature stress tolerance, however, the appropriate 

selection environment often not accessible (Ismail and Hall, 1999). Indirect selection 

strategies, therefore, may be employed to assess heat tolerance. Cell membrane thermo-

stability (CMT) has been used extensively in cereals for screening against drought and heat 

stress tolerance (Blum and Ebercon, 1981; Agari et al., 1995; Ibrahim and Quick, 2001). 

Relative cell injury percentage (RCI %age) which appraises the thermo-stability of cell 

membranes, may be used to determine heat tolerance in crop plants (Wahid et al., 2007; 

Azhar et al., 2009). Canopy temperature is another trait to look for heat tolerance, which 

gives an indication of transpirational cooling in crop plants. Higher transpiration rate lowers 

leaf temperature and improves stomatal conductance, ultimately contributing to net 

photosynthesis and crop span (Ham et al., 1991; Moller et al., 2007; Araus et al., 2008). 

Canopy temperature is a reliable and heritable parameter for assessing heat tolerance (Khan 
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et al., 2014). Stomatal conductance can be used to discriminate heat tolerant and sensitive 

genotypes. Higher the rate of stomatal conductance, greater will be the heat tolerance and 

resultantly yield (Khan et al., 2008). Under heat stress, anthesis-silking interval and ears per 

plant are the most visible and suitable characters in maize associated with grain yield 

(Gurung et al., 2010). Some researchers have suggested tassel blast as an indicator of heat 

sensitivity in maize under both field and glass-house conditions (Schoper et al., 1987; Chen 

et al., 2010; Cicchino et al., 2010). In thermo-sensitive maize genotypes, reduction in 

photosynthetic tissues, chlorophyll fluorescence, days to flowering, tassel branches, seed 

setting, grain yield and increase in leaf firing and tassel blast occurs suggesting that these are 

important traits for breeding heat tolerant maize plant (Bai, 2003; Hussain et al., 2006; Chen 

et al., 2010; Kaur et al., 2010). Certain indices such as geometric mean productivity (GMP), 

stress susceptibility index (SSI) and stress tolerance index (STI) can be effective in selecting 

thermo-tolerant maize inbred lines (Khodarahmpour et al., 2011). 

2.5. Heat tolerance mechanism 

Crop species vary in their responses to high temperature stress. A species native 

thermal range is very important in its tolerance ability. Plants resulting in irreversible yield 

losses at temperatures of 30-40oC are referred as heat sensitive while those above 40oC are 

said to be heat tolerant (Farrell, 2010). Plants adopt two types of mechanisms for countering 

high temperature stress. These include long term and short term mechanisms. Long term 

includes adaptations through pheno-morphological developments while short term involves 

acclimation or avoidance through changing membrane-lipid composition, transpiration 

cooling and altering leaf direction (Wahid et al., 2007). Acclimation to heat involves changes 

in carbon and light reactions, and respiration rate. In light, reactions in thylakoid membrane 

stabilize due to suitable modifications in lipid composition while in carbon reactions, Calvin 

cycle enhances due to increased Rubisco synthesis. Another factor in acclimation to heat is a 

reduction in cellular respiration which reduces disproportion between uptake and utilization 

of carbon. 

High temperature stress effects are noticeable at the level of plasma membrane and 

various biochemical pathways functioning in different organelles of plant cell (Sung et al., 

2003). Under stress, plasmalemma is affected primarily which exhibits increased membrane 

fluidity causing Ca+2 incursion and cyto-skeletal reformation. This leads to the production of 



21 

 

reactive oxygen species (ROS) and denaturation of proteins and membranes. Light and 

Calvin cycle reactions are responsible for the accretion of ROS during heat stress. 

Photosystem-II (PSII) is particularly susceptible to heat stress generating superoxide, 

hydroxyl oxides and hydrogen peroxide. However, enzymatic (antioxidant) and non-

enzymatic processes detoxify and limit the production of most damaging ROS species like 

singlet oxygen. Despite injury to some of the antioxidant processes, other cellular 

components are increased which can be regarded as constituents of thermo-tolerance 

response (Sharkey, 2005; Allakhverdiev et al., 2008). This heat tolerance adaptation strategy 

called the antioxidant defense mechanism (ADM) is associated with the acquirement of high 

temperature stress tolerance (Maestri et al., 2002).  

Maintaining membrane fluidity within a functional range is one way of conferring 

heat tolerance in plants. Membrane composition and fluidity are interlinked and driven by the 

extent of temperature. Fluidity and stability of membranes depend upon saturation nature and 

length of fatty acid chains alongwith level of sterol contents. An increase in the level of 

saturated or specific lipids reduces the membrane thermo-sensitivity (Larkindale and Huang 

2004; Farrell, 2010). For heat stress tolerance, genetic manipulations for the modifications in 

lipid composition have been reported in tobacco (Murakami et al., 2000) and soybean 

(Alfonso et al., 2001) crops. 

Induction of heat shock proteins (HSPs) is another mechanism strongly associated 

with high temperature tolerance. Different HSP families are produced in response to 

temperature going beyond the optimum level, which inhibits the expression of most genes.  

The expression of HSPs is the highest within 1-2 hours and ends after 6-8 hours of heat 

stress, which modifies the cell atmosphere suitable for continuing the transcription and 

translation of supplementary genes (Allakhverdiev et al., 2008; Farrell, 2010). Chaperonic 

function of several HSPs (HSP60 and HSP70) lessens the aggregation, mis-unfolding of 

other proteins thus shielding them from denaturation and maintaining their translation across 

the membranes. Some heat shock proteins keep the cell environment hygienic by removing 

the denatured proteins through the proteolytic action of ubiquitin. This property of keeping 

the cell free from possibly noxious proteinous aggregate has been considered a vital process 

of acclimation to thermo-tolerance (Larkindale et al., 2005). Furthermore, some other stress 
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related mechanisms (antioxidants, osmolytes) also interact with HSPs in countering high 

temperature stresses (Diamant et al., 2001; Panchuk et al., 2002). 

2.6. Genetics of heat stress tolerance 

Genetic crop improvement against stresses is one possible viable strategy for 

enhancing crop production in stressful conditions (Blum, 1988). Knowledge of the 

physiological processes and genetics of stress tolerance at cellular, molecular and whole 

plant level could play an important role in making significant progress in plant breeding. 

Breeding maize for heat tolerance is a complex phenomenon due to its multigenic nature and 

higher influence of the environment (Blum, 1988). Selection of plants under field conditions 

may be misleading due to changes in climate patterns and intensity. Further, stress tolerance 

in plants is stage specific as tolerance at one stage may not be correlated with other 

developmental stages. Therefore, dissecting the tolerance into genetic and physiological 

components may be an effective strategy in determining plant responses to heat stress and 

further development of plants with inbuilt tolerance throughout their life cycle (Wahid et al., 

2007). Understanding of the inheritance pattern of traits linked with heat tolerance is, 

therefore, a prerequisite for formulating effective breeding approaches. Useful selections for 

thermo-tolerance in maize require assessment of genetic material in varying environments 

due to its polygenic mode of inheritance (Bai, 2003; Noor, 2013).  

Ample literature is available on physiological and morphological traits in maize for 

heat stress tolerance (Smith, 1996; Steven et al., 2002; Sinsawat et al., 2004). However, very 

little information regarding genetic appraisal of these parameters has so far been reported. 

2.6.1. Leaf temperature (LT)  

Both additive and dominance genetic effects coupled with non-allelic interactions are 

reported in the inheritance of leaf temperature in maize under normal and stress conditions 

(Hussain et al., 2009; Iqbal, 2012; Wattoo et al., 2013). However, in cotton, only additive 

genetic effects are suggested for canopy temperature under high temperature stress (Khan et 

al., 2014).  

2.6.2. Cell membrane thermo-stability (CMT) 

Cellular thermo-stability is under the control of both additive and dominance gene 

actions (Saleem et al., 2015) while some researchers have reported only additive type of 

genetic effects in its inheritance in maize (Kumar and Sharma, 2007; Wattoo et al., 2013). 
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Akbar et al. (2009) reported involvement of non-additive type of gene action in the inheritance 

of this trait. 

2.6.3. Stomatal conductance (SC) 

Additive and non additive gene actions are involved in the expression of stomatal 

conductance in maize. Selection for altered leaf conductance improves the genetic gain by 

screening the genetic material late in the day and making repeated observations (Rebetzke et 

al., 2003; Akbar et al., 2009). 

2.6.4. Transpiration rate (TR) 

 Non-additive genetic effects are crucial than additive genetic effects in the inheritance 

of transpiration rate in maize under heat stress and normal conditions (Akbar et al., 2009). 

2.6.5. Leaf firing (LF) 

 Both additive and non-additive genetic effects are involved in the inheritance of leaf 

firing in maize (Kaur et al., 2010).  

2.6.6. Plant height (PH) 

Plant height is controlled by additive (Bukhari, 1986; Wu, 1987; Khalid, 1979; Saeed, 

1998), non-additive genetic effects (Akbar et al., 2009) or both (Tabassum et al., 2007). It 

may however be under the control of partially dominant gene action (Zia and Chaudhry, 

1980) or over dominant type of genetic effects (Siddiqui, 1988). 

2.6.7. Ear leaf area (ELA) 

 Additive genetic effects are predominant in the inheritance of leaf area in maize 

(Malik et al., 2004) in contrast to both additive and dominance types of gene action (Iqbal et 

al., 2012). It is governed by over dominance (Akbar et al., 2008) and partial dominance type 

of gene action (Khotyleva and Lemesh, 1994; Chohan et al., 2012). Additive with partial 

dominance genetic effects are engaged in its inheritance (Aslam et al., 2012). It may be under 

the control of epistatic gene interaction (Chen et al., 1996).  

2.6.8. Days to tasseling (DTT) and silking (DTS) 

Days to tasseling is governed by non-additive type of gene action (Akbar et al., 

2008). Both additive and dominance genetic effects are involved in inheritance of DTT 

(Naved, 1979). Some researchers have reported it under additive (Ramamurthy, 1980; Saeed, 

1998) and over dominance types of gene actions (Saleem et al., 2002).  
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For days to silking, additive and dominant types of gene actions alongwith non-allelic 

interactions are important in its inheritance (Naved, 1979). It is governed by over dominance 

(Dhillon et al., 1976; Karim, 1979) and additive genetic effects (Saeed, 1998; Akbar et al., 

2008). 

2.6.9. Anthesis-silking interval (ASI) 

Anthesis-silking interval is under the control of non-additive gene action (Afarinesh 

et al., 2005; Tassawar et al., 2007). Some researchers have suggested additive and 

dominance genetic effects crucial in anthesis-silking interval in maize (Bonaparte, 1977; 

Iqbal et al., 2012). Others reported over dominance (Akbar et al., 2008) and additive with 

partial dominance gene actions vital for this trait under heat stress (Khodarahmpour, 2011). It 

may also be under the control of additive gene action (Hai-qiu et al., 2003; Wattoo et al., 

2013). 

2.6.10. Days to maturity (DTM) 

Non-additive genetic effects are imperative in the inheritance of days to maturity in 

maize (Akbar et al., 2008). Both additive and dominant gene actions may govern this trait 

(Barati et al., 2004). Some researchers have revealed dominance (Sharma and Bhala, 1990; 

Tassawar et al., 2007) and additive types of genetic effects important for this trait (Iqbal et al., 

1991; Rana and Venod, 2001; Iqbal, 2012). Hussain et al. (2009) reported over dominance 

type of gene action, in contrast to Khodarahmpour (2011) who noticed additive with partial 

dominance genetic effects for this trait. 

2.6.11. Ear length (EL) 

Polygenic gene action is found in the inheritance of ear length (Xiao-ling et al., 

2001). It may be governed by additive (Chen et al., 1996; Ojo et al., 2007) and non-additive 

type of genetic effects (Kanagarasu, 2010). Both additive and dominant gene actions are 

important for this trait (Ahmed et al., 2000).  

2.6.12. Kernels per ear (KPE) 

Non-additive (Yanping and Yushen, 1987; Tabassum et al., 2007) and over dominance 

type of genetic effects (Saleem et al., 2002; Malik et al., 2004; Chohan et al., 2012) have 

been reported in the inheritance of kernels per ear in maize. Some earlier researchers 

suggested that kernels per ear may also be under the control of additive (Chen et al., 1996), 

and additive-dominance gene actions (Muraya et al., 2006).  
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2.6.13. 100-grain weight (HGW) 

Grain weight is under the control of additive (Ramamurthy, 1980; Khotyleva and 

Lemesh, 1994; Saeed, 1998) and non-additive genetic effects (Malik et al., 2004; Tabassum 

et al., 2007; Akbar et al., 2008; Kaur et al., 2010). Some researchers have reported over-

dominance type of gene action important for this trait (Bukhari, 1986; Siddiqui, 1988; 

Tabassum, 2004). It may also be under the control of both dominant and additive genetic 

effects (Naved, 1979; Wu, 1987).  

2.6.14. Grain yield per plant (GYPP) 

In maize, grain yield per plant may be governed by non-additive (Afarinesh et al., 

2005; Akbar et al., 2008; Kanagarasu, 2010) and additive type of genetic effects (Munir et 

al., 1977; Bawzir, 1983; Saeed, 1998; Ojo et al., 2007; Aslam et al., 2012) or both (Malvar 

et al., 1996; Yadav et al., 2003; Iqbal et al., 2007; Kaur et al., 2010; Wattoo et al., 2013). 

Some researchers have suggested involvement of over dominance (Malik, 1990; Bukhari, 

1986; Chen et al., 1996; Tabassum and Saleem, 2005) and additive with partial dominance 

type of gene action in the inheritance of grain yield (Khodarahmpour, 2011). Dominance 

gene effects are vital for grain yield in maize (Tassawar et al., 2007). 
The hybrid breeding approach may be useful for heat tolerance associated traits 

exhibiting non-additive or dominance gene action while selection may be effective for the 

parameters under the control of additive gene effects for developing synthetic cultivars.   

2.7. Heritability and genetic advance 

Both heritability and genetic advance are the vital selection parameters of any crop 

improvement programs. Heritability in broad sense (H2) is the measure of genotypic variance 

to phenotypic variance, whereas heritability in narrow sense (h2) is the appraisal of additive 

genetic variance to the phenotypic variance. Broad sense heritability is based on total genetic 

variance which comprises both fixable (additive) and non-fixable (dominance and epistatic) 

variances. Traits exhibiting higher estimates of broad sense heritability represent least 

influence of environment while lower values indicate higher environmental influence, 

therefore, selection would be inappropriate in these circumstances. In case of narrow sense 

heritability, characters with higher values are governed by additive genes and the selection 

aimed at crop improvement would be rewarding while characters with lower values are 
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governed by non-additive genes and hybrid breeding may be effective (Singh and Narayanan, 

1993).  

Genetic advance (GA) is the estimation of improvement in mean performance of 

selected individuals over the parental populations. It depends upon germplasm diversity, 

heritability and selection intensity. Higher estimates of genetic advance specify that the trait 

is under the control of additive genes and selection will be effective while lower values 

suggest that the character is under the control of non-additive gene action and heterosis 

breeding may be helpful in crop improvement programs. Simultaneous consideration of the 

estimates of heritability and genetic advance is supportive in predicting genetic gain under 

selection, therefore, more effective than heritability or genetic advance alone. Also, it is not 

mandatory that a trait with high heritability will also reveal high genetic advance (Johnson et 

al., 1955; Singh and Narayanan, 1993). 

Narrow sense heritability estimates for some morphological and physiological 

parameters in maize ranged 37% to 79% under normal and 26% to 78% under stressed 

conditions (Haq, 2014). Reasonably, high heritability values have been suggested for agro-

morphological parameters like grain yield (Hai-qiu et al., 2003; Bello et al., 2012), 100-grain 

weight (El-Hifny et al., 2003; Wattoo et al., 2013), kernels per ear (Bello et al., 2012), ear 

leaf area (Wattoo et al., 2013), plant height (Hussain et al., 2009; Chohan, 2012; Haq et al., 

2014), and anthesis-silking interval (Magorokosho et al., 2003). In contrast, some researchers 

have reported low estimates for plant height, leaf area, ear length, anthesis-silking interval, 

100-grain weight and grain yield (Chen et al., 1996; El-Hifny et al., 2003; Jiang et al., 2004; 

Edmeades et al., 2006; Tengan et al., 2012; Haq, 2014). Relatively low narrow sense 

heritability estimates for plant height and ear length suggests the importance for selecting 

superior genotypes in segregating breeding materials for the greater expression of genes 

controlling these traits (Tengan et al., 2012). Heritability estimates for anthesis-silking 

interval either remains stable or increases with an increase in stress intensity (Edmeades et 

al., 2006). Moderate to high estimates for heritability have been reported for cell membrane 

thermo-stability and leaf temperature in maize (Chohan, 2012; Wattoo et al., 2013; Haq, 

2014).  

Estimates of genetic advance are high for ear leaf area, kernels per ear and grain yield 

per plant, and low for plant height, days to tasseling, silking, maturity, anthesis-silking 
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interval, 100-grain weight, cell membrane thermo-stability and leaf temperature under stress 

conditions (Haq, 2014). High heritability coupled with high genetic advance estimates for 

various yield contributing traits have been reported and suggested for selection in maize 

(Najeeb et al., 2009; Mustafa et al., 2013). For the efficient improvement of any crop 

breeding programs, knowledge of the estimates of both heritability and genetic advance for 

various plant traits is essential.  

2.8. Correlation coefficients analysis 

Correlation coefficient analysis is used to estimate the trend and extent of association 

between two or more variables. From plant breeding point of view, correlation measures the 

mutual relationship between various plant traits and indicates the contributing parameters on 

which selection can be based for genetic improvement in yield. The directly observable 

association between two variables is called phenotypic correlation which varies under 

varying environmental conditions. On the other hand, a heritable association between two 

variables is referred as genotypic correlation which may be due to either linkage or 

pleiotropy or a combination of both (Singh and Narayanan, 1993). Pleiotropic gene action 

controls mainly the genotypic correlation (Falconer, 1989). Similarity in degree of 

correlation for two traits in parental and segregating populations is due to pleiotropic gene 

action. Any change in association between these populations for any two traits is most 

probably due to the linkage which may have been dissected causing rearrangement and the 

creation of new gene combinations. Linkage or pleiotropy may engage one desirable or one 

undesirable or both the desirable characters. In case of both the desirable characters, the pace 

of genetic improvement enhances and vice versa (Singh and Narayanan, 1993).  

In maize, positive and significant association of grain yield per plant has been 

revealed with plant height (Ahsan, 1999; Betran et al., 2003; Shakoor et al., 2007; Saleem et 

al., 2007; Akbar et al., 2008; Golbashy et al., 2012), leaf area  (Dudly, 1996; Khakim et al., 

1998; Yadav et al., 2003;  Malik et al., 2005; Ahsan et al., 2008), days to 50% tasseling 

(Orlyanskii et al., 1999; Mohan et al., 2002; Akbar, 2008), days to 50% silking (El-Saad et 

al., 1994; Rather et al., 1999; Saleem et al., 2007; Shakoor et al., 2007), anthesis-silking 

interval (Betran et al., 2003; Kamara et al., 2003; Cattivelli et al., 2008), days to maturity 

(Parh et al., 1986; Angelov, 1992; Bolanos and Edmeades, 1996; Mohan et al., 2002; Haq, 

2014), kernels per ear (Annapurna et al., 1998; Khatun et al., 1999; Malik et al., 2005; 
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Golbashy, 2012; Haq, 2014), ear length (Xiao-ling et al., 2001; Yadav et al., 2003, Haq, 

2014), and 100-grain weight (Parh et al., 1986; Kumar and Misra, 1995; Saleem et al., 2007; 

Akbar et al., 2008; Uddin et al., 2010; Amini et al., 2013). The association of grain yield 

may be negative with days to tasseling and days to silking (Bolanos and Edmeades, 1996; 

Malik et al., 2005). Traits like leaf firing, cell membrane thermo-stability, leaf temperature 

and transpiration rate have negative but significant association with grain yield (Aslam et al., 

1999; Akbar, 2008; Kaur et al., 2010; Tsimba et al., 2013; Haq, 2014). Increase in grain 

yield can be achieved by improving plant height and ear leaf area (Ahsan, 1999; Betran et al., 

2003). 100-grain weight has positive and significant correlation with plant height, ear leaf 

area, grains per plant, days to tasseling, silking and maturity (Parh et al., 1986; Saleem et al., 

2007; Akbar, 2008). Late flowering and delayed maturing genotypes have negative influence 

on grain yield in maize directly or indirectly under heat stress (Talbert et al., 2001; 

Venugopal et al., 2003; Ahmad and Saleem, 2003). A positive and significant correlation has 

been reported for kernels per plant with plant height, ear leaf area while negative with 100-

grain weight (Akbar, 2008). Indirect selection for kernel rows per ear would be effective in 

improving grain yield in maize (Singh et al., 1995). Ear leaf area is associated with plant 

height, kernels per plant and 100-grain weight positively and significantly (Akbar, 2008). 

Association among leaf temperature, days to silking and anthesis-silking interval (ASI) is 

positive and significant (Tollenaar et al., 1979; Tsimba et al., 2013). Correlation of cell 

membrane thermo-stability with stomatal conductance, transpiration rate, days to 50% 

tasseling, days to 50% maturity and leaf firing is negative and significant but with anthesis-

silking interval, it is positive and significant (Marcum, 1998; Akbar, 2008; Ning et al., 2013). 

Significant and positive association of cell membrane thermo-stability with anthesis-silking 

interval (ASI) suggested that genotypes with minimum ASI would be least affected by high 

temperature stress during reproductive stages (Akbar, 2008). Stomatal conductance is 

associated with transpiration rate positively and significantly (Akbar, 2008). Association of 

transpiration rate with days to tasseling, silking and maturity is positive and significant, 

statistically (Akbar, 2008). Therefore, selections based on visual observations for genotypes 

exhibiting non-significant phenotypic correlations would be ineffective. 
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Chapter 3 

Materials and Methods 

3.1. Experimental sites 

The experiments to explore the potential and genetics of heat tolerance in maize 

inbred lines were carried in the experimental areas of Department of Plant Breeding and 

Genetics, University of Agriculture, Faisalabad and Agronomic Research Station, AARI, 

Faisalabad, Pakistan during 2012-15. Geographically, the Faisalabad is located between 

31°26′N and 73°06′E with 184.4 m.a.s.l altitude. The climate of Faisalabad is arid with 

yearly average rainfall of 300 mm and extreme in nature with summer temperature reaching 

to 50°C and winter temperature falling as low as to -2°C.  

3.2. Collection of the genetic material 

One hundred (100) maize inbred lines were collected from various research 

organizations of Pakistan (Department of Plant Breeding and Genetics, University of 

Agriculture, Faisalabad, Maize Research Station, AARI, Faisalabad, and Maize and Millet 

Research Institute, Yousafwala, Sahiwal) and the International Maize and Wheat 

Improvement Center (CIMMYT), Mexico. The uniformity and purity of these inbred lines 

was maintained by planting during kharif, 2012 in the experimental field of Department of 

Plant Breeding and Genetics. List of the germplasm is given in Table 1.  

3.3. Screening of the plant material 

The experiments consisting of 100 inbred lines were sown concurrently on 20th 

February, 2013 in two sets being laid out in alpha lattice design with three replications. One 

set of crop was raised completely in the plastic tunnel while the other in open field 

conditions. Ten plants of each entry were planted in each replication by maintaining row-to-

row and plant-to-plant distances of 75 and 25 cm, respectively. All the recommended cultural 

practices of irrigation, fertilizer, insecticide were applied as and when required for both the 

experiments. The set of inbred lines sown in the plastic tunnel were exposed to high 

temperature stress by covering the tunnel with plastic sheet just before the onset of 

reproductive stage for two months (whole months of April and May).  Humidity inside the 

plastic tunnel was controlled by exhaust fans to avoid any possible disease attack. 
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Table 3.1. List of 100 maize inbred lines used for screening against heat stress tolerance. 

IL Name  Source IL Name Source IL Name Source 
1 F-128 MRS 34 Q-66 UAF 67 Y-54 MMRI 
2 F-187 MRS 35 Q-67 UAF 68 Y-81 MMRI 
3 F101-7-2-6  MRS 36 N-18 UAF 69 Y-91 MMRI 
4 F-160 MRS 37 N-48-94 UAF 70 Y-101 MMRI 
5 R-2304-2 MRS 38 PB-77 UAF 71 Y-52 MMRI 
6 F-110 MRS 39 PB-7-1 UAF 72 Y-93 MMRI 
7 F-189 MRS 40 52-B4 UAF 73 Y-42 MMRI 
8 F-122 MRS 41 53-AP1 UAF 74 Y-36 MMRI 
9 F-153 MRS 42 53-P4 UAF 75 Y-9 MMRI 
10 F-164 MRS 43 82-P1 UAF 76 Y-15 MMRI 
11 F-163 MRS 44 20-P2-1 UAF 77 Y-26 MMRI 
12 F-107 MRS 45 L5-1 UAF 78 Y-21 MMRI 
13 OH-8 UAF 46 L7-2 UAF 79 Y-18 MMRI 
14 OH-28 UAF 47 70-NO2-2 UAF 80 Y-11 MMRI 
15 OH-33-1 UAF 48 150-P1 UAF 81 Y-41 MMRI 
16 OH-41 UAF 49 150-P2-1 UAF 82 Y-63 MMRI 
17 OH-54-3A UAF 50 HY-7 UAF 83 Y-113 MMRI 
18 W-64-SP UAF 51 IC-654 UAF 84 Y-83 MMRI 
19 W-64-TMS UAF 52 JY-1 UAF 85 Y-53 MMRI 
20 WM-13-RA UAF 53 UM-2 UAF 86 Y-89 MMRI 
21 WF-9 UAF 54 Q-88 UAF 87 VL-106  CIMMYT 
22 WFTMS UAF 55 A-427-2 UAF 88 ZL-11376 CIMMYT 
23 W-187-R UAF 56 A-495 UAF 89 ZL-11271 CIMMYT 
24 W-10 UAF 57 A-509 UAF 90 VL-1012835  CIMMYT 
25 WA-3748 UAF 58 A-521-1 UAF 91 VL-1032  CIMMYT 
26 W-82-3 UAF 59 M-14 UAF 92 VL-1033  CIMMYT 
27 K-55-TMS UAF 60 A50-2 UAF 93 VL-108496  CIMMYT 
28 G.P.F-9 UAF 61 A-239 UAF 94 VL0512386  CIMMYT 
29 USSR-40 UAF 62 A-545 UAF 95 VL-109084  CIMMYT 
30 USSR-150 UAF 63 A-556 UAF 96 VL-1029  CIMMYT 
31 B-34 UAF 64 A-638 UAF 97 VL-0512420  CIMMYT 
32 B-34-2B UAF 65 AES-204 UAF 98 ZL111008  CIMMYT 
33 B-42 UAF 66 Antigua-1 UAF 99 VL107657  CIMMYT 
      100 ZL-111040 CIMMYT 
IL = Inbred line; MRS = Maize Research Station, Faisalabad, Pakistan; MMRI= Maize and 
Millet Research Institute, Yousafwala, Sahiwal, Pakistan; CIMMYT = International Maize 
and Wheat Improvement Center, Mexico. 

 
Table 3.2. Raising of Parents, their hybrids and development of segregating materials. 

P1 P2 F1 F2 BC1 BC2 
ZL-11271 R-2304-2 ZL-11271 × R-2304-2 Selfing of F1 F1 × ZL-11271 F1 × R-2304-2 
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Temperature inside and outside the tunnel was recorded on daily basis (appendix 9). 

For physiological traits, data was recorded from fully expanded upper most leaves before the 

onset of reproductive stage while yield and its relevant traits were measured at plant 

maturity. Five guarded plants in each replication of each set were selected for measuring the 

following traits during the screening phase; 

1. Leaf temperature (°C) 

2. Cell membrane thermo-stability 

3. Stomatal conductance (S cm-1)  

4. Transpiration rate (µg cm-2 S-1) 

5. Leaf firing (%age) 

6. Kernels per ear  

7. 100-grain weight (g) 

8. Grain yield per plant (g)  

3.4. Procedure for assessing heat tolerance 

A procedure holds a key in assessing varied genotypic responses and further 

discriminating superior inbred lines for heat tolerance. Assessment on the basis of absolute 

performance is one approach which had been used previously by various researchers for the 

identification of stress tolerant and susceptible genotypes (Azhar et al., 2005; Akhter et al., 

2007; Iqbal et al., 2011; Khan, 2014). Use of heat tolerance indices such as relative tolerance 

is another methodology which had been widely exploited in the study of stresses such as 

drought, heat, heavy metals and salt tolerance in crop plants (McNeilly, 1968; Ashraf et al., 

1986; Azhar et al., 2009; Iqbal et al., 2010; Khan, 2014). Relative heat tolerance (RHT) in 

the current research work on maize was determined by using the following formula; 

RHT% = Average performance of a genotype under heat stress

Average performance of a genotype under normal conditions
 × 100 

3.5. Statistical analysis 

 Data of absolute and relative heat tolerance indices for leaf temperature, cell 

membrane thermo-stability, stomatal conductance, transpiration rate, leaf firing, kernels per 

ear, 100-grain weight and grain yield per plant were subjected to statistical analysis of 

variance technique to find out significant differences among the maize inbred lines (Steel et al., 

1997). 
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3.6. Selection of the parents 

 One hundred (100) maize inbred lines were compared on the basis of leaf 

temperature, cell membrane thermo-stability, stomatal conductance, transpiration rate, leaf 

firing, kernels per ear, 100-grain weight and grain yield per plant. Based on the absolute and 

relative performances of inbred lines, two contrasting parents i.e. one tolerant (ZL-11271) 

and one susceptible (R-2304-2) inbred line was identified to investigate the genetic basis of 

heat tolerance and some yield components in maize. 

3.7. Hybridization and development of the breeding material 

During kharif 2013, both tolerant and susceptible parents were sown under normal 

field conditions and crosses were attempted to obtain F1 seed. The F1 seed along with parents 

were grown in field during spring and kharif seasons of 2014. Some F1 plants were advanced 

to F2 by selfing while a few F1 plants were crossed with P1 and P2 to develop BC1 and BC2, 

respectively. 

3.8. Evaluation of the genetic material 

     During spring 2015, two sets each comprising same six basic generations i.e. P1, P2, 

F1, F2, BC1 and BC2 were planted simultaneously in plastic tunnel and under field conditions 

in factorial randomized complete block design with three replications. Experimental 

methodology followed were the same as in screening experiment. Ten guarded plants were 

selected randomly in P1, P2 and F1 generations in each replication from both the treatments. 

However in BC1 and BC2, 20 guarded plants while in F2 generation, 50 plants were selected 

randomly in each replication under normal and heat stress treatments for recording the 

observations.  

3.9. Methodologies followed for recording the traits 

The trait wise methodologies followed in the screening and evaluation experiments 

for the measurement of heat and yield relevant parameters are described here in detail. Data 

recorded was averaged for each trait before use for further analysis.  

3.9.1. Leaf temperature (°C) 

It was measured from fully exposed three leaves of selected plants between 13.00 to 

15.00 hours by using infra-red thermometer (Model RAYPRM 30). In the screening phase, 

five plants of each inbred line were measured, while in evaluation phase, observations were 
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recorded from 10, 20 and 50 selected plants of non-segregating generations (P1, P2 & F1), 

backcrosses (BC1 & BC2) and segregating generation (F2) respectively.  

3.9.2. Cell membrane thermo-stability 

It was measured for both normal (field) and plastic tunnel experiments by following 

the procedure described by Sullivan (1972). Using punch machine, round leaf discs of 0.75 

cm in diameter were made after removing completely expanded upper most leaves. In two 

sets of 50 ml glass tubes, 10 leaf discs were taken and washed slowly with de-ionized 

distilled water by changing it three times to remove surface adhered electrolytes. Then glass 

tubes were filled upto 10 ml of distilled water inorder to submerge the washed leaf discs. Of 

the two sets, one set of test tube was placed in water bath at 45°C for 1 hour. Then both the 

sets were exposed to 22 °C temperature in an air conditioned room for an overnight. Very 

next day, electric conductivity of each test tube sample was recorded with the help of LF 538 

EC meter after shaking it well. Then to kill the leaf tissues, both sets of test tube samples 

were autoclaved at 121°C temperature for 15 minutes at 15 Ibs pressure which were allowed 

over night to cool down to 22°C temperature. Subsequently, electrical conductivity was 

recorded for the 2nd time. Under stress, the extent of membrane integrity permits a measure 

of membrane stability to electrolyte leakage. Relative cell injury percentage (RCI%) as an 

appraisal of cell membrane thermo-stability was worked out by using 1st and 2nd electrical 

conductivity readings and the following formula;  

RCI% = [1- {1- (T1 / T2)} / {1- (C1 / C2)}] × 100 

Where,  

T & C indicate electrical conductivity (EC) of heat treated and controlled sets of test 

tube, and subscripts 1 & 2 refer to 1st and 2nd EC readings, respectively. 

3.9.3. Stomatal conductance (S cm-1)  

It is reciprocal to diffusible resistance which was measured by using porometer (Li 

Cor Steady State, Model Li 1600). Before use, it was accustomed to existing environmental 

conditions using null gain adjustment (NGA).  

3.9.4. Transpiration rate (µg cm-2 S-1) 

Transpiration rate was recorded with the help of porometer (Steady State Li Cor 

Model L1-1600) which was adjusted to existing environmental conditions with prevailed 

temperature and light quantum using null gain adjustment (NGA) procedure.  
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3.9.5. Leaf firing (%age) 

Plant leaves showing heat burnt symptoms were scored for each entry and leaf firing 

percentage was worked out using the formula (Bai, 2003); 

LF% = No. of plants with leaf firing symptoms

Total no. of plants
 × 100 

3.9.6. Plant height (cm) 

Plant height was measured for each plant from the base of the stem to the tip of the 

tassel following the procedure described by Guzman and Lamkey (2000). It was recorded in 

cm with the help of the meter rod.  

3.9.7. Ear leaf area (cm2) 

It was recorded with the help of leaf area meter (Model CI-203 CID, Inc. USA). 

Leaves were collected from randomly selected plants of each entry in each treatment for the 

measurement of ear leaf area. 

3.9.8. Days to tasseling (DTT)  

These were counted from the date of sowing to the date of tassel emergence (at least 

50% plants) of an inbred line in a treatment. It indicates the vegetative period of an inbred or 

hybrid genotype. A plant was considered to have started anthesis at the appearance of only 

single extruded anther.  

3.9.9. Days to silking (DTS) 

These were counted from the date of sowing to the date of initiation of silking (at 

least 50% plants) of a genotype in a treatment. A plant was regarded on silking stage at the 

appearance of only one silk. 

3.9.10. Anthesis-silking interval (ASI) 

Anthesis-silking interval days were obtained by deducting days taken to 50% 

tasseling from the days taken to 50% silking.  

3.9.11. Days to maturity (DTM) 

These were worked out from the date of planting to date where at least 90% plants 

reached physiological maturity.  

3.9.12. Ear length (cm) 

The length of the ears from the selected plants was measured in cm with the help of 

measuring tape (Stanley Fat, Model 33-725).  
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3.9.13. Kernels per ear (KPE) 

Kernels harvested from each ear of each selected plant were counted separately and 

the average was determined thereafter. 

3.9.14. 100-grain weight (g) 

Three samples each comprising randomly selected 100 grains from the produce of 

each selected plant were weighed in grams with the help of an electronic balance (Adam, 

Model NBL 12001e). Then the average was worked out for each entry. 

3.9.15. Grain yield per plant (g) 

It was estimated by weighing the total produce (grains) of the selected plants of each 

entry using an electronic balance (Adam, Model NBL 12001e). The data was averaged for 

each entry for further use. 

3.10. Biometrical analyses 

Generation mean and variance analysis technique was utilized to estimate genetic effects 

and the components of genetic variance (Mather and Jinks, 1982). Standard error (SE) of 

generation means was computed by performing a nested analysis of variance (Snedecor and 

Cochran, 1989). Correlation coefficients were computed to determine the direction and 

magnitude of association among various traits (Kwon and Torrie, 1964). Broad sense 

heritability (Weber and Moorthy, 1952), narrow sense heritability (Mather and Jinks, 1982) 

and genetic advance (Falconer and Mackay, 1996) were also worked out to develop the 

selection criteria.  

3.10.1. Generation means analysis (GMA) 

The coefficients used for dissecting sum of squares (SS) of six basic generations were 

generated following the procedure described by Little and Hills (1978).  

 
Table 3.3. Coefficients for dissecting sum of squares among six generations into 

orthogonal contrasts. 
Comparisons P1 P2 F1 F2 BC1 BC2 
P1 vs P2 1 -1 0 0 0 0 
P’S vs F1 1 1 -2 0 0 0 
BC1 vs BC2 0 0 0 0 1 -1 
F2 vs BC’S 0 0 0 2 -1 -1 
P’S, F1 vs BC’S, F2 1 1 1 -1 -1 -1 

 
For these comparisons, sum of squares were estimated using the following formula; 
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Sum of square = 
(∑ciYi)

2

r∑ci
2�  

Where, 
∑ = Summation 
ci = Comparisons coefficients 
r  = Replications 
Y i = Generation totals 
 
The genetic basis of variation for heat tolerance in maize was studied by analyzing 

the data on the six basic generations (P1, P2, F1, BC1, BC2, and F2) raised under normal and 

heat stress conditions. The generation mean analysis (GMA) was performed using Mather 

and Jinks (1982) procedure. Means and variances of the parents, BC1, BC2, F1 and F2 

generations used in the analysis were calculated from individual plant data pooled over 

replications.  

 

Table 3.4. Coefficients of genetic effects for weighted least squares analysis of 
generation means. 

Generations m [d] [h] [i] [j] [l] 
P1 1  1.00 0.00 1.00 0.00 0.00 
P2 1 -1.00 0.00 1.00 0.00 0.00 
F1 1  0.00 1.00 0.00 0.00 1.00 
F2 1  0.00 0.50 0.00 0.00 0.25 
BC1 1  0.50 0.50 0.25  0.25 0.25 
BC2 1 -0.50 0.50 0.25 -0.25 0.25 

 

A weighted least square analysis was also performed on generation means beginning 

with the simplest model using parameter m only (Mather and Jinks, 1982). Further models of 

increasing complexity (md, mdh, etc.) were fitted. The best fit model was selected when the 

estimate of χ2 was non-significant with all significant parameters.  

3.10.2. Analysis of components of genetic variances 

 A weighted least squares analysis of variances was performed as described by Mather 

and Jinks (1982). The data of the experiment containing six generations (parents, F1, F2, BC1 

and BC2) was analyzed using a computer programme supplied by Dr. H.S. Pooni, University 

of Birmingham. The coefficients of genetic components of generation variances are 

presented in Table 3.5. Models incorporating E, (D and E), (D, H and E), (D, F and E), (D, 

H, F and E) were tried. The best fit model was selected when χ2 was non-significant with all 

significant parameters. 
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Table 3.5. Coefficients of genetic variance components for weighted least square 
analysis of generation variances.  

Generations D H F E 
P1 0.00 0.00  0.00 1 
P2 0.00 0.00  0.00 1 
F1 0.00 0.00  0.00 1 
F2 0.50 0.25  0.00 1 
BC1 0.25 0.25 -0.50 1 
BC2 0.25 0.25  0.50 1 

D = Additive; H = Dominance; F = Interaction of additive-dominance; E = Environmental 
 
3.10.3. Heritability 

3.10.3.1. Broad sense heritability (H2) 

Estimates of the broad sense heritability for all the characters under both normal and 

heat stress conditions were worked out using the variances of parents (P1, P2), F1 and F2 

generations according to the procedure given by Weber and Moorthy (1952). 

3.10.3.2. Narrow sense heritability (h2) 

Estimates of narrow sense heritability for all the characters in F2 generation under 

both normal and heat stress conditions were calculated by using the variances 

of F2 generations and backcrosses according to the procedure given by Warner (1952). 

When the simple DE model fitted the data;  

h²F2 = 0.5D / (0.5D + E) 

When the DHE model fitted the data; 

h²F2 = 0.5D / (0.5D + 0.25H + E) 

Narrow sense heritability for F∞ generation was also computed using the formula 

given by Mather and Jinks (1982). 

h2 
(F∞) = D / D + E 

3.10.4. Genetic advance  

Genetic advance as percent of mean (GAM%) was determined from genetic advance 

(GA) expressed as a percentage of the population mean (Allard, 1960) for all the characters 

under study. Expected genetic advance in the next generation was worked out using the 

formula given by Falconer and Mackay (1996); 

G.A = K × δp × h2
n 

Where, 

K = Selection differential (2.06 at 5% selection intensity) 
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δp = Standard deviation of phenotypic variance of the population under selection 
h2 = heritability estimates in fraction of the trait under study 
 

3.10.5. Correlations analysis 

Genotypic (rg) and phenotypic (rp) correlation coefficients among various plant traits 

were determined using the procedure described by Known and Torrie (1964). 
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Chapter 4 

Results and Discussion 

4.1. Screening for heat stress tolerance 

 One hundred maize inbred lines collected from various research organizations were 

assessed for leaf temperature, cell membrane thermo-stability, stomatal conductance, 

transpiration rate, leaf firing, kernels per ear, 100-grain weight and grain yield per plant. The 

research material was planted both under normal and heat stress conditions. Minimum and 

maximum temperatures recorded during the screening experiments are presented in appendix 

9. Trait wise analysis of variance and mean performance of each inbred line under the 

contrasting environments were described as follows; 

4.1.1. Appraisal on the basis of leaf temperature (LT) 

 Assessment based on the absolute performances under the contrasting environments 

(normal and heat stress) has previously been used for heat and drought tolerance studies in 

maize and other crops like cotton (Akhtar et al., 2008; Iqbal et al., 2010; Haq, 2014; Khan, 

2014). In the present studies, this criterion was employed to access 100 maize inbred lines for 

heat stresss tolerance. 

 Analysis of variance for leaf temperature indicated statistically highly significant 

differences (P≤0.01) among the inbred lines and temperature treatments under which the 

experiments were conducted. High significant (P≤0.01) interaction of genotype-temperature 

(G×T) suggested that 100 maize inbred lines responded distinctly to the contrasting normal 

and heat stress environments (Table 4.1). Mean performances of the tested genetic material 

in normal (NC) and heat stress (HS) conditions are given in appendix 1. Tukey test classified 

the 100 maize inbred lines into 13 and 19 homogenous groups under heat stress and normal 

conditions respectively which also suggested the variation in the genotypic responses under 

the contrasting environments. Under heat stress environment, the highest leaf temperatures 

were recorded for inbred lines 5 (35.73), 33 (35.53) and 36 (35.23) while lowest for inbred 

lines 89 (29.53), 53 (30.23) and 50 (32.23). Under normal conditions, the maximum leaf 

temperature was indicated for inbred lines 5 (41.04), 4 (39.65) and 26 (39.63) while 

minimum was found for inbred lines 89 (31.33), 53 (33.13) and 62 (34.83). Inbred lines with 

high leaf temperatures were regarded as heat susceptible while the inbred lines
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Table 4.1. Mean squares acquired from pooled analysis of variance of 100 maize inbred 
lines characterized for eight plant traits grown under normal and heat 
stress conditions  

Traits Replications 

(df = 2) 

Genotypes (G) 

(df = 99) 

Temperatures (T) 

(df = 1) 

G × T 

(df = 99) 

Error 

(df = 398) 

LT 9.790 6.300** 2626.620** 0.650** 0.140 

CMT 127.650 1035.200** 8233.100** 7.990** 1.790 

SC 0.001 0.040** 54.905** 0.026** 0.0001 

TR 0.320 2.190** 3459.490** 0.030** 0.010 

LF 102.200 117.800** 74642.700** 66.300** 1.800 

KPE 3785.000 11154.000** 838359.000** 641.000** 62.000 

HGW 17.391 11.733** 307.071** 3.014** 0.274 

GYPP 757.7 609.300** 81739.500** 105.300** 20.200 

 

 

Table 4.2. Mean squares of relative heat tolerance for eight plant traits accessed in 100 
maize inbred lines 

Traits Replications 

(df = 2) 

Genotypes (G) 

(df = 99) 

Error 

(df = 198) 

LT 0.317 7.119** 0.273 

CMT 23.281 10.309** 2.504 

SC 4128.710 3717.580** 751.91 

TR 44807.000 201539.0** 3471 

LF 18770.600 8529.900** 759.5 

KPE 176.051 152.630** 15.416 

HGW 9.592 150.639** 1.896 

GYPP 744.927 243.850** 32.198 

 
** = Significant at P≤0.01 
LT = Leaf temperature; CMT = Cell membrane thermo-stability; SC = Stomatal 
conductance; TR = Transpiration rate; LF = Leaf firing (%age); KPE = Kernels per ear; 
HGW = 100-grain weight; GYPP = Grain yield per plant 
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 Fig. 4.1. Matrix plot of leaf temperature (LT) under heat stress vs normal conditions 
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with lowest estimates were classified as heat tolerant.  

The estimates of leaf temperature for all the inbred lines were greater under normal 

conditions in comparison to heat stress environments (Fig. 4.1). This may b due to the 

inhibition or reduction in transpiration rate under normal conditions (Siddique et al., 2000; 

Akbar, 2008). 

 Heat tolerance and susceptibility can also be assessed by means of relative heat 

tolerance as has been practiced by earlier researchers in cotton (Akhtar et al., 2008; Khan, 

2014) and wheat (Farooq, 2010). Therefore in the present research work, relative genotypic 

heat tolerance was determined on the basis of absolute values of leaf temperature (appendix 

1). Mean squares of leaf temperature for relative heat tolerance suggested highly significant 

differences (P≤0.01) among the maize inbred lines under study (Table 4.2). Appendix 1 

revealed that the relative heat tolerance discriminated inbred lines 89 (94.26), 62 (93.40) and 

24 (92.77) with the highest estimates as heat tolerant while inbred lines 5 (87.06), 91 (87.12) 

and 80 (87.13) with lowest values as heat susceptible. 

4.1.2. Appraisal on the basis of cell membrane thermo-stability (CMT) 

Analysis of variance for cell membrane thermo-stability revealed statistically highly 

significant differences (P≤0.01) among the inbred lines under study and the temperature 

regimes under which the experiments were executed. Highly significant (P≤0.01) interaction 

of genotype-temperature (G×T) suggested that the responses of 100 inbred lines for the cell 

membrane thermo-stability varied under both normal and heat stress environments (Table 

4.1). Mean performances of all the inbred lines under normal (NC) and heat stress (HS) 

conditions are presented in appendix 2. Tukey test categorized the 100 maize inbred lines 

into 44 and 45 homogenous groups for cell membrane thermo-stability under heat stress and 

normal conditions respectively which also suggested the variation in the genotypic responses 

under the contrasting environments. Under heat stress environment, the estimates of cell 

membrane thermo-stability were minimum for the inbred lines 89 (26.67), 53 (27.77) and 88 

(30.07) while maximum for inbred lines 5 (77.15), 98 (76.77) and 58 (75.77). Under normal 

conditions, the lowest cell membrane thermo-stability was recorded for maize inbred lines 89 

(29.07), 53 (31.07) and 88 (33.47) while highest was recorded for inbred lines 5 (91.57), 98 

(87.07) and 57 (84.07). Inbred lines with higher estimates of cell membrane thermo-stability 

were classified as heat susceptible while the inbred lines with lowest values were
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Fig. 4.2. Matrix plot of cell membrane thermo-stability (CMT) under heat stress vs normal 

conditions
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discriminated as heat tolerant. Mean estimates of cell membrane thermo-stability for all the 

inbred lines under heat stress were lesser in comparison to normal conditions (Fig. 4.2). This 

may be due to inhibition or reduced transpiration rate under normal conditions (Akbar, 

2008). CMT is an important parameter of heat tolerance in plants which estimates the injury 

at the cellular level (Ristic et al., 1998). Heat stress impairs the membrane organization, its 

functions and viability due to leakage of cell solutes and other substances (Nagarajan et al., 

2005). Reduction in cell membrane thermo-stability with increased electrolyte leakage has 

been extensively used as an indirect selection measure in barley, cotton, cowpeas, potato, 

sorghum, soybean, tomato and wheat (Martineau et al., 1979; Chen et al., 1982; Ashraf et al., 

1994; Perdomo et al., 1996; Marcum, 1998; Ismail and Hall, 1999; Blum et al., 2001; Wahid 

and Shabbir, 2005). 

The details regarding relative heat tolerance of 100 maize inbred lines based on cell 

membrane thermo-stability is given in appendix 2. Relative genotypic heat tolerance levels 

determined from the absolute values of cell membrane thermo-stability were used for the 

analysis of variance. Mean squares obtained suggested highly significant differences 

(P≤0.01) among all the inbred lines studied (Table 4.2). Results suggested that the inbred 

lines 5 (84.25), 46 (84.33) and 86 (84.46) with lowest relative estimates were heat susceptible 

while maize inbred lines 89 (91.74), 93 (91.08) and 43 (90.92) with higher relative ratios 

were heat tolerant. 

4.1.3. Appraisal on the basis of stomatal conductance (SC) 

 Analysis of variance for stomatal conductance suggested statistically highly 

significant differences (P≤0.01) among the inbred lines and temperature regimes under which 

the experiments were conducted. Highly significant (P≤0.01) interaction of genotype-

temperature (G×T) suggested that 100 maize inbred lines exhibited variation in stomatal 

conductance under normal and heat stress environments (Table 4.1). Mean performances of 

the tested germplasm under normal (NC) and heat stress (HS) conditions is given in appendix 

3. Tukey test categorized the 100 maize inbred lines into 43 and 40 homogenous groups 

under heat stress and normal conditions respectively which also indicated the presence of 

variation in the genotypic responses under the contrasting environments. Under heat stress 

environment, the estimates of stomatal conductance recorded were minimum for maize
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Fig. 4.3. Matrix plot of stomatal conductance (SC) under heat stress vs normal conditions
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inbred lines 5 (0.319), 37 (0.360) and 97 (0.381) while maximum for inbred lines 89 (0.962), 

53 (0.900) and 27 (0.862). Under normal conditions, the lowest stomatal conductance was 

revealed for inbred lines 5 (0.038), 37 (0.042) and 97 (0.042) while highest was recorded for 

inbred lines 89 (0.101), 53 (0.100) and 88 (0.097). Inbred lines with high stomatal 

conductance were regarded as heat tolerant while the entries with lowest estimates were 

classified as heat susceptible. Stomatal conductance under heat stress was greater in 

comparison to normal conditions (Fig. 4.3). Stomatal conductance is maximum at an 

optimum temperature of 20-30°C, however, extremely low (5°C) or higher temperatures 

(45°C) influence it severely (Baldocchi, 2005; Naveed et al., 2014). Heat stress increases the 

transpiration rate and lowers the moisture level which directly affect stomatal conductance, 

net photosynthetic rate and chlorophyll contents (Morales et al., 2003; Akbar, 2008). 

 The details regarding relative heat tolerance based on stomatal conductance for 100 

inbred lines are given in appendix 3. Relative genotypic heat tolerance determined for 

stomatal conductance was used for the analysis of variance. Mean squares obtained indicated 

highly significant differences (P≤0.01) among the inbred lines (Table 4.2). Results suggested 

that the relative heat tolerance discriminated maize inbred lines 5 (832.2), 48 (832.4) and 96 

(832.4) with lowest values as heat susceptible while entries 59 (949.8), 89 (949.7) and 18 

(949.2) with highest estimates as heat tolerant. 

4.1.4. Appraisal on the basis of transpiration rate (TR) 

 Analysis of variance for transpiration rate suggested statistically highly significant 

differences (P≤0.01) among the inbred lines studied and the temperature treatments under 

which the experiments were conducted. Highly significant (P≤0.01) interaction of genotype-

temperature (G×T) suggested that the responses of 100 inbred lines for the transpiration rate 

were different under both normal and heat stress environments (Table 4.1). Mean 

performances of all the inbred lines under normal (NC) and heat stress (HS) conditions are 

presented in appendix 4. Tukey test categorized the 100 maize inbred lines into 37 and 34 

homogenous groups for transpiration rate under heat stress and normal conditions 

respectively which also indicated the existence of differences in the genotypic responses 

under the varying environmental conditions. Under heat stress environment, the estimates of 

transpiration rate recorded were minimum for inbred lines 5 (5.014), 98 (5.243) and 37 
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Fig. 4.4. Matrix plot of transpiration rate (TR) under heat stress vs normal conditions
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(5.247) while maximum for inbred lines 53 (7.866), 62 (7.693) and 89 (7.633). Under normal 

conditions, the lowest transpiration rate was revealed for inbred lines 5 (0.384), 98 (0.452) 

and 37 (0.458) while highest for inbred lines 89 (3.316), 53 (3.073) and 88 (2.890). Inbred 

lines with higher rate of transpiration were classified as heat tolerant while the entries with 

lowest transpiration rate were said as heat susceptible. Rate of transpiration under heat stress 

was greater in comparison to normal conditions (Fig. 4.4). High temperature stress enhances 

the transpiration rate due to widening of gap in temperature between leaf surface and its 

surrounding environment (Daubenmire, 1974). Transpiration rate increases under heat stress 

as photosynthetic and respiration processes are obstructed due to disturbances in absorption 

and diffusion of water and other substances by the biological membranes causing stomatal 

closure and tissue moisture loss (Tsukaguchi et al., 2003; Taiz and Zeiger, 2006; Wahid et 

al., 2007).  

Relative heat tolerance based on transpiration rate is given in appendix 4. Relative 

genotypic ratios determined for transpiration rate were used for the analysis of variance. 

Mean squares obtained suggested highly significant differences (P≤0.01) among the maize 

inbred lines (Table 4.2). Results of relative heat tolerance revealed that the inbred lines 89 

(230.2), 53 (256.0) and 88 (258.9) were heat tolerant while inbred lines 5 (1304.5), 98 

(1159.2) and 97 (1153.7) were heat susceptible. 

4.1.5. Appraisal on the basis of leaf firing (LF %age)  

Analysis of variance for leaf firing suggested statistically highly significant 

differences (P≤0.01) among the inbred lines being investigated and the temperature 

treatments under which the experiments were carried out. Highly significant (P≤0.01) 

interaction of genotype-temperature (G×T) suggested that the 100 inbred lines responded 

differently to leaf firing under both normal and heat stress environments (Table 4.1). Mean 

performances of all the inbred lines under normal (NC) and heat stress (HS) environments 

are given in appendix 5. Tukey test categorized the 100 maize inbred lines into 46 and 5 

homogenous groups for leaf firing under heat stress and normal conditions respectively 

which also revealed the existence of variation in the genotypic responses under the varying 

environments. Under normal conditions, the estimates of leaf firing (%age) recorded were 

least for the inbred lines 89 (2.5%), 53 (8.7%) and 55 (17.9%) while highest for inbred lines 

5 (56.3%), 31 (47.4%) and 98 (46.6%). Under heat stress conditions, the lowest leaf firing
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    Fig. 4.5. Matrix plot of leaf firing (LF %age) under heat stress vs normal conditions
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was also recorded for the same maize inbred lines i.e. 89 (3.6%), 53 (5.5%) and 55 (8.6%) 

while highest estimates were recorded for inbred lines 5 (14.6%), 98 (13.4%) and 36 

(13.3%). Inbred lines exhibiting higher estimates of leaf firing were regarded as heat 

susceptible while those inbred lines which revealed lower leaf firing symptoms were 

classified as heat tolerant. Inbred lines exhibited lesser leaf firing symptoms under normal 

than heat stress conditions (Fig. 4.5). Leaf firing is the better indicator of heat tolerance than 

shoot growth rate in maize (Levitt, 1980). Leaf chlorosis and leaf firing are the most evident 

heat susceptible phenotypes in maize at vegetative stage. Severe leaf firing in plants cause 

reduction in leaf area suitable for photosynthesis and in this way, hamper the development of 

yield components resulting in yield losses (Chen et al., 2010).  

Inbred wise detail of relative heat tolerance based on leaf firing is given in appendix 

5. Relative genotypic ratios determined for leaf firing were used for the analysis of variance. 

Mean squares obtained suggested highly significant differences (P≤0.01) among all the 

inbred lines (Table 4.2). Results suggested that the maize inbred lines 89 (69.2), 53 (158.5) 

and 55 (208.6) with lowest relative values were heat tolerant while inbred lines 5 (386.3), 

100 (371.5) and 31 (371.2) with higher relative ratios were heat susceptible. 

4.1.6. Appraisal on the basis of kernels per ear (KPE) 

Analysis of variance for kernels per ear suggested statistically highly significant 

differences (P≤0.01) among the 100 inbred lines and the temperature regimes under which 

the experiments were carried out. Highly significant (P≤0.01) interaction of genotype-

temperature (G×T) suggested that all the inbred lines responded varyingly in setting kernels 

per ear under both normal and heat stress environments (Table 4.1). Mean performances of 

all the inbred lines under normal (NC) and heat stress (HS) environments are given in 

appendix 6. Tukey test classified the 100 maize inbred lines into 43 and 47 homogenous 

groups for kernels per ear under heat stress and normal conditions respectively which also 

indicated the presence of differences in the genotypic responses under the contrasting 

environments. Under heat stress environment, the estimates of kernels per ear recorded were 

highest for the inbred lines 89 (292.3), 53 (243.7) and 9 (201.7) while lowest for the inbred 

lines 5 (54.7), 44 (62.7) and 37 (62.7). Under normal conditions, the lowest kernels per ear 

were revealed for the maize inbred lines 5 (100.7), 98 (101.3) and 44 (105.7) while highest 

were indicated for the corn inbred lines 89 (325.3), 88 (303.3) and 9 (302.3). Inbred lines
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    Fig. 4.6. Matrix plot of kernels per ear (KPE) under heat stress vs normal conditions
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with higher estimates for kernels per ear were discriminated as heat tolerant while those with 

lower kernels per ear were classified as heat susceptible. Pollen viability decreases with 

increase in temperature affecting setting of kernels per plant (Roy et al., 1995). Heat stress 

reduces kernel development period and may lead to kernel abortion. Tip kernels are normally 

last to be fertilized therefore weaker and more vulnerable to heat stress than the rest of the 

kernels (Nielsen, 2013). Significant reduction in kernels per ear was seen under heat stress 

condition in contrast to normal environment (Fig. 4.6). 

The inbred wise detail of relative heat tolerance based on kernels per ear is given in 

appendix 6. Relative genotypic ratios calculated for kernels per ear were used for its analysis 

of variance. Mean squares obtained indicated highly significant differences (P≤0.01) among 

the 100 inbred lines (Table 4.2). Results suggested that the maize inbred lines 5 (54.3), 36 

(54.8) and 35 (54.8) with lowest relative values were heat susceptible while entries 89 (89.9), 

6 (87.1) and 2 (84.0) with higher relative ratios were heat tolerant. 

4.1.7. Appraisal on the basis of 100-grain weight (HGW) 

Analysis of variance for 100-grain weight revealed statistically highly significant 

differences (P≤0.01) among all the tested inbred lines and the temperature treatments under 

which the experiments were conducted. Highly significant (P≤0.01) interaction of genotype-

temperature (G×T) suggested that the genetic material investigated responded differently for 

the 100-grain weight under both normal and heat stress conditions (Table 4.1). Mean 

performances of all the inbred lines under normal (NC) and heat stress (HS) environments 

are given in appendix 7. Tukey test categorized the 100 maize inbred lines into 35 and 32 

homogenous groups for 100-grain weight under heat stress and normal conditions 

respectively which also suggested the variation in the genotypic responses under the varying 

conditions. Under heat stress environment, the estimates of 100-grain weight found were 

highest for the inbred lines 5 (22.8 g), 42 (21.6 g) and 64 (21.6 g) while lowest for the inbred 

lines 72 (14.9 g), 66 (15.0 g) and 78 (16.2 g). Under normal conditions, the lowest 100-grain 

weight was revealed for the maize inbred lines 72 (13.9 g), 71 (15.4 g) and 66 (16.3 g) while 

highest were recorded for the inbred lines 37 (23.8 g), 5 (22.9 g) and 3 (22.8 g). High 

temperature forces the early plant physiological maturity and reduces grain filling period and 

consequently mean grain weight (Graham et al., 2013). Heat stress during flowering affected 

grain weight significantly in comparison to ears per plant and kernel rows per ear which were



53 

 

 

 
 Fig. 4.7. Matrix plot of 100-grain weight (HGW g) under heat stress vs normal conditions
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least affected at this stage (Noor, 2013). Heat stress during dough and dent grain filling 

stages causes reduction in grain size and grain weight due to premature formation of kernel 

black layer.  

The inbred wise detail of relative heat tolerance based on 100-grain weight is given in 

appendix 7. Relative genotypic ratios worked out for 100-grain weight were used for its 

analysis of variance. Mean squares acquired indicated highly significant differences (P≤0.01) 

among the tested inbred lines (Table 4.2). Results of the relative heat tolerant revealed the 

inbred lines 37 (75.9), 48 (76.0) and 44 (76.5) with lowest values while inbred lines 9 

(122.7), 7 (121.6) and 6 (119.6) with highest estimates. Inbred lines 5 and 89 indicated 

relative ratios of 99.3 and 95.0 respectively. Both these inbred lines i.e. 5 and 89 were least 

affected by the contrasting environment and maintained their 100-grain weights with the 

reductions of only 0.100 g and 0.900 g respectively under the heat stress environments in 

comparison to normal conditions. The other inbred lines under study exhibited greater 

differences in grain weight under normal and heat stress conditions (Fig. 4.7). 

4.1.8. Appraisal on the basis of grain yield per plant (GYPP) 

 Analysis of variance for grain yield per plant indicated statistically highly significant 

differences (P≤0.01) among the 100 inbred lines and the temperature regimes under which 

the experiments were carried out. Highly significant (P≤0.01) interaction of genotype-

temperature (G×T) suggested that all the inbred lines differed significantly in grain yield per 

plant under both normal and heat stress environments (Table 4.1). Mean performances of all 

the inbred lines under normal (NC) and heat stress (HS) environments are given in appendix 

8. Tukey test classified the 100 maize inbred lines into 47 and 27 homogenous groups for 

grain yield per plant under heat stress and normal conditions respectively which also 

suggested the existence of differences in the genotypic responses under the contrasting 

conditions. Under heat stress environments, the estimates of grain yield per plant recorded 

were highest for the inbred lines 89 (84.3), 53 (79.0) and 2 (58.5) however lowest for the 

inbred lines 5 (18.3), 37 (20.6) and 44 (21.9). Under normal conditions, the lowest grain 

yield per plant were recorded for the maize inbred lines 5 (35.8), 37 (39.5) and 44 (42.2) 

while highest were indicated for the inbred lines 89 (95.2), 53 (91.6) and 88 (91.4) 

respectively (Fig. 4.8). Inbred lines with higher grain yield per plant were regarded as heat 

tolerant while those with lower grain yield per plant were classified as heat susceptible. In
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 Fig. 4.8. Matrix plot of grain yield per plant (GYPP g) under heat stress vs normal conditions
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maize, grain yield per plant is the outcome of number of kernels and kernel weight, while 

kernels setting depend upon pollen numbers that fertilize the silks. Heat stress during 

reproductive stage reduces the viable flowers per plant and interrupts the anthesis period 

resulting in reduced pollen availability. In this way, high temperature affects the final grain 

yield by disrupting the pollination and fertilization organs and processes. High temperature 

hastens plant growth resulting in decrease of the optimal plant development period and grain 

size. This accelerated phenological advancement also changes timing of plant water demand 

(Harrison et al., 2011). Maize grain yield reduces under heat stress due to adverse affects at 

the growth stage (Badu-Apraku et al., 1983; Soutworth et al., 2000). Heat stress modifies the 

plant morphological and physiological processes resulting in reduced crop yields (Akbar, 

2008).  

The inbred line wise detail of relative heat tolerance of grain yield per plant is given 

in appendix 8. Relative genotypic ratios calculated for grain yield per plant were used for the 

analysis of variance. Mean squares obtained revealed highly significant differences (P≤0.01) 

among the 100 inbred lines (Table 4.2). Results suggested that the inbred lines 5 (51.1), 20 

(51.6) and 44 (51.8) with lowest relative ratios were regarded as heat susceptible while 

inbred lines 89 (88.6), 53 (86.2) and 21 (85.1) with highest relative values were said as heat 

tolerant. 

4.1.9. Identification of best and worst performing inbred lines 

For the identification of superior inbred lines, an analysis based on genotypic 

performance for each parameter is necessary (Table 4.3). Under normal conditions, inbred 

lines 89, 53 and 62 exhibited least leaf temperature incomparison to inbred lines 5, 4 and 26 

who revealed highest leaf temperature, respectively. Based on cell membrane thermo-

stability, stomatal conductance, transpiration rate and grain yield per plant, inbred lines 89, 

53 and 88 were declared best. However inbred lines 5, 98, 97 (cell membrane thermo-

stability), 5, 37, 97 (stomatal conductance), 5, 98, 37 (transpiration rate), and 5, 37, 44 (grain 

yield per plant) were recorded as worst. Inbred lines 89, 53 and 55 exhibited least leaf firing 

symptoms in contrast to inbred lines 5, 98 and 36. For kernels per ear, inbred lines 89, 88 and 

9 were at top while 5, 98 and 44 remained at bottom. Inbred lines 37, 5 and 98 revealed 

highest 100-grain weight, whereas 5, 37 and 44, were the lowest with respect to 100-grain 

weight (Table 4.3).   
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Table 4.3. Summary of best and worst performing inbred lines for eight plant traits 
accessed in 100 maize inbred lines 

 Best performing inbred lines Worst performing inbred lines 

Trait NC HS RHT NC HS RHT 

LT 89, 53, 62 89, 53, 50 89, 62, 24 5, 4, 26 5, 33, 36 5, 71, 76 

CMT 89, 53, 88 89, 53, 88 89, 93, 62 5, 98, 97 5, 98, 58 5, 46, 86 

SC 89, 53, 88 89, 53, 92 59, 89, 18 5, 37, 97 5, 37, 97 5, 96, 48 

TR 89, 53, 88 53, 62, 89 89, 53, 88 5, 98, 37 5, 98, 37 5, 98, 97 

LF 89, 53, 55 89, 53, 55 89, 53, 55 5, 98, 36 5, 31, 98 5, 100, 88 

KPE 89, 88, 9 89, 53, 9 89, 6, 2 5, 98, 44 5, 37, 44 5, 36, 35 

HGW 37, 5, 98 5, 42, 64 9, 7, 6 72, 71, 66 72, 66, 62 37, 48, 44 

GYPP 89, 53, 88 89, 53, 2 89, 53, 21 5, 37, 44 5, 37, 44 5, 20, 44 

 
NC = Normal conditions; HS = Heat stress; RHT = Relative heat tolerance 
LT = Leaf temperature; CMT = Cell membrane thermo-stability; SC = Stomatal 
conductance; TR = Transpiration rate; LF = Leaf firing (%age); KPE = Kernels per ear; 
HGW = 100-grain weight; GYPP = Grain yield per plant 
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Under heat stress regime, inbred lines 89, 53 and 50 for leaf temperature, 89, 53 and 

88 for cell membrane thermo-stability and 89, 53 and 55 for leaf firing displayed least values. 

For these traits, inbred lines 5, 33, 36; 5, 98, 58 and 5, 31 and 98 exhibited highest estimates, 

respectively. Estimates recorded for inbred lines, 89, 53, 92 for stomatal conductance, 53, 62, 

89 for transpiration rate, 89, 53, 9 for kernels per ear, 5, 42, 64 for 100-grain weight and 89, 

53, 2 for grain yield per plant were best. However for these traits, inbred lines 5, 37, 97; 5, 

98, 37; 5, 37, 44; 72, 66, 62 and 5, 37, 44 were declared worst, respectively (Table 4.3).   

Regarding relative heat tolerance or relative index, the best and worst inbred lines for 

leaf temperature were 89, 62, 24 and 5, 71, 76, and for cell membrane thermo-stability 89, 

93, 62 and 5, 46, 86, respectively. For stomatal conductance and transpiration rate, the top 

inbred lines recorded were 59, 89, 18 and 89, 53, 88 while inbred lines 5, 96, 48 and 5, 98, 97 

were at bottom, respectively. For leaf firing and kernels per ear, inbred lines 89, 53, 55 and 

89, 6, 2 were best while inbred lines 5, 100, 88 and 5, 36, 35 were worst, respectively. 

Likewise, for 100-grain weight and grain yield per plant, inbred lines 9, 7, 6 and 89, 53, 21 

were at top while 37, 48, 44 and 5, 20, 44 were at bottom, respectively (Table 4.3). 

In conclusion, inbred lines 89 (ZL-11271) and 5 (R-2304-2) were the most consistent 

among the top and bottom entries, respectively for most of the traits except 100-grain weight 

under the normal and heat stress environments. Both the inbred lines maintained their grain 

weight under the contrasting environments of normal and heat stress and not much 

influenced by the varying environmental conditions. Therefore, selection of the inbred lines 

with least or no reduction in grain weight under the contrasting environmental conditions 

could be used as criterion for assessing heat or any other stress tolerance in maize and some 

other field crops. In the current screening experiments, inbred lines 5 (heat susceptible) and 

89 (heat tolerant) were selected on the basis of contrasting plant responses for conducting the 

genetic studies pertaining to heat stress tolerance in maize. 
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4.2. Assessment of generations on the basis of variance analyses 

4.2.1. One way analysis of variance 

 Mean square values obtained from one way or ordinary analysis of variance for 

various physiological and morphological characters under normal and heat stress conditions 

are given in Table 4.4. Statistically highly significant differences (P≤0.01) were observed 

among the generations for leaf temperature, cell membrane thermo-stability, stomatal 

conductance, transpiration rate, leaf firing (%age), plant height, ear leaf area, ear length, 

kernels per ear, 100-grain weight and grain yield per plant while only significant differences 

(P≤0.05) were recorded for days to tasseling, days to silking and days to maturity under 

normal conditions. In contrast, under heat stress environments, all the traits except anthesis-

silking interval revealed highly significant differences (P≤0.01) among the generations. The 

differences in the generations for anthesis-silking interval were non-significant under both 

the contrasting temperature regimes (P≥0.01-0.05). This may be due to the fact that the 

parents used for developing these generations were similar in phenological traits. The 

minimum and maximum temperatures for normal (field) and heat stress (plastic tunnel) 

conditions under which the generations were evaluated are presented in appendix 10.  

4.2.2. Two way analysis of variance 

 Evolution of improved crop varieties preferred by plant breeders and farmers depends 

largely on the existence of genetic variability in the germplasm (Govindaraj et al., 2015). 

When the diversity in a species genepool varies significantly then there is a greater chance of 

survival and thriving in comparison to genetic resources with limited variability. Existence of 

genetic variability within a population also reduces the chances of inheritance of undesirable 

traits. With limited genetic variability, the individuals become more uniform and vulnerable 

to different biotic and abiotic stresses, thus reducing the scope of crop improvement.  

Two way analyses of variance indicated that temperature treatments were significant 

for all traits under study while generations were also significant for all characters except 

anthesis-silking interval. Interaction of treatments × generations (T×G) was significant for 

leaf temperature, cell membrane thermo-stability, stomatal conductance, transpiration rate, 

leaf firing, ear leaf area, days to silking, ear length, kernels per ear, 100-grain weight and 

grain yield per plant while non-significant for plant height, days to tasseling, anthesis-silking 

interval and days to maturity (Table 4.5). 
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Table 4.4. Mean squares acquired from one way analysis of variance of fifteen plant 
traits of six basic generations grown under normal and heat stress 
conditions. 

 

Traits 

Normal conditions Heat stress 

Replications 

(df = 2) 

Generations  

(df = 5) 

Error 

(df = 10) 

Replications 

(df = 2) 

Generations  

(df = 5) 

Error 

(df = 10) 

LT 0.064 29.868** 0.136 0.017 12.096** 0.044 

CMT 2.500 1600.600** 2.600 0.001 943.520** 0.500 

SC 0.0001 0.002** 0.00003 0.000 0.169** 0.00002 

TR 0.007 3.208** 0.010 0.040 3.930** 0.019 

LF 0.070 65.027** 0.095 4.320 992.090** 2.130 

PH 0.800 153.340** 1.790 0.480 165.030** 4.200 

ELA 0.300 2980.9** 1.200 0.600 2161.700** 1.600 

DTT 1.213 13.298* 2.838 0.936 8.309** 0.808 

DTS 1.321 11.450* 2.537 0.991 6.356** 0.473 

ASI 0.260 0.118N.S. 0.334 0.024 0.914 N.S. 0.783 

DTM 3.989 8.775* 2.317 2.731 6.394** 0.969 

EL 0.063 15.965** 0.033 0.113 11.537** 0.087 

KPE 22.00 26785.0** 16.0 5.000 31414.0** 13.00 

HGW 0.253 9.129** 0.092 0.146 11.837** 0.143 

GYPP 2.100 2192.900** 2.000 0.300 2643.500** 0.800 

 
*, ** = Significant at P≤0.05 and P≤0.01 respectively. 
N.S. = Non-significant at P≥0.01-0.05 
LT = Leaf temperature; CMT = Cell membrane thermo-stability; SC = Stomatal 
conductance; TR = Transpiration rate; LF = Leaf firing (%age); PH = Plant height; ELA = 
Ear leaf area; DTT = Days to tasseling; DTS = Days to silking; ASI = Anthesis-silking 
interval; DTM = Days to maturity; EL = Ear length; KPE = Kernels per ear; HGW = 100- 
grain weight; GYPP = Grain yield per plant 
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Table 4.5. Mean squares acquired from two way analysis of variance of fifteen plant 
traits of six basic generations grown under normal and heat stress 
conditions. 

Traits Replications 

(df = 2) 

Temperature (T) 

(df = 1) 

Generations (G) 

(df = 5) 

T × G 

(df = 5) 

Error 

(df = 22) 

LT 0.0535 40.339** 37.207** 4.756** 0.084 

CMT 1.180 937.470** 2451.770** 92.310** 1.54 

SC 0.00003 4.271** 0.099** 0.072** 0.00003 

TR 0.030 186.984** 6.256** 0.882** 0.014 

LF 2.580 2086.280** 768.070** 289.050** 1.17 

PH 1.149 781.529** 316.541** 1.831 2.734 

ELA 0.240 8361.880** 4602.020** 540.630** 1.350 

DTT 1.090 181.037** 18.007** 3.600 1.754 

DTS 0.514 298.886** 13.028** 4.778* 1.531 

ASI 0.144 14.694** 0.727 0.305 0.521 

DTM 1.730 1323.260** 11.870** 3.300 1.950 

EL 0.144 11.830** 27.286** 0.216* 0.057 

KPE 23.300 6535.100** 57991.800** 206.800** 13.700 

HGW 0.303 7.665** 20.610** 0.356* 0.115 

GYPP 1.260 1169.720** 4802.470** 33.910** 1.360 

 
*, ** = Significant at P≤0.05 and P≤0.01 respectively. 
N.S. = Non-significant at P≥0.01-0.05 
LT = Leaf temperature; CMT = Cell membrane thermo-stability; SC = Stomatal 
conductance; TR = Transpiration rate; LF = Leaf firing (%age); PH = Plant height; ELA = 
Ear leaf area; DTT = Days to tasseling; DTS = Days to silking; ASI = Anthesis-silking 
interval; DTM = Days to maturity; EL = Ear length; KPE = Kernels per ear; HGW = 100- 
grain weight; GYPP = Grain yield per plant 
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4.2.3. Partitioned analysis of variance 

Analysis of variance (ANOVA) for different plant characters under study dissected 

the total variance into various interaction components under normal (Table 4.6) and heat 

stress conditions (Table 4.7). Mean squares obtained from variance analysis for normal 

conditions suggested that differences among the six basic generations and P1 vs P2 

interactions were significant for all the characters except for anthesis-silking interval. 

Variance component of the interaction P's vs F1 was significant for leaf temperature, cell 

membrane thermo-stability, leaf firing, plant height, ear leaf area, ear length, kernels per ear, 

100-grain weight and grain yield per plant while non-significant for stomatal conductance, 

transpiration rate, days to tasseling, days to silking, anthesis-silking interval and days to 

maturity. Mean squares for the interaction B1 vs B2 was significant for all the characters 

except anthesis-silking interval. 

Estimates for B's vs F2 interaction were significant for cell membrane thermo-

stability, leaf firing, plant height, ear leaf area, ear length, kernels per ear and grain yield per 

plant, however, non-significant for leaf temperature, stomatal conductance, transpiration rate, 

days to tasseling, days to silking, anthesis-silking interval, days to maturity and 100-grain 

weight. Mean squares for four way interaction component i.e. P's, F1 vs B's, F2 were 

significant for leaf temperature, cell membrane thermo-stability, leaf firing, plant height, ear 

leaf area, ear length, kernels per ear, 100-grain weight and grain yield per plant while non-

significant for stomatal conductance, transpiration rate, days to tasseling, days to silking, 

anthesis-silking interval and days to maturity.  

 Mean squares acquired from variance analysis of plant traits for heat stress 

environments indicated that differences among six basic generations were significant for all 

the characters except for anthesis-silking interval. Interaction estimates of P1 vs P2 were 

significant for all other traits except phenological characters i.e. days to tasseling, days to 

silking, anthesis-silking interval and days to maturity. Variance component of the interaction 

P's vs F1 was significant for all the traits except leaf temperature and anthesis-silking interval 

while B1 vs B2 interaction was non-significant only for anthesis-silking interval. Mean 

squares for B's vs F2 interaction were significant for cell membrane thermo-stability, 

transpiration rate, leaf firing, plant height, ear leaf area, days to tasseling, ear length, kernels 

per ear and grain yield per plant however non-significant for leaf temperature, stomatal
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Table 4.6. Mean squares acquired from the partitioned analysis of variance of fifteen plant traits of six basic generations 
grown under normal conditions. 

Traits Replications 

df = 2 

Generations (G) 

df = 5 

P1 vs P2 

df = 5 

P's vs F1 

df = 5 

B1 vs B2 

df = 5 

B's vs F2 

df = 5 

P's,F1 vs B's,F2 

df = 5 

Error 

df = 5 

LT 0.064 29.868** 128.992** 4.723** 3.103** 0.168 N.S. 12.352** 0.136 

CMT 2.500 1600.550** 5689.990** 973.730** 1062.940** 175.530** 100.580** 2.630 

SC 0.00005 0.001** 0.006** 0.0000006 N.S. 0.001** 0.0000004 N.S. 0.0001 N.S. 0.00003 

TR 0.007 3.208** 12.963** 0.002 N.S. 3.039** 0.008 N.S. 0.026 N.S. 0.009 

LF 0.070 65.027** 182.227** 84.041** 49.267** 5.572** 4.027** 0.095 

PH 0.803 153.344** 70.110** 226.774** 26.565** 106.702** 336.572** 1.794 

ELA 0.270 2980.910** 1617.370** 8493.820** 441.360** 1444.850** 2907.130** 1.230 

DTT 1.213 13.298* 22.815* 0.681 N.S. 36.260** 5.928 N.S. 0.806 N.S. 2.839 

DTS 1.321 11.450* 20.907* 0.569 N.S. 30.375** 5.249 N.S. 0.149 N.S. 2.537 

ASI 0.260 0.118 N.S. 0.042 N.S. 0.005 N.S. 0.260 N.S. 0.021 N.S. 0.262 N.S. 0.334 

DTM 3.989 8.776* 12.327* 0.376 N.S. 19.984* 10.595 N.S. 0.594 N.S. 2.317 

EL 0.063 15.965** 10.114** 64.336** 2.400** 2.077** 0.896** 0.033 

KPE 21.700 26784.700** 76297.900** 33385.300** 18967.500** 5090.100** 182.900** 16.500 

HGW 0.253 9.129** 32.341** 1.850** 4.965** 0.023 N.S. 6.468** 0.092 

GYPP 2.130 2192.880** 5298.840** 4162.250** 723.670** 35.990** 743.670** 1.990 

 
*, ** = Significant at P≤0.05 and P≤0.01 respectively. 
N.S. = Non-significant at P≥0.01-0.05 
LT = Leaf temperature; CMT = Cell membrane thermo-stability; SC = Stomatal conductance; TR = Transpiration rate; LF = Leaf 
firing (%age); PH = Plant height; ELA = Ear leaf area; DTT = Days to tasseling; DTS = Days to silking; ASI = Anthesis-silking 
interval; DTM = Days to maturity; EL = Ear length; KPE = Kernels per ear; HGW = 100-grain weight; GYPP = Grain yield per plant 
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Table 4.7. Mean squares acquired from the partitioned analysis of variance of fifteen plant traits of six basic generations 
grown under heat stress conditions. 

Traits Replications 

df = 2 

Generations (G) 

df = 5 

P1 vs P2 

df = 5 

P's vs F1 

df = 5 

B1 vs B2 

df = 5 

B's vs F2 

df = 5 

P's,F1 vs B's,F2 

df = 5 

Error 

df = 5 

LT 0.0169 12.0957** 51.7441** 0.0624 N.S. 6.2322** 0.0046 N.S. 2.4354** 0.0440 

CMT 0.001 943.520** 3887.740** 624.340** 166.770** 12.190** 26.550** 0.500 

SC 0.000004 0.169** 0.613** 0.203** 0.027** 0.00001 N.S. 0.003** 0.00002 

TR 0.040 3.930** 9.969** 4.043** 1.021** 1.292** 3.325** 0.019 

LF 4.320 992.090** 3109.610** 1324.150** 166.880** 274.290** 85.550** 2.130 

PH 0.477 165.027** 78.120** 211.151** 84.075** 133.008** 318.781** 4.195 

ELA 0.590 2161.750** 4305.690** 5685.690** 540.360** 202.800** 74.200** 1.620 

DTT 0.936 8.309** 3.082 N.S. 20.694** 6.615* 7.527* 3.627N.S. 0.808 

DTS 0.991 6.356** 0.426 N.S. 24.500** 3.761* 1.406 N.S. 1.687 N.S. 0.473 

ASI 0.024 0.914 N.S. 1.215 N.S. 0.161 N.S. 0.400 N.S. 2.427 N.S. 0.367 N.S. 0.783 

DTM 2.731 6.394** 0.135 N.S. 21.561** 6.100* 2.668 N.S. 1.508 N.S. 0.969 

EL 0.113 11.537** 9.077** 46.336** 1.050** 0.825* 0.397 N.S. 0.087 

KPE 5.300 31413.900** 85085.00** 43032.00** 20120.30** 8649.20** 183.00** 12.8 

HGW 0.146 11.837** 43.740** 1.534** 11.643** 0.184 N.S. 2.084** 0.143 

GYPP 0.290 2643.500** 6642.890** 4740.100** 595.840** 59.670** 1178.980** 0.770 
 

*, ** = Significant at P≤0.05 and P≤0.01 respectively. 
N.S. = Non-significant at P≥0.01-0.05 
LT = Leaf temperature; CMT = Cell membrane thermo-stability; SC = Stomatal conductance; TR = Transpiration rate; LF = Leaf 
firing (%age); PH = Plant height; ELA = Ear leaf area; DTT = Days to tasseling; DTS = Days to silking; ASI = Anthesis-silking 
interval; DTM = Days to maturity; EL = Ear length; KPE = Kernels per ear; HGW = 100-grain weight; GYPP = Grain yield per 
plant 
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conductance, days to silking, anthesis-silking interval, days to maturity and 100-grain weight. 

Estimates for P's, F1 vs B's, F2 were significant for leaf temperature, cell membrane 

thermo-stability, stomatal conductance, transpiration rate, leaf firing, plant height, ear leaf 

area, kernels per ear, 100-grain weight and grain yield per plant, however, non-significant for 

the four phenological characters (days to tasseling, silking, anthesis-silking interval and days 

to maturity) and ear length.  

Simple, combined and partitioned analysis of variance under normal and heat stress 

conditions revealed that all the characters except anthesis-silking interval had enough 

variation to proceed further for the analyses of gene action, association, heritability and 

genetic advance. Differences for anthesis-silking interval among the genetic material 

evaluated under both the contrasting environments were apparently non-significant therefore 

not included in further statistical analyses. 

4.3. Genetic basis of heat stress tolerance  

4.3.1. Generation mean analysis and F2 population frequency distribution graphs 

The data collected for various plant traits under normal and heat stress conditions 

were subjected to generation mean analysis to findout genetic effects (Table 4.8). Based on χ² 

values, genetic models comprising two, three, four and five parameters were found best fit 

for traits studied under different environments. Best fit model was the one with significant 

genetic components and statistically non-significant χ² value. The detail is as under; 

4.3.1.1. Leaf temperature (LT) 

 For leaf temperature, five [mdhjl] and four [mdhl] parameter models were best fitted 

to the data under normal and heat stress conditions respectively (Table 4.8). Both additive 

and dominance gene actions were important under both the conditions. Additive-dominance 

[j] and dominance-dominance [l] interactions were significant under normal while 

dominance-dominance [l] interaction was important for crop improvement under heat stress 

environment. Some earlier maize researchers also reported the implication of both additive 

and dominance gene actions in the inheritance of LT under the contrasting environments 

(Wattoo et al., 2013; Haq, 2014). However, few researchers reported only additive genetic 

effects (Iqbal, 2012) while others non-additive genetic effects in the inheritance of LT in maize 

(Hussain et al., 2009; Aslam et al., 2012). Chohan (2012) suggested only additive effects 

under stress conditions while both additive and dominance effects under normal conditions. In 
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cotton, only additive genetic effects were predominant in the inheritance of canopy 

temperature under high temperature stress (Khan et al., 2014).  

For the traits exhibiting additive gene action with no epistasis, selection may be 

encouraging for the development of synthetics however those with epistasis, selection may be 

delayed till further progeny testing (Haq, 2014). In the current studies, negative [d] under both 

the environments suggested that decrease in LT may be fixed to develop heat tolerant 

synthetic cultivars. Negative [h] and positive [l] while positive [h] and negative [l] suggested 

the duplicative nature of genetic effects under normal and heat stress. These duplicate genetic 

effects and positive [j] under normal environments complicated the situation and 

recommended for progeny testing before making any selection till the assortment of 

promising recombinants in the later generations.  

Mean and variance estimates of parents (P1, P2), their hybrid (F1) and segregating 

generations regarding all the traits under study are presented in Table 4.9 & 4.10. The 

variance magnitudes were higher for segregating generations (F2 generations and back 

crosses) than corresponding F1 generation and both parents under normal and heat stress 

conditions. The array of variation for leaf temperature in F2 population was within parental 

limits suggesting the absence of transgressive segregation. The F2 frequency distribution 

graphs for leaf temperature under normal and heat stress conditions formed bimodal curve 

revealing the involvement of major genes in the inheritance of this trait (Fig. 4.9).  

4.3.1.2. Cell membrane thermo-stability (CMT) 

 Genetic models comprising five [mdhij] and four [mdhj] parameters were revealed 

under contrasting environments of normal and heat stress respectively (Table 4.8). These 

genetic models suggested the involvement of additive-additive and additive-dominance gene 

interaction under normal conditions while only additive-dominance gene interaction under 

heat stress environment. Only additive (Kumar and Sharma, 2007; Chohan et al., 2012; 

Wattoo et al., 2013) and non-additive (Akbar et al., 2009) genetic effects were crucial in the 

inheritance of CMT in maize respectively. However, both additive and dominance gene 

actions were important in the inheritance of CMT (Iqbal et al., 2012; Haq, 2014). 

Negative [d] alongwith [i] suggested involvement of complementary gene action 

therefore simple selection may be enough for further improvement of this character and the 

development of heat tolerant maize synthetic varieties. Negative [h] suggested development 
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Table 4.8. Estimates of genetic effects alongwith standard errors and χ² values of the best fitted models for fourteen traits 
under contrasting environmental conditions. 

 Traits m±SE [d]±SE [h]±SE [i]±SE [j]±SE [l]±SE χ
2 (d.f.) 

N
or

m
al

 c
on

di
tio

ns
 

Leaf temperature 36.37±0.16 -4.64±0.16 -7.25±0.97 - 3.12±0.53 5.72±1.09 0.551 (1) 
Cell membrane thermo-stability 87.69±1.50 -30.79±0.22 -49.64±1.68 -27.49±1.53 4.96±1.41 - 6.039 (1) 
Stomatal conductance 0.08±0.004 0.03±0.002 -0.01±0.006 -0.01±0.005 - - 1.409 (2) 
Transpiration rate 1.78±0.04 1.47±0.01 - 0.07±0.04 - - 1.418 (3) 
Leaf firing (%age) 15.21±0.50 -5.52±0.08 -12.62±0.54 -6.14±0.51 - - 0.467 (2) 
Plant height 132.48±2.28 -3.49±0.61 41.41±2.91 30.80±2.40 - - 0.226 (2) 
Ear leaf area 314.73±3.09 -16.49±0.83 173.84±3.62 108.70±3.25 - - 0.105 (2) 
Days to tasseling 64.66±0.22 -1.92±0.32 - -3.17±1.07 - - 5.918 (3) 
Days to silking 66.73±0.19 -1.88±0.29 - - -2.93±1.01 - 5.920 (3) 
Days to maturity 95.47±3.59 -1.74±0.44 22.95±9.03 9.11±3.55 - -13.36±5.69 2.967 (1) 
Ear length 8.63±0.39 1.30±0.08 9.82±0.47 4.15±0.40 - - 0.012 (2) 
Kernels per ear 104.82±4.27 113.00±0.98 239.44±5.11 109.00±4.42 9.50±4.00 - 0.209 (1) 
100-grain weight 20.64±0.13 -2.27±0.12 5.23±0.73 - - -4.26±0.79 1.766 (2) 
Grain yield per plant 65.51±0.51 29.72±0.51 68.51±4.66 - -10.00±2.71 -22.89±4.73 3.800 (1) 

H
ea

t s
tr

es
s 

Leaf temperature 32.59±0.15 -2.87±0.14 2.79±0.98 - - -2.96±1.09 2.615 (2) 
Cell membrane thermo-stability 52.23±0.32 -25.49±0.33 -17.53±0.60 - 15.15±1.53 - 5.692 (2) 
Stomatal conductance 0.64±0.004 0.32±0.004 0.315±0.01 - -0.20±0.03 - 4.539 (2) 
Transpiration rate 3.05±0.35 1.23±0.11 4.69±0.47 3.27±0.47 - - 2.220 (2) 
Leaf firing (%age) 37.41±1.13 -18.85±0.38 -30.84±1.37 -6.09±1.23 - - 1.324 (2) 
Plant height 123.28±2.57 -4.07±0.72 41.14±3.43 30.72±2.71 - - 3.309 (2) 
Ear leaf area 360.26±5.70 -25.82±1.69 76.68±8.31 22.28±6.04 - - 4.344 (2) 
Days to tasseling 58.79±0.44 -0.85±0.44 3.26±0.76 - - - 4.665 (3) 
Days to silking 59.54±0.50 - 3.52±0.97 - - - 2.783 (4) 
Days to maturity 91.42±0.51 - 3.27±0.88 - - - 3.593 (4) 
Ear length 8.70±0.44 1.21±0.10 7.94±0.55 3.14±0.46 - - 1.198 (2) 
Kernels per ear 87.89±16.20 118.79±1.58 684.16±40.13 261.67±16.11 - -275.77±25.10 0.345 (1) 
100-grain weight 20.02±0.15 -2.71±0.14 2.88±0.83 - - -2.00±0.88 0.858 (2) 
Grain yield per plant 51.42±0.82 33.27±0.82 79.30±6.23 - -12.63±3.74 -30.61±6.21 3.649 (1) 

 
m = Mean; [d] = Additive; [h] = Dominance; [i] = Additive-additive; [j] = Additive-dominance; [l] = Dominance-dominance;  
χ

2 = Chi-square; d.f. = Degrees of freedom
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Table 4.9. Means and variances of six basic generations for fourteen plant traits of Zea mays L. under normal conditions. 
Traits  P1 P2 F1 F2 BC1 BC2 LSD  

(0.05) Mean Variance Mean Variance Mean Variance Mean Variance Mean Variance Mean Variance 

LT 31.733 1.551 41.007 1.392 34.833 3.678 34.008 12.974 33.578 10.263 35.016 5.513 0.671 

CMT 29.437 2.671 91.026 3.188 38.166 4.838 63.850 99.770 41.172 77.376 67.792 45.426 2.950 

SC 0.103 0.000 0.040 0.000 0.071 0.000 0.077 0.001 0.092 0.000 0.061 0.000 0.010 

TR 3.325 0.006 0.385 0.005 1.823 0.101 1.726 0.645 2.501 0.543 1.078 0.153 0.177 

LF 3.563 0.331 14.585 0.514 2.592 0.417 8.972 11.776 4.438 4.512 10.169 8.463 0.561 

PH 159.883 23.322 166.720 25.486 173.950 29.403 153.333 186.200 158.533 120.499 162.742 105.877 2.437 

ELA 407.013 32.538 439.850 58.399 488.600 30.998 401.819 408.152 420.120 162.715 437.273 291.609 2.020 

DTT 62.433 6.737 66.333 5.540 64.967 7.275 63.853 61.468 63.117 34.512 68.033 28.406 3.065 

DTS 64.666 4.575 68.400 5.214 67.067 4.133 65.813 48.113 65.183 36.220 69.683 23.034 2.897 

DTM 103.200 16.028 106.067 11.375 105.067 12.271 103.607 64.952 104.083 41.807 107.733 43.860 2.769 

EL 14.077 0.374 11.480 0.457 18.450 0.590 13.543 6.378 15.195 4.795 13.930 2.326 0.330 

KPE 325.733 72.616 100.200 41.890 342.167 70.075 216.027 715.207 322.700 325.197 210.250 663.072 7.388 

HGW 18.333 0.754 22.977 1.203 21.617 1.605 22.103 7.636 21.301 3.579 23.120 5.704 0.552 

GYPP 95.225 16.824 35.790 14.683 111.127 19.508 96.397 394.880 103.137 102.064 81.173 402.577 2.568 

 
LT = Leaf temperature; CMT = Cell membrane thermo-stability; SC = Stomatal conductance; TR = Transpiration rate; LF = Leaf 
firing (%age); PH = Plant height; ELA = Ear leaf area; DTT = Days to tasseling; DTS = Days to silking; DTM = Days to maturity; 
EL = Ear length; KPE = Kernels per ear; HGW = 100-grain weight; GYPP = Grain yield per plant 
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Table 4.10. Means and variances of six basic generations for fourteen plant traits of Zea mays L. under heat stress conditions. 
 

Traits  

P1 P2 F1 F2 BC1 BC2 LSD  

(0.05) Mean Variance Mean Variance Mean Variance Mean Variance Mean Variance Mean Variance 

LT 29.667 1.203 35.540 1.551 32.427 3.503 33.312 13.553 32.245 10.218 34.283 7.490 0.382 

CMT 26.683 4.364 77.593 8.972 34.470 8.015 45.466 119.121 37.725 85.424 48.269 54.272 1.287 

SC 0.963 0.001 0.324 0.001 0.962 0.002 0.778 0.040 0.843 0.023 0.709 0.036 0.008 

TR 7.609 0.735 5.031 0.790 7.742 0.940 5.398 3.860 6.615 2.533 5.790 2.539 0.248 

LF 10.603 8.744 56.134 11.445 7.638 5.342 28.239 49.439 11.254 36.256 21.802 28.426 2.654 

PH 150.383 38.253 157.600 31.403 164.267 47.306 143.563 214.612 147.975 150.326 155.462 111.154 3.726 

ELA 355.373 196.990 408.950 217.818 435.480 357.224 397.282 805.070 397.862 745.560 416.842 368.117 2.317 

DTT 58.067 15.789 59.500 10.879 62.000 11.310 59.460 79.109 60.350 49.994 62.450 57.777 1.635 

DTS 59.300 16.355 59.833 19.661 63.067 22.409 60.787 72.142 60.833 54.073 62.417 42.586 1.251 

DTM 91.300 19.597 91.600 18.869 94.733 14.133 92.353 86.458 92.500 56.763 94.517 54.898 1.791 

EL 13.073 0.508 10.613 0.740 16.657 0.999 12.723 7.208 13.783 4.776 12.947 4.363 0.535 

KPE 292.900 189.130 54.733 141.860 320.500 276.950 185.247 1429.290 308.917 648.550 193.100 1039.920 6.518 

HGW 17.320 1.093 22.720 1.703 20.896 1.946 20.790 9.205 19.701 4.949 22.487 6.492 0.687 

GYPP 84.694 54.073 18.146 27.294 100.103 31.160 80.193 723.379 95.620 338.633 75.690 466.020 1.597 

 
LT = Leaf temperature; CMT = Cell membrane thermo-stability; SC = Stomatal conductance; TR = Transpiration rate; LF = Leaf 
firing (%age); PH = Plant height; ELA = Ear leaf area; DTT = Days to tasseling; DTS = Days to silking; DTM = Days to maturity; 
EL = Ear length; KPE = Kernels per ear; HGW = 100-grain weight; GYPP = Grain yield per plant 
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Fig. 4.9. F2 population frequency distribution graphs of leaf temperature (LT) 
under (a) normal and (b) heat stress conditions 
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of heat tolerant maize hybrids, however, positive [j] epistatic interaction under both the 

conditions complicated the situation and proposed that selection may be postponed till further 

progeny testing for the selection of desirable recombinants possessing heat tolerance. 

Estimates of variances for F2 generation and back crosses were greater than F1 

generation and the parents under the two environmental regimes (Table 4.9 & 4.10). The 

extent of variation for cell membrane thermo-stability in F2 population was within the 

parental limits suggesting the absence of transgressive segregation. The F2 population 

frequency distribution graphs for normal and heat stress conditions formed bimodal curves 

indicating the predominance of major genes in the control of this character (Fig. 4.10). 

Additive nature of this trait suggested that the selection in the early generations is feasible for 

the improvement of this character.  

4.3.1.3. Stomatal conductance (SC) 

Under normal and heat stress conditions, genetic models consisting of four parameter 

[mdhi] and [mdhj] were recorded, respectively implying that both additive and dominance 

effects were important in the inheritance of SC in maize (Table 4.8). Additive and non 

additive gene actions were reported in the expression of stomatal conductance in maize 

(Rebetzke et al., 2003; Akbar et al., 2009).  

Positive [d] under both the environments revealed that increase in SC may be fixed 

for the development of heat tolerant synthetics cultivars. Similarly, positive [h] under heat 

stress environments anticipated the evolution of heat tolerant maize hybrids. However, 

negative [i] under normal conditions and negative [j] under heat stress environments 

somewhat complicated the outcome and suggested that selection for the desirable 

combinations may be postponed to some later generations. 

Higher variance magnitudes were recorded for F2 generation and back crosses in 

comparison to F1 generation and both the parents under normal and heat stress conditions 

(Table 4.9 & 4.10). The amount of variation for stomatal conductance in F2 population was 

within the parental limits suggesting the absence of transgressive segregation. The F2 

population frequency distribution graphs for stomatal conductance under normal and heat 

stress conditions were close to normal (Fig. 4.11). It suggested continuous variation, 

involvement of additive gene action and quantitative nature of inheritance. 
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Fig. 4.10. F2 population frequency distribution graphs of cell membrane 

thermo-stability (CMT) under (a) normal and (b) heat stress 
conditions 
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Fig. 4.11. F2 population frequency distribution graphs of stomatal conductance 
(SC) under (a) normal and (b) heat stress conditions 
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4.3.1.4. Transpiration rate (TR) 

For transpiration rate, genetic model comprising three parameters [mdi] was best 

suited to the data revealing additive gene action alongwith additive-additive interaction under 

normal conditions. However, under heat stress conditions, four parameters genetic model 

[mdhi] was recorded showing additive and dominance gene action alongwith additive-

additive interaction (Table 4.8). Non-additive genetic effects were crucial in the inheritance 

of TR in maize under normal and heat stress conditions (Akbar et al., 2009). 

Positive [d] and [i] under normal and heat stress environments suggested the 

existence of complementary gene action and that the increase in rate of transpiration may be 

used for the development of inbred lines transpiring efficiently under normal and high 

temperature conditions. Simple selection procedure or hybridization followed by pedigree 

method may be followed for achieving further improvements in transpiration rate. Positive 

[h] indicated that increase in the rate of transpiration under high temperature environments 

may be fixed for the development of maize hybrids transpiring efficiently.  

Estimates of variances for F2 generation and back crosses were greater than F1 

generation and both of the parents under the two contrasting environments (Table 4.9 & 

4.10). The amount of variation for stomatal conductance in F2 population was within the 

parental limits indicating non-availability of trangressive segregation under normal 

conditions while exceeded under heat stress conditions suggesting presence of transgressive 

segregation. The F2 frequency distribution graphs for transpiration rate appeared to be normal 

under normal and heat stress conditions (Fig. 4.12). It suggested continuous variation and 

quantitative nature of the character. Transgressive segregants with higher rate of transpiration 

in comparison to parents can be identified from this cross under heat stress environments.   

4.3.1.5. Leaf firing (LF %age)  

Genetic model comprising four parameters [mdhi] was best suited to the data of leaf 

firing which implied the involvement of both additive and dominance gene action alongwith 

additive-additive epistatic interaction in its inheritance in maize under the contrating 

conditions of normal and heat stress (Table 4.8). In another study on maize, Kaur et al. 

(2010) reported predominance of additive and non-additive genetic effect for leaf firing 

(%age).  
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Fig. 4.12. F2 population frequency distribution graphs of transpiration rate 
(TR) under (a) normal and (b) heat stress conditions 
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Fig. 4.13. F2 population frequency distribution graphs of leaf firing (LF %age) 
under (a) normal and (b) heat stress conditions 
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Negative [d] alongwith [i] for both normal and heat stress environments recommended 

the involvement of complementary gene action and that the decrease in leaf firing may be fixed 

for the development of synthetic genotypes with inbuilt leaf firing resistance by using only 

simple selection procedures or hybridization followed by pedigree method of selection. 

Likewise, negative [h] suggested that decrease in leaf firing may be fixed in the maize hybrids 

suitable for high temperature environments. 

Estimates of variances were greater for F2 generation and back crosses in comparison 

to F1 generation and the parents under normal and heat stress regimes (Table 4.9 & 4.10). 

The extent of variation for leaf firing in F2 population observed outside the range of parental 

limits under normal and heat stress conditions indicating the existence of transgressive 

segregation.  The frequency distribution graphs of F2 population exhibited the prevalence of 

over-dominance gene action which may be due unidirectional dominance or non-allelic 

interaction, maternal effects or may be due to environmental effects (Ahsan, 1996) under 

normal and heat stress conditions (Fig. 4.13). 

4.3.1.6. Plant height (PH)  

Under normal and heat stress conditions, four parameter [mdhi] models were best 

suited to the data suggesting the existence of additive gene action alongwith additive-additive 

epistatic interaction (Table 4.8). Some earlier researchers reported that plant height was 

under the control of additive (Bukhari, 1986; Wu, 1987; Khalid, 1979; Saeed, 1998), non 

additive genetic effects (Akbar et al., 2009) or both (Tabassum et al., 2007). It may, 

however, be under the control of partially dominant gene action (Zia and Chaudhry, 1980) or 

over dominance type of genetic effects (Siddiqui, 1988). 

Negative [d] and positive [i] under both the conditions suggested the presence of 

duplicate gene action which suggested delayed selection till further progeny testing for the 

development of heat tolerant synthetic cultivars. Positive [h] under the contrasting 

environments indicated the possibility of evolution of maize hybrids with greater plant height 

for high temperature environments.  

The magnitude of variances for F2 generation and back crosses were higher than the 

F1 generation and the parents under the contrasting environmental conditions (Table 4.9 & 

4.10). The extent of variation for plant height in F2 population was recorded outside the 

limits of both the parents under normal and heat stress conditions indicating the existence of 
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transgressive segregation.  The frequency distribution graphs of F2 generations exhibited the 

occurrence of over-dominance gene action which may be due to unidirectional dominance or 

non-allelic interaction, maternal effects or may be due to environmental effects (Ahsan, 

1996) under both the conditions (Fig. 4.14).  

4.3.1.7. Ear leaf area (ELA) 

 For ear leaf area, genetic models consisting of four parameters [mdhi] was best 

recorded under normal and heat stress conditions. Additive gene action alongwith additive-

additive epistatic interaction was crucial under normal environments (Table 4.8).  Additive 

type of genetic effect was predominant in the inheritance of leaf area in maize (Malik et al., 

2004) in contrast to both additive and dominance types of gene action (Iqbal et al., 2012). 

Some maize breeders reported the involvement of over dominance (Akbar et al., 2008) and 

partial dominance (Khotyleva and Lemesh, 1994; Chohan et al., 2012) types of gene action. 

However, few suggested additive with partial dominance genetic effects (Aslam et al., 2012) 

while others recommended epistatic gene interaction in the inheritance of ELA (Chen et al., 

1996). 

 Negative [d] and positive [i] under both normal and heat stress conditions suggested 

the existence of duplicate gene action and the postponement of selection for the desirable 

recombinants in later generations after progeny testing. Positive [h] with no epistatic effect 

under normal and heat stress conditions recommended that increase in ear leaf area may be 

used in hybrid breeding purposes aimed for heat tolerance.  

Magnitudes of variances for F2 generation and back crosses (BC1, BC2) were greater 

than F1 generation and the parents (P1, P2) under both the contrasting conditions (Table 4.9 & 

4.10). Mean estimates of F1 generations were higher than the other generations and parents 

suggesting the presence of transgressive segregation. The frequency distribution graphs of F2 

population also confirmed the heterotic effect. Besides this, the distribution was near to 

normal and indicated involvement of polygenic inheritance in ear leaf area (Fig. 4.15). 

4.3.1.8. Days to tasseling (DTT) 

Three parameters [mdhi] genetic model comprising additive and dominance gene 

action alongside additive-additive epistatic interaction was best supported to the data 

regarding inheritance pattern of days taken to tasseling under normal conditions. In contrast, 

three parameters model [mdh] comprising additive and dominance genetic effects with no  
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Fig. 4.14. F2 population frequency distribution graphs of plant height (PH) 
under (a) normal and (b) heat stress conditions 
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Fig. 4.15. F2 population frequency distribution graphs of ear leaf area (ELA) 
under (a) normal and (b) heat stress conditions 
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Fig. 4.16. F2 population frequency distribution graphs of days to tasseling 
(DTT) under (a) normal and (b) heat stress conditions 
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epistatic effect was involved in the inheritance of days to tasseling under heat stress 

conditions (Table 4.8). Both additive and dominance types of genetic effects were involved 

in the inheritance of DTT (Naved, 1979; Kumar and Gupta, 2004; Muraya et al., 2006). It 

was governed by non-additive type of gene action (Akbar et al., 2008). Some researchers had 

reported it under the control of additive (Ramamurthy, 1980; Saeed, 1998) and over 

dominance type of genetic effects (Saleem et al., 2002).  

Negative [d] without epistatic effects for both the contrasting environments suggested 

that decrease in days taken to tasseling may be fixed for developing early maturing maize 

synthetic genotypes suitable for normal and heat stress conditions. Positive [h] with no 

epistatic interaction for both normal and heat stress conditions proposed that increase in days 

taken to tasseling may be utilized for evolving late tasseling hybrids appropriate for distinct 

environmental conditions. Absence of epistasis indicated that although improvement of the 

character by simple selection or hybridization following by pedigree method of selection may 

be effective however negative dominance [h] effect suggested that dominance was towards 

lesser tasseling days. 

The magnitudes of variances for F2 generation and back crosses (BC1, BC2) were 

higher in comparison to F1 generation and the parents (P1, P2) under both the contrasting 

environments (Table 4.9 & 4.10). Mean values for F1 and F2 generations fall between both 

the parents under normal conditions indicating the prevalence of additive gene action and 

quantitative nature of inheritance. In case of heat stress conditions, F1 exceeded both the 

parents suggesting heterotic effect and over dominance nature of inheritance. The F2 

frequency distribution graphs for days to tasseling under both the conditions were near to 

normal. Under normal conditions, transgressive segregants with early and late tasseling could 

be identified from this cross (Fig. 4.16).  

4.3.1.9. Days to silking (DTS) 

Three parameters [mdj] genetic model comprising additive gene action alongwith 

additive-dominance interaction was best suited to the data under normal conditions. For heat 

stress treatment, two parameters [mh] genetic model consisting of dominance gene action 

without epistatic effect was found effective in the inheritance of days taken to silking (Table 

4.8). Both additive and dominance types of gene action were crucial in the inheritance of 

DTS (Naved, 1979; Kumar and Gupta, 2004; Muraya et al., 2006). It may also be governed 
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either by additive (Saeed, 1998; Nigussie and Zellke, 2001; Akbar et al., 2008) or over 

dominance (Dhillon et al., 1976; Karim, 1979) genetic effects. 

Negative [d] with the absence of epistatic gene interaction under normal conditions 

proposed that decrease in days taken to silking may be utilized to develop early maturing 

maize genotypes. Negative [j] under normal conditions revealed that decrease in days to 

silking may be used for the development of early maturity maize hybrids for normal 

conditions. Positive [h] and absence of epistatic effect for heat stress conditions indicated that 

increase in days taken to silking may be fixed for developing late silking hybrids adaptable to 

high temperature conditions.   

Mean values for F1 and F2 generations fall in between the parents under normal 

conditions suggesting the involvement of additive genetic effects in its inheritance and the 

quantitative nature of this character (Table 4.9 & 4.10). In case of heat stress conditions, both 

F1 and F2 exceeded both the parents suggesting heterotic effect and over dominance nature of 

inheritance. The F2 frequency distribution graphs for days to silking under both the 

conditions were found close to normal. Under normal conditions, transgressive segregants 

with early and late silking could be identified for further studies regarding heat tolerance 

(Fig. 4.17).   

4.3.1.10. Days to maturity (DTM) 

Five parameters [mdhil] genetic model involving both additive and dominance gene 

action alongwith additive-additive and dominance-dominance epistatic interactions was best 

fitted to the data regarding inheritance pattern of days to maturity under normal conditions. 

However, two parameters [mh] genetic model comprising dominance genetic effects without 

epistasis was best fitted under heat stress conditions (Table 4.8). Non-additive genetic effects 

were important in the inheritance of days to maturity in maize (Akbar et al., 2008). Both 

additive and dominance gene actions may govern this trait (Barati et al., 2004). Some 

researchers reported dominance (Sharma and Bhala, 1990; Tassawar et al., 2007) while 

others suggested additive (Iqbal et al., 1991; Rana and Venod, 2001; Iqbal, 2012) nature of 

genetic effects predominant for days to maturity. Hussain et al. (2009) reported over 

dominance type of gene action effective in the inheritance of days to maturity in contrast to 

additive with partial dominance reported by Khodarahmpour (2011). 
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Negative [d] and positive [h] suggested that decrease and increase in days to maturity 

may be utilized in developing heat tolerant early maturing synthetics and late maturing 

hybrids in maize under normal conditions. However, positive [i] and negative [l] epistatic 

interactions suggested duplicate gene action and somewhat complicated the situation which 

recommended delaying the selection for desirable genotypes till further evaluation in 

progeny testing. Absence of epistasis under heat stress conditions suggested hybrid breeding 

for the improvement of this trait. 

The magnitude of variances for F2 generation and back crosses (BC1, BC2) was higher 

in contrast to F1 generation and the parents (P1, P2) under both the contrasting environments 

(Table 4.9 & 4.10). Mean values for F1 and F2 generations were found within the range of the 

parents under normal indicating additive gene action while under heat stress conditions, both 

F1 and F2 exceeded both the parents suggesting over dominance genetic effects, heterotic 

effect or transgressive segregation. The F2 population frequency distribution graphs for days 

to maturity suggested continuous variation and quantitative nature of trait under both the 

conditions. Transgressive segregants under normal conditions suggested that early or late 

maturing genotypes may be identified from the population of this particular cross 

combination (Fig. 4.18). 

4.3.1.11. Ear length (EL) 

Four parameter [mdhi] genetic models were recorded for ear length under both 

normal and heat stress environments. Both additive and dominance genetic effects were 

crucial in the inheritance of this trait with additive-dominance epistatic interaction under both 

the environments (Table 4.8). Both additive and dominance genetic models were imperative 

in the inheritance of ear length (Ahmed et al., 2000). It may be under the influence of 

additive (Chen et al., 1996; Ojo et al., 2007) and non-additive type of genetic effects 

(Kanagarasu, 2010). Polygenic gene action was reported by Xiang Dao, (2001) in the 

inheritance of ear length.  

Positive [d] and [i] under both the environmental conditions indicated complementary 

gene action and recommended that the increase in ear length may be fixed for the 

development of heat resilient maize synthetic genotypes. Positive [h] without epistatic 

interaction under normal and heat stress conditions implicated that increase in ear length 

under respective environments may be fixed for the development of maize hybrids.  
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Fig. 4.17. F2 population frequency distribution graphs of days to silking (DTS) 
under (a) normal and (b) heat stress conditions 
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Fig. 4.18. F2 population frequency distribution graphs of days to maturity 
(DTM) under (a) normal and (b) heat stress conditions 
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Fig. 4.19. F2 population frequency distribution graphs of ear length (EL) under 

(a) normal and (b) heat stress conditions 
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Means of F1 generation for ear length were greater than the parents and the other 

segregating material under both normal and heat stress conditions revealing heterotic effect 

or transgressive segregation. However, the magnitudes of variances for F2 generation and 

back crosses (BC1, BC2) were greater than F1 generation and parents (P1, P2) under both the 

contrasting regimes (Table 4.9 & 4.10). The frequency distribution graphs of F2 population 

for normal and heat stress conditions were close to normal which exhibited continuous 

variation and over dominance nature of inheritance (Fig. 4.19). Trangressive segregants with 

greater ear lengths and inbuilt heat stress tolerance could be searched from this particular 

crossed material.  

4.3.1.12. Kernels per ear (KPE) 

 Genetic model comprising five parameters [mdhij] was declared best suited to the 

data regarding kernels per ear for normal conditions. Additive and dominance genetic effects 

alongwith additive-additive and additive-dominance epistatic interaction were found 

important in the inheritance of this trait under normal conditions. For heat stress 

environments, five parameters [mdhil] genetic model was best suited to the data suggesting 

that both additive and dominance effects alongwith additive-additive and dominance-

dominance interaction were involved in the inheritance of this character (Table 4.8). Non-

additive (Yanping and Yushen, 1987; Tabassum et al., 2007) and over dominance type of 

genetic effects (Saleem et al., 2002; Malik et al., 2004; Chohan et al., 2012) were crucial in 

the inheritance of kernels per ear in maize. However, some earlier researchers had reported 

that kernels per ear may either be under the control of additive (Chen et al., 1996) or 

additive-dominant gene actions (Muraya et al., 2006).  

 Positive [d] and [i] under both normal and heat stress environments proposed the 

existence of complementary genetic effects, therefore, increase in kernels per ear may be 

fixed for the development of synthetics in maize suitable for both normal and high 

temperature conditions. Positive [h] and [j] recommended that increase in kernels per ear 

may be utilized for the evolution of maize hybrids suitable for normal environments. 

However, this idea was confused under heat stress conditions where [h] was positive and [l] 

was negative which indicated duplicate gene action and suggested delaying the selection for 

desirable recombinants till the succeeding generations after the progeny testing. 
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Fig. 4.20. F2 population frequency distribution graphs of kernels per ear (KPE) 

under (a) normal and (b) heat stress conditions 
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Means values of F1 generations for kernels per ear were greater than the parents and 

the other segregating material under both normal and heat stress conditions while the 

variance magnitudes for F2 generation and back crosses (BC1, BC2) were higher than F1 

generation and the parents (P1, P2) under both the contrasting regimes (Table 4.9 & 4.10). 

The F2 frequency distribution curves for normal and heat stress conditions were close to 

normal or near bell shaped. Presence of trangressive segregation or heterotic effects indicated 

the involvement of over dominance type of gene action for kernels per ear (Fig. 4.20). This 

over dominance may be unidirectional, or may be due to maternal or environmental effects 

(Ahsan, 1996). Segregants with greater number of kernels per ear could be found in the 

population of this particular crossed material. 

4.3.1.13. 100-grain weight (HGW) 

Genetic models comprising four parameters [mdhl] with additive and dominance 

genetic effects alongwith dominance-dominance epistatic interactions were best fitted in the 

inheritance of HGW under both normal and heat stress conditions (Table 4.8).  These results 

are in agreement to that of Naved (1979) and Wu (1987) who also suggested involvement of 

both dominant and additive genetic effects in its inheritance. Some researchers had reported 

that grain weight is under the control of additive (Ramamurthy, 1980; Khotyleva and 

Lemesh, 1994; Saeed, 1998) and non-additive genetic effects (Malik et al., 2004; Tabassum 

et al., 2007; Akbar et al., 2008; Kaur et al., 2010). However, few others had suggested over-

dominance type of genetic effects vital for this trait (Bukhari, 1986; Siddiqui, 1988; 

Tabassum, 2004). 

Negative [d] with no epistatic interaction proposed that decrease in HGW can be 

fixed for the development of synthetics suitable for both the contrasting conditions. Positive 

[h] suggested that increase in HGW may be fixed for the evolution of maize hybrids suitable 

for normal and heat stress environments. However, presence of negative [l] complicated the 

situation due to duplicate gene action which recommended the postponement of selection for 

the promising combinations till succeeding generations. 

Generation means for F1 and F2 were between the parents under normal and heat 

stress regimes. Variance estimates of F2 generation and back crosses (BC1, BC2) were higher 

than F1 generation and parents (P1, P2) under both normal and heat stress regimes (Table 4.9 

& 4.10). The F2 population frequency distribution curves for normal conditions was 
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Fig. 4.21. F2 population frequency distribution graphs of 100-grain weight 

(HGW) under (a) normal and (b) heat stress conditions
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near to multimodal while for heat stress conditions, it appeared asymmetrical (Fig. 4.21). 

Both these curves indicated continuous variation and the involvement of polygenic 

inheritance due its quantitative nature. 

4.3.1.14. Grain yield per plant (GYPP) 

For both normal and heat stress environments, five parameters [mdhil] genetic models 

comprising additive and dominance genetic effects alongside additive-additive and 

dominance-dominance epistatic interactions were best suited to the data concerning 

inheritance pattern of grain yield per plant (Table 4.8). In maize, grain yield per plant may 

either be governed by non-additive (Afarinesh et al., 2005; Akbar et al., 2008; Kanagarasu, 

2010) or additive type of genetic effects (Munir et al., 1977; Bawzir, 1983; Saeed, 1998; Ojo 

et al., 2007; Aslam et al., 2012) or both additive and dominance (Malvar et al., 1996; 

Yadav et al., 2003; Iqbal et al., 2007; Kaur et al., 2010; Wattoo et al., 2013). Some 

researchers had suggested involvement of over dominance (Malik, 1990; Bukhari, 1986; 

Chen et al., 1996; Tabassum and Saleem, 2005) and additive with partial dominance types of 

gene action in the inheritance of grain yield (Khodarahmpour, 2011). Dominance gene 

effects were crucial for grain yield in maize (Tassawar et al., 2007). 

Positive [d] with no epistatic interaction for both the conditions suggested that 

increase in grain yield per plant may be fixed to evolve maize synthetics suitable for normal 

and high temperature environments. Positive [h] with negative [j] and [l] indicated duplicate 

gene action which complicated the situation and recommended delaying the selection till 

further generations after progeny testing for the identification of desirable recombinants. 

  Means of F1 generation for grain yield per plant were higher in magnitude than 

parents and the other segregating generations under the normal and heat stress environments 

revealing the existence of transgressive segregation. The estimates of variances for F2 

generation and back crosses (BC1, BC2) were larger than F1 generation and parents (P1, P2) 

under both the contrasting regimes (Table 4.9 & 4.10). The F2 frequency distribution curves 

for grain yield per plant were asymmetrical and nearly left skewed revealing continuous and 

quantitative nature of inheritance (Fig. 4.22). Presence of heterotic effects or over dominance 

genetic effects may be unidirectional, or may be due to maternal or environmental effects 

(Ahsan, 1996). Potenetial transgressive segregants with inbuilt heat stress tolerance could be 

searched from the population of this particular crossed material. 
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Fig. 4.22. F2 population frequency distribution graphs of grain yield per plant 
(GYPP) under (a) normal and (b) heat stress conditions 
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4.3.2. Appraisal of generation variance components 

The dissection of phenotypic variance into respective genotypic and environmental 

constituents is not sufficient enough for the complete knowledge of genetic basis of any 

source material (Shen et al., 2011; Haq, 2014). It requires further partitioning of genotypic 

variance into genetic elements i.e. additive (D), dominance (H), environmental (E) and 

interaction (F) which is possible only through generation variance analysis. Estimates of 

these variance components can be used further to work out heritability estimates which 

reveal the extent of genotypic variance to phenotypic variance (Hallauer et al., 2010).  

Genetic and environmental components can be estimated from the experiments 

comprising pure genetic materials (parents), F1 and segregating populations (BC1, BC2, F2 

and so on). Generation variance approach as described by Mather and Jinks (1982) was 

extensively utilized by various researchers for dissecting the total variability into constituent 

components (Azizi et al., 2006; Khan, 2014).  

In the current investigation, generation variance analysis dissected the total variance 

into additive, dominance, environmental and interaction components (Table 4.11). Two 

parameters (D & E) genetic model was found suited to traits like cell membrane thermo-

stability, stomatal conductance, days to tasseling, days to silking, days to maturity and 100-

grain weight under normal conditions and to all the traits under study except ear leaf area 

under heat stress conditions. These results advocated that additive (D) variance, being 

transmissible and fixable, shared the largest portion of total genetic variance in the 

inheritance of all these characters. Genetic model comprising three parameters (D, F & E) 

was found responsible in the inheritance of traits such as leaf temperature, transpiration rate, 

leaf firing, ear leaf area, kernels per ear and grain yield per plant under normal conditions and 

for ear leaf area under heat stress environments. Genetic model consisting of D, H & E was 

found best fit only under normal conditions to plant height and ear length. Generation 

variance analysis revealed that estimates of additive variance for all the traits under study 

were in greater extent in comparison to environmental variances which suggested the worth 

of additive effects in the expression of all these traits and referred no further progeny testing.   

Barati et al. (2004) pointed out that both additive and dominance variances were 

crucial for normal conditions in comparison to stress conditions where dominance variance 

was more influential. Traits with positive variances for both additive and dominance 
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Table 4.11. Variance components best fit model following weighted analysis of components of variation under the 
contrasting environmental conditions. 

 Traits [D]±SE [H]±SE [F]±SE [E]±SE χ
2 (d.f.) 

N
or

m
al

 c
on

di
tio

ns
 

Leaf temperature 21.93±2.61 - -4.54±1.87 2.22±0.33 10.00 (3) 
Cell membrane thermo-stability 209.04±18.94 - - 3.58±0.53 8.95   (4) 
Stomatal conductance 0.000005±0.000002 - - 0.000007±0.000001 4.84   (4) 
Transpiration rate 0.01±0.001 - -0.004±0.001 0.001±0.0002 11.33 (3) 
Leaf firing (%age) 23.34±2.16 - 3.70±1.53 0.42±0.06 1.55   (3) 
Plant height -2.58±1.13 6.65±2.10 - 0.87±0.13 0.67  (3) 
Ear leaf area 3.85±0.92 - 1.48±0.66 1.66±0.23 9.84   (3) 
Days to tasseling 126.77±12.79 - - 6.53±0.97 2.08   (4) 
Days to silking 91.45±9.21 - - 4.67±0.69 4.65   (4) 
Days to maturity 108.35±13.61 - - 13.40±1.97 1.38   (4) 
Ear length -0.07±0.04 0.24±0.06 - 0.02±0.002 8.81   (3) 
Kernels per ear 1468.36±146.40 - 265.19±104.19 62.36±9.28 4.28   (3) 
100-grain weight 13.23±1.51 - - 1.19±0.18 7.25   (4) 
Grain yield per plant 822.31±79.41 - 249.91±48.19 17.09±2.55 1.87   (3) 

H
ea

t s
tr

es
s 

Leaf temperature 24.42±2.75 - - 2.11±0.31 12.57 (4) 
Cell membrane thermo-stability 235.15±22.20 - - 7.15±1.06 7.18   (4) 
Stomatal conductance 0.09±0.01 - - 0.001±0.0002 10.98 (4) 
Transpiration rate 6.33±0.81 - - 0.83±0.12 0.74   (4) 
Leaf firing (%age) 86.54±10.13 - - 8.62±1.27 5.24   (4) 
Plant height 356.58±43.01 - - 39.14±5.78 2.68   (4) 
Ear leaf area 1119.34±186.71 - -356.87±127.99 259.75±37.80 3.46   (3) 
Days to tasseling 171.74±17.75 - - 10.15±1.51 1.49   (4) 
Days to silking 108.18±15.89 - - 19.67±2.88 1.73   (4) 
Days to maturity 142.86±17.96 - - 17.71±2.61 1.05   (4) 
Ear length 13.84±1.41 - - 0.76±0.11 4.02   (4) 
Kernels per ear 2494.44±276.39 - - 203.34±30.13 6.81   (4) 
100-grain weight 15.70±1.85 - - 1.59±0.24 3.59   (4) 
Grain yield per plant 1408.30±131.40 - - 37.59±5.60 6.16   (4) 

 
D = Additive; H = Dominance; F = Additive-dominance; E= Environmental; χ2 = Chi-square; d.f. = Degrees of freedom
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included leaf firing, ear leaf area, kernels per ear and grain yield per plant under normal 

conditions.  Tengan et al. (2012) reported positive additive and dominance variances for 

plant height and ear length. Singh and Narayanan (1993) suggested that any disagreement in 

results leading to differences in opinions might be due to the distinction in the accuracy and 

reliability of the two analyses. The generation means analysis, being the 2nd degree of 

statistics is more robust and dependable in contrast to generation variance analysis, being the 

3rd degree of statistics, is relatively less powerful and trustworthy. 

4.4. Heritability and genetic advance 

Genetic variability existed in the source population and the degree to which it is 

heritable is mandatory for the execution of any crop improvement program successfully 

(Wang et al., 2011). The genetic basis of phenotypic variability is estimated through 

heritability. Heritability refers to the extent of genotypic variance to the total or phenotypic 

variance. It tells the degree to which the characters are transmitted from parents to their 

offsprings and guides the plant breeders in the selection of promising inbred lines from 

genetically diverse populations. Broad sense and narrow sense are its two types which can be 

classified into low (<30%), moderate (30-60%) and high (>60%) as described by Johnson et 

al. (1955). Both heritability and genetic advance constitute an important selection criterion. 

Considering both the parameters at once is more supportive in anticipating the gain under 

selection rather than giving due importance to anyone. A character exhibiting high 

heritability may not necessarily show high genetic advance (Johnson et al., 1955).  

In the current study, the estimates of broad sense heritability (H2) for morphological 

and physiological traits under study ranged 69.1% to 97.8% under normal conditions while it 

ranged 69.1% to 96.9% under heat stress conditions (Table 4.12). Maximum and minimum 

estimates were recorded for transpiration rate (97.8%) and stomatal conductance (69.1%) 

under normal conditions and for stomatal conductance (96.9%) and ear leaf area (69.1%) 

under heat stress conditions, respectively. Estimates of narrow sense heritability (h2) for F2 

ranged 64.3% to 97.6% for stomatal conductance and days to tasseling under normal 

environments while under heat stress conditions, it ranged 54.8% to 89.0% for stomatal 

conductance and grain yield per plant, respectively. Narrow sense heritability estimates for 

infinity generation ranged 80.7% to 98.0% for stomatal conductance and leaf firing under 
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Table 4.12. Estimates of heritability (H2 and h2) and genetic advance for fourteen plant traits in a cross of Zea mays L. 
Trait  Broad sense 

heritability (H2) % 
Narrow sense heritability (h2) % Genetic 

advance 
Genetic advance 

as % of mean F2 F∞ F2 F∞ 
 NC HS NC HS NC HS NC HS 
Leaf temperature 84.6 86.2 78.4 88.8 69.3 88.5 5.10 2.87 14.0 8.81 

Cell membrane thermo-stability 96.5 94.3 76.9 97.5 82.7 96.4 36.6 30.2 41.7 57.9 

Stomatal conductance 69.1 96.9 64.3 80.7 54.8 96.9 0.03 0.27 37.5 42.2 

Transpiration rate 97.8 78.8 92.0 95.7 68.6 86.2 1.96 1.62 110.1 53.1 

Leaf firing 96.5 83.6 89.8 98.0 69.2 89.9 8.62 25.9 56.7 69.3 

Plant height 86.0 82.0 78.4 91.6 78.2 89.1 12.6 11.9 9.51 9.65 

Ear leaf area 90.5 69.1 88.7 95.0 61.7 77.9 57.6 34.1 18.3 9.47 

Days to tasseling 89.5 84.2 97.6 94.7 63.8 89.1 4.23 2.19 6.54 3.73 

Days to silking 90.4 73.2 76.8 94.3 66.0 82.5 3.09 1.98 4.63 3.33 

Days to maturity 79.9 79.9 68.1 87.2 70.9 88.0 2.40 2.13 2.51 2.33 

Ear length 92.7 90.0 88.4 95.7 73.2 92.9 4.20 2.96 48.7 34.0 

Kernels per ear 92.0 90.0 62.0 93.0 80.0 90.0 120.3 172.6 114.8 196.4 

100-grain weight 85.2 83.3 78.4 90.3 75.7 89.3 2.82 3.10 13.7 15.5 

Grain yield per plant 95.7 95.0 72.2 97.0 89.0 97.0 40.2 54.3 61.4 105.6 

 
H2 = Broad sense heritability; h2 = Narrow sense heritability; F∞ = Infinity generation; NC = Normal conditions; HS = Heat stress 
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normal conditions while it ranged 77.9% to 97.0% for ear leaf area and grain yield per plant 

under heat stress environments, respectively. Except for the estimates of narrow sense 

heritability of F2 generation under heat stress conditions which were moderate to high, all 

other heritability estimates for broad sense and narrow sense (F2 and infinity generations) 

were higher for all the traits under study which suggested that a greater share of genotypic 

variance was contributed by heritable and fixable components i.e. additive genetic variance. 

Estimates of broad sense heritability were higher than estimates of narrow sense heritability 

while estimates of narrow sense heritability for infinity generation were greater than its F2 

generation (Singh and Narayanan, 1993; Haq, 2010). These results further projected the 

scope of genetic improvement for these characters through selections due to least genotype-

environment interaction therefore any plant breeder may perform his selection on the basis of 

phenotypic expression of individual plants by using simple selection procedures (Tewari, 

1999; Kant et al., 2005). Chen et al. (1996) revealed moderate estimates of heritability for 

100-grain weight and low for plant height and ear length. However, El-Hifny et al. (2003) 

and Edmeades et al. (2006) indicated low heritability for 100-grain weight and grain yield. 

Some researchers reported moderate to high heritability for grain yield per plant (Hai-qiu et 

al., 2003; Chohan et al., 2012). Earlier researchers reported contrasting findings for different 

traits under study which may be due to different genetic material and varying environmental 

conditions under which the experiments were conducted. 

  Genetic advance which is the measure of genetic gain under selection is actually the 

improvement in mean genotypic value of selected plants over the parental population. 

Genetic variability, heritability and selection intensity are the leading factors on which the 

success of genetic advance under selection depends upon (Allard, 1960; Singh and 

Narayanan, 1993). Johnson et al. (1955) classified the genetic advance into low (<10%), 

moderate (10-20%) and high (>20%). Genetic advance as % of mean (GAM%) ranged 

2.51% to 114.8% under normal conditions while under heat stress environments, it ranged 

2.33% to 196.4% (Table 4.12). Under both the contrasting environments, the maximum and 

minimum estimates of genetic advance were recorded for kernels per ear and days to 

maturity, respectively. Estimates of genetic advance were low (<10%) for plant height, days 

to tasseling, days to silking, and days to maturity in normal conditions in comparison to leaf 

temperature, plant height, ear leaf area, days to tasseling, days to silking and days to maturity 
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in heat stress conditions. These estimates were moderate (<20%) for leaf temperature and ear 

leaf area under normal conditions while for 100-grain weight in both of the environments. 

Genetic advance was high (>20%) for cell membrane thermo-stability, stomatal conductance, 

transpiration rate, leaf firing, ear length, kernels per ear and grain yield per plant in both 

normal and heat-stressed conditions. 

Selection for the characters having higher estimates of heritability and genetic 

advance are expected to build up more additive genes which may lead in further 

improvement of their performances. Heritability and genetic advance in combination 

formulate a valuable tool in forecasting the outcome of selection of superior inbred lines for 

yield and its contributing traits. It also assists in assessing environmental influences on the 

reliability and expression of the trait (Reddy et al., 2013). Simultaneous consideration of the 

estimates of heritability and genetic advance suggested that only simple selections might be 

enough for further improvement of characters such as cell membrane thermo-stability, 

stomatal conductance, transpiration rate, leaf firing, ear length, kernels per ear and grain 

yield per plant under both the conditions. All other traits with high heritability but low to 

moderate genetic advance indicated either the existence of non-additive genetic effects or 

greater influence of environment. Immediate selection for such may be misleading, therefore, 

required further progeny testing. Such traits can be improved by crossing potential genotypes 

of segregating population by means of recombinant breeding approach (Samadia, 2005). 

4.5. Estimation of correlation coefficients  

Appraisal of correlation coefficients among the characters helps the plant breeders to 

formulate the breeding strategies for the evolution of the targeted genotypes. Falconer (1952) 

suggested that a trait measured under two contrasting environments will be considered as two 

instead of one. In the current investigation, genotypic correlation coefficients recorded were 

higher than phenotypic correlation coefficients (Ahsan, 1999). Association among the plant 

characters exhibit the linkage which may vary among the parents due to distinction in allele 

combinations of the source material involved and the environment under which experiments 

were conducted (Tollenaar et al., 1979; Haq, 2014). The trait wise details were as under;  

4.5.1. Leaf temperature (LT) 

 Leaf temperature revealed positive and significant association with cell membrane 

thermo-stability, leaf firing, days to tasseling, days to silking, days to maturity and 100-grain 
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weight while negative but significant with stomatal conductance, transpiration rate, ear 

length, kernels per ear and grain yield per plant under normal conditions. Plant height and ear 

leaf area exhibited positive and significant association only at genotypic level under normal 

environments (Table 4.13).  

Similarly, positive and significant association of leaf temperature was recorded with 

cell membrane thermo-stability, leaf firing, ear leaf area and 100 grain weight while negative 

and significant with stomatal conductance, transpiration rate, ear length, kernels per ear and 

grain yield per plant both at genotypic and phenotypic levels under heat stress conditions. 

Plant height and days to tasseling were associated positively but significantly with leaf 

temperature only at genotypic level (Table 4.14). 

Significant but negative association of leaf temperature with grain yield in maize was 

reported by Aslam et al. (1999) and Tsimba et al. (2013) while positive and significant with 

days to silking was reported by Tollenaar et al. (1979) and Tsimba et al. (2013). In wheat, 

Mohammadi et al. (2014) reported negative correlation of canopy temperature with grain 

yield. Canopy temperature had been suggested as potential parameter for using as indirect 

selection criterion for achieving genetic improvement regarding drought adaptation in crop 

plants (Balota et al., 2008). 

4.5.2. Cell membrane thermo-stability (CMT) 

 Genotypic and phenotypic correlation coefficients of cell membrane thermo-stability 

with leaf firing, days to tasseling, silking, maturity and 100-grain weight were positive and 

significant while negative but significant with stomatal conductance, transpiration rate, ear 

length, kernels per ear and grain yield per plant under normal conditions. Under same 

conditions, ear leaf area exhibited only significant association with CMT at genotypic level 

which was negative (Table 4.13). 

 At both genotypic and phenotypic levels, leaf firing and 100-grain weight indicated 

positive and significant associations with CMT while negative and significant with stomatal 

conductance, transpiration rate, ear length, kernels per ear and grain yield per plant under 

heat stress conditions. Plant height and ear leaf area while days to silking and days to 

maturity revealed significant but positive and negative associations with cell membrane 

thermo-stability respectively at genotypic level (Table 4.14). CMT had strong correlation 

with ear length, kernels per ear, days to tasseling, silking, maturity, 100-grain weight and 
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Table 4.13. Genotypic and phenotypic correlation coefficients among fourteen maize plant traits under normal conditions. 
Traits  CMT SC TR LF PH ELA DTT DTS DTM EL KPE HGW GYPP 
LT rg  0.863* -0.935* -0.888*  0.809*  0.418*  0.335*  0.679*  0.715*  0.658* -0.482* -0.830*  0.689* -0.871* 

rp  0.861** -0.928** -0.884**  0.806**  0.414  0.334  0.611**  0.644**  0.556* -0.480* -0.827**  0.687** -0.870** 

CMT rg  -0.903* -0.923*  0.983*  0.001 -0.019*  0.794*  0.802*  0.700* -0.714* -0.982*  0.802* -0.857* 

rp  -0.891** -0.921**  0.982**  0.004 -0.019  0.696**  0.701**  0.601** -0.712** -0.981**  0.799** -0.857** 

SC rg    0.994* -0.829* -0.456 -0.440* -0.920* -0.938* -0.941*  0.376  0.836* -0.863*  0.769* 

rp    0.985** -0.816** -0.445 -0.436 -0.831** -0.851** -0.754**  0.369  0.825** -0.846**  0.760** 

TR rg    -0.846* -0.326* -0.356* -0.967* -0.979* -0.906* -0.395*  0.844* -0.925*  0.719* 

rp    -0.844** -0.324 -0.355 -0.847** -0.857** -0.765** -0.393  0.843** -0.917**  0.718** 

LF rg     -0.101* -0.160*  0.736*  0.746*  0.652* -0.825* -0.996*  0.699* -0.898* 

rp     -0.100 -0.160  0.648**  0.651**  0.561* -0.823** -0.995**  0.695** -0.897** 

PH rg       0.957*  0.495*  0.549*  0.513*  0.482*  0.070*  0.190* -0.118* 

rp       0.951**  0.408  0.452  0.442  0.479*  0.071  0.184 -0.117 

ELA rg        0.491*  0.528*  0.542*  0.628*  0.140*  0.328*  0.059* 

rp        0.441  0.471*  0.462  0.628**  0.140  0.327  0.059 

DTT rg         1.014*  1.287*  -0.245* -0.698*  0.900* -0.588* 

rp         0.998**  0.978**  -0.209 -0.615**  0.805** -0.523* 

DTS rg          0.981*  -0.244* -0.711*  0.885* -0.618* 

rp          0.976**  -0.209 -0.623**  0.795* -0.550* 

DTM rg           -0.169 -0.597*  0.853* -0.564* 

rp           -0.156 -0.516*  0.742** -0.483* 

EL rg            0.818* -0.213*  0.810* 

rp           0.818** -0.212 0.808** 

KPE rg            -0.672* 0.909* 

rp            -0.669** 0.908** 

HGW rg             -0.450* 

rp             -0.449 

rg = Genotypic correlation; rp = Phenotypic correlation; *, ** = Significant at P≤0.05 and P≤0.01 respectively. 
LT = Leaf temperature; CMT = Cell membrane thermo-stability; SC = Stomatal conductance; TR = Transpiration rate; LF = Leaf 
firing (%age); PH = Plant height; ELA = Ear leaf area; DTT = Days to tasseling; DTS = Days to silking; DTM = Days to maturity; 
EL = Ear length; KPE = Kernels per ear; HGW = 100-grain weight; GYPP = Grain yield per plant
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Table 4.14. Genotypic and phenotypic correlation coefficients among fourteen maize plant traits under heat stress conditions. 
Traits  CMT SC TR LF PH ELA DTT DTS DTM EL KPE HGW GYPP 
LT rg  0.900* -0.849* -0.836*  0.786*  0.247*  0.650*  0.428*  0.247  0.247 -0.460* -0.809*  0.979* -0.685* 

rp  0.897** -0.848** -0.831**  0.784**  0.243  0.648**  0.413  0.234  0.215 -0.457 -0.808**  0.970** -0.684** 

CMT rg  -0.989* -0.839*  0.964*  0.183*  0.338*  0.022 -0.185* -0.206* -0.714* -0.941*  0.792* -0.927* 

 rp  -0.989** -0.837**  0.963**  0.182  0.338  0.022 -0.178 -0.189 -0.711** -0.940**  0.788** -0.927** 

SC rg    0.845* -0.968* -0.113 -0.217*  0.063  0.296  0.307  0.799*  0.948* -0.725*  0.953* 

rp    0.843** -0.967** -0.111 -0.217  0.059  0.284  0.281  0.795**  0.948** -0.721**  0.953** 

TR rg    -0.848*  0.303* -0.170*  0.019  0.199  0.224  0.787*  0.892* -0.709*  0.721* 

rp    -0.846**  0.296 -0.171  0.023  0.197  0.211  0.785**  0.889** -0.703**  0.719** 

LF rg      0.025  0.123* -0.226* -0.390* -0.416* -0.822* -0.979*  0.643* -0.966* 

rp      0.028  0.123 -0.215 -0.379 -0.389 -0.819** -0.979**  0.641** -0.965** 

PH rg       0.642*  0.610*  0.592*  0.642*  0.391* -0.001  0.397* -0.145* 

rp       0.636**  0.555*  0.531*  0.556*  0.388 -0.003  0.393 -0.142 

ELA rg        0.904*  0.869*  0.862*  0.381* -0.130*  0.786* -0.027* 

rp        0.856**  0.835**  0.792**  0.379 -0.130  0.782** -0.027 

DTT rg         0.998*  0.961*  0.517*  0.144*  0.645*  0.279* 

rp         0.946**  0.959**  0.497*  0.136  0.604**  0.262 

DTS rg          0.989*  0.727*  0.319*  0.464*  0.473* 

rp          0.977**  0.701**  0.308  0.449  0.454 

DTM rg           0.713*  0.324*  0.482*  0.476* 

rp           0.668**  0.301  0.439  0.437 

EL rg            0.838* -0.265*  0.833* 

rp            0.835** -0.266  0.830** 

KPE rg            -0.691*  0.937* 

rp            -0.688**  0.937** 

HGW rg             -0.551* 

rp             -0.547* 

rg = Genotypic correlation; rp = Phenotypic correlation; *, ** = Significant at P≤0.05 and P≤0.01 respectively. 
LT = Leaf temperature; CMT = Cell membrane thermo-stability; SC = Stomatal conductance; TR = Transpiration rate; LF = Leaf 
firing (%age); PH = Plant height; ELA = Ear leaf area; DTT = Days to tasseling; DTS = Days to silking; DTM = Days to maturity; 
EL = Ear length; KPE = Kernels per ear; HGW = 100-grain weight; GYPP = Grain yield per plant
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grain yield per plant under contrasting environments in maize (Akbar, 2008; Ning et al., 

2013; Haq, 2014). Ahsan et al., (2008) suggested non-existence of genotypic and phenotypic 

association of cell membrane thermo stability with leaf area. Cell membrane thermo-stability 

was negatively correlated with leaf firing (Marcum, 1998). 

4.5.3. Stomatal conductance (SC)  

 Estimation of correlation coefficients revealed positive and significant association of 

stomatal conductance with transpiration rate, kernels per ear and grain yield per plant 

whereas negative and significant with leaf firing, days to tasseling, days to silking, days to 

maturity and 100-grain weight. Ear leaf area exhibited negative and significant association 

with stomatal conductance only at genotypic level under normal conditions (Table 4.13).  

Under heat stress conditions, association of stomatal conductance with transpiration 

rate, ear length, kernels per ear and grain yield per plant was positive and significant both at 

genotypic and phenotypic levels, however, it was negative and significant with leaf firing and 

100-grain weight. Ear leaf area exhibited negative and significant association with stomatal 

conductance only at genotypic level under heat stress conditions (Table 4.14). Akbar (2008) 

reported similar findings regarding association with transpiration rate and cell membrane 

thermo-stability while contrasting results regarding days to tasseling and silking. These 

differences may be due to the differences in genetic makeup of the parents.  

4.5.4. Transpiration rate (TR) 

 Under normal conditions, association of transpiration rate with leaf firing, days to 

tasseling, silking, maturity and 100-grain weight was found to be negative and significant on 

genotypic and phenotypic basis. Kernels per ear and grain yield per plant were correlated 

positively and significantly with transpiration rate at genotypic and phenotypic levels. Only 

at genotypic level, plant height and ear leaf area were correlated significantly and negatively 

with transpiration rate in contrast to ear length which was positively associated (Table 4.13).  

 At both genotypic and phenotypic levels, association of transpiration rate with leaf 

firing and 100-grain weight was negative and significant while with ear length, kernels per 

ear and grain yield per plant, it was positive and significant under heat stress conditions. 

Plant height and ear leaf area revealed positive and negative associations with transpiration 

rate at genotypic level (Table 4.14). Akbar (2008) suggested positive correlation coefficients 

of transpiration rate with days to tasseling, silking and maturity while non-significant 
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associations for other traits. This dissimilarity in results may be due to differences in genetic 

makeup of the source material and dissimilar environmental conditions under which the 

experiments were conducted.  

4.5.5. Leaf firing (LF %age) 

 Under normal environments, days to tasseling, silking, maturity and 100-grain weight 

were associated positively and significantly with leaf firing however, this association was 

negative and significant with ear length, kernels per ear and grain yield per plant at genotypic 

and phenotypic levels. Plant height and ear leaf area explained negative but significant 

correlation with leaf firing only at genotypic level under normal conditions (Table 4.13). 

 Under heat stress environments, association of leaf firing with ear length, kernels per 

ear and grain yield per plant was negative while it was positive with 100-grain weight at 

genotypic and phenotypic levels. At genotypic level, only significant associations of leaf 

firing were recorded with ear leaf area which was positive while negative with days to 

tasseling, silking and maturity (Table 4.14). Inadequate transpirational cooling followed by 

heating of plant parts to lethal level caused leaf firing in maize (Roy and Basu, 2015). Kaur 

et al. (2010) reported negative and significant correlation of leaf firing with grain yield per 

plant.  

4.5.6. Plant height (PH) 

 Association of plant height was positive and significant only with ear leaf area at both 

the levels under normal conditions. Days to tasseling, silking, maturity, ear length, kernels 

per ear and 100-grain weight exhibited positive while grain yield per plant indicated negative 

correlation coefficients with plant height only at genotypic level under normal conditions 

(Table 4.13).  

 Positive and significant correlation coefficients were recorded for plant height with 

ear leaf area, days to tasseling, silking and maturity at both genotypic and phenotypic levels 

under heat stress conditions. Significant and positive correlation coefficients of plant height 

were observed with ear length and 100-grain weight at genotypic level while significant and 

negative with grain yield per plant under heat stress conditions (Table 4.14). Some 

researchers suggested positive association of plant height with kernels per ear and grain yield 

(Bolanos and Edmeades, 1993; Mohan et al., 2002; Oyo et al., 2006; Golbashy et al., 2012) 

while few reported no relationship with grain yield (Rather et al., 1999). Leaf area, plant 
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height and grain yield were positively and significantly associated with each other (Haq, 

2014). Ahsan (1999) suggested that grain yield in maize can be improved by increasing plant 

height. 

4.5.7. Ear leaf area (ELA) 

 Ear leaf area exhibited positive and significant association with days to silking and 

ear length at both genotypic and phenotypic levels while with days to tasseling, maturity, 

kernels per ear, 100-grain weight and grain yield per plant, it was also positive but significant 

only at genotypic level under normal conditions (Table 4.13). 

 Under heat stress conditions, days to tasseling, silking, maturity and 100-grain weight 

revealed positive and significant correlation coefficients with ear leaf area at both genotypic 

and phenotypic levels, however, association of ear leaf area with ear length was positive 

while with kernels per ear and grain yield per plant, it was negative but significant only at 

genotypic level (Table 4.14).  

Improvement in grain yield can be achieved by improving leaf area (Ahsan, 1999). 

Leaf area and grain yield were associated with each other positively and significantly 

(Bolanos et al., 1993; Malik et al., 2005; Saleem et al., 2007). In a recent study on maize, 

Haq (2014) suggested positive and significant relationship between leaf area, plant height 

and grain yield per plant. Removal of ear leaf in maize had reduced grain weight and caused 

reduction in grain yield upto 25% (Kamara et al., 2003).  

4.5.8. Days to tasseling (DTT)  

 Days to tasseling showed positive and significant association with days to silking, 

maturity and 100-grain weight while negative with kernels per ear and grain yield per plant 

both at genotypic and phenotypic levels. Ear length exhibited negative but significant 

association with days to tasseling only at genotypic level. These correlation coefficients were 

recorded under normal conditions (Table 4.13). 

 Under heat stress conditions, days to silking, maturity, ear length and 100-grain 

weight revealed positive and significant correlation coefficients with days to tasseling at both 

genotypic and phenotypic levels. Kernels per ear and grain yield per plant showed positive 

association but significant only at genotypic level (Table 4.14). 

Under contrasting environments, days to tasseling exhibited strong association with 

grain yield per plant (El-Saad et al., 1994; Mohan et al., 2002; Oyo et al., 2006; Akbar et al., 
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2008) and 100-grain weight (Malik et al., 2005). Conversely, few research workers suggested 

negative but significant correlation of days to tasseling with 100-grain weight (Ahsan, 1999). 

4.5.9. Days to silking (DTS) 

Days to maturity, kernels per ear and 100-grain weight showed positive and 

significant correlation coefficients with days to silking while negative with grain yield per 

plant at genotypic and phenotypic levels. Ear length exhibited negative association with days 

to silking only at genotypic level. These correlation coefficients were observed under normal 

conditions (Table 4.13). 

Ear length and days to maturity exhibited positive and significant association with 

days to silking at both genotypic and phenotypic levels, however, only significant correlation 

coefficients were recorded among days to silking, kernels per ear, 100-grain weight and grain 

yield per plant at genotypic level under heat stress conditions (Table 4.14).  

In maize, days to silking exhibited positive and significant correlation with grain 

yield (El-Saad et al., 1994; Saleem et al., 2007). In contrast, some researchers reported 

negative correlation of days to silking with grain yield (Ahsan, 1999; Malik et al., 2005). 

Days to silking and 100-grain weight were associated with each other positively and 

significantly under normal condition while negatively but significantly under stressed 

environments (Bolanos et al., 1993; Malik et al., 2005).     

4.5.10. Days to maturity (DTM) 

 Days to maturity showed negative but significant associations at genotypic and 

phenotypic levels with kernels per ear and grain yield per plant while positive with 100-grain 

weight under normal conditions (Table 4.13).  

 Under heat stress, ear length exhibited positive and significant correlation coefficients 

with days to maturity both at genotypic and phenotypic levels. Kernels per ear, 100-grain 

weight and grain yield per plant also revealed positive associations with days to maturity but 

significant only at genotypic level (Table 4.14). 

Days to maturity had positive and significant correlation with grain yield (Bolanos 

and Edmeades, 1996; Mohan et al., 2002) and 100-grain weight in maize (Parh et al., 1986). 

However, Akbar (2008) reported negative association of days to maturity with grain yield 

while positive and significant with cell membrane thermo-stability and days to tasseling at 

genotypic level in maize under high temperature conditions. 
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4.5.11. Ear length (EL) 

Ear length indicated positive and significant genotypic and phenotypic correlation 

coefficients with kernels per ear and grain yield per plant while negative and significant with 

100-grain weight only at genotypic level under both normal and heat stress conditions (Table 

4.13 & Table 4.14). 

In maize, ear length and grain yield were associated with each other positively and 

significantly (Cheng et al., 2003; Yadav et al., 2003). In a recent study on maize, Haq (2014) 

suggested that ear length was positively and significantly correlated with cell membrane 

thermo-stability, kernels per ear and grain yield on genotypic basis under contrasting 

environmental conditions. 

4.5.12. Kernels per ear (KPE) 

 Both under normal and heat stress environments, kernels per ear revealed negative 

and positive genotypic and phenotypic correlation coefficients with 100-grain weight and 

grain yield per plant, respectively (Table 4.13 & Table 4.14). 

Kernels per ear had positive and significant correlation with cell membrane thermo-

stability and grain yield (Haq, 2014). Some other previous researchers also suggested 

positive and strong association between kernels per ear and grain yield (Bolanos and 

Edmeades, 1993; Annapurna et al., 1998; Cattivelli et al., 2008; Golbashy, 2012). Malik et 

al., (2005) suggested that kernels per row mainly contribute towards high grain yield. Some 

researchers suggested that for improving grain yield in maize, selection for the characters 

which contribute towards kernel number per ear would be effective (Annapurna et al., 1998; 

Khatun et al., 1999; Beiragi et al., 2011). 

4.5.13. 100-grain weight (HGW) 

 100-grain weight and grain yield per plant were negatively but significantly 

associated with each other under normal conditions, however, this association was significant 

at both genotypic and phenotypic levels under heat stress conditions (Table 4.13 & Table 

4.14). 

Previous researchers suggested highly significant association of 100-grain weight with 

grain yield under contrasting environmental conditions (Parh et al., 1986; Qin and Li, 1991; 

Kumar and Mishra, 1995; Khatun et al., 1999; Huang and Gao, 2002; Akbar, 2008). 

Likewise, association of 100-grain weight with days to maturity, silking and tasseling was 
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also reported to be strong and significant by many research workers (Parh et al., 1986; 

Bolanos et al., 1993; Saleem et al., 2007). On the other hand, few researchers suggested 

negative but significant correlation coefficients among these traits under stressful conditions 

(Bolanos et al., 1993; Saleem et al., 2007).  

4.5.14. Grain yield per plant (GYPP) 

  Grain yield per plant was positively and significantly associated with stomatal 

conductance, transpiration rate, ear length and kernels per ear while negatively but 

significantly with leaf temperature, cell membrane thermo-stability, leaf firing, days to 

tasseling, days to silking, days to maturity and 100-grain weight at genotypic and phenotypic 

levels. Plant height and ear leaf area exhibited negative association with grain yield per plant 

but significant only at genotypic level. These correlation coefficients were recorded under 

normal conditions (Table 4.13). 

 Under heat stress conditions, grain yield per plant indicated negative and significant 

correlation coefficients with leaf temperature, cell membrane thermo-stability, leaf firing and 

100-grain weight while positive and significant with stomatal conductance, transpiration rate, 

ear length and kernels per ear both at genotypic and phenotypic levels.  Plant height and ear 

leaf area revealed negative while days to tasseling, silking and maturity showed positive 

correlation coefficients with grain yield per plant which were significant only at genotypic 

level (Table 4.14). 

Previous researchers reported that grain yield per plant had a positive and significant 

association with leaf area  (Bolanos et al., 1993; Yadav et al., 2003;  Oyo et al., 2006; 

Saleem et al., 2007; Ahsan et al., 2008), plant height (Bolanos et al., 1993; Khakim et al., 

1998 ; Mohan et al., 2002; Amini et al., 2013), days to tasseling, silking, anthesis-silking 

interval and maturity days (Bolanos et al., 1993; Bolanos and Edmeades, 1996; Mohan et al., 

2002; Magorokosho et al., 2003; Akbar et al., 2008; Cattivelli et al., 2008; Saleem et al., 

2007). Similarly, grain yield per plant had positive and significant relationship with ear 

length (Yadav et al., 2003), kernels per ear (Bolanos and Edmeades, 1993; Annapurna et al., 

1998; Cattivelli et al., 2008) and 100-grain weight (Akbar et al., 2008; Ramezani et al., 

2009; Amini et al., 2013). In contrast, some researchers reported negative but significant 

correlation coefficients for grain yield with days to tasseling and days to silking (Ahsan, 

1999; Malik et al., 2005). 
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Chapter 5 

Summary 

The current studies on genetic basis of heat tolerance and some yield components 

were carried out in Pakistan at the Deptt. of Plant Breeding & Genetics, University of 

Agriculture, Faisalabad and Agronomic Research Institute, Ayub Agric. Research Institute, 

Faisalabad. For this purpose, 100 maize inbred lines were planted under both normal and 

heat-stressed conditions. The results suggested that screening of inbred lines inside the 

plastic-tunnel also proved to be effective in maize like some other field crops. Based on 

various morpho-physiological plant traits, two contrasting inbred lines, ZL-11271 (heat-

tolerant) and R-2304-2 (heat-susceptible), were selected for developing the six basic 

generations (P1, P2, F1, F2, BC1 and BC2) using generation mean approach. Two sets, each 

comprising the same plant material were laid-out in a factorial randomized complete block 

design with 3 replications, set-I under normal (field) while set-II under heat-stressed (plastic-

tunnel) conditions. The data recorded on different plant traits were analyzed in nested block 

design to ignore/minimize replication effects. Estimates of broad and narrow-sense 

heritability and genetic advance were also worked out. Genotypic and phenotypic correlation 

coefficients among the traits under study were calculated using the data of F2 population.  

One way, two way and partitioned analyses of variances of all the traits revealed non-

significant differences among the genetic material for anthesis-silking interval (ASI) for most 

of the parameters. Therefore, ASI was not included for further analyses of generation means 

and variances, and correlation coefficients. Based on χ² values, genetic models comprising 

two, three, four and five parameters (additive, dominance and epistatic interactions i.e. 

additive-additive, additive-dominance, dominance-dominance) were found best suited for all 

the characters under both the contrasting environments. Generation mean analysis for normal 

conditions revealed both additive and dominance genetic effects alongwith epistatic 

interactions for leaf temperature, cell membrane thermo-stability, stomatal conductance, leaf 

firing, plant height, ear leaf area, days to maturity, ear length, kernels per ear, 100-grain 

weight and grain yield per plant. Only additive genetic effects alongwith epistatic 

interactions were recorded for transpiration rate, days to tasseling and silking under normal 

conditions. For heat-stressed conditions, except days to silking and maturity where only 
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dominance genetic effects were recorded with no epistatic interaction, other traits like leaf 

temperature, cell membrane thermo-stability, stomatal conductance, transpiration rate, leaf 

firing, plant height, ear leaf area, days to tasseling, ear length, kernels per ear, 100-grain 

weight and grain yield per plant were found under the influence of both additive and 

dominance genetic effects alongwith epistatic interactions.  

Considering the genetic effects, simple selection might be enough for the evolution of 

synthetic cultivars suitable for normal conditions on the basis of cell membrane thermo-

stability, transpiration rate, leaf firing, days to tasseling, silking, ear length, kernels per ear 

and grain yield per plant. Traits like leaf firing, plant height, ear length and kernels per ear 

revealed potential of breeding maize hybrids for normal conditions. For the evolution of heat-

tolerant synthetics, characters such as cell membrane thermo-stability, stomatal conductance, 

transpiration rate, leaf firing, days to tasseling, ear length, kernels per ear and grain yield per 

plant may be preferred. Likewise for the development hybrids suitable for high temperature 

conditions, traits like transpiration rate, leaf firing, plant height, ear leaf area, days to 

tasseling, silking, maturity, ear length, kernels per ear and 100-grain weight may be utilized.  

The generation variance analysis indicated that two parameters [D, E] genetic model 

was best suited to cell membrane thermo-stability, stomatal conductance, days to tasseling, 

silking, maturity and 100-grain weight under normal conditions and to all the traits under 

study except ear leaf area under heat-stressed regime. Three parameters [D, F & E] genetic 

model was best fitted to leaf temperature, transpiration rate, leaf firing, ear leaf area, kernels 

per ear and grain yield per plant under normal conditions, and for ear leaf area under heat-

stressed environments. Genetic model D, H & E was regarded best fit only under normal 

conditions to plant height and ear length. Generation variance analysis revealed that 

estimates of additive variance for most of the traits except plant height and ear length (only 

under normal) were in greater extent in comparison to environmental variances which 

suggested the worth of fixable, heritable additive effects in the expression of all these traits 

and the advantage of saving resources in further progeny testing. Both plant height and ear 

length revealed greater estimates for the dominance component [D] which suggested the 

potential of breeding hybrids in improving these traits under normal conditions.  

  Estimates of broad sense heritability were higher than narrow sense heritability 

while estimates of narrow sense heritability for infinity generation were greater than its F2 
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generation. Considering both heritability and genetic advance simultaneously suggested that 

only simple selections might be enough for further improvement of traits like cell membrane 

thermo-stability, stomatal conductance, transpiration rate, leaf firing, ear length, kernels per 

ear and grain yield per plant in both normal and heat-stressed conditions.  

The correlation coefficients analysis for normal conditions indicated that grain yield 

per plant was positively and significantly associated with stomatal conductance, transpiration 

rate, ear length and kernels per ear while negatively but significantly with leaf temperature, 

cell membrane thermo-stability, leaf firing, days to tasseling, days to silking, days to maturity 

and 100-grain weight at genotypic and phenotypic levels. Plant height and ear leaf area 

exhibited negative association with grain yield per plant but significant only at genotypic 

level. Under heat stress conditions, grain yield per plant revealed negative and significant 

association with leaf temperature, cell membrane thermo-stability, leaf firing and 100-grain 

weight while positive and significant with stomatal conductance, transpiration rate, ear length 

and kernels per ear both at genotypic and phenotypic levels. Plant height and ear leaf area 

revealed negative while days to tasseling, silking and maturity showed positive associations 

with grain yield per plant which were significant only at genotypic level.  

In conclusion, analyses of inheritance pattern, estimates of heritabilities (broad-sense 

and narrow-sense), genetic advance and correlation coefficients suggested that exploiting the 

genetic potential for cell membrane thermo-stability, stomatal conductance, transpiration 

rate, leaf firing, ear length, kernels per ear and grain yield per plant might be suitable for 

developing superior lines with desirable genes by practicing recurrent selection procedure. 

However, gene action, high heritability but low to moderate genetic advance for leaf 

temperature, plant height, ear leaf area, days to tasseling, days to silking, days to maturity 

and 100-grain weight recommended adoption of synthetic or composite breeding strategy for 

maize improvement programs. Futher, exploitation of genetic sources of thermo-tolerance 

such as ZL-11271 and UM-2 in hybridization schemes directly or indirectly could support in 

the development of desirable recombinants and establishment of broader concept of heat 

tolerance in maize. All this could contribute in the evolution of heat-resilient maize 

genotypes/hybrids locally that would surely help in boosting its national production and in 

raising foreign reserves earnings from maize. 
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Appendices 

Appendix 1. Actual and relative values of leaf temperature for 100 maize inbred lines. 
IL  HS NC RHT IL HS NC RHT IL HS NC RHT  
1 34.33 38.56 89.04 34 34.23 38.41 89.13 67 34.58 38.53 89.75 
2 34.33 38.75 88.60 35 34.53 37.83 91.28 68 33.83 38.53 87.80 
3 34.03 38.88 87.53 36 35.23 38.53 91.44 69 34.23 37.83 90.48 
4 35.03 39.65 88.36 37 34.43 38.33 89.83 70 33.97 38.53 88.15 
5 35.73 41.04 87.06 38 33.57 37.60 89.27 71 33.23 38.13 87.15 
6 35.03 39.43 88.85 39 34.29 38.53 89.00 72 33.86 38.53 87.86 
7 34.33 39.28 87.42 40 32.63 36.41 89.63 73 33.23 37.83 87.84 
8 35.03 39.37 88.99 41 33.53 38.13 87.94 74 33.23 37.83 87.84 
9 34.63 38.54 89.87 42 33.53 37.53 89.34 75 33.76 36.66 92.08 
10 34.63 39.52 87.63 43 33.23 36.53 90.97 76 33.23 38.13 87.15 
11 34.63 39.03 88.75 44 34.53 38.23 90.32 77 33.83 38.53 87.80 
12 34.03 38.31 88.84 45 32.83 36.83 89.14 78 33.83 36.53 92.61 
13 34.03 37.83 89.96 46 32.83 36.83 89.14 79 33.23 37.59 88.40 
14 34.63 39.24 88.26 47 33.83 37.13 91.11 80 33.83 38.83 87.13 
15 35.03 38.57 90.83 48 34.20 38.97 87.77 81 33.83 38.53 87.80 
16 34.33 39.27 87.43 49 32.83 37.53 87.48 82 34.23 37.83 90.48 
17 34.03 38.18 89.14 50 32.23 36.83 87.51 83 33.23 36.53 90.97 
18 34.33 38.19 89.90 51 32.53 36.83 88.33 84 33.83 38.13 88.72 
19 34.03 38.40 88.63 52 33.65 38.13 88.24 85 33.53 38.13 87.94 
20 34.03 38.66 88.04 53 30.23 33.13 91.25 86 33.23 38.13 87.15 
21 34.04 38.63 88.12 54 33.53 38.13 87.94 87 33.06 37.33 88.54 
22 34.03 38.93 87.41 55 33.53 37.83 88.63 88 33.23 37.53 88.54 
23 34.63 39.33 88.05 56 33.23 37.83 87.84 89 29.53 31.33 94.26 
24 34.63 37.33 92.77 57 34.23 38.83 88.15 90 34.23 38.83 88.15 
25 34.03 38.33 88.78 58 34.23 37.83 90.48 91 33.83 38.83 87.12 
26 34.63 39.63 87.38 59 34.23 38.53 88.84 92 33.93 38.53 88.05 
27 34.63 39.33 88.05 60 33.53 38.03 88.17 93 33.23 37.83 87.84 
28 35.03 38.63 90.68 61 34.23 38.83 88.15 94 32.83 37.40 87.79 
29 34.03 37.33 91.16 62 32.53 34.83 93.40 95 34.05 38.53 88.37 
30 34.63 38.93 88.96 63 33.83 37.83 89.43 96 33.53 38.13 87.94 
31 34.53 39.53 87.35 64 34.39 38.53 89.26 97 33.83 38.13 88.72 
32 33.23 35.83 92.74 65 33.83 38.13 88.72 98 34.23 37.53 91.21 
33 35.53 38.83 91.50 66 33.23 37.37 88.94 99 33.13 36.83 89.95 
        100 34.41 38.43 89.54 

 
IL = Inbred lines 
HS= Heat stress    Grand Mean= 33.863  Tukey HSD (0.05) = 1.329 
NC= Normal conditions  Grand Mean= 38.048  Tukey HSD (0.05) = 1.309 
RHT= Relative heat tolerance  Grand Mean= 89.033  Tukey HSD (0.05) = 1.830  
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Appendix 2. Actual and relative values of cell membrane thermo-stability for 100 maize 
inbred lines. 

IL HS NC RHT IL HS NC RHT IL HS NC RHT 
1 69.27 77.23 89.68 34 58.77 65.47 89.77 67 38.47 43.57 88.29 
2 50.57 57.87 87.38 35 54.77 63.07 86.84 68 44.77 51.73 86.53 
3 54.76 63.23 86.60 36 56.47 64.77 87.18 69 69.07 79.77 86.59 
4 49.87 56.93 87.59 37 72.07 83.43 86.38 70 43.77 51.77 84.55 
5 77.15 91.57 84.25 38 52.77 58.07 90.87 71 45.07 53.07 84.92 
6 44.57 52.43 85.00 39 49.77 55.07 90.38 72 42.47 49.47 85.85 
7 42.27 48.03 87.99 40 48.47 53.77 90.14 73 54.47 61.77 88.18 
8 51.87 58.57 88.56 41 48.07 53.07 90.58 74 45.07 51.57 87.39 
9 36.93 42.53 86.83 42 47.77 53.07 90.01 75 68.77 80.47 85.46 
10 46.10 53.57 86.06 43 47.07 51.77 90.92 76 56.47 65.50 86.21 
11 57.14 64.10 89.14 44 71.77 82.47 87.03 77 39.07 43.47 89.88 
12 52.14 60.57 86.08 45 33.77 39.77 84.91 78 40.77 46.07 88.49 
13 39.18 43.80 89.46 46 43.07 51.07 84.33 79 68.47 79.47 86.16 
14 44.53 51.03 87.25 47 45.77 53.07 86.24 80 54.77 64.07 85.48 
15 69.87 80.57 86.72 48 70.77 78.47 90.19 81 37.47 42.07 89.06 
16 44.57 52.57 84.78 49 63.47 73.47 86.39 82 39.47 45.47 86.80 
17 45.00 51.67 87.10 50 52.07 59.80 87.07 83 50.77 56.70 89.54 
18 43.27 50.27 86.07 51 50.47 56.73 88.95 84 66.47 74.77 88.90 
19 54.95 61.90 88.77 52 41.47 47.60 87.11 85 38.77 43.07 90.02 
20 45.96 52.73 87.16 53 27.77 31.07 89.38 86 43.47 51.47 84.46 
21 69.23 81.27 85.19 54 68.47 78.77 86.92 87 52.47 61.07 85.92 
22 56.88 64.53 88.15 55 49.77 57.07 87.21 88 30.07 33.47 89.84 
23 39.69 44.27 89.67 56 62.07 72.77 85.30 89 26.67 29.07 91.74 
24 41.53 46.87 88.62 57 49.07 56.67 86.59 90 45.47 50.73 89.62 
25 69.25 80.27 86.28 58 75.77 83.77 90.45 91 50.07 57.60 86.92 
26 55.57 64.87 85.66 59 43.77 51.47 85.04 92 32.77 37.33 87.77 
27 38.27 42.67 89.69 60 41.47 47.53 87.24 93 51.07 56.07 91.08 
28 40.27 46.27 87.03 61 51.07 57.77 88.40 94 41.77 48.47 86.18 
29 51.57 58.27 88.50 62 30.97 34.07 90.90 95 56.77 63.77 89.02 
30 67.27 75.57 89.02 63 40.77 46.07 88.49 96 72.07 84.07 85.73 
31 42.77 49.07 87.16 64 45.77 52.77 86.73 97 72.47 84.07 86.20 
32 67.47 76.77 87.89 65 53.01 62.07 85.41 98 76.77 87.07 88.17 
33 61.07 68.07 89.72 66 51.07 59.77 85.44 99 71.47 82.47 86.66 
        100 70.07 82.77 84.66 

 
IL = Inbred lines 
HS= Heat stress   Grand Mean= 51.579   Tukey HSD (0.05) = 4.571 
NC= Normal conditions  Grand Mean= 58.987   Tukey HSD (0.05) = 4.808 
RHT= Relative heat tolerance Grand Mean= 87.561   Tukey HSD (0.05) = 5.544  
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Appendix 3. Actual and relative values of stomatal conductance for 100 maize inbred 
lines. 

IL HS NC RHT  IL HS NC RHT  IL HS NC RHT  
1 0.493 0.052 942.7 34 0.638 0.072 882.5 67 0.810 0.090 897.0 
2 0.757 0.090 838.4 35 0.728 0.077 941.4 68 0.708 0.081 870.9 
3 0.527 0.057 919.8 36 0.687 0.073 936.8 69 0.520 0.061 847.3 
4 0.759 0.087 869.5 37 0.360 0.042 849.6 70 0.797 0.084 945.1 
5 0.319 0.038 832.2 38 0.692 0.079 872.7 71 0.657 0.077 849.1 
6 0.756 0.089 846.3 39 0.696 0.083 841.5 72 0.809 0.086 937.1 
7 0.786 0.086 910.8 40 0.705 0.081 867.2 73 0.645 0.075 856.6 
8 0.687 0.081 844.3 41 0.788 0.084 934.8 74 0.705 0.081 867.2 
9 0.868 0.094 920.5 42 0.746 0.080 929.0 75 0.537 0.062 862.0 
10 0.786 0.083 943.6 43 0.772 0.085 905.1 76 0.609 0.071 854.2 
11 0.723 0.078 923.4 44 0.398 0.045 885.2 77 0.881 0.094 940.2 
12 0.732 0.080 911.6 45 0.852 0.093 913.2 78 0.789 0.089 883.6 
13 0.759 0.086 879.5 46 0.772 0.083 926.8 79 0.490 0.054 902.5 
14 0.710 0.075 942.9 47 0.704 0.079 887.8 80 0.699 0.075 936.2 
15 0.448 0.053 840.6 48 0.402 0.048 832.4 81 0.818 0.092 886.3 
16 0.743 0.082 902.8 49 0.414 0.046 894.2 82 0.792 0.088 897.0 
17 0.793 0.084 940.3 50 0.611 0.072 845.2 83 0.670 0.076 878.2 
18 0.791 0.083 949.2 51 0.646 0.075 858.0 84 0.636 0.067 944.6 
19 0.651 0.074 876.2 52 0.772 0.088 874.3 85 0.849 0.096 887.8 
20 0.778 0.087 891.2 53 0.900 0.100 897.3 86 0.791 0.090 876.0 
21 0.475 0.055 859.0 54 0.485 0.057 846.5 87 0.686 0.078 876.2 
22 0.622 0.066 938.2 55 0.673 0.079 848.7 88 0.851 0.097 874.7 
23 0.851 0.096 883.7 56 0.492 0.054 906.1 89 0.962 0.101 949.7 
24 0.823 0.090 911.4 57 0.705 0.077 916.0 90 0.791 0.085 927.3 
25 0.478 0.056 849.1 58 0.403 0.046 870.5 91 0.714 0.075 947.3 
26 0.626 0.068 916.6 59 0.845 0.089 949.8 92 0.892 0.094 945.9 
27 0.892 0.094 945.2 60 0.796 0.091 871.9 93 0.802 0.088 908.3 
28 0.812 0.091 889.4 61 0.665 0.078 849.4 94 0.812 0.092 879.8 
29 0.538 0.063 848.9 62 0.836 0.094 886.6 95 0.696 0.074 936.8 
30 0.587 0.069 846.6 63 0.801 0.090 887.1 96 0.402 0.048 832.4 
31 0.659 0.078 841.3 64 0.845 0.094 899.3 97 0.381 0.042 900.8 
32 0.501 0.055 906.0 65 0.705 0.081 867.2 98 0.400 0.044 903.0 
33 0.664 0.074 893.7 66 0.632 0.073 862.3 99 0.467 0.054 860.1 

    
    100 0.472 0.050 937.7 

 
IL = Inbred lines 
HS= Heat stress    Grand Mean= 0.681  Tukey HSD (0.05) = 0.042 
NC= Normal conditions  Grand Mean= 0.076  Tukey HSD (0.05) = 0.009 
RHT= Relative heat tolerance  Grand Mean= 892.330 Tukey HSD (0.05) = 96.069  
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Appendix 4. Actual and relative values of transpiration rate for 100 maize inbred lines. 
IL  HS NC RHT IL HS NC RHT IL HS NC RHT 
1 5.312 0.597 889.3 34 5.809 1.003 579.0 67 6.472 1.864 347.2 
2 5.811 1.492 389.4 35 5.892 1.091 539.9 68 6.295 1.445 435.6 
3 5.737 0.742 772.9 36 5.883 1.093 538.1 69 5.471 0.601 909.9 
4 6.037 1.406 429.3 37 5.247 0.458 1144.9 70 6.606 1.736 380.5 
5 5.014 0.384 1304.5 38 6.286 1.486 422.9 71 6.533 1.638 398.8 
6 5.702 1.406 405.5 39 6.362 1.554 409.3 72 6.653 1.860 357.6 
7 6.147 1.502 409.2 40 6.474 1.582 409.2 73 5.977 1.227 487.0 
8 6.065 1.283 472.6 41 6.493 1.692 383.7 74 6.412 1.502 426.8 
9 6.125 1.769 346.2 42 6.492 1.634 397.2 75 5.399 0.659 818.9 
10 6.340 1.533 413.5 43 6.580 1.727 381.0 76 5.803 0.995 583.1 
11 5.973 1.233 484.3 44 5.292 0.491 1077.1 77 6.898 2.093 329.5 
12 5.984 1.390 430.4 45 7.001 2.391 292.8 78 6.763 1.870 361.6 
13 6.401 1.773 361.0 46 6.542 1.702 384.3 79 5.471 0.572 956.0 
14 6.323 1.533 412.4 47 6.290 1.490 422.1 80 5.963 1.071 556.6 
15 5.403 0.592 912.2 48 5.438 0.538 1010.2 81 6.802 1.872 363.3 
16 6.414 1.523 421.1 49 5.493 0.601 913.5 82 6.653 1.783 373.1 
17 6.402 1.542 415.1 50 5.842 1.034 564.8 83 5.893 1.179 499.7 
18 6.499 1.684 385.9 51 5.936 1.096 541.5 84 5.599 0.789 709.4 
19 5.949 1.132 525.4 52 6.643 1.748 380.0 85 6.799 1.869 363.7 
20 6.627 1.532 432.5 53 7.866 3.073 256.0 86 6.493 1.601 405.5 
21 5.518 0.613 899.7 54 5.412 0.607 891.2 87 5.862 1.060 552.9 
22 5.883 1.086 541.6 55 6.105 1.312 465.2 88 7.483 2.890 258.9 
23 7.288 2.494 292.2 56 5.421 0.621 872.5 89 7.633 3.316 230.2 
24 6.763 1.883 359.1 57 5.922 1.116 530.5 90 6.453 1.561 413.3 
25 5.548 0.638 869.2 58 5.412 0.508 1064.7 91 5.992 1.182 506.8 
26 5.881 1.066 551.5 59 6.763 1.870 361.6 92 6.803 1.953 348.3 
27 7.333 2.523 290.6 60 6.698 1.888 354.7 93 6.504 1.602 405.9 
28 7.094 2.437 291.1 61 6.003 1.205 498.1 94 6.473 1.781 363.4 
29 5.799 1.038 558.5 62 7.693 2.802 274.5 95 5.829 1.025 568.5 
30 5.653 0.760 743.5 63 6.552 1.747 375.0 96 5.427 0.497 1091.3 
31 6.693 1.712 390.9 64 6.431 1.525 421.6 97 5.299 0.459 1153.7 
32 5.412 0.605 894.1 65 5.994 1.194 501.9 98 5.243 0.452 1159.2 
33 5.887 1.007 584.4 66 6.196 1.326 467.2 99 5.466 0.546 1000.5 
        100 5.522 0.514 1073.7 

 
IL = Inbred lines 
HS= Heat stress              Grand Mean= 6.165     Tukey HSD (0.05) = 0.449 
NC= Normal conditions            Grand Mean= 1.362     Tukey HSD (0.05) = 0.210 
RHT= Relative heat tolerance            Grand Mean= 554.830     Tukey HSD (0.05) = 206.410  
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Appendix 5. Actual and relative values of leaf firing (%age) for 100 maize inbred lines. 
IL HS NC RHT IL HS NC RHT IL HS NC RHT 
1 32.6 10.3 317.2 34 33.3 11.2 297.9 67 36.1 10.4 347.8 
2 31.5 11.5 274.4 35 36.8 12.4 297.3 68 33.2 11.5 289.2 
3 29.3 9.7 302.8 36 45.5 13.3 342.7 69 34.0 11.2 304.2 
4 33.7 12.5 270.1 37 42.3 11.4 370.9 70 32.4 10.9 297.9 
5 56.3 14.6 386.3 38 32.3 10.9 296.9 71 22.8 10.3 221.8 
6 37.1 11.4 326.7 39 33.0 10.3 321.1 72 33.0 10.8 306.2 
7 27.4 10.9 251.8 40 29.7 9.6 310.1 73 36.8 11.5 320.6 
8 36.4 12.3 297.0 41 30.3 9.0 337.5 74 33.9 11.6 292.8 
9 31.4 11.2 281.5 42 32.5 10.3 316.2 75 31.7 9.4 338.1 
10 26.5 11.2 236.2 43 37.1 11.5 323.3 76 25.7 9.2 280.0 
11 43.5 11.8 369.4 44 44.7 12.6 355.4 77 39.1 11.4 344.2 
12 32.2 12.3 262.2 45 29.8 10.4 287.1 78 22.2 9.9 224.7 
13 36.1 10.2 354.8 46 26.4 9.3 284.5 79 37.3 10.6 353.2 
14 29.1 11.2 260.3 47 32.7 11.1 295.2 80 32.6 10.5 311.1 
15 37.6 12.3 306.3 48 45.3 12.5 363.3 81 32.8 10.3 319.2 
16 34.5 10.7 323.1 49 31.2 9.8 319.1 82 37.8 11.4 332.3 
17 26.7 10.4 257.2 50 28.6 9.5 301.8 83 22.9 10.4 220.9 
18 36.2 10.9 332.8 51 31.5 9.7 325.0 84 23.7 10.6 222.6 
19 32.5 10.3 316.2 52 38.5 10.8 357.3 85 41.6 11.3 369.1 
20 34.0 11.5 296.2 53 8.7 5.5 158.5 86 39.4 11.7 337.4 
21 34.2 9.8 350.0 54 22.4 10.3 217.9 87 37.5 10.4 361.4 
22 25.7 11.2 230.1 55 17.9 8.6 208.6 88 43.6 11.8 370.3 
23 34.0 10.7 318.4 56 22.7 10.2 223.0 89 2.5 3.6 69.2 
24 41.1 11.4 361.3 57 41.3 11.6 357.0 90 33.3 11.2 297.9 
25 26.9 10.3 261.7 58 26.4 11.4 232.2 91 32.8 10.6 310.1 
26 36.2 11.9 304.8 59 40.5 12.4 327.2 92 37.3 11.8 316.7 
27 24.9 11.2 223.3 60 35.7 10.6 337.5 93 31.5 11.3 279.3 
28 35.5 13.3 267.3 61 34.0 11.3 301.5 94 41.3 11.7 353.5 
29 34.0 11.5 296.2 62 19.8 9.4 211.4 95 41.4 11.4 364.0 
30 34.1 12.5 273.3 63 34.8 11.9 293.0 96 32.2 10.8 298.8 
31 47.4 12.8 371.2 64 38.2 11.4 335.7 97 29.6 9.9 299.7 
32 27.5 10.7 257.5 65 21.2 9.7 219.0 98 46.6 13.4 348.4 
33 35.7 13.3 268.8 66 33.7 9.5 355.7 99 40.2 11.2 359.8 
        100 43.7 11.8 371.5 

 
IL = Inbred lines 
HS= Heat stress   Grand Mean= 33.206   Tukey HSD (0.05) = 4.788 
NC= Normal conditions  Grand Mean= 10.900   Tukey HSD (0.05) = 4.564 
RHT= Relative heat tolerance Grand Mean= 303.790  Tukey HSD (0.05) =96.553  
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Appendix 6. Actual and relative values of kernels per ear for 100 maize inbred lines. 
IL HS NC RHT  IL HS NC RHT  IL HS NC RHT  
1 96.3 140.3 68.6 34 100.7 183.3 54.9 67 139.7 225.3 62.0 
2 169.3 201.7 84.0 35 103.7 189.3 54.8 68 120.7 199.3 60.5 
3 102.7 169.7 60.5 36 74.7 136.3 54.8 69 74.7 130.3 57.3 
4 133.7 233.3 57.3 37 62.7 106.3 58.9 70 111.7 192.3 58.1 
5 54.7 100.7 54.3 38 113.7 203.3 55.9 71 93.7 167.3 56.0 
6 198.0 227.3 87.1 39 141.7 221.3 64.0 72 124.7 224.3 55.6 
7 164.7 266.3 61.8 40 110.7 190.3 58.1 73 101.7 183.3 55.5 
8 120.7 210.3 57.4 41 122.7 201.3 60.9 74 117.7 214.3 54.9 
9 201.7 302.3 66.7 42 143.7 219.3 65.5 75 78.7 143.3 54.9 
10 180.7 227.3 79.5 43 94.7 170.3 55.6 76 102.7 179.3 57.2 
11 141.7 188.7 75.1 44 62.7 105.7 59.3 77 173.7 273.3 63.5 
12 95.7 174.3 54.9 45 162.7 278.3 58.4 78 171.7 257.3 66.7 
13 89.7 160.3 55.9 46 117.7 213.3 55.2 79 92.7 155.0 59.8 
14 97.7 176.3 55.4 47 112.7 198.3 56.8 80 119.7 199.3 60.0 
15 73.7 122.3 60.2 48 63.7 108.7 58.6 81 103.7 181.3 57.2 
16 111.7 200.3 55.7 49 103.7 179.3 57.8 82 129.7 214.3 60.5 
17 127.7 222.3 57.4 50 127.7 213.3 59.8 83 95.7 171.3 55.8 
18 144.7 241.3 59.9 51 112.7 201.3 56.0 84 73.7 130.3 56.5 
19 82.7 150.3 55.0 52 139.7 234.3 59.6 85 115.7 191.3 60.5 
20 76.7 137.3 55.8 53 243.7 300.3 81.1 86 100.7 182.3 55.2 
21 92.0 121.0 76.0 54 111.7 186.3 59.9 87 116.7 212.3 54.9 
22 119.7 205.3 58.3 55 137.7 216.3 63.6 88 167.7 303.3 55.3 
23 158.7 254.3 62.4 56 73.7 132.3 55.7 89 292.3 325.3 89.9 
24 128.7 233.3 55.1 57 94.7 169.3 55.9 90 107.7 192.3 56.0 
25 77.7 135.3 57.4 58 76.7 134.3 57.1 91 99.7 177.3 56.2 
26 95.7 170.3 56.2 59 144.7 241.3 59.9 92 137.7 231.3 59.5 
27 151.7 247.3 61.3 60 120.7 213.3 56.6 93 130.7 214.3 61.0 
28 113.7 203.3 55.9 61 109.7 197.3 55.6 94 139.7 231.3 60.4 
29 157.7 255.3 61.7 62 179.7 256.3 70.1 95 87.7 159.3 55.0 
30 98.7 161.3 61.2 63 139.7 215.3 64.9 96 73.7 109.3 67.4 
31 151.7 250.3 60.6 64 116.7 192.3 60.7 97 70.7 120.3 58.7 
32 125.7 201.3 62.4 65 83.7 149.3 56.0 98 67.7 101.3 66.8 
33 83.7 152.3 54.9 66 74.7 134.3 55.6 99 83.0 117.3 70.7 
        100 76.0 119.7 63.5 

 
IL = Inbred lines 
HS= Heat stress    Grand Mean= 116.910 Tukey HSD (0.05) = 24.563 
NC= Normal conditions  Grand Mean= 191.670 Tukey HSD (0.05) = 30.206 
RHT= Relative heat tolerance  Grand Mean= 60.483  Tukey HSD (0.05) = 13.756  
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Appendix 7. Actual and relative values of 100-grain weight for 100 maize inbred lines. 
IL HS NC RHT IL HS NC RHT IL HS NC RHT 
1 20.5 22.1 93.0 34 20.4 22.7 89.6 67 19.1 20.7 92.3 
2 20.2 21.2 95.2 35 19.5 21.9 88.9 68 19.3 21.1 91.2 
3 20.2 22.8 88.7 36 20.2 22.1 91.5 69 20.2 22.5 89.5 
4 20.4 21.5 95.1 37 18.1 23.8 75.9 70 20.2 22.1 91.3 
5 22.8 22.9 99.3 38 19.2 20.4 94.2 71 16.3 15.4 106.2 
6 20.7 17.3 119.6 39 19.2 21.0 91.4 72 14.9 13.9 107.1 
7 20.8 17.1 121.6 40 19.3 21.1 91.4 73 17.7 19.0 92.8 
8 20.6 20.1 102.3 41 19.2 21.1 91.3 74 18.4 19.9 92.3 
9 20.3 16.6 122.7 42 21.6 20.8 103.5 75 19.2 20.8 92.2 
10 20.8 19.3 107.6 43 18.7 21.0 88.8 76 19.3 21.6 89.2 
11 18.4 19.5 94.1 44 17.2 22.5 76.5 77 17.1 18.6 92.1 
12 18.6 20.1 93.0 45 20.6 19.9 103.5 78 16.2 17.7 91.1 
13 20.3 21.6 93.8 46 17.4 19.0 91.6 79 19.2 21.7 88.4 
14 18.9 20.6 91.9 47 18.9 20.1 93.7 80 18.1 20.1 90.4 
15 19.5 22.4 87.2 48 17.4 22.8 76.0 81 18.6 20.7 90.0 
16 18.6 21.0 88.7 49 19.7 21.0 93.4 82 18.2 19.9 91.2 
17 18.8 20.7 90.7 50 19.0 20.3 93.5 83 19.2 21.0 91.2 
18 19.5 20.8 94.0 51 19.3 20.5 94.2 84 20.1 22.2 90.9 
19 20.5 21.8 93.8 52 18.4 20.2 91.1 85 18.2 20.6 88.3 
20 20.7 22.0 93.9 53 17.6 18.8 93.6 86 18.7 20.0 93.3 
21 19.2 20.7 92.8 54 19.3 20.7 93.2 87 17.9 19.2 92.9 
22 18.3 20.4 89.7 55 18.6 19.9 93.6 88 16.8 18.5 90.7 
23 19.1 20.5 93.1 56 21.1 22.7 93.1 89 17.2 18.1 95.0 
24 20.5 19.9 102.9 57 19.4 21.8 88.8 90 18.4 20.3 90.7 
25 20.0 21.3 93.7 58 20.1 22.4 89.5 91 19.2 21.0 91.2 
26 20.2 21.8 92.7 59 17.5 18.8 93.3 92 18.4 20.1 91.4 
27 18.4 20.3 91.0 60 19.2 20.4 94.1 93 18.7 20.3 92.2 
28 18.1 20.7 87.4 61 20.9 22.3 93.7 94 18.5 20.1 91.9 
29 21.3 20.6 103.4 62 16.2 17.5 92.4 95 20.9 21.9 95.6 
30 21.2 22.4 94.7 63 17.2 18.9 91.0 96 20.4 22.6 90.0 
31 18.2 19.9 91.3 64 21.6 20.9 103.1 97 20.4 22.2 91.9 
32 19.1 21.1 90.6 65 20.2 21.5 93.8 98 19.6 22.8 86.0 
33 20.1 22.7 88.6 66 15.0 16.3 91.7 99 19.5 21.1 92.5 
        100 21.0 22.7 92.6 

 
IL = Inbred lines 
HS= Heat stress    Grand Mean= 19.162  Tukey HSD (0.05) = 1.584 
NC= Normal conditions  Grand Mean= 20.593  Tukey HSD (0.05) = 2.048 
RHT= Relative heat tolerance  Grand Mean= 93.403  Tukey HSD (0.05) = 4.824  
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Appendix 8. Actual and relative values of grain yield per plant for 100 maize inbred 
lines 

IL HS NC RHT  IL HS NC RHT  IL HS NC RHT 
1 45.9 54.9 83.6 34 45.3 61.9 73.2 67 47.1 66.8 70.5 
2 58.5 73.1 79.9 35 40.4 61.7 65.5 68 43.6 62.3 69.9 
3 47.2 61.0 77.3 36 35.0 55.0 63.6 69 35.0 51.8 67.4 
4 53.5 85.3 62.7 37 20.6 39.5 52.2 70 42.4 62.7 67.6 
5 18.3 35.8 51.1 38 47.2 76.6 61.6 71 37.1 47.6 78.0 
6 54.2 69.5 78.0 39 52.5 81.6 64.4 72 41.1 53.0 77.7 
7 48.0 80.7 59.5 40 46.7 75.4 61.9 73 39.1 58.9 66.4 
8 43.0 77.6 55.5 41 48.9 77.6 63.1 74 42.4 62.9 67.4 
9 54.2 74.3 72.9 42 55.1 80.9 68.1 75 35.5 52.4 67.8 
10 53.3 73.1 73.0 43 43.3 76.5 56.6 76 40.1 61.2 65.6 
11 46.8 67.1 69.7 44 21.9 42.2 51.8 77 51.1 71.0 72.0 
12 38.5 73.4 52.4 45 53.2 75.6 70.3 78 49.6 65.9 75.3 
13 41.4 74.6 55.5 46 41.8 62.9 66.4 79 38.2 52.1 73.3 
14 44.1 76.9 57.3 47 41.8 62.2 67.2 80 42.6 60.2 70.7 
15 42.9 53.0 80.9 48 22.4 42.8 52.3 81 40.0 59.8 66.9 
16 43.1 79.3 54.4 49 40.5 58.0 69.9 82 44.5 63.0 70.6 
17 44.6 81.3 54.8 50 44.7 63.5 70.4 83 38.7 56.3 68.8 
18 48.4 85.4 56.7 51 42.1 61.5 68.4 84 34.8 53.3 65.2 
19 36.7 65.8 55.7 52 46.4 67.5 68.8 85 41.9 59.7 70.3 
20 35.5 68.8 51.6 53 79.0 91.6 86.2 86 39.4 61.6 64.1 
21 41.5 48.7 85.1 54 41.9 73.9 56.7 87 41.9 78.2 53.6 
22 42.7 77.1 55.4 55 46.3 78.3 59.1 88 49.7 91.4 54.4 
23 50.7 87.3 58.0 56 35.0 66.8 52.4 89 84.3 95.2 88.6 
24 46.1 66.7 69.1 57 38.6 74.4 52.0 90 40.6 76.2 53.2 
25 35.5 51.2 69.4 58 35.3 57.9 61.0 91 39.5 74.6 52.9 
26 39.2 61.3 63.9 59 46.5 80.6 57.8 92 46.1 81.7 56.4 
27 48.7 70.3 69.3 60 43.5 78.7 55.3 93 45.0 78.7 57.3 
28 41.5 62.3 66.6 61 42.4 79.1 53.6 94 46.6 81.8 56.9 
29 52.8 72.7 72.6 62 50.9 80.1 63.6 95 37.3 71.7 52.0 
30 40.3 56.3 71.5 63 45.4 75.9 59.8 96 34.8 53.0 65.6 
31 48.4 70.1 69.1 64 44.3 60.4 73.3 97 34.3 55.2 62.2 
32 44.4 62.7 70.8 65 36.8 54.6 67.4 98 33.7 51.1 66.0 
33 36.7 58.4 62.9 66 33.7 44.9 75.1 99 34.8 43.8 79.4 
        100 35.3 47.7 74.0 

 
IL = Inbred lines 
HS= Heat stress     Grand Mean= 43.042  Tukey HSD (0.05) = 4.029 
NC= Normal conditions   Grand Mean= 66.386  Tukey HSD (0.05) = 20.786 
RHT= Relative heat tolerance  Grand Mean= 65.650  Tukey HSD (0.05) = 19.880  
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Appendix 9. Maximum and minimum temperatures recorded under normal (field) 

and heat stress (plastic tunnel) conditions during the screening phase of 
100 inbred lines of Zea mays L.  
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Appendix 10. Maximum and minimum temperatures recorded under normal (field) 

and heat stress (plastic tunnel) conditions during the evaluation phase 
of six basic generations of Zea mays L. 
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