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Comprehensive abstract 

Introduction 

Heat stress is a serious threat to food security and agricultural production. Stress tolerance indices 

are one of the most widly used methods for selecting stress tolerant genotypes among researchers. 

Furthermore, the diallel crosses method has also been introduced as one of the desirable genetic 

designs for selecting suitable parental lines and genotypes to obtain superior hybrids. Evaluating 

genotypes for combining ability in early generations is an essential step in producing desirable 

hybrids. The aim of this study was to estimate stress tolerance indices as well as the general combining 

ability (GCA) and specific combining ability (SCA) of genotypes in order to determine superior heat 

stress tolerant lines and hybrids. 

Materials and methods 

The plant materials of this experiment were six lines and 15 hybrids resulting from their one-way 

diallele crosses (21 treatments) that were evaluated in two independent experiments, including early 

(July 15, heat stress conditions) and recommended (August 15, non-stress conditions) sowing dates in 

a randomized complete block design with three replications. The experiment was carried out at the 

Safiabad Agricultural Research and Education Center, Dezful, Khuzestan province, Iran, in the 

summer of 2019. The measured traits in this study included number of days to maturity, grain yield 

and yield components. To assess heat tolerance in the studied lines and hybrids, stress tolerance and 

sensitivity indices and principal component analysis (PCA) were used. GCA of lines and SCA of 

hybrids were also estimated based on grain yield and yield components under non-stress and heat 

stress conditions using the first model of the second method of Griffing. All statistical and genetic 

analyses were performed using Minitab version 16 and Diallel-SAS softwares. 

Research findings 
The results showed that five indices including mean productivity (MP), geometric mean 

productivity (GMP), stress tolerance index (STI), harmonic mean (HA) and tolerance index (TOL) had 

a positive and significant correlation with grain yield in both normal and heat stress conditions. 

Therefore, these indices are introduced as the best indices for selecting heat-tolerant genotypes. 

Considering the results of these indices as well as the results of principal component analysis and 

biplot diagram, three lines C3-95-3, C3-95-9 and C3-95-10, and three hybrids C3-95-3×C3-95-9,  

C3-95-3×C3-95-10 and C3-95-9×C3-95-10 were identified as heat tolerant genotypes. The effects of 

SCA for grain yield, days to maturity, number of rows and number of grains per row in two hybrids 

C3-95-3×C3-95-9 and C3-95-3×C3-95-10 under both non-stress and heat stress conditions were 
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positive and significant. According to the results of this experiment, the three parental lines C3-95-10, 

C3-95-9 and C3-95-3, in addition to being tolerant to heat stress and better performance than other 

lines under heat stress conditions, had the ability to transfer these characteristics to hybrids. 

Conclusion 

The results of this study showed that stress indices can be effectively used to screen heat-tolerant 

genotypes. The selected lines can be used as potential sources for production of heat tolerant 

genotypes in breeding programs. Considering the significant effects of SCA for grain yield, number of 

grains per row and number of days to maturity, and the low GCA/SCA ratio, the role of non-additive 

effects of genes in controlling these traits was more important than additive effects. Since the cross 

superiority due to low breeding value can not be reliable in the selection process, therefore, heterosis 

due to non-additive and dominance effects of genes can be used to control the relevant traits and hope 

to produce suitable hybrids. 
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Table 1. Maize parental lines and hybrids studied in this experiment 

Hybrid Code Hybrid Code Parent and hybrid Code 

C3-95-9×C6-95-5 26 C3-95-3×C3-95-10 13 C3-95-3 1 

C3-95-10×C5-95-4 34 C3-95-3×C5-95-4 14 C3-95-9 2 

C3-95-10×C5-95-12 35 C3-95-3×C5-95-12 15 C3-95-10 3 

C3-95-10×C6-95-5 36 C3-95-3×C6-95-5 16 C5-95-4 4 

C5-95-4×C5-95-12 45 C3-95-9×C3-95-10 23 C5-95-12 5 

C5-95-4×C6-95-5 46 C3-95-9×C5-95-4 24 C6-95-5 6 

C5-95-12×C6-95-5 56 C3-95-9×C5-95-12 25 C3-95-3×C3-95-9 12 
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Table 2. Tolerance indices and their calculation formulas 

Index Formula † Reference 

Tolerance index TOL = Yp – Ys Rosielle & Hamblin (1981) 

Stress susceptibility index 

SI

Yp

Ys
1

SSI

−
=     ,     

Yp

Ys
1SI −=  Fisher & Maurer (1978) 

Mean productivity 
2

YsYp
MP

+=  Rosielle & Hamblin (1981) 

Stress tolerance index ( )2

Yp

Yp.Ys
STI =  

Fernandez (1992) 

Geometric mean productivity (Ys)(Yp)GMP =  Fernandez (1992) 

Harmonic mean ( )YsYp

2(Yp.Ys)
HM

+
=  Schneider et al. (1997) 

† Yp and Ys are grain yield of each genotype under normal and stress conditions and Yp  and Ys  are average grain yield of 

all genotypes under normal and stress conditions, respectively. 
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Table 6- Tolerance indices to heat in corn parents and hybrids 

STI SSI TOL HA GMP MP Ys Yp Parent & hybrid 

0.21 1.13 2.00 2.89 3.04 3.20 2.20 4.20 C3-95-3 

0.22 0.94 1.57 2.99 3.09 3.18 2.40 3.97 C3-95-9 

0.18 0.93 1.40 2.73 2.81 2.90 2.20 3.60 C3-95-10 

0.02 1.16 0.63 0.88 0.93 0.98 0.67 1.30 C5-95-4 

0.67 1.10 0.60 0.91 0.95 1.00 0.70 1.30 C5-95-12 

0.02 1.42 0.83 0.81 0.89 0.98 0.57 1.40 C6-95-5 

1.38 0.86 3.50 7.56 7.75 7.95 6.20 9.70 C3-95-3× C3-95-9 

1.06 0.93 3.40 6.59 6.79 7.00 5.30 8.70 C3-95-3× C3-95-10 

0.86 0.92 3.00 5.94 6.12 6.30 4.80 7.80 C3-95-3× C5-95-4 

0.78 1.15 3.90 5.53 5.83 6.15 4.20 8.10 C3-95-3× C5-95-12 

0.90 1.15 4.20 5.93 6.26 6.60 4.50 8.70 C3-95-3× C6-95-5 

1.09 1.02 3.90 6.62 6.88 7.15 5.20 9.10 C3-95-9× C3-95-10 

0.85 0.85 2.70 5.96 6.1 6.25 4.90 7.60 C3-95-9× C5-95-4 

0.88 0.76 2.40 6.07 6.18 6.30 5.10 7.50 C3-95-9× C5-95-12 

0.96 0.96 3.40 6.27 6.48 6.70 5.00 8.40 C3-95-9×C6-95-5 

0.78 1.08 3.60 5.57 5.83 6.10 4.30 7.90 C3-95-10× C5-95-4 

0.92 1.06 3.80 6.05 6.32 6.60 4.70 8.50 C3-95-10×C5-95-12 

0.87 0.99 3.33 5.93 6.14 6.37 4.70 8.03 C3-95-10× C6-95-5 

0.70 0.94 2.80 5.36 5.53 5.70 4.30 7.10 C5-95-4×C5-95-12 

0.59 1.10 3.20 4.82 5.05 5.30 3.70 6.90 C5-95-4×C6-95-5 

0.67 0.95 2.80 5.25 5.42 5.60 4.20 7.00 C5-95-12× C6-95-5 

Yp, grain yield in normal conditions; Ys, grain yield in heat stress conditions; MP, mean productivity; GMP, geometric 

mean productivity; HA, Harmonic mean; TOL, tolerance index; SSI, stress susceptibility index; STI, stress susceptibility 

index. 
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Table 4. Eigen values and eigen vectors for indices of sensitivity and tolerance to heat in corn parents and hybrids 

Cumulative 

variance (%) 

Variance 

(%) 

Eigen 

value 
STI SSI TOL HA GMP MP YS YP 

Principal 

component 

88.50 88.50 7.08 0.98 -0.55 0.91 1.00 1.00 1.00 1.00 1.00 First 

99.00 10.50 1.84 -0.04 -0.83 -0.37 0.01 -0.02 -0.04 0.07 -0.11 Second 

Yp, grain yield in normal conditions; Ys, grain yield in heat stress conditions; MP, mean productivity; GMP, geometric 

mean productivity; HA, Harmonic mean; TOL, tolerance index; SSI, stress susceptibility index; STI, stress susceptibility 

index.  
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Figure 1. Biplot diagram of maize parents and hybrids based on first and second principal components from tolerance 

and sensitivity indices to heat stress   
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Table 5. Analysis of variance (mean squares) of general and specific combining ability by second method of Griffing in non-stress and heat stress conditions 

Source of variation df 
Grain yield Harvest index Days to maturity No. of rows No. of grains per row 1000-grain weight 

Stress Normal Stress Normal Stress Normal Stress Normal Stress Normal Stress Normal 

GCA 5 1.56** 3.49** 241.3** 172.3** 23.9 ns 13.2 ns 9.8* 8.75* 21.3  ns 30.4 ns 3285* 4961 ns 

SCA 15 3.2** 8.57** 8.57** 47.8* 33.7* 19.5* 6.25* 6.76* 27.2 ns  35.5* 3300* 5543* 

Error 20 0.39 0.68 0.68 14.6 10.2 6.3 2.5 2.4 16.6 16.6 1172.4 2043 

GCA/SCA - 0.49 0.41 0.41 5.05 0.71 0.67 1.56 1.29 0.85 0.85 1.42 0.89 
ns, * and ** Not-significant and significant at 5% and 1% probability levels, respectively. 
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Table 6. General and specific combining ability of parents and hybrids using second method of Griffing under non-stress and heat stress conditions 

Line/Hybrid 
Grain yield Harvest index Days to maturity No. of rows No. of grains per row 1000-grain weight 

Stress Normal Stress Normal Stress Normal Stress Normal Stress Normal Stress Normal 

C3-95-3 0.35* 0.73** 4.2** 4.8** 2.45* 0.2 ns 1.2** 1.6** 0.9 ns 1.6 ns 14.6 ns 16.2 ns 

C3-95-9 0.58** 0.58** 5.1** 4.6** 0.7 ns -0.4 ns 0.8* 0.6* 1.7** 2.6** 13.4 ns 35.2** 

C3-95-10 0.25 ns 0.48** 5.7** 3.0** 1.2 ns -0.6 ns 0.9* 0.3 ns 0.2 ns -1.1 ns 25.9** 5.8 ns 

C5-95-4 -0.41** -071** -4.7** -2.6** -1.2 ns -1.1 ns -0.4 ns -0.4 ns -0.8 ns -0.8 ns -14.3 ns -33.1** 

C5-95-12 -0.34* -0.60** -4.45** -5.3** -2.1* -0.5 ns -0.9** -1.1** -1.1 ns 0.6 ns -19.6* -21.4** 

C6-95-5 -0.42** -0.47** -5.73** -4.5** -1.1 ns 2.5** -1.5** -0.9** -1.0 ns -2.9** -20.2** 2.7 ns 

C3-95-3× C3-95-9 1.5** 1.9** 3.6 ns 5.1 ns 7.4** 6.7** 4.4** 4.3** 4.9** 5.7** 24.4 ns 59.4* 

C3-95-3× C3-95-10 0.9* 0.9** 3.1 ns 4.9** 8.5** 5.9** 2.8** 2.6** 11.5** 8.6** 31.9 ns 75.1** 

C3-95-3× C5-95-4 1.1** 1.2** -1.2 ns 5.9** -2.8 ns 0.4 ns 4.1** 0.6 ns 0.5 ns 0.7 ns 7.8 ns 40.5 ns 

C3-95-3× C5-95-12 0.4 ns 1.5** 2.8 ns -2.1 ns -3.2 ns 2.3 ns -0.7 ns -0.6 ns -0.9 ns 2.4 ns 4.1 ns 35.6 ns 

C3-95-3× C6-95-5 0.8* 1.9** -1.4 ns -2.9 ns -1.8 ns -3.4 ns -2.2 ns -1.2 ns 2.4 ns 1.1 ns 24.6 ns 46.8* 

C3-95-9× C3-95-10 0.6 ns 1.6** 0.6 ns 1.6 ns 12.9 ns -3.6 ns 2.2* 3.6** 2.0 ns 7.7** 6.5 ns 42.6 ns 

C3-95-9× C5-95-4 0.9* 1.2** 3.7 ns -1.7 ns -0.4 ns 1.5 ns 0.9 ns -0.4 ns -0.2 ns -3.2 ns 3.3 ns 1.4 ns 

C3-95-9× C5-95-12 1.1** 1.0** 2.7 ns -0.4 ns -1.4 ns -0.8 ns -0.3 ns -0.9 ns -1.9 ns 8.3** 41.9 ns 42.9 ns 

C3-95-9×C6-95-5 1.0** 1.8** 2.9 ns 0.8 ns -5.4 ns -0.9 ns -0.4 ns 0.2 ns 2.7 ns 4.5 ns 45.9* -12.3 ns 

C3-95-10× C5-95-4 0.7 ns 1.6** 3.3 ns 0.3 ns -3.2 ns 0.3 ns -0.4 ns 1.3 ns 3.5 ns 1.4 ns 7.5 ns 77.7** 

C3-95-10×C5-95-12 0.9* 2.1** -1.1 ns 0.2 ns -1.6 ns 5.1* -0.5 ns -0.6 ns -3.5 ns -3.7 ns 52.8* 6.6 ns 

C3-95-10× C6-95-5 1.1** 1.5** 1.9 ns 0.2 ns -0.9 ns -4.6* -0.3 ns -1.5 ns -3.2 ns 3.1 ns 40.2 ns 67.3** 

C5-95-4×C5-95-12 1.2** 1.9** 5.1* 8.2** 1.4 ns -0.4 ns -1.2 ns 1.4 ns -5.4** -1.4 ns 39.1 ns 5.2 ns 

C5-95-4×C6-95-5 0.7 ns 1.6** 13.1** 5.4** 2.5 ns -2.1 ns -0.7 ns -2.8** 1.5 ns -0.3 ns 32.2 ns 26.0 ns 

C5-95-12× C6-95-5 1.2** 1.6** 6.9** 9.2** 0.1 ns 0.1 ns -0.1 ns -0.7 ns -1.5 ns -2.9 ns 58.8** 27.7 ns 

SCA (SE) 0.39 0.3 2.39 1.63 1.37 1.99 0.99 0.80 2.34 2.36 21.46 23.3 
ns, * and ** Not-significant and significant at 5% and 1% probability levels, respectively. 
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