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Background and Objectives: Rising temperatures are a severe warning to
humans, and heat stress is one of the principal environmental stresses that
reduce the yield of crops, including wheat, worldwide. The increase in
carbon dioxide in the atmosphere has caused global warming, affecting
agriculture in the future. More than 50 countries experience heat stress
during the wheat growing season. Therefore, the development of heat-
tolerant cultivars is one of the main goals of wheat breeding programs. This
study aimed to evaluate the drought tolerance indices and determine the
relationships among them and their application in wheat screening
programs.

Materials and Methods: This experiment was performed using alpha-
lattice design with two replications in normal and delayed cultivation
conditions using 132 wheat genotypes (included 62 Iranian and foreign
cultivars and 70 advanced lines). The seeds were obtained from the
National Rainfed Agricultural Research Institute and the Seedling and Seed
Breeding Institute. Two local control cultivars named Gonbad (Abi
cultivar) and Kuhdasht (rainfed cultivar) were selected among the selected
genotypes. Based on the yield under non-stress (YP) and stress (YS)
conditions, tolerance indices such as stress tolerance index (ST1), tolerance
index (TOL), geometric mean production (GMP), mean production index
(MP), harmonic index (HM), yield index (Y1), relative drought index (RDI)
and yield stability index (YSI) were calculated.

Results: The results showed that tolerance indices such as STI, GMP, HM,
and MP had a positive and significant correlation with yield under
non-stress and stress conditions, and the genotypes with large numerical
values for these indices had high yield under stress and non-stress
conditions (Fernandez’ A group), which were included genotypes 51, 12,
24, 85, 6, 120, 47, 94 (Bahar), 72, 114, 91, 131, 16, and 127. Tolerance
indices were divided into two components that explained 90.79% of the
total variance, using principal component analysis. The first component,
which explained 60.64% of the total variance, had a correlation of 0.75 and
0.86 with performance under stress and non-stress conditions, respectively.
The second component, which explained 30.14% of the total variance,
showed a correlation of 0.66 and -0.5% with performance under stress and
non-stress conditions, respectively. Based on the two-dimensional plot
resulting from principal component analysis, considerable genetic diversity
was observed among the studied genotypes.
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Conclusion: According to the results, genotypes that perform well under
non-stress conditions will not necessarily perform well under stress
conditions. Therefore, to select high-yield genotypes under stress
conditions, the cultivar selection had to be made in the same stressful
environment. In conclusion, it can be said that the identified genotypes
using HM, GMP, and MP indices are recommended for cultivation in areas
with no stress, but heat stress is likely to occur in some years. In addition,
identified genotypes using YSI and RDI indices are recommended for
cultivation in areas with severe heat stress at the end of the season.
Accordingly, stress-resistant genotypes in F or A group C can be used as
germplasm sources with heat-tolerant genes in breeding programs. Also, to
locate heat stress tolerance genes, it is possible to use the intersection of
genotypes located in group B of Fernandez with genotypes located in group
A or C of Fernandez.
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Table 2. Average monthly temperature (degrees Celsius) of Aliabad Katul (northeastern Golestan province)
based on 20-year statistics (Meteorological Department of Golestan Province).

Y3 jrrraz Bt afatal o 12 3f 48
bE fE s S U< g 8 T i 8 U V=<
14.6 19.9 25.3 27.9 28.8 26.7 21.3 155 10.3 8.3 8.0 10.8 18.1
Sy g0 a5 S alend 5 (S50 Sleo guas Y J g
Table 3. Physical and chemical properties of the desired farm soil.
Properties <o o Amount s
Soil sampling depth (cm) (sS4 503 Gos 0-30
Electrical conductivity (dS/m) < I colua 0.91
Saturated soil pH gl S 7.7
Neutralizing agents (%) o 55 2 5l 50 5.3
Organic carbon (%) 7.5 0.84
Total nitrogen (%) s &5 ,% 0.097
Absorbable phosphorus (ppm) > LG eud 18.7
Absorbable potassium (ppm) e 6 el 566
Clay (%) -, 37
Silt (%) <l 50
Sand (%) . 13
Specific Gravity (B.D) 2525 055 1.5
ok ol 53 S 4 Jeow sla s ls —F Jgas
Table 4. Investigated stress tolerance indices in this research.
Reference o Formula ., Indices s o>l
Fernandez, 1992 STI=[(Y).(Yp)] / (¥p)? STH [ a4 Gl ol
Rosielle and Hamblin, 1981 TOL=Y,-Ys (TOL) =5 Joows yorla
Rosielle and Hamblin, 1981 MP = (Y, + Yy /2 (MP) W55 Sile
Fernandez, 1992 GMP = V(Y;).(Ys) GMP) 5 Shas ks 5L
Bakhshayeshi and Shekarchezade, 2015 HM = [2(Ys)(Yp)] / (Ys + Yy) HM) i sosls .50
Bouslama and Schapaugh, 1984 YSI =Y, /Y, (YSD) 5 Sae 0L Lzl
Hatami et al., 2016 YI=Ys/Ys YD s Shes ol
Fischer, and Wood, 1979 RDI = (Ys/ Yp)(Ys /Yp) RDD) s Sz s

h!ﬁmh%y)wsﬁ»& mﬁ?l.g:?s (oS O @!ﬁm%}jﬁzﬂw=Yp (s @\ﬁ@%}jﬁ:ﬁw:Ys

O Ok Tl o i 5 e 5 Shes (oSl =Y (55
Ys = the yield of each genotype under stress conditions, Y, = the yield of each genotype under non-stress conditions,
Y = average yield of all genotypes under stress conditions, Y, = the average yield of all genotypes under stress-free conditions
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Table 5. Ranking of genotypes in terms of yield under stress conditions and tolerance indices.

= S = = - — _ — o » 3 2
s 1 & p %2 s B 5 % 3 £ £ 3 5
48 97 75 70 39 94 95 75 67 80 75 95 56 1
17 6 63 56 84 20 6 10 10 9 10 6 28 2
3 39 109 69 93 52 82 98 98 102 98 82 97 3
66 73 48 47 117 11 18 56 74 42 56 18 101 4
99 97 34 20 31 60 1 2 2 2 2 1 4 5
17 39 75 111 119 30 104 125 123 123 125 104 120 6
17 112 124 121 51 " 55 44 44 47 44 55 44 7
66 1 29 40 123 8 34 106 115 94 106 34 122 8
48 97 75 112 90 56 96 101 103 106 101 96 99 9
113 39 16 128 36 87 46 32 27 34 32 46 31 10
17 6 63 94 110 16 30 69 84 53 69 30 98 11
32 73 75 102 125 12 107 129 129 128 129 107 129 12
1 6 109 35 58 46 9 7 8 8 7 9 11 13
93 6 28 46 62 71 60 55 55 56 55 60 63 14
66 104 75 127 3 128 90 24 20 28 24 90 6 15
32 39 63 83 85 65 107 110 108 113 110 107 102 16
125 39 2 1 59 34 3 3 3 3 3 3 7 17
11 6 75 59 40 88 57 39 37 44 39 57 36 18
48 39 48 48 45 84 50 37 35 39 37 50 38 19
116 6 7 6 11 119 69 26 22 29 26 69 13 20
66 73 48 22 66 62 35 45 46 45 45 35 54 21
128 73 2 21 118 15 32 84 97 67 84 32 113 22
80 6 29 126 7 124 98 42 33 49 42 98 15 23
66 116 117 84 105 57 128 128 127 129 128 128 121 24
48 39 48 90 126 6 63 120 126 109 120 63 126 25
99 6 21 36 29 107 110 85 79 95 85 110 56 26
17 39 75 119 16 118 126 105 98 115 105 126 65 27
120 73 11 117 14 117 91 47 40 52 47 91 24 28
17 6 63 41 69 73 112 107 105 110 107 112 94 29
125 39 2 3 114 18 49 97 100 87 97 49 114 30
80 6 29 91 79 51 38 52 57 50 52 38 74 31
99 6 21 4 44 100 130 121 114 125 121 130 96 32
3 6 96 73 19 112 73 33 30 41 33 73 21 33
116 39 11 76 64 69 64 62 62 62 62 64 67 34
11 104 121 103 68 59 37 48 50 48 48 37 58 35
80 128 129 31 12 104 2 1 1 1 1 2 1 36
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Continue Table 5.

E 8 £ 3z 4 & < = s . 2 g
5 = 1 E p % s B &5 % 3 £ = 9 :
66 6 34 68 75 44 20 25 25 23 25 20 46 37
113 6 11 2 102 27 19 40 52 31 40 19 80 38
80 39 34 51 26 113 125 109 104 117 109 125 79 39
80 73 41 81 22 110 78 49 45 54 49 78 34 40
11 39 96 12 17 114 83 46 41 51 46 83 26 41
3 6 96 15 112 22 40 88 94 73 88 40 108 42
48 73 63 105 6 125 116 60 53 68 60 116 20 43
17 73 96 60 5 126 115 51 47 63 51 115 16 44
48 97 75 57 110 24 46 92 96 78 92 46 109 45
32 116 124 116 74 26 4 5 6 4 5 4 14 46
48 73 63 101 106 42 106 119 116 121 119 106 116 47
99 112 63 61 81 19 5 8 9 7 8 5 22 48
66 6 34 107 53 78 70 59 56 61 59 70 55 49
99 124 109 58 15 116 50 18 15 22 18 50 10 50
116 39 11 87 122 25 120 130 130 130 130 120 128 51
17 73 96 29 124 7 42 111 119 99 111 42 123 52
32 73 75 64 2 129 39 9 7 10 9 39 3 53
112 6 16 55 116 5 10 22 38 14 22 10 84 54
32 73 75 120 89 45 52 66 69 60 66 52 83 55
107 1 16 67 54 83 81 74 71 79 74 81 66 56
11 39 96 106 121 9 16 53 75 37 53 16 105 57
120 39 7 44 115 13 21 57 73 43 57 21 100 58
32 73 75 98 27 106 103 77 72 89 77 103 50 59
107 6 19 5 52 75 53 43 42 46 43 53 44 60
48 39 48 49 92 47 67 86 87 83 86 67 91 61
32 6 48 122 9 121 117 73 63 82 73 117 32 62
32 39 63 89 63 76 110 102 102 107 102 110 89 63
17 39 75 24 109 29 72 100 107 101 100 72 115 64
80 116 109 63 38 96 100 87 82 93 87 100 64 65
48 39 48 9 70 64 59 61 61 58 61 59 69 66
66 104 75 37 47 89 86 72 65 77 72 86 59 67
3 6 96 34 130 2 56 126 128 114 126 56 130 68
11 39 96 114 94 43 66 89 89 84 89 66 92 69
80 97 48 11 88 50 62 76 81 72 76 62 85 70
32 6 48 88 13 120 118 90 77 97 90 118 42 71
130 116 11 16 113 31 89 115 113 112 115 89 118 72
17 39 75 54 48 92 101 94 86 98 94 101 76 73
48 6 41 7 100 33 33 63 68 55 63 33 86 74
17 104 117 118 56 85 92 82 82 90 82 92 74 75
80 73 41 71 91 17 11 11 14 11 11 11 40 76
48 97 75 97 98 35 57 80 85 74 80 57 93 77
66 1 29 104 4 127 120 67 57 76 67 120 19 78
93 112 75 74 8 122 71 21 16 26 21 71 9 79
3 1 75 23 127 4 41 117 124 103 117 41 124 80
3 6 96 92 23 103 44 23 21 27 23 44 18 81
128 124 21 62 107 10 13 19 27 15 19 13 72 82
48 1 34 19 108 23 36 81 92 69 81 36 104 83
17 110 121 50 95 32 25 41 49 35 41 25 77 84
48 6 41 30 96 61 122 127 121 127 127 122 117 85
48 121 124 7 103 14 12 15 23 12 15 12 60 86
80 73 41 125 57 82 88 79 75 88 79 88 71 87
99 121 96 82 72 38 14 14 13 13 14 14 32 88
48 39 48 10 46 81 48 35 34 38 35 48 39 89
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Continue Table 5.

E 8 £ 3z 4 & < = s . 2 g
5 = 1 E p ¥ s F & % 3 £ £ 3 :
93 112 75 72 73 80 124 122 117 124 122 124 110 91
113 73 19 75 65 72 76 78 79 81 78 76 78 93
11 39 96 78 96 53 105 113 112 116 113 105 112 94
32 6 48 113 42 95 109 96 87 100 96 109 72 95
32 6 48 93 21 108 68 34 32 40 34 68 25 96
3 6 96 8 128 3 42 118 125 104 118 42 127 97
32 39 63 108 24 105 84 54 51 59 54 84 37 98
32 104 109 115 34 90 45 31 26 32 31 45 28 99
66 116 117 13 101 21 15 29 36 21 29 15 70 100
32 73 75 65 85 49 54 68 69 64 68 54 82 101
66 73 48 52 55 66 21 16 17 19 16 21 27 102
107 39 21 25 60 74 74 71 66 71 71 74 68 103
32 104 109 79 43 98 123 114 109 120 114 123 88 104
99 6 21 32 32 97 92 70 64 75 70 92 48 105
3 128 130 42 35 67 8 4 4 5 4 8 5 106
125 6 1 129 48 86 75 64 60 66 64 75 53 107
32 39 63 85 83 58 77 95 93 96 95 77 90 108
107 128 124 38 20 111 61 27 23 30 27 61 17 109
66 97 63 95 77 63 79 93 90 92 93 79 87 110
93 124 117 109 1 130 85 12 11 17 12 85 2 111
80 6 29 17 24 109 97 65 59 70 65 97 42 112
80 127 128 27 50 54 7 6 5 6 6 7 8 113
66 39 41 99 87 68 113 116 111 119 116 113 107 114
93 121 109 123 36 102 119 104 100 111 104 119 81 115
80 39 34 45 129 1 27 108 120 85 108 27 125 116
93 73 34 13 104 36 80 103 106 105 103 80 111 117
48 39 48 65 99 37 65 91 91 86 91 65 95 118
1 73 121 52 78 39 24 30 31 25 30 24 50 119
116 6 7 25 120 28 99 123 122 122 123 99 119 120
17 73 96 79 80 41 28 38 43 33 38 28 61 121
80 73 41 32 71 55 31 36 39 36 36 31 52 122
17 39 75 42 10 123 129 99 95 108 99 129 49 123
66 73 48 129 30 101 86 58 54 65 58 86 40 124
48 73 63 85 28 93 25 13 12 16 13 25 12 125
17 39 75 38 18 115 92 50 48 57 50 92 30 126
48 110 109 95 82 70 113 112 110 118 112 113 103 127
99 6 21 109 67 48 17 17 19 18 17 17 35 128
107 39 21 17 76 40 23 28 29 24 28 23 47 129
123 6 2 27 33 99 101 83 78 91 83 101 62 130
123 39 6 99 61 91 127 124 118 126 124 127 106 131
120 39 7 123 41 79 29 20 18 20 20 29 23 132

o Sles udin ke SGMP (25 Oat Bl s cow s e o Shes =Y 0 Il o Cas) a0 Shes =Y
o Shes g b Laxle =YSE o Ss jaxle =Y 25 4 conles (a5 ls =STI 5 o Sle =MP (5o )ls - Sle =HM
0555 Jsb =SFD (555 (Sihows U 555 =DM pasdis b 55, =DH (i S 2512 =RDI (25 Jesw a=ls =TOL

PR

Y, = the yield of each genotype under stress conditions, Y, = the yield of each genotype under non-stress conditions,
GMP = Geometric Mean Performance, HM = Harmonic Mean, MP = Production Mean, STI = Stress Sensitivity
Index, Y1 = Performance Index, YSI = Performance Stability Index, TOL = Stress Tolerance Index, RDI = Relative
Drought Index, DH = Day to Spike, DM = day to physiological maturity, SFD = length of grain filling period
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Table 6. Correlation coefficients between susceptible and tolerance indices under heat stress and
non-stress conditions.

TOL  YSI RDI YI STI MP HM  GMP Ys Y, L“’f’“
Indices

1 0.26™ Ys

1 0.82" 073" GMP

1 099 089" 063" HM

1 0.89™ 094" 066" 0907 MP

1 098™ 095" 097" 0767 0827 STI

1 076"  066™ 089" 082" 1.00" 026" Yl
1 057"  -0.08™ -0.22™ 0.16™ 0.03® 0577 -0.61" RDI
1 .00 057"  -0.08™ -0.22™ 0.16™ 0.03® 0577 -0.617 YSI
1 0927 0927 -0317 037" 052" 012 0257 -0317 084" ToL

** Significant at 1% probability, ™ non-significant
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Fig. 1. Biplot display of stress tolerance and sensitivity indices in wheat genotypes based on first and second
principal components.
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