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Abstract

Phosphorus (P) is an essential nutrient with a significant effect on plant growth. Maize is highly sensitive
to phosphorus deficiency during early growth stages. This study was conducted under two conditions:
optimal and phosphorus deficiency stress to analyze stress tolerance indices in 93 maize inbred lines and
identify lines tolerant to low phosphorus stress. The experiment used a completely randomized design
with three replications at Urmia University in 2017—-2018. Based on performance under both optimal and
phosphorus deficiency stress conditions, various stress tolerance indices were calculated, including Mean
Productivity (MP), Tolerance Index (TOL), Stress Susceptibility Index (SSI), Geometric Mean
Productivity (GMP), Stress Tolerance Index (STI), Harmonic Mean (HM), Yield Stability Index (YSI),
Yield Index (Y1), Abiotic Tolerance Index (ATI), and Modified Stress Tolerance Index under stress
conditions (MSTI). Correlation, principal component, and cluster analyses showed that HM, GMP, Y],
MP, MpST]I, and MsSTI were ideal indices for selecting lines that performed well under both optimal
and phosphorus deficiency stress conditions. Based on these indices, lines Ma005, Ma006, Ma007,
Ma009, Ma010, Ma011, Ma022, Ma024, Ma025, Ma026, Ma027, Ma028, and Ma064 were identified
as phosphorus deficiency stress-tolerant lines, showing better grain yield under both phosphorus stress
(YS) and optimal phosphorus (YP) conditions. The results of this study can help scientists develop
sustainable and optimal cultivation strategies in phosphorus-deficient areas. Additionally, plants tolerant
to nutrient deficiencies can help farmers increase yields and reduce the need for chemical fertilizers under
these conditions.
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Table 1. Names of studied maize lines under phosphorus deficiency stress conditions

Code Line Name Code Line Name Code Line Name
Ma001 P3L2 Ma033 R59(Maternal) Ma076 70*/ 1388
Ma002 P11L2 Ma034 K615/1 Ma077 10/K 19/1
Ma003 P15L16 Kahriz Ma035 B73 Ma079 138* /89
Ma004 PIL3 Kahriz Ma036 OH 43/1-42 (Paternal) Ma080 K19 */ 1392 (Isolated)
Ma005 P13L2 Ma037 R59 (Paternal) Ma083 1* /89 (Red cob)
Ma006  PI19L7 Kahriz ~ Ma038 W37A Maogs 3%/ gz‘zcl_ci’rr]g S3or
Ma007 P6L1 Ma039 R319 Ma089 172* /89
Ma008 P19 L3 Kahriz Ma040 R59 Ma091 8/K19/1
Ma009 P14L1 Kahriz Ma042 W153R Ma096 67*/88
Ma010 P11L7 Ma043 K1533 Popcorn Ma098  1387/193/ chase*/S2
Ma011 P14L2 Ma044 R59‘R319(Ma‘e(g“é‘; line of DC370)  \1a100  36-N/88-K3653/2
Ma012 P10L5 Ma045 B73(RFC OR CMS) Mal04 Linel
Ma013 Pl'-(‘l"(g?;)'e"' Ma046 1264/ 1 Ma105 Line2
Ma014 P11L6 Ma048 ZKA4T72221 Mal06 Line3
Ma015 P13L3 Ma049 K1263/1/1388 Mal07 Lined
Ma016 P16L4 Kahriz Ma050 4*/89 Mal08 Line5
Ma017 P3 L4 Kahriz Ma051 9/K19/1 Mal09 Line6
Ma018 P1 L5 Kahriz Ma052 3/K19/1 & (K19/1*/1392) Mall0 Line7
Ma019 P19L5 Kahriz Ma053 25* /89 Malll Line8
Ma020 P15L14 Ma054 2/ K19/1 & (K19/1) Mall2 Line9
Ma021 P16L6 Kahriz Ma055 K3640/S /55-N Mall3 Linel0
Ma022 P15L4 Ma057 20* /1389 Mall4 Linell
Ma023 P11L9 Ma060 S2/ QPM/ SUKMA (Indonesia) Mall5 Linel2
Ma024 PIL6 Ma062 6* /88 Mall6 Linel3
Ma025 P13L1 Ma064 4/ K19/1 Mall7 Linel4
Ma026 P10L7 Ma065 66* /1388 Mall8 Linel5
Ma027 P16L12 Kahriz Ma066 48* /1390 Mall9 Linel6
Ma028 P10L9 Ma072 K166 B/89 & (14* K166 B/1390) Mal20 Linel7
Ma030 Mol7 Ma073 K18-B /1392 (Isolated) Mal21 Linel8
Ma031 OH43/1- 42 Ma074 7/K19/1 Mal22 Linel9
Ma032 K1264/5-1 Ma075 23* /89 Mal23 Line20
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Table 2. Some physical and chemical properties of the soil used in the experiment to evaluate maize lines under
phosphorus deficiency stress conditions

. Electrical
OC;?SQ:]C conductity H Sand Silt Clay Lime Typeof  Sample name
(%) (EC) P (%) (%) (%) (%) texture  and depth (cm)
(dS m?

Clay .

0.74 0.78 7.92 30 30 40 315 loam (0-30) Khan Arkhi
Available Available Available Available Organic  Available Availgble sample name
Zn Fe Mn Cu matter  phosphorus potassium and depth (cm)

(mgkg™) (mgkg")  (mgkgh) (mgkgh) (mgkgh  (mgkg? (mg kg)
0.11 11 10.3 1.3 1.28 7.24 102 (0-30) Khan Arkhi
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Figure 1. Cultivation of maize plants in pots and completion of plant growth stages under
optimal and phosphorus deficiency stress conditions
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Table 3. Stress tolerance indices calculated in the experiment evaluating maize lines under
phosphorus deficiency stress conditions

Reference Formula Desirability

Fischer & Maurer, 1978 = S YD) L
, = W
1-(Ys /Yp) °
Rosille & Hamblin, 1981 Hv= 2P >XYS) High
' n. ~T(YPHYS) 9
Ys.
Bouslama & Schapaught, 1984 YSI = Y—S‘ High
Pj
Rosille & Hamblin, 1981 TOL=Yp -Ys Low
Yp xYs
Fernandez, 1992 STl=—— Low
(Yp)
Fernandez, 1992 GMP=,/Yp xYs High
Ys.
Gavuzzi et al., 1997 Yl = 3 High
i
Golestani & Assad, 1998 Yr=1- Y—S‘ Low
Pj
+
Rosille & Hamblin, 1981 MP= szYS High
Yp. — Ys.
Fischer & Maurer, 1978 ATI = =5« GMP High
Ys/Yp
Fischer et al., 1998 DI :w High
S
_(Yp)) :
Farshadfar & Sutka, 2002 MpSTI=—— xSTI High
(YP)
(YS)") :
Farshadfar & Sutka, 2002 MsSTI= S S)z xSTI High
Y

SSI: Stress Susceptibility Index; HM: Harmonic Mean; YSI: Yield Stability Index; TOL: Tolerance Index; STI:
Stress Tolerance Index; GMP: Geometric Mean Productivity; YI: Yield Index; Yr: Yield reduction; MP: Mean
Productivity; ATI: Abiotic Tolerance Index; DI: Drought resistance Index; MpSTI: Modified Stress Tolerance Index
in normal conditions; MsSTI: Modified Stress Tolerance Index in stress conditions.
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Table 4. Analysis of variance for grain yield and stress tolerance indices in maize under optimal and phosphorus
deficiency stress conditions

Mean square

Source of variation df —3s YP SSI HM YSI TOL STl  GMP
Genotype 92 3190 6673 0.3598~ 4123 0.03881" 15685 1.0639™ 4306
Experimental error 186 385 520 02284 351  0.02463 600.6 01061 318
Source of variation df Mean square

Y Yr MP __ MpSTI _ MSsSTI DI ATI
Genotype 92 05479 0.0388" 4540 14.565" 12.913" 0.3799" 100787433
Experimental error 186 0.0661 0.0246 302 2163 3491 00877 18324575

**and *** significant at the 1 and 0.1 percent probability levels. df: degree of freedom; SSI: Stress Susceptibility Index; HM: Harmonic Mean;
YSI: Yield Stability Index; TOL: Tolerance Index; STI: Stress Tolerance Index; GMP: Geometric Mean Productivity; YI: Yield Index; Yr:
Yield reduction; MP: Mean Productivity; ATI: Abiotic Tolerance Index; DI: Drought resistance Index; MpSTI: Modified Stress Tolerance
Index in normal conditions; MsSTI: Modified Stress Tolerance Index in stress conditions.
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Table 5. Phosphorus deficiency stress tolerance indices in the studied maize lines

Line YS YP SSI HM YSI  TOL STl GMP Yl Yr MP ATI DI MpSTI MsSTI
Ma001 122.15 149.00 0.557 133.97 0.820 26.85 1.417 134.77 1590 0.180 13558 5223 132 2463 3.821
Ma002 102.80 169.63 1.003 119.63 0.670 66.83 1.273 127.07 1340 0.330 136.22 11710 1.02 2921  2.981
Ma003 86.53 179.23 1.557 115.85 0.493 9270 1.193 12401 1.127 0.507 132.88 17139 056 3.029 1571
Ma004 121.77 171.47 0.843 13557 0.723 49.70 1.603 140.66 1.587 0.277 146.62 8268 132 3.660 5.804
Ma005 113.63 185.23 1.230 139.52 0.600 71.60 1.700 144.34 1.477 0.400 149.43 14768 0.94 5068 5.150
Ma006 129.33 166.70 0.687 145.65 0.773 37.37 1.693 146.82 1.683 0.227 148.02 8214 131 3.860 5.206
Ma007 11357 239.03 1.623 15224 0470 12547 2137 163.70 1.480 0.530 176.30 29765 0.74 9.934  6.267
Ma008 105.83 149.97 0.840 12246 0.723 44.13 1.220 125.11 1380 0.277 12790 8269 1.02 2226 2.473
Ma009 132.18 189.07 0.900 155.18 0.707 56.88 1.957 157.87 1.720 0.293 160.63 13733 122 5894 6.210
Ma010 144.92 171.07 0.463 156.83 0.847 26.15 1.920 15741 1.890 0.153 15799 6101 1.60 4.351 6.953
Ma011 124.28 157.33 0.637 138.81 0.790 33.05 1.513 139.80 1.620 0.210 140.81 6921 1.28 2931 4.024
Ma012 99.13 12890 0.583 111.20 0.810 29.77 1.027 11259 1290 0.190 114.02 5946 1.03 1.811 1.933
Ma013 103.77 126.27 0.547 113.89 0.823 2250 1.017 11445 1350 0.177 11502 3817 111 1258 1.895
Ma014 87.00 130.63 1.007 103.67 0.670 43.63 0.880 106.19 1.133 0.330 108.82 6759 0.78 1.160 1.204
Ma015 102.88 134.77 0.713 11658 0.767 31.88 1.077 117.69 1.340 0.233 11883 5630 1.02 1540 1.974
Ma016 67.47 99.90 0.887 79.85 0.713 3243 0.537 8173 0.877 0.287 83.68 4335 061 0502 0.453
Ma017 89.80 120.90 0.693 100.99 0.773 31.10 0.833 103.10 1170 0.227 10535 4764 094 0992 1.245
Ma018 86.37 142.43 1213 107.47 0.603 56.07 1.030 110.88 1.123 0.397 11440 9896 0.69 2297 1917
Ma019 9273 127.37 0.820 106.45 0.733 34.63 0.933 108.22 1.210 0.267 110.05 5512 091 1.297 1.656
Ma020 100.30 148.17 0.997 116.21 0.670 47.87 1173 120.00 1.307 0.330 12423 7579 098 2164 2.807
Ma021 107.37 139.57 0.707 12085 0.770 3220 1163 12215 1397 0.230 123.47 5680 1.09 1.754 2418
Ma022 141.07 156.10 0.293 148.17 0.907 15.03 1.707 148.37 1.837 0.093 14858 3342 166 3.233 5.832
Ma023 89.37 140.57 0.967 107.82 0.683 51.20 1.000 111.30 1..163 0.317 11497 9513 0.78 1970 1.509
Ma024 140.02 17453 0.570 155.06 0.813 34,52 1.917 156.16 1.823 0.187 15728 8469 147 4987 6.814
Ma025 127.07 216.13 1.270 159.70 0.583 89.06 2.153 165.53 1.653 0.417 171.60 21825 0.98 8.173 6.628
Ma026 122.75 23450 1.383 152.66 0.547 111.75 2.147 16449 1.600 0.453 178.63 24642 1.04 8.698 7.827
Ma027 11417 212.00 1.350 147.30 0.557 97.83 1.880 154.94 1.487 0.443 163.08 23352 0.83 7.218 4.320
Ma028 124.33 220.77 1.320 15828 0.567 96.43 2.143 165.23 1.620 0.433 17255 23854 093 8561 6.208
Ma030 60.27 9543 1.087 7244 0.647 3517 0440 75.06 0.787 0.353 77.85 3779 054 0313 0.315
Ma031 5530 8483 0990 6648 0.677 29.53 0370 6824 0.720 0.323 70.07 3178 048 0.236 0.206
Ma032 30.87 51.23 1.140 37.73 0.623 20.37 0.123 39.34 0.403 0.377 4105 1180 0.27 0.025 0.021
Ma033 4095 71.70 1.367 5157 0550 30.75 0.247 53.87 0.533 0450 56.33 2439 032 0.126 0.118
Ma034 3580 60.23 1.267 4420 0587 2443 0.177 46.04 0467 0413 48.02 1604 029 0.059 0.061
Ma035 51.34 91.30 1.167 64.60 0.620 39.96 0.377 67.84 0.667 0.380 71.32 4667 041 0361 0.190
Ma036 5833 86.97 1.047 69.79 0.657 28.62 0483 7120 0.763 0.343 7264 3553 051 0.609 0.654
Ma037 61.78 12473 1560 80.64 0487 6295 0.613 86.58 0.807 0513 9326 7826 044 0.821 0.588
Ma038 3507 51.33 0.940 4119 0.690 16.27 0.140 4217 0457 0.310 4320 1000 0.33 0.030 0.034
Ma039 4427 80.87 1433 56.72 0530 36.60 0.293 5955 0.580 0470 6257 3201 033 0.176 0.144
Ma040 6547 98.77 1.047 7647 0.657 3330 0507 79.15 0.853 0.343 8212 3410 063 0.39% 0.538
Ma042 4176 68.93 1.163 5147 0620 2718 0.223 5335 0543 0.380 5535 2153 035 0.082 0.067
Ma043 4498 54.83 0577 4930 0813 985 0197 49.60 0.587 0.187 4991 692 049 0.048 0.077
Ma044 9427 108.03 0.390 100.43 0.870 13.77 0.793 100.79 1.227 0.130 101.15 1987 1.08 0.723 1.262
Ma045 26.13 7743 1850 3717 0390 51.30 0.143 4348 0.340 0.610 51.78 3392 0.14 0.077 0.018
Ma046 50.83 95.63 1.360 6541 0557 44.80 0.373 69.16 0.663 0.443 7323 4698 0.37 0284 0.173
Ma048 43.63 66.33 1.043 5256 0.657 2271 0.223 53.75 0570 0.343 5498 1806 0.38 0.076 0.075
Ma049 37.87 77.27 1333 4943 0563 39.40 0.233 5324 0493 0437 5757 3748 027 0.185 0.062
Ma050 2397 34.73 0947 2832 0.690 10.77 0.063 28.83 0.310 0.310 29.35 459 022 0.006 0.007
Ma051 2957 5473 1380 3826 0547 2517 0.127 4015 0.387 0453 4215 1522 021 0.030 0.019
Ma052 40.43 63.80 0.923 49.03 0.697 2337 0.223 5054 0523 0303 5212 2250 035 0.130 0.088
Ma053 107.77 155,57 0.890 126.34 0.710 47.80 1.290 128.95 1.403 0.290 131.67 9359 1.00 2526 2.589
Ma054 5252 67.63 0.643 5888 0.790 1512 0.287 59.47 0.683 0.210 60.08 1449 054 0.126 0.161
Ma055 38.17 72.03 1453 4972 0523 3387 0.217 5233 0500 0477 5510 2619 027 0.09 0.067
Ma057 60.43 80.17 0.740 6857 0.757 19.72 0.373 69.42 0.787 0.243 70.30 2002 0.61 0.185 0.241
Ma060 33.43 4570 0.860 3856 0.720 1228 0.127 39.06 0433 0.280 3957 744 032 0.029 0.037
Ma062 57.37 106.50 1.373 7419 0550 49.13 0477 7794 0.743 0450 81.93 5829 041 0449 0.278
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Table 5. Continued
Line YS YP Ss| HM YSI TOL STI GMP VI Yr MP ATl DI MpSTI MSsSTI
Ma064 117.66 200.67 1270 14828 0587 83.01 1.890 153.62 1530 0413 159.16 19329 090 6.800 5.417
Ma065 49.00 96.00 1487 64.69 0513 47.00 0367 6847 0637 0487 7250 4825 033 0275 0.160
Ma066 120.07 170.87 0.893 140.27 0.707 50.80 1.587 142.83 1563 0.293 14547 10687 112 3.637 4.099
Ma072 67.50 120.70 1.350 86.41 0557 53.20 0.633 90.17 0877 0443 9410 7093 050 0727 0.529
Ma073 11150 130.30 0420 119.66 0.860 18.80 1.123 120.27 1453 0.140 12090 3337 126 1476 2.415
Ma074 4827 6513 0783 5509 0743 16.87 0247 5588 0627 0257 5670 1379 048 0085 0.109
Ma075 5227 91.13 1177 6452 0613 38.87 0357 67.90 0680 0387 7170 3983 044 0244 0.169
Ma076 80.53 100.17 0550 89.09 0.820 19.63 0647 89.72 1047 0.180 90.35 2906 085 0.610 0.795
Ma077 63.37 108.17 1237 79.40 0593 44.80 0533 8250 0.827 0407 8577 5551 050 0512 0.389
Ma079 36.62 5253 0.867 4255 0717 1592 0.153 4354 0477 0283 4458 1049 035 0038 0.041
Ma080 49.10 81.07 1150 60.46 0620 31.97 0307 62.71 0640 0.380 65.08 3027 040 0.162 0.126
Ma083 61.80 67.40 0250 64.42 0920 560 0323 6451 0807 0080 6460 544 074 0118 0.220
Ma085 38.63 6040 1.093 4658 0640 21.77 0193 48.00 0507 0.360 4952 1622 034 0080 0.078
Ma089 4323 77.80 1277 5293 0583 3457 0273 56.36 0563 0417 6052 2739 037 0.161 0.163
Ma091 6053 76.23 0600 67.11 0803 1570 0.353 67.74 0787 0.197 6838 1590 064 0.162 0.225
Ma09% 55.63 81.83 1.047 6459 0657 2620 0373 66.60 0727 0343 6873 2231 054 0225 0.341
Ma098 3377 46.00 0813 3879 0733 1223 0120 39.33 0440 0267 39.88 701 033 0020 0.025
Mal00 6123 9950 1163 75.61 0617 3827 0477 77.95 0797 0.383 80.37 4490 049 0392 0.331
Mal04 97.63 128.00 0.707 110.68 0.767 30.37 0990 111.74 1273 0233 11282 5237 097 1.387 1.755
Mal05 99.23 121.07 0550 109.07 0.820 21.83 00940 109.60 1.293 0.180 110.15 3585 106 1.104 1.646
Mal06 4503 57.03 0587 50.14 0810 12.00 0200 5059 0587 0.193 51.03 984 047 0059 0.073
Mal07 5357 5833 0253 5584 0917 477 0253 5589 0697 0083 5595 401 064 0079 0.151
Mal08 9052 114.27 0.637 100.65 0790 23.75 0.807 10151 1.180 0210 102.39 3492 095 0.841 1.225
Mal09 9835 119.17 0533 107.76 0.827 20.82 00950 108.26 1.280 0.173 108.76 3531 106 1.302 1.958
Mall0 59.87 86.37 00957 70.54 0687 2650 0410 71.81 0780 0.313 73.12 2805 055 0261 0.296
Malll 87.23 120.67 0.797 10051 0.737 33.43 0.810 10220 1.137 0.263 103.95 5185 084 0946 1.059
Mall2 6207 107.80 1.180 76.72 0610 4573 0500 80.61 0.807 0.390 8493 5573 052 0481 0.335
Mall3 3054 73.37 1733 42,79 0433 42.83 0173 4711 0397 0567 51.95 3088 017 0079 0.028
Mall4 77.72 11827 1033 93.68 0660 4055 0727 9581 1.010 0.340 97.99 5958 067 0.891 0.838
Mall5 8147 99.70 0537 89.44 0823 1823 0630 90.01 1.060 0.177 90.58 2486 087 0493 0.715
Mall6 9293 14920 1133 113.80 0627 56.25 1.067 117.36 1.207 0.373 121.06 9739 078 1.835 1.622
Mall7? 4330 67.90 1107 52.34 0637 24.60 0237 5394 0563 0.363 5560 1965 037 0099 0.103
Mall8 87.23 10330 0470 94.38 0.847 16.07 0697 94.83 1137 0.153 9527 2237 097 0577 0926
Mall9 7843 11750 1.020 93.73 0667 39.07 0720 9582 1.020 0.333 97.97 5478 069 0779 0.819
Mal20 4837 78.07 1193 57.24 0607 29.70 0.300 59.95 0630 0.393 63.22 2253 045 0.149 0.182
Mal2l 76.00 11240 00987 89.46 0677 36.40 0670 91.77 0987 0323 9420 4746 071 0700 0.840
Mal22 10540 15563 00950 124.90 0.687 50.23 1.267 127.66 1.370 0.313 13052 9633 095 2435 2442
Mal23 116.10 14573 0.620 129.04 0.793 29.63 1.357 129.98 1510 0.207 13092 5882 121 2602 3.683
tweicn(163.6) = -6.28. p = 2.992-09, GHesges = 0.92, Clasy, [1.22, -0.61), ngps = 186
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Figure 2. Box plot of average grain yield in maize lines under normal and phosphorus

deficiency stress conditions; (Op) Average under optimal conditions and (Lp) Average
under phosphorus deficiency stress conditions
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Figure 3. Correlation coefficients Pearson between grain yield under optimal conditions and phosphorus
deficiency stress and phosphorus deficiency stress tolerance indices. Blue and red boxes indicate positive

and negative correlation coefficients, respectively, with increasing color intensity indicating larger
coefficients. White boxes indicate insignificant coefficients.
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Figure 4. 3D plot of dispersion of maize lines based on grain yield under optimal (Yp) and
phosphorus deficiency stress conditions (Ys) and GMP index
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Table 6. Eigenvalues, relative and cumulative contributions, and eigenvectors of the first

two principal components (PC1 and PC2) for grain yield under optimal and phosphorus
deficiency stress conditions

Indices PC1 PC2

Stress Yield (Ys) -0.973 -0.191
Potential Yield (Yp) -0.966 0.241
Stress Susceptibility Index (SSI) 0.189 0.975
Harmonic Mean (HM) -0.992 -0.039
Yield Stability Index (YSI) -0.190 -0.974
Tolerance Index (TOL) -0.605 0.769
Stress Tolerance Index (STI) -0.190 -0.974
Geometric Mean Productivity (GMP) -0.994 0.012
Yield Index (Y1) -0.973 -0.191
Yield reduction (YT) 0.190 0.974
Mean Productivity (MP) -0.993 0.066
Abiotic Tolerance Index (ATI) -0.782 0.554
Drought resistance Index (DI) -0.864 -0.464
Modified Stress Tolerance Index in normal condition (MpSTI) -0.887 0.319
Modified Stress Tolerance Index in stress condition (MsSTI) -0.940 0.061
Eigenvalues 9.32 5.15

Percentage of variation 62.20 34.40
Cumulative percentage 62.20 96.60
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Figure 5. Biplot graph of maize lines and indices of tolerance to phosphorus deficiency stress
based on the first two principal components
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Figure 6. Heatmap of maize lines and indices of tolerance to phosphorus deficiency stress
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