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Comprehensive abstract

Introduction

In recent years, the decline in precipitation and water resources has emerged as a major constraint
to rice production. Drought is one of the most widespread abiotic stresses, posing a significant threat to
vast areas of rice cultivation. Rice yield can be adversely affected by drought at any growth stage;
however, the reproductive stage is particularly sensitive. Therefore, identifying drought-tolerant
genotypes is a key strategy to mitigate the impact of water deficit. Several indices have been proposed
to evaluate plant responses to stress and to assess yield stability under adverse conditions.
Accordingly, this study utilized drought tolerance and susceptibility indices to evaluate different rice
genotypes under drought stress and to identify drought-tolerant varieties based on grain yield and root
biomass.

Materials and methods

This study was conducted in 2023 at the Rice Research Institute of Iran to evaluate 36 rice
genotypes under two conditions: non-stress and drought stress. The experiment was arranged in a
randomized complete block design (RCBD) with three replications. It was performed under a rainout
shelter using controlled PVC pipes, each with a diameter of 20 cm and a length of 100 cm. The shelter
was open-sided, ensuring that temperature and relative humidity did not differ significantly from
ambient outdoor conditions. The pipes were filled with equal volumes and densities of soil, composed
of one-third sand and two-thirds field soil. The required amount of chemical fertilizer was calculated
based on soil test results and thoroughly mixed into the soil. After determining the field capacity (set at
91%) for the drought treatment pipes, seedlings with 3—4 leaves were transplanted individually.
Drought stress was imposed at the maximum tillering and panicle initiation stage, while in the non-
stress treatment, irrigation was continued regularly until maturity. When the soil moisture in the
drought treatment reached 20%, grain yield and root biomass traits were measured and stress tolerance
and sensitivity indices were calculated. Pearson correlation coefficients were computed using SPSS
software. Cluster analysis and two-dimensional biplot diagrams based on grain yield were drawn by
NTSYS 2.02 and XLSTAT 2019.2.2 software.

Research findings

The results indicated that the highest and lowest average grain yield in non-stress conditions
belonged to Gohar and IR58 cultivars, respectively, and under drought stress conditions belonged to
Mohamadi Chaparsar and Hassani cultivars. The lowest reduction in grain yield in stress conditions




(49.57%) was attributed to the Mohamadi Chaparsar cultivar and the highest percentage increase in
root biomass (63.45%) was related to the Hassani cultivar. The results of correlation coefficients
showed that grain yield in non-stress conditions had a positive and significant correlation with the
mean productivity (MP), geometric mean productivity (GMP), harmonic mean (HM), tolerance index
(TOL), and stress tolerance index (STI), respectively, and the highest correlation was observed with
MP index (r=0.906). Also, under drought stress conditions, grain yield showed a high correlation with
MP, GMP, HM, STI, yield index (YI), yield stability index (YSI), and relative drought index (RDI),
the highest of which was related to yield index (r=1.00). Also, root biomass in non-stress conditions
was highly significantly and positively correlated with the indices MP, GMP, HM, YI, STI, TOL,
Stress susceptibility index (SSI) and average root biomass under stress (Ys), respectively, and the
highest correlation was observed with MP index (r=0.903). Under drought stress conditions, the
indices MP, GMP, HM, YI, YSI, RDI and STI showed a high correlation with root biomass, and the
highest correlation was related to yield index (r=1.00). Cluster analysis based on drought tolerance
indices for grain yield separated rice genotypes into four groups. Cultivars in the second group (Group
A) including Mohamadi Chaparsar, Gharib Siah Reihani, Hashemi, Dular, Kian, Anam, along with ten
genotypes from the first group including Alikazemi, Nemat, Sahel, Danial, Gilaneh, Domzard, Dorfak,
Gohar, Neda and Toka, were identified as drought-tolerant genotypes. Twelve drought-tolerant
genotypes were identified for grain yield using the biplot method based on the Yn, STI, HM, GMP,
and MP indices.

Conclusion

Based on the evaluation of drought tolerance and susceptibility indices and their correlation with
grain yield and root biomass under both stress and nonstress conditions, the indices MP, GMP, HM,
STI, and RDI were identified as the most effective indicators. The results obtained from comparing
cluster analysis, biplot and correlation coefficients indicated that the genotypes Daniyal, Gohar,
Nemat, Gilaneh, Dorfak, Dular, Domzard, Salari, Toka and Mohamadi Chaparsar were high-yielding
cultivars with high root biomass and drought-tolerant, while the genotypes Ahlami Tarom, Binam,
Sang Jo, Hasan Sarayi Atashgah, Kados, Rash, IR28, IR50 and IR64 were low-yielding cultivars with
low root biomass and drought-sensitive cultivars.
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Table 1. Meteorological information of Rice Research Institute of Iran (RRII), Rasht, Iran, in 2023

o . L Rainfall Evaporation Sunshine
Month Average temperature (°C) Relative humidity (%) (mm) (mm) duration (hr)
Minimum  Maximum  Minimum  Maximum
April 9.3 20.4 59.8 91.6 53.9 79.0 157.1
Ma 13.2 23.0 67.7 95.1 116.2 78.8 146.6
y
June 19.3 29.3 64.3 95.2 62.8 132.8 227.2
July 20.1 29.8 61.4 95.5 131.8 126.2 205.3
August 20.8 33.0 53.9 95.9 37.1 150.0 265.4
September 19.7 28.3 67.7 97.0 184.6 78.0 127.5
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Table 2. Drought tolerance and sensitivity indices of the studied rice genotypes based on grain yield

Cultivar TOL SSI STI HM MP GMP YSI YI RDI Yn Ys YR
Nemat 1495 107 031 618 1118 831 020 099 078 1865 3.70 80.16
Sepidrod  13.09 1.04 029 616 1032 797 022 100 088 1686 3.77 77.64
SangJo 1004 113 010 321 687 469 016 049 062 11.89 185 84.41
Dorfak 1430 103 036 694 1142 891 023 1.14 091 1857 427 77.01
Gohar 1691 1.07 042 715 1275 955 020 115 080 2121 430 79.74
Kados 1506 1.19 0.4 329 935 555 011 049 043 1688 1.82 89.20
Sahel 1284 099 037 729 11.03 896 026 123 1.04 1744 461 73.59
Danial 1570 101 049 823 1298 1034 025 137 097 2083 513 7537
Saleh 1192 1.04 024 559 938 724 022 091 088 1534 342 7770
Gharib 1228 1.5 0.3 360 820 543 014 055 057 1433 206 85.65
Mohamadi ¢ g (66 039 878 985 930 050 176 199 13.09 660 49.57
Chaparsar
Domsiah  11.56 1.16 0.1 3.10 753 483 0.3 047 052 1331 175 86.83
Domsefid 1036 1.10 0.3 3.89 748 540 0.18 061 072 1266 230 81.83
Hasansarayi 842 1.02  0.13 423 683 537 024 070 094 11.03 262 7628
Binam 1042 113 011 335 7.5 489 016 052 062 1236 194 8433
Domzard 1074 094 032 7.07 996 839 030 122 1.8 1533 459 70.07
Gharibsiah ~ 7.66 074 040 864 1009 933 045 167 178 13.92 626 55.03
Hashemi 837 077 040 859 1030 941 042 1.63 167 1448 6.11 57.80
Alikazemi 1239 091 048 881 12.01 1029 032 155 126 1820 581 68.06
Neda 1158 097 033 697 1024 845 028 1.19 1.10 1603 445 7225
Abjiboji 1214 1.4 0.4 377 824 558 015 058 060 1431 217 84.82
Hasani 112 1.16 0.10 295 723 462 013 044 051 1278 1.67 86.96
Salari 11.09 095 032 694 1001 834 029 1.19 1.13 1556 447 71.29
Ahlamitaram  11.04 1.09 0.16 433 810 592 0.19 069 075 13.62 258 81.08
Shafagh 924 102 016 472 755 597 024 078 095 1217 293 7593
Gilaneh 11.56 094 037 764 1075 9.06 030 132 1.9 1652 497 69.94
Anam 800 084 028 698 880 7.83 037 128 148 1279 480 62.51
Rash 1029 1.01 021 532 846 671 024 088 096 13.60 331 7567
Toka 10.19 088 037 7.82 1034 899 034 140 134 1543 524 66.05
Kian 809 081 032 759 935 843 040 141 156 1339 530 60.43
Dular 607 0.69 031 771 876 822 049 153 192 11.79 573 51.44
IR64 866 1.01 0.5 448 7.2 565 024 074 096 1145 279 75.66
IR50 1287 1.5 0.4 371 855 563 014 056 056 1498 2.12 85.87
IR28 1399 1.5 0.7 400 928 609 014 061 055 1627 228 8599
IR36 11.09 097 029 661 976 803 028 112 1.09 1530 421 7247
IR58 747 094 015 484 687 577 030 084 1.17 1061 3.14 70.44

TOL, tolerance index; SSI, stress susceptibility index; STI, stress tolerance index; HM, harmonic mean; MP, mean
productivity; GMP, geometric mean productivity; YSI, yield stability index; YI, yield index; RDI, relative dry
index; Yn and Ys, grain yield in normal stress environment, respectively (g/plant); YR, yield reduce (%).
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Table 3. Drought tolerance and sensitivity indices of the studied rice genotypes based on root biomass

Cultivar TOL SSI STI HM MP GMP YSI YI RDI Yn Ys YR
Nemat 331 1.56 182 623 664 643 060 140 081 829 499 3988
Sepidrod 1.56 129 067 382 397 38 067 09 090 475 3.19 3287
SangJo 017 024 030 262 262 262 094 071 126 270 254 6.16
Dorfak -0.75 064 1.09 497 500 499 116 151 156 4.62 538 -16.27
Gohar 247 112 236 723 744 733 071 175 096 8.67 620 28.50
Kados 044 051 043 312 314 313 087 082 1.17 336 292 13.14
Sahel 227 174 064 3.66 399 382 056 080 0.75 512 285 4434
Danial 463 189 210 655 729 691 052 140 070 9.61 497 48.24
Saleh 027 025 069 397 397 397 093 108 126 411 384 651
Gharib 1.17 093 082 429 437 433 076 107 1.03 496 3.78 23.66
Mohamadichaparsar -0.37 -0.55 035 281 282 281 114 085 153 264 3.00 -13.95
Domsiah 1.09 0.82 093 458 464 461 079 115 1.06 519 410 20.96
Domsefid -0.86  -0.68 127 535 539 537 1.17 1.64 158 496 582 -17.36
Hasansarayi 093 124 026 238 247 242 0.68 056 092 293 200 31.64
Binam 302 229 048 302 3.65 332 041 0.60 056 516 2.14 5858
Domzard -1.04  -095 099 472 478 475 124 149 167 426 529 -2436
Gharibsiah 208 255 016 166 216 189 035 031 047 320 1.12 65.08
Hashemi .20 1.19 048 324 335 330 070 077 093 395 275 3042
Alikazemi 281 224 045 294 351 321 043 059 057 491 210 5725
Neda 1.08 093 070 395 402 399 076 098 1.03 456 348 23.64
Abjiboji 1.18 0.84 1.05 486 493 490 079 122 1.06 552 434 21.39
Hasani -1.96 248 0.68 383 4.07 395 163 142 220 3.09 505 -63.45
Salari -039 -038 0.79 423 424 423 1.10 125 147 404 443 -9.67
Ahlamitaram 260 176 080 4.09 446 427 055 089 074 576 3.17 45.04
Shafagh 136 091 1.16 510 519 514 077 127 1.03 587 451 2319
Gilaneh 120 0.75 140 561 567 564 081 143 1.09 627 507 19.12
Anam 1.61 1.89 025 228 254 241 052 049 070 335 1.73 4825
Rash 1.830 138 074 401 421 411 065 093 087 510 331 3518
Toka -0.36 -042 056 357 358 357 111 1.06 149 340 3.76 -10.71
Kian 094 123 027 244 252 248 0.69 058 092 299 205 31.39
Dular 1.13 082 1.01 475 482 478 079 120 1.06 538 425 21.06
1IR64 024 036 027 246 246 246 091 066 122 258 234 928
IR50 284 220 049 3.08 363 334 044 062 059 505 221 5627
1IR28 177 162 047 3.17 340 328 059 071 079 428 251 4134
IR36 447 248 080 379 482 427 037 073 049 7.06 259 6334
IR58 -0.06 -0.06 073 407 4.07 407 102 115 136 404 410 -1.53

TOL, tolerance index; SSI, stress susceptibility index; STI, stress tolerance index; HM, harmonic mean; MP, mean
productivity; GMP, geometric mean productivity; YSI, yield stability index; YI, yield index; RDI, relative dry
index; Yn and Ys, grain yield in normal stress environment, respectively (g/plant); YR, yield reduce (%).
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Table 4. Correlation coefficients among grain yield under stress and non-stress conditions with stress tolerance
and sensitivity indices

Index TOL SSI STI HM MP GMP YSI YI RDI Ys
Yn 0.839™  0.140™ 0.639" 0416° 0.906™ 0.626” -0.141™ 0.291™ -0.141™ 0.289™
Ys -0.278™ -0.900 0.913" 0.987" 0.666™ 0923 0.900” 1.000™  0.900"

RDI -0.652" -1.000" 0.648" 0.827" 0.288™ 0.669” 1.000™  0.900™
YI -0.276™ -0.900 0.913" 0987  0.668"  0.924™  0.900™
YSI  -0.652%° -0.999% 0.649" 0.827" 0.287™  0.669
GMP  0.104™ -0.669" 0995 0.969” 0.895"
MP 0.531"  -0.288™ 0.901"  0.760™
HM  -0.143™ -0.827" 0.960"
STI 0.123™  -0.649™
SSI 0.652™
", * and ™ Not-significant and significant at 5% and 1% probability levels, respectively.
O 4 Sl 5 oo slaasli b (25 (g g (i Iyl pd )0 ) 0055 (i (e ol -0 Joa

Table 5. Correlation coefficients among root biomass under stress and non-stress conditions with stress
tolerance and sensitivity indices

Index TOL SSI STI HM MP GMP YSI YI RDI Ys
Yn 0.675" 0379 0.8777 0.820" 0.903" 0.864™ -0.381" 0.512" -0.378" 0.512"
Ys -0.288™ -0.564™ 0.827 0.901" 0.8317 0.872" 0562 1.000” 0.565™
RDI -0.906™ -1.000™ 0.048™ 0.167™ 0.037™ 0.106™ 1.000” 0.565™
YI -0.288™ -0.564™ 0.827 0.902" 0.831™ 0.872" 0.562"

YSI -0.907 -1.000" 0.044™ 0.164™ 0.034™ 0.102™

GMP 0.215™ -0.104™ 0.982"  0.996™ 0.995"

MP 0.294™ -0.036™ 0.981" 0.981"

HM 0.140™ -0.166™ 0.975"

STI 0.267™ -0.047"
SSI 0.907"
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Figure 1. Grouping the studied rice genotypes for stress tolerance and sensitivity indices based on grain yield
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Table 6. Results of discriminant function analysis for drought tolerance indices based on grain yield

Test of function (s) Wilk’s Lambda Chi-square df Significance level
1 through 3 0.008 153.76 9 0.00
2 through 3 0.101 72.23 4 0.00
3 0.466 24.07 1 0.00
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Table 7. mean and deviation from total mean of each group for stress indices based on grain yield

Group TOL SSI STI MP GMP HM YI YSI RDI Yn Ys YR
Mean 1274 099 035 10.87 880 7.13 120 026 1.03 1724 450 -73.92
I Deviationfrom ¢ (01 009 159 148 128 020 000 002 243 074 075
total mean
Mean 745 075 035 952 876 807 155 044 173 1325 580 -56.22
2 Deviationfrom 50\ 054 009 024 145 222 055 008 072 -1.56 205 1845
total mean
Mean 1190 1.14 0.3 800 535 357 055 0.15 058 1395 205 -8531
3 Deviationfrom 00 15 013 128 197 227 -045 011 043 -086 -170 -10.64
total mean
Mean 882 101 0.16 736 590 473 079 025 099 1177 296 -74.89
4 Deviationfrom o (01 010 191 142 -1.12 021 -001 -002 -303 -0.80 -023
total mean
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Table 8. Principal of component analysis for stress tolerance and sensitivity indices based on grain yield

Stress index First component Second component
Yn 0.334 0.941
Ys 0.998 -0.046
SSI -0.882 0.465
TOL -0.231 0.970
MP 0.701 0.712
GMP 0.940 0.335
STI 0.931 0.352
YI 0.998 -0.046
YSI 0.882 -0.465
HM 0.993 0.093
RDI 0.882 -0.465
Eigen value 7.722 3.233
Variance percentage 70.201 29.390
Cumulative variance percentage 70.201 99.591
Biplot (axes PC1 and PC2: 99.59 %)
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Figure 2. Biplot diagram of the studied rice genotypes and stress tolerance and sensitivity indices based on the
first and second principal components
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