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Abstract

Objective

Drought is one of the abiotic stresses that reduces yield in agricultural crops, especially wheat in
arid and semi-arid regions of the world. Evaluation of agronomic and physiological traits under
drought stress conditions is useful for identifying traits affecting grain yield and drought-tolerant
genotypes for use in breeding programs.
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Materials and methods

In this study, in orderto evaluate grain yield potential and select drought-tolerant genotypes, 255
bread wheat genotypes were assessed under normal and drought stress conditions using a
randomized complete block design with two replications at the Agricultural Research Farm of the
RIPP, Shahid Bahonar University of Kerman. Genotyping was performed using a 90K single
nucleotide polymorphism (SNP) array at the IPK, Germany. Data were analyzed using statistical
methods including combined analysis of variance, correlation analysis, stepwise regression, and
path analysis. In addition, stress tolerance indices and genomic estimated breeding values
(GEBV) were estimated.

Results

The results of combined analysis of variance showed significant differences among genotypes,
environments, and genotype x environment interaction for most traits. Most yield -related traits
showed a positive correlation with grain yield. Based on regression and path analysis, the number
of grains per unit area and thousand-grain weight had major effects on grain yield. Furthermore,
the prediction accuracy of genomic estimated breeding values ranged from 0.56 to 0.82, and
narrow-sense heritability ranged from 0.09 to 0.42, indicating efficiency of genomic selection
under drought stress conditions. Based on the STS, genotypes 9, 40, 53, 80, 92, 120, 132, 205,
253, and 255 were identified as the most drought-tolerant genotypes. The results of genomic
estimated breeding values also showed that genotypes 187,123,262, 21, and 43 had the highest
yield potential under stress conditions. A significant positive Spearman rank correlation was
observed between STS- and GEBV-based rankings (p =0.705, P <0.001), indicating substantial
agreement between phenotypic and genomic selection approaches.

Conclusions

In general, the number of grains per unit area, thousand -grain weight, and grain weight per plant
were identified as the most important traits affecting grain yield under stress conditions. The
results suggest that genomic selection complements rather than replaces phenotypic evaluation,
and integrating both approaches can improve the accuracy of identifying drought-tolerant wheat
genotypes.
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Introduction

Bread wheat (Triticum aestivum L.) is one of the most important cereal crops in the world
and a major source of human food. In arid and semi-arid regions, drought stress is one of the most
severe environmental factors limiting wheat growth, productivity, and grain quality. In many
wheat-growing regions, including dry areas of Iran, water deficit frequently occurs during critical
growth stages and leads to significant yield losses. Because grain yield is a complex trait
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controlled by many genes and strongly influenced by environmental conditions, direct selection
based only on yield is often inefficient under stress conditions. Improving drought tolerance in
bread wheat requires the identification of traits that are more stable and more closely associated
with grain yield under water-limited environments. Traits such as grain number, thousand-grain
weight, and grain weight per plant may provide useful indirect selection criteria because they
often show higher heritability and stronger relationships with yield than grain yield itself.
Therefore, analyzing the relationships among agronomic traits can help breeders understand
which components contribute most to yield performance under drought stress. In addition to
conventional phenotypic selection, genomic tools have created new opportunities for predicting
breeding values and selecting superior genotypes more efficiently. Genomic estimated breeding
values (GEBV) can be used to predict the performance of genotypes based on genome-wide
marker information, and genomic selection canaccelerate breeding progress by reducing the need
for repeated multi-environment testing. However, the degree of agreement between genomic
prediction and phenotypic drought tolerance indices remains an important question in practical
breeding programs. In this study, 255 bread wheat genotypes were evaluated under normal and
drought stress conditions to identify the most important traits affecting grain yield, determine
drought-tolerant genotypes, and assess the usefulness of stress indices and genomic prediction in
breeding for drought tolerance.
Materials and methods

A total of 255 bread wheat genotypes were evaluated under two environmental conditions:
normalirrigation and drought stress. The experiment was conductedusing a randomized complete
block design with two replications. The genotypes were assessed for grain yield and related
agronomic traits, withthe aim of examining their performance under contrasting moisture regimes
and identifying genotypes with superior drought tolerance. Genotyping of the evaluated materials
was performed using a 90K single nucleotide polymorphism (SNP) array. The molecular marker
data were used for genomic analyses, including estimation of genomic estimated breeding values.
In addition to genomic information, field-based phenotypic data were analyzed using several
statistical methods to determine the relative importance of traits and their contribution to grain
yield. Combined analysis of variance was used to test the effects of genotype, environment, and
genotype X environment interaction on the studied traits. Correlation analysis was conducted to
examine the relationships among traits and their association with grain yield. Stepwise regression
analysis was then used to identify the most important predictor traits affecting yield. To better
understand the direct and indirect effects of different traits, path analysis was performed. Stress
tolerance indices were also calculated to identify genotypes that maintained high performance
under drought conditions. Among these indices, the stress tolerance score (STS) was used as an
integrated criterion for ranking genotypes according to their tolerance and stability across
environments. Moreover, genomic estimated breeding values were calculated to predict the yield
potential of each genotype under stress. Prediction accuracy wasestimated for the genomic model,
and narrow-sense heritability was also calculated to evaluate the efficiency of selection for the
studied traits. Agreement between STS- and GEBV-based genotype rankings was further
evaluated using Spearman's rank correlation coefficient. The genomic analyses indicated that the
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prediction framework was based on genome-wide marker information and, as stated in the
manuscript, genomic selection was implemented using GBLUP. This approach made it possible
to compare phenotypic selection with genomic prediction and identify promising genotypes for
drought-prone environments.
Results

all traits, while genotype x environment interaction was significant for most traits, indicating
substantial genetic variation and differential responses of genotypes to environmental conditions,
particularly under drought stress. Correlation analysis revealed that most yield-related traits were
positively associated with grain yield. Among them, number of grains per unit area, thousand-
grain weight, and grain weight per plant showed the strongest relationships with yield,
highlighting the importance of grain number formation and grain-filling capacity under drought
stress. Stepwise regression and path analysis confirmed that number of grains per unit area and
thousand-grainweight were the maindeterminants of grain yield, with strongdirect effects, while
other traits contributed mainly through indirect effects via these components. Genomic prediction
analysis showed that the accuracy of genomic estimated breeding values (GEBVs) ranged from
0.56 to 0.82, while narrow-sense heritability ranged from 0.09 to 0.42, indicating moderate
predictive ability and genetic variability among traits. These results suggest that genomic
selection can support breeding decisions but depends on trait architecture and environmental
conditions. Based on the stress tolerance score (STS), genotypes 9, 40, 53, 80, 92, 120, 132, 205,
253,and 255 wereidentified as the most drought-tolerant, showing stable performance under both
stress and non-stress conditions. In contrast, genomic estimated breeding values (GEBV)
identified genotypes 187, 123, 262,21, and 43 as having the highest predicted yield potential
under drought stress. Notably, genotypes 40, 53, and 132 showed consistent superiority across
both STS and GEBV rankings, although discrepancies between phenotypic and genomic
predictions were observed, indicating that these approaches capture different aspects of genotype
performance. Spearman's rank correlation analysis showed a significant positive association
between STS-and GEBV-based rankings (p=0.705,P<0.001),indicating substantial agreement
between phenotypic and genomic selection despite some ranking discrepancies. Overall,
integration of STS and GEBV provided a more comprehensive evaluation of genotypes, where
STS reflected actual field-based drought tolerance, while GEBV represented genetic potential for
yield.
Conclusions

performance, with grain yield primarily determined by yield-component traits, particularly
number of grains per unit area and thousand-grain weight. These traits should be considered key
selection criteria in drought-prone environments. The stress tolerance score (STS) proved to be a
reliable and effectiveindex for identifying drought-tolerant genotypes. Atthe sametime, genomic
estimated breeding values provided additional predictive information on genetic potential;
however, genomic selection cannot replace phenotypic evaluation under stress conditions.
Importantly, the observed discrepancies between STS and GEBV confirmed that each approach
reflects different components of genotype performance. Therefore, genomic selection should be

considered a complementary tool rather than a substitute for field-based phenotyping. Overall,

134




Rahimi-Sadegh et al., 2026

integrating field-based phenotyping, stress tolerance indices, and genomic selection provides a
more comprehensive framework for identifying drought-tolerant wheat genotypes. The moderate-
to-strong agreement between STS and GEBV rankings (p = 0.705), together with their partial
discrepancies, indicates that these approaches provide complementary rather than redundant
information, thereby improvingthe accuracy ofselection andaccelerating genetic gain in drought

breeding programs.
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(Weietal., 2017) us pbusl R (gl o5 lasxs 43 cOrTplot 5,
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Table 1. The studied genotypes

o)‘.o.&) Pt slive o)LmJS l:alS AR o)Lo.;.fB fab slive
Nurrnbe Name Origin Nurrnbe Name Origin Nurrnbe Name Origin
UnKnow , RUS _ GBR
1 KATYA n 20 Skipetr 39 Brigant Lk
wsksl A9 wio
RUS PL BCD MDA
2 KP134-3 swsy 21 Narobna i) 40 1302/83 slge
Wesley/SD9704  USA SRB Benni USA
3 9 S 4] 2 NS 602 Oty oo 41 multifloret 15 50!
4 SD9s444/sp97  USA 23 Svilena BUL 42 Bankut HUN
060 1S5 ! byl 1205 Ol ylxe
RUS . ROM UnKnown
5 88-86 sy 24 Crina N 43 NS 33/90 el
SWE RUS Nova SRB
6 BORG Sgu 25 UMKA tps 44 banatka oy
. BUL LUTESCENS  KAZ SRB
7 Zlatica iyl 26 410H39 il 45 NS 63-24 .
ZOLOTAVA/
8 FOLKE SWE 27 DAR 46 R PL
B ZERNOGRA 55! oma Okt
DA
PL USA _ RUS
9 Muza i) 28 BULKO2R2B 1S, ol 47  Bezostaja 1 sanss)
KARABALYK KAZ MEX . PL
10 SKAYA 101 el 29 SERI82 e 48 Naridana i
_ FRA RUS PL
11 Durin auil 30 88-85 aps 49 Rywalka o)
RUS UnKnown LUTESCE KAZ
12 Donska polupat. towosy 31 STARKE I wabak 50 NSA10H48  fwdlss
FRA .. FIN LUTESCE KAZ
13 Capelle Desprez auilp 32 JYVA $Ms 51 NS410H53  fadls
o PN USA KRUZHIN  ygr
14 Ai-bian ol 33 Norstar S, 52 KA/MV oSl
ol 20 IRMA BT
: MEX : RUS ST.ERYHT  UKR
15 Cajeme 71 oS 34 Filatovka sawosy 53 R 1334-07 BREA
16 An HRV 35 ur k RUS 54 Acciai ITA
a g S yanovka sy cciaio Uk
GBR SWE SD98W302/  USA
17 Avalon it 36 HOLME Sgu 55 NW97S186 S,e]
i JPN ) USA FIN
18 Norin 10 ol 37 Florida Lii)p'l 56 LINNA S5
' BUL ' GER FIN
19 Kristall iyl 38 Sailor el 57 AURA M
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Tablel. Continued

aldl.y Joas

b)w PL slive D)Lmj} PL ARA O)LM:B PL AR
Number  Name Origin Number Name Origin  Number Name Origin
. USA . . CHL PL
58 Roughrider o] 79 Lambriego Inia b 100 Smuga o)
PL HUN . RUS
59 Legenda o) 80 L-1 oo 101  Moskovskaja 56 sy
PL USA RUS
60 Korweta i) 81 NI9814 1 ol 102 Doneko sys
PL ) ) AUS o SRB
61 Muszelka ) 82 Triple Dirk B (GK 12) Wl 103 Nizija sy
62 Mik GER 83 NS 55-25 SRB 104 Min. Dwarf AUS
on " - in. Dwar
olell Ol yoo Wl !
GER RUS GBR
63 Zentos ol 84 Ermak dyuag) 105 TJB 990-15 L,
GER . RUS Triple Dirk B (GK AUS
64 Mulan el 85 Favoritka saws 106 775) Wl
. GER Cz . USA
65 Flair el 86 Sakura S 602 107 Slavija 1S,,e]
AUS USA SRB
66 Cook Wl 87 Purd.39120 ool 108 Sava oy
USA USA Karabalikskaya KAZ
67 Centurk 1,1 88 Purd.5392 1S, ol 109 Osimaya el
Ccz
SRB HRV .
68  Nov.Crvena b 89 ZG K 238/82 | 110 Simila Sk
Ol po 95
69 NS 22/92 SRB 90 Rusalk BUL 111 Pobed SRB
salka ot obeda .
O yo i Ok ik O yo
FIN USA SRB
70 Vakka S 91 Vel el 112 PKB Krupna iy
71 V4 i RUS 92 NS 66/92 SRB 113 NS 79/90 SRB
vonniza dpos iy iy
o USA RUS GBR
72 Ridit 1S, ol 93 M-31/Holley dus) 114 ZG 1011 it
BUL FRA RUS
73 Neda . 94 AURELE . 115 M-31/Fox
Ol ik dwsl,d 49)
PL KOMSOMOLSKAYA  KAZ RUS
74 Slawa o) 95 103 Sl 116 7109 dansy
PL RUS RUS
75 Sukces o 96 Bezenchukskaya 616 117 M-31/Cloud
O] 4w) )
) USA UnKnown RUS
76 Helios o] 97 FI-400 el 118 Zemka daas
CAN RUS
77 NS 46/90 oy 98 S01-31-12 skl 119 Bezostaya 1 spnsy
78 L 1/91 SRB 99 GSA 6 (P97TP538) GER 120 3 SWE
i su3ore "
Ol yo ol Lgw
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Tablel. Continued Wy Joss
o)lm»f} PB sliio b)Lo.JB f"b sliio a)me: Pli sliio
Number Name Origin  Number Name Origin Numbe Name Origin
SWE SRB Moskovskaya ~ RUS
121 BANCO S 141 Red Coat sy 161 56 dpnss)
GSA 14 MH. GER M- RUS RUS
122 98-16) el 142 31%/703088 Ao, 162  Smuglyanka Ao,
SWE Saratovskaya ~RUS . UKR
123 SAXO Bgus 143 17 dpuss) 163 Liona oS!
124 GSA 4 GER 144 R 12 RUS 164 ZGK T 159/82 RV
(P94TP538) bl anfyaya Ty lyS
125 T j PL 145 SevekmdOnets RUS 165 (Ka711<14/M RUS
onacja " aya vkaz/M-
ol Yubileinaya % 43*/Kavkaz) %
126 Turni PL 146 Svetoch RUS 166 M-31/Fl RUS
urnia ol vetoc dps - ex dpos
Norin AUS DHO1-25-  CAN . PL
127 yo/Brev.ia W 147 199*R bss 167 Kohelia )
USA FRA Bashkirskaya RUS
128 Holly E Sl 148 BUENNO auilyp 168 10 dowosy
, SRB FRA RUS
129 Mina Sy 149 PICARD auilyp 169 Resurs s
. GSA 9
UKR GER GER
130 ~ Mironovska % 150 (SUR20012 ., 170  SKAGEN e
808 B 07) old! okl
. GER GSA 11 (SUR. GER
131 Szegedi 768 b loxe 151 ARLEQUIN Okﬂ 171 99934) OLJT
132 S 92 IND 152 (SU?{SQ)SI/I GER 172 P i Unljlnow
uwon ) : o ergaja
133 Sofij SRD 153 S01-285-  CAN 173 SI?A?&YK
otya S * Isbls 3
Otre 20"R g OSTISTAYA ~ °%%
BUL DHO01-29- CAN ) RUS
134 Antonovka iyl 154 167 Iskls 174  Kuibyshevka dowsy
GSA 12 (Wvp GER CAN Povolzhskaya ~ RUS
135 6305) ol 155 S01-360-1 Isbls 175 36 s
GER CcDC CAN CAN
136 Tulsa ol 156 BUTEO Isbls 176 S01-350-6 Isbls
SRB UnKnown . CAN
137 Renesansa s o 157 DHO02-15-54 wabak 177 S01-249-14*R Isbls
. SWE DHO01-29- CAN Mironovskaya  UKR
138 Peking 11 g 158 125 Isbls 178 208 Sl
7017
RUS CAN FRA
139 (Kavkaz/M- a— 159 PEREEGRIN Isbls 179 APACHE sl
43%/Kavkaz) % 2
HRV Moskovskay =~ RUS GER
140 ZG K 3/82 oS 160 a 40 dpuss) 180 AKTEUR OLJ
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Tablel. Continued Wy Joas
ojlas ol die  oled ol i oled ol it
Number Name Origin Number Name Origin I\i)uerrn Name Origin
GER USA GER
181 LEIFFER Ol"ﬂ 203 Hazen &i)ﬁi 225 PIKO QLJI
182 DHOI25-135*R N 204 DH99-39-55-5% o~ 236 ~ GSA2  OER
e Isbls e Isbls (D1.9714) ol
CAN CAN RUS
183 DHO02-18-88 ' 205  DHO01-29-33*R I 227 Santa
Iobls Iabls deasgy
GER GER RUS
184 TARSO . 206 SW TATAROS o gog Bezenchukskay
olell olell a 790 4wy
GER CAN . RUS
185 BRILLIANT Wi 207 CDC FALCON sk 229 Guberniya
O Ng'y 4w
o RUS GER GSA 5 FRA
186 Viktoriya 95 daug 208 MAGISTER OL"JT 230 (P96QH529)  auslyp
Levoberezhnaya RUS GER CAN
187 3 dps) 209 SW MAXI el 231 DHO1-32-13 ¢
RUS CAN « CAN
188 Ershovskaya 11 dpnss) 210 DH99-55-342-4 Isbls 232 S01-249-8*R Isbls
RUS .. GER GER
189 Kalach 60 dps) 211 TURKIS el 233 TRANSIT el
Irkutskaya RUS GER . USA
190 ozimaya donss) 212 TIGER oWT 234 Goldfield li.{)ai
191 Podoljank UKR 213 DISCUS GER 235 ATHLON GER
ododanka gy ool ool
PL GER GER
192 Batuta g 214 ZOBEL thﬂ 236 ARKTIS Ol‘*ﬂ
UKR RUS Bezenchukskaj RUS
193 Odesska 267 Sl 215 Saratovskaya 90 sy 237 2 380 sunng)
. RUS Levoberezhnaya RUS . RUS
194 Bagrationovskaya dowosy 216 1 tynng 238 Biruza spnas)
195 Kob | PL 217 Almari PL 239 Bi RUS
obra plus o) ari o) iryuza sys)
BEZOSTAYA  RUS - UKR GER
196 (1) dps) 218 Kirija ol 240 FAMULUS ol
. RUS UKR RUS
197 Malakhit 219 Powaga lsa 241 BULAVA
4y oS )
GSA 10 (SUR. FRA PL Nemchinovska RUS
198 99820) ailp 220 Bogatka ) 242 ya 57 sy
GSA 7 FRA Novosibirskaya RUS USA
199 SUROI/I86) adlp 221 s oo, 243 CHEYENNE
RUS _ UKR , AUT
200 Dzhangal 222 Polisska 90 244 Wagrein w
49 oSl oy
201 K k 285 RUS 223 Finezj PL 245 MATRIX GER
azanskaya a3 inezja o) ol
202 K: k 560 RUS 224 GSA 13 GER 246 Volzhsk K RUS
azanskaya dps) (BR2736d) ol olzhskaya daas,
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Tablel Continued W)y Joas
o)Lo.JB rali PR b)Lo.JB PB PRAS b)Lo.JB Fli sliio
- . . Numb .
Number Name Origin Number Name Origin or Name Origin
Bezenchukskaya RUS . USA IRN
247 380 towsy 250 Emie o] 253 Superhead oyl
i RUS GER IRN
24  Nemchinovskaya 251 JULIUS 254 Kavir

o RUS . IRN IRN

249 Kirgiskaja 16 252 Tritipyrom 255 Sabalan

409

ol ol

5 10 ity Sy ¥ s )3 S o o sla bl 5] S8 & oo slacss S oSy

s Skt Sl =V 5 gt Lt 3 bt Kkoe =Y (5 bl 55 Uiy 3,Skee =Y, (1-9) lackal

o5 sl bl o 5 S ST g G5 gty bl 53 Lo JS 2,8kee (ke =Y (15 Ll )3 oy IS
D38 oo duwbre (Vo) Jgo,8 51 ool b punw g B9 0 3)lkil (V) Jso 8 ub b ad L Il (STS) i 4 Jeoos

ol Bl (ad s jlae Glpul S g Sbe Xy ¢ pli ceisST el 1 sl 3yl o y05 a5 4 XijnZij () ), 5

_ Xij—)?i
0T e (Vo))

Z
iSelect 90K (SNP) (cassgils 5eSa S snin aglyl 51 onli ol s dalllas 3590 paiS Cuiij YOO olicaiss;
anl b cou bl g P (claosly 5g 0aib pboil led] IPK aiuinge ;s (Illumina Inc., San Diego, CA, USA)
oSl al b laosls ¥l oo (oled ogiio ot iy Gl sl S b (sl St b 08 8 )15 k8 JyS
Candil suie] g B3 sauied 030> duoyd Yol i (hb aS Sla Solss Il s pbol (8 as) TASSEL l53le
o Sk g onis Jbye Y(MAF) o6 W1 Slgls wbiolp 1) SOl s 5005 Bl 0315 de gadee 5l duny> O 51 s asdy
Bl 55 Laoyd WO 5l i (wsSojopd shly (ola oL ¢yl g ogMe .08 asliS )18 +/+Y ) S MAF ()l
Schierenbeck et al., ) 55 4 wlS Jubo gbs p luebleS o, St 5 iy Jas! slales 501 b was
asgeme o) ilo LB i VIV 5 YU oS b SNP KLt W-0F sl a8’ JjmS slosilid Jlas 5l g (2021
Solp sl CEF )15 ol 550 o5} it sladbe Uhile 5 2095 Mol oyl b (o Sl
ey 3 Shes olyon plS e pB (ig)S) Joo 53 0 ly Slio (sl 5 Lily3 )5 (GEBV) (o535 (> Mol sla )|
S3ley 55 b b . (Meuwissen et al., 2001; Bernardo, 2010) 1 eslacwl (GBLUP) o5 aisel s J
Syl s 03,5 5,91y REML gy b uilylg slaadlye o (Endelman, 2011) +i pbol ITBLUP 4w b sR
opiaasiy Jlog iS5 usiys ol Il i € 3 U o5 o8 5 )5 5,5 y = Xb+ Zu+ € &y

A5 dwbre (2008) VanRaden jsg, oluly (G) og) dasly o yle ((Piepho et al., 2008) sas o8

2, Minor Allele Frequency; MAF
3. Genomic best linear unbiased prediction; GBLUP
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Table 2. Drought tolerance indices

Indices b jasls

Reference gzaw

Indices W jasls

Rosielle and Hamblin gres
TOL = Y,— Y ’ Yala|
po7s 1981 Stress tolerance (Yala)
Rosielle and Hamblin bwgie (5905
MP = (Yo+Y,)/ 25 ’ ; ¥ |
s+ 1)/ 1981 Mean productivity (7
= JY.xY,6 F dez, 1992 FP 2 ooV ¥ alal
GMP ox ¥y ermandez, Geometric mean productivity (F ek,
- 727 Fernandez, 1992 A & Jod Dala
STE=(¥p X Ys) /Y ermandez, Stress tolerance index (bl
Fischer and Maurer, I,
ss1 = [1-(v/v,)] /s 1978 O 4 Sl (Pl
Y
SI=1— 17_5 Stress susceptibility index
P
hM = [2 x (YS X Y”)]/ (s Schneider et al., 1997 Seige o ) (V alal,
+7,)° mean Harmonic
ATI = w XY, XY
—/Y-" p s e aee "
(h‘ ) Moosaviet al,2008 ERIRE O J (A als,
Yy s Abiotic Tolerance Index
SSPI = w x 100 . O & Cpbus o |
27, Moosavietal,2008  Stress Susceptibility Percentage (% 4k
Index
STS= MP +GMP +STI+HM+ . D5 4 o 0yei .
ATI- SSPI-TOL-SSI'? Abdolshahiet al.2013 Stress Tolerance score ()

sgateds b dbes JS (igd ibyly 4 (B (SeBS by Cud Oygohs (09 S nhiSly men

5 gdbate opay b edlawl (Cross-validation) filize sxiwyliael gy 5l¢ 095 (s i e 3,80es o5
(boosls oy Ae) as guima i slagr oS5 52 53 35 s (s5lmn o5 0311 L (5-TOId) asguoe s gy & Cumen
Vo) obladly dogeoma 5 <85 )18 odlit il 5,500 LGEBV ales 5 oSl g1 3500 (sl (h556] dogore i,
s sl Sy degemon o aS A5 IS5 SliSa wulp ol b 4B Sl 55 orilie] dsgee (s (osls Aoy
s GEBV oud sy plie G (g (Sieesd cpd Oyg0h (mpin (5 o 090 03l (orinlizsl asgeons
Ssisds byl 6 olod 5 Juols  Siiod 1Sk 1A diwbro  Sxiuwylie] de goseo §3 D450 313l sldiodalin g polis
W 4wlis <lp (Meuwissen etal., 2001; Crossa et al., 2017) 15,5 (5155 Jdo 5Skee obj,) oles ylxe

93 ) adllas 3)50 clacaigs slads) (o ooyl (Slad) (Saon cops I GEBV 4 STS i clajasls jl Juols

. Stress tolerance; TOL

. Mean productivity; MP

. Geometric mean productivity; GMP
. Stress tolerance index; STI

. Stress susceptibility index; SSI

. Harmonic mean; HM

10 Stress Tolerance score; STS

4
5
6
7
8
9
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dny jlodlanial b lnag, (ST, g dacaisgl (sanas) Slpuen (lie (spar () y joaiods (e b odliul )

235 ey ROl 5 laes 5> g@plot2

Cou g b
Lo Clayo (560ke ol 0a 8 BT o)lad Joio )3 00 (pSojlil Clie oS pe uilyly wp I Jols @l
bl 93 o do g BB colas Solo BB pl &S b L oy V Jliinl o o ()l e OS] Gléio don slp
2 S)gan sl SN i olod (sl daip§ Slapo (3550ke 53 9 (S 15 9 o) aalllan 390 gl
b} o sllin Mo LB Cglis 3939 00imd 5L 413 ixe )l B! 1l oS b sanliie Aoy V Jletn] pea s
acby 5l 0Sles  slacuins SBl gl dalllas 350 Cumen 3 BT (S5 95 292y 3l M) el ot
0ose 9 Job lio Jas 5l puiS slacais; e (b ixe wolas (2011) Khodadadi etal  _cag} ,o .ol >0
oo bl JS dias gyl 8l 315 iy 6li5)] s B oy 5y BME alold cigs g iy ylim 55 o S
s buea 3> iy Misa il oy dbe adlan 30555 (IS b o Gilsie T3 Sy i) 5 55 ol
ali o bbd jl lacwsy cglate STy saimd lis dos cpl g 40 e digy gl g aliw Job (o 4 oo ol

Oy oS Slis olulis .l ous @l VUSG5 oo (a5 Ll > Sliis o (Sied gl 1 Savmod
095 bl gl pands dgups 50 lg¥ o (gt balgy e pogMe )y i bl b cod ail 3 Sles bl (Siiod
b olawd o uicmed o (T=+/A) &gy 50 aily dliss g &gy 50 &y 55 oy (B dize Hlws 5 Cutte (Niwwon AL S50 55
d)l.)uJJm )L.AAAJ 9 Culo M 3 uf—\u») 1 )99 u.bbd.lu.m o 9 Ox A sdalde (1‘=~/‘l~) &b .))5\1@& 9 C.‘aw.)bb Jrl
copima 501 LS b re g tle (Siuwed 4 3 Slos 5 3 Slee gl Glaw oplaS s jo (1=+/AY) il s
oeds o Slas (glinl &S dad o i pls cuib Ab > Sles 5 Sigan 2Slas b (gl bixe g Cute  Siiuon &g glas)]
D Sles b Sojglgd clio bie (Siwmed a5 Jb )3 )b oo (i cou aily 5 ,Shas fpand 13 soteo i il dlass
i 3Slae e 3 3,8l (Sl 5185 4 b oI b S ol amdcso s b 55118 5 (s mtd
Slae 5 (sauldl bayly b jiis Jloe! oy g codi > cugles 51 il Vs ] clalllas S b oolds ax STl Slscen puis
.(Islam et al., 2015; Tabatabai et al., 2017; Sadeghi et al., 2022) cul )y 3)90 S5
oo\l 'let\; plf (_)9*-“’)?) )‘ ily .))SJ@S— g9 » )ul; pf L)J9o )».C— Olaws f‘db dl)g :'0‘? & 'Otf OW;)
9 Mlﬁw U‘?"c 4 &b .))gsLo.C— cJu.l?u u:l).) ol 00 03)5] ¥ O)Lo..;) J9J> ) IDKAJ flf U?"’"“))f) 44)70 @LA A
b gy gemly— oy 93 0ylel 51 onliul b lallas Ml L 50s 43S L5 > e (gla e loie 4 lio ad)
e L jl oolai wl b alis Jad ob yioren g bilad )5 (S e 35 3959 pac sliad s &S (DW=Y/M)

A5 by (VIF) uibyls pyg Jele o (Tolerance) oo
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Table 3. Combined analysis of variance of different bread wheat traits under drought stress
and normal environments

Mean square Ol yo (3 Sileo

=,
silasy ol ce s e
)‘:"”GLA LD u)~° )“’" 41:3-*-"13)'5) U}S) )’J?l" o A.L.M»J9Jo
Degrees  }3,,IS i gid _ o5 .
Source of ¢ 9 = S T Fla Spike
variation N Chloroph  Rate of Flag leaf g loneth
freedom 1 hotosvath Daysto Daysto lenoth leaf gt
Y p 5y heading maturity g width  (cm)
content esis (cm)
(cm)
Lo * * *
L | 2690545 0 hun 473647 S663227 4T3029% 1 3y 5w
Environment
A, - 1S5
o 092, 2 39175 6.22 2230 64958 12280 020 1797
Rep (env)
Genotype ¢uig; 254 67.57** 0.67%*  425.19%% 253.10%* 37.48*%* (.16%* 64.10%*
eig3X e
Genotype 254 31.38% 0.59%* 24.42%* 44 45%* 18.81** (.11** 2.99ns
X Environment
Error s 508 38.80 0.48 15.05 14.96 14.97 0.07 2.56
()]s o
Coefficient of 13.07  30.11 2.61 208 1968 1603 1593
variations
Mean square  Olyyo W Silo
ax)? b b
5> &l dlass
&3l IR K N 1> &l sl ’ R o oe 3, des
s ple Degre 2 el ! D N gl a5l ah S5l &> 5 Sas
Source of es Plant Number Grain 4 Number 55 Biologi  Grain
vanation of  height of  weight Number — of grains grain  cal yield
freed o of grains  perunit . . 1
reedo  (cm)  Fertile in plant . lant weight yield (tha™)
m spike (g TP L (9 (tha')
(m?)
L
3 1 116*5:1.23 656%* 2011.19 1950*331.7 1829*6*469 37;1#.(15 6611.24 159 96%*
Environment 6 7
O 59355

2 211.82 731 6521 131857.93 30304001 70.61 57.68 3.79
Rep (env)

* * %
Genotype cig; 254 971.66% 15.0%* 2968+ 3219-587 4702365% 51.87

. * 346%* (0.14%*
X 5 19701.93* 1562431* 32.55%
Genotypex 254 190.577s 12.76%** 13.25%* . M % 1.27*%*  0.16**
Environment
Error U5

508 178.51 292 798 11136.16 1335204 15.05 1.09 0.11
Ol o
Coefficient of 14.55 2970 2856  29.36 2733 1377 1977  29.69
variations

I gime i g A0 o /N Jlain] prdanw (3 I3 dxe a5 )3 4 1 DS g it
** % and vs: Significant at the probability levels of 5% and 1%, respectively and non- significant
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Grain yield 0.21 0.18 -0.49-0.38-0.02 0.14 0.08 0.13 0.11 0.57 0.41 -0.20 0.53-

Biological yield 0.09 0.05-0.25-0.18 0.14 0.14 0.13 0.17 0.05 0.33 0.28 0.61 0.01 -***

1000-grain weight 0.10 0.04 -0.16-0.10-0.00 0.12 -0.01 0.02 0.05 0.04 -0.38 0.03 el
Number of grains per unitarea 0.16 0.14 -0.47 -0.35-0.02 0.14 0.07 0.10 0.15 0.51 0.45- ***-
Number of grains in plant 0.10 0.09 -0.37-0.30-0.01 0.10 -0.05 0.06 0.12 -*** R ]
Grain weight in plant  0.16 0.16 -0.49-0.38-0.02 0.17 -0.04 0.07 0.15 -- R e r
* % 1.0
Number Of fertile spike -0.10-0.01-0.19-0.08-0.09 0.05 0.09 0.03 - -
0.5
Plant height 0.01 -0.12-0.06 -0.06 0.22 -0.05 0.26 - kK oo
Spike length -0.02 0.13 0.17 0.21 0.34 0.35 -*** * 05
Flag leaf width 0.07 0.15 -0.01 0.15 0.40-*** il * == | 10
Flag leaf length -0.05 0.02 0.23 0.23 - R % %3 *
Days to maturity -0.22 0.02 -- *kk * E dhdk Khk hhk *k FHhkk
Days to heading -0.26-0.08 -- e dede dede dede  dedede dedede Fved E3 dedede dedede
Chlorophyll content  0.13 - € € * * ek
Rate of photosynthesis * * 2]
o2 & S S N > & & N S
<® d‘@ e’bb\ 'o@\ \‘Z‘(\oj \‘$\6 & (\Q’g & (\Q\@ .<\Q\Q 'bbg Q@\Q \*\e‘ (\\\\e
S 8° & @ & @ S NN R CaC
© & & O ¥ & & T P ¢ & C
S L S o) S I €
‘\Q o& Q’b o & < & S S <&
o o & SPC M INS
2 < & & &S
<& <& & @
S
S
&

g ‘\uaiwfw' & fwl 3 U pudS Qi o8, 15 il Gl o (Swmod ol ) S
I oxe pE JB LA g7 e/ 970 7Y Jloin] maw 0 I gre iy &
Figure 1. Correlation coefficients of different traits of bread wheat lines in response to

drought stress. *, ** and ***: Significant at the probability levels of 5% ,1% and 0.1%,
respectively; blank cells are not statistically significant

a3 o lis a5 5y +/[AA G +/VF oy Tolerance polis o VY8 U Y o Jdis slopiie solos (sl VIF polie
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Table 4. Results of stepwise regression in drought stress conditions

wolpd JuR2 ikl llas
e . e Lo i Ll
e Factors  Jolse xSy lys GawsS) Model R- (eSS Jeod Jole Po¥ Jo
Model B+SE o0l gusual Squar Std. Error of Tolerance VIF bl

Beta the Estimate

Interecept b -0.35+0.047
Joly o &l olass

s

Number of grains
per unit area
p(m2)

S BULE
32 1000-grain 0.01+0.002 0.16 0.84 0.10 0.99 1.0

weight(g)
Ly &b i
4 Grain weigh in ~ 0.014+0.003  0.14 0.86 0.1 0.74 1.36
plant (g)

0.0002+0.00  0.83 0.81 0.11 0.74 1.36

O eiiame o S35 g il Jlin (g 9 o a5ty 55 Al Sl Byl ) Al )3 Al (g eeiene pE S (pimen
& Gl odds o 8 (b Oldllas )0 09 e il 3 Slas jy daio dlg 5o dily slixd g gy 0 &b 5 Byl 5l b Hlia
L (Hamze etal., 2009) b 6 5,Slae p ) coto puiime Sl oy i 4b dhied g Sjglan 5 Shas Slio puis )
oS a b e Jase baly 5 50 glay 51 b Wl e calisee Glalllas jo 0 Slas glin] (s Caonl jo gl s oyl
g g oy )3 b olad Clis e wpd g gy @I olsly A3l () 0 90 (LS Dlge (ST £95 9 (SuiS
a Jeoste glagn¥ (RS ) S slaylie s Ailg e g 039 alld 3 Slee S50 Joloe (it b lp s
i g g Al dlaw o g 3 Slas (glinl phe (i 30 iy Slalllas 05,5 )18 eolaiwl )50 (SNl sladaly o Sis
Hoseinzadeh et al., 2009; Ghorbani) .a5ls s 4ol i Lal, b cooo asly 3,Shee i 50 |y s
Do o3 dgdme 3 Slas s i & b5 Wlao oyl cueal (Mandolakani et al., 2010; Tabatabai etal., 2017
o S gy (o955 (P o) o8 bl sl o 5 (a5 OBl gl () e 5 Sl e AL
o e ey (S5 S 5 ame i Vleinl 3,80kes 1 5o Sliio iged o dabro 3 Skes (S5 slaSoLss
(Crossa et al., 2017; Lozada and Carter, 2019) s> » JSi5 ) GBLUP Jao bwg
5 bl « 2IeS (i bl 53 Vb o Slee (0o b alayY g2 4 225 L 3 oS & Joodi (gl pad L
b slacasgs (olwliod ol b paiS )5 (Sis 4 Jeoxio lacnY g0 Car )3 5% P8 S50 Y ool Gl
Pl dawgi & Slgi o (pidmen a8k IS (G0 00 Ty S92 g0 (S £95 U a3 o0 el o]IB 4 a5 Vb 3> Shos
Slegh pasS )3 (Sl & Jooio (slogedis] S jgate 4.8 S it Bl S0l (il bulyd oS gy
i Ll 53 s 3,Skas 5 oS 40 Joo (sla sl o (Sosed ol 08 o3it ol (S5 &0 oo sl
b ybosinn 5 o (St shl 5 5 Jloys bl > 4 5,Slae .l 015 1 ¥ US55 (YS) s 5 (V)

by balys yo &y > GO0 B P U S ST ) L 2liwig; dgvg oaimd jLis a5 (1=+/0)) B3g ,SuS$
P lys, 593 ) Boaig] dexg 0dmd # N
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Table 5. Results of path analysis in drought stress conditions

Indirect effects s p& iyl
el 1 anlg 3 aly slass

Traits olw Direct Number zlaw ab O’:’ ‘09,3 » ‘Gl.b O”. C N "1 't'
offect . 1000-grain ~ Grain weight in orrclation
of grains per weight plant
unit area
dow dsly 40 &b sluws
Number of grains per unit 0.83 B 0.005 0.07 0.90**
area p
al ’l}.m ‘:’59, 0.16 0.02 - 0.005 0.20%*
1000-grain weight
S 8b 0js 0.14 042 0.006 - 0.57%*
Grain weight in plant
Residual osle.8l 0.37

I gxe w9 /0 g 4NV Jlain] pdaws (3 )5 e a4y 1 DS g s ek

** * and bs: Significant at the probability levels of 5% and 1%, respectively and non - significant

STS 0.51 -.0.05----0.35-0.05-
SSPI .0.05--0.39 0.43 0.20 -
ATI -0 33 042 ------
g IIo 07059, I III
HM - 0.430.20
STI --0.21 0.43 ----- ek -
ovr BIESEEE 0 27030 [ - -
o Boo-GTRI - = - o
551 027 GO e ~rv wwn www e fen
- ol -
3 B

0

> ~ ™
$ PO KO

T d Jood s yad il g oS Wi (Jloyi dayl el 43 3,Shes w03l Simod Culpud Y S5
g llN 970 7Y Jloin! mhaw j5 5 Sxo ud p du ti g s ot oL @S Cuigij Y00 0 oS

P m JB bl
Figure 2. Simple correlation coefficients between'Y,, Ys and drought tolerance indices of 255

bread wheat genotypes. *, ** and ***: Significant at the probability levels of 5% ,1% and
0.1%, respectively; blank cells are not statistically significant.
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Sy ) dapend Joir 53 Joi slopas b plos sl bois) uposbes 5 pderie ol 0ad ol (G5 o3
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lacuigs YOO YOF YOY YYA ASA ASY AYY AVY AV OY O o)led caais basls ol ey (1992
S oSS e s clcadss YV VY OF) AYY Q0 AV A XY & ¥ o)l clacais) 5 (Sl 4 oot
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Table 6. 10 tolerant and sensitive genotypes base on stress tolerance score

Tolerant g4l "
F sensitive ol

o)) 4 ggeme o)) 4 ggeme
] RN RS PG I ] O 4 Jexd oye oMol
Genotypes STS Total GEBV Genotypes STS Total GEBV
Rank Rank
253 10.41 - 90 -7.95 117
255 10.02 - 24 -7.89 231
132 9.51 93 87 -7.89 815
254 9.24 - 50 -7.59 746
81 8.74 204 95 -7.55 695
121 8.35 640 6 -7.54 916
53 8.22 99 172 -7.54 -
40 7.68 81 168 =747 619
238 7.64 - 36 =744 906
163 7.59 123 35 -7.34 849

Sloas Blo (Su5 sla o)y 3 b Cudgi—
-These genotypes were excluded from the genetic evaluation.
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o sly cpizmen L0 L i balyd s a0 Sles gl ) GEBV fpgiin Voo g A OFF &Y AY slacuis)
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ol iy (2leS G55 )3 adlllae 390 Slio Jai il 5 Y 03 (o5 (ol sl )] sl sy ganas)
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Table 7. Genomic Estimated Breeding Values (GEBVs) of the Top Ten Genotypes and

Narrow-Sense Heritability of Important Traits under Drought Stress Conditions

2 & sl

s P ERO s OB s Sl old asgem

Sy gy Ty Ry Gminab oy w)
Rank  Genoty raimn Genoty umoero Genotyp g Genot yield (t Genot Total
pe ID weigh in pe ID Erams per—— o 1y weight ypelD  ha'l) ypelID Rank
plant (g unit area (2)
1 119 11.10 92 4752.05 134 29.02 92 0.98 114 57
2 47 11.08 132 4745.18 73 28.93 53 0.96 23 58
3 75 10.93 90 4700.25 47 28.75 114 091 219 59
4 196 10.92 19 4683.43 119 28.73 219 0.90 133 69
5 100 10.87 81 4652.24 196 28.62 100 0.90 100 80
6 133 10.79 169 459532 75 28.62 106 0.90 40 81
7 111 10.74 205  4524.67 53 28.49 82 0.90 111 83
8 15 10.72 27 4517.68 100 28.47 40 0.90 92 85
9 144 10.72 23 4491.94 106 28.43 23 0.90 196 90
10 78 10.68 117  4488.25 82 28.43 196 0.89 132 93
s ofg <89 0.825 0.809 0.558 0.789
Accuracy
b ol B
Dl o lie ] 0.371 0.306 0.079 0.303
CV _accuracy
Lf"’”lfﬂ** <hs 0425 0379 0.093 0.356
nb
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Figure 3. Scatter plot showing the relationship between genotype ranks based on the STS
index and genomic estimated breeding values (GEBYV)
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