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ABSTRACT

Genomic selection represents one of the most significant advances
in the early 21st century plant and animal breeding. To estimate
breeding values and identify desirable genotypes, 81 commercial
bread wheat cultivars were evaluated during the 2018-2019
growing season under well-watered (normal irrigation) and rainfed
conditions. The experiment was conducted using a simple lattice
design at the research fields of the Dryland Agricultural Research
Institute, Maragheh, Iran. After SNP calling and the removal of
markers with more than 10% missing data and a minor allele
frequency below 10%, a total of 37,990 SNPs were retained for
genomic selection analyses in both environmental conditions.
Results indicated that Bayesian methods exhibited higher accuracy
and performance. Based on cluster and principal component
analyses, under normal irrigation, the cultivars Gahar, Arta, Adl,
Pishtaz, Chamran 2, Tajan, and Atrak were identified as desirable
in terms of breeding values and grain yield. Under rainfed
conditions, the cultivars Maroon, Hamoon, Reyhani, Azadi, Atrak,
Inia, Golestan, Naz, and Frontana were selected as superior
genotypes. A genome-wide association study (GWAS) using the
mixed linear model (MLM) identified 503 and 394 marker—trait
associations under normal irrigation and rainfed conditions,
respectively. Key markers consistently associated with grain yield
and related traits across both conditions included rs63088, rs58821,
rs16655, 1520678, 1523370, and rs51942. Gene ontology analysis
of significant SNPs identified four key pathways associated with
drought adaptation and tolerance in wheat: phenylalanine
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ammonia-lyase (PAL) on chromosome 2B, arginine and proline
metabolism on chromosome 5A, lipid peroxidation such as
sphingolipids on chromosome 3D, and lipoic acid metabolism on
chromosome 5B.

g

E"*'}ﬁE Cite this article: Azimzadeh, H., Alipour, H., Darvishzadeh, R., Amani, H. and Fatanatvash, S. (2026).
Y lé;‘ Genome-wide association study and genomic estimated breeding values of grain yield in bread wheat

cultivars under normal and rainfed irrigation conditions. Plant Genetic Research, 13(1): 15-42 (In Persian).

E" ' I, DOI: https://doi.org/10.22034/pgr.2026.2083043.1029
'

© Author(s) retain the copyright.

Homepage: https://www.pgr.lu.ac.ir | Publisher: Lorestan University 15


https://pgr.lu.ac.ir?lang=en
https://orcid.org/0009-0009-6180-7055
https://orcid.org/0000-0003-0086-002X
https://orcid.org/0000-0001-5991-4411
https://orcid.org/0009-0005-7385-380X
https://orcid.org/0009-0002-5295-6226
https://pgr.lu.ac.ir?lang=en
https://pgr.lu.ac.ir/article_741206.html?lang=en
https://pgr.lu.ac.ir/article_741206.html?lang=en
https://creativecommons.org/licenses/by/4.0/
https://www.lu.ac.ir/en/
https://www.lu.ac.ir/en/

Azimzadeh et al. Plant Genetic Research (2026), 13(1): 15-42

Introduction

Bread wheat (Triticum aestivum L.) is one of the world’s most important cereal crops,
underpinning global food security. Despite productivity gains achieved during the Green
Revolution, escalating population growth and climate pressures require a 70% expansion in
production by 2050. Environmental stresses, particularly drought, act as major limiting factors
for yield, causing significant reductions in the genetic potential of wheat. Genomic Selection
(GS) has emerged as a powerful modern breeding tool that uses genome-wide markers to
accurately predict genomic estimated breeding values (GEBVs) without prior identification of
quantitative trait loci (QTLs). Compared to conventional methods such as Marker-Assisted
Selection (MAS), GS offers higher efficiency in improving complex quantitative traits,
including grain yield, drought tolerance, and disease resistance. The present study aims to
evaluate the application of Genomic Selection for estimating breeding values in bread wheat
genotypes under both irrigated and rainfed conditions and to identify superior genotypes with
optimal performance.

Materials and Methods

Eighty-one bread wheat genotypes were grown across normal irrigation and rainfed
environments in a simple lattice design during the 2018-2019 growing season at the research
fields of the Dryland Agricultural Research Institute, Maragheh, Iran. Multiple phenotypic
traits, including growth stages, yield components, and physiological indices, were measured.
Genotypic evaluation was performed using SNP marker data obtained from genotyping-by-
sequencing (GBS), comprising 37,990 markers. Genomic selection for grain yield was
conducted using various statistical models, including Bayesian and nonparametric shrinkage
methods, implemented in R and iPat software. The prediction accuracy of genomic estimated
breeding values (GEBVs) was assessed using these models. Additionally, statistical analyses,
including trait correlations, principal component analysis (PCA), and clustering, were carried
out. A genome-wide association study (GWAS) using a mixed linear model (MLM) in
TASSELS software identified significant SNPs associated with grain yield. Candidate genes
flanking significant SNPs were extracted from the Ensembl Plants database, and gene ontology
(GO) enrichment analysis was performed using DAVID. These findings elucidate the genetic
architecture of wheat grain yield under varying irrigation regimes, offering valuable targets for
marker-assisted selection and breeding programs.

Results and Discussion

Significant phenotypic variation (p < 0.01) was observed among bread wheat genotypes across
both normal irrigation and rainfed conditions for key agronomic traits, including days to
emergence, days to maturity, grain filling period, plant height, peduncle length, grain yield,
thousand-kernel weight, spike weight, spike length, straw weight, and canopy temperature.
However, traits such as days to flowering, spike emergence, and chlorophyll content showed
no significant differences under either condition. Correlation analysis among traits under both
irrigation regimes revealed significant relationships. For instance, under normal irrigation, a
significant positive correlation was observed between grain yield and spike weight. Similarly,
under drought conditions, grain yield showed a strong positive correlation with spike weight.
Furthermore, in both environments, high correlations were identified among phenological traits,
including days to flowering, spike emergence, and maturity. In the genomic selection analysis,
cultivars such as Gahar, Arta, Chamran, and Adl were identified as superior genotypes in terms
of performance and breeding value under normal irrigation, while Alvand and Golestan were
top performers under drought conditions. A comparison of various statistical methods indicated
that Bayesian approaches provided higher accuracy in predicting breeding values. Cluster
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analysis and principal component analysis effectively grouped the genotypes based on yield
and associated traits under both irrigation conditions. Association mapping led to the
identification of significant quantitative trait loci (QTLs) for grain yield, primarily located on
the A and B genomes. The markers rs63088, rs58821, 1523370, rs51942, rs16655, and rs20678
were identified as common markers associated with grain yield under both normal and drought
conditions. Gene ontology analysis highlighted four key pathways involved in wheat adaptation
and drought tolerance: phenylalanine ammonia-lyase (PAL) activity on chromosome 2B,
arginine and proline metabolism on chromosome 5A, lipid peroxidation such as sphingolipid
metabolism on chromosome 3D, and lipoic acid metabolism on chromosome 5B.

Conclusion

Overall, this study demonstrates substantial genetic diversity among bread wheat cultivars for
critical agronomic traits across normal and drought stress environments. Furthermore, Bayesian
approaches yielded robust breeding value estimations, whereas multivariate analyses and
association mapping uncovered essential genomic regions and candidate genes governing
drought tolerance, providing valuable resources for climate-resilient breeding programs.
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Table 1. Summary of bread wheat cultivars with pedigree details included in this study

eJLmi JLw V}) (:L: MUoj?r_..::/
No. Year Variety name Pedigree
1 1951 4820
2 1976 ADL TK/SHAHPASSAND
3 2010 AFLAK HD160/5/Tob/Cno/23854/3/Nai60//Tit/Son64/4/LR/Son64
4 2006 AKBARI 1-63-31/3/12300/TOB//CNO67/SX
52006 ARTA HD2206/Hork//Bul/6/CMHS80A.253/2/M2A/CML//Ald*4/5/BH1146/H56.71//BH1146/3/CM
H78.390/4/Seri 82/7/Hel/3*Cno79/7/2*Seri 82
6 1979 AZADI 4820/1.32.15409//8156
7 1957 AZAR AZAR,LV
8 1976 BAYAT PUNJAB-76/CHENAB-7
9 1997 CHAMRAN ND/VG9144//KAL/BB/3/ YACO/4/ VEE#5
10 2013 CHAMRAN2 Attila 50Y//Attila/Bacanora
11 1980 DARYABI RSH/IRN 149(60-61)//C271
12 1995 DARYAB2 MAYA'S'/NAC
13 1968 DATHIM DIADEM/ITALIAI
14 DNI11
15 FRONTANA
16 1996 GAHAR ND/VG9144//KAL/BB/3/YACO'S'/4/VEE#5
17 1988 GHODS RHS/5/WT/4/NOR10/K54*2//FN/3/PTR/6/OMID//KAL/BB
18 1986 GOLESTAN D6301/NAI60/WRM/3/CNO*2/CHR
19 2009 HOMA A pure Line of Sardari
20 1974 KARAJ1 200H/VFN/RSH
21 1974 KARAJ2 FA//TH/MTA/3/OMI or FA//TH/MT/3/OMID
22 1974 KARAJ3 DRC/MXP//ISWRN-297/3/NAI60
23 2011 KARIM Triticum aestivum/Sprw ““s” //CA8055/3/Baconora88
24 1994 Gascogne
25 1980 KAVEH FTA/PL
26 1974 KHAZARI1 P4160//SN64/LR64
27 2002 KOOHDASHT BB/RON//CNO67/TOTA/3/JAR
28 1995 MAHDAVI TI/PCH/5/MT48/3/WTE*3/NAR59/TOTA63/4/MUS
29 1991 MAROON AVD/PCHU/5/N10/BR21.1C//KT54B/3/NAR59/1093/4/7C
30 2010 MIHAN Barkat/90Zhong87
31 1974 MOGHANI LR/N10B//3*ANE
32 2006 MOGHAN3 Luan/3/V763.23/V879.¢8//Pvn/4/Picus/5/Opata
33 2009 MORVARID MILAN/SHANGHAI-7
34 1993 MV17
35 1990 NAVIDI1990 HYS/7C
36 1978 NAZ 1112300//LR64A/8156/3/NOR
37 2006 NEISHABOUR 1-63-31/3/12300/TOB//CNO67/SX
38 1995  NIKNEJAD F134-71/CROW'S'
39 2010 OHADI Selection in landraces
40 1968 PANJAMOG62
41 2008 PISHGAM Bkt/90Zhong87 )
42 2014 QABOOS Dryland Agricultural Research Institute
43 1942 RAYHANI RAYHANI
44 2011 RIJAW PATO/CAL/3/7C//BB/CNO/5/CAL//CNO/SN64/4/CNO//BAD/CHR/3/KL../6/SABALAN
45 1994 SISSON
46 1967 SHAHI SHAHI
47 2012 SIRVAN PRL/2*PASTOR
48 2006 SISTAN Bank"s"/Veery"s"
49 2013 TAKAB Mannmg/del//DoguSS
50 1969 TOBARI66
51 2009 UROUM Alvand//Ns732/Her
52 1997 VEENAC ry/Nacozari or Veery#5/NacozariF76
53 2010 ZARE 130L1. 11//F35 70/MO73/4/YMH/TOB//MCD/3/LIRA
54 1995 ZARRIN NAI60/HVII//BUC/3/F59.71/GHK
55 SHANGHAI7
56 1969 INIA66 LR64/
57 1974 ARVANDI RSH/3/MTA//KY/MAY058
58 1960 ROSHAN Landrace
59 1968 RASHID N.P.7881/AZAR 2/588
60 1980 SABALAN (908//FN/A12)1-32-4382
61 2006 DARYA Sha4/Chil
62 1995 ATRAK JUP/BJY'S'//URES
63 2007 BAHAR HD2172/3/BB/2*7C//Y50E/3*KAL
64 2006 SEPAHAN AZADI/5/1.2453/1347/4/KAL//BB/KAL/3/Y50E/3*KAL
65 2006 BAM VEE#5/NAC//1-66-22 or VEERY/NACOZARI-76//1-66-22
66 2002 SHIRAZ GV/D6301//ALD/3/AZADI or GAVILAN, MEX/D- 630//(SlB)ALONDRA/}/AZADI or
ALVAND//ALDAN/IAS-58
67 2002 PISHTAZ ALVAND//ALDAN/IAS 58
68 2002 HAMOON FALAT/RSH
69 2002 DEZ KAUZ*2/OPATA//KAUZ
70 1997 SHIROODI ND/VG9144//KAL/BB/3/Y ACO/4/VEE#5
71 1999 MARVDASHT HD2172/BLOUDAN//AZADI
72 1996 ZAGROS TAN'S/VEE'S'//OPATA
73 1997 CHAMRAN ND/VG9144//KAL/BB/3/Y ACO/4/VEE#5
74 1995 TAJAN BOW/NKT
75 1995 ALVAND 1-27-6275/CF 1770 or CF17170 1-22-11
76 1997 KAVIR Stm/3/Kal//V543/Jit716 or SHORTIM/3/KALYANSONA//V-534/JIT-716
77 2009 PARSI Dove"S"/Buc"S"//2*Darabl or DOVE(SIB)/(SIB)BUCKBUCK(M-84-17)//2*DARAB
78 2009 SIVAND Kauz"S"/Azd or KAUZ(SIB)/(AZD)AZADI
79 1969 BEZOSTAYA LUTESCENS17/SKOROSPELKA2
80 1958 AKOVA
81 1997 AZAR2 KVZ/TI/MAYA/26591-1T-7M-0Y-115Y-OM/3/SEFID
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Figure 1. Description of distribution and box plots of genotype traits in bread wheat cultivars for key agronomic
characteristics under normal irrigation and rainfed (dryland) conditions.
EM: Emergence (A), HE: Heading (B), ANT: Anthesis (C), MA: Maturity (D), GFP: Grain filling period
(E), HG: Height (F), PE: Peduncle (G), SW: Spike weight, SL: Spike length, GY: Grain yield, GN: Grain
number, TW: Thousand weight, STRAW: Stra weight, SPAD, CT: Canopy temperature
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Figure 2. Heatmap of correlation coefficients between the studied traits of bread wheat under normal
irrigation and rainfed conditions (rainfed coefficients on the right side of the main diagonal and normal
irrigation coefficients on the left side).
EM: Emergence, HE: Heading, ANT: Anthesis, MA: Maturity, GFP: Grain filling period, HG: Height, PE:
Peduncle, SW: Spike weight, SL: Spike length, GY: Grain yield, GN: Grain number, TW: Thousand weight,
, STRAW: Stra weight, SPAD, CT: Canopy temperature
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Table 2. Range of accuracy of genomic breeding values of traits using genomic selection indices under normal irrigation conditions

bl Juke
Statistical model _

;:i:: Bz:;e):A Beilg: B B:;é: C Ba;::sY 1):550 Baﬁdéieézsﬁon gBLUP BLUP
EM 15.29-12.75 15.13 - 13.01 15.34 -12.7 15.3 -12.75 14.83 -13.39 14.25 14.26

HE 189.26 - 168.51 187.22 - 171.27 186.57 -171.69 190.79 - 167.32 186.37 - 172.17 184.08 -174.61 184.23 -174.15
ANT 197.35-176.29 197.23 - 176.68 196.62 -177.14 197.3 -176.51 195.87 - 178.25 1924 -182.04 192.5 -181.58
MA 224.54 - 206.73 225.3 -205.91 223.67 - 207.76 225.72 - 205.3 224.09 - 207.48 220.96 - 210.82 221.13 - 210.12
GFP 30.89 - 26.9 30.7 - 27.08 30.31 -27.32 29.81 -27.71 30.59 - 27.11 28.8 28.81

HG 105.01 - 68.76 103.57 - 77.97 100.12 - 80.65 109.31 - 73.22 99.53 -81.14 90.94 - 86.22 89.08 - 87.05

PE 51.24 - 29.44 48.14 -31.53 46.76 -32.7 47.58 -31.72 48.18 -31.53 41.97 -37.21 41.4-37.82
SW 3.04 -1.84 2.92 -1.94 3.01 -1.88 2.9-1.94 2.76 - 2.06 241 2.42

SL 12.05 -9.7 11.88 - 9.84 11.75 -9.91 11.8 -9.92 11.74 -9.93 10.7 10.71

GN 57.69 - 31.61 52,64 -23.8 54.28 - 34.04 58.26 -31.15 51.25 -34.95 47.28 - 36.8 47.1 -36.72
™ 53.42 - 28.87 50.64 -30.92 48.97 -32.66 50.31 -31.28 46.34-34.94 4334 -37.1 44.6 - 36.12

STRAW 1.53 - 0.59 1.33 - 0.65 1.42 - 0.63 1.35 -0.64 1.3 -0.65 0.81 0.82

SPAD 59.12 - 44.79 57.97 -45.48 46.76 -32.7 57.94 -45.4 57.71 - 45.52 54.67 - 47.86 55.1-47.36

CT 23.39 - 18.57 23.24 -18.73 22.74 -19.01 25.8 -23.16 22.55 -19.12 20.49 20.51

5 Shes GY tadir Jsb SL caliws 855 SW ¢ Sy PE <45 5 Cw)l HG als 0us 5 Jgb ‘GFP ¢ Sy MA ¢ Slisles S :ANTaliw 5 5¢b HE <00l 500 U 55, 3lds EM

=55 b CT ¢ Loy IS :SPAD ¢ 2US 508 035 STRAW tails Sl5a 055 TW ails slaas :GN ails

EM: Emergene, HE: Heading, ANT: Anthesis, MA: Maturity, GFP: Grainfiling period, HG: Height, PE: Peduncle, SW: Spike weight, SL: Spike length, GN: Grain number, TW: Thousand
weight, , STRAW: Stra weight, SPAD, CT: Canopy temperature
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Table 3. Range of accuracy of genomic breeding values of traits using genomic selection indices under dryland conditions

6)L¢T JJA

Statistical model

e A B Cm Y5 e O S gBLUP max 1rBLUP max
traits Bayes A Bayes B Bayes C Bayes lasso Bayes ridge regression
EM 17.06 - 13.13 16.57 - 13.62 16.79 -13.39 16.39 -13.85 16.78 -13.46 15.32 15.33
HE 188.32 - 169.47 188.23 - 169.85 185.41 - 172.01 188.13 -169.93 183.08 -173.76 177.67 177.68
ANT 194.16 - 174.98 192.02 -176.89 189.04 -179.12 192.68 -176.18 188.59 -179.6 183.45 183.46
MA 215.78 - 197.59 225.3 -205.91 223.67 - 207.76 22572 -205.3 212,52 - 200.1 205.75 205.76
GFP 2336 -21.7 2335 -21.79 23.17 -21.86 22.87 -22.01 23.03 -21.93 2231 2231
HG 98.61 - 67.3 93.51 -70.18 91.05-71.5 99.69 - 67.36 96.23 - 68.79 80.8 -78.13 79.18 -78.82
PE 42.68 -26.7 39.37 29.65 39.07 -29.94 4232 -27.19 39.03 - 30.08 3452 34.53
SW 2.73 - 1.54 2.6 -1.65 2.65 -1.61 2.53-1.7 24-18 2.04 2.05
SL 11.05 - 8.53 10.82 -8.87 10.48 -9.07 10.94 -8.75 10.79 -8.88 9.72 9.73
GN 58.05 - 29.07 562 30.5 53.03 -33.2 55.88 - 30.6 53.24 -32.96 52.7-3321 51.15 - 34.52
™ 4491 -22.5 40.98 -24.74 38.5 2671 50.72 - 19.44 4123 -24.29 32.86 32.87
STRAW 13-047 135 -0.44 131 -0.48 1.03 -0.61 1.16 - 0.55 0.78 0.79
SPAD 56.32 - 47.01 56.97 - 46.14 56.09 -47.28 57.22 -45.76 56.06 - 47.19 56.46 - 46.43 55.06 - 48.84
CT 2731 -22.31 27.49 -22.21 25.7 -23.19 25.8 -23.16 2639 -22.78 2433 2434

5 Shes GY tadiwr Jsb SL caliws &35 SW ¢ Sy PPE <45 5 Cw)l HG als 0us 5 Jgb GFP ¢ Sy MA ¢ Slisles S :ANT i 55¢b HE <00l 5000 U 55, 3lds EM

o35 b CT ¢ Loy IS :SPAD ¢ 2US 505 035 STRAW tails Sl5a O35 TW ails slaas :GN il

EM: Emergene, HE: Heading, ANT: Anthesis, MA: Maturity, GFP: Grainfiling period, HG: Height, PE: Peduncle, SW: Spike weight, SL: Spike length, GN: Grain number, TW: Thousand

weight, , STRAW: Stra weight, SPAD, CT: Canopy temperature
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Table 4. Estimated genomic breeding values of 10% of high-yielding genotypes under normal irrigation conditions

6‘)LAT JJA
S 5 Statistical model
Genotype 5 Slos
RR LR ENR BRR BL BA BB BC BD RKH SVR  GBLUP BRR-i BL-i BA-i BB-i BC-i
GY
~ 2572 1.674 1.715 1.740  0.308 0.296 0.460 0.463 0.363 0.494 0.395 1.703 1.622 1.847 1.854 2149  2.016 1.943
GAHAR
Gl
’ 2378 1.678 1.692 1.745 0342 0332 0.504 0.500 0.380 0.529 0.371 1.888 1.619 1.862 1.887 2176  2.050 1.797
ARTA
Yol
e 2.182 1.654 1.683 1.704  0.202 0.213  0.293 0319 0.251 0.318 0.251 1.792 1.618 1.755 1.767 1.938 1.862 1.813
CHAMRAN?2
de
J 2.181 1.663 1.654 1.692  0.269 0.259 0382 0376 0.321 0.394 0.277 1.857 1.616 1.804 1.817  2.021 1.932 1.881
ADL
Ll 5
1.988  1.622 1.635 1.665  0.147 0.145 0.231 0.236 0.173 0.241 0.154 1.823 1.607 1.704 1.702 1.841 1.773 1.749
FRONTANA
Y
> 1.982  1.633 1.612 1.593  0.171 0.172  0.249 0.266 0.216 0.243 0.177 1.851 1.605 1.721 1.734 1.878 1.812 1.772
SIVAND
Sty
; 1.969  1.650 1.705 1.751  0.205 0.201 0295 0.257 0.244 0.306 0.178 1.889 1.613 1.761 1.770 1.892 1.838 1.801
PISHTAZ
215
- 1.968  1.609 1.596 1.600  0.070  0.080 0.134 0.121 0.117 0.138 0.129 1.734 1.605 1.638 1.627 1.760 1.692 1.675
NICKNEJAD

SVR ¢ 3150 axen L& ke slas :RKH D50 BD «C 5. :BC B ;. BB (A 5 BA .Y BL ¢ st O S 530 BRR (0 g S5 23 S2w¥HENR 60y g0 S5 50N LR ¢ s 050 S5 RR 5 Sl :GY

(Loed S g pf o iy 5 Shas (6l oJ\_iEJJjTJ._: s el il ,sle) iPat Sl s bl 0 S8l i (s s wbb o ot o 2 (G-BLUP ¢ s S5 Ol 5l 5 ndls
GY: performance, RR: Ridge regression, LR: Lasso regression ENR: Elastic net regression, BRR: Bayes ridge regression, BL: Bayes lasso, BA: Bayes A, BB: Bayes B, BC: Bayes C, BD: Bayes
D, RKH: Reproducing kernel Hilbert space Regression, SVR: Support vector regression, G-BLUP: best linear unbiased prediction, i: Estimated based on iPat software
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Table 5. Estimated genomic breeding values of 10% of high-yielding genotypes under rainfed conditions

L;)LJ Jd
—gk) Statistical model
Genotype 5 Slas i . i i )
RR LR ENR BRR BL BA BB BC BD RKH SVR GBLUP  BRR-i BL-i BA-i BB-i BC-i
GY
£ 4
S 2.139  2.132 1.695 2.092  0.150 0.138 0269 0.241 0.226 0.272 0.281 1.246 684x10° 1.347 1.319 1.568 1.370 1.469
ALVAND
okds
1.835 1.832 1.579 1.809  0.301 0.302 0.442 0364 0.337 0.406 0.284 1.556  3.62x10° 1.502 1.455 1.686 1.530 1.613
GOLESTAN
\ &
S 1.772  1.768 1.452 1.737  0.255 0.258 0361 0.324 0.297 0.335 0.245 1.525 3.08x10° 1.452 1.420 1.617 1.478 1.549
SHIRAZ
Sl
= 1.696  1.693 1.506 1.675  0.184 0.185 0.275 0.213 0.214 0.270 0.206 1.454 225x10-5 1.393 1.363 1.536 1.410 1.478
BAYAT
e 1.691 1.688 1.488 1.677  0.200 0.203 0.270 0.251 0.237 0.261 0.218 1.530  271x10° 1415 1.386 1.541 1.429 1.491
MARVDASHT
D gola
o5 1.652  1.648 1.369 1.634  0.127 0.131  0.184 0.157 0.155 0.163 0.149 1.367 213x10° 1.361 1.338 1.444 1.368 1411
HAMOON
VJ”“S 1.642  1.639 1.440 1.616  0.179 0.171  0.248 0.171 0.232 0.237 0.183 1.474  205x10° 1.387 1.359 1.517 1.395 1.457
KARIM
Y
>0 1.632  1.628 1.365 1.605  0.084 0.081 0.152 0.095 0.138 0.143 0.131 1.338  6.58x10° 1.299 1.284 1.418 1.312 1.365
ARVANDI

SVR ¢ 3150 axen L& ke slas :RKH D50 BD «C 5. :BC B ;. BB (A 5 BA .Y BL ¢ st O S 530 BRR (0 g S5 23 S2w¥HENR 60y g0 S5 50N LR ¢ s 050 S5 RR 5 Sl :GY

(Loed S g pf o iy 5 Shas (6l b.)\—\j).)J‘jTJ-_? s el il ,sle) iPat Sl s bl 0 S8l i ¢ o b b o so i op 2 (G-BLUP ¢ S pn $5 0Lz s oaiile
GY: performance, RR: Ridge regression, LR: Lasso regression ENR: Elastic net regression, BRR: Bayes ridge regression, BL: Bayes lasso, BA: Bayes A, BB: Bayes B, BC: Bayes C, BD: Bayes
D, RKH: Reproducing kernel Hilbert space Regression, SVR: Support vector regression, G-BLUP: best linear unbiased prediction, i: Estimated based on iPat software
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Table 6. Results from statistical models of genomic selection under normal irrigation conditions

S

Sl

2P
~ Lo 3 il
. . .z DA g
Model ; Maxi Mini M Standard
ode Pearson aximum nmimum Mean can deviation Detection
correlation squared error coefficient
S O 0.78 1.6787 1.5325 2.6 1.6024 03439  0.6144
Ridge regression (RR)
y gy
O o 0.75 1.7153 1.5371 2.62 1.6024 0.0405  0.5643
Lasso regression (LR)
oo Syl
- 0.69 1.7510 1.5332 2.57 1.6024 0.0528 0.4696
Elastic net regression (ENR)
SUob o e i
o1 o 0.67 3.94 x 105 -1.12 x 10 2.68 -1.20x10°  -1.3x 105 0.4546
Genomic best linear
unbiased prediction
(G-BLUP)
e e S 5
Bayes ridge regression 0.91 0.3426 -0.2428 2.54 0.0265 0.1316 0.8194
(BRR)
N
Fm 0.89 0.3320 -0.2098 2.5 0.0387 0.1220 0.8006
Bayes lasso (BL)
Ax
- 0.94 0.5048 -0.3342 2.45 0.0472 0.1806 0.891
Bayes A (BA)
B N
7 0.94 0.5005 -0.3664 2.51 0.02769 0.1949 0.8926
Bayes B (BB)
C .
7 0.92 0.3808 -0.2778 2.5 0.03696 0.1504 0.8548
Bayes C (BC)
D
- 0.94 0.5293 -0.3139 2.43 0.0541 0.1846 0.8888
Bayes D (BD)
C)‘lj'ébb. 0.97 0.3950 -0.3223 2.63 -0.00656 0.1548 0.95
Reproducing kernel Hilbert
space Regression (RKH)
S S Oltiy by ile
0.87 1.8895 1.3354 0.05 1.6224 0.1691 0.7639

Support vector regression
(SVR)

O Srad hiad ol 5 2 Zu e L ENR

Ay S a ) g meS sl 5 SV
Bayes Bayes A sladeo (550 oLEl sla 5s, Obe 5o
cdzdls 1y (+/48) O g St op VL Bayes D 5 B
Sbe Olses o S L Bayes D s Bayes A ¢ ol )3
555 36 i oL (V8T Y780 (s ) Lot Dl ye

L'RKH u:dj) ‘LSJ':'Al)lT'.L' LSLAJ;J}) J:.L>r_7).> .b)\) QL.LJ

wour b Dbl 4 Olg e L RR Gy 65
£33 Ol lealinal L S sls o ol (Penalty function)
o3l 5 s Ol O s 5l wla ¢ g S5l 5
Li Jue s (Cilies &l 1 L) b Sl plad das e
G b Sl S LLR iy o blie 5o s
3 PGNPV S AU I I
Jde GBLUP S ENR (sl o5, Ols anslio 55 553 o
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Table 7. Results from statistical models of genomic selection under dryland conditions

o Opuyy S e bt e o s s
Model Pearson Mmaximum  minimum mean squared Mean standard ~ Detection
correlation error deviation  coefficient
SR O 1 2.132 0.600 1.6 1.2543 0.2947 1
Ridge regression (RR)
y BP
oS o 0.93 1.695 0.944 1.58 1.2543 0.1407 0.8637
Lasso regression (LR)
oS Sl
Elastic net regression 1 2.092 0.636 1.51 1.2543 0.2795 0.9987
(ENR)
Wbb o pute
‘5‘?)) “’k} 0.69 1.2543 -1.371*10 1.66 7.827*10¢ 1.035*%10-5  0.4704
Genomic best linear
unbiased prediction
(G-BLUP)
e e S 5
Bayes ridge regression 0.9 0.301 -0.204 1.6 0.007 0.104 0.8036
(BRR)
N
Fim 0.88 0.302 -0.188 1.58 0.016 0.1 0.783
Bayes lasso (BL)
A .
7= 0.94 0.442 -0.323 1.59 0.005 0.157 0.8789
Bayes A (BA)
B .
7= 0.93 0.3645 -0.3237 1.63 -0.012 0.1439 0.8674
Bayes B (BB)
C .
7= 0.92 0.337 -0.248 1.58 0.009 0.132 0.8528
Bayes C (BC)
D .
S 0.94 0.406 -0.305 1.6 -0.001 0.151 0.8928
Bayes D (BD)
ana b ol lab
e 5150
RIR 0.97 0.284 -0.298 1.62 -0.007 0.130 0.942
Reproducing kernel
Hilbert space Regression
(RKH)
L}';}?”";) 0.86 1.635 1.010 0.04 1.254 0.146 0.7351
Support vector
regression (SVR)

AR



bb&w 3 e;‘}v.:b

Soiil wdze cpl 5o Vbls 5 W sy (Ldia S
lols 3l e 1) pss e iils s Sl Dl
F s Slasals b Btes 5 38 s L S
o 55 uils Bl iPat bl 5 5l eslizal | elss, 5l
Ayl Sty Bl Olabo G5 S 510 Oyomr S
AV olie adlge pl 52 Osle 5 S sl (e
Slacs s S s sl 0L |, Sl sl b
e bl ot 5 Vg des (IS N4 p

(TA JS8) Lo 5 50ml
Ol 31 o3 AT s b sl ail3e s Bl o
Sl atls Ol meb s 3 L A e oS
G g LS Wl eddsysly Yol 25
(S Opels ool o 55 (Dl 53 sty
5> 63l 5 30l gy OIS VLl (S
sl o le glajls gl 53 5 Jol el jo s Cas
slcsss (blae 5s s S 13 Mol iy
B T S I CIN LN ASYIEA N
Ll s s £ ad o LA 8\; Wie ul e G
Gos 5585 G U U5 uilols Sl Ao 67 s
bzl gladis 350, S Ol S slaeslw
5 GBLUP Jue Hls sl y ol 5o sls LS 1, 0585
D3 e adlie ke L 5o S gladbe Sl
SRR o554 Ll sladde Sls oS Jl= 55 s S
gl e blete S opl e Cweww 4 ENR
5 R S Toer (o slaasisl (ol
S I s LJ\;:.é)f)l)B(a);d}pcafiﬁA,?U):)liJ@
5 Sl e (Sl s slad 85
JSKE) s sdalic e3> dje Au e ;3 MVIT
Rabieyan et al., ) O1,5ea 5 Ol sladlas 55 (VB
5 $las game 3 PCA oMbl eslinal L (2023
5 dsl sbeadlse S Ls S 5158 0L ek slac 55
Ot o JS bl Sl e YE 5 OVY S e e
5 oy YOLax Y31 S (e ol ol 5 03 S
35 2 5Vl s Sae lols Glacs 535 058 53 o

A S 8 s s de s okl Lyl

Yy

w3 Shes 0555 Nl G5 5 2555 83 g bL I asdlas

Ols w53 i Slalles S @b boasl ol
5 B ols lsman 255 S sladde 5 Shee
Bayes B Juw 45" sls oL (Juliana e al., 2021) O ,\SKea
R T g e N T B
Jom ol b nls S Sl 4 aaslis 5] ,GBLUP
(o (SE5 Sl 4 255 S gladde 3 Shes
ey ot 53 ol £y Jamn Jasl 13 5 Cgmoir it
5 Shes w53 (Long et al., 2011) OKes 5 SN
ol (S5 sadde 5 &-SVR Jue aslis ¢r.,\:§ Ll
S S e SVR Jde 53 1y O o (St S35 0/1Y
Q‘jwjbdbbdh@kﬁiﬁb&Qu}@uw‘.x.};
oS ks 5 Jde Olsisa ez 5 Slis wen ol
5SS G Shs 4 s bl el Je Sl
23 gl rl?dl Cdo oo

3 oA el e B S el i 44
Sals O Goda oS 1l o o piteir sla )l o 53 )8
Abdietal,) sl ol adlie golaxs 53 s o3ls Sdomy
5 e ltle gLl jeaea ol aallas > (2023
j«jlz:;L.;wblﬁw)ﬁsjyoljcxfrﬁ)lév\gwﬁ
Gladie by eddsysly e POl gl
Slads a5 (PCA) Lol slaadlse 4 4 o il
pll a3 5 Jle &bl Ll L5 53 a3 (Cluster Analysis)
0 S as

g bl bl Ll 5 s i ool (glaadd go 4 4 320
A edaliw Lau.a}\.& O J«NL‘ M La)bj. O @l
i A o JS lols S Ao s AVIY s b I 4l
il il 5 Shas SOl sl 5 Dl ek s 5 02
Slagiil 35l il Gla iy 4 by sl el
el Cosa Pat R glalsile 3 5l aslizal L &S Dol
b5 ST s a5 b ks 53 adle il o
(FA K8 ol 5 Al sl slajetls
Lo Bl 3 e YN OldS (s BT a5
AV slis sl 5 S Wl ns Ky
03 sl QLS gl adle po 1y Sl ) sla el
MVI7 A olie d s Yz S Sl STglacsss s Jo

‘\CJS c@u ‘L}“’;b c@\) ""‘:’.)‘ﬁ]" glil.’;wjj cdjjb/wwlf



V600 /Y ojlad / VY W/ aLE S5 sl s

PCA - Biplot

Dim2 (4.1%)

R SE PSRRI, I e

PCA - Biplot

(A)

(B)

Dim2 (4.3%)

GY_GBLUP

byl s 55 (A) .<=J;§ Bl s adllas 5550 55 i S Sl et la bl ol slaadlse 4 a5 OOl T IS

2 Lyl s s B) Wl s b

Figure 3. Biplot of principal component analysis based on genomic selection indices studied in wheat cultivars.
(A) Under normal irrigation conditions; (B) Under rain-fed conditions.
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Figure 4. Dendrograms representing the cluster analysis of wheat cultivars grown in (A) normal irrigation and
(B) rainfed environments.
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Table 8. Common markers identified for grain yield trait under normal irrigation and rainfed conditions

Markers trait

rs63088 GY (BRR
rs23370 GY (BAi RKH RR SVR
rs58821 GY (LR

rs16655 GY BA ENR
rs20678 GY BCGi

1s51942 GY GBLUP arBLUP

¢ O gt Sy LR ¢ g S by s cpwile SVR ¢ _iutn 0 g S5t RR( - 3150 dan U o gLzt RKH ¢ it & gow 55 50 BRR 2 Slas :GY
iPat)lj_élrj' o et s sl i e gl ot 4l by w e o e GBLUP ¢ Ciu BCi g 55 < SaeV:ENR A 50 BA
GY: performance, BRR: Bayesian Ridge Regression, RKH: Reproducing kernel Hilbert space Regression, RR: Ridge

Regression, SVR: Support Vector Regression, LR: Lasso regression, BA: Bayes A, ENR: Elastic Net Regression, BCi: Bayes
C, Gblup: best linear unbiased prediction, i: Estimated based on iPat software

ol ol Jls sms gls s s GENEID S0l -4 J0
Table 11. Marker, GENE ID and significant pathways identified

05 sl L6 sla 05 KEGG s
GENE ID Related Genes i KEGG pathway
TraesCS2B02G398200 | ?henylfl(?ﬁlglg fgg}f&‘gg{ ase'hkf | Phenylalanine metabolism
TraesCS5A02G375000 e A gy 1 - rial-like Arginine and proline metabolism
TraesCS3D02G304600 Lipoyl syn}tlhase 1, chloroplastic(LOC123079298) Lipoic acid metabolism
Sphi ine C4- 1- . .. .
TraesCS7B02G092300 P m%ﬁ(rg(n}focénfln 600x9}6goe)nase Sphingolipid metabolism
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Figure 6. Metabolic pathways identified through KEGG analysis, including phenylalanine metabolism (A),
sphingolipid metabolism (B), and arginine and proline metabolism (C).
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Table 10. Description of overlapping genes with associated markers in wheat grain yield trait under normal
irrigation conditions

SNP ¢35 e wlis S 5] S S (S5 1
Chromosome _ Position (cM) Trait Cellular Component  Molecular Function  Biological Process
549666 4A 112315 BLUP Integral component of ATP h}./d.rolys1s
membrane activity
tRNA (m1A) Monooxygenase
rs6588 4B 77.668 BLUP methyltransferase activity; iron ion
complex binding; heme binding
57939 4D 66.138 BB Integral component of Ox1dor.ed.uctase
membrane activity
1523052 7A 1.137 BL-i  [ntegral componentof bl ging
membrane
tRNA (m1A) .
rs61000 2B 0 ENR methyltransferase ATP h}./d.rolys1s
activity
complex
51682 TA 15.03 ENR Integral component of Monooy.cy.genase
membrane activity
rs16545 7A 10.479 ENR Integral component of Heme binding Defense response
membrane
rs8585 7A 10.479 ENR Integral component of Iron ion binding Defense response
membrane
(RNA (m1A) Oxidoreductase
1528765 2B 0 ENR methyltransferase h tRNA methylation
activity
complex
rs61092 3D 54.81 GY,BLUP Carbohydrate binding
Protein kinase activity; Protein
rs30128 B 6.832 GY,ENR ATP binding phosphorylation
157684 2B 69.414 BL ADP binding Defense response
rs12136 TA 10.479 BA Defense response
rs45142 3A 90.077 GY,SVR Protein binding
protein kinase
1555056 3B 708 GY.BA . .actwlty.ATP . Carbohydrate
binding.polysaccharide metabolic process
binding
1558885 3A 142465  GY,SVR polygalacturonase Carbohydrate
activity metabolic process
hydrolase activity,
1546969 3A 17079  GY,BLUP hydrolyzing O- Carbohydrate
metabolic process
glycosyl
rs10993 7B 50.057 SVR
rs52187 1A 117.878 RR
1s2763 6A 98.254 LR Protein binding
rs25238 2B 91.03 LR
rs39852 7D 12.51 gBLUP ADP binding Defense response
protein kinase
152742 5B 64992  GY,ENR activity,protein Protein
serine/threonine kinase phosphorylation
activity
rs43768 2A 59.228 BRR DNA bn%dn%g’zmc % Defense response
binding
1s48284 3B 78.498 BRR  l\ascent polypeptide-
associated complex
rs464 2A 75.455 GY,BLUP

Protein binding
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SNP: Single nucleotide polymorphism, BLUP: best linear unbiased prediction, BB: BayesB, BL-i: Bayes-lasso iPat, ENR:
Elastic Net Regression, GY: Performance, BL: Bayes-lasso, BA: BayesA, SVR: Support vector regression, RR: Ridge

regression, LR: Lasso regression, BRR: Bayes ridge regression, i: Estimated based on iPat software
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Table 10. Description of overlapping genes with associated markers in wheat grain yield trait under dryland condition
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SNP -
Chromos Position . Cellular . . .
Trait Molecular Function Biological Process
ome (cM) Component
1552083 4B 350175 BB Ublqu‘““";fft’itj;?ytra“ferase Protein polyubiquitination
rs6005 3B 26.175 BB
GY, ATP binding; PIP kinase  >hosphatidylinositol metabolic
156722 TA 135625 gBLUP activity; PI4P5K activity process
rs37517 6D  116.526 BA
1521485 5A 5.684  BLUP TRNA (uridine-N3)- tRNA base methylation
methyltransferase activity
rs3599 7B 52.33 BLUP Catalytic activity
rs16869 3B 1.137 BLUP
rs8765 6A 25.146 GY, BLUP vacuole Serine-type cgrboxypeptldase Proteolysis
activity
endoplasmic
r$32540 5B 58.161 BB-i reticulum, integral ER retention sequence binding protein retention in ER lumen
component of
membrane
rs38185 5A 12.504 rBLUP GTPase activity; GTP binding
1s37260 6D 116.526 GY, BA-i Protein binding
Nucleus; integral . DNA repair; protein ADP-
rs165 1B 27.3 BL-i component of DNA binding,NAD+ ADP- ribosylation; oxidative stress
ribosyltransferase ac
membrane response
rs14355 2B 71.688 BA Protein binding Protein ubiquitination
159700 5B 58161 GY,BB-i Hydrolase activity (O-glycosyl  carbohydrate metabolic
compounds) process
ATP
GY, binding,phosphatidylinositol Phosphatidylinositol metabolic
16722 A 135.625 gBLUP phosphate kinase activity,1- process
phosphatidylinositol
ornithine catabolic
catalytic activity,ornithine-  process,response to oxidative
rs58777 SA 40.028 GY,BL  Mitochondrion oxo-acid transaminase activity, stress,response to

zinc ion binding,transamin

heat,response to
flooding,response
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SNP: Single nucleotide polymorphism, BLUP: best linear unbiased prediction, BB: BayesB, BL-i: Bayes-lasso iPat, ENR:
Elastic Net Regression, GY: Performance, BL: Bayes-lasso, BA: BayesA, SVR: Support vector regression, RR: Ridge
regression, LR: Lasso regression, BRR: Bayes ridge regression, i: Estimated based on iPat software
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