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ABSTRACT

Introduction: Bread wheat (Triticum aestivum L.) is the most widely cultivated cereal and a globally significant crop. Understanding
physiological trait responses to late spring cold stress in susceptible and tolerant cultivars provides insights into cold tolerance mechanisms.
One critical physiological trait affected by cold stress is leaf chlorophyll content. This study aimed to investigate the changes of
photosynthetic pigments and their association with SSR markers in bread wheat subjected to late spring cold stress.

Materials and methods: Changes in the concentrations of chlorophyll a, chlorophyll b, total chlorophyll, and carotenoids were evaluated in
70 bread wheat varieties under two temperature treatments: +8°C (control) and -2°C (cold stress). The cultivars were grown in a greenhouse
under a completely randomized design with three replications. During the reproductive stage (Zadoks growth stages 48—60), temperature
treatments were applied by gradually reducing the temperature from 24°C to the target temperature at a rate of -2°C per hour. Plants were
maintained at the target temperature for two hours before being returned to 24°C. Sampling for trait measurements and molecular
experiments was conducted 24 hours after the stress treatment.

Results: Mean comparisons revealed significant variations among cultivars across temperature treatments. For chlorophyll a, Moghan2
exhibited the highest change (20.70), while Karaj3 showed the lowest (4.30). For chlorophyll b, Chamran2 showed the highest change (7.78
mg.g™t), whereas Baharan showed the lowest (0.16). Total chlorophyll changes were highest in Moghan2 (20.70) and lowest in Karaj3
(4.30). For carotenoids, Ehsan exhibited the highest change (1.75), while Neyshabour displayed the lowest (0.009). Cultivars with minimal
pigment changes were identified as potentially tolerant to late spring cold stress. Marker-trait association analysis identified specific SSR
markers linked to pigment traits under control and stress conditions. Four SSR markers were identified under control conditions (+8°C) and
four under cold stress (-2°C) for chlorophyll a. For chlorophyll b, three SSR markers were linked under control conditions and five under
cold stress conditions. Total chlorophyll was associated with five SSR markers under both environments. Four SSR markers were identified
under control conditions for carotenoids, while only one was detected under cold stress.

Conclusion: Structure analysis revealed that most genotypes were not clustered based on origin or growth type. Due to significant genotype
x environment interactions, marker-trait associations were analyzed separately for control and stress conditions. More quantitative trait loci
(QTL) were identified at 8°C than at -2°C. Several markers showed consistent associations across environments, demonstrating high
stability and utility for marker-assisted selection. These results highlight the efficacy of SSR markers in evaluating genetic diversity and
population structure among wheat genotypes, providing valuable tools for breeding programs aimed at improving cold tolerance.
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Table 2. Characteristics of SSR primers used in investigating the genetic diversity of wheat

genotypes
P @'—=rh Jig 95909,5 oSelx Jlasl sles
Marker Sequence (5'—3") Chromosomal locus  Annealing
temperature
(°C)
Xgwm 10 F: CGC ACC ATC TGT ATC ATT CTG 2A 50
R: TGG TCG TAC CAA AGT ATA CGG
Xgwm 2 F: CTG CAA GCC TGT GAT CAACT 3D 50
R: CAT TCT CAA ATG ATC GAA CA
Xgwm 55 F: TGC CCA CAA CGG AAC TTG 2B 55
R: GCA ACC ACC AAG CAC AAA GT
Xgwm 68 F: AGG CCA GAA TCT GGG AAT G 5B 60
R: CTC CCT AGA TGG GAG AAG GG
Xgwm 88 F: CAC TAC AAC TAT GCG CTC GC 6B 60
R: TCC ATT GGC TTC TCT CTC AA
Xgwm 129 F: TCA GTG GGC AAG CTA CAC AG 5A 50
R: AAA ACT TAG TAG CCG CGT
Xgwm 162 F: AGT GGA TCG ACA AGG CTC TG 3A 60
R: AGA AGA AGC AAA GCC TTC CC
Xgwm 164 F: ACATTT CTC CCC CATCGTC 1A 55
R: TTG TAA ACA AAT CGC ATG CG
Xgwm 165 F: TGC AGT GGT CAGATG TTT CC 4D 60
R:CTT TTC TTT CAG ATT GCG CC
Xgwm 191 F: AGACTG TTG TTT GCG GGC 2B 60
R: TAG CAC GAC AGT TGT ATG CAT G
Xgwm 192 F: GGT TTT CTT TCA GAT TGC GC 5D 60
R: CGT TGT CTAATC TTG CCT TGC
Xgwm 642 F: ACG GCG AGA AGG TGC TC 1D 60
R: CAT GAA AGG CAA GTT CGT CA
Xgwm 259 F: AGG GAAAAG ACATCTTTTTTT TC 1B 55
R: CGA CCG ACT TCG GGT TC
Xgwm 260 F: GCC CCC TTG CAC AATC 7A 55
R: CGC AGC TAC AGG AGG CC
Xgwm264 F: GAG AAA CAT GCC GAA CAA CA 1B 60
R: GCA TGC ATG AGA ATA GGA
Xgwm 284 F: AAT GAA AAA ACA CTT GCG TGG 3B 60
R: GCA CAT TTT TCA CTT TGC GG
Xgwm 319 F: GGT TGC TGT ACA AGT GTT CAC G 2B 55
R: CGG GTG CTG TGT GTA ATG AC
Xgwm 428 F: CGA GGC AGC GAG GAT TT 7D 60
R: TTC TCC ACT AGC CCC GC
Xgwm 456 F: TCT GAA CAT TAC ACA ACCCTG A 3D 55
R: TGC TCT CTC TGA ACC TGA AGC
Xgwm 458 F: AAT GGC AAT TGG AAG ACATAGC 1D 60
R: TTC GCAATG TTGATTTGGC
Xgwm 469 F: CAA CTC AGT GCT CAC ACA ACG 6D 60
R: CGA TAA CCA CTC ATC CAC ACC
Xgwm 471 F: CGG CCC TAT CAT GGC TG 7A 60
R: GCT TGC AAG TTC CAT TTT GC
Xgwm498 F: GGT GGT ATG GAC TAT GGA CACT 1B 55
R: TTT GCA TGG AGG CAC ATACT
Xgwm 518 F: AAT CAC AAC AAG GCG TGA CA 6B 55
R: CAG GGT GGT GCA TGC AT
Xgwm 540 F: TCT CGC TGT GAAATCCTATTTC 5B 55
R: AGG CAT GGA TAG AGG GGC
Xgwm 583 F: TTC ACA CCC AAC CAA TAG CA 5D 60
R: TCT AGG CAG ACA CAT GCC TG
Xgwm 608 F: ACATTG TGT GTG CGG CC 2D 60
R: GAT CCC TCT CCG CTA GAA GC
Xgwm 610 F:CTG CCT TCT CCATGG TTT GT 4A 60
R

: AAT GGC CAA AGG TTATGA AGG
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Xgwm 611 F: CAT GGA AAC ACC TAC CGA AA 7B 55
R: CGT GCA AAT CAT GTG GTA GG
Xgwm 613 F: CCGACCCGACCTACTTCTCT 6B 60

R: TTG CCG TCG TAG ACT GG

OU pusS o8, Vo 50 adeid )5 o S Judg 5 b Judg ls @ Judg )5 Wlio gl (chmosi sl o)l -V Jous
0 ) )20 Slo g g Cxd

Table 3. Descriptive statistics for chlorophyll a, chlorophyll b, total chlorophyll and carotenoid
traits in 70 bread wheat cultivars under late spring cold stress

ol 5 il ax s Y 3 )8 il az 5 +A 390
-2°C +8°C
Item
Se,S S de)ls b dde ks a dde s sl U5 dde s b Jdsls a g,k
) Chlorophyll ) Chlorophyll
Carotenoid  Total Chlorophyll a Carotenoid Total Chlorophyll a
chlorophyll b chlorophyll b
0.79 13.83 7.06 6.77 1.36 22.56 8.96 13.78 oSiles
(Average)
0.31 9.36 3.85 3.34 0.6 16.68 5.27 7.87 Jslos
Minimum)
1.3 30.03 11.13 19.55 2.28 35.38 14.93 24.18 Sl
(Maximum)
0.99 20.67 7.28 16.2 1.68 18.7 9.66 16.3 aels
(Rang)
0.21 2.89 15 2.29 0.38 3.7 2.12 3.15 e Gl 5l
SDh)
0.27 0.20 0.21 0.33 0.28 0.16 0.23 0.22 O s b
CV)

SD: Sandard deviation; CV: Coeffient of variation
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Table 4. Variance analysis for chlorophyll a, chlorophyll b, total chlorophyll and carotenoid
traits in 70 bread wheat cultivars under late spring cold stress

(Mean squares) <l po (uSkeo sol3laz o Sl s i
RN JS by IS b Jds,l5 Chlorophyll a L3415 df Sources of variations
Carotenoid Total Chlorophyll a
chlorophyll b

0.27™ 26.6™ 11.86™ 13.59™ 69 (Genotype) .

33.84™ 2584.64™ 384.03™ 976.09™ 1 (Temperature) Lo

0.32" 29.68™ 8.47™ 21.15%* 69 Genotype X ) L x s
(Temperature

0.009 4.86 1.76 3.44 280 (Error) Uas

9.24 11.27 16.68 16.003

) &5 o o

(Coefficient of variation)

1Y Jlisl mhaw jo o e e

df: Degree of freedom; **: Significance at the 1% probability level
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Table 5. Mean Comparison of wheat cultivars for pigment traits in each of temperature levels

(g mi)
JN.) o3, 0l ol 5 il az 50 +A ol 5 il az o ¥
NZ). Cultivar name +8°C -2°C
a5 Dl S gl agen)ls @ ddels D il U5 J8g ks asenls
Chlorophy!l Chlorophyl  Total Carotenoi  Chlorophyl Chlorophyl  Total Carotenoi
la Ib chlorophyl d la Ib chlorophyl d
| |
1 &l Zare 11.956 5.848 17.805 1.6589 9.522 4.075 4.075 0.99
2 RS Zarin 13.071 8.306 21.377 1.6892 6.506 4.875 4.875 0.587
3 ey Pishtaz 14.434 8.327 22.76 0.9157 7.253 6.164 6.164 1.141
4 .l  Sistan 12.555 7.066 19.621 1.2017 6.8 8.204 8.204 1.032
5 .si.als Shahpesan  12.724 7.072 19.797 1.3316 6.579 5.85 5.85 0.969
d
6 w5 Morvarid  10.203 7.719 18589  1.5572 9.53 5.44 5.44 0.926
7 S Arg 13.616 5.883 195 1.383 17.77 8.912 8.912 0.937
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8 ..,» Hirmand  10.448 6.834 17.283 0.8203 6.896 8.447 8.447 0.678
9 S 5l Atrak 16.864 9.633 18.497 0.9789 10.066 5.133 5.133 0.554
10 ye5 Karaj2 19.653 8.664 25.883 1.6193 7.704 8.571 8.571 0.794
11y Darya 13.584 7.384 20.968 1.0722 8.825 6.896 6.896 0.834
12 .ol Azadi 12.900 9.893 22.46 15331 6.878 5.135 5.135 1.16

13 ve5 Karaj3 21.849 13.535 35.384 1.450 19.551 10.484 10.484 1.306
14 o Falat 14.075 8.250 22.326 1.434 7.508 6.796 6.796 1.055
15 ...  Sivand 12.703 7.403 20.107 0.95 5.059 8.395 8.395 0.815
16 5,5 Gaspard 9.717 8.013 17.397 0.797 6.855 8.62 8.62 0.312
17 30 Dez 13.680 9.731 23.414 1.948 6.34 8.719 8.719 0.997
18 ..  Sabalan 13.514 6.987 20.501 1.486 5.411 7.815 7.815 0.971
19 v Azar2 19.484 9.122 28.607 1.466 7.094 9.14 9.14 0.747
20 \l..,; Bezostaya 14.426 10.381 24.807 1.06 6.623 9.628 9.628 0.694
21 ool Ohadi 12.876 5.976 18.853 0.996 5.191 4918 4,918 1.027
22 .e.l.  Saison 13.025 8.579 21.526 0.976 6.809 5.872 5.872 0.31

23 4 Erom 15.59 10.439 27.03 1.491 10.294 9.0084 9.0084 0.911
24 ol Bayat 16.752 11.32 23.987 1.953 7.7 5.0317 5.0317 0.513
25 BC RoshanBC 13.639 6.736 21.376 1.235 4.257 6.0294 6.0294 0.878

9,

26 s, Rasad 13.673 13.38 27.688 1971 10.307 7.744 7.744 0.445
27 s Omid 14.585 9.04 23.625 1.436 8.847 7.564 7.564 0.935
28 s, Rasol 13.414 8.454 21.304 0.798 6.523 6.959 6.959 0.565
29 ks Golestan 8.186 12.387 20.574 0.969 5.575 7.0893 7.0893 0.837
30 v k. Moghan2  24.185 10.088 34.273 1.835 5.482 6.362 6.362 1.042
31 kL. Sepahan 12.456 5.270 17.726 1.466 3.343 6.021 6.021 0.753
32 e Bahar 13.473 6.588 20.062 1.472 5.273 7.81 7.81 0.364
33 sy Alvand 14.228 6.476 20.705 1.421 5.424 7.099 7.099 0.89

34 el Alamot 14.456 5.793 20.249 1.04 1.7 6.247 6.247 0.843
35 e Mahdavi 14.553 6.81 21.363 1.111 5.26 4.994 4.994 0.751
36 ,sles Nayshabor 9.228 7.453 16.681 0.947 6.71 5.339 5.339 0.9384

37 s Kavir 12.932 9.735 22.668 0.781 6.327 6.618 6.618 0.92
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38 > Chamran 22.274 8.4 30.675 1.863 5.26 4.994 4.994 0.688
39 oy Shirodi 12.836 11.551 24.387 1.017 6.551 7.831 7.831 0.841
40 s, Marvdasht  13.898 7.4217 21.566 1.278 8.93 5.542 5.542 0.917
41 4o Shahryar 9.580 10.781 20.361 1.23 5.4 11.138 11.138 0.872
42 o Bam 12.875 10.905 23.78 0.958 6.383 9.849 9.849 0.589
43 syl Aflak 7.877 13.524 21.456 0.952 3.897 8.264 8.264 0.927
4 oL Parsi 12.125 8.012 20.138 1.045 7.793 8.646 8.646 0.9944
45 .5 s Niknegad — 11.635 9.73 21.365 1.687 7.277 7.793 7.793 0.587
46 .4  Maehan 13.630 6.957 21.345 1.556 7.485 8.896 8.896 0.587
47 g Sirvan 14.122 8.026 22.148 1.404 5.879 8.376 8.376 0.842
48 &l Ofogh 21.698 7.957 29.656 1.799 7.551 7.34 7.34 0.9

49 ..s  Gonbad 13.844 10.354 24.199 1.828 7.729 3.854 3.854 0.701
50 Y.,.> Chamran2  16.752 14.939 31411 1.093 7.325 7.159 7.159 0.666
51 .l  Baharan 13.173 9.801 22.975 0.941 6.663 6.007 6.007 1.13

52 8. Mehrgan 13.525 10.124 23.65 1.84 6.475 6.309 6.309 0.824
53 g Shosh 13.776 7.688 21.465 1.708 6.346 5.334 5.334 0.77

54 L Narin 12.453 12.127 24581 0.765 5.49 5.706 5.706 1.034
55 ., Haydari 9.071 12.165 21.55 1.387 5.259 8.076 8.076 0.933
56 ol Barat 13.877 6.13 20.008 1.512 4.407 6.682 6.682 0.994
57 ks Shavoor 14.347 9.612 23.959 1.934 3.759 7.502 7.502 0.723
58 L, Rakhshan 7.897 10.19 18.087 2.043 3.759 8.780 8.780 0.482
59 s Khalil 19.410 6.291 25.106 1.799 4.641 6.428 6.428 0.52

60 Lol Ehsan 15.301 9.788 25.09 2.285 7.575 7.065 7.065 0.538
61 a; Zarine 14.850 10.52 25.37 1.048 9.468 6.026 6.026 0.463
62 b Talayi 13.337 11.711 25.048 1.643 4.477 7.156 7.156 0.614
63 .,  Tirgan 13.883 7.809 21.692 1.753 4.116 6.378 6.378 0.585
64 L. Sarang 12.953 9.726 22.673 1.946 8.931 6.624 6.624 0.81

65 Ly Torabi 14.082 8.913 22.328 0.604 6.434 7.824 7.824 0.793
66 ok Setare 12.683 10.119 22.802 1.819 4.842 7.044 7.044 1.044
67 gl Meraj 11.948 6.927 18.876 0.961 9.054 7.675 7.675 0.416

68  wws Kalate 9.311 10.776 20.087 0.958 4.27 7.759 7.759 0.96
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69 5, Barzegar 13.301 7.162 20.464

70 G, Arta 13.947 10.642 24.589

1.298 7.383 5.833 5.833 0.53

1.037 3.415 6.32 6.32 0.735

(Groppa & Benavides, 2008) oS o log
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Table 6. Phenotypic correlation coefficients between evaluated traits in bread wheat genotypes
under late cold stress

3955 J5 s ks b by ls & b IS Slao
Carotenoid  Total chlorophyll  Chlorophyll b Chlorophyll a Characters
1 A Jedg,ls
Chlorophyll a
1 0.6521" b g ks
Chlorophyll b
1 0.8524" 0.9510" S ds ls
Total chlorophyll
1 0.3154" 0.28266" 0.3532" RWREN
Carotenoid

oy ) 50 izl zshaw jo ls pime g o e mé o 4w g % NS
ns, * and ** are non-significant and significant at the 0.05 and 0.1 probability levels, respectively.
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Table 7. Information related to allelic polymorphism of microsatellite loci in bread wheat

genotypes

Siles Siles o5 Na CA PIC Di
Marker Marker locus

Xgwm 518 6B 4 0.284 0.903 0.918
Xgwm 165 4D 5 0.237 0.925 0.936
Xgwm 610 4A 1 0.542 0.288 0.256
Xgwm 284 3B 3 0.436 0.728 0.678
Xgwm 259 1B 3 0.412 0.688 0.701
Xgwm 428 7D 3 0.318 0.724 0.724
Xgwm 642 1D 3 0.454 0.641 0.627
Xgwm 608 2D 3 0.462 0.662 0.745
Xgwm 260 7A 2 0.497 0.386 0.377
Xgwm 456 3D 3 0.400 0.657 0.733
Xgwm 583 5D 2 0.411 0.401 0.428
Xgwm 68 58 2 0.485 0.381 0.476
Xgwm 88 6B 1 0.518 0.296 0.263
Xgwm 129 5A 2 0.480 0.359 0.523
Xgwm 162 3A 2 0.470 0.368 0.488
Xgwm 319 2B 1 0.532 0.280 0.274
Xgwm498 1B 2 0.488 0.377 0.387
Xgwm 2 3D 2 0.495 0.410 0.421
Xgwm 613 6B 3 0.459 0.664 0.68
Xgwm 540 58 1 0.509 0.255 0.289
Xgwm 458 1D 1 0.533 0.261 0.311
Xgwm 191 2B 2 0.472 0.426 0.39
Xgwm 471 7A 2 0.463 0.412 0.41
Sl - 2.3 0.450 0.490 0.52
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PIC: Polymorphic information content; Na: Number of observed alleles; Di: Genetic diversity; CA: Common

allele frequency
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Figure 1. Dendrogram of 70 bread wheat genotypes obtained from cluster analysis with
Neighbor-Joining method based on SSR markers with TASSEL software
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Figure 2. Diagram to determine the appropriate number of subpopulations in the studied wheat

genotypes based on LnP(D)
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Table 8. Significant marker-trait associations for pigment traits in wheat based on mixed linear
model under +8 degrees Celsius and -2 degrees Celsius (cold stress)

o SSiles Shrges 09,5 Lo P-value r? Gise  Opata(bp) Synth. (bp)
Character Marker Linkage  Environment Motif
group
a s,k Xgwm 518 6B +8°C 0.00055 0.12 (CA)34 166 154
Chlorophyll  Xgwm 165 4D +8°C 0.000054 0.28 (GA)20 197 -
: Xgwm 284 3B +8°C 0.00026 0.10 (GA)17 121 117
Xgwm 259 1B +8°C 0.00071 0.13 (GA)17 105 -
Xgwm 165 4D -2°C 0.00051 0.18 (GA)20 197 -
Xgwm 428 7D -2°C 0.00029 0.15 (GA)22 137 133
Xgwm 642 1D -2°C 0.000057 0.24 (GM14 187 179
Xgwm 518 6B -2°C 0.00069 0.12 (CA)34 166 154
b Lss,ls  Xgwm 518 6B +8°C 0.00055 0.12 (CA)34 166 154
Chlorophyll  Xgwm 165 4D +8°C 0.000054 0.28 (GA)20 197 -
° Xgwm 583 5D +8°C 0.000049 0.20 (GA)25 - -
Xgwm 284 3B -2°C 0.0003 0.10 (GA)17 121 117
Xgwm 608 2D -2°C 0.00054 0.11 (GA)16 166 181
Xgwm 518 6B -2°C 0.0007 0.12 (CA)34 166 154
Xgwm 165 4D -2°C 0.000068 0.31 (GA)20 169 165
Xgwm 583 5D -2°C 0.00025 0.10 (GA)21 138 165
Js g ks Xgwm 608 2D +8°C 0.00054 0.11 (GA)16 166 181
Total Xgwm 518 6B +8°C 0.0007 0.12 (CA)34 166 154
chlorophyll
Xgwm 260 7A +8°C 0.000068 0.31 (GA)20 169 165
Xgwm 456 3D +8°C 0.00025 0.10 (GA)21 138 165
Xgwm 610 4A +8°C 0.00035 0.18 (GA)18 157 138
Xgwm284 3B -2°C 0.0003 0.10 (GA)L7 121 117
Xgwm 608 2D -2°C 0.00048 0.10 (GA)16 166 181
Xgwm 518 6B -2°C 0.0006 0.14 (CA)34 166 154
Xgwm 260 7A -2°C 0.000056 0.28 (GA)20 169 165
Xgwm 456 3D -2°C 0.00028 0.15 (GA)21 138 165
S8 Xgwm 608 2D +8°C 0.00054 0.11 (GA)16 166 181

Carotenoid ~ Xgwm 518 6B +8°C 0.0007 0.12 (CA)34 166 154
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Xgwm 260 TA +8°C 0.000068 0.31 (GA)20 169 165
Xgwm 456 3D +8°C 0.00025 0.10 (GA)21 138 165
Xgwm 456 3D -2°C 0.00032 0.13 (GA)21 138 165

Synth. = Synthetic wheat.
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