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Abstract

Objective

Cold stress as one of the most limiting factors in wheat (7riticum aestivum L.) production,
significantly reduces the yield of this strategic crop. Identifying molecular markers associated
with genomic regions controlling traits related to cold stress tolerance such as the accumulation
of protective metabolites like proline and fructan is therefore of great importance. This study
aimed to investigate the genetic structure and to perform association analysis between simple
sequence repeat (SSR) markers and physiological traits related to cold stress tolerance in a diverse
panel of bread wheat genotypes. The goal was to detect significant associations between SSR
markers and traits related to cold tolerance, ultimately contributing to the development of
functional markers for wheat breeding programs aimed at enhancing low-temperature stress
tolerance.

Materials and methods

Seeds of 70 bread wheat genotypes were vernalized and grown in a completely randomized design
with three replications under greenhouse conditions. At the early heading stage (Zadoks GS41-

49), plants were exposed separately to +8°C (as normal conditions) and -2°C (as cold stress
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conditions). After temperature treatment, proline and fructan contents were measured in plant
genotypes. To determine the population’s genetic structure and detect possible admixtures, SSR
marker data were analyzed via Bayesian approach in STRUCTURE software v2.3.4. Linkage
disequilibrium (LD) and association analysis between SSR markers and physiological traits
(proline and fructan contents under normal and cold stress conditions) were performed using the

mixed linear model (MLM) in TASSEL software (v2.1).

Results

A significant difference was observed in the amount of proline and fructan between studied wheat
genotypes and temperature levels. Analysis of the population structure based on the data of 24
SSR markers showed that 70 genotypes were subdivided into three subgroups; the first group
included of 20 genotypes, the second group included of 27 genotypes, and the third group included
of 23 genotypes. Based on Linkage disequilibrium (LD) analysis, 0.91% of possible pairs SSR
markers were absolutely in linkage disequilibrium. The results of association analysis revealed
eight SSR loci that significantly associated with the amount of proline and fructan content. In this
context, Xgwm44 showed the strongest relation with the proline trait under cold stress conditions.
Conclusions

SSR markers, especially Xgwm44 and Xgwm319, have high value for use in marker-assisted
selection in wheat breeding. The hybridization of the genotypes Dez and Shiroodi with Azadi and
Gonbad 2 is considered a suitable option for the development of cold-resistant lines. These
findings highlight the strategic role of molecular markers in accelerating wheat improvement
under abiotic stress conditions.

Keywords: cold stress, fructan, linkage disequilibrium, population structure, proline

Paper Type: Research Paper.

Citation: Allahabadi, M., Mirfakhrai, R.Q., Darvishzadeh, R., & Abbaszadeh Panjali Kharabsi,
F. (2025). Identification of microsatellite markers associated with genomic regions
controlling proline and fructan in bread wheat cultivars (Triticum aestivum L.) under

cold stress. Agricultural Biotechnology Journal, 17(3), 153-176

Agricultural Biotechnology Journal, 17(3), 153-176 DOI: 10.22103/jab.2025.23673.1579
Received: May 20, 2025. Received in revised form: June 30, 2025.
Accepted: July 01, 2025. Published online: August 30, 2025.

Publisher: Shahid Bahonar University of Kerman & Iranian
@ @ Biotechnology Society.
© the authors

154

B, BN



o S,

Allahabadi et al., 2025

Introduction

Bread wheat (Triticum aestivum L.), with a chromosome number of 2n = 6x = 42 and a
genomic formula of AABBDD, originates from the southwestern region of Asia. It serves as a
staple food for more than 33% of the global population and contributes more to the world’s caloric
and protein intake than other cereals such as maize, rice, barley, oat, rye, and sorghum. Cold stress
is one of the major limiting factors affecting wheat growth and yield in Iran. It significantly
impacts critical developmental stages such as germination, flowering, and grain filling. Plants
require optimal temperatures for proper growth, and any deviation from this range such as
exposure to cold stress can severely disrupt biological and physiological processes. One of the
key physiological responses of plants under stress conditions is the accumulation of
carbohydrates, which play a vital role in stress tolerance due to their direct involvement in cellular
processes. Carbohydrates increase intracellular solute concentrations, thereby preventing freezing
damage and protecting plasma membranes and proteins. Among these carbohydrates, fructans are
particularly important under low-temperature stress. They accumulate in the vegetative tissues of
wheat and play a role in grain development. In many plant species, the accumulation of the amino
acid; proline, is also crucial for tolerance to abiotic stresses. Proline is considered an active
component in enhancing stress resistance, especially to cold. Under stress conditions, proline
contributes to osmotic adjustment, protection of protein structures, maintenance of cellular
integrity, stabilization of subcellular structures, and scavenging of reactive oxygen species (ROS).
In recent decades, advances in cell and molecular biology particularly the development and
application of DNA markers have greatly facilitated the identification of genomic regions
associated with complex traits in crop plants. One modern approach in this context is association
mapping, or linkage disequilibrium-based mapping, which leverages existing genetic diversity
and the non-random association between markers and trait-controlling genes to enable more
precise identification of QTLs. In the present study, SSR markers were used to analyze the genetic
structure and identify markers associated with cold tolerance traits in a diverse panel of bread

wheat genotypes.

Materials and methods

In this study, 70 bread wheat genotypes were obtained from the Seed and Plant Improvement
Institute (SPII) in Karaj, Iran. After undergoing a vernalization period, germinated seeds of these
genotypes were grown in a completely randomized design with three replications in pots under
greenhouse conditions. At the early booting stage (Zadoks GS41-49), plants were exposed
separately to two temperature regimes: +8°C (as a normal conditions) and -2°C (as a cold stress

conditions). Following these treatments, the contents of proline and fructan were quantitatively
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assessed in the plant tissues of the various genotypes. To determine the genetic structure of the
population and to identify potential admixed genotypes, SSR marker data were analyzed using
the Bayesian method implemented in STRUCTURE software (v2.3.4). Furthermore, linkage
disequilibrium (LD) and association analysis between SSR markers and physiological traits
(proline and fructan content under normal and stress conditions) were carried out using a mixed

linear model (MLM) in TASSEL software (v2.1).

Results

Analysis of variance revealed significant differences (P < 0.01) among wheat genotypes and
temperature treatments for fructan content. The interaction between genotype and cold stress was
also significant, indicating differential responses of genotypes to temperature changes. Under
+8°C, the Azadi genotype had the highest fructan content (1.51 ug ml™), while the Barat genotype
exhibited the lowest (0.35 ug ml™"). At —2°C, Shahpasand showed the highest fructan content
(1.47 pg ml™), and Dez had the lowest (0.34 pg ml™). Analysis of variance for proline content
similarly showed significant differences (P < 0.01) among genotypes and temperature levels. The
genotype x temperature interaction for proline content was also significant, indicating genotype
rankings varied under different thermal conditions. At +8°C, the Talacae genotype showed the
highest proline level (10.95 pg ml™), and Tirgan had the lowest (1.49 pg ml™"). Under —2°C,
Gonbad 2 recorded the highest proline content (13.24 pg ml™), whereas Shiroudi had the lowest
(3.96 pg ml™). To minimize false positives in genetic association studies, the genetic structure of
the 70 genotypes was assessed using 24 SSR markers and a model-based clustering approach.
STRUCTURE analysis was used for population structure inference, and the optimal number of
subpopulations (K) was determined using the AK method in Structure Harvester. The highest AK
was observed at K = 3, indicating the presence of three genetic subpopulations among the
genotypes. Association analysis based on the MLM, accounting for population structure (Q
matrix) and kinship (K matrix), identified eight SSR markers significantly associated with proline
and fructan traits at a 5% significance level (P < 0.05). Under cold stress conditions, five
markers—particularly Xgwm44 with a high coefficient of determination (R?> = 0.65)—were
significantly associated with proline content, suggesting a major role of this marker in explaining
phenotypic variance and highlighting its potential for marker-assisted selection (MAS). Under
normal temperature, three markers showed significant associations with the target traits, with the
highest R? observed for Xgwm319 (R? = 0.44) in relation to proline content. The absence of
significant marker—trait associations for fructan under stress conditions may suggest a more

dominant role of proline in cold stress response mechanisms.
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Conclusions

SSR markers, especially Xgwm44 and Xgwm319, demonstrate high potential for use in
marker-assisted breeding programs aimed at improving cold tolerance in wheat. Crosses between
cold-sensitive genotypes such as Dez and Shiroudi with tolerant genotypes like Azadi and Gonbad
2 are recommended for the development of cold-tolerant lines. These findings underscore the
strategic role of molecular markers in accelerating the genetic improvement of wheat under

abiotic stress conditions.
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3 Azar2 v ) 27 Khalil s 50 Talacae Mo
4 Artta Ul 28 Darya L, 51 Karaj 1 \ g8

5 Arg S 29 Dez 3 52 Ghods w18

6 Azadi (ol 30 Rakhshan s, 53 Cascogene j9SwlS
7 Ofogh sl 31 Rasoul Jguw, 54 Karaj3 Y5
8 Aflak Bl 32 Rasad o, 55 Karaj2 Ygs

Almot sl 33 Roshan BC BC i, 56 Kalate &M

10 Omid ..l 34 Zare ¢ 57 Kavir e

11 Ohadi g1 35 Zarin  (y,; 58 Gaspard »,L8
12 Alvand x4l 36 Zarineh 4y ); 59 Golestan s
13 Barat ol 37 Sarang 5,k 60 Gonbad .5
14 Barzegar 5;, 38 Saison  jew (sl 61 Morvarid = a9
15 Bezostaia Ll 39 Sabalan M 62 Marvdasht cuisg,e
16 Bam 40 Sepahan sl 63 Meraj zlyze
17 Bahar . 41 Setareh  o,bu 64 Moghan 2 ¥ 55
18 Baharan )l 42 Sirvan gy 65 Mahdavi (s5000
19 Bayat ol 43 Gonbad 2 Y .8 66 Mehrgan |5 e
20 Parsi o)L 44 Sivand g 67 Mihan e
21 Pishtaz Ly 45 Shahpasand  sals 68 Narian )b
22 Torabi ls 46 Shavoor g4l 69 Neishabour ,4lis
23 Tirgan 5,5 47 Shahryar L, 70 Niknezhad »lp <
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L ol O gonli 2 g i 5 00 Jike Calyg Som slacSoly @ o J 5ySee V0 (05 S5 5l
odliwl b 5,)lslil aie (Carillo & Gibon, 2011) wi (¢,.365l6! Epoch Jue BioTek Clpsgl oKews I aslil
($loigns ol in o3l bl sty o5 505 eles 5 05 408 o (slaosl > (g 35kl sl Jglxo
oS Mo (s S ool Cday slasl i s NG ML & pg0a; (g SIS (g dolao 1 535 sl 5 Jsaome
25 0l 515 Y dadly 5> (g

(umol mg! FW) = (A520-Blank)/Slope*Volextract/Volaliquot*1/FW (\ ala,

L oS (umol™ )3 Gl @)p00) o Slope « 5y, p5 ke )3 (g JgesSle spmol mg™! FW oyl o
2 odd o) FW ioxis )5 oolitwl 350 o :Vo0laliquot o,lac JS" v :Volextract wod o cpuns (Jod ouw)S,
[(Forlani & Funck, 2020) 15l e 0. gl el LS slge jlade (p)5 e con

eSS 315 sl a2 ) —Ae glod )3 & (S sladigad ) eolSTg)8 e Lot sl 1S 958 Ol e
15 ol g bglee Ve sloo e @liud s 3l 52 o T Uy BLE 03le 5l 5,5 /Y cigas yo (glyy b o0litsl cidgs 00
ey b3S Bl a0 F (glod 13 4l O S 4 g Jate (50 Juo VO oMb & ol (Red Ly (Jermyn, 1956)
95 CGyme yid Lo VIO & Juols Joloxo 5l g ,So 0+« lade (Matros et al., 2019) i §oubs ko 4iB> )3 y93 YA«
)8 4By VIO e &y 01)S 5l a0 Vo v lod 50 (ghlocy 50 (amobiaSSl 4ids VO I L g A dadls] do > +f-Y cdale b
iagiby Sl 5503 e3litl b s2oglh PO 3o 2 ] 69 ol dniisas (50 30 3l e (Jermyn, 1956) <5
235 9,5we Yo b v oy calisee slacdale b o] 5)lliwl 5l e )liSg 8 ioxius (gly (Matros et al., 2019) ai 5,503l
(Jermyn 1956) i oolitwl yo Joo p

colo (2l DNA glscul cos’ j) odlitl b (b paiS )1 (S0 <l j| o5 DNA gl 1 Jo8g0 (o 2
DNA iS5 CanS o)y yolatods 28,5 pbol ot <8 )i Joallygiws 3o (Viragene Co., Iran) o 5l,g <8 s
33,5 o3lizsl doys ) 8T 5 558,550 o BioTek (USA) 8 i el Epoch Jas gl oS 5l s sl
Y0 ol w2 53 STy Y Jiz) 0 plos (SSR) olgplass 56T i ¥ odisal L (PCR) fyacl csloyrs; 25Ty
VIO BV e 5 e ) 1) ite salaySo b - (1X) Ll il PCR 3l j2ds S 0 Jols 55 oo
Voo B0 (Yg09)See oV b o/ ol e L) gy 9 g0t S)SSED 516y 5l g Se /F B oI (Y g0 e
Bio-Rad Jue JSiloge s oliws 5 PCR [iSly o il 055000 T b e o 28,5 pbl 5S) DNA 5,55l
e A8 ¥ e &y 3,8 Bl a5 13 AF (slod )3 gl (gilwdi pulg 18,3 sl 5 sty Jols )l aelp L(USA)

2 ol cled ;3 4l Y e 4 1 )Slel Jlasl sl Yo e 4 3,5 Sl 4 yd AF 3 ilodnd ywly Jols a3 > YO
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S o o)bl pd 9 adl Yo e 35 Sle a5 VY slod 50 b (¥ Jgd> 50 55T cin e Tm clos b sllas) 551
o3zl o )3 ¥ 5,81 J5 51 PCR &Y gramo S5 jglatods )5 ko o p3 VY (glod ;5 aidd Vo o dy oo Lo als yo
Yoone 4 jhcuin YooV o o3g00m0) DNA Ko s8 colabad S5 ey bl s 4 )BT J5 YU cbale jl oolil 03
P e Ul i S8 Jds 4 VL clale b glas () JS8) el (5955 (cad @) SSR sl il 4l
Sambrook & ) cesl sy jluws SSR gl slagl 585 oo (gl (Shs cpl 9 851 o2 4 05 slasl gjlulis
odlizwl DNA 1 kb Jsg0 ,S5Lis 3l ¢ Jols clakad o310l s (61, ((Russell, 2001; Green & Sambrook, 2012
Ll ad3liel (Codominant Scoring) j)bes < ygods ¢y58 5l 51 ol (g8l slagSl 15,5
o 5 il ognil 3 enlinul b Ul g (Sa caid csloosls o 5 435 ool 1 g 26kl gy 25
byls 4355 . (Shapiro & Wilk, 1965; Bartlett, 1937) us v, Shapiro-Wilk :yse;l b laosile 8L x565 21292
SPSS Jl53le 5 31 ookl b cauojd & Jlais] paws ;5 (LSD) Sl e cglés JBlas 9051 b b puSile dunlio g  uigid Slaw
NBles 3 i 250y J (K) (S8) slocunen j die S5 s 5 Comor HlS Lo gy sl 285 plxlV.26
Mzl 5,8 g Admixture Jse slue 59, ol (Pritchard et al., 2000) 1 oslizw! v.2.3.4 STRUCTURE
095 (LD) (Stosy Jolss pas & glaisSay il 0 (59yh0 (slocunan i & iyl o o] janass 4y ¢ Syl 8
Wella Ve Lads o g Ve B 5K adsl polie b b fuloo dup 3 las 4y 208 Joles 5 J8lis & acumes 5
ovgy 5l K agy hde s caas 28,8 pbul (MCMOC) GoSjlo 040555 55 41,5 Y, e vye oo g Burn-in as o Vevyeve
gl Jlgie K o (0,8 Jlinl o6 Jgl e Olpss 4l 45 45 oolizw! (Evanno et al., 2005) (osloii
13,5 21wl STRUCTURE (555 5l conlacures pj 4 cadgs o 3l Jlois! Colps Sl &5 Q L ylo .l
ol bl conmo sl ol pas gl s oslid TASSEL v.2.1 JJ3dle 5§ 55 (Siuge Jol5 pis el (sl
Yuetal )y )5 oolitnl 3,90 Slaw 50 slayys e s 50 Llg5 oo &5 ol 55 caliseo slaolols cla PT 0
Nley & K g Q slapw ylo g iy« adsid slaosls (Association analysis) sl 4500 sl ! cus (2006
Lily 5 (Q) Camon sk3lo @l b 03 plsl (MLM) blsce s Jao 5l oolizal b bls)) oo .55 3,5 TASSEL
Slsiets Q sl 395 65 Slao g SIS ey S Ll g 1 5 33,5 Blod Jaa 3 oy (K) ssliss

10,8 Gl P <0.05 (gl e
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Ob eS8 Cuwigis Ve (DLl a 350 4 00lwl 3590 SSR s, SLES .Y Jgus
Table 2. SSR primers used in the study of genetic diversity of 70 bread wheat varieties

o, Sl Sl Jly ool (senj909)5 Jlail slo>
Row Satellite Primer sequense Choromosal Binding
marker location Tempreture
1 Xgwm264 F: GAG AAA CAT GCC GAA CAA CA 1B 60
R: GCA TGC ATG AGA ATA GGA
2 Xgwm445 F: TTT GTT GGG GGT TAG GAT TAG 2A 55
R: CCT TAA CAC TTG CTG GTA GTG A
3 Xgwm613 F: CCG ACC CGA CCT ACT TCT CT 6B 60
R: TTG CCG TCG TAG ACT GG
4 Xgwm44  F: CGC ACC ATC TGT ATC ATT CTG 2A 50
R: TGG TCG TAC CAA AGT ATA CGG
5 Xgwm55 F: TGC CCA CAA CGG AACTTG 1-2B 55
R: GCA ACC ACC AAG CAC AAA GT
6 Xgwml29 F: TCA GTG GGC AAG CTA CAC AG SA 50
R: AAA ACT TAG TAG CCG CGT
7 Xgwml33 F: ATC TAA ACA AGA CGG CGG TG 6B 60
R: ATC TGT GAC AAC CGG TGA GA
8 Xgwml40 F: ATG GAG ATA TTT GGC CTA CAAC 1B 55
R: CTT GAC TTC AAG GCG TGA CA
9 Xgwml62 F: AGT GGA TCG ACA AGG CTC TG 3A 60
R: AGA AGA AGC AAA GCC TTC CC
10  Xgwml74 F: GGG TTC CTA TCT GGT AAA TCC C 5D 55
R: GAC ACA CAT GTT CCT GCC AC
11 Xgwml90 F: GTG CTT GCT GAG CTA TGA GTC 2D 60
R: GTG CCA CGT GGT ACCTIT G
12 Xgwml92 F: GGT TTT CTT TCA GAT TGC GC 5D 60
R: CGT TGT CTA ATC TTG CCT TGC
13 Xgwm261 F:CTC CCT GTA CGC CTA AGG C 2D 55
R: CTC GCG CTA CTA GCC ATT G
14  Xgwm291 F:CAT CCC TAC GCC ACT CTGC SA 60
R: AAT GGT ATC TAT TCC GAC CCG
15 Xgwm294 F: GGA TTG GAG TTA AGA GAG AACCG 2A 55
R: GCA GAG TGA TCA ATG CCA GA
16  Xgwm302 F:GCA AGA AGC AAC AGC AGT AAC 7B 60
R: CAG ATG CTC TTC TCT GCT GG
17 Xgwm339 F: AAT TTT CTT CCT CACTTA TT 2A 50
R: AAA CGA ACA ACC ACT CAATC
18 Xgwm372 F: AAT AGA GCC CTG GGA CTG GG 2A 60
R: GAA GGA CGA CAT TCC ACC TG
19  Xgwm382 F:GTC AGA TAA CGC CGT CCA AT 2A 60
R: CTA CGT GCA CCA CCA TTT TG
20 Xgwm410 F: GCT TGA GAC CGG CAC AGT 2B 55
R: CGA GAC CTT GAG GGT CTA GA
21 Xgwm443 F: GGG TCT TCA TCC GGA ACT CT 5B 60
R: CCA TGA TTT ATA AAT TCC ACC
22 Xgwm469 F: CAA CTC AGT GCT CAC ACA ACG 6D 60
R: CGA TAA CCA CTC ATC CAC ACC
23 Xgwm518 F: AAT CAC AAC AAG GCG TGA CA 6B 55
R: CAG GGT GGT GCA TGC AT
24 Xgwm540 F:TCT CGC TGT GAA ATC CTATTITC 5B 55
R: AGG CAT GGA TAG AGG GGC
25 Xgwm583 F: TTC ACA CCC AAC CAA TAG CA 5D 60
R: TCT AGG CAG ACA CAT GCC TG
26  Xgwm608 F: ACA TTG TGT GTG CGG CC 2D 60
R: GAT CCC TCT CCG CTA GAA GC
27 Xgwm610 F: CTG CCT TCT CCA TGG TTT GT 4A 60
R: AAT GGC CAA AGG TTA TGA AGG
28 Xgwm611l F: CAT GGA AAC ACC TAC CGA AA 7B 55
R: CGT GCA AAT CAT GTG GTA GG
29 Xgwmb642 F: ACG GCG AGA AGG TGC TC 1D 60
R: CAT GAA AGG CAA GTT CGT CA
30 Xgwml0 F: CGC ACC ATC TGT ATC ATT CTG 2A 50

R: TGG TCG TAC CAA AGT ATA CGG
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Figure 1. PCR product of the microsatellite marker Xgwmo610 in bread wheat genotypes on

3% agarose gel

i 5l gl G5 ilisee golaw 5 puiS Cilie o] o 45 O Gl Gy 48 @l faigd Ol

S g oo 35 oo G5 X i Mo 3).Cbh g2y oy ) Sl s 53 5 fosine M (53 e
Al poin @] cwigs oS le dmyd A (gl Laylyd 50 il e Led Sl 4 laeuigis STy Coglds sdimd ol
et S sl g3 X (sla3 398 Jlo 3 0l i | (+1VD) e 58 Sy i 5 (VBN i mlY) S
Lo lSg)s 5 oamlie (+¥F g mIT) 53 Cgsj ) Jlade (eS 5 (VFVRE MIT) sals Coigif > 1S53 e
oy dloa 5l g3 oIS Rl 5> Joho cbiliz g (Gjoml LiS walal )3 core JBB (2 o> OS5 (lgisas
L pasS > Ta6SFT 5 TalSST wile liSs b s 4 basye elo) sl & wlosls plis bl elo by S o iy
(Perry et al. 2024) cusl 039 ol yots (Siid g (slopw (35 byl )3 0594 cild 5 dBlw o5y 5 S')8 mazs Liul3dl
5135 TCE-CBE-COR 15l e &y sl b b 155 5l s 50,95 5 (558 39 o 5505 Aoy iped
alises zolaw 5 euwie] o a5 3l lid g (slgie (gl wiblg 4355 5l Lol s (Guo et al., 2019) cuwl oais
3> L5 9 392 53 dme 35 (il Gliee 2 Lo 5 X i hlite 310015 3529 Mo yd ) s 53 (gl sime IS o led
Voo pugml jlde b oMb cusgs ol )3 ol a3 +A (glod 13 S oy Cilisie (slaled Cov biui g} (gabas, &S
LY S g 8 005 b yd =Y glod p3 sl |y g Oliee e VTR g Ml b (55 s 5 cnote
orete 1 odan b Uy adon olise e YATHE MIT L (o3gpd il 9 cupote WY pg mlT
O 5310 (ol (1ol g g ol ol o Lty pp (sl Lo i b g oy A5 4 Gy 13 3L (gl o
o5 bl cod ly g Sl ke i oy 4 pglie slacuis & Ay e (Ui 8] Ol S (0 ] adlone
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St 6y bowp] byl 3 g ol 485 jlai > i Jeod )bl padld e (g n Fuie e Ll (e
D0 0,8 s e
S ozl b puiS oy Ve (Siij plilo (S5 cllllan 3 O3S o gulis jop IS jslited umen U L
S xS0 b Curer H3le b (Pritchard et al., 2000) ¢.é)5 |18 )y 3590 j95me Jde 59y 5 SSR L V¥
Structure sl ;5 AK bg, 5l e 2 diste 35 cymess sl 5 (¥ Jgie) 15 plosl STRUCTURE  lsélp
Camad 0§ dw g9 50l 45 el cuwd 4 K=3 (¢l AK 4ty jlude (Evanno et al., 2005) 1> 3 osliolHarvester
Tiirkoglu et ) ws 4 55 (PCOA) Lol Slaiwe oo lawes shipmmds ol (¥ JS8) Conl i ole » (e
Ly S oo Wl paiS 05 oMol )3 (bl i Cumen Hlidlo 4jo0 &5 wimd o Ui mas olllles L(al., 20238, b
in sladus 3 (S5 95 Gl cage g 03)5 wal S 1) ggite (pally QL] Sl glite (SeBf sbaog)S (ololis
SOl W slaodly bl s pbol 4S5 )5 b pAiS Cuieif SV (g9, &S gy o (Jabari et al., 2023) 25 o
oasls (Tirkoglu et al., 2023a, b) 45 ssalie Curer 5 oVl £45 § B pandl Courod 4w 4 i ]SSR
sl ol sl atb 54y celo Sl 3 Y CSSi5 s odimd s &S 36y peite +/AND b /¥ oy alllas o) ,5PIC
GBQTL (s ot (o] (58,5 15 5 pie g 9 S Ly ] o (GWAS) i bl cllls sl Cones
bl slaJae 5 Cumes Jldle 3,5 bld o oplpls (Wang et al., 2014; Zhao et al., 2018) wb o yial8l O
Phb Gl ) i)l Sledbl (S5 09)5 dw & bosy) SSE (lagh (nl ) gl @S > dgup el
5 35koes palyd ) ollas sla T ppezs el il (slacumon i 5 3lly Gl sylod o wal Liabin (clo BN
51 BT (GS) eg; Ol 5 MAS) [Slis KaS 4 Ol slaasl p )3 395 0 iy Slao b oladslg A Coge

(Zhao et al., 2018) 55,5 o bl cds [ilibl coge Cumes (S5 jid ke

Structure /33105 ;1 03wl U K diugs 3o (615 ol dnwlne (b0 l] ¥ Joua

Table 3. Calculated statistics for optimal values of K using Structure software

K Mean LnP(K) Stdev LnP(K) Ln'(K) |Ln"(K)| AK

1 -5172 0.6348 — — —

2 -4852 0.8643 320.22 61.26 70.879
3 -4593 0.7829 258.96 124.84 159.45
4 -4459 12.68 134.12 3.02 0.2382
5 -4328 12.78 131.1 5.68 0.4444
6 -4202 28.1 125.42 11.88 0.4228
7 -4089 26.878 113.54 3.6 0.1339
8 -3972 17.467 117.14 11.82 0.6767
9 -3866 34.471 105.32 2.32 0.0673
10 -3759 9.9568 107.64 — —
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L(K) (mean +- SD) Deltak = mean(|L"(K)|) / sd(L(K))
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Figure 2. Two-way graphs to determine the appropriate number of subpopulations in 70

studied bread wheat genotypes based on AK and L(K)

Ve oy Ve Cugiae dliol 5,5 55 )5 b s STRUCTURE lj3le 5 45 00 sl el 5| Jols lis ol s

(VLo 5) 508 oSS, b s i bl j cnl (P Jgia) w85 )13 paleste (Sbf U dw 53 (U p S i
IS gl Gl Jlaisl & by (F 5 ¥ laS8) 0d asde (¥ o)) (5 (V loy) o
Cublo Js 4 9 Lud ganaib (Admixed) bliswe slacss) olpcd g Loy Ve il iaS ol pons (sl by
[Pritchard et al., 2000; Tiirkoglu et al., 2023a, b) xuusly 5l alad jobas og,S 5l Sz & ¢ Sy (S
Al ey s S 5Vl Eypie b (slocais Mcanl S o 2ol ool oI5 ol 3 (52,5 o
colio a5 Vb (55 £95 5l 6)y95 2 b 4 blisee slacuss) & by cleslil BB s Gl slaaaliy, 5
Zhao et al., 2018; Jabari et ) 1g, 0 o 4 Collae Sl CuS 5 g ujgyn Gl jslateds Ledia sla BN (4l
Sl o il oS 4y L5l ghlS ialidl cage oMol elbdslyy b y> SeMbl i 5l (5505 A(al., 2023
(Wang et al., 2014) )b 5,5l > sl ids S5 o5 &S aull 11 ills Laylpd )5 0354 i dnled o055
pis 92 4 93 ol e 3 5l (55 Slaolile (e (LD) (Stwgey Sl pas oy sl 3 Sowgm J3a5 e

5 SlaolSils Jals jgee 39 0 o 2 o8 3yl (6 (6L o () 0 eslizal SSR (sla s iy e Jols
2 il pid 380 (ge3l g)bstme ol Sl b by polie s LD s srimdlits ol o gV jolie s
B JS S 5 et (S5, G el 5 5y S35 By (ol (s bsine 5 S0 s SIS
9 598 (Swgn Job pae Sbles Lol ylad (sYL Caand ) 50,8 U «yloges ol yo (Barrett et al., 2005) cool i
gaw 1 Vb 6y dre oimd Ui B ST i jlad (b S 53 bl i G (Suf ol Sbles i S
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Eooome 3l aS by lis Wooly Juloo .l o /) Jloin) pdaws 13 (g5 Gixe pas oximd LS it S5y g /o0 )l eSS Jlezs
oyl &S Wdg Jb dxe LD (glyls wo g3 ) Jleis! daw 3 duoys +/2Y 255 SSR gla Silis y (Ko i Yo
doyd 329 (535 Mol o8 5l (Yu et al., 2000) cusl cuxen ;3 Jlub LD (slacSsl 3959 9 pommio (S5 jbo
Association ) bl 4500 Gldllas gy gl Casyd s dme  (Siwsw Jols pae (gl sl ,Slis cas 51 oYL
Lol 555 lolis 1) Csllae i b gy (sl Sl (5 5VL €da b i ailpd iz 52 255000 w23 (analysis
S5 Yl b (glaisS 45 puS )3 apgds yol cpl 0l )18 eolatwl 5y (MAS) [ Slis S8 & Sbal sladaby 45 1)
Maccaferri et al., 2015; Gupta et al., ) 59 wlgd 350 jlus (Sl Glasbes! (550,00 ial3sl )3 ! sy
(2022

o3 Vo ailiwl s b B, Ua Lw s ; 4 daxdllae 590 U oS Cuigi Vo Cluil £ Jouo

Table 4. Assignment of 70 studied bread wheat genotypes to substructures with a threshold
limit of 70%

o Lwiei K aitiw! o
Percent Genotypes Threshold limit of
K
42.85 4-17-43-30-48-2-26-69-64-60-1-3-40-11-33-14-41-15-47-51-6- JYSCI W
18-52

Red substructure
28.57 38-50-5-59-27-39-45-36-13-63-12-34-44-28-65-19-29-66-37-42 JIWR S e

Green substructure

21.42 55-21-31-70-7-57-62-54-23-46-25-32-16-8-53 ol p;
Blue substructure
17.14 58-68-9-49-67-35-56-22-20-10-24-61 S 5 sl
Combined
genotypes

g oy G55 bulyd p3 S9 )8 g gy Clao b lasye JsUse (slaySilis plulid jolaied; 1 oLyl &y 5o

oSl g Cumer Bl (8,5 5la5 3 b e (pl i ploxl (MLM) bglse (Jas Jue 5l oslitwl b (bols)) 4 o5 (Lo
Cudin S 0 ol s opl )l ol s (Yu et al., 2006) 5, Jgl g slalas ials s oYL Hbles csgliyss
a3 )3 =Y) i bl pd il (P <0.05) o) 0 Jless] gdaw 53 (g)lol s xe bls,l asdllas 3,90 claw L SSR,S5Lis
bl oy caw b Xgwmdd Xgwml33 XgwmSS Xgwml92 Xgwml74 Jolis ,Slis gy 5])5 sle
3 5L cpl YL g 5l (Sl oS 5 Xgwmdd Slis 4 bgsye (R?2=0.65) s cops o5 YL Liisly (6l dme
sloasly )> (MAS) Solts S8 bl (gl aumolio (Slsils 4y 05l 1y o] g sl gy o (igid uilly sy

.(Kamruzzaman et al., 2023) xS o b5 >Nl
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P-Value ,lad (ol Coomd D 0,lof j1 03l b (Siwgu Jobai pae 450 80585 5Lk pad gV Coomndd
and 0 ol 1y b,SOLG cas gl o

Figure 3. Linkage disequilibrium plot (LD plot) in 70 bread wheat genotypes using TASSEL
software. The upper part of the diameter shows the degree of linkage disequilibrium using

the D statistic, and the lower part of the diameter shows the P-Value for the pair of markers
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Figure 4. Bayesian model-based grouping of 70 bread wheat genotypes based on SSR
markers

L Xgwm319 Slis iy s gxe bls)l cwyp 3ys0 lao b Sl dw (3,5 lo a5 )3 +A) aals lylys )
o) R Yo o iy 53l (LS Iy dime (el b5 )| 18,8 o L Xgwm642 3 Xgwm443 Silis 93 ¢ ooy
ly ooy yudar goos )b slacwiss (6,502 ) eoliw] Cubld as 5g +/FF Hlade L XgWm319 Slis 4 bgs o bl

fooss (S Mol )3 55 e (oo Sl Caedl odimd s pedds )i bty (3 055940 R? (gYL polie (0 o) cunlyls
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ile (et S & Joo g (sl diedian bl 3 g (55 leadd and Gl @l ol il el Loy &
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Table 5. Microsatellite markers associated with genomic region controlling proline and

fructan content in 70 bread wheat genotypes

Cido Sl (°C) Ls P-value r?
Treat Marker Tempreture (°C)
o Xgwml74 -2 0.0020 0.32
Proline
Xgwm192 -2 0.0056 0.32
Xgwm55 -2 0.0122 0.35
Xgwml33 -2 0.0122 0.35
Xgwmd4 -2 0.0125 0.65
Xgwm319 +8 0.0481 0.44
oS’y 3 Xgwmd43 +8 0.0170 0.33
Fructan
Xgwm642 +8 0.0493 0.27

slp O P gy Ve o (5 oo L Lo (JsSge (sl S0l pluslis Gum b caalllas ) 13 35 S a0l

L5 )5 b3yl 3,90 SSRla ) Slis b i g (3,5 (Blo 40 )d =¥) (15 g Jloy bulyd cov oS98 g (ulgp
o] 5l oolizl iad (Lol lacaisil cnpslie plyis 4 Y 48 5 @3lil g cuimles plyis & (52955 9 50 Glogais)
oLzl b Cumen jlid b Judow 0gus oo sl (olo g LT 4 oo Linl38l gy jg 5 dlou] Bua b (oMol gla B
On 4oy BB (3 e eaimylis oS 55 (aahb [me Curen o aw 2 |y agdgs STRUCTURE sl 5 )
lolid @ oo cgaiglings uple g Cumer Jlislo S8 b (MLM) bglsre (s Juo oy 2 blsjl 425 00 i
i doyur 5 Lalyds )3 .0 (P <0.05) a0 aw (3 (1S'9)8 9 oylap Slas b s gxe blsyl L SSR(Silis cuia
Ol ey i85 S0y 0gdlly &5 ol L5 b)) gy b (R? = 0.65) YU s v b XgWma4 ale 1 ,S5LS
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