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Comprehensive abstract 

Introduction 
   Biotic and abiotic environmental stresses reduce the quantity and quality of agricultural products. 
Late spring cold stress, if it occurs, can cause significant damage to farmers and producers depending 
on the growth stage of the crop plants. Association analysis allows for the rapid and initial 
identification of quantitative trait loci based on linkage disequilibrium. This method is a powerful tool 
for explaining the genetics of complex agricultural traits and identifying alleles controlling these traits. 
The objective of this study was to evaluate the genetic diversity, population structure, linkage 
disequilibrium pattern and association analysis of some physiological traits of cultivated barley 
genotypes under late spring cold stress conditions using microsatellite (SSR) markers. 

Materials and methods 
The plant materials of this study were 60 cultivated barley genotypes including 20 commercial and 

40 landraces, which were obtained from the Seed and Plant Improvement Research Institute, Karaj, 
Iran. The experiment was carried out as a factorial in a completely randomized design with three 
replications. The studied genotypes were placed under cold stress (+8 and -2 °C) at the reproductive 
stage (heading and flowering, Zadoks 68-50) and physiological data were measured and collected. 
Analysis of variance and comparison of means were performed by Tukey’s test at a probability level 
of 5% using SAS software version 9.4. software version 9.4. Also, genomic DNA was extracted using 
the CTAB method and its quality and quantity were determined using 1% agarose gel electrophoresis 
and spectrophotometer, respectively. To assess molecular diversity among the studied barley 
genotypes, DNA samples were amplified by 20 SSR markers using polymerase chain reaction (PCR) 
and the PCR products were loaded on metaphor-agarose gels. After electrophoresis, the bands in the 
gels were scored as co-dominant, and then the number of alleles, common allele frequency, marker 
discrimination power, polymorphic information content (PIC) and gene diversity were calculated 
using POWER MARKER software. Effective population structure analysis was also conducted using 
the Bayesian method in the Structure software. To identify genomic regions associated with the 
measured traits, association analysis based on mixed linear model (MLM) was conducted in TASSEL 
software, considering the population structure (Q) and the kinship (K) matrices as covariate variables. 
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Research findings 
The results of the variance analysis for the physiological data indicated significant differences in all 

studied traits among barley genotypes under both temperature conditions of 8 °C and -2 °C. According 
to the mean comparison results, the highest amount of proline was observed in the local varieties 
Sahra and Jonoob at 8 °C, while in the -2 °C conditions, the highest levels were found in the genotypes 
Naik and Zahek. Conversely, the lowest proline levels at both temperature conditions were identified 
in the genotypes TN-02-6297 and TN-02-6400. Therefore, the two local varieties Naik and Zahek, 
with their higher proline levels at -2 °C, are introduced as cold-tolerant genotypes against late spring 
frost stress. Regarding fructan, this study also revealed that at 8 °C, the highest and lowest fructan 
levels were observed in the genotypes TN-02-6734 and TN-02-4975, respectively. Additionally, under 
-2 °C conditions, these values were recorded in the genotypes Bahman and TN-02-4952. Polymorphic 
information content varied from 0.59 for the marker Bmag0007 to 0.82 for the marker Bmag0032. The 
gene diversity ranged from 0.63 to 0.84, with an average of 0.74, and the frequency of common alleles 
varied from 0.21 to 0.52. Population structure analysis indicated the presence of two subpopulations 
among the studied barley genotypes. The results of association analysis based on the mixed linear 
model (MLM) identified five significant marker-trait associations (P < 0.05). Among these, three 
markers (Bmag0518, Bmag0211, and Ebmac0674) were significantly associated with proline-
controlling genes under -2 °C conditions, one marker (Bmag0223) was associated with proline-
controlling genes under +8 °C conditions, and one marker (Bmag0173) was linked to fructan-
controlling genes under +8 °C conditions. Additionally, no marker was identified with a significant 
association for fructan levels under -2 °C conditions. 

Conclusion 

The results of the association analysis in this study showed that five markers, Bmag0518, 
Bmag0211, Ebmac0674, Bmag0223 and Bmag0173, had a significant association with the proline and 
fructan contents in barley under cold stress conditions. These markers, after validation with 
complementary tests, can be utilized in breeding programs by marker-assisted selection (MAS) to 
improve cold resistance in barley. 
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Table 1. Microsatellite (SSR) primers used in this study 

Name Primer sequence 
Chromosomal 

location 
Melting 

temperature (°C) 

Bmag0211 
F: ATTCATCGATCTTGTATTAGTCC 

R: AACCCAGTAACACCGTCCTG 
1H 52.7 

Hvm54 
F: AGTTCCCTGACCCGATGTC 
R: AGTTCCCTGACCCGATGTC 

2H 57.1 

Bmag0032 
F: CCA TCA AAG TCC GGC TAG 
R: GTC GGG CCT CAT ACT GAC 

1H 51.8 

Hvm40 
F: CGATTCCCCTTTTCCCAC 
R: ATTCTCCGCCGTCCACTC 

4H 61 

Bmag0007 
F: TGAAGGAAGAATAAACAACCAACA 

R: TCCCCTATTATAGTGACGGTGTG 
7H 57.1 

Ebmac0602 
F: GATTGGAGCTTCGGATCAC 

R: CCGTCTAGGGAGAGGTTCTC 
6H 55.5 

Ebmac0674 
F: GAACGTATAGCAGGAGCAA 

R: CATCGTTCCCTTCATGAT 
6H 57.1 

Ebmac0518 
F: AATGCCATGATGTTATTGG 

R:AGAAGATTACATCGAATAGATCA 
2H 55 

Bmag0223 
F: TTAGTCACCCTCAACGGT 
R: CCCCTAACTGCTGTGATG 

5H 60 

Bmag0323 
F: GCCAGTCAATCCAACCCTC 

R: GTGGCTATGATAGGAATAGCCG 
5H 57.1 

Ebmac0679 
F: ATTGGAGCGGATTAGGAT 

R: CCCTATGTCATGTAGGAGATG 
4H 56 

Bmac0518 
F: AATGCCATGATGTTATTGG 

R: AAGAAGATTACATCGATGATCA 
2H 51.8 

Bmag0381 
F: TTTTATTATTGCATCTAGGGC 
R: TATCAAGATCATGACGTCTCA 

2H 49.8 

Bmag0606 
F: CTATTTGTAATGTATGTATGTCC 
R: TCATTGGTCCAGATAATACAA 

3H 55 

Bmag0603 
F: ATACCATGATACATCACATCG 
R: GGGGGTATGTACGACTAACTA 

3H 58 

Bmag0011 
F: ACAAAAACACCGCAAAGAAGA 
R: GCTAGTACCTAGATGACCCCC 

7H 58 

Bmag0173 
F: CATTTTTGTTGGTGACGG 

R: ATAATGGCGGGAGAGACA 
6H 54 

Bmag0125 
F: AATTAGCGAGAACAAAATCAC 

R: AGATAACGATGCACCACC 
2H 55 
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Table 2. Analysis of variance of proline and fructan in barley genotypes under late cold stress conditions 

Sources of variation df 
Mean square 

Proline Fructan 

Genotype 59 121.89** 0.225** 

Temperature 1 905.97** 4.05** 

Genotype × Temperature 59 21.98** 0.10** 

Experimental error 240 0.41 0.021 

CV (%)  6.87 16.83 
** Significant at 1% probability level.  
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�
�T 
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�$ U�*���� �5#�_�60 '����b ���&	 (��#� ����� ��' ]#��� )E' �;/�F� ���� �Q  
Table 3. Mean comparison of proline and furctan traits in 60 studied barley genotype under late cold stress 

conditions 

No. Genotype 

Fructan 
(μmol.g-1 FW) 

Proline 
(μmol.g-1 FW) No. Genotype 

Fructan 
(μmol.g-1 FW) 

Proline 
(μmol.g-1 FW) 

+8°C -2°C +8°C -2°C +8°C -2°C +8°C -2°C 

1 TN-02-6282 8.91 10.98 0.61 0.73 31 TN-02-6654 10.61 3.79 0.90 1.53 

2 TN-02-6287 5.98 7.88 0.56 1.09 32 TN-02-6655 3.94 8.28 0.81 0.70 

3 TN-02-6297 5.49 9.94 0.31 0.59 33 TN-02-6721 11.28 14.79 0.75 1.30 

4 TN-02-6307 7.34 7.93 0.58 1.04 34 TN-02-6722 7.5 8.77 0.69 0.86 

5 TN-02-6331 2.74 4.72 0.48 1.13 35 TN-02-6723 15.53 18.03 0.91 0.87 

6 TN-02-6333 3.96 6.92 0.54 1.19 36 TN-02-6729 5.27 6.23 0.74 0.80 

7 TN-02-6392 4.96 8.86 0.76 0.62 37 TN-02-6734 17.13 19.87 0.75 1.41 

8 TN-02-6396 4.95 8.32 0.78 0.90 38 TN-02-6743 5.29 18.28 0.68 0.89 

9 TN-02-6398 3.88 6.06 0.57 0.67 39 TN-02-6760 10.19 4.63 0.83 1.05 

10 TN-02-6400 5.36 17.8 0.86 0.53 40 Auxin 13.95 15.27 0.54 1.09 

11 TN-026407 3.99 5.01 0.79 1.29 41 Sahra 15.21 20.21 1.37 1.46 

12 TN-02-6279 8.78 4.75 0.51 0.67 42 Nike 15.63 18.08 0.71 1.70 

13 TN-02-6250 4.3 10.98 0.60 0.72 43 Jolghe 13.02 20.67 0.69 1.20 

14 TN-02-6221 5.49 11.9 0.83 0.92 44 Fajr 13.03 18.66 0.61 0.82 

15 TN-02-6208 5.73 14.16 0.76 0.88 45 Zahak 8.03 17.56 0.91 1.66 

16 TN-02-6189 5.23 6.34 0.81 0.87 46 Behrokh 4.06 5.25 0.65 0.85 

17 TN-02-6177 4.98 13.97 0.78 0.60 47 Nimroz 8.36 14.08 0.94 0.87 

18 TN-02-6065 5.58 9.06 0.80 0.88 48 Kavir 16.09 18.84 1.10 1.12 

19 TN-02-6053 6.9 8.83 0.41 0.90 49 Fajr30 4.006 13.25 1.08 0.83 

20 TN-02-6052 8.22 10.45 0.58 0.77 50 Khatam 13.99 20.05 0.94 1.15 

21 TN-02-5026 13.58 15.84 0.76 0.95 51 Bahman 13.2 21.8 0.75 0.79 

22 TN-02-5014 7.99 13.62 0.67 0.92 52 Zarjo 2.89 3.87 0.94 1.24 

23 TN-02-5009 4.15 5.9 0.59 1.14 53 Gohran 4.12 4.99 0.72 0.69 

24 TN-02-4988 10.24 14.9 0.76 0.94 54 Jonob 4.94 8.26 1.30 1.45 

25 TN-02-4975 2.29 5.8 0.72 0.84 55 Dasht 14.56 17.89 1.10 1.19 

26 TN-02-4952 3.41 1.95 0.54 0.88 56 Reyhan 6.37 7.78 1.06 1.10 

27 TN-02-4941 3.76 5.98 0.53 0.69 57 Nosrat 2.25 3.7 0.65 1.07 

28 TN-02-4835 11.86 4.15 0.89 0.87 58 Reyhan03 14.77 17.41 0.96 0.95 

29 TN-02-6477 2.97 5.33 0.76 0.83 59 Joseph 8.23 10.44 0.86 0.76 

30 TN-02-6502 7.49 10.29 0.65 0.74 60 Makoi 5.49 8.42 0.62 0.82 

HSD† - 2.22 2.21 0.47 0.52 HSD† - 2.22 2.21 0.47 0.52 
† HSD indicates Tukey’s honestly significant difference test at 5% probability level.  
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Table 4. Number of alleles, common allele frequency, polymorphic information content and gene diversity of the 
studied SSR markers in 60 barley genotypes 

Gene diversity 
Polymorphic information 

content 
Common allele 

frequency 
Number of 

alleles 
Marker 

0.63 0.59 0.52 5 Bmag0007 

0.67 0.61 0.43 4 Hvm54 

0.84 0.82 0.21 7 Bmag0032 

0.77 0.74 0.29 6 Hvm40 

0.67 0.61 0.46 4 Bmag0211 

0.77 0.74 0.33 6 Ebmac0602 

0.66 0.60 0.41 4 Ebmac0674 

0.76 0.72 0.38 6 Ebmac0518 
0.80 0.77 0.27 7 Bmag0223 

0.74 0.70 0.33 6 Bmag0323 
0.74 0.70 0.41 7 Ebmac0679 

0.77 0.73 0.28 5 Bmac0518 
0.70 0.64 0.42 4 Bmag0381 

0.70 0.64 0.35 4 Bmag0606 

0.81 0.78 0.23 6 Bmag0603 

0.68 0.62 0.37 4 Bmag0011 

0.73 0.69 0.35 6 Bmag0173 

0.81 0.78 0.23 6 Bmag0125 

0.74 0.69 0.35 5.38 Average 

 

 

 
N.� 1-  ,��T
�
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� 

Figure 1. Electrophoresis banding pattern of PCR product for Bmag0211 marker in some barley genotypes on 
agarose-metaphor gel 
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Figure 2. Cluster analysis of barley genotypes based on SSR markers by Neighbor-Joining method using 
TASSEL software 
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Table 5. Groups resulting from cluster analysis of 60 barley genotypes using SSR markers 
Genotypes in  each group Group 

32-22-34-12-50-37-42-38-19 First 

60-58-23-36-52-51-54-46-27-45-43-41 Second 

17-20-44-48 Third 

33-57-24-25-35-39-26-49-59-40-1-29-14-13-55-56-31-2-3-10-21-15-8-16-7-53-6-9-11-47-5-18-30-4-28 Foutth 
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Table 6. Calculated statistics for optimal values of K using Structure software 

K Mean LnP (K) LnP (K) Ln' (K) |Ln'' (K)| ΔK 
1 -3241.87 0.581 — — — 
2 -3062.50 2.672 179.37 49.380 18.474 
3 -2932.51 3.433 129.99 23.610 6.876 
4 -2826.13 17.360 106.38 14.180 0.816 
5 -2733.93 24.037 92.20 6.650 0.276 
6 2648.38 35.525 85.55 86.820 2.443 
7 -2649.65 119.073 -1.270 586.490 4.925 
8 -3237.41 923.202 -587.76 1108.160 1.200 
9 -2717.01 421.458 520.400 883.020 2.095 
10 -3079.63 636.248 -362.620 — — 
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Figure 3. Two-way charts to determine the number of subpopulations (K=2) in the investigated native and 
commercial barley based on SSR markers in Structure software using Structure Harvester 
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Figure 4. Bayesian model based-cluster analysis of the studied 60 barley genotypes using ISSR markers. The 

numbers on the x- and y-axis indicate the genotype number and the membership coefficient (Q) of each genotype 
to the two subpopulations, respectively. 
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Figure 5. Linkage disequilibrium plot (LD plot) in barley genotypes using TASSEL software. The upper part of 
diameter shows degree of linkage disequilibrium using the D statistic and the lower part of the diameter shows 

the the significant level (P-value) for linkage disequilibrium between marker pairs. 
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Table 7. Associated markers with traits evaluated in studied barley cultivars using MLM model 
Trait Marker Temperature P-value R2 

Proline Bmag0518 -2 °C 0.0092 0.20 
Proline Bmag0211 -2 °C 0.019 0.17 
Proline Ebmac0674 -2 °C 0.0453 0.12 
Proline Bmag0223 +8 °C 0.0469 0.21 
Fructan Bmag0173 +8 °C 0.0498 0.177 
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