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Identification of microsatellite markers associated with agronomic and morphological

traits in wild einkorn wheat (Triticum boeoticum L.) populations
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Table 1. Characteristics of the used SSR primers

LT okt ol s, oif, Jlail sles
Primer Abreviation 5'-Forward-3' 5'-Reverse-3' Tm (°C)

Xgwm 164-1A SSR-1 TTG TTA ACA AAT CGC ATG CG ACA TTT CTC CCC CAT CGTC 55
Xgwm99-1A SSR-2 GCC ATA TTT GAT GAC GCA ATA AAG ATG GAC GTA TGC ATC ACA 60
Xgwm33-1A SSR-3 CAC TGC ACA CCT AAC TAC CTG C GGA GTC ACA CTT GTT TGT GCA 60
Xgwm357-1A SSR-4 AGG CTG CAG CTC TTC TTC AG TAT GGT CAA AGT TGG ACC TCG 55
Xgwm497-1A SSR-5 CCG AAA GTT GGG TGA TAT AC GTA GTG AAG ACA AGG GCATT 50
Xgwm312-2A SSR-6 ACA TGC ATG CCT ACC TAA TGG ATC GCA TGA TGC ACG TAG AG 60
Xgwm249-2A SSR-7 CTG CCATTT TTC TGG ATC TACC CAA ATG GAT CGA GAA AGG GA 55
Xgwm480-3A SSR-8 CCG AAT TGA CCG CCATAG TGC TGC TAC TTG TAC AGA GGA C 55
Xgwm369-3A SSR-9 ACC GTG GGT GTT GTG AGC CTG CAG GCC ATG ATG ATG 55
Xgwm162-3A SSR-10 AGA AGA AGC AAA GCC TTC CC AGT GGA TCG ACA AGG CTC TG 55

Xgwm4-4A SSR-11 CAC TGT CTG TAT CAC TCT GCT GCT GAT GCA TAT AAT GCTGT 60
Xgwme610-4A SSR-12 AAT GGC CAA AGG TTA TGA AGG CTC CCT TCT CCATGG TTT GT 60
Xgwme637-4A SSR-13 TAT ACG GTT TTG TGA GGG CG AAA GAG GTC TGC CGC TAA CA 55
Xgwm165-4A SSR-14 CTT TTC TTT CAG ATT GCG CC TGC AGT GGT CAG ATG TTT CC 55
Xgwm595-5A SSR-15 GCC ACG CTT GGA CAA GAT AT GCA TAG CAT CGC ATA TGC AT 60
Xgwm126-5A SSR-16 GTT GAG TTG ATG CGG GAG G CAC ACG CTC CAC CAT GAC 60
Xgwm156-5A SSR-17 CAA TGC AGG CCC TCC TAAC CCA ACC GTG CTATTAGTC ATT C 60
Xgwm459-6A SSR-18 AGC TTC TGT GAC CAA CTT CTC G ATG GAG TGG TCA CAC TTT GAA 60
Xgwm282-7A SSR-19 TCT CAT TCA CA CACAACACTAGC  TTG GCC GTG TAA GGC AG 55
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Table 2. Statistical models used to perform association analysis of markers and agro-morphological

traits in einkorn wheat genotypes
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Je

Model

Phenotype + SSR + QP

GLM

Phenotype + SSR+ K+Q MLM

General linear model; GLM
Q 130 51 edks il i ool b Camaz kil slaosls
Population structure data or ancestry attributed to individuals

Mixed linear model; MLM
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Fig. 1. Barplot grouping of einkorn wheat genotypes using Bayesian model and identifying 4 subpopulations
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Numbers at the bottom of the figure represents the genotype number
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Table 3. Genetic structure analysis statistics and detection of subpopulations of eimkorn wheat using AK

Mean Mean SD

K In[P(D)] var[P(D)] SD In[P(D)] In In[P(D)] AK[In(k)] AK*

1 -0.161 0.741 0.861 -16086 -0.161 0.859 -0.187 0.187
2 -0.155 0.269 0.164 -15507 -0.155 0.155 -0.998 0.298
3 -0.150 0.328 0.181 -14976 -0.150 0.181 -0.827 0.127
4 -00164 0.563 0.237 -14643 -0.146 0.243 -0.603 0.603
5 -0.142 0.594 0.244 -14219 -0.142 0.244 -0.585 0.585
6 -0.139 0.590 0.243 -13865 -0.139 0.245 -0.566 0.566
7 -0.136 0.675 0.260 -13592 0.136 0.271 -0.502 0.502
8 -0.133 0.699 0.264 13294 -0.133 0.271 -0.492 0.492
9 -0.130 0.659 0.257 12970 0.130 0.266 -0.490 0.490

10 -0.126 0.958 0.309 -12853

-0.128 0.288 -0.446 0.446

Sre Slit 18D 5 b 02,80 ke tMBAN IN (5185 Jsls pute Szt [P(D)] ¢ ilesls VAT ety Comar 5 slutei (K e b 02,6300
In: Natural logarithm, K: number of optimal population, var: Variance, [P(D)]: Linkage Disequilibrium, Mean In: Mean of

Natural logarithm and SD: Standard diviation
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Table 4. Analysis of the relationship between SSR markers and leaf width in einkorn wheat genotypes

A JT oSS GLM J o5 MLM
Markers  Allele Locus (G+P+Q)  Allele Locus (G+P+Q+K) R?
SSR-5 M24 Xgwm497-1A 0.013 M24 Xgwm497-1A 0.019 0.061
SSR-5 M30 Xgwm497-1A M30 Xgwm497-1A 0.041
SSR-6 - - M34 Xgwm312-2A 0.017 0.053
SSR-6 - - M79 Xgwm312-2A 0.024
SSR-9 M58 Xgwm369-3A 0.032 M82 Xgwm369-3A 0.020 0.029
SSR-11 M79 Xgwmd-4A 0.049 M116  Xgwm4-4A 0.009 0.032
SSR-11 M82 Xgwmd-4A M138  Xgwm4-4A 0.033
SSR-15 M116 ~ Xgwmb595-5A 0.001 Xgwm595-5A 0.062
SSR-18 M138  Xgwm459-6A 0.004 Xgwm459-6A 0.050

R?=0.3856
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Table 5. Analysis of the relationship between SSR markers and leaf length in einkorn wheat genotypes

Kt Bl o5 GLM MLM

Marker  Allele Locus (G+P+Q)  (G+P+Q+K) R?
SSR-5 M24 Xgwm497-1A 0.013 0.018 0.061
SSR-5 M30 Xgwm497-1A 0.041
SSR-6 M34 Xgwm312-2A 0.0009 0.001 0.066
SSR-9 M58 Xgwm369-3A 0.013 0.024 0.037
SSR-11 M82 Xgwm4-4A 0.017 0.03 0.038
SSR-15 M116  Xgwmb595-5A 0.007 0.019 0.045
SSR-16 M118  Xgwml26-5A 0.049 0.006 0.026
SSR-18 M138  Xgwm459-6A 0.008 0.016 0.043
R?=0.356
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Table 6. Analysis of the relationship between SSR markers and days to flowering in einkorn wheat genotypes

Bl §ui S GLM MLM

Marker Allele Locus (G+P+Q)  (G+P+Q+K) R?
SSR-1 M7 Xgwm 164-1A  0.030 0.030 0.029
SSR-2 M9 Xgwm99-1A 0.034 0.034 0.028
SSR-5 M24 Xgwm497-1A 0.053 0.053 0.028
SSR-5 M25 Xgwm497-1A 0.036
SSR-8 M53 Xgwm480-3A 0.004 0.004 0.051
SSR-12 M87 Xgwm610-4A 0.046 0.046 0.025
SSR-13 M96 Xgwm637-4A 0.040 0.040 0.027
SSR-14 M102 Xgwm165-4A 0.034 0.034 0.029
SSR-15 M116 Xgwmb95-5A 0.021 0.021 0.033
SSR-18 M136 Xgwm459-6A 0.018 0.018 0.034
R?=0.318
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Table 7. Analysis of the relationship between SSR markers and days to maturity in einkorn wheat genotypes

K Bl oS GLM MLM
Marker  Allele Locus (G+P+Q)  (G+P+Q+K) R?
SSR-1 M6 Xgwm 164-1A 0.017 0.017 0.035
SSR-2 M9 Xgwm 99-1A 0.014 0.014 0.037
SSR-8 M53 Xgwm 480-3A 0.014 0.014 0.037
SSR-9 M61 Xgwm 369-3A 0.010 0.010 0.040
SSR-12 M85 Xgwm 610-4A 0.076 0.077 0.028
SSR-12  M91 Xgwm 610-4A 0.026
SSR-18  M136  Xgwm 459-6A 0.009 0.009 0.041
SSR-19  M149  Xgwm 282-7A 0.046 0.046 0.024
R2=0.268
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Table 8. Analysis of the relationship between SSR markers and plant height in einkorn wheat genotypes

S T oSS GLM MLM

Marker  Allele Locus (G+P+Q)  (G+P+Q+K) R?
SSR-2 M9 Xgwm99-1A 0.044 0.044 0.025
SSR-8 M54 Xgwm480-3A 0.030 0.030 0.029
SSR-13 M93 Xgwm637-4A 0.033 0.033 0.029
SSR-14  M106 Xgwm165-4A 0.015 0.013 0.037
SSR-17  M129 Xgwm156-5A 0.067 0.058 0.025
SSR-17 M131 Xgwm156-5A 0.031
R?=0.177
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Table 9. Analysis of the relationship between SSR markers and peduncle length in einkorn wheat genotypes

S Nl oSS GLM MLM
Marker  Allele Locus (G+P+Q) G+P+Q+K) R?
SSR-4 M18 Xgwm357-1A 0.030 0.031 0.031
SSR-6 M34 Xgwm312-2A 0. 049 0.049 0.053
SSR-6 M36 Xgwm312-2A 0.024
SSR-8 M49 Xgwm480-3A 0. 007 0.006 0. 044
SSR-11 M76 Xgwm4-4A 0. 008 0.008 0. 044
R2=0. 197
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Table 10. Analysis of the relationship between SSR markers and number of spike.plant™ in

einkorn wheat genotypes

S I 5SS GLM MLM

Marker Allele Locus (G+P+Q) (G+P+Q+K) R?
SSR-1 M2 Xgwm 164-1A 0.036 0.036 0.028
SSR-4 M18 Xgwm357-1A 0.032 0.032 0.031
SSR-5 M24 Xgwm497-1A 0.007 0.007 0.046
SSR-6 M34 Xgwm312-2A 0.096 0.097 0.028
SSR-6 M35 Xgwm312-2A 0.024
SSR-6 M38 Xgwm312-2A 0.037
SSR-7 M41 Xgwm?249-2A 0.044 0.010 0.025
SSR-11 M79 Xgwm4-4A 0.012 0.009 0.041
SSR-12 M87 Xgwm610-4A 0.009 0.025 0.044
SSR-15 M116 Xgwm595-5A 0.024 0.043 0.032

R2=0. 3353
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Table 11. Analysis of the relationship between SSR markers and spike length in einkorn wheat genotypes

S T oSS GLM MLM

Marker  Allele Locus (G+P+Q) (G+P+Q+K) R?

SSR-5 M28 Xgwm497-1A 0.040 0.0409 0.026
SSR-8 M49 Xgwm480-3A 0.049 0.0497 0.025
SSR-8 M50 Xgwm480-3A 0.048
SSR-11  M74 Xgwm4-4A 0.015 0.0153 0.037
SSR-12 M85 Xgwm610-4A 0.014 0.0149 0.037
SSR-13  M101 Xgwm637-4A 0.036 0.0365 0.028
SSR-14 M109 Xgwml65-4A 0.029 0.0297 0.030
SSR-15 M110 Xgwmb595-5A 0.029 0.0296 0.029
SSR-17 M131  Xgwm156-5A 0.035 0.0356 0.027

R2=0.263
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Table 12. Analysis of the relationship between SSR markers and number of seed.spike™ in einkorn

wheat genotypes

S J7 oS4 GLM JT oSS MLM
Marker  Allele Locus (G+P+Q)  Allele Locus (G+P+Q+K) R?
SSR-5 M24 Xgwm497-1A 0.075 M24 Xgwm497-1A 0.071 0.031
SSR-5 M82 Xgwm497-1A M25 Xgwm497-1A 0.025
SSR-11  M86 Xgwm4-4A 0.006 M82 Xgwm4-4A 0.049 0.047
SSR-12 M9l Xgwm610-4A 0.049 M86 Xgwm610-4A 0.021 0.038
SSR-12 M136 Xgwm610-4A M91 Xgwm610-4A 0.028
SSR-18 M138  Xgwm459-6A 0.031 M136  Xgwmd459-6A 0.037 0.056
SSR-18  M143 Xgwm459-6A M138 Xgwm459-6A 0.029
SSR-19 M143 Xgwm282-7A 0.029
R2=0.254
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Table 13. Analysis of the relationship between SSR markers and 1000 grain weight in einkorn wheat genotypes

S Bl ~s59 GLM 47T MLM

Marker  Allele Locus (G+P+Q)  Allele (G+P+Q+K) R?

SSR-4 M23 Xgwm357-1A 0.047 M23 0.0436 0.027
SSR-9 M58 Xgwm369-3A 0.021 M58 0.0552 0.033
SSR-9 M61 Xgwm369-3A M61 0.077
SSR-13 M98 Xgwm637-4A 0.033 M127 0.0423 0.029
SSR-17  M127 Xgwml56-5A 0.025 M138 0.0046 0.031
SSR-18 M138 Xgwm459-6A 0.005 M140 0.0033 0.053
SSR-18 M140 Xgwm459-6A 0.057

R?=0.306
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Table 14. Analysis of the relationship between SSR markers and single plant yield in einkorn wheat genotypes

S Nl oSS GLM MLM
Marker  Allele Locus (G+P+Q)  (G+P+Q+K) R?
SSR-1 M2 Xgwm 164-1A 0.022 0. 022 0.032
SSR-8 M51 Xgwm480-3A 0.019 0.019 0. 034
R2=0.066
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Table 15. Analysis of the relationship between SSR markers and grain yield in einkorn wheat genotypes

S &7 R GLM MLM

Marker ~ Allele Locus (G+P+Q) (G+P+Q+K) R?

SSR-1 M2 Xgwm 164-1A 0.042 0.042 0.026
SSR-4 M20 Xgwm357-1A 0.028 0.033 0.032
SSR-5 M24 Xgwm497-1A 0.0007 0.0006 0.070
SSR-6 M35 Xgwm312-2A 0.018 0.018 0.034
SSR-11  M82 Xgwm4-4A 0.016 0.014 0. 037
SSR-15 M116 Xgwm595-5A 0.017 0.018 0. 035
SSR-16 M117 Xgwm126-5A 0. 044 0.037 0.026
SSR-18 M138 Xgwm459-6A 0.001 0.001 0.061

R2=0.32
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Identification of microsatellite markers associated with agronomic and morphological
traits in wild einkorn wheat (Triticum boeoticum L.) populations

Poursiahbidi, M. M., K. Cheghamirza?, S. Bahraminezhad?® and A. A. Mehrabi*

ABSTRACT

Poursiahbidi, M. M., K. Cheghamirza, S. Bahraminezhad and A. A. Mehrabi. 2022. ldentification of microsatellite
markers associated with agronomic and morphological traits in wild einkorn wheat (Triticum boeoticum L.) populations.

Iranian Journal of Crop Sciences. 24(2): 181-195. (In Persian).

This study was carried out to investigate the relationship between microsatellite markers and some
agronomic and morphological traits in wild einkorn wheat populations collected from western parts of Iran. Plant
materials included 163 wild einkorn wheat accessions selected from 664 samples collected from 34 regions in of
llam, Kermanshah and Kurdistan provinces. Seeds of selected accessions were grown in the field and the
following agronomic and morphological traits were evaluated and scored in 2014-15 and 2015-16 cropping
seasons: leaf length, leaf width, plant height, peduncle length, spike length, number of spikes.plant*, number of
grains.spike, 1000 grain weight, days to flowering, days to physiological maturity, grain yield and weight.plant-
L. Analysis of variance showed significant differences among genotypes across two cropping seasons for most of
the measured phenotypic traits. The genotypic evaluation was performed using 19 microsatellites (SSR) markers
on the selected 163 accessions. According to the results of K statistics and two-dimensional graphics based on
SSR markers, four possible sub-populations in the germplasm of wild einkorn wheat were identified. Eventually,
association analysis was performed using the population structure matrix and statistical models of GLM and
MLM. The results showed that based on the GLM and MLM models 87 SSR marker-trait relationships were
highly significant. Also 89% markers played roles in identifying allelic locations on the chromosomes for 12
studied traits. In conclusion, the results of this study revealed that integrated uses of agronomic and
morphological traits with SSR markers could be useful in evaluating of genetic diversity of wild einkorn wheat

and is beneficial for identifing markers associated with important agronomic traits in breeding programs.
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