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Extended abstract

Introduction

Wheat is the most important crop in the world, and the evaluation of its population structure is essential for
understanding diversity patterns, choosing suitable parents for mating, accurate identification of genomic regions
controlling traits, and evolutionary and kinship relationship studies. Until now, various statistical methods have
been introduced to evaluate the genetic structure of the population. Principal component analysis (PCA) and
discriminant analysis of principal component (DAPC) are important techniques for evaluating the population
structure using molecular markers. PCA is a tool whose purpose is to reduce the complexity of the data and
summarizes the diversity in the population, including the diversity between groups and within groups, in a number
of components. While, DAPC is a method that maximizes the diversity between groups, the aim of this research
was to compare the PCA and DAPC approaches in determining the population structure of tetraploid and hexaploid
Iranian wheat genotypes.

Materials and methods

In total, 383 Iranian wheat genotypes, including 370 hexaploid accessions (100 cultivars and 270 landraces), and
13 tetraploid genotypes were studied. These genotypes were previously genotyped using the genotyping by
sequencing (GBS) technique, where 16,270 SNP markers were used for population structure analysis. Analysis of
molecular variance (AMOVA), genetic differentiation index (PhiPT), and fixation index (Fst) were performed
between the groups using GenAlex software. Also, PCA and DAPC analysis were performed in adegenet R-
package. Finally, various statistics such as observed heterozygosity (Ho), expected heterozygosity (Hs), expected
heterozygosity in random mating (Ht), corrected Ht (Htp), gene diversity among samples (Dst), corrected Dst
(Dstp), fixation index (Fst), corrected Fst (Fstp), and inbreeding coefficient (Fis) were estimated in adegenet R-
package.

Results and discussion

AMOVA results showed that 24.12% and 75.88% of the calculated variation was found between and within
groups, respectively. Low diversity between populations can be explained by high gene flow among genotypes.
Between the two hexaploid subpopulations, the Fst statistic was low (0.1544), while this index was significantly
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higher between the hexaploid and tetraploid genotypes. This can be explained by the fact that the tetraploid wheat
genotypes lack the D genome. The estimation of different statistics for three wheat genomes showed that compared
to A and B genomes, genome D had the lowest number of SNP markers and the lowest values of Ho, Hs, Dst and
Fst, but D genome had a high Fis value. Chromosomes 5B, 7B and 6A had the highest expected heterozygosity
with values of 0.2217, 0.2216 and 0.2210, respectively. In terms of Dst index, chromosomes 4B (0.1026), 7B
(0.0883) and 3A (0.0868) had the highest values, and chromosome 6D (0.0238) had the lowest values.
Chromosomes 4B (0.2514), 4A (0.2200), 3A (0.2192) and 7B (0.2165) had the highest Fst index, respectively.
Finally, chromosomes 4D (0.8730) and 1D (0.8723) had the highest and chromosomes 4B (0.7586) and 7B
(0.7632) had the lowest inbreeding coefficient. High genetic diversity and low inbreeding coefficient indicate
extensive hybridization and germplasm exchange. Therefore, based on result of this study, chromosome 4B
comprises the highest genetic diversity and genetic differentiation. The low diversity coefficient and the number
of SNP markers as well as the high inbreeding coefficient in the D genome are consistent with the evolutionary
history of wheat. The first two components of PCA explained 22.88% of the variation in the genotyping data.
Based on the biplot analysis of the first two components, the hexaploid landraces clearly had a different distribution
from the hexaploid cultivars. However, such a distinction was not observed among the tetraploid genotypes,
illustrating that they had a similar distribution to the hexaploid cultivars. According to the results of the DAPC
method, the first function differentiated between tetraploid and hexaploid genotypes, whereas the second function
led to the differentiation of cultivars from landraces. The PCA method with the first two components could not
make the distinction made by the DAPC method. PCA searches for the direction that shows the largest total
variance, whereas DAPC maximizes the distinction between groups and minimizes the within-group variations.
The distinction between cultivars and landraces can be related to the change of allelic compositions as a result of
different selection processes.

Conclusion

The genetic characteristics of 383 wheat genotypes allowed us to evaluate their structure. The DAPC method was
able to distinguish the predetermined groups, i.e. tetraploid genotypes, cultivars, landraces and hexaploid
genotypes. Considering the distinction between landraces and cultivars, it is expected that landraces will be used
more in the future breeding programs to increase the genetic diversity in the gene pool of wheat cultivars. The
information presented in this paper can be used in combination with phenotypic data to identify gene loci through
GWAS. Finally, the result of present study suggest that different statistical methods should be used side by side
for the detailed analysis of the genetic structure of the wheat populations in the future genetics studies.
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Table 1. Growth habit, genotype code and released year of 383 Iranian wheat genotypes

oylads réj(ab' S, Cosle e Jl oylads V";qu s, cosle e Jl
No Variety name Growth Habit Released year No Variety name  Growth Habit  Released year
(Hexaploid cultivars) .5 L1515 o)
1 4820 Spring 1951 51 Koohdasht Spring 2002
2 Adl Spring 1976 52 Mahdavi Spring 1995
3 Aflak Spring 2010 53 Maroon Spring 1991
4 Akbari Spring 2006 54 Marvdasht Spring 1999
5 Akova Winter 1958 55 Mihan Winter 2010
6 Alborz Spring 1978 56 Misr 1 Facultative 2009
7 Alvand Facultative 1995 57 Moghan 1 Spring 1974
8 Argelato No information ~ No information 58 Moghan 2 Spring 1974
9 Aroona No information ~ No information 59 Moghan 3 Spring 2006
10 Arta Spring 2006 60 Morvarid Spring 2009
11 Arvand 1 Spring 1974 61 Munal #1 No information  No information
12 Atrak Spring 1995 62 Mv-17 Winter 1993
13 Azadi Facultative 1979 63 Navid 1990 Facultative 1990
14 Azar Winter 1957 64 Naz Spring 1978
15 Azar 2 Winter 1997 65 Neishabour Spring 2006
16 Bahar Spring 2007 66 Nicknejad Spring 1995
17 Bajio Spring 1966 67 Ofogh Spring 2012
18 Bam Spring 2006 68 Ohadi Winter 2010
19 Barta Facultative 1970 69 Panjamo 62 Spring 1968
20 Bayat Spring 1976 70 Parsi Spring 2009
21 Bezostaya Winter 1969 71 Pishgam Facultative 2008
22 Biston Spring 1980 72 Pishtaz Spring 2002
23 Chamran Spring 1997 73 Qaboos Spring 2014
24 Chamran2 Spring 2013 74 Rashid Facultative 1968
25 Darabl Spring 1980 75 Rask Spring 2005
26 Darab2 Spring 1995 76 Rayhani Spring 1942
27 Darya Spring 2006 7 Rijaw Facultative 2011
28 Dastjerdi Spring 1960 78 Roshan Spring 1960
29 Dayhim Spring 1968 79 Sabalan Facultative 1980
30 Dena Spring 2007 80 Sefidak Facultative 1946
31 Dez Spring 2002 81 Sepahan Spring 2006
32 Dn-11 No information ~ No information 82 Shahi Winter 1967
33 Falat Spring 1990 83 Shahpassand Winter 1942
34 Fong No information ~ No information 84 Shahryar Winter 2002
35 Fontana No information ~ No information 85 Shanghai #7 Spring No information
36 Gahar Spring 1996 86 Shiraz Spring 2002
37 Gascogne No information 1994 87 Shiroodi Spring 1997
38 Ghods Spring 1988 88 Siosson No information 1994
39 Golestan Spring 1986 89 Sirvan Spring 2012
40 Hamoon Spring 2002 90 Sistan Spring 2006
41 Homa Winter 2009 91 Sivand Spring 2009
42 Inia 66 Spring 1969 92 Tajan Spring 1995
43 Karaj 1 Facultative 1974 93 Tak-Ab Winter 2013
44 Karaj 2 Winter 1974 9 Tobari 66 Spring 1969
45 Karaj 3 Winter 1974 95 Tous Facultative 2002
46 Karim Spring 2011 96 Uroum Winter 2009
47 Karkheh Spring 2003 97 Vee/Nac Spring 1997
48 Kaveh Spring 1980 98 Zagros Spring 1996
49 Kavir Spring 1997 99 Zare Facultative 2010
50 Khazar 1 Spring 1974 100 Zarrin Facultative 1995
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No  yspa Region of No  USDA  Regionof N0 USDA  Regionof NO USDA  Regionof
code origin code origin code origin code origin
(Hexaploid landraces) . 5L158s s 5 (slses 55
101 620887 flam 169 623254 Karaj 237 625047 Saveh 305 627072 Zanjan
102 620902 AzarbayjanGh 170 623256 Gazvin 238 625080 Saveh 306 627099 Khorramabad
103 620903  AzarbayjanGh 171 623266  Rezaich 239 625081 Saveh 307 627102 Roud-Bar
104 621420 Hamadan 172 623274 Gilane-Gharb 240 625123  Kashan 308 627103  Gorgan
105 621421 Hamadan 173 623291 Toyserkan 241 625127  Kashan 309 627189  Bojnourd
106 621492 Bakhtaran 174 623318  Ardakan 242 625139 Arak 310 627236  Gonabad
107 621536 Hamadan 175 623338 Shiraz 243 625250 Gilan 311 627243  Kangavar
108 621549 Hamadan 176 623340  Sirjan 244 625263 Mazandaran 312 627247  Gonabad
109 621565 Hamadan 177 623344 Gilane-Gharb 245 625275 Gilan 313 627268 Tabriz
110 621566 Hamadan 178 623345 Baneh 246 625278 Gilan 314 627283 Arak
111 621619 Bijar 179 623377 Soofi-Abad 247 625279 Gilan 315 627299  Deastjerd
112 621650 Tehran 180 623379 Jiroft 248 625281 Gilan 316 627356 Bandar Abbas
113 621661 Tehran 181 623382 Jiroft 249 625362 Babol 317 627359 Arak
114 621668 Tehran 182 623417 Zahol 250 625433 Mashhad 318 627360 Rafsanjan
115 621669 Tehran 183 623421 Tabriz 251 625661 Mashhad 319 627385 Ghasre-Shirin
116 621704 Ghazvin 184 623428 Tabriz 252 625810 Mashhad 320 627399 Manijil
117 621706 Ghazvin 185 623473 llam 253 625928 Mashhad 321 627410 Maragheh
118 621712 Ghazvin 186 623475 llam 254 626030  Kerman 322 627414  Kangavar
119 621714 Ghazvin 187 623503 llam 255 626156  Kerman 323 627416  Sanjabi
120 621716 Ghazvin 188 623506 Kermanshah 256 626158  Kerman 324 627417  Sanjabi
121 621717 Ghazvin 189 623507 Kermanshah 257 626215  Kerman 325 627423  Hamadan
122 621735 Ghazvin 190 623508 Kermanshah 258 626223  Zahedan 326 627460  Sabzvar
123 621736 Ghazvin 191 623510 Azarbayjan 259 626226  Zahedan 327 627484  Ardakan
124 621869 Arak 192 623905 Kermanshah 260 626234  Zahedan 328 627501  Ardakan
125 621907 Arak 193 623908 Kermanshah 261 626260  Zahedan 329 627543 Niriz_
126 621908 Arak 194 623909 Kermanshah 262 626261  Zahedan 330 627551  Ardabil
127 621909 Arak 195 623953 Ghasre-Shirin 263 626358  Esfahan 331 627575 Hamadan
128 621972 Arak 196 623980 Toyserkan 264 626360  Esfahan 332 627587 Baneh
129 622040 Zanjan 197 624215 Hamadan 265 626565  Esfahan 333 627616  Esfahan
130 622063 Zanjan 198 624240 Ilam 266 626566  Esfahan 334 627688 Naein
131 622069 Gilan 199 624251 llam 267 626573  Esfahan 335 627723 Yazd
132 622084 Mazandaran 200 624315 Kordestan 268 626699 Ilam 336 627735  Mianeh
133 622098 Gilan 201 624321 Kordestan 269 626706  Malayer 337 627759 Azar-Shahr
134 622099 Gilan 202 624378 Bakhtaran 270 626736  Sabzvar 338 627760 Azar-Shahr
135 622105 Gilan 203 624381 Bakhtaran 271 626747  Ardakan 339 627787 Tabriz
136 622247 Sari 204 624576 Hamadan 272 626764 Yazd 340 627842  Kerman
137 622264 Babol 205 624580 Hamadan 273 626776 leg?]nd 341 627845 Zabol
138 622272 Amol 206 624582 Hamadan 274 626814  Esfahan 342 627849 Zahol
139 622310 Mashhad 207 624585 Hamadan 275 626825  Shahreza 343 627852 Zahol
140 622311 Mashhad 208 624596 Hamadan 276 626846 Yazd 344 627853 Zahol
141 622312 Mashhad 209 624804 Ghasre-Shirin 277 626850  Bojnourd 345 627856 Sari
142 622314 Mashhad 210 624805 Ghasre-Shirin 278 626855  Varamin 346 627873  Gazvin
143 622319 Mashhad 211 624806 Ghasre-Shirin 279 626872 Shiraz 347 627876 Rasht
144 622379 Mashhad 212 624818 Ilam 280 626881  Ardabil 348 627877 Rasht
145 622402 Mashhad 213 624837 Ilam 281 626883 Niriz 349 627881 Tabriz
146 622840 Kerman 214 624838 llam 282 626885 Fasa 350 627882 Tabriz
147 622847 Kerman 215 624846 Ilam 283 626895 Maragheh 351 627883 Tabriz
148 6228H4 Esfahan 216 624849 Ilam 284 626904  Mianeh 352 627905 Amol
149 622905 Esfahan 217 624861 llam 285 626908 Sirjan 353 627908 Arak
150 622930 Esfahan 218 624863 Ilam 286 626917 Shiraz 354 627909 Hamadan
151 623002 Esfahan 219 624864 Ilam 287 626923 Astara 355 627917 Tabriz
152 623008 Esfahan 220 624894 Bijar 288 626924 Astara 356 627948 Saveh
153 623069 Esfahan 221 624900 Bijar 289 626932 BandarAbbas 357 627963 Hamadan
154 623090 Shah-Abad 222 624901 Bijar 290 626933 BandarAbbas 358 627973  Varamin
155 623091 Mashhad 223 624910 Nahavand 291 626943 Zabol 359 627987  Gazvin
156 623109 Dastjerd 224 624911 Nahavand 292 626958  Rezaieh 360 627990 Bakhtaran
157 623123 Shiraz 225 624925  Malayer 293 626978  Esfahan 361 627998 Karaj
158 623125 Shiraz 226 624939 Tehran 294 626993 Shah-Abad 362 628005 llam
159 623127 Fasa 227 624941 Tehran 295 627036  Broujerd 363 628012 Bakhtaran
160 623131 Rezaieh 228 624944 Tehran 296 627037  Broujerd 364 628062  Esfahan
161 623136 Mahabad 229 624946 Tehran 297 627038  Broujerd 365 628082 Naein
162 623139 Shiraz 230 624947 Tehran 298 627043  Rezaieh 366 628084  Gorgan
163 623160 Broujerd 231 624956 Tehran 299 627054 Roud-Bar 367 628088 Arak
164 623161 Mahabad 232 624963 Tehran 300 627055 Roud-Bar 368 628114  Shahreza
165 623162 Mahabad 233 624980  Ghazvin 301 627056  Fooman 369 628149  Zanjan
166 623169 Roud-Bar 234 624983  Ghazvin 302 627057  Fooman 370 628189 llam
167 623176 Birjand 235 624985  Ghazvin 303 627061 Arak
168 623183 Mashhad 236 624990  Ghazvin 304 627066  Rafsanjan
(Tetraploid samples) A5 5Ll 5 glads gl
ol AS7et e Jl o ke BLYANV e Jlo
No Name/code Released year No Name/code Released year
371 624209 No information 378 Behrang 2009
372 624318 No information 379 Dehdasht 2008
373 624320 No information 380 Hazar 1974
374 626154 No information 381 Saba 1962
375 626482 No information 382 Seimareh 1996
376 627466 No information 383 Yavaros 79 1996
377 Arya 2003
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Table 2. Analysis of molecular variance (AMOVA) in three groups of studied wheat genotypes based on SNP markers
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Between group
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Within group
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Table 3. Pairwise fixation index (Fst) values among three studied wheat groups

S e

Genetic background

Hexaploid (Cultivars)

(o2 Slaos 5) A3 5h1 55
Hexaploid (Landraces)

A5k
Tetraploid

Hexaploid (cultivars)
Hexaploid (Landraces) 0.1544
Tetraploid 0.3562

0.4362 -
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Table 4. Statistics estimated for studied wheat genotypes using 16270 SNP markers

Chr NS Ho Hs Ht Htp Dst Dstp Fst Fstp Fis
1A 749 0.0398 0.1981 0.2770 0.3165 0.0789 0.1184 0.1960 0.2407 0.7936
1B 903 0.0445 0.2127 0.2841 0.3198 0.0714 0.1071 0.1790 0.2219 0.7844
1D 439 0.0223 0.1905 0.2158 0.2286 0.0253 0.0381 0.0279 0.0155 0.8723
2A 778 0.0427 0.2119 02770 0.3095 0.0651 0.0976 0.1618 0.2036  0.8009
2B 1136 0.0417 0.2146 0.2896 0.3270 0.0750 0.1125 0.1835 0.2296 0.8009
2D 617 0.0284 0.1678 0.1918 0.2039 0.0240 0.0361 0.0259 0.0122 0.8511
3A 889 0.0413 0.1952 0.2820 0.3253 0.0868 0.1301 0.2192 0.2689 0.7771
3B 1154  0.0419 0.2022 0.2768 0.3141 0.0746 0.1120 0.1859 0.2309 0.7931
3D 388 0.0227 0.1444 0.1756 0.1914 0.0312 0.0470 0.0293 0.0078 0.8411
4A 687 0.0399 0.1926 0.2774 0.3198 0.0848 0.1271 0.2200 0.2682 0.7738
4B 523 0.0441 0.1810 0.2836 0.3349 0.1026 0.1539 0.2514 0.3008 0.7586
4D 145 0.0202 0.1818 0.2063 0.2187 0.0245 0.0369 0.0318 0.0282 0.8730
5A 622 0.0403 0.1956 0.2714 0.3093 0.0758 0.1137 0.1925 0.2353 0.7754
5B 882 0.0425 0.2217 0.2889 0.3226 0.0673 0.1009 0.1685 0.2148 0.8047
5D 331 0.0257 0.1487 0.1946 0.2176 0.0459 0.0689 0.0714 0.0640 0.8307
6A 552 0.0446  0.2210 0.2844 0.3161 0.0634 0.0950 0.1569 0.1987 0.8027
6B 850 0.0397 0.2118 0.2621 0.2873 0.0503 0.0755 0.1341 0.1747 0.8112
6D 325 0.0259 0.1893 0.2131 0.2251 0.0238 0.0358 0.0259 0.0154 0.8491
7A 1098  0.0392 0.1963 0.2712 0.3087 0.0749 0.1124 0.1879 0.2340 0.7946
7B 914 0.0494 0.2216 0.3099 0.3540 0.0883 0.1324 0.2165 0.2649 0.7632
7D 527 0.0231 0.1515 0.1870 0.2048 0.0356 0.0533 0.0460 0.0299  0.8300
NA 1761  0.0427 0.2013 0.2598 0.2890 0.0584 0.0876  0.1418 0.1748 0.7899
A genome 5375 0.0409 0.2006 0.2768 0.3149 0.0762 0.1143 0.1919 0.2372 0.7884
B genome 6362  0.0433 0.2109 0.2851 0.3222 0.0742 0.1113 0.1850 0.2303 0.7901
D genome 2772 0.0246 0.1660 0.1960 0.2111 0.0300 0.0451 0.0362 0.0229  0.8475
Whole genomes 16270  0.0392  0.1988 0.2645 0.2973 0.0656 0.0985 0.1572 0.1912  0.7993

‘Je:l.ai ULJ.ATJJJUGJ\;' S48 W}iﬂ)}ﬁ Ht s)LE:.;‘ S48 JM}{:J\}J:.A HS Wl odaline ijii))fﬁ HO cL‘hSNP Slas NS f})}a}ﬁ Chr
Sl o FIS 5o o FSUFSID (oo 2t Ls FSt ot eonas DSUDSIP st g o 3 35 ¢35 DSt ot s HEHIP
Chr: Chromosome, NS: Number of SNP, Ho: Observed heterozygosity, Hs: Expected genetic diversity

(heterozygosity), Ht: Expected heterozygosity in the random-mating, Htp: Corrected Ht, Dst: Gene diversity
among samples, Dstp: Corrected Dst, Fst: Fixation index, Fstp: Corrected Fst, and Fis: Inbreeding coefficient
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Figure 1. Cumulative variance percentage explained by different number of principal components
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Figure 2. Population structure of 383 Iranian bread and durum wheat genotypes based on principal component analysis
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Figure 3. Discriminant analysis of principal component (DAPC) obtained from 383 wheat genotypes. (A) The

distribution of genotypes based on the first two discriminant function, and (B) the density of groups based on the
first discriminant function.
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