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Abstract
Objective
Genetic diversity in field crops and their wild ancestors plays important role in breeding
programs. The aim of this study was to investigate the genetic diversity of einkorn
(Triticum monococcum L. ssp. boeoticum) wheat genotypes collected from western parts

of Iran using SSR markers.

Material and methods
In this study, genetic variation of 163 genotypes from 34 populations of einkorn wheat
collected from western parts of Iran was investigated using 19 SSR loci developed in the

A genome of hexaploid wheat.
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Results

In the investigation of 163 einkorn genotypes using 19 microsatellite loci were generated
151 polymorphic alleles with an average of 7.94 per locus. The content of polymorphic
information content (PIC) in the studied einkorn genotypes ranged from 0.64 for
Xgwm480-3A locus to 0.89 for Xgwmd4-4A locus. The mean content of polymorphic
information in the studied genotypes was 0.77. According to the results, Xgwm4-4A,
Xgwm610-4A and Xgwm282-7A loci were identified as the most suitable primers for
studying genetic diversity and differentiation of einkorn wheat genotypes. The mean of
Shannon coefficient of 0.16 indicated moderate variation in genotypes under study. The
average percentage of polymorphic gene loci in the 34 studied populations was 36.74 and
the average heterozygosity was 0.114. Based on analysis of molecular variance for 34
populations, the variations between and within populations were calculated as 7% and
93%, respectively. Cluster analysis based on Jaccard coefficients and UPGMA algorithm
classified the einkorn genotypes into 10 distinct groups. The results of the principal
coordinate analysis revealed that the two primary vectors explained 29.33% and 24.01%

of the total molecular genetic variance, respectively.

Conclusion

The results indicated the usefulness of microsatellite markers in identifying and grouping

einkorn wheat genotypes, so that the obtained information could be used in breeding

projects, germplasm conservation planning and collection of einkorn wheat populations.
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Figure 1. Geographical situation of the collected einkorn wheat samples
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Table 1. Geographical situation of the collected einkorn wheat genotypes

HIKeY )
CeMle -~ o e
ybis! o N bl i Job
& s Number — .,ud 2 by gedaws
Province Location of Longitude
Symbol Latitude Altitude
genotype
! Jsbs
Al (OLD) 5 46 22.674 33 54.949 1310
llam Chardawell
408 ¢ Jghd
- oz
B1 (OLD) Chardawell, 4 46 30.358 3348.311 1285
llam
Gadameh
Yy O <l 5
C1 (OLD) 46 31.557 33 42.655 1258
llam Sirvan, Karazan,
oliilo S Sl o 5
D1 (OLD) 46 43.740 3350.076 1245
Kermanshah Homail-Shabab
oliilo S NAISYW 4
El (OLD) 46 22.917 34 15.106 1354
Kermanshah Islamabad
o3, adBly o els 4
F1 (OLD) 46 53.475 34 43.336 1408
Kurdistan ~ Kamyaran, Paghale
Olias,S St 5
G1 (OLD) 46 57.863 34 59.434 1381
Kurdistan  Sanandaj-Kamyaran
I ALY 5
JM; PandF VRS
H1 (OLD) Kamyaran- 46 47.233 34 46.987 1591
Kurdistan
Ravansar
Aoyl ¢ Jgldy> 5
!
11 (OLD) Chardawell, 46 16.993 33 56.434 1193
llam
Charmela
e =55 4
J1 (OLD) 46 15.564 3351.613 1113
Ilam Ivan, Nargessi

M ptiges Jgl Jlo 3 0ad (6 9laen (slaaiges :OLD
OLD: Samples collected in the first year of sampling

3 paiges pgd Sl 3 ond (¢y5laes sladiges NEW
NEW: Samples collected in the second year of sampling
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Table 1. Continued: Geographical situation of the collected einkorn wheat genotypes

Sl ol ol Slaas 02 Jgb slews )
& s Province Location R TS whilps Uy maw
Symbol Number Latitude  Longitude Altitude
of
genotyp
K1 (OLD) olisle S 39,19 5 46 30.699 34 48.013 1525
Kermanshah Javanrood
M1 (OLD) oLl S yuilyy o3l> 5 46 42.022 34 39.089 1397

Kermanshah Ravansar Road

N1 (OLD) slisle S yuslyy 5 46 47.442 3433480 1302
Kermanshah Ravansar
P1 (OLD) olisle S ol 6 47 01.006  3426.910 1368
Kermanshah Qazanchi
R1 (OLD) Ol ,S Glowsl ¢y pe 5 46 01.412 35 36.48 1335
Kurdistan Marivan,
Bashmagh
T1(OLD) olwd,S Sl i 5 46 58.453  3517.544 1662

Kurdistan Sanandaj, Abidar
S1(OLD) ot )S LSS oo 5 46 16.137  3522.572 1283

Kurdistan Marivan, Zakrian
A2 (NEW) oliile S 298liy (wio Sy D 4730.463 3416906 1506

Kermanshah Industrial Town,
Chaghakabod
B2 (NEW) oliile S 95S — i 5 47 32.548 34 16.252 1582

Kermanshah  Sahne - Kangavar
C2 (NEW) oLl S O 5 47 26.187 3422499 1301

Kermanshah Bistoon

‘_g)l.))gddw J9| JL» 5D 0 d)sié‘o.? ‘_glzzddw :OLD
OLD: Samples collected in the first year of sampling

S pdiges pgd> Jlo ,d 0l (¢ yglaen (sladiges NEW
NEW: Samples collected in the second year of sampling
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Table 1. Continued: Geographical situation of the collected einkorn wheat genotypes

Sl Ol ol FIKeYs 3C Jsb ewsyl
& baid ! Province Location gy whihts gbilas U, xhw
Symbol Number Latitude Longitude Altitude
of
genotype
D2 (NEW) olisle S E ol i 5 47 47.296 3426.228 1548
Kermanshah Sahne, bidsorkh
E2 (NEW) olile A = (g 5 47 26.445 3434575 1378
Kermanshah Bistoon-Songhor
F2 (NEW) oltilo 5 o dgss 5 4704434 3439587 1467
Kermanshah Kandule-Zarin
G2 (NEW) olisle S 0,5 S ¢kl 5 46 56.477 3442522 1406
Kermanshah Kamyaran, Kameragare
12 (NEW) olisle,$ Slgn— )l Lels 5 46 46.322 34 47.456 1685

N2 (NEW)

02 (NEW)

P2 (NEW)

R2 (NEW)

S2 (NEW)

Kermanshah Kamyaran-Javanrood

s oS 3oyl 5
Kurdistan  Divandareh- Kharakeh

Oliws S Flgl ayj —oylend 4
Kurdistan Divandareh-Zarineh

obato

Ol S JE RSN IV S
Kurdistan  Divandareh-saghez

dl;‘m.))f d.}l{ 5
Kurdistan Baneh

Ol S Olstye s 5
Kurdistan Sagez-Marivan

47 07.205 35 40.554

4659.01 3601.075

46 23.677 36 12.766

4556.820 36 16.18

46 18.448 36 12.037

2103

2105

1548

1660

1619

i piges Jgl Sl )3 01 (5yglgen (sladiges OLD
OLD: Samples collected in the first year of sampling
S pdiges pg3> Jlo ,d 0l (¢ yglaen (sladiges NEW
NEW: Samples collected in the second year of sampling
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Table 1. Continued: Geographical situation of the collected einkorn wheat genotypes

5 s Codle oy ol aass 0o b jlew)

Symbol Province Location — Cu5gi;  oldlis  oldlis U,s xaw

Number Latitude Longitude Altitude

of
genotype
T2 (NEW) b )S g ye e 4 46 19.393 36 42.79 1607
Kurdistan Marivan
Sagez-
V2 (NEW) Sld,S g e phuw 5 46 21.538 3553.797 1625
Kurdistan .l
Sagez-
Marivan,
Bastam
W2 (NEW) obwd,S  larye dw 5 46 18.690 3537.719 1432

Kurdistan Marivan

Dam

Sl paigei Jgl Jlw 3 0l (55l qee (slaraigei :OLD
OLD: Samples collected in the first year of sampling

13585505 093 Jluw 45 8uwd (g 9l men (srdiges INEW
NEW: Samples collected in the second year of sampling

&5 (CTAB) wlogys pgsisel Jite 65 Jitoo b9y 41 (S slotises | DNA gl sl 1 JoS0g0 4 5255

099y 3l DNA ciS g S s gl i pbol s S L (Doyle & Doyle 1990) Lgs 9 Jogd bawg ol

P9y ool = (PCRY) ey (sl sy (2iSTy b oalisil w0 s /A 5,81 5 5 (FA-Y Jao UNICO) yregiby Sl

oS 5 s i 5,500 YO PCR LSy sl oo b ploil s S1 L 5 (Williams et al. 1990) S 50l
ol 0l 03l LS Y g 3 PCR aSTy 55 o ealitasl dlge

Sde 4y 3,5 Sl a3 0 AF glod 43 > il o Oyle Sl 48 n 108 F Sjgo 9 gl e 4 PCR i8S,

b Jlasl (glod ad> S caglh ¥0 o 4y 0l )5 b 23 AT (glod a5 2 Ve (oSU DNA agl (g5l eyl psliaio & aids ¥

a0 AY glod a8y Ve ddBd ) Gde 4 IS o ded VY LSS gled g oS il 4 Fe B 00 Skl g 4 dvg
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Wady ) Sde 4y 2,8 Sl da VY iSO slod g 91,8 Sl sy DA B AY Jlasl glod ddds S sl FO e 4 oI5 ol

axd VY 5SS slod g 0,8 b dn )0 00 B AY Jlasl (glod dddy S il FO e 4 3,8 o a5 )0 AV (glod 45 5 V¥

a0 ¥ lod g olod ST (el 3,8 ol da 0 VY (glod 13 4ddd Ve Cde a3 > S5 Culig 40 5 4dBd ) e & 31)S 5k

5 03lil 3,90 SSR 55T s V4 clasiio g i 45 plol aigdy Vo e &y STy Jseao 03,5 S5 gl 31,5 ol

Csl 005 03)9] Y J9J> ) M9L‘)§°° F‘JjA Py)

PCR STy, oo 03liius! Sgo e 5 5 Culilé .Y Jgua

Table 2. Concentration and composition of the materials used in the PCR reaction

(5 955%0) (B pao ladie oSy <l32!
Dosage (microliter) Reaction components
(10x) PCR ,sL,
2
PCR buffer (x 10)
Voo Juo V/0 (LANTP) lacslinsd (65 45505 (S 'g50
0.4
mM deoxynucleotide triphosphates (ANTPs 2.5)
1 (LY5o e 50) psajune I8
Magnesium chloride (50 mM)
(Yoo 955 10) 55k
2.5
Primer (10 microM)
(5 9550 13 1519 B) 5lhess TAQDNA
1
TagDNA Polymerase (5 units per microliter)
el )b 93
15.1
Distillated water
; (5 55500 3 S5 5) DNA
DNA (5ng/ pl)
o
25
Total volume

9 TAE 5L g 2o Y/ 5,81 J5 L (88l 508958l 5l oolizwl L SSR (¢la S5el 51 Jols PCR (slaod,l 3

W) lbl?ul (UVPJJ.A) Sy J) oKiwd 1; d)l)){w&; u’.s}wu] )l o= wL@e 9 ..\J.bb)f )ngj J.:Lc9): Fy.).»)l L d)wi&)
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Sb oy 9 Lb 3y pis sl iy 4 S g jio Syao 4 PCR Jsase | ols (slasily slaodldy 4y 30

Slgee ( U gl 51 oslitl b ad oslitl oy 390 ez Sibbo b5yl jebaie 4 <Ky g yho L ple BAS (5 l8S

(Anderson et al. 1993) 1,55 awsbxs PIC= 1 = T P oo 5 L elo onlojy, oSl o (el St cledlb)

P 53005 ous) g (gladss 4325 29 s 031> Loy JITN (el o8 sl (dhojlsloss) (IS Sy po ol T Slgl3 P g8 ol o

cislhe ¢ Lol Glashe & 450 walps Guwple )5l Conty (ly i plol Systat ver. 13.2.01 ljsls s 5 oslisul L

NTSYS JJjleys ) (1) SidsS (Siuan oy g (S655 abols oy ilo b (Szidss L yile) 1,5 9,05 51 Juols o o
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Table 3. Characteristics and results of the SSR primers used in the investigation of 163
einkorn wheat genotypes T. boeoticum

55 e 5L s Oledb! glgow P slasxs (°C) to> 581 gskaid] ob
Polymorphic information Number of Abbreviated name of
Gene loci/primer (Ta)
content alleles the primer
Xgwm164-1A 0.78 7 55 SSR-1
Xgwm99-1A 0.65 4 60 SSR-2
Xgwm33-1A 0.80 6 60 SSR-3
Xgwm357-1A 0.81 6 55 SSR-4
Xgwm497-1A 0.76 7 50 SSR-5
Xgwm312-2A 0.80 9 60 SSR-6
Xgwm?249-2A 0.78 9 55 SSR-7
Xgwm480-3A 0.64 7 55 SSR-8
Xgwm369-3A 0.79 8 55 SSR-9
Xgwm162-3A 0.79 9 55 SSR-10
Xgwm4-4A 0.89 12 60 SSR-11
Xgwm610-4A 0.85 8 60 SSR-12
Xgwm637-4A 0.83 9 55 SSR-13
Xgwm165-4A 0.74 8 60 SSR-14
Xgwm595-5A 0.74 7 60 SSR-15
Xgwm126-5A 0.75 8 60 SSR-16
Xgwm156-5A 0.71 9 60 SSR-17
Xgwm459-6A 0.72 8 55 SSR-18
Xgwm282-7A 0.87 10 55 SSR-19
- - 151 Total g4exe
- 0.77 7.94 Average Sl

(3,S) S2 NEW (s gty oliile,S) E2 NEW ( jolSiS—aim coliile,s) B2 NEW clacanes

55 SoplSe 10y ity (45 meyslynd (s )S) N2 NEW 5 (1l s «liss;$) TL OLD (plsypom s
—ohkelS (w3, ) HL OLD (clacanes 5ol (Las 1y 0o )3 ¥Y/+0 o ¥Y/VY FO/-Y X0/-Y FENF s 4 JSbaes
02 (=55 <l @) 1 OLD 5 (i 3,8) Q2 NEW (55 s k) CL OLD (sl

i e sy lawgie o L 1) 1o pd VWIVE 5 YYAY SY/AY 8F/0 g a4 JSans 05 slylKe doy
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JS wsig i oo b paS sy ¥e,5 (2014) Nazari & Abdolshahi asles ps .0 il ol b bl
Slgme g mwsSojoa (J i o euis dbaily el Cands Y bwgio b a4 S5 ol ple 1 Cuxes
(Kalivas et al. 2011) 395 0 010> JSisis cleMb
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Table 4. Genetic characteristics of einkorn wheat populations based on SSR loci

(Yraa Ol Y olowd VY b)gb) $339WS (6591955 gur Al

oot
o obwl  digaidlaad (1) peild padld (He) pjoye G sle
Population
Province Number  Shannon index Heterogeneous Gene Loci
Al (OLD) Ilam 5 0.174+0.019 0.122+0.014 37.75
A2 (NEW) Kermanshah 5 0.174+0.018 0.120+0.013 41.06
B1 (OLD) Ilam 4 0.171+0.019 0.124+0.015 35.76
B2 (NEW) Kermanshah 5 0.191+0.018 0.129+0.013 46.36
C1 (OLD) Ilam 5 0.105+0.016 0.073+0.012 23.84
C2 (NEW) Kermanshah 5 0.1424+0.020 0.103+0.015 28.48
D1 (OLD) Kermanshah 5 0.170+0.018 0.118+0.013 39.07
D2 (NEW) Kermanshah 5 0.169+0.018 0.117+0.013 39.07
E1(OLD) Kermanshah 4 0.153+0.018 0.110+0.014 33.11
E2 (NEW) Kermanshah 5 0.180+0.017 0.121+0.012 45.03
F1 (OLD) Kurdistan 4 0.173+£0.020 0.126+0.015 35.76
F2 (NEW) Kermanshah 5 0.174+0.018 0.119+0.013 41.06
G1 (OLD) Kurdistan 5 0.173+0.019 0.120+0.014 39.74
G2 (NEW) Kermanshah 5 0.175+0.019 0.122+0.014 40.40
H1 (OLD) Kurdistan 5 0.117+0.018 0.084+0.014 24.50
I1 (OLD) Ilam 5 0.176+0.019  0.1224+0.013 40.40
12 (NEW)  Kermanshah 5 0.168+0.016 0.116+0.013 38.41
J1 (OLD) llam 4 0.168+0.016 0.062+0.014 11.26
K1 (OLD) Kermanshah 5 0.169+0.019 0.121+0.014 37.09
M1 (OLD) Kermanshah 5 0.169+0.019 0.122+0.014 36.42
N1 (OLD) Kermanshah 5 0.181+0.019 0.128+0.014 39.74
YaA
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Continued: Table 4. Genetic characteristics of einkorn wheat populations based on SSR loci

yyaa cd,)&/»’a 9 Lg..\yblg‘.w)y

e oLl digod dlaxi (1) (He) 03972 &5 sboe
Population ) Heterogeneou .
Province Number Shannon S Gene Loci
index
N2 (NEW) Kurdistan 5 0.176+0.018 0.119+0.013 43.05
02 (NEW) Kurdistan 4 0.158+0.019 0.114+0.014 34.44
P1 (OLD) Kermanshah 6 0.170+0.018 0.115+0.013 39.74
P2 (NEW) Kurdistan 5 0.168+0.019 0.118+0.014 36.42
Q2 (NEW) Kurdistan 3 0.124+0.018 0.098+0.015 23.84
R1 (OLD) Kurdistan 5 0.171+0.019 0.120+0.014 38.41
R2 (NEW) Kurdistan 5 0.173+0.019 0.120+0.014 39.74
S1(OLD) Kurdistan 5 0.1774+0.018 0.121+0.013 41.72
S2 (NEW) Kurdistan 5 0.190+0.018 0.130+0.013 45.03
T1(OLD) Kurdistan 5 0.180+0.018 0.122+0.013 43.71
T2 (NEW) Kurdistan 4 0.143+0.019 0.106+0.015 29.14
V2 (NEW) Kurdistan 5 0.1724+0.019 0.120+0.014 38.41
W2 (NEW) Kurdistan 5 0.1794+0.019 0.125+0.014 40.40
RN 4.7 0.162 0.114 34.28
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Table 5. Results of molecular variance analysis in 163 genotypes of 34 einkorn wheat

populations
g9 wopd el ilyly  Oluye (iSle (3151 42y Oyt Zlee
Percentage Estimated Mean Degrees Sources

of variation Variance of squares  of freedom of variation

7 1.112 18.994 33

Between Populations

Curod (49,0

93 13.819 13.819 129

Within Population
S5
100 14,931 o 162
Total

4 455 gy 1Sl pAS Comox Y (e (S5 btly, adlllas rizan 5 Cmar 1S il ()2 yoliie

(Nei & Li, 1979) 1 slil 5 calps alols s ile ool o)lgnlegs, ;53125 VA dwsy (PCOA) Lol laisee
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Figure 2. Diagram of the cluster analysis of 163 genotypes (34 populations) einkorn wheat
based on Jaccard coefficients and UPGMA algorithm using SSR markers

(Alphabets and digits in Figure show the population and sample number in population).
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Table 6. Results of principal coordinates analysis based on SSR markers in einkorn wheat

genotypes
The cumulative Percentage of Eigenvalue  Component
percentage variation justified
29.33 29.33 0.022 1
53.34 24.01 0.018 2
K2
C1
3. 202
FI sy
- n
X M2
=
> ) 4dldeo
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SSR 5L

Figure 3. Biplot of 34 einkorn wheat populations based on principal coordinates analysis

using 19 SSR markers
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