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Abstract 

Genetic diversity is critical for developing broadly adapted cultivars with desirable traits. This 

research aimed to investigate the genetic diversity, population structure, and genome-wide linkage 

disequilibrium (LD) of 108 barley genotypes, including rainfed and irrigated breeding lines, 

cultivars, and landraces with the 50K IlluminaTM iSelect single nucleotide polymorphism (SNP) 

array. After quality control, 14,943 polymorphic SNPs were subjected to estimate Shannon's 

information index (I), Nei's gene diversity (H), polymorphic information content (PIC), fixation 

index (Fst), and principal component analysis (PCA). The I and H indices were 0.74 and 0.336, 

respectively. The PIC values were 0.367 and 0.178 for six and two-rowed barley, respectively. PCA 

using Nei's genetic distance identified three subpopulations. Subpopulations 1 and 2 had 0.38, and 

0.29 PIC values, respectively, and were more diverse than subpopulation 3 (0.09). The Fst value was 

0.381. Subpopulations 1 and 3 indicated the highest (0.379) and the lowest (0.040) genetic diversity 

within subpopulations, respectively. The average LD for two-rowed genotypes and subpopulation 3 

was more than that for six-roweded genotypes. A high level of genetic variation and genetic 

differentiation among subpopulations was observed in this panel. The irrigated six-rowed types and 

landraces indicated higher genetic diversity, whereas rainfed two-rowed barley indicated the highest 

LD and the lowest genetic variation due to high selection intensity. This panel could be used for 

genome-wide association studies to identify the trait-marker associations in future genetic 

improvement programs for barley. 

Keywords: Barley Genetic Resource, Population Structure, Genome-Wide Linkage Disequilibrium, 

Polymorphic Information Content, Single Nucleotide Polymorphism. 
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Introduction 

Barley is one of the most important 

cereal crops broadly used for human 

consumption, animal feeding, and malt 

production for beer brewing worldwide, 

after wheat, rice, and maize (Ferreira et 

al. 2016). Barley is a low-demand crop 

planted in many areas due to its ability to 

grow in marginal and low-input lands, 

well adaptation to drought and salinity 

(Ferreira et al. 2016). Barley's planting 

area and production rates were 52 

million hectares and 158 million tons 

worldwide, while it was 3.6 million 

hectares and 1.7 million tons, 

respectively, in Iran (FAO. 2020). 

Diploid barley includes wild and 

cultivated types, while all the tetraploid 

and hexaploid barley are wild types 

(Blattner. 2018). Cultivated barley has 

winter, facultative, and spring growth 

habits, row type of spike (two and six), 

awn and awnless, hulled, and naked 

grain  (Paulitz and Steffenson, 2010). 

Barley genome has 5.1 gigabases (Gb) 

with 80% repetitive sequences (Schulte 

et al. 2009; Wicker et al. 2008). In spite, 

barley was widely used for different 

genetic studies due to its few numbers of 

chromosomes, easy hybridization, high 

rate of self-pollination, a close relative 

of barley genome with rice and wheat, 

and short growth life (Hill et al. 2021; 

Sreenivasulu et al. 2008). 

Long-term domestication and cultivar 

development decreased genetic variation 

in cereal crops such as barley and wheat. 

Although breeding programs in different 

crops lead to the development of high-

yielding and quality cultivars, their 

genetic diversity is less than that in 

landraces and wild relatives related to 

other agronomic traits (Al-Abdallat et al. 

2017; Pasam et al. 2014). Effect of long-

term breeding on genetic variation of 

Minnesota's barley (from 1958 to 1998) 

using 71 simple sequence repeat (SSR) 

markers revealed that genetic diversity 

of breeding lines decreased extensively 

so that the average allelic variation per 

SSR locus reduced from 5.89 for parents 

to 2.39 for advanced lines . A reduction 

in genetic diversity of breeding 

germplasms could slow or reduce future 

genetic gains (Condón et al. 2009). 

Genetic bottlenecks cause that for more 

agronomic traits, barley elite lines and 

cultivars had less genetic variation than 

their wild relatives and early 

domesticates. Narrow genetic diversity 

in breeding populations leads to develop 

more homogeneous cultivars, which 

could be susceptible to different 

diseases, pathogens, and harsh 

environmental conditions. 

Furthermore, allele frequency has been 

changed due to genetic bottlenecks 

through domestication and cultivar 

development, resulting in different levels 

of genetic variation and linkage 

disequilibrium (LD). Hence, LD levels 

increased from wild relatives to 

landraces and developed cultivars, while 

the genetic variation levels decreased 

from wild relatives to developed 

cultivars (Pasam et al. 2014). Thus, 

exploiting the genetic variation of wild 

relatives, landraces, accessions, and local 

varieties is crucial to the genetic 

diversity of the barley gene pool and 

high-yielding varieties development with 

good resistance to biotic and abiotic 

stresses and better-adapted cultivars 

(Dotlačil et al. 2010; Pasam et al. 2014).  

Single nucleotide polymorphisms 

(SNP) markers are a more common 

marker that covers the most frequent 

type of genetic polymorphism across the 

whole genome (Lai et al. 2015).  

These markers were efficiently used in 

marker-assisted breeding, genome-wide 

association study, genetic diversity, and 

population structure analysis in most 

crops and barley (Kalinowski, 2002; 
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Smith et al. 2007; Varshney et al. 2012). 

Kanazin et al. (2002) reported that there 

was one SNP per 189 base pairs in 

barley. There were also common alleles 

in Hordeum vulgar L and Hordeum 

spontaneum L, which show gene 

exchanging between two species in the 

evolutionary process (Jehan and 

Lakhanpaul, 2006). A genome-wide 

association study (GWAS) was 

conducted to identify genomic regions 

controlling drought stress-tolerant traits 

on 185 cultivated barley (H. vulgare L.) 

and 38 wild barley (H. spontaneum L.) 

from 30 different countries using 816 

molecular markers including SSR, 

Diversity Array Technology (DArT), and 

SNP (Varshney et al. 2012).  

This study classified barley genotypes 

into five clusters: origin, domesticated, 

and wild type. Furthermore, the 

population structure of 224 spring barley 

was studied using 1536 SNP markers and 

revealed that morphology of spike (row 

type) and origin were the main reasons 

for population structure (Pasam et al. 

2012). 

The polymorphic information content 

(PIC), Wright's Fst statistic (Fst), and 

Nei's genetic distance indices have been 

used to study population structure and 

genetic diversity among and within 

populations using SNPs. The genetic 

diversity of 60 barley genotypes was 

studied using 40 markers (32 SSR and 8 

SNP), of which 33 were polymorphic 

markers, and PIC values ranged from 

0.06 to 0.77 with an average of 0.36 

(Elakhdar et al. 2016). Also, they used 

principal component analysis (PCA) and 

cluster analysis to classify and visualize 

sub-populations of the barley panel, 

which Fst value was 0.235 between the 

two subpopulations. Genetic diversity, 

population structure, and LD was 

estimated for 180 spring barley breeding 

lines and cultivars using 48 SSR and 

6208 polymorphic SNPs markers by PIC, 

Shannon's diversity index, Nei's genetic 

distance, and principal coordinates 

analysis (PCoA) (Bengtsson et al. 

2017a).  

The average PIC value was 0.46 and 

0.28 for the SSR and the SNP markers, 

respectively. Furthermore, the genetic 

diversity index was 0.514 and 0.359 for 

the SSR and the SNP markers, 

respectively (Bengtsson et al. 2017a). 

Diversity in plant genetic resources is 

crucial for plant breeders to develop new 

broadly adapted cultivars with desirable 

characteristics. So, the objectives of this 

study were i: to determine genetic 

variation among a collection of barley 

genotypes, including landraces, rainfed 

and irrigated breeding lines, and 

cultivars using SNP markers. ii: to assess 

the population structure and compare the 

level of polymorphism among 

subpopulations according to row type 

(two and six), growth habit, rainfed and 

irrigated, landraces, and breeding 

lines/cultivars. 

 

Materials and methods 

Germplasm 

The Dryland Agricultural Research 

Institute (DARI) is the main public 

breeding institute that works on rainfed 

wheat and barley to develop new high-

yielding breeding lines and cultivars for 

all rainfed areas of Iran, including cold, 

moderate, and warm regions. In this 

regard, a collection of 108 barley 

genotypes was used for genotyping and 

assessment of genetic diversity. This 

panel included 49 rainfed barley 

varieties and elite breeding lines for cold 

and moderate cold areas from DARI, 

Iran, and ICARDA-DARI breeding 

program, 25 irrigated barley varieties, 

and advanced breeding lines from Seed 

and Plant Improvement Institute (SPII), 
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Iran, and 34 landraces from England, 

Algeria, Spain, Egypt, India, Russia, 

China, Azerbaijan, and Iran (received 

from gene bank, Karaj, Iran) (Table 1). 

Barley genotypes had winter (W), spring 

(S), and facultative (F) growth habits 

with two-rowed and six-rowed types. All 

two-rowed types were rainfed barley 

adapted for cold and moderate cold 

rainfed areas, whereas 84% of six-rowed 

types were irrigated barley (Table 1). 

 

Table 1. General information for origin, growth habit, row-type and the adapted environment 

of barley genotypes. 

No. Genotypes Origin Growth habit Row type Rf/Irr 

1 Makouee (Star) SPII W 6 Irr 

2 Bahman (WA 2196-68/NY6005-18, F1//Scotia I) SPII W 6 Irr 

3 Bereke 54 SPII F 6 Irr 

4 Radical/Birgit//Pamir-154 SPII F 6 Irr 

5 Michailo/Dobrinya SPII F 6 Irr 

6 Bahtim 7DL/79-W40762//Deir Alla106 SPII F 6 Irr 

7 Michailo/K-096M3 SPII W 6 Irr 

8 Pamir-168 SPII W 6 Irr 

9 Torsh/Legia SPII W 6 Irr 

10 Pamir 013/Sonata SPII F 2 Irr 

11 Ste/L.640//Hml-02/Arabi Abiad*2/3/1-BC-80593 SPII F 6 Irr 

12 Bereke-54/Alanda SPII F 6 Irr 

13 L.1242/ZARJOW//LB.Iran/Una8271//Gloria"S"/Com"S SPII F 6 Irr 

14 Makouee/C.C89//Rihane"s"/3/Roho/Mazurka SPII W 6 Irr 

15 L.527/MB2367//(CI7117-9/DeirAlla106)/3/Beecher SPII W 6 Irr 

16 Zarjow/CM67/4/Schuyler/3/M.Rnb86.80/NB2905/L.527 LPD 

92 

SPII 
W 6 Irr 

17 Schuyler/3/M.Rnb86.80/NB2905//L.527 SPII W 6 Irr 

18 Roho//Alger/Ceres362-1-1/3/CWB117-77-9-7/4/Alpha/Durra// 

Antares/K2y63 

SPII 
W 2 Irr 

19 Bolgali/4/Roho//Alger/Ceres362-1-1/3/CWB117-77-9-7 SPII F 2 Irr 

20 Gara arpa DARI-IRAN SP 2 Rf 

21 Sahand ICARDA-DARI F 2 Rf 

22 Abidar ICARDA-DARI F 2 Rf 

23 Ansar ICARDA-DARI F 2 Rf 

24 Kuban-06 ICARDA-DARI F 2 Rf 

25 PAMIR-158/ZDM1454 (Artan)   ICARDA-DARI F 2 Rf 

26 TOKAK//STEPTO/ANTARES (Qaflan) ICARDA-DARI F 2 Rf 

27 Uzno-Kazakastan/3/CWB117-77-9-7//Alpha/Durra ICARDA-DARI F 2 Rf 

28 Orza-96/4/Tokak/3/CWB117-77-9-7//Alpha/Durra (Arda) ICARDA-DARI F 2 Rf 

29 Roho/Masurka//ICB-103020/3/Alpha/Durra//Slr    ICARDA-DARI F 2 Rf 

30 ChiCm/An57//Albert/3/ICB-102379/4/GkOmega/5/Tokak    ICARDA-DARI F 2 Rf 

31 Ste/Antares//YEA762-2/YEA605-5/3/Slr//Alpha/Durra    ICARDA-DARI F 2 Rf 

32 Sahand/C-25041       ICARDA-DARI F 2 Rf 

33 ARM-ICB-123199/3/Zarjau/80-5151//Skorohod    ICARDA-DARI F 2 Rf 

34 Yea168.4/Ywa605.5//Radical  ICARDA-DARI F 2 Rf 
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35 Unknown-F6-88-9 ICARDA-DARI F 2 Rf 

36 Sahand/Radical       ICARDA-DARI F 2 Rf 

37 Schuyler//Alpha/Durra/3/Radical     ICARDA-DARI F 2 Rf 

38 Uzno-Kazakestan/3/CWB117-5-9-5//YEA389-3/YEA475-4   ICARDA-DARI F 2 Rf 

39 Fasih ICARDA-DARI SP 2 Rf 

40 Taram ICARDA-DARI F 2 Rf 

41 Reyhan-03 SPII SP 6 Irr 

42 Bulbul ICARDA-DARI (Turkey) F 2 Rf 

43 Dubrinia SPII F 6 Irr 

44 Dictoo SPII F 6 Irr 

45 Dayton/Runney ICARDA-DARI F 2 Rf 

46 Sararood-1 ICARDA-DARI F 2 Rf 

47 Nader ICARDA-DARI F 2 Rf 

48 Radical SPII W 6 Irr 

49 Cumra 2001 ICARDA-DARI (Turkey) SP 2 Rf 

50 Efes98 ICARDA-DARI (Turkey) SP 2 Rf 

51 Cumhariyet50 ICARDA-DARI (Turkey) SP 2 Rf 

52 Catalhuyuk2001 ICARDA-DARI (Turkey) SP 2 Rf 

53 Keser ICARDA-DARI (Turkey) SP 2 Rf 

54 Sahand / Obruk-86    ICARDA-DARI F 2 Rf 

55 Antares/Ky36-1294//Slrlcbh-0383 /3/ Sahand      ICARDA-DARI F 2 Rf 

56 Yea168.4/Ywa605.5  Yea206-4A-3 // Dictoo      ICARDA-DARI F 2 Rf 

57 Yea168.4/Ywa605.5  Yea206-4A-3 // Denmark      ICARDA-DARI F 2 Rf 

58 ORZA96 ICARDA-DARI F 2 Rf 

59 R018    UK ICARDA-DARI F 2 Rf 

60 PI-549081    - ICARDA-DARI W 6 Irr 

61 PI-560331    - ICARDA-DARI W 6 Irr 

62 C-25041//Yea168.4/Ywa605.5  Yea206-4A-3        ICARDA-DARI F 2 Rf 

63 Dayton/Ranney/4/K-88 M1/3/Rhn-03/lignee 640//ICB-107766             ICARDA-DARI F 2 Rf 

64 Zarjau/80-5151//DZ-40-66/3/Alanda     SPII F 6 Irr 

65 Hispanic/Sararood     SPII W 2 Irr 

66 Sahand/3/Alpha/Gumhuriyet//Sonja             ICARDA-DARI F 2 Rf 

67 Abidar/4/K-88 M1/3/Rhn-03/lignee 640//ICB-107766             ICARDA-DARI F 2 Rf 

68 Icb-100059/3/Tipper/ICB-102854//Alpha/Durra             ICARDA-DARI F 2 Rf 

69 71411 England F 2 Rf 

70 71411 England W 6 Irr-Rf 

71 71426 Algeria W 2 Irr 

72 71538 Spain W 6 Irr 

73 71576 Egypt F 2 Rf 

74 71608 Egypt W 6 Irr 

75 71657 Egypt W 6 Irr-Rf 

76 71663 India W 6 Irr-Rf 

77 71850 Russia F 2 Rf 

78 72113 China W 6 Irr-Rf 

79 72295 China W 6 Irr-Rf 

80 72322 China W 6 Irr-Rf 

81 72368 China W 6 Irr-Rf 
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82 72439 China W 2 Irr 

83 72466 Iran W 2 Irr 

84 72488 Iran W 6 Irr-Rf 

85 72494 Iran W 6 Irr-Rf 

86 72522 Iran W 6 Irr 

87 72524 Iran W 6 Irr-Rf 

88 72550 USA F 2 Rf 

89 72557 Azerbaijan W 6 Irr 

90 72562 Iran W 6 Irr 

91 72602 Iran W 6 Irr-Rf 

92 72646 Iran W 6 Irr-Rf 

93 72647 Iran F 2 Rf 

94 72653 Iran W 6 Irr 

95 72703 Iran W 6 Irr-Rf 

96 72726 Iran W 6 Irr-Rf 

97 72472 Iran W 6 Irr 

98 72482 Iran W 6 Irr-Rf 

99 72553 Azerbaijan W 6 Irr-Rf 

100 72704 Iran W 6 Irr 

101 72744  Iran W 6 Irr-Rf 

102 72747 Iran F 2 Irr 

103 Obruk-86 ICARDA-DARI (Turkey) F 2 Rf 

104 Star/4/M25-84/Attiki//Cr366-15-2/NopalS/3/Skorohod     ICARDA-DARI F 6 Irr 

105 Viringa'S'/Radical//Mattina     ICARDA-DARI W 6 Irr 

106 Kozir/Regina     ICARDA-DARI W 2 Irr 

107 Alanda/Regina     ICARDA-DARI F 6 Irr 

108 Pamir-147/Sonata/8/Alpha/Durra/7/P101/5/3896/1-

15/3/3896/28//584/28/4/5050/6/Tipper     

ICARDA-DARI 
W 2 Irr 

W: winter, S: spring, F: facultative, Rf: rainfed, and Irr: irrigated . 

 

SNP genotyping 

Genomic DNA for barley genotypes 

was extracted from young leaf seedlings 

collected from a single plant for each 

line using the modified CTAB 

(cetyltrimethylammonium bromide) 

method (Saghai-Maroof et al. 1984), 

digested with the restriction enzymes 

PstI and MspI (Poland et al. 2012), and 

quantified using Picogreen. The 

genotyping of samples was performed 

using 50K IlluminaTM iSelect SNP array 

(IPK-Gatersleben, Germany) as 

described in detail in Bayer et al., 

(2017). A total of 36,864 SNP markers 

were used for genotyping of 108 barley 

genotypes. However, genotype number 

47 (Nader variety (Table 1)) had an issue 

in genotyping process and was discarded, 

so all genetic analysis was done for the 

final number of 107 genotypes. Marker 

data were filtered for missing data 

(<20%), heterozygosity rate 1%, 

redundant SNP markers, and minor allele 

frequency (MAF) (<5%) for a final 

number of 14,943 SNP markers selected 

for genome diversity analysis. The 

filtering process was done using 

TASSEL 5 (Bradbury et al. 2007) and in-

house script R statistical software 

(v3.5.2; R Core Team, 2021). 
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Genetic diversity and population structure 

analysis 

The following genetic diversity 

parameters were computed using the 

BIO-R program (Pacheco et al. 2016): 

the number of effective alleles per locus 

(Ne); Ne=1/1-He, where He is expected 

heterozygosity;  where 

 is the frequency of the ith allele in 

locus, Shannon's information index (I); 

 where ln is the natural 

logarithm of pi (Tomar et al. 2021). 

Polymorphic information content (PIC) 

value that shows the amount of 

polymorphism within a population was 

estimated for each SNP according to 

(Botstein et al. 1980) for assessment of 

genetic diversity of barley germplasms 

using in-house script R as follows: 

 

 

Where  is the frequency of the ith 

allele,  is the frequency of jth, and k is 

the number of alleles per marker 

(Botstein et al. 1980; Kumar et al. 2020).  

To account for the population 

structure, PCA method was performed 

using 14,943 SNPs and the first three 

principal components were used for 

scattering distribution to identify 

subpopulations in the R environment (R 

Core Team, 2021). Also, the 

multidimensional scaling (MDS) analysis 

is applied to compute the pairwise 

genetic distance matrix between the 

barley genotypes following Nei et al. 

(1983) index using the BIO-R v3.0 

(Pacheco et al. 2016). The genetic 

distance matrix was used to construct a 

dendrogram using the Ward's method to 

identify the subpopulation structure of 

barley genotypes based on the whole 

genome marker information of 14,943 

SNPs in BIO-R v3.0 (Pacheco et al. 

2016). 

The fixation index (Fst) which 

indicates the variance of allele 

frequencies among populations (genetic 

differentiation) was estimated based on 

Nei's genetic distance using BIO-R 

(Pacheco et al. 2016) as follows: 

 

 

Where DST indicates diversity among 

individuals within the subpopulation and 

He is the expected heterozygosity. The 

Hs is the mean of diversity within 

subpopulations as: 

 

 

Where L is the total loci, and j is the 

number of loci, and Hsl is the diversity  

within subpopulations and computed as: 
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Where Psi is the frequency in the ith 

allele in one locus in the sth 

subpopulation (Pacheco et al. 2016). 

The pairwise r2 for SNP markers on 

each chromosome for whole genotypes, 

two-rowed, and six-rowed barley 

genotypes, and genotypes within 

subpopulations were calculated for 

linkage disequilibrium (LD) using the 

statistical program R (R Core Team, 

2021). The loci were considered to be in 

significant LD when P <0.01, the rest of 

r2 values was not considered as 

informative. 

 

Results 

The distribution of allele frequencies 

was classified in five categories (Fig. 1) 

indicating the proportion of SNP markers 

with MAF values that fell within the 

following ranges: 0.05 to <0.1, 0.1 to 

<0.2, 0.2 to <0.3, 0.3 to <0.4, and 0.4 to 

≤0.5. The SNPs whose MAF value was 

less than 0.05 were discarded. A higher 

proportion of SNPs (51%) fell in the two 

middle categories (0.1≤MAF<0.3), while 

35% of the SNPs showed a MAF≥0.3 

and fell in the last two categories. The 

lower proportion of SNPs (14%) had 

MAF<0.1 (Fig.1). 

 

Figure 1. Distribution of SNP frequencies based on MAF categories with in the population of 

107 barley. 

 

The distribution of SNPs varied on 

chromosomes and chromosome 5H had 

the highest SNPs (2658 SNP) while 

chromosome 1H had the lowest SNPs 

(1571 SNP) (Table 2). The average of 

PIC value for each chromosome ranged 

from 0.320 for chromosome 7H to 0.349 

for chromosome 6H. Furthermore, the 

distribution of PIC value of 14,943 SNP 

for all genotypes (Fig. 2) indicated that 

PIC value ranged from 0.09 to 0.50, and 

52% of SNPs had PIC value higher than 

the average PIC value (0.34), 

representing higher polymorphisms in 

the studied SNPs. 
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Table 2. Distribution of SNP markers on each chromosome and average PIC value for each 

chromosome. 

Chromosome SNPs number Ave. PIC SD PIC 

1H 1571 0.338 0.13 

2H 2533 0.336 0.13 

3H 2472 0.337 0.12 

4H 1744 0.336 0.12 

5H 2658 0.337 0.13 

6H 1918 0.349 0.12 

7H 2047 0.320 0.13 

Average  2134 0.336 
 

SNP: single nucleotide polymorphism, Ave. PIC: average polymorphic information content, 

and SD: standard deviation 

 

Figure 2. Distribution of PIC values of 14943 SNPs using entire barley genotypes.  

 

The PIC values were computed for 

two-rowed and six-rowed types using the 

whole-genome information (Fig. 3) and 

each chromosome (Table 3). The average 

PIC value for the six-rowed and two-

rowed types were 0.367, and 0.178, 

respectively (Fig. 3 A, and B). For the 

six-rowed types, the PIC value ranged 

from 0.0377 to 0.5 and 57.16% of SNPs 

indicated PIC values greater than 

average (0.367) while for the two-rowed 

types the range of PIC values was 

between 0.0345 to 0.484 and 44.31% of 

SNPs showed PIC values greater than 

average (0.0.178). For six-rowed type, 

average PIC value ranged from 0.361 

(chromosome 7H) to 0.375 (chromosome 

4H) while it ranged from 0.164 

(chromosome 2H) to 0.191 (chromosome 

6H) for two-rowed types (Table 3).

 

Table 3. The average PIC value for each chromosome for six-rowed and two-rowed barley. 

 
Six-rowed types Two-rowed types 

Chromosome Ave. PIC SD PIC Ave. PIC SD PIC 

1H 0.366 0.13 0.184 0.10 
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2H 0.365 0.12 0.164 0.09 

3H 0.373 0.12 0.178 0.09 

4H 0.375 0.12 0.167 0.09 

5H 0.366 0.12 0.179 0.10 

6H 0.365 0.13 0.191 0.09 

7H 0.361 0.13 0.180 0.10 

Average 0.367 
 

0.178 
 

Ave. PIC: average polymorphic information content, and SD: standard deviation. 

 

 

Figure 3. Distribution of PIC values for six-rowed (A) and two-rowed barley (B). 

 

Population structure 

The PCA and Ward's method was used 

to uncover the population structure of 

107 barley genotypes using 14,943 

whole-genome SNPs which led to 

identifying three subpopulations with 42, 

20, and 45 genotypes for subpopulations 

1, 2, 3, respectively (Fig. 4 A). 

Moreover, the hierarchical cluster 

analysis with Ward's method and Nei's 

genetic distance was used to analyze 

population structure, resulting in three 

distinctive subpopulations with 41, 21, 

and 45 genotypes (individuals) (Fig. 4 

B). According to PCA and the Ward's 

clustering, subpopulation 1 comprised all 

25 barley genotypes from SPII, eight 

lines from the ICARDA-DARI breeding 

program, nine genotypes from national 

and international landraces (Fig. 4 A, 

blue cluster). Genotypes of this 

subpopulation included one spring (2%), 

26 winters (62%), and 15 facultative 

(36%) barley genotypes. Also, 33 of 42 

genotypes in subpopulation 1 had a six-

rowed types, and all of 42 genotypes 

except of "Sararood 1" cultivar were 

irrigated barley. However, the "Sararood 

1" cultivar was adapted for 

supplementary irrigation conditions. 

Subpopulation 2 (Fig. 4 A, red cluster) 

included national and international 

landraces (20 genotypes) which all of 

them except "landrace 102" were winter 

and six-rowed types. In this cluster, there 

were three irrigated and 17 Irr-Rf barley 

genotypes (Fig. 4 A, red cluster). 

Subpopulation 3 included 45 barley 

genotypes in which 40 originated from 

the ICARD-DARI breeding program and 

five were from national and international 

landraces (Fig. 4 A green cluster). All 
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genotypes in this cluster were rainfed 

with two-rowed types, and 39 (87%), and 

six genotypes (13%) had facultative and 

spring growth habits, respectively (Fig. 4 

A green cluster, and Table 1). Grouping 

of genotypes into subpopulations by 

Nei's genetic distance (population 

structure) (Fig. 4 B) was very similar to 

PCA result, except for two genotypes 

(genotype 19 and 61 from SPII and 

ICARDA-DARI breeding program, 

respectively) which differed in 

subpopulation 1, and fell into 

subpopulation 2. In subpopulation 2, 

only one genotype (102 from Iranian 

landraces) differed which fell into 

subpopulation 1. All genotypes in 

subpopulation 3 were similar for both 

methods (Fig. 4 B). 

 

 

Figure 4. Dendrogram of grouping 107 barley genotypes using 14943 SNPs into three 

subpopulations (clusters) based on PCA and Ward method (A), and Nei’s genetic distance and 

Ward method (B). 

A 
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The distribution of PIC values was 

different for three subpopulations so that 

subpopulation 1 with an average PIC of 

0.38 was more diverse than 

subpopulation 2 (Ave. PIC = 0.29), and 

subpopulation 3 (Ave. PIC = 0.09) (Fig. 

5). In subpopulation 1, 59.86% of SNPs 

had a PIC value greater than the average 

PIC, representing higher polymorphic 

SNPs in this subpopulation, by contrast 

average PIC was respectively calculated 

48.30% and 28.99% for subpopulations 2 

and 3. Furthermore, the range of PIC 

value was 0.023–0.5.00, and 

0.022−0.411, 0.051−0.500 for 

subpopulation 1, 2, and 3, respectively. 

The average PIC value for each 

chromosome ranged from 0.370 for 2H 

to 0.395 for 3H in subpopulation 1, while 

this value ranged from 0.255 for 1H to 

0.313 for 7H in subpopulation 2. For 

subpopulation 3, the average PIC value 

for each chromosome was smaller than 

those in subpopulations 1 and 2 and 

ranged from 0.077 for 2H to 0.116 for 

3H (Table 4) representing the lowest 

genetic diversity. 

 

Table 4. Average PIC values using 14943 SNPs for three subpopulations in each 

chromosome. 

Chromosome 
Ave. PIC 

Subpopulation 1 
SD 

Ave. PIC 

Subpopulation 2 
SD 

Ave. PIC 

Subpopulation 3 
SD 

1H 0.388 0.11 0.255 0.15 0.091 0.09 

2H 0.370 0.12 0.296 0.15 0.077 0.08 

3H 0.395 0.11 0.301 0.15 0.116 0.12 

4H 0.384 0.11 0.289 0.15 0.100 0.10 

5H 0.380 0.11 0.275 0.15 0.083 0.08 

6H 0.384 0.12 0.292 0.15 0.090 0.09 

7H 0.374 0.12 0.313 0.14 0.100 0.10 

 Average 0.382 
 

0.289 
 

0.094 
 

 

Figure 5. Distribution of PIC values by 14943 SNPs for subpopulation 1, subpopulatio n 2, 

and subpopulation 3. 

 

There was a good agreement between 

Nei's genetic distance classification and 

PCA visualization so that the three 

clusters classified by Nei can be 

identified in the PCA plot. The first three 

axes of the PC analysis explained 

48.12% of the total genetic variation of 

107 genotypes, and the proportion of the 

1st, 2nd, and 3rd PCs was 31.55%, 11.52% 

and 5.06%, respectively (Fig. 6). 
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Figure 6. Grouping of 107 barley genotypes to three subpopulations with 14943 SNPs by 

three first principal components (PCA). Red color: subpopulation 1, Orange color: 

subpopulation 2, and Gray color: subpopulation 3. The first three PCs explained 48.12% of 

variation and the 1st PC had the highest value which representing a correct relationship 

among subpopulations. Lower PIC (Table 4), Hsl (Table 5), and higher LD amounts for 

subpopulation 3 representing higher familial relationship within genotypes which lead to the 

highest value for PC1 compared to the previous studies (Bengtsson et al.  2017a; Jabbari et al. 

2018; Melchinger et al. 1994). 

 

Genetic differentiation among populations  

The Fst measures the degree of genetic 

differentiation among populations, 

according to the allele frequencies 

(Pacheco et al. 2016). Pacheco et al. 

(2016) classified Fst as following: 0–

0.05; small genetic differentiation, 0.05–

0.15; middle genetic differentiation, 

0.15–0.25; big genetic differentiation, 

and Fst≥0.25; very big genetic 

differentiation. Fixation index (Fst) was 

computed to evaluate genetic 

differentiation among subpopulations 

with Nei's genetic distance matrix. In 

this study, Fst was 0.381 indicating a 

large level genetic differentiation among 

three subpopulations. The mean of 

diversity within subpopulations (Hs) was 

0.208 while the Hsl values revealed that 

subpopulations 1 and 3 had the highest 

(0.379) and lowest (0.040) genetic 

diversity, respectively.The mean value of 

the effective number of alleles (Ne) was 

1.56. The value of Shannon's information 

index (I) was 0.74 and the average of 

gene diversity based on Nei's gene 

diversity (He) was 0.336. The observed 

heterozygosity (Ho) and average 

expected heterozygosity (He) was 0.004, 

and 0.336, respectively (Table 5). 

Table 5. Genetic diversity parameters for entire population and subpopulations based on 

14943 SNPs. 

He = Nei Ho Ne I Hsl1 Hsl2 Hsl3 Hs Dst = He - Hs Fst = Dst/He 

0.336 0.004 1.56 0.74 0.379 0.204 0.040 0.208 0.128 0.381 
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He: expected heterozygosity, Nei: Nei genetic distance index, Ho: observed heterozygosity, 

Ne: number of effective alleles, I: Shannon information index, Hsl1: diversity within 

subpopulation1, Hsl2: diversity within subpopulation2, Hsl3: diversity within subpopulation3, 

Hs: mean of diversity within subpopulations, Dst: diversity among individuals within a 

subpopulation, and Fst: fixation index. 

 

The pairwise LD measurement r2 of 

14943 SNPs related to physical distance 

indicated that LD varied in different 

chromosomes. For whole-genome LD 

(entire population), the r2 value of 

16,477,702 intra-chromosomal SNP 

markers was estimated with average 

r2= 0.0957 in which r2 values of 

6,734,162 pairwise (40.1%) was 

significant (P<0.01). The chromosome 

5H comprised the highest pairwise SNPs 

(3531153) (21.43%) in which the r2 

value of 1472144 pairwise SNPs (21.9%) 

was significant (P<0.01) while the 

chromosome 1H with the 1233235 

pairwise SNPs (7.48%) included the 

lowest pairwise SNPs in which r2 value 

of 502460 pairwise markers (7.46%) was 

significant (P<0.01). The highest 

average r2 value was for the 

chromosomes 2H and 4H with 0.1060 

and 0.1020, respectively, while the 

lowest average r2 value belonged to 

chromosome 7H (0.0773) (Table 6). 

 

Table 6. Total pairwise SNPs, pairwise SNPs with significant r 2, average pairwise LD 

measurement r2 for whole-genome, and each chromosome with 14943 SNPs and 107 barley 

genotypes. 

Chromosome Total pairwise SNPs Ave. r2 r2 = 1 Pairwise SNPs with r2 (P<0.01) r2 and P<0.01 

1H 1233235 0.0954 35 502460 0.202 

2H 3206778 0.1060 63 1403937 0.215 

3H 3054156 0.0908 74 1203018 0.197 

4H 1519896 0.1020 43 648644 0.209 

5H 3531153 0.0988 64 1472144 0.206 

6H 1838403 0.0997 53 785836 0.203 

7H 2094081 0.0773 48 718123 0.184 

 Sum 16477702 0.0957 380 6734162 0.202 

r2: average correlation coefficient square, r 2= 1 shown the pairwise SNPs that are in complete 

LD, and r2 and P<0.01: pairwise SNPs that their r2 was significant at P<0.01 (r2 is average 

value for each chromosome). 

The pairwise LD measurement r2 was 

computed on each chromosome for two 

and six-rowed type barley, 

subpopulations 1 and 3 separately to 

assess population structure effects on LD 

pattern (Table 7 and 8). For all 

chromosomes, the proportion of pairwise 

SNPs with significant p-value in the 

whole population was more than that in 

two and six-rowed types and also 

genotypes within subpopulations 1 and 3 

(Table 7 and 8). But the average r2 of 

pairwise SNPs with significant p-value 

for two and six-rowed types and 

genotypes in subpopulation 1 was more 

than that in the whole population on 

different chromosomes (Table 7 and 8). 

Furthermore, the average r2 for two-

rowed genotypes and subpopulation 3 

(mainly comprised rainfed two-rowed 

barley) was more than that for six-rowed 

type genotypes (which 84% of them was 

irrigated barley) (Table 7 and 8). 
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Table 7. Total pairwise SNPs, pairwise SNPs with significant r2, average r2 for two- and six-

rowed type barley genotypes in each chromosome.  

 

Two-rowed barley  Six-rowed barley  

Chr. 

Total 

pairwise 

SNPs 

Ave. 

r2 
r2 = 1 P<0.01 

Ave. r2 and 

P < 0.01 

Ave. 

r2 
r2 =1 P<0.01 

Ave. r2 and 

P<0.01 

1H 1233235 0.187 2966 276683 0.39 0.076 333 180041 0.272 

2H 3206778 0.193 14533 723309 0.412 0.082 874 531320 0.273 

3H 3054156 0.172 10464 708915 0.398 0.068 443 398093 0.255 

4H 1519896 0.212 8062 301832 0.446 0.08 428 246871 0.266 

5H 3531153 0.212 12598 913632 0.415 0.069 558 467557 0.256 

6H 1838403 0.184 5547 537153 0.388 0.065 401 220642 0.26 

7H 2094081 0.159 5065 395836 0.381 0.056 329 193705 0.249 

Sum 16477702 0.158 59235 3857360 0.404 0.071 3366 2238229 0.262 

SNP: single nucleotide polymorphism, Ave. r2: average correlation coefficient s quare, and P: 

p-value. 

Table 8. Total pairwise SNPs, pairwise SNPs with significant r2, average r2 for 

subpopulations 1 and 3 in each chromosome.  

  Subpopulation 1 Subpopulation 3 

Chr. 
Total pairwise 

SNPs 
r2 r2 = 1 P<0.01 

r2 and 

P<0.01 
r2 r2 = 1 P<0.01 

r2 and 

P<0.01 

1H 1233235 0.063 329 96212 0.297 0.277 21499 40303 0.586 

2H 3206778 0.065 827 258241 0.298 0.184 14991 9758 0.570 

3H 3054156 0.058 514 208908 0.286 0.202 13924 35966 0.642 

4H 1519896 0.063 419 116152 0.296 0.355 1239 3476 0.652 

5H 3531153 0.056 742 211791 0.288 0.158 11129 19424 0.531 

6H 1838403 0.184 508 129794 0.300 0.214 24167 50384 0.568 

7H 2094081 0.060 468 111520 0.289 0.191 14422 40789 0.566 

  16477702 0.078 3807 1132618 0.293 0.226 101371 200100 0.588 

SNP: single nucleotide polymorphism, r2: correlation coefficient square, and P: p-value. 

 

Discussion 

This study was aimed to assess genetic 

diversity and population structure of a 

set of breeding lines, cultivars, and 

landraces using SNP markers. In this 

study the number of SNPs per 

chromosome was different and 

chromosome 5H had the highest SNPs 

while chromosome 1H had the lowest 

SNPs. This finding was similar to the 

result of a previous study on Nordic 

spring barley panel with SNP markers 

(Bengtsson et al. 2017b) and research on 

a set of winter and spring barley 

accessions with polymorphic SNPs (Xu 

et al. 2018). However, our finding was in 

disagreement with the results of a study 

on a set of six-rowed barley from the 

USA and Kazakhstan with SNPs for 

which chromosomes 1H and 4H 

comprised the lowest number of SNPs 

while 3H included the highest SNPs 

(Almerekova et al. 2019).  

These differences could be due to in 

the amount of genomic coverage of 

different sets of SNPs that were used in 

previous studies. The genetic diversity 

parameters were measured for whole 

barley genotypes and each 

subpopulation. The Nei's and Shannon's 
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indices as reliable parameters for 

assessing genetic diversity highlighted 

high genetic variation among this panel 

(Feng et al. 2018; Nei. 1978; Tomar et 

al. 2021; Yu et al. 2021). Structure 

analysis of the panel was carried out 

using PCA, Nei's genetic distance among 

genotypes, and hierarchical cluster 

analysis based on the Ward's algorithm 

which lead to similar results and 107 

barley genotypes placed into three 

subpopulations in which the breeding 

lines and cultivars were well grouped 

based on row type, rainfed and irrigated 

(subpopulation 1 included irrigated and 

six-rowed barley and subpopulation 3 

comprised rainfed and two-rowed barley) 

while landraces distributed in all three 

subpopulations due to high genetic 

diversity. Therefore, strong population 

structure effect in this panel was related 

to row type (two-rowed and six-rowed), 

and adaptation to irrigated, and rainfed 

environment (Ataei et al. 2018).  

Results of earlier studies indicated that 

growth habit (winter and spring type), 

row type (two and six), and geographical 

origin were the main factors leading to 

population structure in barley 

populations (Bengtsson et al. 2017a; 

Comadran et al. 2009; Hamblin et al., 

2010; Malysheva-Otto et al. 2006; 

Tondelli et al. 2013; Zhang et al. 2009). 

In a study LD and genetic diversity 

pattern of 192, Mediterranean barley 

with SSR and DArT markers grouped 

similar genotypes into five 

subpopulations according to growth 

habit, row type, and geographical origin 

(Comadran et al. 2009). The PCA 

showed that the three first PCs explained 

a higher amount of the total genetic 

variation of the panel that was higher 

than that was reported in the previous 

studies representing a correct 

relationship among subpopulations and 

genotypes (Bengtsson et al. 2017a; 

Jabbari et al. 2018; Melchinger et al. 

1994). The highest value for PC1 was 

due to lower PIC values (Table 4) and 

Hsl (Table 5) for subpopulation 3 

(included all two-rowed barley) which 

led to higher familial relationship within 

genotypes of this subpopulation. A 

genetic diversity study was conducted on 

100 six-rowed winter barley genotypes 

using 3964 SNPs and indicated that the 

1st and 2nd PCs explained 13.8 and 

8.97% of whole genetic variation of the 

panel, respectively (Ataei et al. 2018).  

In this study the PC1 value was lower 

than PC1 value of our finding which was 

due to using diverse panel in their study. 

The results of fixation index, Fst, 

indicated a higher genetic differentiation 

existing among three subpopulations. In 

accordance with the Pacheco et al. 

(2016), Hsl values indicated that 

subpopulation 1 (six-rowed, and irrigated 

barley) had the highest and 

subpopulation 3 (two-rowed and rainfed 

barley) had the lowest genetic variation. 

Ataei et al. (2018) was reported that 

genetic diversity in six-rowed barley 

cultivars was greater than that in two-

rowed barley cultivars. The average PIC 

of 0.34 demonstrated a high genetic 

divergence of the panel in this study. 

Furthermore, 52% of SNPs had a PIC 

value greater than the average indicating 

that the SNPs used in this study were 

very informative markers for studying 

the genetic diversity of the barley 

population (Kumar et al. 2020; Tomar et 

al. 2021).  

Similar results were reported for six-

rowed winter barley genotypes in which 

average PIC value was 0.39 (0.19-0.5) 

(Ataei et al. 2018) whereas our finding 

for six-rowed types was 0.37 and for 

entire genotypes was 0.34 (0.05-0.50).  

Hill et al. (2021) estimated a low 

polymorphism of 0.17 PIC for 632 

accessions in a barley panel. 

Furthermore, Varshney et al. (2010) 

 [
 D

O
R

: 2
0.

10
01

.1
.2

71
70

63
2.

14
00

.1
4.

4.
6.

9 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 jo

ur
na

lo
fb

io
sa

fe
ty

.ir
 o

n 
20

25
-1

0-
30

 ]
 

                            16 / 22

https://dor.isc.ac/dor/20.1001.1.27170632.1400.14.4.6.9
https://journalofbiosafety.ir/article-1-450-en.html


"Ahakpaz et al. , Assessment of Genetic Diversity and Population Structure among …  

129 

obtained average PIC value for SSR and 

SNP markers as 0.63 and 0.38, 

respectively for a set of ICARDA barley 

germplasm collection including 185 

cultivated (H. vulgare L.) and 38 wild 

(H. spontaneum L.) genotypes originated 

from 30 countries. The average and 

distribution of PIC values of three 

subpopulations showed a different trend 

of PIC. In agreement with the Hsl values, 

the trend increased toward 0.5 of PIC 

(maximum diversity) in subpopulation 1 

while it decreased in subpopulation 3 

indicating very high genetic variation in 

subpopulations 1. Decreasing trend of 

PIC value in sub-population 3 could be 

due to selection intensity for specific 

traits under rainfed conditions, and 

common parents that were used in 

DARI's barley breeding program for line 

and cultivar development. Regarding this 

result, genetic diversity of European 

two-rowed spring barley showed low 

PIC values at regions on chromosome 1H 

(47.8–55.4), 6H (30.2–53.6) and 7H 

(29.8–47.6), which high probably was 

due to selection for malting quality traits 

and yield (Tondelli et al. 2013).  

For six-rowed winter type barley, Ataei 

et al., (2018) indicated very similar 

results in which the average of PIC was 

varied from 0.37 (2H and 5H 

chromosomes) to 0.42 (3H and 7H 

chromosomes) (Table 3; PIC values for 

six-rowed barley). There was no specific 

trend for PIC values in subpopulation 2 

(Iranian and international landraces) and 

its genetic variation was lower than that 

for subpopulation 1 and much higher 

than that for subpopulation 3. The 

observed average PIC for this panel 

(0.34) was comparable to previous 

studies and PIC values also varied 

among chromosomes (Jabbari et al., 

2018). The highest average PIC value 

was 0.349 for chromosome 6H, which 

resembles the results of a study on a set 

of European barley cultivars (Jabbari et 

al. 2018; Roy and Shil, 2020). The PIC 

variations among chromosomes differed 

for six and two-rowed barley in which 

for six-rowed types, the upper and lower 

level of PIC was for chromosomes 4H, 

and 7H, which was in disagreement with 

the results of a study on a set of six-

rowed type barley genotypes from the 

USA and Kazakhstan with SNPs for 

which the range of PIC values was 

between 0.28 for 2H and 0.34 for 3H 

(Almerekova et al. 2019).  

These differences could be due to 

different sets of SNPs that were used in 

these studies. For two-rowed barley the 

highest and lowest average PIC value 

was for chromosomes 2H and 6H, 

respectively, which corresponds with the 

result of Jabbari et al. (2018). The 

distribution of whole-genome and 

average PIC value for each chromosome 

indicated that six-rowed type barley were 

more diverse than the two-rowed types 

which was in agreement with the finding 

of Pasam et al. (2012) and Ataei et al. 

(2018). The pairwise LD measurement 

(r2) was computed for whole-genome, 

each chromosome, two and six-rowed 

type barley, subpopulations 1 and 3 

separately to assess population structure 

effects on LD pattern. The whole-

genome LD (entire population) results 

indicated that LD amount was different 

on chromosomes and the highest amount 

of LD was on chromosomes 2H and 4H 

while chromosome 7H had the lowest 

amount of LD. The LD amount for two 

and six-rowed types and subpopulation 1 

was more than whole-genome LD on 

different chromosomes. Furthermore, the 

LD amount of two-rowed genotypes and 

subpopulation 3 (rainfed two-rowed 

types) was more than that for six-rowed 

types. The higher LD within 

subpopulations could be due to 

population structure resulting from small 

size and higher familial relationships 

among individuals compared to the 
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entire population. Results revealed that 

the LD amounts for rainfed barley were 

higher than that for irrigated barley. 

Additionally, lower genetic variation 

(the lowest PIC and Hsl) within 

subpopulation 3 (rainfed barley) leads to 

higher LD which could be due to higher 

selection intensity for traits under 

rainfed conditions (Stracke et al. 2007). 

In agreement with our result and 

conclusion, Bengtsson et al. (2017) 

found slower LD decay within the two-

rowed lines from the southern part 

compared to the six-rowed lines and the 

two-rowed lines from the northern part, 

that may be a result of strong selection 

for higher malting quality and yield in 

the southern parts. Also, there were more 

common parents in the pedigree of 

rainfed breeding lines and cultivars 

resulting in higher familial relationships 

among rainfed genotypes, and 

consequently higher LD. On the other 

hand, most of the rainfed barley used in 

this study were elite, advanced, 

promising breeding lines and cultivars 

which were selected for important 

agronomic traits simultaneously leading 

to narrow down genetic variation, and 

consequently increasing familial 

relationships and LD in this germplasm 

(Gupta et al. 2005). 

 

Conclusion 

A high level of genetic diversity was 

observed among barley breeding lines, 

cultivars, and landraces based on 

informative SNP markers. Irrigated 

winter six-rowed types were more 

diverse than rainfed two-rowed type 

barley.  

Strong population structure in this 

paned was related to row-type and 

adaptation to irrigated and rainfed 

conditions. The LD amount of rainfed 

two-rowed barley was more than that for 

irrigated six-rowed types, which could 

be the result of strong selection for traits 

under rainfed conditions.  

The potential genetic variation of this 

pane could be used in barley 

improvement programs to extend genetic 

diversity of germplasms specially rainfed 

two-rowed types resulting in to develop 

new lines with desirable traits under 

rainfed conditions. Also, landraces could 

be used in the pre-breeding program to 

introgression novel genetic diversity to 

the background of breeding lines and 

cultivars. The final goal of exploring 

genetic diversity will be improving 

productivity and stability under rainfed 

conditions. 
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 هچکید

و  تیساختار جمع ،یکیتنوع ژنت قیتحق نیاست. درا یضرور دیارقام جد دیتول یبرا یکیاز تنوع ژنت یریگبهره

 یبررسا SNP یبا نشاانگرها یو آب مید یرقم و توده بوم ،نیلا 107 (LD) در سطح ژنوم یوستگیادل پعدم تع

 یاطلاعاات نندشاکل ی(، محتاواH) ینئا(، Iشاانون ) یبرآورد شاخص تنوع ژن ینشانگر برا 14943. تعداد شد

(PICشاخص تثب ،)تی (Fstو تجز )یاصل یهامؤلفه هی (PCAاستفاده شادند. مقااد )ری I  وH ،74/0  336/0و 

ساه  PC هیاباود. تجز 178/0و  367/0 بیاباه ترت فاهیجاو شاش و دو رد یو برا PIC ،34/0کل  نیانگیبود. م

نسابت باه  بیبه ترت 29/0و  PIC، 38/0مقدار  نیانگیبا م 2و  1 یهاتیرجمعیکرد که ز ییرا شناسا تیرجمعیز

 نیشاتریب بیاباه ترت 3و  1 یهااتیرجمعیز باود. Fst، 381/0 نیانگیاتر بودناد. م( متناوع09/0) 3 تیرجمعیز

از  شاتریب فهیدو رد یجوها یبرا LD نیانگیرا داشتند. م هاتیرجمعیز یکی( تنوع ژنت040/0) نی( و کمتر379/0)

 نیکمتار میاد یهافاهیو دو رد یکایتناوع ژنت نیشتریب یبوم یهاو توده یآب فهیشش رد ی. جوهاودب فهیشش رد

باودن  میاو د یسانبله و آبا فیامربوط به تعداد رد تیرا نشان دادند. ساختار جمع LD نیترشیو ب یکیتنوع ژنت

 جو استفاده شوند. یلاحنشانگر در برنامه اص -ارتباط صفت  افتنیدر  توانندیم هاپیژنوت نیجوها بود. ا

اطلاعاات  یتاوادر ساطح ژناوم، مح ینکاژیعدم تعادل ل ت،یمعججو، ساختار  یکیمنابع ژنت: های کلیدیواژه

 .یدیتک نوکلئوت ینندشکل یو نشانگرها ینندشکل
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