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Abstract Inter-retrotransposon amplified polymorphisms (IRAPs) and retro-

transposon-microsatellite amplified polymorphisms (REMAPs) were used to detect

retrotransposon integration events and genetic diversity in 101 Iranian bread wheat

(Triticum aestivum L.) cultivars and breeding lines. The 9 IRAP primers amplified

128 loci, and 20 REMAP primers amplified 263 loci. Percentage of polymorphic

loci, average expected heterozygosity, number of effective alleles, and Shannon’s

information index for the REMAP markers were slightly higher than those for the

IRAP markers. The same estimated parameters calculated for native and nonnative

retrotransposons were not considerably different. A Mantel test between IRAP and

REMAP cophenetic matrices evidenced no significant correlation. Cluster analysis

based on the Dice similarity coefficient and complete linkage algorithm using

IRAP?REMAP loci identified five groups among the genotypes studied that could

be applied as crossing parents in T. aestivum breeding programs.
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Introduction

Bread wheat (Triticum aestivum L.), as a widely grown crop in many countries

including Iran, was domesticated 12,000 years ago in the Fertile Crescent (Salamini

et al. 2002). In the cradle of agriculture, Iran is considered a center for the

domestication of wheat and of its genetic diversity. The available genetic variation

was subsequently reduced by genetic drift and selection in the wild and by early

farmers. A decrease in allelic diversity after the 1960s was demonstrated in a study

of 559 French bread wheat accessions from the years 1800–2000 using 42 SSRs

(Roussel et al. 2004) and in 480 European wheat cultivars from 1840–2000 using 39

SSRs (Roussel et al. 2005). In Iran, wheat breeding commenced in 1942, and new

cultivars were developed from local populations and a set of genetically related,

modern high-yielding, introduced varieties. As a result, many landraces were

continuously replaced by modern wheat cultivars. Therefore, Iranian wheat

germplasm has experienced an overall reduction of its genetic basis as a result of

high selection pressure, recurrent use of the adapted elite germplasm, and the

adoption of breeding schemes that have not favored genetic recombination

(Mohammadi et al. 2009; Saeidi et al. 2008). Such reduction may have serious

consequences, as seen in the epidemic extension of yellow rust in Iran in 2009.

In recent decades, in collaboration with international research centers such as

CIMMYT, a number of new genotypes and breeding lines have been introduced to

the Iranian national wheat breeding programs to increase the genetic variation of its

wheat germplasm. Similar to most germplasms, only a small proportion of the

available genetic variation has been exploited for plant breeding in wheat and other

crop plants (Tanksley and McCouch 1997). Most of the germplasm remains

untapped, uncharacterized, and unutilized (Fernie et al. 2006). Therefore, the

genetic variation provided by the current and expanded gene pools should be

characterized for further utilization in crop improvement programs.

Retrotransposons (RTNs) have been detected in most grasses, accounting for as

much as 80% of the genome (San Miguel et al. 1996). The RTNs replicate by

successive transcription, reverse transcription, and insertion of new 5–10 kb cDNA

copies back into the genome as well as the retroviruses themselves, increasing the

genome size (Kumar and Bennetzen 1999). The dispersion, ubiquity, and prevalence

of RTNs in plant genomes allowed their success as DNA molecular marker systems

based on the PCR technique. The new insertions promoted by replicationally active

members of an RTN family result in insertional polymorphisms that can be detected

by inter-retrotransposon amplified polymorphism (IRAP) and retrotransposon-

microsatellite amplified polymorphism (REMAP) (Kalendar et al. 1999). IRAP has

been used alone or combined with REMAP in studies of genetic diversity and

phylogeny within several plant genera and species, including Hordeum (Kalendar

et al. 1999), Citrus (Biswas et al. 2010), Pisum (Smykal 2006), Oryza (Branco et al.

2007), Aegilops (Saeidi et al. 2008), and Medicago sativa L. (Abdollahi

Mandoulakani et al. 2012). Direct comparisons of RTN methods with other marker

systems indicate that the RTN markers are more informative and polymorphic in a

variety of crops (Queen et al. 2004; Tam et al. 2005; Abdollahi Mandoulakani et al.

2012). RTN marker data are more consistent with geographical and morphological
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criteria than amplified fragment length polymorphism (AFLP) markers (Ellis et al.

1998). A major disadvantage of RTN-based molecular markers is the need for RTN

sequence information to design family-specific primers. However, related species

have similar RTN sequences, meaning that primers designed from long terminal

repeat (LTR) sequences of an RTN can be readily used across species lines, among

closely related genera, and even sometimes between plant families (Lou and Chen

2007; Kalendar et al. 2011).

In the present study, we used IRAP and REMAP markers to detect integration

events and activity of LTR RTN families isolated from wheat and barley in the

Iranian bread wheat genome. IRAP and REMAP markers derived from these RTNs

were also used to assess the genetic variability among 101 Iranian bread wheat

cultivars and breeding lines in order to characterize this interesting germplasm,

which needs to be conserved, maintained, and further used in breeding programs to

widen the genetic basis of modern wheat varieties and to avoid the loss of rare and

unique alleles.

Materials and Methods

Plant Material and DNA Extraction

Plant material consisted of 50 Iranian bread wheat (Triticum aestivum L.) cultivars

and 51 breeding lines (Supplementary Table 1) kindly provided by the Seed and

Plant Improvement Institute, Karaj, Iran. Genomic DNA was extracted from young

leaves of 20-day seedlings of 5 plants from each genotype using the method

described by Ausubel et al. (1995) with minor modifications. The quality and

concentration of the DNA were measured using a spectrophotometer and

electrophoresis in a 0.8% (w/v) agarose gel.

IRAP and REMAP Reactions

Eleven single and 30 IRAP primer combinations (Supplementary Table 2; Table 1)

were tested on 6 cultivars and lines to select the primers producing discernible and

distinguishable banding patterns. The RTNs WIS2-1A, Wis, Wilma, Daniela, and

Fatima, originally identified from wheat, were considered native RTNs. Bare1 and

Sukkula identified in barley were considered nonnative RTNs. The IRAP and

REMAP primers were divided into native and nonnatives to compare their

polymorphism level and diversity. IRAP primer combinations with one nonnative

RTN were defined as nonnative primers. In REMAP, primer combinations with

native RTNs were considered native primers, and the rest were considered

nonnatives. Based on these criteria, 20 primers were defined as native and 9 as

nonnative.

IRAP PCR amplifications were carried out in a Bio-Rad thermo cycler (Bio-Rad

Laboratories, Hercules, CA, USA) in a total volume of 20 ll containing 45 ng

genomic DNA, 19 PCR buffer (10 mM Tris–HCl, 50 mM KCl, pH 8.3), 1.5 mM

MgCl2, 0.2 lM of each dNTP, 0.5 U Taq DNA polymerase (Cinagen, Iran), and
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10 pmol of each primer. The amplification profile consisted of an initial

denaturation at 94�C for 4 min, followed by 36 cycles at 94�C for 40 s, 57–63�C

(Table 1) for 40 s, 72�C for 2 min, and a final extension at 72�C for 5 min. PCR

products were separated by electrophoresis (Bio-Rad) using 1.8% Resolute Line

Biozyme agarose gel in 0.59 TBE buffer with a constant voltage of 65 V for 3–4 h.

Gels were stained by ethidium bromide. DNA fragments were then visualized under

UV light and photographed using a gel documentation system.

There were 88 REMAP primer combinations, derived from 11 single IRAP

primers with 8 ISSR primers (Supplementary Table 2; Table 1). They were tested

on 6 bread wheat genotypes to select the primer combinations generating scorable

and discernible banding patterns. PCR amplification reactions and temperature

profile, electrophoresis, and visualization of REMAP markers were as for IRAP.

Annealing temperatures of IRAP and REMAP primer combinations were optimized

by gradient PCR and depended on the primers (Table 1).

Statistical Analyses

The amplified fragments were scored independently as 1 (present) or 0 (absent) at

each position, and the binary data obtained were used for analyses. Three genetic

similarity matrices, for IRAP, REMAP, and combined data (IRAP?REMAP), were

calculated among 101 genotypes using the Dice similarity coefficient and were

subsequently used to construct three dendrograms based on the complete linkage

algorithm. To verify the adjustment between similarity matrices and respective

dendrogram-derived matrices (cophenetic matrix), the cophenetic correlation

coefficient was estimated. To estimate the degree of correlation among the three

cophenetic matrices for IRAP, REMAP, and IRAP?REMAP, Mantel’s test of

matrix comparison with 1,000 permutations was performed. Similarity matrices of

the IRAP?REMAP data were used to establish a Dcenter matrix and were

subsequently used in the principal coordinate analysis (PCoA) to resolve patterns of

genetic relationships among the 101 genotypes. All of these computations were

implemented in NTsysPC 2.1 (Rohlf 2000). An analysis of molecular variance

(AMOVA) using Genalex 6.4 (Peakall and Smouse 2006), to partition genetic

variation within genotypes and between cultivars and lines, was based on the

IRAP?REMAP data. The number of loci, percentage of polymorphic loci (PPL),

number of alleles or loci with a frequency higher than or equal to 5%, number of

private loci or alleles, number of less common loci with frequency lower than or

equal to 25% and 50%, mean of expected heterozygosity (He), number of effective

alleles (Ne), and Shannon’s information index (I) were calculated for each primer

using Genalex 6.4 (Peakall and Smouse 2006). Those parameters were also

measured for lines, cultivars, and cultivars?lines using IRAP, REMAP, and

IRAP?REMAP data. The efficiency of native and nonnative RTN-derived markers

in polymorphism detection was compared by calculating total loci, polymorphic

loci, PPL, He, Ne, and I separately for native and nonnative primers for cultivars,

lines, and genotypes.
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Results

RTN Activity and Polymorphism in T. aestivum Genome and IRAP Analysis

Of the tested IRAP primers, four single and five IRAP primer combinations

(Table 1) generated scorable and polymorphic banding patterns among 101 bread

wheat genotypes. Single primers Sukkula LTR1 (nonnative), Wilma-Bagy2,

Daniela LTR2, and Fatima LTR produced polymorphic banding patterns. Most of

the native IRAP primer combinations amplified no scorable and polymorphic

banding patterns. Nine IRAP primers amplified 128 loci, of which 108 were

polymorphic (84%). The frequency of all amplified loci was more than 5%. Primer

Wilma-Bagy2 was 100% polymorphic (Fig. 1). Primer Daniela LTR2, a single

native primer, showed the highest He, Ne, and I. The lowest values for those

parameters, as well as for PPL, were obtained for the nonnative primer combination

Bare1 LTR-Sukkula LTR2.

The Dice coefficients of genetic similarity using IRAP data averaged 0.81 for

lines, 0.8 for cultivars, and 0.8 for lines?cultivars. The greatest genetic similarity

was 0.98, between lines 12 and 177, and the least was 0.68, between Chenab and

Fig. 1 Polymorphism detected by a IRAP primer Wilma-Bagy2 and b REMAP primer combination
Daniela LTR2-UBC815. a Cultivars in lane 1 Adl, 2 Dez, 3 Shahpasand, 4 Mahdavi, 5 Arya, 6 Arta, 7
Atrak, 8 Shahryar, 9 Niknejad, 10 Shiraz; breeding lines in lane 11 159, 12 183, 13 1717, 14 167, 15 175,
16 146, 17 140, 18 25, 19 137, 20 164. b Breeding lines in lane 1 140, 2 25, 3 137, 4 164, 5 169, 6 145, 7
149, 8 8, 9 21, 10 121, 11 27, 12 32, 13 38, 14 114, 15 125, 16 19, 17 110, 18 20, 19 28, 20 115. Lane M
1 kb O’GeneRuler DNA ladder (Fermentas) in base pairs

Biochem Genet (2013) 51:927–943 933
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Fig. 2 Complete linkage dendrograms of 101 bread wheat cultivars and breeding lines using a 128 IRAP
loci, b 263 REMAP loci, and c 391 IRAP?REMAP loci. All dendrograms based on Dice similarity
coefficient

934 Biochem Genet (2013) 51:927–943
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608. A complete linkage dendrogram using 128 IRAP loci divided the individuals

into five groups (Fig. 2). Lines were mostly in the vicinity of each other in the

dendrogram, as was also observed for cultivars.

REMAP Analysis

Of the 88 tested REMAP primer combinations, 20 generated 263 scorable loci, and

240 (91%) of the loci were polymorphic (Table 1). Sukkula LTR2 and Bare1 LTR,

as nonnative primers, produced no polymorphic banding patterns in REMAP

Fig. 2 continued
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reactions. All native primer combinations produced polymorphic banding patterns

in REMAP reactions. The average of REMAP polymorphic loci was 12 per primer.

The size range of the amplified loci was 75–2,000 bp (Table 1). Polymorphism

detected by the REMAP primer combination Daniela LTR2-UBC815 is presented in

Fig. 1. The Dice genetic similarity coefficient based on REMAP loci ranged from

Fig. 2 continued
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0.63 (between lines 159 and 608) to 0.92 (between lines 122 and 133), averaging

0.80. Five main clusters were identified based on REMAP data using a complete

linkage algorithm (Fig. 2). Similar to the IRAP dendrogram, cultivars or lines were

near each other in the same cluster.

Combined Data Analysis

The Ne, I, He, and PPL comparison among cultivars and breeding lines was based on

IRAP, REMAP, and IRAP?REMAP analysis. In all three, the values calculated for

breeding lines were more than those of cultivars, showing a high level of RTN

insertional polymorphism and transpositional activity in the breeding lines

(Table 2). The parameters were calculated separately for native and nonnative

primers, to compare their efficiency in detecting polymorphism and diversity. No

remarkable difference was detected between the two groups, suggesting insertional

activity of the nonnative RTNs used in the bread wheat genome (Table 3).

Cophenetic matrices of IRAP and REMAP markers were significantly correlated

with the IRAP?REMAP data, but correlations between IRAP and REMAP

Table 2 Comparison of polymorphism among bread wheat cultivars and breeding lines based on IRAP,

REMAP, and IRAP?REMAP data

Method Genotype Ne (SE) I (SE) He (SE) PPL (%)

IRAP Cultivars 1.49 (0.033) 0.42 (0.024) 0.28 (0.017) 75

Lines 1.52 (0.032) 0.45 (0.022) 0.30 (0.016) 83

Cultivars?lines 1.54 (0.031) 0.46 (0.021) 0.31 (0.015) 86

REMAP Cultivars 1.57 (0.022) 0.47 (0.015) 0.32 (0.011) 82

Lines 1.58 (0.021) 0.49 (0.014) 0.33 (0.010) 87

Cultivars?lines 1.62 (0.020) 0.52 (0.013) 0.35 (0.009) 90

IRAP?REMAP Cultivars 1.54 (0.019) 0.45 (0.013) 0.31 (0.009) 80

Lines 1.56 (0.018) 0.48 (0.012) 0.32 (0.009) 85

Cultivars?lines 1.59 (0.017) 0.50 (0.011) 0.34 (0.008) 90

Ne number of effective alleles, SE standard error, I Shannon’s information index, He expected hetero-

zygosity, PPL percentage of polymorphic loci

Table 3 Comparison of native and nonnative retrotransposon-derived diversity in bread wheat cultivars

and breeding lines

Diversity

parameter

Native RTN Nonnative RTN

Cultivars Lines Cultivars?lines Cultivars Lines Cultivars?lines

Total loci 269 269 269 122 122 122

Polymorphic loci 212 232 243 102 101 105

PPL (%) 78.4 86.6 89.9 83.6 82.8 86.9

I (SE) 0.45 (0.016) 0.48 (0.014) 0.50 (0.013) 0.47 (0.022) 0.46 (0.023) 0.49 (0.021)

Ne (SE) 1.54 (0.023) 1.57 (0.020) 1.60 (0.020) 1.56 (0.032) 1.56 (0.033) 1.58 (0.031)

He (SE) 0.31 (0.011) 0.33 (0.010) 0.34 (0.009) 0.32 (0.016) 0.32 (0.017) 0.33 (0.015)

PPL percentage of polymorphic loci, I Shannon’s information index, SE standard error, Ne number of effective alleles,

He expected heterozygosity
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cophenetic matrices were not significant (r = 0.13). Hence, the data of IRAP?RE-

MAP markers were used to build a dendrogram to evaluate the power of both

techniques when combined. The Dice genetic similarity coefficient of the

IRAP?REMAP data ranged from 0.68 (between lines 151 and 1661) to 0.92

(between lines 122 and 133), with a mean value of 0.80. Cluster analysis using the Dice

similarity coefficient and a complete linkage algorithm revealed five groups (Fig. 2;

Table 4). Similar to the results from IRAP and REMAP markers, the cultivars and

breeding lines were in proximity to each other and in the same group or subgroup. Most

of the cultivars were located in cluster II. Principal coordinate analysis confirmed the

results obtained from cluster analysis, although PCoA1 and PCoA2 accounted for only

11% of the total variation in the genotypes studied (Fig. 3).

Discussion

RTN Transpositional Activity and Polymorphism in Iranian Bread Wheat

Genotypes

To our knowledge, this is the first report of IRAP and REMAP-based assessments of

RTN transpositional activity in Iranian bread wheat cultivars and breeding lines.

Table 4 Five heterotic groups of 101 bread wheat genotypes based on IRAP?REMAP data

Heterotic groups

1 2 3 4 5

Zagros Sholeh Zarrin 137 133 Dena 28 151

Akbari Gaskogen Morvarid 132 122 Behrang 16

Bam Sepahan Darab2 18 5 Arya 15

Marvdasht Sorkhtokhm Karaj3 30 12 1,661

Systan Alamut Hamun 1,720 177 608

VeeNack Inia Falat 169 147 158

Moghan3 Chenab Shahryar 149 1,549

Moghan1 Sardari Niknegad 145 2

Azadi Rasul Atrak 110 168

Karaj2 Golestan Arta 20 179

Kaveh M17 Shiraz 8 170

1546 Navid Adl 27

156 Hirmand Shahpasnd 121

178 Gaspard Dez 21

159 Darya Mahdavi 38

183 Ghods Bayat 115

1717 Roshan 146 114

175 Pishgam 140 125

152 Bahar 25 19

167 Kavir 164
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Nine IRAP and 20 REMAP primers were shown to amplify polymorphic and

discernible banding patterns and were applied to study the RTN transpositional

activity and the genetic diversity among 101 Iranian bread wheat cultivars and

breeding lines. In our study, the high percentage of polymorphism detected by both

IRAP (84%) and REMAP (91%) markers suggested the activities of the RTN

families used in the Iranian bread wheat genome. Much polymorphism was detected

by REMAPs, since the bands produced by REMAP are better than those produced

by IRAP at showing the number of LTRs present in the genome (Kalendar et al.

1999), explaining the high average percentage of REMAP polymorphism. RTNs

may integrate in principle in either orientation into the genome; hence, any two

members of one family or different RTN families may be found head to head, tail to

tail, or head to tail (Kalendar et al. 1999; Abdollahi Mandoulakani et al. 2012).

Therefore, combined primers from LTR ends of different RTN families were used

in IRAP reactions to increase the probability of finding bands. Single IRAP primers

Wilma-Bagy2, Daniela LTR2, Fatima LTR, and Sukkula LTR1 produced

polymorphic and distinguishable banding patterns, indicating the presence and

transpositional activity of these elements in the bread wheat genome. The detection

of a large number of IRAP and REMAP fragments generated by Wilma-Bagy2

primers revealed high copy numbers and a possible role of this RTN family in the

construction, organization, and evolution of the bread wheat genome that may be of

use in certain applications. Primers Bare1 LTR and 5LTR amplified no bands as

single IRAP primers, but they generated bands in IRAP reactions as primer

combinations with Sukkula and Daniela. This might reflect the insertion of Bare1 in

or near these elements and the absence of local clustering of them in the wheat

Fig. 3 Two-dimensional plot of the genetic relationships among 101 bread wheat lines and cultivars as
revealed by principal coordinate analysis using IRAP?REMAP data
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genome. The insertion of Bare1 near the Sukkula and other RTNs has been

previously found in the genome of Portuguese bread wheat cultivars (Carvalho et al.

2010) and Aegilops tauschii (Saeidi et al. 2008). The applicability of the barley

RTNs for genome analysis in the genera Aegilops, Hordeum, and Triticum has been

previously reported (Kalendar et al. 1999; Queen et al. 2004). Vicient et al. (1999)

stated that grasses share families of transcriptionally, translationally, and integra-

tionally active RTNs. Our study showed that Bare1 and Sukkula, as nonnative

RTNs, have relatives in the Iranian wheat genome and are transpositionally active,

as demonstrated earlier (Carvalho et al. 2010; Saeidi et al. 2008). Wis2-1A has been

previously considered an ortholog of Bare1 in the wheat genome (Vicient et al.

1999, 2005; Muniz et al. 2001), but primers based on both families produced

different banding patterns in IRAP and REMAP reactions in our study, suggesting

the divergence of these two families in the Iranian wheat genome. Therefore, Wis2-

1A and Bare1 might be defined as separate RTN families. Several investigations

have demonstrated that primers based on LTR sequences of RTN families can be

readily used across species lines, among closely related genera, and even sometimes

between plant families (Lou and Chen 2007; Abdollahi Mandoulakani et al. 2012).

Wis2-1A LTR, Wis LTR1, and Wis LTR2, as native RTNs, did not produce bands

singly or in combination with other RTN families in IRAP reactions, but they

amplified bands in REMAP reactions, probably demonstrating their presence in the

wheat genome as solo LTRs and the preferential insertion of this RTN family near

SSR motifs in the wheat genome. Most of the RTNs used here produced bands in

REMAP reactions, showing their insertion near or in SSR motifs, except for Bare1.

This might show preferential insertion of Bare1 in SSR motifs in the wheat genome.

Insertions of RTN families in the vicinity of microsatellites have been reported

previously in barley, wheat, and alfalfa (Vicient et al. 1999, 2005; Carvalho et al.

2010; Abdollahi Mandoulakani et al. 2012). The polymorphism and diversity

detected by native RTN-based primers used in IRAP and REMAP reactions in the

genotypes studied here were not considerably different from those of nonnatives

(Table 3), demonstrating the presence and insertional activity of the nonnative

RTNs used in the wheat genome and the likely close phylogenetic relationship of

wheat and barley. Abdollahi Mandoulakani et al. (2012) reported that IRAP and

REMAP primers based on RTNs isolated from Medicago sativa show more

polymorphism and are more informative than those based on nonnative RTNs

(LORE1 and LORE2 isolated from Lotus japonicus). The difference in the number

of native and nonnative primers used in the two investigations might be responsible

for the contrasting results.

Genetic Relationship Among Studied Genotypes

The correlations estimated among the three cophenetic matrices generated from the

IRAP, REMAP, and IRAP?REMAP dendrograms evidenced a relatively high and

significant correlation of IRAP and REMAP with IRAP?REMAP. The matrices

estimated by the techniques individually, however, revealed low and nonsignificant

correlations (r = 0.13). These results suggest that DNA regions amplified by REMAP

primers are different from those covered by IRAP, similar to the findings in barley
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(Kalendar et al. 1999), rice (Branco et al. 2007), and alfalfa (Abdollahi Mandoulakani

et al. 2012). Hence, combined analysis of IRAP?REMAP markers was applied to

reveal the association among cultivars and lines and identification of heterotic groups

among 101 bread wheat genotypes. The low level of genetic variation detected among

these genotypes (I = 0.5, He = 0.34, and Dice similarity coefficient = 0.8) might be

ascribed to the self-pollinating nature of wheat. Also, various wheat breeding programs

in recent decades have reduced the genetic variability of Iranian commercial wheat

cultivars. Evidence for this can be seen in the epidemic of wheat yellow rust (Puccinia

striiformis f. sp. tritici) in most regions of Iran in the three last years. Mohammadi et al.

(2009) reported high values of SSR-based gene diversity for 27 Iranian local

commercial (PIC = 0.7) and adapted (0.66) wheat cultivars. The differences between

those results and our study may be due to differences in the numbers of samples and the

marker systems used. However, complete linkage-cluster analysis based on the Dice

similarity coefficient using 391 IRAP?REMAP loci identified five heterotic groups

(Table 4). Cultivars were distributed in three groups (1, 2, and 3) and breeding lines in

four groups (1, 2, 4, and 5). Most cultivars as well as breeding lines were located in

group 2. The remaining cultivars were in groups 1 and 3. Clusters 4 and 5 consisted of

breeding lines only. All commercial cultivars were in the vicinity of each other in the

same subgroup, as was observed for breeding lines. The largest genetic distance was

found between lines 151 and 1661. These two lines or lines and cultivars in different

heterotic groups could be introduced as potentially suitable crossing parents in wheat

breeding programs to explore heterosis as well as to produce mapping populations,

provided that factors such as combining ability and other agronomically important traits

are taken into account. Now, morphological and physiological traits of these genotypes

are recorded in two regions for two years to identify reliable molecular markers

associated with agronomically and economically important traits.

In conclusion, the application of RTN-based markers can be a valuable tool for

wheat breeders, as it was for barley (Kalendar et al. 1999), citrus (Biswas et al.

2010), and alfalfa (Abdollahi Mandoulakani et al. 2012). In comparison with other

DNA markers, they might be even more informative and reliable for wheat

researchers, as 40–60% of the wheat genome comprises different RTN families

(Muniz et al. 2001). In wheat, where RTN LTRs have been identified, the use of a

multi-RTN approach in the molecular analysis is particularly informative, because

each RTN may have a unique transpositional history (Kumar and Bennetzen 1999),

and thus wider genome coverage is achieved. Similarly, the density of markers on a

recombinational map can be increased by pooling data from several RTNs. Using

different family elements offers the possibility of increasing phylogenetic resolution

on the basis of such differences. Also, a combination of ancient and active

retrotransposons can provide a comprehensive evaluation of the evolutionary

history of a genome and the relationships between taxa. In the current study, IRAP

and REMAP markers have demonstrated great advantages, with feasible operation,

a simple technique, and high reliability for the study of genetic diversity and

relationships among wheat cultivars and breeding lines. They were sufficiently

polymorphic to allow detection of intervarietal polymorphism and heterotic groups

in the wheat germplasm used.
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