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Abstract Genetic diversity among 19 Triticum aes-
tivum accessions and 73 accessions of closely related
species was analyzed using simple sequence repeat
(SSR) markers. Forty-four out of 497 SSR markers
were polymorphic. In total 274 alleles were detected
(mean 6.32 alleles per locus). The polymorphic
information content (PIC) of the loci ranged from
0.3589 to 0.8854 (mean 0.7538). The D genome
contained the highest mean number of alleles (6.32)
followed by the A and B genomes (6.13 and 5.94,
respectively). The correlation between PIC and allele
number was significant in all genome groups (0.7540,
0.7361 and 0.7482 for A, B and D genomes, respec-
tively). Among the seven homologous chromosome
groups, genetic diversity was lowest in group 7 and
highest in group 5. In cluster and principal component
analyses, all accessions grouped according to their
genomes were consistent with their taxonomic classi-
fication. Accessions with the A and D genomes were
clustered into two distinct groups, and AABB
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accessions showed abundant genetic diversity and a
close relationship. Triticum durum and T. turgidum
were clustered together, consistent with their morpho-
logical similarity. Cluster analysis indicated emmer is
closely related to hexaploid wheat. Compared with
common wheat, higher genetic variation was detected
in spelt, T. aestivum subsp. yunnanense and subsp.
tibetanum. In addition, a close genetic relationship
between T. polonicum and T. macha was observed.
The results of the clustering and principal component
analyses were essentially consistent, but the latter
method more explicitly displayed the relationships
among wheat and closely related species.

Keywords Genetic diversity - Germplasm resources -
Related species - SSR markers - Triticum aestivum -
Wheat

Introduction

As population growth and conflicting resource
requirements continue to increase, coupled with a
significant reduction in the area of arable land,
environmental changes and loss of genetic diversity,
improving wheat production is becoming increasingly
challenging. The loss of genetic diversity not only
limits further improvement of yield and quality, but
also increases the vulnerability of wheat to biotic and
abiotic stresses. On the other hand, numerous wild

@ Springer



1106

Genet Resour Crop Evol (2013) 60:1105-1117

species closely related to common wheat are a
particularly valuable source of genes for disease, cold,
insect and salinity resistance and high grain quality
(Orth and Bushuk 1973; Limin and Fowler 1981;
Schachtman et al. 1992). Therefore wheat-related
species are an excellent potential source of genes for
wheat improvement (Knaggs et al. 2000).

Molecular markers have been widely used in wheat
genetics research and breeding over the last 20 years.
Studies of genetic diversity in wheat have used different
types of molecular markers such as randomly amplified
polymorphic DNA (Joshi and Nguyen 1993), restric-
tion fragment length polymorphisms (Kim and Ward
2000), and amplified fragment length polymorphisms
(Shoaib and Arabi 2006). Most of these molecular
markers, however, show low level of polymorphisms in
wheat. Another PCR-based marker type, SSRs, which
are also known as microsatellites, offers a number of
advantages, such as a high level of polymorphism,
locus specificity, codominance, reproducibility, conve-
nience, and random and uniform distribution through-
out the genome (Roder et al. 2002). SSR markers are
proven to be an efficient tool for estimation of genetic
variation in wheat (Landjeva et al. 2006).

Among wheat and its close relatives, six species
have the same chromosomal composition (AABBDD)
as common wheat (Triticum aestivum L. s.str.), namely
T. macha Dekapr. et Menabde, T. spelta L., T. vavilovii
(Thum.) Jakubz., T. compactum Host, T. petropaviov-
skyi Udacz. et Migusch., and T. sphaerococcum
Percival (Hammer et al. 2011). In China, several
species have the AABBDD genomic composition,
such as Xinjiang rice wheat (7. petropavlovskyi),
T. aestivum subsp. tibetanum (Tibetan wheat) and
T. aestivum subsp. yunnanense (Yunnan wheat) (Ward
etal. 1998). These species are an important germplasm
resource for improvement of common wheat and
contain many desirable genes. Investigation of the
genetic diversity of wheat germplasm is crucial in
order to broaden the gene pool available for wheat
breeding. Although several studies on genetic diversity
of wheat and closely related species have been
reported, most of these studies provided limited
information because they evaluated a narrowly diverse
germplasm selection (Maher et al. 2005; Naghavi et al.
2009a, b; Achtar et al. 2010).

In the present study, SSR markers were used to
investigate the genetic diversity of 92 accessions of
wheat and closely related species. This information

@ Springer

will be useful to facilitate the efficient utilization of
wheat-related species in the breeding of novel wheat
cultivars.

Materials and methods
Experimental materials

We examined genetic diversity among 19 Triticum
aestivum accessions and 74 accessions of closely related
species, comprising seven accessions of Aegilops tau-
schii Coss., seven accessions of 7. boeoticum Boiss., 13
accessions of 7. durum Desf., 13 accessions of
T. turgidum L., three accessions of T. dicoccoides (Korn.
ex Asch. et Graebn.) Schweinf., seven accessions of
T. dicoccon Schrank, six accessions of T. polonicum L.,
two accessions of 7. carthlicum Nevski for T. persicum,
two accessions of T. macha Dek. et Men., two accessions
of T. araraticum Jakubz., two accessions of 7. turanicum
Jacubc. for T. orientale, nine accessions of T. spelta L.,
two accessions of 7. aestivum L. subsp. yunnanense King
(Yunnan wheat), nine accessions of T. aestivum subsp.
tibetanicum Shao (Tibetan wheat), and eight accessions
of T. aestivum L. The accessions were provided by Dr.
Lihui Li from the Chinese Academy of Agriculture
Sciences, Beijing, China. Detailed information for these
accessions is listed in Table 1.

Extraction of genomic DNA

Genomic DNA was extracted using the CTAB method
(Saghai-Maroof et al. 1984). The quality and quantity of
the extracted DNA was measured by agarose gel
electrophoresis and UV spectrophotometry, respec-
tively. The final DNA concentration was adjusted to
50 ng/l.

Selection of SSR markers and detection of PCR
products

A total of 497 SSR markers were selected from the
following primer sets: GWM (Rdder et al. 1998),
WMC (Somers et al. 2004) and BARC (Song et al.
2005). The sequences of the SSR primers were
obtained from the GrainGenes Database (http://wheat.
pw.usda.gov/GG2/index.shtm).

PCR amplifications were performed in 20 pl vol-
umes containing 0.31 uM of each primer, 0.9 mM
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Table 1 List of the accessions of wheat and closely related species analyzed, their provenance, genome classification, and groupings
obtained in the present study

No. Species Chromosome A Group in
L =0.59
1 Ae. tauschii Coss. D China 1
2 Ae. tauschii Coss. D Iran 1
3 Ae. tauschii Coss. D Russia 1
4 Ae. tauschii Coss. D Mexico 1
5 Ae. tauschii Coss. D Japan 1
6 Ae. tauschii Coss. D China 1
7 Ae. tauschii Coss. D Afghanistan I
8 T. boeoticum Boiss. A - 1
9 T. boeoticum Boiss. A Germany I
10 T. boeoticum Boiss. A USA 1
11 T. boeoticum Boiss. A Hungary I
12 T. boeoticum Boiss. A Hungary I
13 T. boeoticum Boiss. A Hungary 1
14 T. boeoticum Boiss. A Hungary I
15 T. durum Desf. AB India 1
16 T. durum Desf. AB Italy I
17 T. durum Desf. AB Albania I
18 T. durum Desf. AB Turkey 1I
19 T. durum Desf. AB Mexico 1I
20 T. durum Desf. AB Peru I
21 T. durum Desf. AB Mexico 11
22 T. durum Desf. AB France 11
23 T. durum Desf. AB Italy I
24 T. durum Desf. AB Mexico I
25 T. durum Desf. AB Mexico 1I
26 T. durum Desf. AB Italy I
27 T. durum Desf. AB China 1I
28 T. turgidum L. AB China 11
29 T. turgidum L. AB Mexico 11
30 T. turgidum L. AB Germany I
31 T. turgidum L. AB China 11
32 T. turgidum L. AB China 11
33 T. turgidum L. AB China 11
34 T. turgidum L. AB China I
35 T. turgidum L. AB China 11
36 T. turgidum L. AB China 11
37 T. turgidum L. AB Italy I
38 T. turgidum L. AB Australian I
39 T. turgidum L. AB China 1I
40 T. turgidum L. AB China I
41 T. dicoccoides (Korn. ex Asch. et Graebn.) Schweinf. AB - 11
42 T. dicoccoides (Korn. ex Asch. et Graebn.) Schweinf. AB - 11
43 T. dicoccoides (Korn. ex Asch. et Graebn.) Schweinf. AB - I
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Table 1 continued

No. Species Chromosome A Group in
L =0.59

44 T. dicoccon Schrank AB USA 1I
45 T. dicoccon Schrank AB Germany 1I
46 T. dicoccon Schrank AB Poland 1
47 T. dicoccon Schrank AB Ethiopia I
48 T. dicoccon Schrank AB Canada I
49 T. dicoccon Schrank AB Canada I
50 T. dicoccon Schrank AB Canada 1I
51 T. polonicum L. AB China I
52 T. polonicum L. AB China I
53 T. polonicum L. AB India 11
54 T. polonicum L. AB Turkey 11
55 T. polonicum L. AB - 11
56 T. polonicum L. AB Mexico 11
57 T. carthlicum Nevski AB - I
58 T. carthlicum Nevski AB USA I
59 T. macha Dek. et Men. ABD Russia 1I
60 T. macha Dek. et Men. ABD Hungary 1I
61 T. araraticum Jakubz. AG USA I
62 T. araraticum Jakubz. AG USA I
63 T. turanicum Jacubc. AB Russia I
64 T. turanicum Jacubc. AB Germany 1I
65 T. spelta L. ABD Denmark 1T
66 T. spelta L. ABD - v
67 T. spelta L. ABD Germany 1
68 T. spelta L. ABD Switzerland 11T
69 T. spelta L. ABD - 11T
70 T. spelta L. ABD Denmark 111
71 T. spelta L. ABD - 1
72 T. spelta L. ABD Germany 1
73 T. spelta L. ABD Denmark 1
74 T. aestivum subsp. yunnanense King ABD China 1
75 T. aestivum subsp. yunnanense King ABD China 1
76 T. aestivum subsp. tibetanum Shao ABD China 11T
77 T. aestivum subsp. tibetanum Shao ABD China 11
78 T. aestivum subsp. tibetanum Shao ABD China I
79 T. aestivum subsp. tibetanum Shao ABD China 1
80 T. aestivum subsp. tibetanum Shao ABD China 1
81 T. aestivum subsp. tibetanum Shao ABD China 1
82 T. aestivum subsp. tibetanum Shao ABD China il
83 T. aestivum subsp. tibetanum Shao ABD China 11T
84 T. aestivum subsp. tibetanum Shao ABD China 111
85 T. aestivum L. ABD China I
86 T. aestivum L. ABD China I
87 T. aestivum L. ABD China I
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Table 1 continued

No. Species Chromosome A Group in
L =0.59

88 T. aestivum L. ABD China 11

89 T. aestivum L. ABD China 11

90 T. aestivum L. ABD China il

91 T. aestivum L. ABD China 111

92 T. aestivum L. ABD China 111

dNTP mix, 2.5 mM MgCl,, 1U Tag polymerase,
1xPCR buffer and 50 ng DNA template. The ampli-
fication protocol consisted of 4 min at 94 °C, fol-
lowed by 35 cycles of 1 min at 94 °C, 1 min at an
annealing temperature of 50-60 °C, and 1 min at
72 °C, and final extension for 8 min at 72 °C. The
amplification products from the markers were sepa-
rated in an 8 % polyacrylamide gel, visualized with
silver and photographed.

Data analyses

The presence of a band in the same migration site of
the gel produced in two independent experiments was
recorded as 1 and the absence of the band was
recorded as 0. Accordingly, a binary (0, 1) data matrix
was constructed (Nei and Li 1979). The average
polymorphic information content (PIC) was calcu-
lated for each marker in accordance with the method
of Maher et al. (2005). Dice’s coefficient was
calculated with the similarity analysis module (Qual-
itative) in the NTSYSpc2.1 software (Rohlf 2000).
Cluster analysis was performed with the SAHN
module of NTSYSpc2.1 using the unweighted pair-
group method with arithmetic averages (UPGMA)
and a dendrogram was generated accordingly. Two
dimensional (2D) analyses of the Dice coefficient
matrix were performed with Decneter in the Output &
transf module and Eigen in the Ordination module
(principal component analysis) of NTSYSpc2.1.

Results
Polymorphism of SSR loci
Forty-four out of the 497 SSR markers were polymor-

phic and were used to characterize and estimate the
genetic diversity of the 92 genotypes. The total number

of detected alleles was 274 with an average allele
number of 6.32 per locus. The number of alleles per
locus ranged from two for the Xwmc296 locus in the A
genome to 13 for the Xwmc506 locus in the D genome.
The average PIC values reflecting the genetic diversity
among the 44 microsatellite loci was 0.7482. The PIC
values ranged from 0.3589 for locus Xgwm295-7D to
0.8854 for locus Xwmc707-4A (Table 2).

Genetic diversity among the wheat genomes
and chromosome groups

The 44 loci were evenly distributed in the A, B, and D
genomes (16, 18, and 10, respectively). The highest
mean number of alleles was detected in the D genome
(6.90) followed by the A genome (6.13), and the
lowest number was detected in the B genome (5.94).
The highest mean PIC was recorded in the A genome
(0.7540), followed by the D genome (0.7482) and the
B genome (0.7361) (Fig. 1).

The highest PIC value of 0.1585 was observed for
the fifth homologous chromosome group markers, and
the lowest value of 0.0882 was observed for the
seventh homologous group markers. Among the seven
homologous chromosome groups in wheat, the rank-
ing for average genetic richness was 4 (7.83) > 5
(7.00) = 6 (7.00) > 7 (6.25) > 1 (6.00) > 3 (5.80) >
2 (4.00), whereas the ranking for the genetic diversity
index was 5 (0.1585) > 3 (0.1499) > 4 (0.1383) > 6
(0.1293) > 2 (0.1264) > 1 (0.0935) > 7 (0.0882).
Overall, we detected considerable genetic diversity
as measured by the average genetic richness and
genetic diversity index (Fig. 2).

Cluster analysis of the 92 accessions
In order to explore relationships among the 92

genotypes, the Dice genetic similarity (GS) coefficient
was calculated according to the binary (1, 0) data
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Table 2 Polymorphism for 44

SSR markers among the 92 Marker Z?él;f PIC Marker S?él:qf PIC
accessions of wheat and closely _ _
related species Xgwml75-1A 6 0.8071  Xgwml8I-3B 5 0.7498
Xgwm372-2A 7 0.8367  Xgwm299-3B 7 0.7969
Xwmc296-2A 2 0.3748  Xgwm400-4B 5 0.7017
Xgwm047-2A 3 0.5907  Xgwm538-4B 9 0.8560
Xgwm636-2A 5 0.741 Xgwm67-5B 7 0.7678
Xgwm369-3A 8 0.8448  Xgwm626-6B 6 0.6516
Xwmc707-4A 10 0.8854  Xwmc487-6B 8 0.8157
Xwmc718-4A 7 0.8341  Xwmc494-6B 5 0.7307
Xwmc722-4A 8 0.8528  Xwmc737-6B 9 0.8137
Xgwm205-5A 5 0.7379  Xgwmli46-7B 4 0.6998
Xgwm304-5A 6 0.7903  Xgwm333-7B 6 0.7524
Xgwm219-6A 7 0.806 B genome primers mean 5.94 0.7361
Xbarcl108-TA 6 0.7189  Xbarc99-1D 8 0.7769
Xgwm332-TA 6 0.6962  Xcfd92-1D 5 0.7600
Xwmc422-TA 6 0.7189  Xgwml02-2D 3 0.5783
Xwmce525-TA 7 0.8282  Xgwm3-3D 6 0.7934
A genome primers mean 6.13 0.7540  Xwmc720-4D 8 0.8502
Xgwm818-1B 11 0.8705  Xgwml74-5D 10 0.8678
Xwmc367-1B 4 0.6565  Xgwm565-5D 7 0.7992
Xwmc719-1B 7 0.8295  Xcwm372-6D 7 0.8356
Xgdm33-1B 3 0.5803  Xwmc506-7D 13 0.8699
Xgwmi24-1B 4 0.7006  Xgwm295-7D 2 0.3589
Xgwm210-2B 4 0.6961 D genome primers mean 6.90 0.7490
Xbarc73-3B 3 0.5627  Overall mean 6.32 0.7482
7.00¢ + ~0.08 9.00 0.1800
2 650 / 0.07 . 8.00 A 0.1600
° 1 @ g 7.00 _ 12« om0 §
£ 660 =% 006 3 £ 600 ¥ 4 ¥ —4 101200 2
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Fig. 1 Comparison of the genetic diversity within each of the
three wheat genomes from 44 SSR markers
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Fig. 2 Comparison of the genetic diversity among the seven
chromosome groups

matrix of the amplified bands for the 92 wheat
samples. The results showed that the GS coefficient
varied from 0.57 to 0.94 among the samples with an
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average value of 0.7638 (Fig. 3a). The highest GS
coefficient was observed between T. turgidum L. (no.
31) and T. turgidum L. (no. 32), indicating that these
two accessions showed the highest genetic similarity
and the closest genetic relationship.

UPGMA cluster analysis based on the GS matrix was
used to analyze the 274 polymorphic bands amplified by
the SSR primers. Two main clusters were resolved at a
similarity of 0.57(L). Four groups were separated at
0.59(L) (Fig. 3a); the first group contained 17 genotypes,
including all accessions of the diploid species Ae. tauschii
Coss. and T. boeoticum Boiss.; the second group
contained 39 genotypes, including all of the tetraploid
wheat accessions; the third group contained 33 acces-
sions, including all hexaploid wheat genotypes; and the
fourth group consisted of a single 7. spelta accession (no.
66). Accessions that shared the same genome were
clustered in the same group, which is consistent with the
genomic and taxonomic classification. However, some
accessions of the same species were clustered into two
groups, such as accessions nos. 57 and 58 of T.
carthlicum, which were separated into groups I and II,
respectively, and thus indicated that a wealth of genetic
diversity exists in this species. Some conspecific acces-
sions were placed in the same cluster and were indicated
to have a close relationship, such as accessions nos. 31
and 32 of T. turgidum. Further research is needed to
clarify the relationships of these accessions.

The principal coordinate analysis divided the 92
accessions into three groups (Fig. 3b). These results
were highly consistent with those obtained with
UPGMA clustering. However, principal component
analysis can more explicitly display the relationships
between accessions than other methods. 7. durum (nos.
15-27) and T. turgidum (nos. 2840, except no 38) were
clustered in the same group as common wheat acces-
sions, which indicated that these two species shared a
close genetic relationship. Abundant genetic variation in
the genomes of Yunnan wheat and Tibetan wheat was
indicated, which could be utilized to broaden the gene
pool of common wheat. In addition, a close genetic
relationship was observed between T. polonicum and T.
macha, which were clustered in the same group.

Cluster analysis of wheat genomes
among the accessions

The relationship between the A and D genomes among
the wheat genotypes was examined by means of a

cluster analysis. UPGMA cluster analysis of the GS
matrix was performed to analyze the 199 polymorphic
bands amplified with the SSR primers among the 14
accessions with A or D genomic constitutions. The
accessions were divided into two distinct clusters at a
similarity coefficient of 0.66(L) and were separated
from all other accessions, with only one accession with
an A genomic constitution (7. boeoticum no 12,
Hungary) placed independently.

The average GS coefficient among accessions with
either A or D genomic constitutions was 0.6612 and
ranged from 0.45 to 0.87 (Fig. 4). The average GS
coefficient among accessions with an A genomic
constitution (0.7682) was higher than that for acces-
sions with a D genomic constitution (0.6872), which
indicated that the latter showed more abundant genetic
diversity than those with the A genome.

Accessions with an AABB genomic constitution
showed abundant genetic diversity and a close rela-
tionship. UPGMA cluster analysis of the GS matrix
was performed to analyze the 268 polymorphic bands
amplified with the SSR primers among the 48
accessions with AABB genomic constitutions, basi-
cally the same species of materials in a group. For
most species, such as T. durum Desf. and T. turgidum
L., multiple accessions were clustered in the same
group (Fig. 5). However, some accessions of the same
species were not clustered together, such as T.
araraticum nos. 61 and 62, T. turanicum nos. 63 and
64, persicum in carthlicum, and the accessions T.
durum no 15, T. polonicum no 51 and T. turgidum no
38 were not clustered with other conspecific acces-
sions. The average GS coefficient among these
accessions was 0.6948 and ranged from 0.57 to 0.94
(Fig. 5). The highest GS coefficient (0.94) was
observed between T. turgidum L. accession nos. 31
and 32, which indicated that these two taxa showed
the lowest genetic similarity. The average GS
coefficients of species with an AABB genomic
constitution were ranked as follows: T. furanicum
for T. orientale (0.6506) < T. dicoccon Schrank
(0.6548) < T. carthlicum (0.6615) < T. polonicum
L. (0.6734) < T. araraticum Jakubz. (0.6874)
< T. dicoccoides (0.6912) < T. durum Desf. (0.7505) <
T. turgidum L. (0.7612).

Among genotypes with an AABBDD genomic
constitution, UPGMA cluster analysis of the GS
matrix was performed to analyze the 260 polymorphic
bands amplified with the SSR primers among the 30
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accessions with an AABBDD genomic constitution.
Accessions of T. macha and T. spelta were clustered
into separate groups. Accessions of 7. aestivum subsp.
yunnanense and subsp. tibetanum were clustered in the
same group as common wheat accessions. The average
GS coefficient was 0.7167 and ranged from 0.55 to
0.86 (Fig. 6). The lowest GS coefficient (0.552) was
observed for T. spelta L.(no. 66). The highest GS
coefficient (0.86) was between T. aestivum L. (no. 88)
and T. aestivum L. (no. 89), which indicated that these
two species showed the greatest genetic dissimilarity.
The average GS coefficients of species with an
AABBDD genomic constitution were ranked as
follows: T. spelta L. (0.6812) < T. macha Dek. et
Men. (0.7312) < T. aestivum subsp. tibetanum Shao
(0.7602) < T. aestivum subsp. yunnanense King
(0.7712) < T. aestivum L. (0.7852).

Discussion
Most previous studies of wheat genetic diversity show

that species closely related to wheat contain high
genetic diversity. Prasad et al. (2000) analyzed data for

55 wheat genotypes sourced from six continents and
reported that one to 13 alleles were amplified at each
SSR locus. Chao et al. (2007) reported an average of
7.2 alleles per locus among US wheat accessions with
arange of two to 24 alleles per locus. In contrast, some
studies have observed lower allelic diversity in
common wheat. For example, Chen et al. (2003)
screened genetic diversity among Chinese winter
wheat germplasm and reported an average of 3.5
alleles per locus. Zhan et al. (2006) used 79 pairs of
SSR primers to analyze 129 wheat accessions culti-
vated in the Huang-huai District and detected a total of
335 alleles, with each primer detecting two to eight
alleles (average 4.24). Ma and Zhang (2008) screened
57 accessions of Chinese wheat and detected an
average of 3.09 amplified alleles per locus. In the
present study, 92 accessions of wheat and closely
related species were screened with 44 pairs of SSR
primers. Between two and 13 alleles were amplified
for each SSR locus with an average of 6.32 per locus.

Of the three wheat genomes, the highest genetic
diversity was present in the D genome (0.0749),
followed by the A genome (0.0471) and the B genome
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Fig. 5 Dendrogram generated from an UPGMA cluster anal-
ysis (a) and two-dimensional principal component analysis
scatterplot (b) derived from data for 44 SSR markers for

(0.0408). With regard to homologous chromosome
groups, the highest PIC value of 0.1585 was observed
for group 5 chromosome markers and the lowest value
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accessions of wheat and closely related species carrying two
genomes. The number beside each accession name corresponds
to the respective accession numbers listed in Table 1

of 0.0882 was recorded for group 7 markers. These
findings contrast with those of a previous study
(Huang et al. 2002a, b) in which the highest PIC
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value was reported for the B genome followed by A
and D genomes. Other studies report highest PIC
values for homologous chromosome group 2 (Huang
et al. 2002a, b; Roder et al. 2002), whereas in the
present study the highest diversity was observed for
homologous group 7 using a similar set of primers.
This difference may reflect differences in the geo-
graphical provenances of the accessions analyzed in
the present and previous studies. Chen and Li (2007)
observed that the ranking of average locus diversity
per genome was D > B > A in synthetic hexaploid
wheat genotypes. Chao et al. (2007) reported a ranking
of B>D > A among US wheat genotypes, and
Dreisigacker et al. (2005) reported a ranking of
B > A > D among 68 CIMMYT wheat lines.

In the present study, using cluster analysis and
principal component analysis to analyze the genetic
diversity among 92 accessions, all species were grouped

according to their genomic constitution and consistent
with their taxonomic classification. The average GS
coefficient for each species differed among the 92
accessions analyzed and the following ranking of species
was observed: T. turanicum (0.6506) < T. dicoccon
(0.6548) < T. carthlicum (0.6615) < T. polonicum L.
(0.6734) < T. spelta L. (0.6812) < Ae. tauschii Coss.
(0.6872) < T. araraticum (0.6874) < T.dicoccoides
0.6912) < T. macha (0.7312) < T. durum Desf.
(0.7505) < T. turgidum L. (0.7612) < Tibetan wheat
(0.7602) < T. boeoticum Boiss. (0.7682) < Yunnan
wheat (0.7712) < T. aestivum L. (0.7852). Yang et al.
(2007), using 24 microsatellite molecular markers to
investigate the genetic diversity of different wheat
populations, reported a ranking of average genetic
diversity as follows: Spelt wheat (0.5359) > wild
emmer wheat (0.3513) > Ae. tauschii (0.3181) > T.
aestivum subsp. tibetanum (0.3056) > T. compactum
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(0.2639) > common wheat (0.1363) > T. aestivum
subsp. yunnanense and Xinjiang rice wheat (7. petro-
pavlovskyi) (0.0952). In our study the average genetic
distance of Tibetan wheat accessions was (0.7602, this
results indicated that Tibetan wheat showed a certain
level of genetic similarity and distance, the average
genetic distance of Tibetan wheat observed in the present
study was higher than that reported in other studies.
Whether or not this reflects gene transfer among the
Tibetan wheat accessions after long-term evolution and
natural selection requires further investigation and
showed some genetic diversity.

Allowing for the limited sampling of genotypes in
the current study, the results indicate that considerable
genetic diversity exists among the germplasm ana-
lyzed. The accessions with A and D genomic consti-
tutions (Ae. tauschii and T. boeoticum were divided into
two distinct classes, and were clearly resolved from
accessions carrying AABB and AABBDD genomic
constitutions. Accessions with the AABB genomic
constitution contained abundant genetic diversity and
showed a close relationship. 7. durum and T. turgidum
were clustered in the same group, which is consistent
with the close similarity in their morphology. Com-
pared with diploid wheat, the cluster analysis results
suggested that emmer (7. dicoccoides) has a close
ancestral relationship with hexaploid wheat. These
results are consistent with previous research that
suggested emmer is the donor of the AB genomes to
hexaploid wheat (Yang et al. 2007). Compared with
common wheat, Yunnan wheat and Tibetan wheat
exhibited higher genetic diversity, which could be
utilized to broaden the genetic base of common wheat.
In addition, a close genetic relationship between T.
polonicum and T. macha was observed, which were
clustered in the same group. However, some accessions
with the same genomic constitutions were clustered in
different groups. The reason for this may reflect their
different geographical provenances, such as 7. turan-
icumnos. 63 and 64, which were clustered in groups III
and II, respectively. However, the dendrograms gener-
ated in the cluster analyses were essentially consistent
with groupings obtained in the principal component
analysis scatterplots. Principal component analysis,
however, can display more explicitly the relationships
among wheat and closely related species.

Taken together, the present and previously pub-
lished SSR data suggest that the level of genetic
diversity contained in each wheat genome differs

@ Springer

depending on the specific wheat genotypes analyzed.
The present analysis describes the divergence of
alleles specific for a particular geographical region.
In a recent study (Landjeva et al. 2006), cultivars from
different geographical regions of Bulgaria were
clearly distinguished by SSR markers, which implied
that different environments may favor different
alleles. Differential distribution of alleles consistent
with ecological divergence has also been reported by
Stachel et al. (2000). However, in our paper, no
relationship between the geographical environment
and levels of genetic diversity were observed. The low
number of alleles present in modern wheat germplasm
provides a warning that there is a narrow genetic base
for further varietal improvement.

In conclusion, a high level of genetic diversity
exists among the wheat accessions analyzed. It is
possible to distinguish closely related elite wheat
germplasm, and to select lines and cultivars for
maximum genetic diversity, using only a small
number of microsatellite markers. A SSR marker
system is a rapid and reliable method for cultivar
identification that might also be used in quality control
in certified seed production programs, to identify
sources of seed contamination, and to maintain pure
germplasm collections.
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