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INTRODUCTION

The gene pools of wheat landraces play a special
role in extending the genetic basis of modern selection
cultivars. These gene pools form one of the important
sources of allele combinations of monogenic and poly-
genic systems, controlling plant resistance to adverse
environmental conditions. The process of landrace for-
mation has started almost from the beginning of human
wheat usage in prehistorical times. Various soil and cli-
matic conditions of wheat cultivation, spontaneous
mutagenesis, gene drift (associated with wheat distribu-
tion in the course of human dispersal), instinctive arti-
ficial selection, as well as natural selection (the pres-
sure of which in the conditions of primitive agriculture
was substantial), provided extreme heterogeneity and
polymorphism of wheat. At present, landraces are prac-
tically absent from wheat sowings worldwide, and all
their variety is mostly maintained in the cultivated
plants seed collections.

The collection of Vavilov All-Russia Institute of
Plant Industry (VIR), Russian Academy of Agriculture,
contains more than 14000 alive landraces of wheat
from different countries of the world. A titanic work on
evaluation of the selection value of this material and
classification of its phenotypic and agro-ecological
diversity has been performed [1–6]. However, there is
no clear idea on the pattern of genetic differentiation of
these varieties. Elaboration of molecular biological
techniques allowing rapid and effective analysis of

plant DNA polymorphism, along with availability of
computer programs for classification of large samples
with the help of multidimensional statistics, provide
new possibilities to resolve this issue.

Different types of DNA markers were used for eval-
uation of the genetic diversity of different species of
hexaploid wheat, as well as for classification of lan-
draces and selection cultivars of common wheat, origi-
nating from different countries [7–11]. In a number of
studies, attempts to find association between wheat
genetic diversity and its geographic distribution were
made [12–14]. Nevertheless, general structure of this
diversity, especially of that, associated with the unfa-
vorable cultivation conditions, is far from being under-
stood.

The main objective of this study was to investigate
genetic differentiation of hexaploid wheat (2

 

n

 

 = 6

 

x

 

 =
42, genomic formula, AABBDD), based on compara-
tive analysis of microsatellites or simple sequence
repeats (SSRs).

To achieve this goal, the following tasks were set:
(1) using VIR collection, to form a sample of lan-

draces and old breeding varieties most completely
reflecting ecogeographical diversity of hexaploid
wheat;

(2) to form a set of SSR markers (polymorphic mic-
rosatellite DNA sequences, or microsatellites, with
known genome localization), encompassing all chro-
mosomes of hexaploid wheat;
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Abstract

 

—Landraces of wheat can serve as important potential sources for extending the genetic basis of selec-
tion cultivars. Analysis of microsatellites and typing of polymorphism in a representative sample of 347 geno-
types, including landraces and selection cultivars, was performed using a set of 38 selected oligonucleotide
primer pairs. Each genotype had a unique allele combination at 39 microsatellite loci examined. Classification
of genotypes with respect to the level of their similarity was performed using cluster analysis. The data obtained
pointed to genetic differentiation of hexaploid wheat. The groups of cultivars, the formation of which was
thought to be associated with the main old areas of wheat cultivation in Europe and Asia, were identified. The
basis of each of the groups was formed by landraces of common wheat. The differences between the groups
identified were associated with multiple changes in the wheat genome and were expressed as quantitative dif-
ferences in the allele frequencies of microsatellite loci. The results of the study are of interest in terms of under-
standing the structure of wheat genetic diversity and revealing the pathways of evolution of this culture.
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(3) using SSR markers and the method of cluster
analysis, to characterize the structure of genetic diver-
sity in hexaploid wheat and to compare it with other
known classifications.

MATERIALS AND METHODS

The experiments were performed using a total of
319 typical accessions (genotypes), selected from lan-
draces and old breeding cultivars derived from different
species of hexaploid wheat. We believed that this geno-
type sample representatively reflected the range of
genetic changes in wheat examined during its distribu-
tion and adaptation to local climatic conditions. This
suggestion was based on the fact that the sample was
formed following agro-ecological classification of
wheat, elaborated by N.I. Vavilov [2, 3]. This classifica-
tion is based on the subdivision of the vast territory of
wheat cultivation into differing in size agro-ecological
areas and regions. Furthermore, each area or region was
characterized by substantial uniformity of soil and cli-
matic conditions along with certain agro-ecological
type of cultivars, defined as agro-ecological group.
Agro-ecological groups are united into subspecies and
species. The sizes of agro-ecological groups are differ-
ent, which is determined by the history of wheat devel-
opment and distribution. Substantial part of wheat cul-
tivars, analyzed by N.I. Vavilov and served as the basis
of his agro-ecological classification, has been pre-
served in the collection of VIR. Because of this, we had
an advantage to examine the cultivars, mentioned by
N.I. Vavilov in his classification. The sample examined
also included other landraces and old breeding variet-
ies, included into the collection mostly during the
period from 1908 to 1940. The origin of these cultivars
geographically coincided with agro-ecological zones
and regions, described by N.I. Vavilov for agro-ecolog-
ical groups. Taken together, the cultivars chosen for the
analysis belonged to 45 agro-ecological groups of six
wheat species (

 

Triticum macha

 

 Dek. et Men., 

 

T. spelta

 

L., 

 

T. Vavilovianum

 

 Jakubz. = 

 

T. vavilovii

 

 (Thum.)
Jakubz., 

 

T. compactum

 

 Host, 

 

T. sphaerococcum

 

 Perc.,
and 

 

T. vulgare

 

 Host = 

 

T. aestivum

 

 L.). Among these,
common wheat 

 

T. aestivum

 

 was represented by five
subspecies (ssp. 

 

irano-turkestanicum

 

 Vav., ssp. 

 

indi-
cum

 

 Vav., ssp. 

 

sinicum

 

 Vav., ssp. 

 

eurasiaticum

 

 Vav., and
dwarf wheat, 

 

T. compactum

 

 was represented by three
subspecies (ssp. 

 

armeno-turkestanicum

 

 Vav., ssp. 

 

eur-
asiaticum

 

 Vav., and ssp. 

 

sinicum

 

 Vav.). Each of agro-
ecological groups contained from two to twenty-five
cultivars. The genotypes representing Asian subspecies
of spelt, 

 

T. spelta

 

 L. ssp. 

 

kuckckianum

 

 Gokg., as well as

 

T. petropavlovskyi

 

 Udacz. et Migusch., were also
included into the study. The latter forms of wheat were
discovered rather recently [6]. In addition, to reveal the
association between modern selection cultivars and lan-
draces and old breeding varieties, 28 genotypes of
selection cultivars from Russia and CIS countries were

examined. Finally, the 347 genotypes tested repre-
sented the cultivars from 44 countries (see Table 2).

 

Analysis of microsatellites.

 

 DNA was isolated from
individual 2- to 3-week-old seedlings of each wheat
cultivar. DNA was extracted using the micro procedure
with addition of hexadecyltrimethylammonium bro-
mide [15]. Leaf fragments (0.2 to 0.3 g) were placed
into deep 96-well plates, frozen in liquid nitrogen, and
homogenized with the use of zirconia beads and a plate
shaker. The samples were mixed with 0.6 ml of extrac-
tion buffer, containing 100 mM Tris–HCl, pH 8.0;
50 mM EDTA; 500 mM NaCl; and 20 mM sodium met-
abisulfite. The mixture was incubated for 45 min at 95

 

°

 

C,
and then centrifuged at 4000 rpm for 10 min at +

 

4°

 

C.
Supernatant (200 

 

μ

 

l) was transferred to the new plates
and mixed with 200 

 

μ

 

l of isopropanol and 12 

 

μ

 

l of 7.5 M
ammonium acetate. The mixture was incubated at 

 

–
20°

 

C overnight and centrifuged as described above.
DNA pellets were washed with 400 

 

μ

 

l of 70% ethanol,
centrifuged, dried, and dissolved in 50 

 

μ

 

l

 

 

 

of deionized
water.

PCR was performed in the MJ Research PTC 225
thermal cycler according to the following scheme.
First, DNA was denaturated for 3 min at 

 

94°ë

 

, and then
35 cycles of amplification were performed (30 s at

 

94°ë

 

; 30 s at 45

 

°

 

C or 60

 

°

 

C, depending on primer; and
30 s at 

 

72°ë

 

). Final elongation was performed for 5 min
at 

 

72°ë

 

 [16]. For further analysis, the mixtures contain-
ing amplification products generated with the use of
either two or three pairs of primers, labeled with differ-
ent fluorescent dyes, were prepared. These mixtures
were examined using the ABI Prism 3100 automated
sequencer. The sizes of DNA fragments were deter-
mined using the GenScan v. 3.7 NT software package.

 

Statistical treatment of the results.

 

 Microsatellites of
different sizes and belonging to one DNA fragment
with known genomic localization (SSR locus) were
scored as alleles of this locus. To construct binary
matrix of initial data, they were coded as 1 or 0, which
indicated the presence or absence of each allele at cer-
tain SSR locus.

The initial data matrix was then used to generate the
genetic similarity index matrix, according to Nei and Li
[17]. This matrix was used for clustering of cultivars
with the help of the method of Ward [18], based on the
principle of minimization of variance within clusters. All
calculations and graphic constructions were performed
with the help of the MVSP 3.1 and STATISTICA 6.0 soft-
ware packages. The PIC (polymorphism information
content) index values under the conditions of the geno-
types homozygosity were calculated according to [19].

RESULTS

 

 Characteristics of SSR Markers

 

In this study, microsatellite loci were examined
using 37 primer pairs described by M. Réder et al. [16].
Each of these pairs enabled analysis of one locus (the
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Table 1.  

 

Characteristic of microsatellite loci studied

No. Locus* Localization* Total number of alleles Number of rare (unique) 
alleles

Polymorphism index 
(PIC)

1

 

Xgwm99

 

1A 18 13(8) 0.801

2

 

Xgwm135

 

1A 25 20(4) 0.784

3

 

Xgwm312

 

2A 34 31(7) 0.889

4

 

Xgwm372

 

2A 33 28(3) 0.949

5

 

Xgwm2

 

3A 11 7(2) 0.786

6

 

Xgwm480

 

3A 14 10(0) 0.665

7

 

Xcfd17h8a

 

4A 12 8(4) 0.447

8

 

Xgwm610

 

4A 15 11(5) 0.720

9

 

Xgwm186

 

5A 23 16(4) 0.870

10

 

Xgwm415

 

5A 6 4(1) 0.531

11

 

Xgwm427

 

6A 22 16(3) 0.883

12

 

Xgwm260

 

7A 20 11(0) 0.915

13

 

Xgwm11

 

1B 18 13(4) 0.844

14

 

Xgwm413

 

1B 16 10(1) 0.853

15

 

Xgwm120

 

2B 17 11(3) 0.874

16

 

Xgwm257

 

2B 7 3(2) 0.727

17

 

Xgwm285

 

3B 33 28(10) 0.890

18

 

Xgwm566

 

3B 12 7(2) 0.807

19

 

Xgwm149

 

4B 12 8(3) 0.702

20

 

Xgwm251

 

4B 21 17(4) 0.836

21

 

Xgwm234

 

5B 19 10(3) 0.907

22

 

Xgwm408

 

5B 21 15(5) 0.880

23

 

Xgwm219

 

6B 21 15(2) 0.898

24

 

Xgwm626

 

6B 10 8(1) 0.583

25

 

Xgwm46

 

7B 24 18(2) 0.896

26

 

Xgwm400

 

7B 17 11(2) 0.868

27

 

Xgwm337

 

1D 21 14(3) 0.893

28

 

Xgwm642

 

1D 10 6(1) 0.644

29

 

Xgwm261

 

2D 21 18(4) 0.750

30

 

Xgwm539

 

2D 40 33(8) 0.944

31

 

Xgwm341

 

3D 25 17(8) 0.920

32

 

Xgwm664

 

3D 4 2(0) 0.294

33

 

Xcfd17h8d

 

4D 17 8(2) 0.913

34

 

Xgwm190

 

5D 17 11(4) 0.806

35

 

Xgwm272

 

5D 11 7(3) 0.695

36

 

Xgwm325

 

6D 13 8(2) 0.814

37

 

Xgwm469

 

6D 15 9(2) 0.847

38

 

Xgwm44

 

7D 17 9(2) 0.891

39

 

Xgwm437

 

7D 20 12(2) 0.921

T o t a l 712 503(126) 0.799

 

* According to [16, 20].
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Table 2.  

 

Distribution of 347 genotypes of hexaploid wheat among 10 groups, identified upon the analysis of 39 microsatellite
loci, depending on the origin of cultivar, from which the genotype was selected

Region (geno-
type number) Subregion Country, territory

Genotype groups

1 2 3 4 5 6 7 8 9 10

Africa (12) Algeria 2
Morocco 1
Tunisia 1
Ethiopia 8

Asia (164) Central (66) Afghanistan 3 2
Western China 2 3 3 5
India, Kashmir 5
Iran 4 1
Kazakhstan 2
Mongolia 2 2
Tajikistan 8 7 3 3
Turkmenistan 2 2 1
Uzbekistan 5 1

Eastern (36) Eastern China 14 2 1 6
Japan 5 6 2

Northern (8) Russia 1 4 2 1
Southern (28) India 5 7 1 1

Pakistan 4 7 1 2
Western (26) Israel 1 1 5 1

Iraq 1
Syria 3
Turkey 2 7 1 4

Caucasus (46) Azerbaijan 7 4 1
Armenia 1 3 2 2 1
Georgia 2 5 3 2
Russia 8 2 3

 Europe (104) Western (47) Great Britain 2
Germany 4 1 1
Greece 1
Spain 6
Italy 1 1 3
the Netherlands 2
Portugal 3
France 5
Sweden 7
Switzerland 4 4 2

Eastern (57) Albania 1
Belarus 1
Hungary 1
Moldavia 1
Poland 1 4
Russia 6 12 8 6
Ukraine 4 5 3 3
Yugoslavia 1

New World
(21)

Australia 4
Argentina 1
 Canada 2 1 6
United States 1 2 2 2



 

RUSSIAN JOURNAL OF GENETICS

 

      

 

Vol. 45

 

      

 

No. 11

 

      

 

2009

 

GENETIC DIFFERENTIATION OF HEXAPLOID 1355

 

Xgwm

 

 loci, Table 1). Another pair of primers provided
simultaneous analysis of two independent loci
(

 

Xcfd17h8a

 

 and (

 

Xcfd17h8d) [20]. Thus, one locus was
typed in each of chromosomes 6A, 7A, and 4D. In the
remaining 18 chromosomes of the haploid set by two
loci were examined. Altogether, in 347 haplotypes of
hexaploid wheat 39 loci were tested.

The number of alleles identified at individual loci
varied from four at Xgwm664 to 40 at Xgwm539, with
the mean number of alleles per loci constituting 18.3. In
total, in 39 loci, 712 alleles were identified. Allele fre-
quency in the genotype sample studied varied from
0.3% to 83.2%, with the mean frequency of 5.5%. The
503 alleles among all identified (70.6% from the total
number) were found in less than 5% of genotypes.
These alleles were defined as rare. Among these, 126
alleles appeared to be unique, i.e., each of alleles was
present in only one genotype. The distribution of such
alleles among the loci was nonrandom. They were more
frequent in Xgwm285 (chromosome 3B, 10 alleles),
Xgwm99 (chromosome 1A, eight alleles), and
Xgwm539 (chromosome 2D, eight alleles). None of
these alleles were identified in Xgwm260 (chromosome
7A). The differences in rare allele frequencies at differ-
ent loci can be explained by their different mutation
rates. At the prevalence of rare alleles, in each locus
from one to five alleles with the frequencies of more
than 10%, were identified. The total number of such
alleles constituted 112.

Among 347 genotypes examined, each genome of
hexaploid wheat demonstrated the presence of nearly
equal number of alleles, including the rare. The PIC
value for genomes A, B, and D constituted 0.77, 0.82,
and 0.80, respectively. Among the homeologous chro-
mosome groups, the highest PIC value (0.90) was iden-
tified for the seventh group, while the lowest index
value (0.72) was found in the fourth group. For individ-
ual microsatellite loci, the polymorphism index varied
from 0.29 to 0.95, with the mean value of 0.80
(Table 1). It should be noted that unique alleles demon-
strated the tendency to the appearance in certain geno-
types. For instance, 44 out of 126 unique alleles identi-
fied (35.2%) were found in 20 genotypes. Furthermore,
each of these genotypes contained from two to four
unique alleles. Among the genotypes described, there
were four out of 26 spelt genotypes identified.
Although functional significance of mutations at micro-
satellite loci is still unknown, special attention should
be focused on the preservation in the collection of the
cultivars, from which the genotypes containing two or
more unique mutations were selected.

In general, comparison of 347 genotypes over 39
microsatellite loci showed that each of them was charac-
terized by a specific allele set. However, to distinguish all
the genotypes studied, analysis of seven loci, Xgwm120,
Xgwm234, Xgwm260, Xgwm372, Xgwm413, Xgwm437,
and Xgwm539, was sufficient.

Cluster Analysis

The values of similarity coefficient for all possible
60031 genotype pairs varied from 0.00 to 0.95, with the
mean value of 0.20. Furthermore, 27 pairs, which
included 32 genotypes of different species of hexaploid
wheat from Russia, China, and other countries, were
absolutely dissimilar (the similarity coefficient value
was equal to 0.00), and had different alleles at all mic-
rosatellite loci examined. Three genotype pairs (T. aes-
tivum from India, k-23798 and k-23807; T. compactum
from Armenia, k-13477 and k-13695; T. vavilovii from
Turkey, k-29533 and k-30085) were fond to be most
close to one another (similarity coefficient, 0.95), and
had different alleles at only four loci.

Cluster analysis revealed complex relationships pat-
tern between wheat genotypes tested. All genotypes
grouped into two large clusters, A and B (figure). Clus-
ter A included 132 genotypes, which formed groups
from 1 to 4, representing landraces mostly form differ-
ent Asian countries. Cluster B was comprised by 215
genotypes, manly from European countries. Within this
cluster, two subclusters, B1 and B2, were identified.
Each of the subclusters was represented by three groups
of genotypes (5 to 7 and 8 to 10, respectively). For the
convenience of dendrogram analysis, Tables 2 and 3
demonstrate combined distribution of genotypes,
united in different groups, relative to different countries
and geographical regions of origin, as well as relative to
their belonging to different hexaploid wheat taxa in
accordance with classification of N.I. Vavilov [3],
recently supplemented with newly described species.
As follows from the data in Tables 2 and 3, group 1
from cluster A contained seven genotypes of common
wheat and two genotypes of shot wheat T. spaerococ-
cum. All these genotypes originated from India and
Pakistan. Among 23 genotypes, forming the second
group, 19 belonged to the subspecies of Chinese com-
mon wheat (subsp. sinicum) and the remaining four
genotypes belonged to the subspecies of Chinese
clubbed wheat (subsp. sinicum). Genotypes of this
group mostly originated from Eastern China and Japan,
and four genotypes originated from Western China and
Mongolia. Group 3 was presented by 51 genotypes of
different species and subspecies of hexaploid wheat,
including 34 of T. aestivum, mostly subsp. indicum and
subsp. irano-turkestanicum; 14 genotypes of T. com-
pactum subsp. armeno-turkestanicum and subsp. eur-
asiaticum; two genotypes of T. spelta subsp. kuckucki-
anum; and one genotype of T. sphaerococcum. Most of
these genotypes originated from the countries of Cen-
tral Asia and the neighboring regions of India and Paki-
stan. Among the 49 genotypes, forming the fourth clus-
ter, 36 belonged to T. aestivum subsp. eurasiaticum and
subsp. irano-turkestanicum; one genotype, to T. com-
pactum; two genotypes, to T. macha; and another two,
to T. vavilovii. The cultivars, which served as the source
of the genotypes mentioned at most originated from the
Caucasus and Turkey. These genotypes were joined by
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eight genotypes from the Asian subspecies of T. spelta
from Iran, Tajikistan, and Turkmenistan.

In subcluster B1, the number of genotypes within
the groups varied from four to 121. The smallest group 5
contained the genotypes of the Eurasian subspecies of
common wheat from Armenia and Turkey. Group 6 was
comprised of seven genotypes of European subspecies
of spelt from Switzerland and Germany, three geno-
types of common wheat from Tajikistan, which
belonged to the group of spelt-like Irano-Turkestan
common wheat, as well as all three genotypes of
T. petropavlovskyi studied, and one genotype of
clubbed wheat from Germany. Group 7 was found to be
the largest and contained 121 genotypes. In this group,
quantitative prevalence of common wheat genotypes
from three subspecies (eurasticum, sinicum, and irano-
turkestanicum) from the countries of Western Europe
and Western Asia was revealed. This group also con-
tained 13 genotypes belonging to the subspecies of Chi-
nese and European clubbed wheat from different coun-
tries; seven genotypes of the European subspecies of
spelt from Spain and Azerbaijan; and by one genotype

of shot wheat from India and macha wheat from Ger-
many. Spelt genotypes demonstrated the tendency to
cluster together.

The genotypes of Eurasian common wheat (subsp.
eurasiaticum) were mostly grouped in subcluster B2.
Group 8 included the genotypes selected from winter
East European landraces of common wheat, like Banat-
kas, and their derivates, the selections cultivars Besos-
taya 1, Mironovskaya 808, and their progeny. Accord-
ing to the data of N.I. Vavilov ([12], p. 302; [3], p. 83),
before the rise of 20th century, Banatkas were the most
distributed landraces of the world. They were associ-
ated with steppe and forest steppe regions, and origi-
nated from the Banat mountain region of Hungary.
Detailed structure of group 8 was described earlier [21].
Group 9 comprised 41 genotypes, most of which were
represented by European landraces of the Banatka and
Sandomirka types and their derivatives. Landraces of
the Sandomirka type are attributed to the ecological
group of North European forest unbearded common
wheat, which earlier occupied a wide range in non-
chernozem and forest zones, and further distributed to

A

B

B1

B2

1

2

3

4

5

6

7

8

9

10

7.5 5.0 2.5 0
Genetic distance

Distribution of the genotype groups on the dendrogram constructed based on the results of the analysis of 39 microsatellite loci in
347 genotypes of hexaploid wheat. A and B, clusters; B1 and B2, subclusters; 1 to 10, genotype groups.
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the steppe zone ([3], pp. 90–92). The last group 10
comprised genotypes selected from spring East Euro-
pean landraces of the Poltavka type and the derivative
selection cultivars. Landraces of the Poltavka type rep-
resent the most flexible (universal) group of steppe
wheat, distributed in many regions of steppe, forest
steppe, and forest zones ([3], pp. 89–90).

Compared to landraces, genetic diversity of selec-
tion cultivars from Russia and CIS countries tested, was
low. All genotypes were included into different groups
of cluster B.

It should be noted that genotypes belonging to the
isolated by N.I. Vavilov [3] subspecies of Abyssinian
common wheat (subsp. abyssinicum), cultivated in
Ethiopia and mountain Eritrea, did not form an individ-
ual cluster. On the contrary, they were the members of
the largest group 7, which was mostly represented by
landraces and selection cultivars from Europe.

To determine the pattern of differences between
individual groups of genotypes, microsatellite allele
frequencies were evaluated in the whole sample and in
each of the groups. The data obtained demonstrated that
the genotype groups differed from one another in terms
of the frequencies of a great number of the alleles,
including those characterized by high frequencies in
the total sample, as well as rare alleles.

DISCUSSION

The level of microsatellite allele diversity revealed
in the present study (18.3 alleles per locus, on average)
agrees with the literature data. For instance, analysis of
998 common wheat accessions from the collection of
the Institute of Plant Genetic and Breeding (Gatersle-
ben, Germany) showed the presence of 18.1 alleles, on
average, in each of 26 SSR loci examined [14]. In
recent study of 3942 wheat accessions form the INRA
collection (France) at 38 microsatellite loci, the aver-
aged number of alleles per locus constituted 23.9 [10].
The size of the genotype sample examined in the
present study was much smaller than in the studies
described above. Because of this, nearly equal level of
allelic diversity at the loci examined pointed to high
heterogeneity of the material tested. The mean value of
polymorphism index (PIC) calculated for the total gen-
otype sample supported this proposal. It was equal to
0.80, while in the work of German researches the value
of this index was 0.77 [14].

In summary, we conclude that hexaploid wheat
within it range is differentiated in terms of allele com-
position of the SSR loci. The highest genetic differ-
ences were revealed between the groups of genotypes
selected from landraces, formed on two different conti-
nents, Asia and Europe (figure). The common wheat

Table 3.  Distribution of 347 genotypes belonging to different species and subspecies of hexaploid wheat among ten groups,
identified upon the analysis of 39 microsatellite loci

Species, subspecies
Genotype group in cluster analysis

1 2 3 4 5 6 7 8 9 10

T. aestivum, includinga: 7 19 34 36 4 3 99 24 41 11

subsp. irano-turkestanicum 1 11 10 3 14

subsp. indicum 7 18 2 3

subsp. sinicum 16 1 1 13 2

subsp. eurasiaticum 2 4 23 4 53 9 37 7

subsp. abyssinicum 8

Modern cultivars 8 15 1 4

T. compactum, includinga: 4 14 1 1 13

subsp. armeno-turkestanicum 9 1 8

subsp. eurasiaticum 1 5 1 5

subsp. sinicum 3

T. spelta, includingb: 2 8 7 8 1

subsp. spelta 7 5

subsp. kuckuckianum 2 8 3 1

T. macha 2 1

T. vavilovii 2

T. sphaerococcum 2 1

T. petropavlovskyib 3

Notes: a Subspecies of T. aestivum and T. compactum are given in accordance to N.I. Vavilov [3].
b Subspecies of T. spelta and the species of T. petropavlovskyi are given in accordance with Dorofeev et al. [6].
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accessions (genotypes) representing cultivars of these
large groups were different in spike roughness and
thrashing difficulty. Specifically, accessions from the
first group were rough with difficult thrashing, while
the plants from the second group were tender with easy
thrashing. These differences pointed to the belonging of
the plants (genotypes) to different “race groups”,
according to N.I. Vavilov [22], or to different botanical
subspecies, Asian subsp. hadropyrum (Flaks.) Tzevel.,
and European subsp. aestivum, according to classifica-
tions of Flyaksberger [4], Tsvelev [23], Dorofeev et al.,
[6]. At the lower difference level, each of large geno-
type groups split into smaller groups, characterized by
different microsatellite allele frequencies. In terms of
the geographic origins of the genotypes comprising
these groups, they could be compared to the ancient
husbandry centers, described by N.I. Vavilov [24]. Ana-
lyzing the history of the world husbandry development,
N.I. Vavilov thought that the first husbandry cultures,
including the cultures of Southern Asia, where he
included the Transcaucasia, Asia Minor, and Central
Asia, as well as the culture of India, Eastern and Central
Mountain China, and the others, appeared “autono-
mously, at one or different times… They were charac-
terized by substantially different ethnic and linguistic
groups of populations… and … different types of farm-
ing tools and domestic animals”. According to archae-
ological data, hexaploid wheat was already cultivated
in Europe as early as four thousand years B.C. [25, 26].
In Asia, this process began even earlier, eight thousand
years B.C. [27]. It was suggested that cultivars, differ-
ing in the complexes of morphological and physiologi-
cal characters, and adapted to the corresponding local
soil and climatic conditions, as well as the conditions of
cultivation, were formed during the long period of
wheat cultivation within the isolated husbandry centers.
Establishment of the landrace groups identified in the
present study implies the existence of the following
husbandry centers: Southern Asian, for group 1; East-
ern Asian, for group 2; Central Asian, for group 3; Cau-
casian, for group 4; Western European, for subcluster
B1; and Eastern European, for subcluster B2.

The hexaploid wheat classification generated in the
present study is very similar to that constructed in our
previous studies based on the analysis of RAPD mark-
ers [28, 29]. This classification was roughly consistent
with agro-ecological classification of common wheat
suggested by N.I. Vavilov [2, 3]. On the other hand, it
was radically different from known botanical classifica-
tions, based on the analysis of hexaploid wheat differ-
ences in morphological characters controlled by a small
number of genes with wide pleiotropic effects
[6, 30−32].

Microsatellite analysis showed that common wheat
was most differentiated among all wheats, and con-
sisted of at least ten groups of cultivars. At the same
time, neither genotypes representing endemic species,
T. sphaerococcum, T. vavilovii, T. macha, and T. petro-
pavlovskyi, nor the genotypes selected from the lan-

draces of earlier rather widely cultivated species,
T. compactum and T. spelta, formed individual clusters.
On the contrary, they grouped with common wheat. In
other words, they were more similar to common wheat,
then to each other. Genotypes of clubbed wheat and
spelt were the members of different groups, as well as
of both clusters A and B. This genotype distribution can
be considered as the evidence in favor of coevolution of
these wheats and common wheat. Close relatedness of
common wheat and spelt also followed from the data on
differential chromosome staining [33]. Furthermore, in
this study, the legitimacy of subdivision of the subspe-
cies of European spelt into ecogeographical groups was
confirmed, which was consistent with our data. Specif-
ically spelt genotypes belonging to Iberian group clus-
tered together and were included into group 6, charac-
terized by the prevalence of common wheat from
Europe. In turn, genotypes belonging to Bavarian group
grouped with common wheat cultivars from Southwest
Asia, which relative to the spike characters were very
similar to spelt. In different classifications, this spelt-
like common wheat is isolated into the speltiforme
group [3, 4]. According to the data obtained, the pheno-
typic similarity described could be determined by
genotypic relatedness of this wheat and spelt.

Thus, application of modern DNA technologies,
providing analysis of polymorphism of wheat landraces
at a great number of genomic regions, and enables con-
struction of genetic classification of this culture, which
reflects the history of its evolution and dispersal.

ACKNOWLEDGMENTS

This study was supported by the French National
Institute for Agricultural Research (INRA).

REFERENCES
1. Vavilov, N.I., Nauchnye osnovy selektsii pshenitsy (The-

oretical Bases of Wheat Breeding), Moscow:
Sel’khozgiz, 1935.

2. Vavilov, N.I., Mirovye resursy zernovykh kul’tur i l’na:
Opyt agroekologicheskogo obozreniya vazhneishikh
polevykh kul’tur (World Recourses of Cereals and Flax:
Experience of Agro-Ecological Observation of the Most
Important Field Crops), Moscow: AN SSSR, 1957.

3. Vavilov, N.I., Mirovye resursy sortov khlebnykh zlakov,
zernovykh bobovykh, l’na i ikh ispol’zovanie v selektsii.
Pshenitsa (World Resources of Cereals, Leguminous
Seed Crops and Flax, and Their Utilization in Plant
Breeding), Moscow: Nauka, 1964.

4. Flyaksberger, K.A., Wheats: Genus Triticum L., Kul’tur-
naya flora SSSR (Cultivated Flora of the Soviet Union),
vol. 1 Khlebnye zlaki−pshenitsa (Cereals−Wheat), Wulf,
E.V., Ed., Moscow: Izd. Kolkhoz i Sovkhoz Literatury,
1935.

5. Pal’mova, E.F., Vvedenie v ekologiyu pshenits (Introduc-
tion to Wheat Ecology), Leningrad.

6. Dorofeev, V.F., Filatenko, A.A., Migusheva, E.F., et al.,
Pshenitsa (Wheat), Leningrad: Kolos, 1979.



RUSSIAN JOURNAL OF GENETICS      Vol. 45      No. 11      2009

GENETIC DIFFERENTIATION OF HEXAPLOID 1359

7. Strelchenko, P.P., Mitrofanova, O.P., and Konarev, A.V.,
Comparative Assessment of RARD-, AFLR- and SSR-
Markers for Distinction of Hexaploid Wheat Landraces,
Agrarnaya Rossiya, 2004, no. 6, pp. 3–9.

8. Cao, W., Scoles, G., Hucl, P., and Chibbar, R.N., Phylo-
genetic Relationships of Five Morphological Groups of
Hexaploid Wheat (Triticum aestivum L. em Thell.)
Based on RAPD Analysis, Genome, 2000, vol. 43,
pp. 724–727.

9. Parker, G.D., Fox, P.N., Langridge, P., et al., Genetic
Diversity within Australian Wheat Breeding Programs
Based on Molecular and Pedigree Data, Euphytica,
2002, vol. 124, pp. 293–306.

10. Balfourier, F., Roussel, V., Strelchenko, P., et al., A
Worldwide Bread Wheat Core Collection Arrayed in a
384-Well Plate, Theor. Appl. Genet., 2007, vol. 114,
pp. 1265–1275.

11. Strelchenko, P., Street, K., Mitrofanova, O., et al., Com-
parative Assessment of Wheat Landraces from AWCC,
ICARDA and VIR Germplasm Collections Based on the
Analysis of SSR Markers, in Proceedings of 11th Inter-
national Wheat Genetic Symposium, 2008, Brisbane:
QLD.

12. Mitrofanova, O.P., Strelchenko, P.P., and Konarev, A.V.,
Structure of Genetic Relationships between Hexaploid
Wheat Landraces Inferred from RARD-, AFLR-, and SSR-
Analyses, Agrarnaya Rossiya, 2004, no. 6, pp. 10–19.

13. Hazen, S.P., Zhu, L., Kim, H.-S., et al., Genetic Diversity
of Winter Wheat in Shaanxi Province, China, and Other
Common Wheat Germplasm Pools, Gen. Res. Crop
Evol., 2002, vol. 49, pp. 437–445.

14. Huang, X.Q., Börner, A., Roder, M.S., and Ganal, M.W.,
Assessing Genetic Diversity of Wheat (Triticum aesti-
vum L.) Germplasm Using Microsatellite Markers,
Theor. Appl. Genet., 2002, vol. 105, pp. 699–707.

15. Saghai-Maroof, M.A., Soliman, K.M., Jorgensen, R.A.,
and Allard, R.W., Ribosomal DNA Spacer-Length Poly-
mophisms in Barley: Mendelian Inheritance, Chromo-
somal Location, and Population Dynamics, Proc. Natl.
Acad. Sci. USA, 1984, vol. 81, pp. 8014–8018.

16. Röder, M.S., Korzun, V., Wendehake, K., et al., A Mic-
rosatellite Map of Wheat, Genetics, 1998, vol. 149,
pp. 2007–2023.

17. Nei, M. and Li, W.H., Mathematical Model for Studying
Genetic Variation in Terms of Restriction Endonu-
cleases, Proc. Natl. Acad. Sci. USA, 1979, vol. 76,
pp. 5269–5273.

18. Ward, J.H.Jr., Hierarchical Grouping to Optimize an
Objective Function, J. Am. Stat. Assoc., 1963, vol. 58,
pp. 236–244.

19. Botstein, D., Raymond, L., White, L., et al., Construc-
tion of a Genetic Linkage Map in Man Using Restriction
Fragment Length Polymorphisms, Am. J. Hum. Genet.,
1980, vol. 32, pp. 314–331.

20. Guyomarc’h, H., Sourdille, P., Charmet, G., et al., Char-
acterization of Polymorphic Markers from T. tauschii

and Transferability to the D-Genome of Bread Wheat,
Theor. Appl. Genet., 2002, vol. 104, pp. 1164–1172.

21. Mitrofanova, O.P., Strelchenko, P.P., and Balfourier, F.,
Characteristic of Bezostaya 1 Cultivar and Genetically
Closed Cultivars Based on Microsatellite Loci Analysis,
in Bezostaya 1—50 let triumfa (Bezostaya 1—50 Years
of Triumph), Proc. Int. Conf. Devoted to 50th Anniver-
sary of Ceation of Winter Bread Wheat Bezostaya 1,
Krasnodar, 2005, pp. 196–204.

22. Vavilov, N.I., Towards the Learning of Bread Wheats, in
Trudy po prikladnoy botanike i selktsii (Proceedings on
Applied Botany and Breeding), Petrograd: Gos. inst.
opytnoi agronomii, 1922−1923, vol. 13, pp. 149–215.

23. Tsvelev, N.N., Zlaki SSSR (Grasses of the Soviet Union),
Leningrad: Nauka, 1976.

24. Vavilov, N.I., Origin of Agriculture in the Light of Mod-
ern Research, in Proiskhozhdenie i geografiya
kul’turnykh rastenii (Origin and Geography of Culti-
vated Plants), Leningrad: Nauka, 1987, pp. 161–170.

25. Yakubtsiner, M.M., History of Culture: Botanical Char-
acteristic of Wheat, Pshenitsa v SSSR, (Wheat in the
Soviet Union) Zukovskiy, P.M, Ed., Moscow: Gos. izd.
s.-kh. literatury, 1957.

26. Schlumbaum, A., Neuhaus, J.-M., and Jacomet, S.,
Coexistence of Tetraploid and Hexaploid Naked Wheat
in a Neolithic Lake Dwelling of Central Europe: Evi-
dence from Morphology and Ancient DNA, J. Archaeol.
Sci., 1998, vol. 25, pp. 1111–1118.

27. Nesbitt, M., Wheat Evolution: Integrating Archaeologi-
cal and Biological Evidence, The Linnean, 2001, special
issue, no. 3, pp. 37–59.

28. Strelchenko, P., Mitrofanova, O., and Terami, F., Phylo-
geography of Hexaploid Wheat Complex Based on
RAPD Data, Genetic Resources and Biotechnology,
Thangadurai, D., Pullaiah, T., and Pinheiro De Car-
valho, M.A, Eds., New Delhi: Regency, 2005, vol. 1,
pp. 49–73.

29. Strelchenko, P.P., Mitrofanova, O.P., Malyshev, L.L.,
et al., Genetic Differentiation of Eurasian Bread Wheat
Subspecies Inferred from the Data of RAPD Analysis,
Agrarnaya Rossiya, 2002, no. 3, pp. 11–23.

30. Miller, T.E., Systematics and Evolution, Wheat Breed-
ing, Its Scientific Basis, Lupton, F.G.H, Ed., London:
Chapman and Hall, 1987, pp. 1–30.

31. Mac Key, J., Species Relationships in Triticum, Heredi-
tas, 1966, vol. 2, pp. 237–276.

32. Bowden, W.M., The Taxonomy and Nomenclature of the
Wheats, Barleys, and Ryes and Their Wild Relatives,
Can. J. Bot., 1959, vol. 37, pp. 657–684.

33. Dedkova, O.S., Badaeva, E.D., Mitrofanova, O.P., et al.,
Analysis of Intraspecific Divergence of Hexaploid
Wheat Triticum spelta L. Using Chromosome C-Band-
ing Technique, Russ. J. Genet., 2004, vol. 40, no. 10,
pp. 1352–1369.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


