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Abstract A highly polymorphic core collection of bread

wheat and a more narrow-based breeding material, gath-

ered from pedigrees of seven modern cultivars, was ana-

lysed in order to compare genetic diversity indices and

linkage disequilibrium (LD) patterns along the chromo-

some 3B with microsatellite (SSR) and Diversity Arrays

Technology markers. Five ancestral gene pools could be

identified within the core collection, indicating a strong

geographical structure (Northwest Europe, Southeast

Europe, CIMMYT–ICARDA group, Asia, Nepal). The

breeding material showed a temporal structure, corre-

sponding to different periods of breeding programmes [old

varieties (from old landraces to 1919), semi-modern vari-

eties (1920–1959), modern varieties (1960–2006)]. Basic

statistics showed a higher genetic diversity in the core

collection than in the breeding material, indicating a

stronger selection pressure in this latter material. More

generally, the chromosome 3B had a lower diversity than

the whole B-genome. LD was weak in all studied materials.

Amongst geographical groups, the CIMMYT–ICARDA

pool presented the longest ranged LD in contrast to Asian

accessions. In the breeding material, LD increased from old

cultivars to modern varieties. Genitors of seven modern

cultivars were found to be different; most marker pairs in

significant LD were observed amongst genitors of Alex-

andre and Koreli varieties, indicating an important

inbreeding effect. At low genetic distances (0–5 cM), the

breeding material had higher LD than the core collection,

but globally the two materials had similar values in all

classes. Marker pairs in significant LD are generally

observed around the centromere in both arms and at distal

position on the short arm of the chromosome 3B.

Introduction

Bread wheat (Triticum aestivum L.) is one of the most

cultivated crops in the world. It covers the largest surface

amongst cereals (216 million ha) worldwide. The produc-

tion takes the third place, after maize and rice, with

605 million tons (FAOSTAT 2008). Bread wheat belongs

to the Triticum genus of the large Poaceae family, which

gathers about 3,500 species (Bonnier and Douin 1990).

Bread wheat is an autogamous, allohexaploid species

(2n = 6x = 42), with seven groups of chromosomes. Each

group is constituted by three homoeologous chromosomes

belonging to the A, B and D genomes (AABBDD) (Gill

et al. 2004).

Numerous molecular markers (isozymes, AFLP, RFLP,

RAPD) have been successfully used to assess genetic

diversity amongst cereal crops (Liu et al. 2002; Ozkan et al.

2002; Tanyolac et al. 2003). Recently, simple sequence

repeat (SSR) or microsatellites were applied to assess

diversity in French and European wheat germplasms

(Roussel et al. 2004, 2005) and Diversity Arrays

Communicated by H. H. Geiger.

Electronic supplementary material The online version of this
article (doi:10.1007/s00122-009-1153-8) contains supplementary
material, which is available to authorized users.

A. Horvath � A. Didier � J. Koenig � F. Exbrayat � G. Charmet �
F. Balfourier (&)

INRA, UMR1095 Genetics,

Diversity and Ecophysiology of Cereals,

63100 Clermont-Ferrand, France

e-mail: balfour@clermont.inra.fr

Present Address:
A. Horvath

INRA, UR419 Fruit Species,

33883 Villenave d’Ornon, France

123

Theor Appl Genet (2009) 119:1523–1537

DOI 10.1007/s00122-009-1153-8

http://dx.doi.org/10.1007/s00122-009-1153-8


Technology (DArT) to describe diversity of barley (Wenzl

et al. 2004) and of bread wheat cultivars (White et al.

2008).

The commonly used molecular techniques have been

presented and compared recently in a review (Able et al.

2007). These previous studies have demonstrated a high

level of diversity in different cereal crops. However, this

overall genetic diversity is structured, depending on the

plant material studied. For example, the diversity of

European bread wheat varieties is influenced both by

temporal and geographical variations (Roussel et al. 2005).

Linkage disequilibrium (LD) studies on plant genomes are

important in order to identify genetic regions associated

with agronomical traits (Rafalski and Morgante 2004).

Most of the demographic events observed in population

genetics affect LD pattern, since it is influenced by allele

frequency, recombination rate between sites, mating sys-

tem and admixture level of investigated populations. Thus,

LD can be increased in populations undergoing a bottle-

neck event, followed by a genetic drift (Flint-Garcia et al.

2003). This scenario is often observed in cultivated crops

as, e.g., in maize, where selection for adaptive traits may

have created LD in regions covering major genes for these

traits (Remington et al. 2001).

Recently, genome-wide LD analysis has been performed

on different cereal crops, showing that the LD is depended

on the population structure (Chao et al. 2007; Maccaferri

et al. 2005; Malysheva-Otto et al. 2006; Somers et al.

2007). Similarly, patterns of intragenic LD revealed dif-

ferences in a worldwide set of cultivars in barley,

depending on the geographical origin of variety subsets

(Malysheva-Otto and Roder 2006). When comparing bar-

ley and wheat accessions for genes coding for the tran-

scription factor GAMYB, barley was found to have a

moderate level of LD whilst wheat was shown to have an

absolute LD between polymorphic sites, decreasing within

the gene (Haseneyer et al. 2008). The usefulness of LD

studies has been recently demonstrated in a paper

describing the association mapping of kernel size and

milling quality in wheat cultivars (Breseghello and Sorrels

2006).

Here, we focused on chromosome 3B which is the

largest amongst bread wheat chromosomes with 995 Mb

(Lee et al. 2004; Paux et al. 2008b), and contains

numerous repetitive elements (Paux et al. 2006). Chro-

mosome 3B can be easily isolated by flow cytometry

(Vrana et al. 2000). Amongst the homoeologous group 3

chromosomes of wheat genome, the most expressed

sequence tags were reported to be located onto chromo-

some 3B (Qi et al. 2004) and it was estimated that it

contains 6,000 genes based upon the analysis of 11 Mb of

BAC-end sequences (Paux et al. 2006). Numerous quan-

titative trait loci (QTLs) have been already identified,

notably concerning resistance to pre-harvest sprouting

(Groos et al. 2002), to Fusarium head blight (Ma et al.

2006; Shen et al. 2006), to kernel shattering (Zhang and

Mergoum 2007) and QTLs implicated in tolerance to

nitrogen deficiency (Laperche et al. 2007). A cytological

map of chromosome 3B has been established thanks to

deletion lines (Endo and Gill 1996) and a physical map

has been published (Paux et al. 2008a, b).

Studies of wheat genetic diversity preserved in germ-

plasm collections are necessary to highlight combinations

of new alleles which can be useful for plant breeding

activity. However, intensive breeding practices using

related genetic material may lead over the time to an

important loss in diversity and modify both the level and

the pattern of LD (Flint-Garcia et al. 2003).

With the help of microsatellite (SSR) and DArT mark-

ers, the objectives of the present paper are to investigate the

genetic diversity and to analyse the LD patterns along the

chromosome 3B in two different, contrasted genetic pools

of bread wheat: (1) a highly polymorphic worldwide core

collection which maximises overall genome diversity and

is geographically structured and (2) a breeding material

containing several modern inbred varieties and their geni-

tors which are related accessions mainly originated from

Europe.

Materials and methods

Plant material

Two contrasting plant materials were sampled for the

present study.

The bread wheat core collection used in the present

study is a sample representative of worldwide wheat

diversity. The methodology used to build the core collec-

tion and its composition was described in Balfourier et al.

(2007). Briefly, this collection is made up of 372 acces-

sions which capture more than 98% of the whole allelic

diversity observed at 38 SSR polymorphic loci in a sample

of 4,000 accessions; the core includes wheat accessions

from 70 different countries. Accessions are either landraces

from the nineteenth century or cultivars from throughout

the twentieth century.

The breeding material was composed of seven modern

French cultivars of bread wheat (cv. Alexandre, Apache,

Isengrain, Koreli, Oracle, Ornicar, Taldor) and their geni-

tors were also included. Genealogical trees of modern

cultivars were determined with the help of the online

Wheat Pedigree Database (http://genbank.vurv.cz/wheat/

pedigree/) maintained by the Crop Research Institute

VURV (Praha, Czech Republic) and with the ERGE

Database of the Cereal Genetic Resources Collection of
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INRA (http://www1.clermont.inra.fr/umr1095). In total,

359 individuals participated in the breeding of these seven

modern varieties. Amongst the 359 individuals, seeds from

235 genitors were used, i.e. 65.45% of the total material.

The reasons for the missing plant material were as follows:

(1) intermediate inbred lines were not conserved in

breeding programmes and (2) the names of the genitors in

the databases were uncertain, mainly for landraces and wild

genitors. Modern cultivars, registration year, breeder’s

name, number of genitors and available material are shown

in Table 1. The available 242 individuals (i.e. 235 genitors

and 7 elite cultivars) have been conserved or introduced

into the Clermont-Ferrand Cereals Genetic Resources

Centre (http://www1.clermont.inra.fr/umr1095) and they

are part of the cereal crop germplasm collection of INRA.

They form the second sample used and named ‘‘breeding

material’’ in the present study.

Genitors have been distributed into seven groups,

according to their registration or cultivation period. Tem-

poral groups and accession number are given in Table 2.

DNA extraction

Seeds used for DNA extraction were collected from self-

pollinated ears. Leaves of five plants per accession were

pooled and genomic DNA was extracted from 100 mg

frozen leaves with the kit Biosprint 96 using Biosprint

workstation (Qiagen). DNA quality was checked by elec-

trophoresis onto 0.8% agarose gel and DNA concentration

was determined with a NanoDrop� ND-1000 UV-Vis

Spectrophotometer (NanoDrop Technologies).

DArT genotyping

The 372 accessions of the core collection were genotyped

by DArT markers. DArT fingerprinting was performed at

the Diversity Arrays Technology Pty Limited (Canberra,

Australia; http://triticarte.com.au) with the panel Wheat

PstI(TaqI) v2.3. Polymorphism scoring was done as

described in Wenzl et al. (2004).

Microsatellite analysis

All the accessions (372 ? 242) were genotyped with 62

SSR markers, mapped on the chromosome 3B (http://

wheat.pw.usda.gov/GG2/index.shtml) of wheat. Six BARC

(Gupta et al. 2002), 1 CFA (Sourdille et al. 2001), 7 CFE

(Zhang et al. 2005), 12 CFB, 13 GPW, 6 GWM (Roder

et al. 1998), 1 NW, 10 WMC (Somers et al. 2004) and 6

WMM SSR markers were tested. Further information

concerning wheat microsatellite markers is available in

the GrainGenes 2.0 database (http://wheat.usda.gov/GG2/

index.shtml).

PCR reactions were realised as follows: 19 PCR buffer

with MgCl2 (Qiagen), 207.5 mM of each dNTP, 50 nM of

M13-marked forward primer, 500 nM of reverse primer,

523 nM fluorochrom, 0.031 U of Taq Polymerase (Qiagen)

and 3.8 ng of genomic DNA in a 6.5 ll final volume.

PCR amplification conditions were similar as described

in Roussel et al. (2004, 2005), with some modifications: (1)

initial denaturation (5 min at 95�C), 30 cycles of 30 s at

95�C for denaturation, 30 s at 60�C for annealing and 30 s

at 72�C for extension, followed by 8 cycles of 30 s at 95�C,

30 s at 56�C and 30 s at 72�C, then final extension (5 min

at 72�C); (2) initial denaturation (5 min at 95�C) followed

by 7 cycles of 30 s at 95�C, 30 s at 62�C with touchdown

-1�C in each cycle and 30 s at 72�C, then 20 cycles of

30 s at 95�C, 30 s at 55�C, 30 s at 72�C, followed by 8

cycles of 30 s at 95�C, 30 s at 56�C, 30 s at 72�C, then a

Table 1 List of studied bread wheat modern cultivars, genitors’ number and inbreeding coefficients

Modern cultivar Registration year Breeder Genitors total number Available genitors IBC

Apache 1997 Nickerson 110 71 (64.55%) 0.017

Alexandre 1997 Nickerson 188 127 (67.55%) 0.024

Isengrain 1996 Desprez 122 86 (70.49%) 0.012

Koreli 2006 INRA 194 133 (68.56%) 0.033

Oracle 1994 Benoist 159 111 (69.81%) 0.022

Ornicar 1997 Benoist 131 82 (62.60%) 0.015

Taldor 1997 GAE 98 70 (71.43%) 0.003

IBC inbreeding coefficient

Table 2 Temporal groups and number of accessions per group

Group Period Number of accessions

1 Landraces to 1919 74

2 1920–1944 52

3 1945–1959 41

4 1960–1969 34

5 1970–1979 16

6 1980–1989 14

7 1990–2006 11
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final extension step for 5 min at 72�C; (3) the same as (2)

but 30 cycles instead of 20.

Fragment analysis was performed using an ABI PRISM

3100 Genetic Analyser (Applied Biosystems) and GENE-

SCAN/GENOTYPER software as described in Roussel

et al. (2004, 2005).

Data analysis

Genetic structure of the worldwide core collection was

analysed based on DArT genotyping, with the help of the

STRUCTURE software (Pritchard et al. 2000). The pro-

cedure places individuals into K clusters. For each run, we

set a 105 iteration burn-in period and a 105 iteration sam-

pling period and we perform five independent runs of

structure for a number of cluster K varying from 2 to 10,

leading to 45 structure outputs. Then, we estimated the

number of subpopulations and the best output on the basis

of Evanno criterion (Evanno et al. 2005) and, to a limited

extent, on the basis of consistency of group composition

based on a priori knowledge of genetic and geographic

origins.

A principal coordinates analysis (PCoA) was also per-

formed on the core collection, based on Sokal and Mich-

ener dissimilarity index (= simple matching coefficient)

computed from DArT markers in DARwin software

(Perrier and Jacquemoud-Collet 2006).

Basic statistics of genetic diversity, i.e. total number of

alleles and allele frequencies per SSR locus, were calcu-

lated using the GENETIX software (Belkhir et al. 2004).

Polymorphic information content (PIC) was calculated

according to the formula H ¼ 1�
P

p2
i (Nei 1973), where

pi means the frequency of the ith allele. To compare groups

with different sample sizes, the allele rarefaction method is

recommended in order to standardise allelic richness of

samples (Petit et al. 1998).

Temporal structure of breeding material was analysed

amongst the seven temporal groups. Unbiased genetic

distance (Nei 1978) was calculated with GENETIX soft-

ware (Belkhir et al. 2004), then UPGMA (Unweighted Pair

Group Method with Arithmetic mean) dendrogram was

constructed in the PHYLIP program package (Felsenstein

2004), visualised by TREEVIEW (Page 1996). In order to

compare allelic richness of seven temporal groups, allele

rarefaction method (Petit et al. 1998) was used owing to the

different sample sizes. Inbreeding coefficient (IBC) within

pedigree structures of seven modern varieties was calcu-

lated using the circular edge walking method in Peditree

software (van Berloo and Hutten 2005).

LD between markers was calculated by TASSEL 2.0.1

software (Zhang et al. 2006). As SSRs are multiallelic

markers, a weighted average is suggested to estimate D0

and r2 values (Farnir et al. 2000). In our analyses, the r2

correlation index between alleles at loci was chosen, as the

index most frequently used in the literature.

Data file was filtered for rare alleles (a percentage less

than 5% in the whole population), thus LD values cannot

be biased by low allele frequencies. 100,000 permutations

have been realised in order to determine the significance

with the two-sided Fisher’s exact test. p values have not

been computed with the ‘‘rapid permutations’’ option, since

this latter slightly reduces them (Zhang et al. 2006).

For every comparison between the large core collection

and groups having a smaller sample size, we processed a

random re-sampling of the core collection, i.e. 242 and 85

individuals, when comparing it to the breeding material

and to geographical structures, respectively. The random

re-sampling was realised 19 times with the sample algo-

rithm of the base package in R language and environment

for statistical computing (R Development Core Team

2006), then manual verification was realised on the 19

random samples. Thus, the highest (lowest) value out of the

19 obtained for a given parameter gives a rough estimate of

its 95% confidence highest (lowest bound). For practical

reasons, it was not possible to carry out hundreds of sim-

ulations runs which would have given more accurate

results.

In order to compare the number of marker pairs in sig-

nificant LD in different classes of genetic distance (0–

5 cM), a genetic distance matrix between marker pairs was

established using information on consensus map (Paux

et al. 2008b) and the maximum distance algorithm of the

stats package of R language and environment for statistical

computing (R Development Core Team 2006).

Results

Genetic diversity

Global diversity

The 62 SSRs gave comparable results with few missing

data in both sets of plant materials. Allele number per

marker and PIC are presented in Table 3. A total of 595

polymorphic alleles were detected. The total number of

alleles ranged from 2 to 35 for the core collection and from

2 to 29 for the breeding material. PIC values ranged from

0.010 to 0.936 in the core collection and from 0.017 to

0.897 in the breeding material. Based on PIC values of

individual markers, the less informative was the marker

cfe129 both in the core collection and in the breeding

material. The more informative markers were not the same

for the core collection and the breeding material:

wmm1758 and wmm1966, respectively. Mean PIC values

were similar in both material (0.553 and 0.521). Using the
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rarefaction method, allele numbers of the core collection

and breeding material were expected to be 8.88 and 7.55,

respectively. Consequently, a decrease of 15% of allelic

richness could be observed between the core collection and

the genitors of elite inbred lines.

Table 1 shows IBCs calculated within pedigrees of

seven modern varieties. Amongst them, Koreli had the

highest number of genitors which appeared several times in

its genealogical tree (IBC = 0.033). Varieties could be

ordered from the more to the less consanguineous as fol-

lows: Koreli, Alexandre, Oracle, Apache, Isengrain, Orni-

car, Taldor.

Genetic structure in the core collection

The analysis of population structure inferred with the

STRUCTURE software, using 578 DArT markers, led to

five groups (K = 5) for the core collection. Figure 1 pre-

sents a visualisation of the structure results in five groups.

The major part of accessions from France and Northwest

European countries (AUT, BEL, CHE, DEU, GBR, NLD

SWE) formed a first group of accessions (Western Europe

group), whilst a majority of East European and Southeast

European accessions (BGR, FIN, HUN, POL, ROM, RUS,

UKR, YUG) together with North American accessions

(CAN, USA) were clustered in a second group (Eastern

Europe group). A third group included accessions scattered

in very diverse regions such as Central and South America

(ARG, BRA COL, MEX, URY), Africa (EGY, KEN, TUN,

ZAF), the Mediterranean area (ESP, PRT, GRC, ISR,

SYR), Australia (AUS) and even North America (CAN,

Table 3 Microsatellite loci in the order of their position on the

chromosome 3B, allele number and polymorphic information content

(PIC) values in the core collection and breeding material

Locus Allele number PIC

Core

collection

Breeding

material

Core

collection

Breeding

material

gwm389 22 15 0.891 0.868

barc075 9 5 0.581 0.546

gpw7774 2 3 0.372 0.384

nw1644 11 9 0.798 0.765

cfb3530 6 5 0.492 0.511

cfb3417 5 5 0.624 0.549

barc147 13 9 0.522 0.241

gwm493 24 19 0.730 0.570

gpw7031 2 2 0.099 0.044

gpw3248 20 14 0.904 0.894

barc092 5 3 0.238 0.198

gpw4146 8 6 0.505 0.602

wmc078 15 15 0.816 0.735

wmc43 7 7 0.336 0.278

wmc231 12 6 0.786 0.647

wmc418(1) 4 3 0.361 0.096

gwm566 14 8 0.831 0.778

cfb3260 8 7 0.668 0.508

gpw7452 11 8 0.657 0.630

wmc540 7 3 0.271 0.195

gwm284 7 7 0.764 0.746

cfb3481 3 2 0.494 0.373

cfb3266 8 5 0.651 0.625

cfb3328 3 3 0.137 0.239

gpw4207 9 7 0.424 0.450

gpw3134 11 9 0.761 0.720

gpw1145 7 4 0.182 0.121

wmc527 17 10 0.766 0.691

gpw1107 10 7 0.726 0.536

cfe278 4 6 0.406 0.530

cfb3330 13 13 0.819 0.678

barc164 22 16 0.827 0.811

wmm1002 6 5 0.673 0.677

wmc418(2) 8 8 0.696 0.685

gpw4034 12 14 0.613 0.541

cfe326 2 2 0.497 0.451

cfe294 2 2 0.035 0.154

wmm1703 7 7 0.720 0.673

cfb053 3 3 0.494 0.503

cfb3063 4 4 0.518 0.562

gpw8064 2 2 0.409 0.466

cfb3059 9 7 0.577 0.544

gpw8144 2 3 0.011 0.079

wmc291 17 13 0.751 0.806

wmm280 20 17 0.823 0.820

cfb3109 3 3 0.053 0.125

cfe129 3 3 0.010 0.017

cfe107 2 2 0.041 0.043

cfe364 2 2 0.038 0.133

Table 3 continued

Locus Allele number PIC

Core

collection

Breeding

material

Core

collection

Breeding

material

cfa2170 7 6 0.680 0.654

wmm638 7 6 0.610 0.607

barc206 3 3 0.509 0.490

cfe365 2 2 0.479 0.390

wmc326 24 19 0.878 0.803

barc077 17 16 0.883 0.853

wmc322 10 5 0.768 0.681

wmm1966 23 21 0.914 0.897

wmm1758 29 35 0.936 0.890

gwm299 13 10 0.825 0.755

gpw5007 4 3 0.343 0.387

cfb3366 4 2 0.167 0.212

gwm340 23 15 0.894 0.818

Mean 9.59 ± 7.32 7.66 ± 5.79 0.553 ± 0.272 0.521 ± 0.253

Rarefied mean 8.88 7.59
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USA): this third group may be considered as the Interna-

tional Maize and Wheat Improvement Centre (CIMMYT)

and the International Centre for Agricultural Research in

the Dry Areas (ICARDA) group since accessions may be

related to the breeding programme of these two institutes.

Most part of Caucasian, Middle East and Central Asian

accessions (AFG, ARM, AZE, GEO, TJK, TKM TUR)

were clustered in a fourth group, together with southeastern

ones (CHN, IND, JPN, PAK) and formed the Asian group.

Finally, every Nepalese accession was gathered in a last

small group. Figure 2 clearly shows the discrimination

between these five groups on the plan of the two first axes

of a PCoA based on the Sokal and Michener dissimilarity

matrix calculated with 578 DArTs markers and highlights

the strong geographical structure existing within the core

collection.

Genetic structure of the breeding material

The seven temporal groups of the breeding material were

compared for their allele number with the rarefaction

method described in Petit et al. (1998) in order to minimise

the differences due to the heterogenous sample sizes.

Rarefied allele number decreased from landraces to recent

varieties, in the order of the temporal groups: 10.00, 9.96,

9.83, 9.60, 8.36, 7.69, and 6.47, respectively. A more

important decrease in rare alleles could be observed from

the early 1970s.

UPGMA dendrogram based on the unbiased genetic

distance (Nei 1978) of seven temporal groups is given in

Fig. 3. The dendrogram is made of three major clades.

Landraces and ancient varieties (period 1) were clearly

separated from the rest. The remainder periods constituted

Fig. 1 Estimated population structure. Each individual is represented

by a thin vertical line, which is partitioned into K = 5 segments that

represent the individual’s estimated membership fractions (%) in K

clusters: CI CIMMYT–ICARDA cluster, NP Nepalese cluster, EE
Eastern European cluster, AS Asian cluster, WE Western European

cluster

Fig. 2 Projection of 372

accessions of the core collection

on the two first axes of principal

coordinates analysis.

Individuals are clustered in five

groups according to population

structure analysis and

represented by abbreviations

used in Fig. 1
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two clades, with periods 2–3 (years 1920–1944 and 1945–

1959) on one hand, and periods 4–7 (years 1960–1969,

1970–1979, 1980–1989, 1990–2006, respectively) on the

other hand. Thus, temporal structure meets diversity rela-

tionships amongst temporal groups.

Based on this result, temporal groups could be brought

together according to the clades of dendrogram. Conse-

quently, regrouping periods led to balance sample sizes by

forming three groups: (1) old varieties (landraces to 1919),

N = 74; (2) semi-modern varieties (1920–1959), N = 93;

(3) modern varieties (1960–2006), N = 75. These catego-

ries better reflect the history of the breeding material, its

temporal structure from landraces to modern cultivars.

Further analyses were realised on these periods, thus old

and modern cultivars could be compared directly, without

any influence of sample size.

Linkage disequilibrium

The dense microsatellite genotyping made possible to

realise a fine LD analysis along the chromosome 3B and

compare LD patterns to the structure of the chromosome.

Core collection

After filtering out rare alleles, 1,329 pairs of markers were

observed amongst the theoretically possible 1,891, because

alleles with too low frequency are excluded from the

analysis. A total of 357 pairs revealed significant LD at

p \ 0.001 (18.87% calculated for the possible pair number

of 1,891). Amongst them, four pairs (0.21%) showed an r2

value higher than 0.2 (Table 4).

Comparison of the core collection and geographically

structured groups

In order to compare directly the whole core collection and

geographical groups identified with the help of STRUC-

TURE software, we considered the mean sample size value

(85) calculated on the four first groups. Nepalese group was

removed from this comparison, since it is an isolate group

made of a small number of individuals. Then, we processed

a random re-sampling of 85 individuals in the core col-

lection. The amount of significant marker pairs was

revealed to be the highest in the third group (130; 6.87% at

p \ 0.001), which gathers mainly line issues from CI-

MMYT and ICARDA breeding programmes (Table 4).

Western European group was comparable to the core col-

lection (3.80 and 2.64%, respectively). Asian accessions

showed a small quantity (1.26%) of significant LD. Eastern

European group was found intermediate (2.06%) between

Asian and Western European samples.

In order to assess LD decrease in function of the genetic

distance between markers, percentage of the number of

marker pairs in significant (p \ 0.001) LD was compared

in distance classes by step of 5 cM, between 0 and 50 cM.

The same classes were used in further analysis to avoid

confusion caused by classes’ differences.

Figure 4 shows r2 decrease profile of geographical

groups. The most marker pairs in highly significant LD

were observed in the CIMMYT–ICARDA gene pool, then

in Western European group. At 0–5 cM distance, the

amount of significant r2 was the highest in the CIMMYT–

ICARDA group (2.37% calculated from the 1,891 pairs

possible), then decreased as follows: Western Europe,

Eastern Europe, core collection, Asia (1.58, 1.16, 1.11, and

0.42%, respectively). At 5–20 cM distance, important dif-

ferences were identified between every group. From a

distance of 25–30 cM, geographical groups presented a

similar profile, except CIMMYT–ICARDA pool which

stayed higher than others.

Breeding material

Pair-wise LD analysis of markers revealed 1,530 observed

marker pairs from the theoretically possible 1891

(Table 4). Amongst them, 254 pairs (13.43% calculated for

the possible pair number of 1891) revealed a significant

(p \ 0.001) LD and 4 pairs (0.21%) showed an r2 value

higher than the conventional threshold r2 = 0.2 (Table 4).

Comparison of old and modern varieties

Globally, LD increased from old cultivars to modern

varieties, when considering the number of significant

marker pairs and r2 [ 0.2 values. In the pair-wise analysis

Fig. 3 UPGMA dendrogram based on Nei genetic distance (1978).

Three major clades can be distinguished, constituting temporal groups

as follows: (1) old varieties (landraces to 1919); (2) semi-modern

varieties (1920–1959); (3) modern varieties (1960–2006)
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of LD (Table 4), in the old category, 1,378 pairs were

observed for the possible 1,891 markers pairs, amongst

them 48 were significant at p \ 0.001 (2.53% calculated

for the possible pair number of 1,891). In the modern

group, 1,431 marker pairs were described, with 78 signif-

icant marker pairs (4.12%). Amongst r2 values, 4 (0.21%)

reached the threshold value 0.2 in the old category, and 10

(0.52%) in the modern group.

Table 4 Linkage disequilibrium patterns of geographical structures, temporal groups and genealogical trees

Material N Possiblea Observedb Significantc %d r2 [ 0.2e %f

Core collection 372 1,891 1,329 357 18.87 4 0.21

Core re-sampling 85 1,891 1,396 50 2.64 7 0.37

Western Europe 95 1,891 1,354 72 3.80 9 0.47

Eastern Europe 110 1,891 1,286 39 2.06 7 0.37

CIMMYT, ICARDA 74 1,891 1,528 130 6.87 13 0.68

Asia 63 1,891 1,208 24 1.26 6 0.31

Old varieties 74 1,891 1,378 48 2.53 4 0.21

Semi-modern varieties 93 1,891 1,165 67 3.54 3 0.15

Modern varieties 75 1,891 1,431 78 4.12 10 0.52

Genitors Alexandre 127 1,891 1,510 117 6.18 5 0.26

Genitors Apache 71 1,891 1,321 63 3.33 12 0.63

Genitors Isengrain 86 1,891 1,415 71 3.75 11 0.58

Genitors Koreli 133 1,891 1,479 141 7.45 8 0.42

Genitors Oracle 111 1,891 1,417 103 5.44 9 0.47

Genitors Ornicar 82 1,891 1,326 52 2.74 5 0.26

Genitors Taldor 70 1,891 1,278 55 2.90 9 0.47

Core re-sampling 242 1,891 1,447 254 13.43 2 0.10

Breeding material 242 1,891 1,530 254 13.43 4 0.20

a Number of possible marker pairs
b Number of observed marker pairs
c Number of marker pairs presenting a significant LD at p \ 0.001
d Percentage of marker pairs presenting a significant LD at p \ 0.001
e Number of marker pairs presenting a significant LD [ 0.2 at p \ 0.001
f Percentage of marker pairs presenting a significant LD [ 0.2 at p \ 0.001

Fig. 4 Percentage of marker

pairs in significant (p [ 0.001)

LD related to marker distance

classes, amongst the core

collection and different

geographical structures
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Figure 5 presents the percentage of the number of

marker pairs in significant (p \ 0.001) LD in ancient and

modern cultivars in distance classes. At a distance of 0–

5 cM, modern cultivars had twofold higher LD values

compared to the older ones (2.22 and 0.89%, respectively).

Semi-modern cultivars revealed intermediate with 1.21%.

A similar decrease was observed in the three materials

from about 20 cM distance.

Comparison of genitors of seven modern varieties

per genealogical tree

Genitors of seven modern varieties showed important dif-

ferences in LD patterns (Table 4). The most marker pairs in

significant LD were observed amongst genitors of Koreli

and Alexandre (7.45 and 6.18%, respectively). Genitors of

Ornicar and Taldor presented only 2.74 and 2.90%,

respectively, of significant LD at p \ 0.001. Concerning r2

values reaching the conventional threshold r2 = 0.2, the

highest percentage was observed amongst genitors of

Apache (0.63%). Koreli had a smaller amount of r2 [ 0.2

(0.42%), similar to those of Oracle and Taldor (both

0.47%).

Figure 6 shows distance classes amongst markers and

the percentage of the number of marker pairs in signifi-

cant (p \ 0.001) LD per modern cultivars. Global ten-

dency was a decrease of r2 around 20 cM distance

between markers, but this value changed depending on

cultivars. Thus, globally, Koreli and Alexandre presented

the highest number of marker pairs in significant LD.

A lower percentage of LD was observed amongst genitors

of each cultivar until 15–20 cM, except for Koreli and

Alexandre, which stayed at this distance (0.68 and 0.58%,

respectively), then decayed.

Comparison of breeding material and core collection

The re-sampled (N = 242) core collection showed 254

marker pairs in significant LD, which represent 13.43%

amongst the theoretically possible 1,891. Interestingly, in

the breeding material, the same amount of significant

marker pairs was observed (Table 4). At short distances

(0–5 cM), the breeding material had higher amount of

marker pairs in significant LD: 3.06 versus 2.90% detected

in the core collection. Globally, the two materials had

similar values in all classes.

Organisation of LD pattern along the chromosome

Globally, marker pairs in significant LD are observed

around the centromere in both arms and at distal position

on the short arm. When comparing different types of

materials, important differences can be described. Figure 7

and supplementary material show p values associated to r2

values at the chromosomal scale in different materials.

In the analysis amongst the re-sampled (N = 85) core

collection and structures, practically the same LD blocks

were observed in all materials, mainly in deletion bins

3BS-1–3BS-9, 3BL-2–3BL-7 and 3BL-7 (see supplemen-

tary material). In the Eastern European group, more blocks

were present than in Western European cultivars, but in

contrast of this latter case, they did not extend over larger

distances. In Asian group, highly significant LD was

observed only between a few number of marker pairs.

CIMMYT–ICARDA group was characterised by highly

significant and longer range LD than other structures.

When comparing old and modern cultivars (Fig. 6),

mainly the same blocks were observed along the chromo-

some 3B, particularly on the short arm. Modern varieties

Fig. 5 Percentage of marker

pairs in significant (p [ 0.001)

LD related to marker distance

classes, amongst, old, semi-

modern and modern varieties

of breeding materiel
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showed more extended LD patterns than the older ones,

e.g., in bins 3BS-1 and 3BS-9.

In pedigrees of elite varieties, Koreli’s genitors showed

the most important LD, particularly in deletion bins 3BL-2

and 3BS-1. In addition, highly significant long-range LD

was observed, between markers at longer distance. In

Taldor, Ornicar and Oracle pedigrees, LD seemed not to be

important. Isengrain, Apache and Alexandre showed an

intermediate state; this latter was comparable to Koreli in

deletion bin 3BS-1.

When comparing the re-sampled core collection

(N = 242) and the breeding material, there was no

important differences between the two types of materials.

The core collection presented more important LD at the

distal end of the deletion bin 3BL-7. In contrast, the

breeding material showed highly significant LD extending

on bigger distance than in the core collection.

Discussion

Genetic diversity and structure analysis

The set of 62 SSR markers revealed a total of 595 poly-

morphic alleles in our material composed by two con-

trasted sample types. When comparing rarefied allele

numbers in two samples, a loss of 15% of allelic richness

was observed, agreeing with the domestication and selec-

tion effect reported by Rafalski and Morgante (2004).

Mean PIC values of markers were comparable in the two

types of material and microsatellite markers were suc-

cessfully informative to describe and to compare diversity

patterns of our material, as it has been already reported by

numerous studies in bread wheat (Eivazi et al. 2008;

Landjeva et al. 2006; Roder et al. 2002; Roussel et al. 2004,

2005; Routray et al. 2007).

Here, we report the results obtained on the 3B chro-

mosome only. Comparison with the whole B-genome

should be interesting in order to determine if its diversity

characteristics are chromosome specific or if they can be

applied generally. For this comparison, we used a data

set already published (Balfourier et al. 2007). This latter

paper presented the core collection and analysed its

diversity with the help of genome-wide distributed geno-

mic and EST-SSR loci. In the present study, we used the

same types of markers, on the same plant material, so the

results are directly comparable. The mean value of allele

number per locus of the whole B-genome (based on 25

SSR markers of the previous study) was 14.12 whilst, on

the chromosome 3B, here we found 9.50 with 62 SSRs.

After rarefaction method recommended by Petit et al.

(1998) for unbalanced sample sizes, the mean allele num-

ber of the core collection detected on the whole B-genome

(14.12) fell to 8.88 on chromosome 3B, then to 7.55 in the

breeding material. Thereby, the chromosome 3B seems to

have a lower diversity than the whole B-genome. This

difference in diversity can be related to distinct selection

pressure amongst chromosomes of the B-genome. Amongst

the 6,000 genes estimated on chromosome 3B (Paux et al.

2006), many could have been submitted to various selec-

tion effects, since for instance some of them are implicated

in disease resistances, as reaction to tan spot (Singh et al.

2006; Tadesse et al. 2008), to Fusarium head blight

(Gervais et al. 2003; Shen et al. 2006) or to the stem rust

(McNeil et al. 2008).

The results concerning population structure in the core

collection are quite consistent with those obtained by

Balfourier et al. (2007) analysing a larger sample of

Fig. 6 Percentage of marker

pairs in significant (p [ 0.001)

LD related to marker distance

classes, amongst genitors of

elite bread wheat varieties
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accessions (744 accessions, containing the present 372 core

collection) with a set of 73 polymorphic SSR markers

covering the whole genome map. When considering a

neighbour-joining tree based on a Cavalli-Sforza and

Edwards distance matrix between 45 geographical origins

of bread wheat germplasm, these authors showed a clear

clustering in six main groups: (1) Northwest European

cluster, (2) Southeast European ? North American cluster,

(3) Mediterranean cluster, (4) Central Asian cluster, (5)

Eastern Asian cluster, and (6) South American and African

cluster. In the present study, only five groups were

observed with STRUCTURE software: the two European

groups were similar to the previous study. The South

American ? African accessions were grouped with

the Mediterranean accessions to form the CIMMYT ?

ICARDA group, whilst the remaining accessions from

Middle East and Eastern Asia were gathered in a single

cluster, except for Nepalese accessions which were apart.

Explanations and arguments to interpret such structure

were widely developed by Balfourier et al. (2007): the

Asian and the two European clusters are probably the result

of both the historical process of the spread of initial wheat

germplasm from the Fertile Crescent through Asia and

Europe, then the biological process of adaptation and

selection to specific environmental conditions in Northwest

and Southeast Europe, respectively (Roussel et al. 2005). In

contrast, the South American and African group of acces-

sions together with some accessions of Mediterranean area

might reflect recent breeding practices developed by

CIMMYT and ICARDA during the 1960s; according to the

historical events, this group is probably the more recent

one in term of evolution, with the highest level of admix-

ture, whilst Asian group would be the oldest. Finally, the

small group of Nepalese accessions (only 25 accessions) is

more difficult to interpret in terms of population genetics: it

may be an artefact group due to our core sample size or to

the specific genetic structure of these accessions which are

all landraces. They can also represent a separated cluster of

differentiated lines after isolation by distance.

Allele number of breeding material decreased with the

time, as already reported by Roussel et al. (2005), who

showed that allele number was stable until the 1960s when

he started to decrease regularly. The same situation was

reported in a study of 1,680 Chinese wheat varieties (Hao

et al. 2006).

The diversity loss during plant breeding activity has

been already discussed by several authors. Comparing

bread wheat cultivars originated from UK, US and Aus-

tralia with DArT markers, White et al. (2008) observed a

fluctuation of diversity over the time, but they concluded

that modern plant breeding did not lead to an important

diversity reduction. Similarly, in a study performed on 91

Bulgarian bread wheat cultivars, genetic diversity charac-

teristics seemed to be preserved by wheat breeders after

1960 and there was no declining trend detected caused by

modern breeding process (Landjeva et al. 2006). In our

study, the dense genotyping performed on one chromo-

some made it possible to obtain a high resolution of the

Fig. 7 Wheat cytogenetic and consensus map of 3B chromosome

with distribution of LD patterns between pairs of markers in old (a)

and modern (b) cultivars of breeding material. The grey scale shown

in each square corresponds to p values
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analysis and the detection of diversity loss around selected

genes positioned in the proximity of neutral microsatellite

markers. This result correlates with Roussel et al. (2004),

describing chronological trends of diversity in 559 French

wheat varieties cultivated between 1800 and 2000.

UPGMA dendrogram of temporal groups distinguished

three major clusters, corresponding to the breeding history

of accessions. The first group gathered landraces and the

oldest varieties, mostly coming from the mass selection or

from the first breeding programmes using hybridisation

techniques. The second group corresponded to the period

1920–1959 when modern selection has started and accel-

erated, thanks to introduction of foreign and exotic material

in crosses and to technological development which made it

possible to reach a considerable gain in productivity, in the

adaptation to the environment constraints and in baking

quality (Bonjean et al. 2001). The third group is clearly

separated from the previous ones, probably due to the

phenomenon called ‘‘green revolution’’ in developing

countries, characterised by the intensive development of

genetically improved cultivars with strongly increased

yields, first created at the CIMMYT in Mexico (Khush

2001). The ‘‘green revolution’’ led in particular to improve

semi-dwarf varieties possessing different dwarfing genes

which are today always present in the French wheat

germplasm (Baron et al. 2006).

Linkage disequilibrium analysis

Linkage disequilibrium patterns were analysed by com-

paring the whole core collection to geographically struc-

tured groups, old and modern varieties, genitors of seven

modern varieties according to their genealogical tree,

finally breeding material and the core collection. Generally,

the observed LD was low in both plant material types, only

0.10% of marker pairs reached the threshold of 0.2 r2 value

in the re-sampled (N = 242) core collection and 0.20% in

the breeding material, in accordance with a study

describing LD patterns of the B-genome ancestral species,

the tetraploid emmer wheat (Seguin et al. 2006). This

finding is quite surprising because it is known that plant

mating systems affect LD and generally self-fertilisation

leads to a more extensive LD due to the severely reduced

effective recombination level (Flint-Garcia et al. 2003). In

the 0–5 cM class, the percentage of significant r2 values is

in concordance with the amount of global distribution of

high r2 values, indicating that the most marker pairs in

important LD are positioned in this distance class.

After comparison of different population structures and

the core collection, a classification can be established

amongst them according to the LD level. The highest r2

values were detected in the CIMMYT–ICARDA group,

then in the Western European pool, followed by the whole

core collection, Eastern European group and Asian pool. In

theory, LD of a population in admixture, like the core

collection, is expected to be higher due to the introduction

of chromosomes having different origin and allele fre-

quencies. The five structures reported here were not totally

independent, since they were results of a geographical

separation which occurred progressively and was linked to

the history of agriculture. As the core collection is repre-

sentative for the worldwide diversity of bread wheat,

geographical structures can reflect history of bread wheat

dissemination around the world. Asian group is considered

to be the original gene pool, with many accessions coming

from Caucasus, Central Asia or from the Middle East

which is not too far from the Fertile Crescent situated in the

Near East, considered as a region where agriculture and

cereal domestication developed together (Salamini et al.

2002). Low level of LD can be explained by the effective

population size having remained high since the time of

wheat domestication and beginning of agriculture being

dated at 8000 BP. The European gene pool was divided

into two distinct groups with a clear separation between

Western and Eastern subpopulations. The higher LD of

Western European structure can be explained either by an

historical bottleneck during agriculture spread from the

Middle East during the Neolithic or by the more intensive

modern breeding activity. Eastern European group can be

dated at 7–6000 BP, when wheat has been disseminated in

Central Europe through Anatolia and Greece, then across

the Balkans, the Transcaucasia, the Caucasus and Southern

Russia. Then, from the Danube and Rhine Valley, bread

wheat spread to Western and Northern Europe by 5000 BP.

During the 10,000 years of cultivation, genetic variability

of bread wheat increased due to the spontaneous hybridi-

sations and mutations (Bonjean et al. 2001), likely creating

balanced LD patterns. At the end of the nineteenth century,

modern intensive selection started in Western Europe two

decades before Eastern Europe thanks to hybridisation

techniques developed first in the middle of the nineteenth

century by English breeders. Thereby, LD patterns were

more influenced in Western Europe by the artificial bot-

tleneck caused by selection pressure, and consequently this

structure presents higher r2 values. Concerning accessions

belonging to the CIMMYT–ICARDA group, their highest

LD values, extending to a 20 cM distance, are not sur-

prising, because these cultivars are originated from

breeding programmes of the two institutions created in

1959 and 1977, respectively. Consequently, modern vari-

eties have been subjected to high selection pressure, per-

haps from an originally narrow genetic basis, and these

breeding activities resulted in higher LD values.

Some important differences were observed amongst

genitors of the seven modern varieties, when LD was

analysed according to genealogical trees. The seven
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modern varieties can be considered rather related thanks to

breeding activity, where the same genitor was crossed

repeatedly in different breeding programmes. When com-

paring IBCs and the number of marker pairs in significant

(p \ 0.001) LD, varieties with the highest IBC in their

genealogical trees presented the highest amount of signif-

icant r2 values. This finding is logical, thus the repetition of

the same genitors in a pedigree results in fixation of several

chromosomal regions, LD increases.

Despite this consanguinity, some important differences

were identified amongst varieties, suggesting that LD could

be more efficiently studied on a pedigree-related material

than on a temporally structured gene pool.

The re-sampled (N = 242) core collection and the

breeding material were not different for LD values. In

contrast to our hypothesis, the highly polymorphic core

collection had the same LD than the selected breeding

material: 13.43% of marker pairs showed a significant r2

value in both materials.

The distribution of LD blocks on the whole chromosome

was similar in each type of materials, differences were

described in the extent of LD. Highly significant r2 values

were mainly concentrated at the distal end of the short arm

of 3B chromosome and in deletion bins around the cen-

tromere (3BS-1 and 3BL-2). As crossing-over weakens

intrachromosomal LD (Flint-Garcia et al. 2003), recombi-

nation rates along the chromosome 3B are likely to shape

the distribution of marker pairs with significant r2.

Recently, a gradient of recombination was reported on the

short arm, from the centromere to the telomere, with an

important decrease at the telomeric end in the last deletion

bin (Saintenac et al. 2008).

In conclusion, we reported here the genetic diversity and

LD patterns in two contrasted materials. To our knowledge,

this is the first study dissecting these characteristics for two

differently structured gene pools with the same methods

and at fine scale, along one chromosome. Diversity and LD

analyses performed on the core collection made of different

structures, reinforced available information concerning this

worldwide genetic material. These results will be useful to

further association genetic studies possibly performed on

different agronomical traits, as flowering date, plant height,

resistance to diseases and pre-harvest sprouting, on grain

quality characteristics, as kernel weight, grain protein

content, and grain hardness, and on flour rheology. These

characteristics have been recently evaluated in the world-

wide core collection and this is an important basis for

further studies on wheat quality (Bordes et al. 2008). Power

and accuracy of methods using the two types of association

panels (core collection vs. breeding lines) will be compared

in a next paper.

In addition, our results concerning the strongly related

breeding material can be useful to initiate a study to assess

signature of selection in pedigrees of modern bread wheat

cultivars, in order to identify the selection pressure and

effects during the 180 years of modern wheat breeding.
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