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Abstract Hexaploid bread wheat evolved from a rare

hybridisation, which resulted in a loss of genetic diversity

in the wheat D-genome with respect to the ancestral donor,

Aegilops tauschii. Novel genetic variation can be intro-

duced into modern wheat by recreating the above hybrid-

isation; however, the information associated with the Ae.

tauschii accessions in germplasm collections is limited,

making rational selection of accessions into a re-synthesis

programme difficult. We describe methodologies to iden-

tify novel diversity from Ae. tauschii accessions that

combines Bayesian analysis of genotypic data, sub-species

diversity and geographic information that summarises

variation in climate and habitat at the collection point for

each accession. Comparisons were made between diversity

discovered amongst a panel of Ae. tauschii accessions,

bread wheat varieties and lines from the CIMMYT

synthetic hexaploid wheat programme. The selection of Ae.

tauschii accessions based on differing approaches had

significant effect on diversity within each set. Our results

suggest that a strategy that combines several criteria will be

most effective in maximising the sampled variation across

multiple parameters. The analysis of multiple layers of

variation in ex situ Ae. tauschii collections allows for an

informed and rational approach to the inclusion of wild

relatives into crop breeding programmes.

Introduction

The wild relatives of crop species have contributed novel

diversity to breeding in a range of crops including barley,

cassava, potato, rice, tomato, and wheat. It has been esti-

mated that the contribution from crop wild relatives to

genetic improvement is 1 % per year, with a value to

global agriculture of $1 billion (Heywood, 2011). It has

been estimated that 29 crop species have benefitted from

the transfer of useful traits from crop wild elatives (Maxted
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and Kell 2009). A functional form of the grain protein

content gene Gpc-B1 identified in Triticum turgidum ssp.

dicoccoides is found to offer improved nutrition and

changes in processing quality when introgressed into bread

wheat and durum wheat (Brevis et al. 2010). Strategies

based on extensive phenotyping of germplasm collections

to identify wild relatives that might enhance productivity or

adaptation of agricultural crops has been compared to

searching for a ‘needle in a haystack’ and population-based

genetics has been suggested as an alternative approach

(Prada 2009). For example, the advent of next generation

sequencing facilitates allele mining where novel SNP loci

or haplotypes can be used to select accessions for targeted

phenotypic investigations (Kilian and Graner 2012).

An alternative is to follow the approach of Vavilov,

viewing plants as having a ‘‘tendency to geographic evo-

lution, and divided into a greater or smaller number of eco-

geographic or agro ecological groups’’ (Vavilov 1957). In

wild barley, population sub-structure appears to be related

to variation in rainfall (Hübner et al. 2009). Similarly, in

barley landraces, associations between climatic factors and

population structure were detected (Jones et al. 2011). Such

eco-geographic data has long been considered as a tool to

discover novel adaptive variation; however, population

sub-structure must be taken into account. Its omission may

explain the limited success in identifying salt tolerant

barley or in detecting frost tolerance in potato wild rela-

tives in studies by Peeters et al. (1990) and Hijmans et al.

(2003). The value of eco-geographic data has also been

demonstrated in experiments aimed at assessing its pre-

dictive power for a set of agronomic traits (days to heading,

days to maturity, plant height, harvest index, and volu-

metric weight) in Nordic barley landraces (Endresen 2010).

The statistical techniques applied in that study have been

extended and applied to prediction of responses to biotic

stresses (stem rust in wheat and net blotch) in a wider set of

landraces where a calibration calculated using a ‘training

set’ successfully predicted susceptibility in a second ‘test

set’ of accessions (Endresen et al. 2011). These genomic

and eco-geographic approaches have been integrated into

the Focussed identification of germplasm strategy where

eco-geographic data is used as a pre-screening tool to select

a panel of ‘focussed’ accessions that are taken forward for

allele mining. The power of this strategy is illustrated by

the isolation of novel resistances to powdery mildew,

identified in a panel of wheat landraces by Bhullar et al.

(2009). In that study, eco-geographic data were used to

reduce a virtual panel of 16,000 accessions to 1,300 that

were taken forward for phenotypic evaluation and these in

turn were reduced to 111 candidates for allele mining.

Wheat is an allohexaploid, combining within a single

genome those of three diploid grass species, the A-genome

of Triticum urartu, the B-genome from a species within the

Sitopsis section and related to Aegilops speltoides and the

D-genome of Aegilops tauschii (Dvorak et al. 1992; Feld-

man et al. 1995). In addition, it has been shown that the

wheat D-genome is more closely related to Ae. tauschii ssp

strangulata than to ssp tauschii (Dvorak et al. 1998a).

These three species, therefore, constitute wheat’s primary

gene pool (Jiang et al. 1994). Of the three, the D-genome is

considered to be the least genetically diverse (Dubcovsky

and Dvorak 2007), thereby restricting the potential for

breeder selection and improvement. To increase D-genome

diversity in bread wheat, the International Center for Maize

and Wheat Improvement (CIMMYT) has generated in the

past 25 years more than 1,200 synthetic hexaploid wheat

(SHW) lines by crossing elite tetraploid durum with Ae.

tauschii accessions (Trethowan and Mujeeb-Kazi 2008).

However, it is unclear how much additional D-genome

diversity has been reintroduced into modern varieties by

the CIMMYT-SHW programme compared to what is

available within the Ae. tauschii diversity range as a whole.

Aegilops tauschii, distributed across Eurasia from the

Caucasus region between the Black and Caspian Sea in the

west through central Asia to China in the east, is widely

conserved ex situ in germplasm collections (Maxted et al.

2008). It has previously been shown that diversity at 18

microsatellite loci is sufficient to divide Ae. tauschii into

eastern and western clusters with Iranian accessions parti-

tioning between the two groups (Pestsova et al. 2000).

Similarly, chloroplast sequence diversity, assessed at five

loci, divides Ae. tauschii into two groups, broadly con-

gruent with the sub-species tauschii and strangulata des-

ignations (Dudnikov 2011). The geographic organisation of

haplotype diversity suggests that Ae. tauschii originated

within the Caucasus and migrated eastward. Lineages

associated with ssp. tauschii are found across central Asia,

while lineages associated with ssp. strangulata are con-

fined to that part of the range located to the west of the

Kopet Dag Mountains (located between modern day

Turkmenistan and Iran). Within ssp. strangulata, Dudnikov

(2011) notes a division in the geographic organisation of

lineages between those that include the region around the

Caspian Sea within their range and those that do not. A

similar pattern is described by nuclear diversity calculated

using AFLP markers (Mizuno et al. 2010). In both studies,

the greatest diversity was observed within the Caucasus

with both lineages present (Mizuno et al. 2010; Dudnikov

2011). Commensurate with its extensive eco-geographic

range, Ae. tauschii carries important sources of biotic

(Kishii et al. 2007; Mujeeb-Kazi et al. 2007) and abiotic

stress tolerance (Reynolds et al. 2007; Reynolds and Tre-

thowan 2007) that are of potential value for wheat

breeding.

In this work, we explore Ae. tauschii diversity by con-

sidering genetic, phenotypic, geographic and environmental
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data, using this information to select accessions from a

wider collection of germplasm. By using these data in com-

bination it is possible to make rational selections of exotic

germplasm for inclusion in a plant breeding programmes.

Materials and methods

Plant materials

A set of 429 Ae. tauschii accessions from diverse collection

sites in 14 countries was assembled from seven interna-

tional germplasm collections. Available passport data were

collated and cross-referenced to identify duplicated entries

and, where possible, to enhance the passport information

for that accession. A single accession was taken forward

for genotyping if duplicate accessions were identified.

Where the information was available, the accessions’ sub-

species, collection site (description, latitude and longitude),

and germplasm collection references were collated (Table

S1). Where the full botanical descriptions were unavail-

able, plants were grown and a morphological examination

was made to determine each accession’s sub-species (see

below). For those accessions with a collection site

description only, geographic coordinates were abstracted

from National Geospatial-Intelligence Agency (USA) on-

line databases available at https://www.1.nga.mil (Jones

et al. 2008). A panel of 269 Ae. tauschii accessions was

taken forward for genotyping and, of these, 254 accessions

were taken through for detailed analysis, eliminating

accessions with a high rate of missing genotype data and,

where possible, eliminating duplicate entries.

Forty-eight SHW lines originating from independent Ae.

tauschii accessions (CIMMYT WX prefix) were selected

through diversity analysis to be representative of the

D-genome diversity from a larger collection of 430 SHW

lines supplied by CIMMYT. The D-genome donors for the

CIMMYT-SHW programme were selected by screening

the available Ae. tauschii accessions for disease resistance.

The information supplied with the CIMMYT-SHW lines

was cross-referenced against germplasm collection dat-

abases and, where the Ae. tauschii parent could be securely

identified, collection site data were collated (Table S2).

A diverse collection of 166 bread wheat varieties from

northern, central, and eastern Europe was included,

encompassing commercial varieties released between 1970

and 2010 from breeding programmes in the UK, France,

Germany, Serbia, and Croatia (Table S3). This germplasm

was also selected from a larger collection on the basis of

D-genome SSR marker diversity. Varieties from UK,

France, and Germany were selected from the association

genetics panel assembled for the TriticeaeGenome project

(http://www.triticeaegenome.eu/). Other bread wheat lines

were sourced from the Agricultural Institute of Osijek and

the Institute of Field and Vegetable Crops of Novi Sad.

Sub-species classification of Ae. tauschii accessions

Sub-species classification was provided by germplasm

collections for 136 of the Ae. tauschii accessions taken for

genotyping. For the remaining 118, classification into ssp.

strangulata and ssp. tauschii was carried out with reference

to work previously published in Knaggs et al. (2000). To

provide material for study, four naturally vernalised plants

of each accession were grown under long days (16 h

photoperiod) in a heated (temperature range 17–25 �C)

glasshouse between February and May 2010. Height and

spike length were measured and spike appearance was

visually assessed. Direct observation of the following

characters was used for differentiation: (1) spikelet width

and length (excluding scurs) where spp. strangulata is

characterised by a broader spikelet in comparison to ssp.

tauschii, (2) spiculation on the inner-lateral nerves where

spicules were fewer and weaker in ssp. strangulata, (3)

seed shape where ssp. tauschii seeds are elongated while

those of spp. strangulata are oval or round, (4) appearance

of glumes where those of ssp. strangulata glumes tend to

curl out from the shoulder. Where visual assessment gave

ambiguous results, image analysis of spikelet shape was

carried out using a bespoke image analysis system (NIAB

DUS Imaging system). Psi Soft image analysis software

(v2.2.1.1) was used to reduce the data to width, length and

area measurements for statistical analysis, calibrated with a

training set of including both ssp. strangulata and ssp.

tauschii. Analysis of means differentiated ssp strangulata

from tauschii as the former had significantly broader

spikelets (p \ 0.05).

Genotyping

Fifteen D-genome-specific microsatellite (SSR) markers

were chosen for the analysis. These loci provided coverage

of all the bread wheat D-genome chromosomes with the

exception of 7D (Table S4). Based on previous studies,

selection of SSR primer pairs was made on the basis of

high polymorphism information content (PIC) values in

both SHW and bread wheat. Sequences and PCR condi-

tions for microsatellite markers are published in Eujayl

et al. (2002), Gupta et al. (2002), Röder et al. (1998), Song

et al. (2002, 2005). A subset of 232 Ae. tauschii accessions

were also genotyped at 62 D-genome specific SNP loci

using KASPar assays. These markers were developed for

use by plant breeders by the BBSRC funded UK wheat

SNP consortium (Allen et al. 2011, 2013).

The plant material was assayed for diversity at the

Photoperiod-1 (Ppd-1) locus on chromosome 2D using
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previously described primers and amplification conditions

(Beales et al. 2007), modified for capillary electrophoresis

by the addition of a FAM fluorophore to the 50 primer. This

locus was selected for analysis both as an exemplar and

because variation at photoperiod loci has a significant

influence on environmental adaptation, and, hence, yield in

UK conditions.

DNA isolation, PCR, and fragment analysis

Genomic DNA was extracted from fresh leaf material and

prepared for PCR according to Fulton et al. (1995). PCR

was carried out with fluorescently labelled primer pairs and

amplified fragments were analysed using an ABI PrismTM

3730 sequencer (Applied Biosystems). Allele calling was

carried out with GeneMapper� version 4 0.0 (Applied

Biosystems).

Proxies derived from geography

ArcGIS 10.0 (ESRI 2011) was used to analyse the geo-

graphical distributions of accessions and the biome (IUCN

1974) at each accession’s point of origin was abstracted

using a spatial query. Climate data for each accession’s

point of origin was abstracted from a 10 min resolution

(approximately 10–15 km at these latitudes) climate data

set Climate Research Unit (CRU) CL 2.0 (downloaded

from http://www.cru.uea.ac.uk/) (New et al. 2002),

including monthly mean data for precipitation, wet day

frequency, temperature, diurnal temperature range, relative

humidity, sunshine, frost frequency and wind-speed. These

climate data were augmented with derived values for

potential evapotranspiration, moisture deficit, and mini-

mum temperature.

Modelling alternative selection strategies

We modelled alternative selection strategies by selecting

sets of 20 accessions using differing criteria. The decision

to select 20 accessions represented a pragmatic choice

based on resources available to characterise the populations

generated post re-synthesis. Our selection criteria included

selections intended to maximise genetic, environmental or

geographic diversity, either as de novo selections or

selections to complement the extant CIMMYT-SHW lines.

Selections were also made for their similarity to the cli-

mates of wheat growing areas of interest to our breeding

programmes and selections made to represent the biomes

found within the natural range of Ae. tauschii. We calcu-

lated the genetic and environmental variations for each

selection and tabulated the distributions for sub-species,

Ppd-D1 diversity, membership of distinct sub-populations,

and biomes descriptions for each accession selected.

Within a subset of our accessions, we also compared

selections made using genetic diversity using two alterna-

tive marker systems. We evaluated each approach to

selection by comparing these results with results for the

same metrics calculated for sets of 20 accessions, drawn by

random sampling, in 1,000 replications (Table 1).

To select a set that maximises geographic diversity

we found the central point of the geographic distribu-

tion and then calculated the geographic (great circle)

distance of all accessions from the central point. The

first accession selected was that found to be furthest

from the central point. The second accession selected

was that found to be furthest from the first accession,

the third accession selected was that found to be furthest

from the first and second accession and so on until 20

accessions had been selected (Table S10). Geographic

(great circle) distances were used in this instance as

they best represent inter-accession distances on the

curved surface of the earth.

To simplify the selections intended to maximise genetic

or environmental diversity, the complexity of genetic dis-

tances (SSR) and environmental dissimilarities were

reduced to two dimensions by principle coordinate ordi-

nation (PCO). Geometric distances within this two

dimensional representation of diversity were calculated

from the starting position and selections made using the

same method applied to the geographic data. For de novo

selections, the starting point was the origin (0, 0). When

making selections to complement the CIMMYT-SHW

lines, we used the position of those CIMMYT-SHW lines

within diversity space as a starting point from which to

identify those individuals furthest from previously sampled

regions and, as sampling continued, furthest from each

other (Fig. 1) (Tables S11 and S12). Euclidean distances

were used in this instance as they best represent inter-

accession distances once genetic distances (SSR) and

environmental dissimilarities had been reduced to two

dimensions by PCO.

In order to compare the effect of using different types of

genetic data, de novo selections were made within diversity

space calculated using SSR data or KASPar data.

When making selections for their similarity to the cli-

mates of wheat growing areas of interest to our breeding

programmes, we abstracted climate data for Cambridge

(UK) and Tours (France), representing north west Europe

or Novi Sad (Serbia) and Osijek (Croatia) representing the

Danube basin. In this case we selected 20 accessions for

their proximity within climate space to Cambridge and

Tours or Novi Sad and Osijek (Table S13).

Finally, the accessions were grouped according to their

biome descriptions, sub-species, Ppd-D1 diversity and

STRUCTURE sub-population membership, and sets drawn

at random (Table S14).
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Data analysis

Statistical analyses were carried out in Excel or within the

R-statistics package. Population structure was determined

using STRUCTURE software (Pritchard et al. 2000) with a

burn-in of 200,000 followed by 1,500,000 Markov Chain

Monte Carlo iterations. The haploid setting and admixture

model for ancestry between individuals were chosen, a

degree of admixture being a reasonable expectation for

populations that may have had opportunities for cross-

pollination. Solutions for the number of sub-populations

identified were assessed using CorrSieve (Campana et al.

2010) and by calculating Akaike’s information criterion

(Sakamoto et al. 1986) for logistic regression of the Ppd-

D1 allele score or the sub-species designations against the

STRUCTURE Q-matrices. Genetic distances (Rogers

Distance) and summary statistics for the genotypic data

were calculated in PowerMarker (Liu and Muse 2005) and

calculated in R using the ‘summary.genotype’ function

from the ‘genetics’ package. Environmental distances were

calculated in R using the ‘daisy’ function from the ‘cluster’

package, using Gower’s distance. Principle component

Table 1 Effects on genetic, environmental, or geographic diversity in the sets of Ae. tauschii accessions selected by each approach compared to

random selections

Genetic variation Climate

variation

Sub-species Ppd-D1 STRUCTURE

sub-populations

Biome

Description

H Heterozygosity PIC Total variance

CIMMYT SHW ns ns ns ? * ** ** **

Selection within the geo-located accessions De novo selection to

Maximise genetic diversity ?? ?? ?? ns * ** ** ns

Maximise geographic diversity - - - ?? ns ns ns ns

Maximise climate diversity ns ns ns ?? ns ns ns ns

Composite of diversity selections ns ns ns ?? ns ns ns *

Selections to complement CIMMYT-SHW

Maximise genetic diversity ns ns ns ns ns ns ns ns

Maximise geographic diversity ns ns ns ns ns ns ns ns

Maximise climate diversity - - - ?? ns ns ns *

Composite of diversity selections ns ns ns ?? ns ns ns **

Targeted selection by climate

Cambridge/Tours ?? ?? ?? - ** ** ** **

Osijek/Novi Sad ? ? ? - ns ns ns **

Targeted selection by

Desert and Xeric shrubland ns ns ns - ns ns ns **

Montane grasslands ns ns ns ?? ns ns ns **

Temperate broadleaf forests ?? ?? ?? ns ** ** ** **

Temperate grasslands ns ns ns - ns ns ns **

Targeted selection by Ppd diversity

Ppd allele 415 ns ns ns ns ** ** ** **

Ppd allele 430 ns ns ns ns ** ** ** *

Ppd allele 454 - - - ns ns ns ns ns

Targeted selection by subspecies diversity

ssp strangulata ?? ?? ?? ns ** ** ** *

ssp tauschii ns ns ns ns * ns ns *

Targeted selection by sub population membership

Sub-population II - - - ns * ns ** ns

Sub-population III ?? ?? ?? ns ** ** ** **

Selections used three strategies: selecting accessions to maximise geographic, genetic or climate diversity either de novo or to complement the

CIMMYT SHW; selection targeting climates most similar to that in the region of interest to a breeding programme or selection according the

biome description at the accessions’ point of origin. For genetic and climate variation diversity is reported as similar (no significant difference:

ns), lower (-) or higher (?by comparison to randomly selected accessions. For category data variation results are classed as similar (no

significant difference: ns) or skewed (*) by comparison to randomly selected accessions. Significant results (p \ 0.05: *, - or ?), highly

significant results (p \ 0.01: **, - or ??)
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analysis was carried out in R using the ‘pco’ function from

the ‘labdsv’ package. Calculations for geometric distances

were carried out in R using the ‘sp’ package.

Results

By cross-referencing passport data available from the

germplasm collections, duplication could be seen among

entries from differing sources. Among the full collection of

429 Ae. tauschii accessions, 26 pairs were shared between

germplasm held at the Vavilov Institute and IPK at Gat-

erslaben, seven pairs were shared between the Vavilov

Institute and the USDA ARS GRIN collection, five pairs

were shared between the IPK and the USDA ARS GRIN,

one entry shared between ICARDA, IPK and the Vavilov

Institute.

Distribution of sub-species amongst the accessions

Sub-species designations were available from passport data

for 136 Ae. tauschii accessions from the accession set and,

by cross referencing, 24 D-genome donors of the CI-

MMYT-SHW lines. The phenotypes of a further 107 Ae.

tauschii accessions were examined and 17 were classified

as ssp. strangulata based on seed shape, glume shape and

spiculation on the inner lateral nerves, where 90 were

classified as ssp. tauschii. Taking the passport data and the

results of phenotypic classification together, the Ae. tau-

schii accessions comprised 199 Ae. tauschii ssp. tauschii

and 44 Ae. tauschii ssp. strangulata while among the

D-genome donors of the CIMMYT-SHW lines we were

able to identify 15 ssp. tauschii and nine ssp. strangulata.

(Table S5). The composition of sub-species between these

two groups differs significantly (v2 test, p \ 0.05) with ssp.

tauschii being less represented in the SHW lines.

Genetic diversity amongst the accessions

We genotyped the collection of plant material with a suite

of 15 microsatellites, each displaying variability among the

Ae. tauschii accessions and the bread wheat varieties. The

number of alleles observed per locus ranged between 5–33

and 2–13 in each group, respectively (Table 2). Across all

loci, the total number of alleles was highest for Ae. tauschii

(252), lower for SHW (154), and lowest for bread wheat

(79). Average gene diversity index (H) calculated across all

markers for each germplasm pool was 0.56, 0.80 and 0.72

for bread wheat, synthetic wheat and Ae. tauschii, respec-

tively, and 0.68 and 0.83 for ssp. tauschii and ssp. stran-

gulata, respectively. The D-genome diversity among the

D-genome donors of the CIMMYT-SHW lines and Ae.

tauschii accessions was similar. The average D-genome

gene diversity of bread wheat germplasm was similar in

accessions originating in western or eastern Europe,

although three loci that were variable among the eastern

European set were monomorphic among the western

European varieties. The greater diversity observed among

the combined D-genome donors of the CIMMYT-SHW

lines and Ae. tauschii accessions compared to bread wheat

varieties was consistent with a reduction of D-genome

diversity during the hybridisation event that gave rise to

bread wheat. Analysis of the distribution of SSR diversity

within germplasm groups identified 93 alleles that were

Fig. 1 Identification of novel

diversity among Ae. tauschii

accessions by successively

selecting the ‘furthest’

accession within genetic

diversity space. Each previously

exploited D-genome donor for

the CIMMYT-SHW lines is

shown as a black square. The

first selection from Ae. tauschii

accessions is shown as a red

square, the second in mauve,

the following eight as green

squares, the second ten as green

circles

1798 Theor Appl Genet (2013) 126:1793–1808

123



unique to the Ae. tauschii collection and not found in either

the bread or synthetic wheat germplasm sampled in this

study. Only seven alleles were unique to the CIMMYT-

SHW and not found in the Ae. tauschii sample. There were,

however, 12 alleles that were unique to bread wheat.

We genotyped a subset of the Ae. tauschii collection

with a suite of 62 D-genome specific SNP and found 43

loci to be polymorphic. Average gene diversity index

(H) calculated across all markers for each germplasm pool

was 0.22 for Ae. tauschii, and 0.13 and 0.38 for ssp. tau-

schii and ssp. strangulata, respectively.

Population structure and genetic diversity

To determine population structure, we examined solutions

giving a number of sub-populations between one and nine

using the STRUCTURE software to dissect microsatellite

diversity. A plot of log likelihood ln(PD) against the

number of sub-populations (k) suggested the value of k was

between three and nine, while the plot of d(ln(PD)) indi-

cated optimum solutions at three and at six or seven sub-

populations. Comparison of Akiake’s information content

for the regression of STRUCTURE Q-matrices against

Ppd-D1 genotypes and sub-species both suggest three or

seven sub-populations (Figure S1). For every STRUC-

TURE solution, the bread wheat varieties were grouped in

a single, exclusive sub-population (Table S6). The

D-genome donors of the CIMMYT-SHW lines and Ae.

tauschii accessions partition between the remaining groups

at k = 3 and k = 7 and there was a hierarchical relation-

ship between II at k = 3 and B and C at k = 7 and between

III at k = 3 and D-G at k = 7. Among the accessions in

sub-population II, ssp. tauschii predominates while both

sub-species are seen in similar proportions in sub popula-

tions III. The allele-frequency divergence among sub-

populations (Kullback–Leibler distance), computed within

STRUCTURE suggests that sub-population III (at k = 3) is

most closely related to bread wheat (sub-population I) and

sub-populations D and E (at k = 7) have the closest rela-

tionship to bread wheat (Supplementary Figure S15, Sup-

plementary Table S15).

The gross structure revealed by the microsatellite data,

partitioning Ae. tauschii accessions into two sub-popula-

tions (II and III), was confirmed when we used STRUC-

TURE software to dissect SNP diversity. The more subtle

population structures revealed by the SSR data at k = 7

were not confirmed by further dissection of the SNP

diversity. Correlations between genetic distances calcu-

lated using the SSR data and KASPar data were high and

positive (0.84). Inspection of PCO plots of genetic diver-

sity, calculated using the SSR data, and KASPar data

suggests there is reduction in diversity within sub-popula-

tion II when compared with sub-population III when

KASPar data are used in place of SSR data (Supplementary

Figure S16). This observation is confirmed when genetic

diversity (H) and polymorphism information content (PIC)

values are calculated (SSR data: sub-population II

H = 0.585, PIC = 0.565, sub-population III H = 0.795,

PIC = 0.763; KASPar data: sub-population II H = 0.087,

PIC = 0.075, sub-population III H = 0.365, PIC = 0.288).

The reduction in diversity among one sub-population rel-

ative to another may be due to ascertainment bias in the

D-genome specific SNPs. The KASPar SNPs were dis-

covered in a panel of elite bread wheat varieties and these

varieties are more closely related to sub-population III than

sub-population II; in this case, an apparent reduction in

diversity among sub-population II is unsurprising (Mora-

gues et al. 2010).

Frequency based distance measures separated the bread

wheat varieties from north western Europe from those

Table 2 Summary of the

D-genome diversity revealed by

genotyping within the study

material

Averages across all markers are

given for PIC, Gene Diversity

and Heterozygosity, with

standard errors shown in

brackets

Number PIC Gene diversity Heterozygosity

SSR diversity

D-genome donor CIMMYT-SHW lines 48 0.78 (0.03) 0.80 (0.02) 0.34 (0.10)

Ae. tauschii accessions 255 0.70 (0.05) 0.72 (0.05) 0.23 (0.08)

Ae. tauschii summary 303 0.75 (0.04) 0.76 (0.04) 0.24 (0.08)

Ae. tauschii ssp. tauschii 212 0.66 (0.06) 0.68 (0.06) 0.24 (0.09)

Ae. tauschii ssp. strangulata 53 0.81 (0.02) 0.83 (0.02) 0.20 (0.06)

TriticeaeGenome association panel 89 0.40 (0.07) 0.45 (0.07) 0.28 (0.11)

Eastern European diversity study 77 0.41 (0.05) 0.45 (0.05) 0.25 (0.10)

Bread wheat summary 166 0.51(0.05) 0.56 (0.05) 0.27 (0.09)

All accessions 469 0.80 (0.02) 0.82 (0.02) 0.25 (0.07)

SNP diversity

Ae. tauschii accessions 232 0.19 (0.01) 0.22 (0.02) 0.01 (0.00)

Ae. tauschii ssp. tauschii 182 0.12 (0.01) 0.13 (0.02) 0.00 (0.00)

Ae. tauschii ssp. strangulata 40 0.30 (0.01) 0.38 (0.02) 0.03 (0.00)
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originating in south eastern Europe. The two groups

formed a distinct clade among the Ae. tauschii accessions

suggesting they share a common D-genome ancestry (Fig.

S2).

Three haplotypes at the Ppd-D1 locus were observed in

Ae. tauschii; a 415 bp product amplified from the intact

sequence was common to Ae. tauschii, SHW and bread

wheat samples and two additional variants (430 and

454 bp) that were found only in Ae. tauschii and SHW

(Table S7). A 297 bp product, associated with early flow-

ering due to a *2 kb deletion in the promoter, was only

seen among bread wheat varieties, suggesting that this

mutation is a post-domestication event. Bentley et al.

(2011) previously reported that the photoperiod insensitive

Ppd-A1a mutation also arose by mutation after domesti-

cation. The distribution of Ppd-D1 alleles among the

D-genome donors of the CIMMYT-SHW lines and Ae.

tauschii accessions differs significantly (v2 test,

p \ 0.0001). The geographic distribution of Ppd-D1

diversity reveals all three alleles present in accessions

originating in the Caucasus and the southern shore of the

Caspian Sea, while a 454 bp allele predominates in the

eastern range of Ae. tauschii (Fig. S3). The Ppd-D1 alleles

with a 415 and 297 bp amplification products were seen

among both groups of bread wheat varieties, though the

415 bp allele predominated in north western varieties and

the 297 bp allele was most frequent among south eastern

bread wheat lines.

Geographic distribution of diversity

Cross-referencing between the information supplied with

the CIMMYT-SHW lines, passport data for Ae. tauschii

accessions, and geographic databases enabled us to allocate

geographic coordinates to 21 of the D-genome donors of

the CIMMYT-SHW lines and to all but one of the geno-

typed Ae. tauschii accessions. These data allowed us to

allocate climate proxies from the CRU CL 2.0 dataset,

augmented by additional calculated data to each germ-

plasm entry (Table S8), and to query the ArcGIS 10.0

(ESRI 2011) spatial datasets to describe the biome at each

entry’s point of origin (Table 3; Table S9). The range of

biomes described at the collection points for the Ae. tau-

schii accessions and the D-genome donors of the CI-

MMYT-SHW lines differ significantly (v2 test, p \ 0.01).

The STRUCTURE sub-populations revealed by SSR

diversity at k = 3, sub-population II and III, have different

geographic distributions (Fig. 2, upper map). Sub-popula-

tion II is seen in both the eastern and western part of Ae.

tauschii’s natural range, being widely distributed across the

highland regions of central Asia and in the Caucasus. Sub-

population III has a more limited distribution, predomi-

nating along the shore of the Caspian Sea and it is also seen

in the Caucasus. The sub-populations identified at k = 7

follow a similar pattern (Fig. 2, lower map) with sub-

populations B and C, derived from sub-population II at

k = 3, occurring together across the range. The four sub-

populations (D-G) derived from sub-population III at

k = 3, show a split in their distribution with D and E lar-

gely confined to the shore of the Caspian Sea and F is

represented in the Caucasus. Sub-population G has a broad

distribution. These differing geographic distributions are

reflected in the assigned biomes for accessions from each

sub-population (Table 1) and these differences are signifi-

cant at k = 3 and k = 7 (v2 test, p \ 0.001). Differences

can also be seen in the mean elevation among the sub-

populations at k = 3 (t test, p \ 0.001) and at k = 7

between D and E and all other subpopulations (t test,

p \ 0.01).

Strategies for selecting germplasm

We have modelled selection strategies using differing cri-

teria including selections intended to maximise genetic,

environmental or geographic diversity, selections made for

similarity to the climates in areas of interest to our breeding

programmes and selections representing the ecology of the

natural range of Ae. tauschii. We evaluate these selection

strategies by examining the characteristics of each selec-

tion by comparison with randomly selected sets.

De novo selection to maximise geographic, genetic

or environmental variation

Our initial strategy was to select Ae. tauschii accessions on

the basis of distance based measures in the expectation of

selecting accessions that maximise diversity. We tested the

expectation that the three distance measures (geographic,

genetic, and climatic) would be strongly correlated and

found positive but low correlations in every case (genetic

vs. geographic distance: r = 0.07, genetic vs. climatic

distance: r = 0.15, climatic vs. geographic distance:

r = 0.35, p value \ 0.001 in each case). These results

suggest that different accessions would be identified as

representing novel diversity by using each distance mea-

sure in turn (Fig. 3).

De novo sampling to maximise coverage in genetic

space, as may be expected, increased genetic diversity and

showed bias in the representation of Ppd-D1 diversity,

STRUCTURE sub-population and sub-species diversity

but was representative with regard to variance within the

climate data. A de novo selection to maximise represen-

tation of geographic variation showed highly significant

increases in the total variance of the climate data at the

expense of genetic diversity. The second observation may

be a consequence of distribution of genetic variability, with
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greater variation seen in a relatively small region in the Cau-

casus and the southern Caspian compared with less variation

with central Asia, a large region. Accessions selected to

maximise representation of climate variation also showed

highly significant increases in the total variance of the climate

data but gave unbiased samples with respect to genetic diver-

sity, distribution of sub-species, Ppd-D1 alleles, STRUC-

TURE sub-populations and biome descriptions. A composite

sample made up of the ‘top-slice’ of the sets selected by ref-

erence to genetic, geographic and climate diversity gave a

balanced sample with respect to genetic diversity, distribution

of sub-species, Ppd-D1 alleles and STRUCTURE sub-popu-

lations, though climate variance was increased and gave a

skewed representation of biome distributions.

Selection to complement variation

within the CIMMYT-SHW

The CIMMYT-SHW deviated significantly when com-

pared with randomly drawn samples, with increases in the

total variance of climate and the v2 statistic for sub-spe-

cies distributions, sub-population membership, Ppd-D1

variation and biome origin. Sets chosen to complement

the CIMMYT-SHW, while maximising genetic or geo-

graphic distances, were comparable with randomly drawn

samples. A set chosen to complement the CIMMYT-

SHW, while maximising climatic distance, showed a

decrease in genetic diversity when compared to randomly

drawn samples.

Table 3 Organisation of sub-species, genetic and environmental diversity among D-genome donor of the CIMMYT-SHW and Ae. tauschii

accessions

k = 3 k = 7 Sub-species Ppd-D1 diversity

All II III B C D E F G strangulata tauschii 415 430 454

D-genome donor CIMMYT SHW

Temperate Savannas grass and shrub-lands 3 1 2 0 1 0 2 0 0 1 2 1 0 2

Desert and Xeric shrublands 6 2 4 0 2 2 2 0 0 3 3 3 1 2

Temperate broadleaf and mixed forests 10 0 10 0 0 7 3 0 0 4 6 5 2 3

Temperate Conifer forests 2 0 2 0 0 0 2 0 0 0 2 0 0 2

Montane grasslands and shrublands 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Ae. tauschii accessions

Temperate Savannas grass and shrub-lands 87 77 10 23 54 0 1 6 3 5 74 5 3 74

Desert and Xeric shrublands 82 68 14 11 57 2 0 8 4 17 64 6 6 65

Temperate broadleaf and mixed forests 39 14 25 6 8 8 5 10 2 18 20 17 3 16

Temperate Conifer forests 5 5 0 0 5 0 0 0 0 0 5 0 0 5

Montane grasslands and shrublands 40 32 8 8 24 0 0 2 6 4 35 2 4 33

Ae. tauschii summary

Temperate Savannas grass and shrub-lands 90 78 12 23 55 0 3 6 3 6 76 6 3 76

Desert and Xeric shrublands 88 70 18 11 59 4 2 8 4 20 67 9 7 67

Temperate broadleaf and mixed forests 49 14 35 6 8 15 8 10 2 22 26 22 5 19

Temperate conifer forests 7 5 2 0 5 0 2 0 0 0 7 0 0 7

Montane grasslands and shrublands 40 32 8 8 24 0 0 2 6 4 35 2 4 33

D-genome donor CIMMYT SHW 48 12 36 0 12 19 17 0 0 9 15 19 6 23

Ae. tauschii accessions 254 197 58 48 149 10 6 27 15 44 199 31 16 195

Ae. tauschii summary 302 209 94 48 161 29 23 27 15 53 214 50 22 218

Sub-species

Ae. tauschii ssp.strangulata 53 13 40 5 8 14 5 14 7 – – 22 12 15

Ae. tauschii ssp.tauschii 214 175 39 39 136 6 12 13 8 – – 18 8 179

Ppd-D1 diversity

415 50 1 49 0 1 17 7 21 4 22 18 – – –

430 22 0 22 0 0 10 0 5 7 12 8 – – –

454 218 200 18 44 155 2 14 0 2 15 179 – – –

The dissection of diversity within the biomes is based on a set of accessions where geographic coordinates were available. The dissection of all

other diversity uses all genotyped accessions
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Targeted selection for similarity to the climates in areas

of interest to our breeding programmes

When we implemented an alternative strategy which tar-

geted accessions originating in those locations with a climate

similar to our target breeding environments [Danube basin

(Osijek and Novi Sad) and north western Europe (Cambridge

and Tours)] we found increases in genetic diversity and a

highly significant decreases in the total variance of the climate

data. High values for the v2 statistic showed over representa-

tion of the ‘Temperate Broadleaf and Mixed Forests’ biome,

sub-population III in both sets and a highly significant bias in

sampling sub-species, STRUCTURE sub-populations and

Ppd-D1 diversity in the set selected for its similarity to north

western Europe (Cambridge and Tours).

Selecting under-represented germplasm

The results presented above suggest a strategy for sampling

Ae. tauschii accessions for inclusion in a breeding pro-

gramme where groups under-represented in the CIMMYT-

SHW should be sampled preferentially in the expectation

this will bring novel functional diversity into play. These

under-represented groups include Ae. tauschii accessions

classified as ssp.tauschii, belonging to sub-population II

with the 454 bp Ppd-D1 allele, and those assigned to bio-

mes described as ‘Temperate Grasslands, Savannas and

Shrublands’ and ‘Montane Grasslands and Shrublands’.

Fig. 2 Geographic distributions of sub-populations determined from

D-genome specific SSR genotypes among the Ae. tauschii accessions

at the optimum STRUCTURE solutions: number of sub-populations

k = 3 (upper map) and k = 7 (lower map)

Fig. 3 Low correlations

between the three distance

measures (geographic, genetic,

and climatic) result in different

selections when samples are

drawn to maximise each facet of

diversity
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Selecting germplasm by reference to the biome at its

point of origin

Selections taken from accessions three of the six biomes

represented within Ae. tauschii’s natural range (‘Desert and

Xeric Shrubland’, ‘Temperate Grasslands, Savannas and

Shrublands’ and ‘Montane Grasslands and Shrublands’)

showed unbiased sampling with respect to genetic diver-

sity, distribution of sub-species, Ppd-D1 alleles and

STRUCTURE sub-populations. Samples drawn from the

‘Desert and Xeric Shrubland’ and ‘Temperate Grasslands,

Savannas and Shrublands’ biomes show a decrease in cli-

mate variance while accessions originating in the ‘Montane

Grasslands and Shrublands’ biome show increased variation

among climate measures. When accessions were chosen from

among those originating in the ‘Temperate Broadleaf and

Mixed Forests’ biome, high values for the v2 statistic showed

highly significant bias in sampling the distribution of sub-

species, Ppd-D1 alleles and STRUCTURE sub-populations.

Sub-species strangulata, the 415 bp allele at Ppd-D1, sub-

population III were each over represented among the selected

set and genetic diversity was elevated. There were too few

accessions originating in the ‘Temperate Conifer Forests’ (7)

or ‘Mediterranean Forests, Woodland and Scrub’ (1) biomes

to conduct comparable random sampling.

Targeting selection according to Ppd-D1 diversity:

Selections taken from accessions harbouring Ppd-D1 415

and 430 bp alleles showed unbiased sampling with respect

to genetic diversity and climatic diversity the distribution

of sub-species is skewed in favour of ssp. strangulata,

STRUCTURE sub-population III is over-represented and,

among the biomes, representation of ‘Temperate Grass-

lands’ is reduced while representation of ‘Temperate

Broadleaf Forests’ is increased. The selection taken from

accessions harbouring Ppd-D1 454 bp allele shows reduced

genetic diversity but shows unbiased sampling in all other

respects.

Targeting selection by sub-species

The selection made within ssp. strangulata shows an

increase in genetic diversity and the distribution of Ppd-D1

diversity is skewed in favour of the 415 and 430 bp alleles,

STRUCTURE sub-populations III is over-represented and,

among the biomes, representation of ‘Temperate Broadleaf

Forests’ is increased. The selection targeting ssp. tauschii

showed unbiased sampling apart from among the biomes

where representation of ‘Temperate Grasslands, Savannas

and Shrublands’ is increased.

Using STRUCTURE sub-populations as a guide

to sampling

Genetic diversity is decreased in the selection made within

STRUCTURE sub-population II and the distribution of sub

species diversity is skewed in favour ssp. tauschii. The

STRUCTURE sub-populations III selection shows

increased genetic diversity and, among the biomes, repre-

sentation of ‘Temperate Broadleaf Forests’ was increased,

the proportion of ssp. strangulata was increased and the

frequency of the Ppd-D1 454 bp allele was decreased.

How do selections made using SSR or KASPar data

differ?

De novo selections within the reduced set of accessions that

had both SSR and KASPar data available were made to

maximise genetic diversity. A set selected to maximise

KASPar diversity showed a highly significant increase in SSR

diversity while a set selected to maximise SSR diversity

showed a significant increase in KASPar diversity as shown

by H and PIC values, while the heterozygosity showed a

highly significant increase. The selections made using each

data set had only three accessions in common. The selections

differed in their diversity with respect to their sub-species,

Ppd-D1 and STRUCTURE sub-population diversity and in

their representation of the biomes but none of the differences

were significant. When all other selection methods were

applied to this reduced set of accessions the outcomes were

broadly similar to the results of selection applied above.

Selection summary

We have shown that alternative sampling strategies result in

selections with different characteristics. Using one set of mea-

sures, targeting genetic diversity or Ppd-D1 diversity, for

example, to make selections has consequences when other

measures are considered. Clearly, selection to maximise one

facet of diversity may produce unbalanced samples with respect

to other aspects of diversity. Conversely, a more balanced sample

resulted from ‘top-slicing’ each of the three sets selected to

maximise genetic, geographic and climate diversity. The value of

targeted samplingby climateorbiomeremainsunproven though,

as the CIMMYT synthetic programme matures, data is being

collected that could determine the merit of such an approach.

Discussion

The variation within wild Ae. tauschii populations is an

important resource for biologists and plant breeders
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introducing novel D-genome diversity via wheat re-syn-

thesis. The process of selecting among this exotic material

for a plant breeding programme represents a considerable

commitment of resources. The methods described here

integrate passport data available for wild accessions with

climate and ecological information from publically avail-

able sources and a limited set of genotype data. Genetic

distances were used to guide selection for a new re-syn-

thesis programme and then reviewed using the integrated

data to ensure a balanced selection.

Organisation of diversity

Genetic variation within and between Ae. tauschii popu-

lations has been recently described by AFLP (Mizuno et al.

2010), DArT markers (Sohail et al. 2012), and SNP (Wang

et al. 2013). In the current study, division of Ae. tauschii

accessions into two sub-populations (II and III at k = 3) is

similar to the distribution of lineages described by these

authors and those previously described by Pestsova et al.

(2000). Our finding that morphological diversity, described

by the division between ssp. tauschii and ssp. strangulata is

not clearly congruent with genetic division (Table 3) is in

line with the findings of these authors. While Ae. tauschii

ssp. tauschii predominates among the accessions of sub-

population II it is not exclusive, both sub-species are seen

in equal proportions within sub-population III. This

remains the case when considering the sub-populations at

k = 7, where both sub-species are seen among all sub-

populations, though ssp. tauschii predominates among the

accessions of sub-populations B and C. The low correlation

between sub-species distributions and D-genome wide

genetic diversity is mirrored by the relationship between

sub-species and Ppd-D1 diversity. Looking at the distri-

bution of sub-species among the biomes, sub-species tau-

schii predominates in four out of five biomes, with the two

sub-species seen in similar proportions within the 48

accessions originating in the ‘Temperate Broadleaf and

Mixed Forests’ biome.

Genetic diversity shows a greater degree of organisation,

both in the relationship between the whole genome popu-

lation structure and the Ppd-D1 diversity and in the rela-

tionship between the genetic diversity across each biome

(Table 3). Within the sub-populations defined at k = 3, the

454 bp allele overwhelmingly predominates at Ppd-D1 in

sub-population II. Three Ppd-D1 alleles were identified

within sub-population III, including the 415 bp allele at a

frequency of 0.55. Of these Ppd-D1 alleles, only the

415 bp allele is found in bread wheat, suggesting that the

D-genome progenitor of modern bread wheat belonged to

sub-population III.

The Kullback–Leibler distances between sub-popula-

tions calculated by STRUCTURE offer further support to

the D-genome progenitor of bread wheat having its origin

in sub-population III at k = 3 (Supplementary Table S16,

Fig. S15). The same distance measures at k = 7 differen-

tiate between the sub-populations and suggest sub-popu-

lations D or E as the D-genome donor. Eastern Turkey,

Transcaucasia and the south eastern shores of the Caspian

Sea in Iran have been suggested as the probable geographic

location of the bread wheat foundation polyploidisation

event (Dvorak et al. 1998b; Giles and Brown 2006;

Matsuoka 2011; Wang et al. 2013). The distribution of the

sub-populations at k = 7 shows a mix of members of sub-

populations B, C, D, E, and F in eastern Turkey and

Transcaucasia while members of sub-population D and E

alone are found in the region around the southern shores of

the Caspian Sea. This geographic distribution of sub-pop-

ulations offers support to the Caspian region of Iran as the

location of the bread wheat D-genome. The similarity

between the north west European and south east European

bread wheat D-genomes shows that domestication through

polyploidisation captured a limited portion of Ae. tauschii

diversity, suggesting that polyploidisation events were

infrequent, supporting Giles and Brown (2006) suggestion

that the bread wheat D-genome has a diphyletic rather than

a multiphyletic origin.

Marker selection

In a comparison of SSR and SNP diversity in a panel of

maize lines (Hamblin et al. 2007), SSRs offered better

performance in clustering varieties into sub-populations

and better resolution when calculating genetic distances.

Ascertainment bias is a widely recognised problem and, as

the SNP we used were discovered in a panel of bread-

wheat varieties, bias may be a constraint in using the

KASPar data for a crop wild relative. Our observation that

SNP genetic diversity within sub-population II is very low

relative to sub-population III, where sub-population II is

less closely related to bread wheat, suggests that these

KASPar markers are subject to ascertainment bias in our

accession set. Ascertainment bias and lower resolution

power among the SNP may account for the different

selections made when using either SNP or SSRs. If genetic

diversity is to be used as a guide to making selections from

among crop wild relatives, care must be taken to ensure

that the makers used are free of ascertainment bias and

offer sufficient resolution to fully describe the structure of

genetic diversity.

Does ecology influence geographic distributions

of sub-populations?

The distribution of D-genome STRUCTURE sub-popula-

tions at k = 3 across the biomes of central Asia shows sub-
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population III predominates in the ‘Temperate Broadleaf

and Mixed Forests’ biome while sub-population II accounts

for the majority of accessions originating with in all other

biomes. A similar distribution is seen at k = 7 with 79 and

53 % of accessions from sub-populations D and E,

respectively. The distribution pattern of Ppd-D1 alleles is

similar with the 415 bp allele appearing as the most fre-

quent allele within the ‘Temperate Broadleaf and Mixed

Forests’ biome whereas the 454 bp allele is the majority

allele in all other biomes. The distribution of sub-popula-

tions and Ppd-D1 alleles within the biomes suggests that, at

least in part, adaptation to environmental variation has

played a role in the establishment of population substruc-

ture in Ae. tauschii.

These observations may also have significance in

selecting accessions for deployment in plant breeding

programmes. Many of the major wheat growing regions of

the world; the northern European Plain, the Danube Basin,

the American mid west, eastern China and south eastern

Australia are classified as belonging to the ‘Temperate

Broadleaf and Mixed Forests’ biome. Our data is consistent

with the D-genome progenitor of bread wheat originating

within the ‘Temperate Broadleaf and Mixed Forests’ biome

and, as a consequence, it may have harboured adaptive

variation that offers enhanced fitness within the environ-

ments included within that biome. Should that be the case,

adaptation to environments within the ‘Temperate Broad-

leaf and Mixed Forests’ biome rather than adaptation to the

more continental climates of central Asia (Feuillet et al.

2008) may have been a key factor allowing hexaploid

wheat to flourish across such a broad range. This suggests

sampling within the pool of accessions originating within

the ‘Temperate Broadleaf and Mixed Forests’ biome as a

strategy for plant breeders seeking adaptation to temperate

environments. An alternative would be to consider the

detail of the climate data collated for the point of origin for

each accession. Using these data, it is apparent that there

are some differences between the climate prevailing at the

point of origin of sub-populations D and E compared to

that for the other populations (Figs. S4–14). The minimum

temperatures and humidity are higher, the precipitation is

higher and the moisture deficit is lower during the later

months in the year and the temperature is higher and frost

frequency lower from autumn through to spring. Taken

together, these and other differences result in many of the

members of sub-populations D and E occupying a distinct

region within climate space (Fig. 4). When locations rep-

resenting the wheat growing regions of the Danube basin

(Osijek and Novi Sad) and north western Europe (Cam-

bridge and Tours) are plotted in the same space it can be

seen that members of sub-populations D and E are among

the accessions occupying a similar region within climate

space (Fig. 4).

Using simple data sets in order to select germplasm

for a breeding programme

In this analysis, we have selected simple data sets including

high resolution climate data and ecological information in

the form of biome data from publically available sources,

genotypes from screening germplasm with 15 nuclear

microsatellite markers and an indel marker associated with

the photoperiod response gene Ppd-D1. In our case, the

population structures we found are well supported by

previous workers and recent publications; if this had not

been the case, the robustness of genetic structures should

be tested by permutation within the marker set. We have

used the passport data (sub-species information), biome

data, sub-populations calculated from the microsatellite

data and the allele score at Ppd-D1 to group accessions.

The groupings obtained from our analyses have shown that

the D-genome donors of the CIMMYT-SHW lines over

represent some sub-groups within the Ae. tauschii acces-

sions available in world wide germplasm collections and

we have suggested sampling methods that could be used to

address those imbalances. We have compared the climate

and biome information available for the Ae. tauschii

accessions and for the wheat growing regions targeted in

our breeding programme and seen that the D-genome

donors selected for the re-synthesis of the CIMMYT-SHW

are those that might be predicted to harbour variation that

would confer enhanced fitness within the temperate regions

Fig. 4 Representation of climate variation at the geographic origin of

Ae. tauschii accessions by principal component ordination. The

climate at the origin of members of sub-populations D and E (at

k = 7, plotted in green and purple, respectively) can be seen in

relation to the climate at four locations chosen to represent European

climates (black squares)
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of Europe. Whether these selections would be optimal in

other regions is a question that remains to be addressed.

The genetic distances among the sub-populations

derived from the microsatellite data and the Ppd-D1

genetic data suggest the original polyploidisation event

giving rise to hexaploid bread wheat resulted from a

hybridisation between tetraploid wheat and members of a

sub-population of Ae. tauschii with a limited geographic

and ecological range. This finding has implications for the

history of early agriculture and may suggest the region of

northern Iran on the coast of the Caspian Sea as a target for

investigations to address the geography and chronology of

the origins of bread wheat. Placing the origin of hexaploid

wheat evolution in the part of Ae. tauschii’s range that is

most similar ecologically and climatically to temperate

Europe has implications for plant breeders. Breeders

working to create varieties to be grown within temperate

Europe might conclude that their search within wild pro-

genitor germplasm should be confined to the same geo-

graphic and ecological range that we suggest the D-genome

donor of bread wheat originated. Conversely, breeders

working in other environments may use the methods

described here to guide their search towards Ae. tauschii

accessions originating in very different regions and envi-

ronments. Against the background of climate change the

methods described here could be used to select D-genome

donors tailored to offer adaptation to a range of

environments.

Concluding remarks

It should be possible to implement these methods in a range

of species, using a combination of passport data, climate or

ecological data and economical genetic data in any pro-

gramme attempting to incorporate exotic germplasm. The

selection of germplasm from exotic sources poses a major

challenge. Plant breeders have to choose from collections

that number in the hundreds or thousands. Where acces-

sions are available from a broad geographic range, heter-

ogeneity within the environment may result in pockets of

genetic sub-structure that merit attention for their func-

tional diversity, while broad regions with less environ-

mental variation may result in widespread sub-populations

where variation is simply the expression of dispersal and

isolation by distance.

These approaches require an evaluation to assess which,

if any of the sampling strategy discussed offers useful

prediction of the breeding value of Ae. tauschii in a wheat

re-synthesis programme. Since 2000, an international

nursery of SHW derived from crosses of T. turgidum cul-

tivars and Ae. tauschii accessions in the wide crosses

working collection at CIMMYT have been deployed in

wheat breeding projects across the globe. Each breeding

project will have introgressed SHW into locally adapted

wheat germplasm and made selections on the progeny in

subsequent generations. Each centre will have made

selections in their local situation under conditions that

could be described eco-geographically in terms of the

biome or by climate data. It would be possible to quantify

the breeding value of Ae. tauschii accessions in each

environment by identifying the Ae. tauschii accessions in

the pedigrees of selected lines. This would allow an

exploration of the relationship between breeding value and

climate data and biome description, sub-population mem-

bership, Ppd-D1 diversity and sub-species membership

among the Ae. tauschii accessions. Should clear relation-

ships emerge from this meta-analysis we would be able to

select those Ae. tauschii accessions most likely to offer

novel diversity tailored to the environment in any regional

breeding programme.
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