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Geographic differentiation of domesticated einkorn wheat
and possible Neolithic migration routes

A Brandolini1, A Volante1 and M Heun2

To analyse the spread of domesticated einkorn into Europe, 136 landraces, 9 wild einkorns and 3 Triticum urartu were
fingerprinted by the diversity array technology sequence (DArT-seq) marker technology. The obtained 3455 single-nucleotide
polymorphism (SNP) markers confirmed earlier results about the separation of wild and domesticated einkorn from T. urartu

and about the pinpointing of the domesticated forms to the Karacadağ Mountains (Turkey). Further analyses identified two
major domesticated landrace einkorn groups, one relating to the Prealpine region and the other to the Maghreb/Iberian region.
The previously published four geographical provenance groups were mostly identified in our results. The earlier reported unique
position of the Maghreb/Iberia einkorns cannot be confirmed, as the three landrace clusters we identified with STRUCTURE
also occur in the remaining einkorn, although at different frequencies. The results are discussed with respect to the spreading
of domesticated einkorn into Western Europe and two possible Neolithic migration routes are indicated.
Heredity (2016) 117, 135–141; doi:10.1038/hdy.2016.32; published online 11 May 2016

INTRODUCTION

Domesticated einkorn wheat (Triticum monococcum L. ssp. monococcum)

is one of the oldest crops in the world and part of the Neolithic package

that started emerging ∼ 10400 calibrated years before present (BP) in the

Near East (Zohary and Hopf, 2000; Haldorsen et al., 2011). Einkorn

cannot compete in terms of yield with bread wheat, but its quality

characteristics are unique (Abdel-Aal et al., 1995; Hidalgo and

Brandolini, 2014) and consumption of einkorn is very healthy for

humans (Løje et al., 2003; Brandolini and Hidalgo, 2011). In Europe,

today probably o1000 Ha are grown with einkorn, a trifling order of

magnitude compared with the 4200 million Ha grown with bread

wheat alone in 2013 (FAO, 2015). Accordingly, einkorn breeding is

negligible in comparison with, for example, bread wheat, barley, rice and

maize breeding. The few existing efforts are limited to mostly research-

based activities that strive to analyse its unique traits and to make this

healthy cereal accessible to consumers. As a positive by-product of this

limited economic relevance, 499.9% einkorn accessions stored in gene

banks around the world are either wild einkorn (T. boeoticum

subsp. thaoudar; henceforth T. boeoticum), feral einkorn (T. boeoticum

subsp. aegilopoides, not tested here) or domesticated landrace einkorn

(T. monococcum ssp. monococcum; hereafter T. monococcum). We follow

the nomenclature of thaoudar and aegilopoides given by Schiemann

(1948) that elucidated the confusion surrounding ‘aegilopoides’; see also

Harlan and Zohary (1966) for the distinction between these two

subspecies.

Probably because of einkorn’s yield inferiority, the use of this wheat

diminished after the Copper Age (Zaharieva and Monneveux, 2014)

and this plant survived as a forgotten crop on marginal land

throughout Europe, the Near East and Maghreb. At the end of the

twentieth century, scattered einkorn populations were recorded in

Turkey, the Balkans, France, Italy, Switzerland, Germany, Spain and

Morocco (Perrino et al., 1996). The fragmentation, isolation and

marginalisation of einkorn support the assumption that the existing

einkorn landraces reflect some of the genetic variation existing during

the Copper Age, in addition to later natural adaptation to local

growing conditions, random genetic drift and possible selection by

farmers. The hypothesis that genetic information relating to the

Neolithic spreading of crops has been maintained in landraces is also

advocated in other publications. For example, Jones et al. (2011)

assessed the evolutionary relationships between different European

barley landraces by microsatellites, and presented a theory on the

spread of barley cultivation, including the adaptation of the crop to

new environments. Badaeva et al. (2015) analysed the C-banding

pattern of several emmer wheat accessions from different Old World

regions, and observed four major karyotype groups, each harbouring

characteristic patterns, leading them to postulate the existence of

different diffusion routes of this crop out of the Fertile Crescent.

Thus, the aim of this research was to analyse the genetic composi-

tion of domesticated landrace einkorn from Turkey, Europe and

Maghreb in order to assess the existence of region-specific genetic

patterns and to infer the possible Neolithic diffusion paths of this crop

into Europe. To this end, 136 landraces of einkorn with rather well-

known origin were selected. Nine accessions of wild einkorn and three

accessions of T. urartu (the donor of the A genome to durum/emmer

and bread wheats, not fertile with einkorn but morphologically

almost identical to wild einkorn; Johnson and Dhaliwal, 1976; Heun

et al., 2008) were included into our analyses as reference points.

The resulting 148 accessions were fingerprinted by DArT-seq DNA
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markers, a sequence-based improvement of the ‘diversity array technol-

ogy’ (DArT) allowing whole-genome analyses (Wenzl et al., 2004).

MATERIALS AND METHODS

Plant material
A total of 136 landraces of einkorn were selected from the CREA-SCV gene

bank following passport geographic criteria. Nine wild einkorn and three

Triticum urartu accessions were also included as controls. The complete list of

the 148 accessions and their origin is given in Supplementary Table S1.

DNA extraction and DArT-seq analysis
DNA extraction from 7-day-old seedlings (one plant per accession) was

performed as described by Stein et al. (2001). DNA concentration was

quantified with a NanoDrop ND-1000 spectrophotometer (Thermo Fisher

Scientific Inc., Waltham, MA, USA). The DNA was send to Australia and

analysed with the DArT-seq technology (Kilian et al., 2012) by the company

Diversity Arrays Technology (Canberra, Australia). The DArT-seq approach

combines a DArT complexity reduction method targeting predominantly active

genes and low copy sequences, and involves next-generation sequencing

platforms. Single-nucleotide polymorphisms (SNPs) in defined DArT-seq

markers were recorded and scored as ‘0’ for the common allele and ‘1’ for

the alternative allele. When heterozygosity at a locus was recorded, a ‘2’ was

noted. Nine genotypes (that is, the very same DNA) were fingerprinted twice

(unknown to the lab in Australia).

Genetic similarity analysis
From the filtered SNP DArT-seq data matrix, a pair-wise genetic similarity

matrix based on Dice (1945) was computed and utilised to perform principal

coordinates analysis with the software PAST3 (Hammer et al., 2001; Hammer

and Harper, 2006). The similarity matrix was converted into a distance matrix

(similarity minus 1, multiplied by − 1 gives distance) and used to generate

neighbour-joining trees (Saitou and Nei, 1987) built with the MEGA version 4

software (Tamura et al., 2007). Bootstrap values (n= 1000) were computed

with the PAST3 software and when superior to 70% (Hillis and Bull, 1993)

these bootstrap values were added to the corresponding branches.

Structure v2.3.4 (Pritchard et al., 2000; Falush et al., 2003; Hubisz et al.,

2009) was used to estimate the number of genetic clusters (K; from 1 to 10)

best representing the data, and to assign each genotype to the different

populations. As proposed by Nordborg et al. (2005) for selfing species, the data

were analysed as haploids (more appropriate for a highly autogamous species of

known phase that seldom reaches Hardy–Weinberg equilibrium), treating

heterozygous loci as missing data. Structure simulations were carried out using

an admixture model. The accessions were not preassigned to populations before

the analyses, and were allocated to the K clusters with 10 iterations each (50 000

burn-in runs and 200 000 Markov chain Monte Carlo repeats), assuming

admixture and independent alleles. The number of STRUCTURE clusters was

determined as per Falush et al. (2003) and Evanno et al. (2005). The program

CLUMPP v1.1.2 (Jakobsson and Rosenberg, 2007) allowed maximising the

accuracy of the Q-values between the 10 independent runs, using the greedy

function. The distribution of the individual Q-values was visualised with

DISTRUCT v1.1 (Rosenberg, 2004). The final K was compared with significant

bootstrapping (that is, 470%; Hillis and Bull, 1993) in the neighbour-joining

tree and seen in combination with principal coordinates analysis, because the

results from STRUCTURE are best interpreted in conjunction with other

different approaches (Anderson and Dunham, 2008; Thaulow et al., 2013;

Thaulow et al., 2014).

RESULTS

DArT-Seq-based genetic similarity

A total of 9241 SNP polymorphisms were identified by the DArT-seq

genotyping approach across the 148 accessions tested. The reprodu-

cibility of the data was 99.8% (range: 97.7–100%). Heterozygous loci,

scored as ‘2’, represented 0.74% of total loci. Among the couples of the

repeated genotypes, the average correlation coefficient was 0.881 (range:

0.841–0.922) and the heterozygous loci showed a mean frequency of

0.95% (range: 0.65–1.57), but the pair-wise comparison of each couple

showed 66.8% mismatching when one sample was scored 2 (as the

other was then scored either 1 or 0). Therefore, in most instances the

score ‘2’ was probably a consequence of fingerprinting errors,

an interpretation also supported by the fact that einkorn is a strict

inbreeder. The heterozygous results (that is, the ‘2’ scores) were thus

treated as missing data. Afterwards, the correlation coefficient between

each couple of the 9 repeated genotypes was on average 0.9999 (range:

0.9996–1.0000). The markers with a proportion of missing information

45% and the singletons (that is, polymorphisms that occur only in

a single accession) in the domesticated einkorn data set were then

removed from the matrix, and the remaining 3455 markers (still

corresponding to 4500 000 data points) were used for further analyses.

A comparison with a bread wheat consensus map built from SNP

DaRTs data (A Kilian, unpublished data) showed 605 shared markers,

covering the whole genome of the diploid wheats.

The neighbour-joining tree from the Dice distance matrix, along

with the bootstrap values 470 of the main branches, are presented in

Figure 1. The three T. urartu accessions are clearly separated from all

the other genotypes. Similarly, the T. boeoticum accessions split from

the domesticated einkorns; however, the two Karacadağ accessions

(ID752 and ID758) position themselves nearer to the T. monococcum.

The tree shows also several landrace clusters of domesticated einkorn

with a clear regional origin, often supported by high bootstrap values.

Starting counterclockwise from the wild wheats, a small group with

some former Yugoslavia accessions, and three Turkish einkorns (two

belong to the free-threshing form T. monococcum subsp. monococcum

convar. sinskajae, first described in 1926 by Zhukovski) are forming

a supported branch. Next comes a cluster including some Caucasus

accessions, a big group comprising almost all the Maghreb and Iberia

accessions (bootstrap value: 100%), a group of accessions mostly from

Albania and former Yugoslavia, a Greece–Turkey–Bulgaria group, a

small mainly Italian branch and a big cluster largely made up of

Austrian, Swiss, German and, to some extent, French einkorns. The

accessions from Hungary and Romania, instead, are interspersed in the

different groups. Some accessions had identical DNA patterns and three

different situations can occur, as the indistinguishable accessions might

come: (1) from the same country (for example, ID571, ID572, ID573,

ID574 and ID575; ID195 and ID566); (2) from bordering countries

(for example, ID139 and ID314; ID13 and ID432); or (3) from distant

countries (for example, ID508 and ID517; ID118 and ID322).

The principal coordinates analysis showed that the first four

dimensions accounted for 69.4% of the total variation (Figure 2, right

part). Dimension 1 (principal component 1) explained 38.4% of the

variation and separated T. urartu accessions from all the other

accessions, as well as T. boeoticum from T. monococcum; but as

mentioned above, the two wild einkorn accessions coming from the

Karacadağ were positioned close to the domesticated einkorns. The

second dimension (principal component 2), which described 16.4% of

the variation, again separated T. urartu from T. boeoticum, and both

from domesticated einkorn; the Karacadağ wild einkorns now fell

within the domesticated einkorn continuum. The third (principal

component 3) and the fourth (principal component 4) dimensions

explained 7.5% and 7.2% of the total variation, respectively, and

separated the genotypes from Maghreb and Iberia as well as most of

the accessions from areas close to the Alps (Germany, Austria,

Switzerland and France, henceforth called Prealpine group, because

einkorn grows well in the alpine foothills but not in the High Alps)

from the remaining accessions. These results are in good agreement

with the STRUCTURE analysis (shown in Figure 2, on the left side), as

the Falush et al. (2003) and Evanno et al. (2005) approaches suggest
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the presence of K= 5 groups. A step-wise consideration of the

STRUCTURE results in Figure 2 shows that at K= 2, T. urartu and,

partially, T. boeoticum are already separated from all the other

accessions; at K= 3, the two wild species split; at K= 4, the main

separation between the southern and the continental einkorns is

emerging; and at K= 5, the Prealpine and the Spain-Maghreb groups

are clearly defined. An important observation is the position of the

Karacadağ accessions, two true T. boeoticum that however marker-wise

are much more related to the domesticated einkorns.

In Figure 3, country-wise frequencies are represented in a map, after

the assemblage of a database combining each accession origin and

Q matrix information identified by STRUCTURE for the K= 5 model;

pie sizes are proportional to the number of accessions included. It

becomes evident that T. urartu (pink, cluster 1) is unique, whereas

wild einkorn contains a huge green cluster (cluster 2), and also the

three clusters (grey, blue and red) that are predominant among

domesticated einkorns and are distributed in a country-specific way.

DISCUSSION

Genetic similarity

DArT markers measure genome-wide genetic similarity and became

mapped and merged with microsatellites in einkorn (Jing et al., 2009).

The markers applied here, SNP DArT-seq, are a sequence-based

improvement of the former hybridisation-based approach and allow

even higher resolution because of the combination with next-generation

sequencing. Our stringent criteria reduced the original number of DArT-

seq markers to ∼40%. The resulting 3455 markers provided on average

3 markers per centimorgan (cM), as the 7 einkorn chromosomes cover

roughly 1000 cM (Tänzler et al., 2002; Singh et al., 2007). This resolution

should allow a detailed genetic similarity measurement of the selected

148 genotypes. In fact, the observed genetic difference between T. urartu

and the einkorn accessions is huge, as expected (Heun et al., 2008). Wild

einkorn is also very clearly separated from domesticated einkorn, and the

Karacadağ accessions act as bridge, as shown initially by Heun et al.

(1997). Therefore, the analysed DArT-seq markers are confirming the

earlier amplified fragment length polymorphism-based analyses in full.

We conclude here that genetic similarity is well described by the applied

SNP DArT-seq markers, and focus now on the differentiation between

the 136 domesticated einkorn landraces.

Country of origin

The country of origin of the einkorn landraces was obtained from the

gene banks who provided most material and from L. Peña-Chocarro,

who collected einkorns in Spain and Morocco. We initially assumed as

a basis of our analyses that the country of origin information was

correct, but we are aware that some factors (for example, not well
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Figure 1 Neighbour joining of 136 T. monococcum, 8 T. boeoticum and 3 T. urartu fingerprinted by 3455 SNP DArT-seq markers. Bootstrap values ⩾70%
are reported and common-origin accessions clustering together are shown by country name.
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documented seed exchange) violate this assumption. In fact, accession

misidentification is common even in well-managed gene banks

(Goncharov, 2011). Accessions with identical molecular fingerprints

allowed us distinguishing three different situations. In the first (identical

accessions belonging to the same geographical area) and second (identical

accessions from neighbouring countries), the respective accessions

probably belong to the same widespread landrace, beyond modern

country borders. In the third situation (limited to five einkorn pairs with

identical fingerprint, but very different country of origin), the most

probable explanation is poorly documented seed exchange and/or sample

confusion in the years after collection. A good example is represented by

accessions ID118 from Morocco and ID322 from Bulgaria that are

identical and cluster in a group rich of Bulgarian genotypes; both are

classified as var. macedonicum, hinting that the Balkans are their most

probable home (Szabó and Hammer, 1996). In conclusion, our study

will not focus on individual accessions and their assumed county of

origin, but instead we will work with country averages, and even then,

some insecurity remains. Therefore, country averages are only used to

deduct the possible Neolithic spread of domesticated einkorn into

Europe. Furthermore, we primarily concentrate on the main distinction

into a Prealpine group and a Maghreb/Iberia group.

Two main routes out of Turkey

The STRUCTURE analyses indicated K= 5 as the most probable

distinction of the whole data set. The above-mentioned separation of

T. urartu (containing almost purely cluster 1), wild einkorn (contains

a huge cluster 2, but also at low frequency the three remaining

clusters) and domesticated einkorn suggests that the landrace einkorn

accessions are described mostly by the remaining three clusters (called

landrace clusters) with varying frequencies. The frequency of the

landrace-related colours (that is, clusters) along the trail from Turkey

to Bulgaria/Greece via former Yugoslavia to Hungary shown in

Figure 3 is well fitting the assumed spread of agriculture along an

inland path (Davison et al., 2006; Bocquet-Appel et al., 2009). The

presence of the green cluster in several country groups (Turkey,

Bulgaria, former Yugoslavia, Hungary, Austria, Germany and France)

along this path further bolsters our conclusions.

The further diffusion of early agriculture from Hungary into central

Europe is connected to the Linearbandkeramik culture, as indicated

by human ancient DNA profiles from Mesolithic, Neolithic Starcevo

and Linearbandkeramik sites (Szécsényi-Nagy et al., 2015). Kreuz et al.

(2005), working with archaeobotanical remains, showed that the

Linearbandkeramik was focussed on einkorn and emmer, and that

einkorn was the dominant cereal. Kreuz et al. (2005) discuss reasons

for this fact by considering agronomic traits, like yield and lodging

tolerance. We can be more specific here: the analysed einkorn

landraces from Switzerland, Austria and Germany, and in part France,

which were mostly collected in the Prealpine region, must have

undergone some random drift and/or selection, as two of the Structure

colours are largely lost. The second main path of the spread of

K=2

K=3

K=4

K=5

T. u

Prealpine

T. b

urartu 

PC

PC

e

T. urartu

boeoticum

KD

C1 vs PC2 

C3 vs PC4 

T. bo

KD
u

Iberia-

Maghreb 

oeoticum

Figure 2 STRUCTURE analyses with K ranging from 2 to 5 (on the left) and principal coordinates analysis (principal component 1 (PC1) vs PC2 and PC3 vs
PC4, on the right) of 136 T. monococcum, 8 T. boeoticum and 3 T. urartu based on 3455 SNP DArT-seq markers.
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agriculture and its founding crops followed the Mediterranean coast

and finally reached Maghreb and Iberia. Cortés Sánchez et al. (2012)

date the first existence of Neolithic settlements in southern Iberia and

the Maghreb to 7500 calibrated years BP. Einkorn was domesticated

by 10 400 calibrated years BP in the Karacadağ (Haldorsen et al., 2011)

and therefore this migration path might have taken ∼ 3000 years.

However, as the start of the spreading out of Turkey might be

connected to a short cooling event at 8200 calibrated years BP

(Weninger et al., 2006, recently criticised by Flohr et al., 2015) the

actual time would be less than one millennium. Oliveira et al. (2011)

genotyped 50 einkorns with 16 nuclear- and 5 chloroplast-derived

microsatellites and argued that the history of the Western Mediterra-

nean einkorns (from the Iberian Peninsula and Morocco) was

different from the rest of Europe. We confirm that the Maghreb/

Iberia einkorns contain a different frequency of alleles (summarised by

the STRUCTURE colours) that are however already present in the

Turkish accessions tested. The long distance of the Western Medi-

terranean einkorns from their wild and domesticated relatives in

Turkey, their fast arrival in the Iberian Peninsula (Zapata et al., 2004),

the peculiar growing conditions (very southern, yet relatively cold

mountain climate), the special use of the plant, for example, as straw

for thatched roof (Peña-Chocarro and Zapata, 1998; Peña-Chocarro

et al., 2009) and the continued utilisation of this crop for food/feed

into present times can explain the observed shift in allelic frequencies.

However, we do not agree calling the Western Mediterranean a separate

einkorn gene pool, as Oliveira et al. (2011) do. The Western

Mediterranean chloroplast haplotype 24 (their main argument) is

separated from type 22 (occurring in the Fertile Crescent) by a single

mutation (according to Supplementary Figure S1 of Oliveira et al., 2011)

and this mutation could have easily occurred and accumulated during

the past several thousand years in Western Mediterranean. We must also

remember that during the early Neolithic the Iberian Peninsula was not

characterised by just one farming practice (Antolín et al., 2015).

Geographical provenance groups

Szabó and Hammer (1996) reviewed the taxonomy of hulled

wheats and suggested four ‘geographical provenance groups’ for

einkorn: Helotinum covering Asia Minor, Transcaucasia and the

Crimea, Alemanum with Germany and Switzerland, Ibericum with

Spain, Southern France and Maghreb and Transsylvanicum with

Eastern Carpathians and possibly the Balkan Peninsula. Our data

agree with Alemanum in general terms, but we might add that the

Swiss einkorn accessions seem to be more typical than the German

accession as a whole, as the latter might include material from

Central and Northern Germany. We consider this group as

Prealpine, because these einkorn accessions seem to be adapted

to the foothills of the Alps, experiencing rain, frost and a

prolonged vegetative period. Some French accessions might

experience such conditions too. The group Ibericum is also

supported by our data in general terms. The group Transsylvani-

cum is covered by our accessions from Rumania that have a

distinctive K colour composition (see Figure 3). The growing

conditions are special and the uniqueness could be the result of the

immigrations of central European farmers and their crops into this

rather isolated area, but a definitive answer cannot be given here.

Szabó and Hammer (1996) considered that the Balkan Peninsula

might be part of the Transsylvanicum geographical provenance

group, but our data do not suggest such an inclusion, as the

einkorns from Bulgaria, former Yugoslavia and so on are contain-

ing the red K cluster (see Figure 3) that is almost absent in

Romania. Albanian einkorns also lack the red cluster, and might be

more similar to the Rumanian einkorn, but no sensible explanation

T. boeoticum

T. urartu

Figure 3 Geographical distribution of population structure in T. monococcum, T. boeoticum and T. urartu accessions based on 3455 SNP DArT-seq markers
as revealed by STRUCTURE in a model assuming five clusters (K=5). The pie charts summarise the results of the accessions from each region, with the
proportional membership of the alleles to each one of the five clusters. The size of each pie is relative to the number of accessions per country. Two possible
Neolithic migration routes are outlined.
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is available. The fourth group, Helotinum, cannot be addressed here, yet

the geographical provenance groups presented by Szabó and Hammer

(1996) can be mostly identified in our results.

In conclusion, our research confirms the identification of the

Karacadağ Mountains in Turkey as the most likely area of transition

from wild to domesticated einkorn. Domesticated einkorn landraces

highlight the presence of regional groups; in particular, two major

clusters occur, one defining the Prealpine region and the other the

Maghreb/Iberian region. However, it is important to notice that all the

three landrace-related K colours are already present at low frequency

in the wild einkorn and at high frequencies in the domesticated

einkorns from Turkey. We observe no discontinuity from East

(Turkey) to West (Maghreb/Iberian) with the 43000 genome-wide

SNP DArT-seq markers and cannot agree with Oliveira et al. (2011),

who base their results on 21 microsatellites. Our data support the

hypothesis of two different Neolithic migration routes linked to the

spread of domesticated einkorn into Western Europe, one continental

and the other maritime. We warn that country of origin information

for single accessions can be misleading and suggest that even country

averages should be used with care.
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