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Abstract The domestication of emmer wheat (Triti-
cum turgidum spp. dicoccoides, genomes BBAA) was
one of the key events during the emergence of agricul-
ture in southwestern Asia, and was a prerequisite for
the evolution of durum and common wheat. Single-
and multilocus genotypes based on restriction frag-
ment length polymorphism at 131 loci were analyzed to
describe the structure of populations of wild and
domesticated emmer and to generate a picture of
emmer domestication and its subsequent diVusion

across Asia, Europe and Africa. Wild emmer consists
of two populations, southern and northern, each fur-
ther subdivided. Domesticated emmer mirrors the geo-
graphic subdivision of wild emmer into the northern
and southern populations and also shows an additional
structure in both regions. Gene Xow between wild and
domesticated emmer occurred across the entire area of
wild emmer distribution. Emmer was likely domesti-
cated in the Diyarbakir region in southeastern Turkey,
which was followed by subsequent hybridization and
introgression from wild to domesticated emmer in
southern Levant. A less likely scenario is that emmer
was domesticated independently in the Diyarbakir
region and southern Levant, and the Levantine gene-
pool was absorbed into the genepool of domesticated
emmer diVusing from southeastern Turkey. Durum
wheat is closely related to domesticated emmer in the
eastern Mediterranean and likely originated there.

Introduction

The emergence of agriculture in the Fertile Crescent,
an arc of land stretching from the Levant to south-
eastern (SE) Turkey, northern Iraq, and western Iran,
was founded on the domestication of three cereals:
diploid einkorn wheat (Triticum monococcum L.,
genomes AmAm), tetraploid emmer wheat (T. turgi-
dum L. ssp. dicoccon, genomes BBAA), and diploid
barley (Hordeum vulgare L., genomes HH). Domesti-
cated einkorn and emmer began to appear in south-
ern Levant and SE Turkey about 9,600 to 9,000 BP,
and there is no evidence that one of the two wheats
was domesticated earlier than the other (Nesbitt and
Samuel 1996). The domestication of hulled emmer
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was the Wrst step that ultimately resulted in the evolu-
tion of free-threshing tetraploid durum wheat (T. tur-
gidum ssp. durum, genomes BBAA) and hexaploid
bread wheat (T. aestivum ssp. aestivum, genomes
BBAADD) that are today globally two of the most
important Weld crops.

A long temporal transition from wild forms with
brittle spike rachis to cultivated forms with non-brit-
tle spike rachis and almost simultaneous appearance
of domesticated forms at archeological sites across
the Fertile Crescent has thwarted the eVort to identify
the site(s) at which the cereals were domesticated on
the basis of archeology alone (Willcox 1998). If it
could be assumed that the distribution and genetic
structure of the present-day populations of wild
ancestors of the three cereals approximate the distri-
bution and genetic structure of these populations at
the time of origins of agriculture, it should be possible
to identify the domestication site of each cereal from
genetic relationships between wild and domesticated
populations. Several studies based on this rationale
have been reported. Heun et al. (1997) used ampliWed
fragment length polymorphism (AFLP) to assess
genetic relatedness between wild and domesticated
einkorn wheat and concluded that the Karaca Dag
mountains in SE Turkey was the site of einkorn
domestication. Badr et al. (2000), also using AFLP,
concluded that barley was domesticated in southern
Levant, which approximately consists of modern Jor-
dan, Israel, Palestine, Lebanon, and southwestern
(SW) Syria. The site of emmer domestication has
remained inconclusive.

Wild emmer (T. turgidum ssp. dicoccoides) grows in
a discontinuous arc from southern Levant to north-
western (NW) Syria, SE Turkey, northern Iraq, and
NW Iran (Fig. 1). In SE Turkey, it grows from the Kar-
tal Dagi mountains northwest of Gaziantep, through-
out the Urfa plateau, the Karaca Dag region west of
Diyarbakir, and the Silvan region NE of Diyarbakir.

Morphologically, wild emmer consists of two races.
Most emmer is slender and is classiWed as race hora-
num. A robust judaicum race grows sporadically in
Israel. Blumler (1998) suggested that the judaicum race
originated from hybridization between wild emmer
and durum wheat.

Ozkan et al. (2002) compared wild and domesti-
cated emmer using AFLP and showed that wild
emmer formed two populations: southern and north-
ern. Domesticated emmer was more related to the
northern than to the southern wild emmer. Since pop-
ulations from the Kartal Dagi mountains, Urfa pla-
teau, Iraq, and Iran were sampled inadequately or not
at all, the identiWcation of the site at which emmer was
domesticated remained inconclusive. To Wll this gap,
Mori et al. (2003) investigated chloroplast microsatel-
lite variation in a sample that included these popula-
tions. They discovered a large number of ctDNA
haplotypes that could be allocated into two broad lin-
eages, I and II. Haplotype 10, belonging to lineage I,
was present in 39.6% of domesticated emmer acces-
sions and 90% of common wheat (T. aestivum) acces-
sions. This haplotype was present in three accessions
of wild emmer from the Kartal Dagi region that repre-
sented 4% of the total number of wild emmer acces-

Fig. 1 Distribution of wild 
emmer across the Fertile 
Crescent. The geographic 
locations of local populations 
are indicated by dotted lines. 
They are designated by num-
bers corresponding to popula-
tions identiWed by multilocus 
genotype analyses. Modern 
countries and mountain rang-
es are in bold. Relevant cities 
are indicated by solid circles. 
Archeological sites are indi-
cated by open circles 
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sions investigated. They hence concluded that emmer
was domesticated in the Kartal Dagi region. In addi-
tion, they found haplotypes 22 and 59 belonging to
lineage II in domesticated emmer and T. aestivum but
not in wild emmer. Closely related haplotypes were
encountered in geographically diverse populations of
wild emmer. These Wndings led Mori et al. (2003) to
hypothesize that emmer was domesticated twice, once
in the Kartal Dagi region and a second time some-
where else.

Ozkan et al. (2005) acquired accessions investi-
gated by Mori et al. (2003), performed AFLP on
them, and concluded that Kartal Dagi was not the site
of emmer domestication. Wild emmer accessions
from the Karaca Dag region and from the Sula-
imanyia region along the Iraq/Iran border appeared
equally closely related to domesticated emmer
(Ozkan et al. 2005). This Wnding left the question of
emmer domestication open to various interpretations.
Emmer could have been domesticated only once. In
that case the site could have been either the Karaca
Dag region or Sulaimaniya region. Alternatively,
emmer could have been domesticated in both regions
independently.

The question of emmer domestication is revisited
here, employing experimental techniques diVerent
from those used previously. Restriction fragment
length polymorphism (RFLP) at genetically character-
ized loci is used, which facilitated the use of multilocus
genotype analyses in allocation of emmer accessions
into populations (Pritchard et al. 2000; Falush et al.
2003). Several experimental approaches are used to
assess the signiWcance of the past gene Xow for genetic
relationships between the populations of wild and
domesticated emmer. Finally, the geographic region
where durum wheat may have originated is inferred.

Materials and methods

Plants

A total of 277 accessions of wild emmer, 186 landraces
of domesticated emmer, and 55 landraces and varie-
ties of durum wheat were used. Geographic origins,
allocation to populations, and admixture are summa-
rized in electronic supplementary material of this
paper (S1). The distribution of wild emmer accessions
across the Fertile Crescent and the location of the
populations are shown in Fig. 1. The location of acces-
sions can be obtained from the US National Germ-
plasm Repository web site. All taxa used in this
project are self-pollinating.

Markers and genotypes

DNAs were isolated from a single plant per accession,
landrace, or cultivar according to Dvorak et al. (1988).
RFLPs at 131 single-copy loci that have previously
been mapped in T. monococcum (Dubcovsky et al.
1996), Ae. speltoides (Luo et al. 2005) and Ae. tauschii
(J. Dvorak, K. R. Deal and M. C. Luo, unpublished)
were detected in Southern blots with 58 cDNA or PstI
genomic clones (Dvorak et al. 2004). DNA of T. aes-
tivum cv ‘Chinese Spring’ was inserted into one lane of
each Southern blot and used as a standard to which the
restriction fragments in the blot were compared.
Restriction fragments were assigned to chromosomes
with the aid of ‘Chinese Spring’ wheat nulisomic-tetra-
somic lines (Sears 1966) and Chinese Spring-Lophopy-
rum elongatum disomic substitution lines (Dvorak
1980). Homozygosity of the plants was exploited for
the determination of allelism among restriction frag-
ments at polymorphic loci. Restriction fragments
simultaneously present in a restriction proWle of a sin-
gle plant were assumed not to be allelic. This method-
ology made it possible to allocate all restriction
fragments to loci and genomes.

Multilocus cluster analysis

To assign accessions and landraces to populations,
multilocus genotype based clustering implemented in
Structure v2.1 was used (Pritchard and Wen 2004).
Multilocus genotype analysis assuming linkage as
implemented in the program was performed. Because
the plants were homozygous, haploid data option was
used. On the basis of preliminary trials, population
models varying from two to nine populations (K = 1 to
9) were tested with the Structure v2.1 program using
70,000 burnin runs and 30,000 iterations; ten indepen-
dent runs were performed at each level of K. Symmet-
rical similarity coeYcients (SSC) among the ten
independent runs were computed as described by
Rosenberg et al. (2002). The statistical signiWcance of
diVerences between mean log likelihoods at the neigh-
boring levels of K (between K = 2 and K = 3, between
K = 3 and K = 4, etc.) was tested with Wilcoxon two-
sample test. Clustering of accessions and landraces at a
K value that showed mean log likelihood that did not
signiWcantly diVer from the mean log likelihood at the
next higher K level was used in analyses. The most fre-
quent clustering at that K was used for the allocation of
accessions and landraces into populations. Plants
showing admixture constituting more than 10% geno-
type at K = 8 were classiWed as admixture and removed
from the dataset in some analyses. Admixture indicates
123



950 Theor Appl Genet (2007) 114:947–959
that an individual has a mixed ancestry and shares a
fraction of its genome with individuals allocated to two
or more populations. The population source of admix-
ture was determined for each accession and landrace
classiWed as being an admixture in ten runs at K = 8.

In the follow-up population structure analyses, wild
emmer accessions allocated into the northern popula-
tion and southern population were separately analyzed
with Structure v2.1 program, using 70,000 burnin runs
and 130,000 iterations. Ten independent runs at K = 2
to 6 were performed. Accessions were allocated into
populations on the basis of the most frequent cluster-
ing at a selected K level.

Gene diversity analysis

Allele frequencies were used to compute mean gene
diversity in each population. Mean gene diversity was
expressed as expected heterozygosity (He) imple-
mented in the GDA computer program (Lewis and
Zaykin 1997). Allele frequencies were used to estimate
variance components with analysis of variance
(ANOVA). Four-level sampling hierarchy design
(Weir 1996) was employed: Level 1 was the domesti-
cated and wild status, level 2 was northern and south-
ern geographic region within the domesticated or wild
status, level 3 was populations within geographic
region, and level 4 was accessions, landraces or varie-
ties within populations. F-statistic was computed for
each level from the variance components. The option
not assuming Hardy–Weinberg equilibrium was used.
ConWdence intervals (CIs) of Fst estimates based on
1,000 bootstrap replications across loci were con-
structed.

A two-level sampling hierarchy ANOVA was per-
formed using allele frequencies of wild emmer acces-
sions from the northern geographic region (population
3) and the 95% bootstrap conWdence interval of Fst
was constructed. A similar two-level sampling hierar-
chy ANOVA was performed for the wild emmer acces-
sions from the southern geographic region of wild
emmer.

Genetic distance analysis

Allele frequencies were used to compute Nei’s genetic
distances (Nei 1978) among individual accessions of
wild emmer and landraces of domesticated emmer with
the GDA program package. An unrooted phylogenetic
tree was built using neighbor-joining method (NJM)
with the GDA program package and visualized with
TreeView (Page 1996). In further analyses, populations
were formed on the basis of allocation of accessions

and landraces into populations on the basis of multilo-
cus genotype clustering. Allele frequencies were used
to compute Nei’s genetic distances between popula-
tions. Genetic distances were also computed between
populations from which accessions and landraces
showing more than 10% admixture at K = 8 were
removed. The CIs about each genetic distance were
constructed from 1,000 bootstrap replications for P val-
ues ranging from 0.70 to 0.95 (Weir 1996). To deter-
mine P of a diVerence between two genetic distance
estimates, CIs about means were compared. The low-
est P at which CIs did not overlap was used as a boot-
strap P value of the diVerence between the mean
genetic distances.

Morphological analysis

Plants were grown in a twice replicated trial in the Weld
in a completely randomized design. The spikelets were
harvested and the length without awns and width of 5–
10 spikelets per plant were measured and averaged.
Average seed weight of 50 seeds was determined. One-
way ANOVA was performed with the GLM Procedure
and Duncan’s multiple range test (SAS 9.1).

Results

Population structure

The hybridization of 58 cDNA or PstI clones with
DNA of 277 accessions of wild emmer, 186 landraces
of domesticated emmer, and 55 landraces and varieties
of durum resulted in the detection of 131 loci, of which
109 were polymorphic. A total of 529 informative alle-
les were found, all of which were assigned to genomes
and loci. On the basis of preliminary trials, population
models varying from two to nine populations (K = 2 to
9) were clustered by multilocus genotype analysis. The
mean log likelihoods diVered signiWcantly from K = 2
to K = 8 but not between K = 8 and K = 9. Complex
data, such as those analyzed here, produce many clus-
tering schemes, which is reXected by low SSCs among
the runs. SSCs ranged from 0.35 to 0.69, being the low-
est at K = 2 and the highest at K = 4. SSC was 0.38 at
K = 8. For the total sample, K = 8 was assumed to be
optimal.

The entire species was subdivided into wild and
domesticated (Fig. 2a). Wild emmer was subdivided
into two clusters coinciding with the southern (Levant)
and northern (Turkey, Iraq and Iran) geographic
regions (Fig. 2a). At K = 8, wild emmer accessions clus-
tered into three populations. Populations 1 and 2 were
123
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located in Levant and population 3 coincided with wild
emmer in the northern geographic region. Domesti-
cated emmer was subdivided into four populations.
Landraces from Ethiopia, Oman and India were
included into population 4, those from Mediterranean
and Levant into population 5, those from Balkans, Rus-

sia and NW Turkey into population 6, and those from
NE Turkey, Georgia, Armenia, Dagestan, and Iran into
population 7. Durum wheat formed population 8.

Multilocus genotype clustering was further per-
formed with wild emmer accessions from southern
region only (K = 2 to 6). Mean log likelihoods of runs

Fig. 2 a Clustering based on multilocus genotype analysis for
K = 2 to 8 for the entire set of wild and domesticated emmer and
durum accessions and landraces. Accessions are arranged accord-
ing to their geographic locations. Populations suggested by the
analyses are numbered as in text. b Clustering for K = 2, 3, and 4
for southern wild emmer accessions in Israel, SW Syria and Leb-
anon (left) and for K = 2, 3, 4 and 5 for northern wild emmer in
Turkey, Iraq, and Iran. c A tree produced by the neighbor joining
method from Nei’s genetic distances among individual plants of

wild and domesticated emmer. Accessions and land races are des-
ignated according to their geographic origins: Israel (I), Lebanon
(L), southwestern Syria (S), Kartal Dagi region (K), Urfa plateau
(U), Iran (N), Iraq (M), Karaca Dag region (D), and domesti-
cated emmer (C). The correspondence of branches to popula-
tions suggested by multilocus analyses is indicated. Accessions
and land races showing anomalous positions are boxed and, if be-
ing admixture, populations involved are indicated
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at the neighboring levels of K signiWcantly diVered at
all K levels. All runs were identical at K = 2 and 3 and
SSC was 0.70 at K = 4. At K = 5, SSC among runs
decreased to 0.38. K = 4 was therefore selected for fur-
ther analyses. At K = 4, population 2 was the same as
in the previous analysis but population 1 was subdi-
vided into populations 1a, 1b and 1c (Figs. 1, 2b). Pop-
ulation 1a consisted of accessions from central Israel
and SW Syria, population 1b consisted of accessions
from northern Israel and population 1c consisted of
accessions from Lebanon and Lebanon–Syria border
(Fig. 1).

Similar analyses were performed on northern wild
emmer (K = 2 to 6). SSC ranged from 0.35 (K = 4) to
1.0 (K = 3). SigniWcant diVerences were observed
between mean log likelihoods for neighboring levels of
K until K = 5. No signiWcant diVerence was observed
between mean log likelihoods at K = 5 and K = 6
(P = 0.09). At K = 5, SSC was 0.55, and population 3
was subdivided into 3a (Kartal Dagi region west of
Gaziantep), 3b (Urfa plateau west of Karaca Dag
mountains), 3c (Al Mawsil region in Iraq and Sula-
imaniya region in Iraq/Iran), 3d (Karaca Dag moun-
tains and west of Diyarbakir), and 3e (a population
36.2 km west of Diyarbakir) (Figs. 1, 2b).

To examine diVerentiation of populations suggested
by the preceding analyses, a four-level hierarchical
ANOVA was performed examining population diVer-
entiation due to domestication status (wild and domes-
ticated), geographic region within a domestication
status (north and south), populations within a geo-
graphic region, and individual accessions and landraces
within populations. The largest Fst value was obtained
for populations within geographic regions. Fst values
due to geographic region and domestication status did
not diVer from each other at P = 95% (Table 1).

A two-level ANOVA was performed with wild
emmer populations 3a to 3e (northern geographic
region) and separately with wild emmer in the south-
ern geographic region. Fst was 0.308 (95% bootstrap
CI was 0.265–0.0.349) in the northern region and 0.260
(95% bootstrap CI was 0.222–0.303) in southern
region. Overlapping of the two CI intervals suggested

that wild emmer populations in the two regions were
diVerentiated to a similar degree.

A tree constructed with NJM from Nei’s genetic dis-
tances among individual accessions and landraces
largely, although not entirely, corroborated results
obtained with the multilocus clustering (Fig. 2c). Indi-
vidual accessions of wild emmer formed distinct
branches corresponding to the northern and southern
regions observed in the multilocus analysis. Within the
northern region, wild emmer formed two branches in
the tree. One was composed of accessions from Kartal
Dagi, Urfa plateau, Iraq, and Iran. This branch was
equivalent to populations 3a, 3b and 3c in the multilo-
cus analysis. The other branch of northern emmer
involved populations 3d and 3e. Southern wild emmer
also formed two branches. One consisted of popula-
tions 1a, 1b and 2 (Fig. 2c). Population 2 formed a long
branch within the 1a + 1b branch. The other branch
involved all accessions from Lebanon plus few acces-
sions from the Lebabon/Syria boarder. This branch
corresponded to population 1c (Fig. 2c). Domesticated
emmer formed a monophyletic branch that was juxta-
posed to the branch 3d + 3e of wild emmer (Fig. 2c).
Populations 4, 5, 6, and 7 formed four distinct branches
within the branch. The branch of population 7 (NE
Turkey, Georgia, Armenia, Dagestan, and Iran) was
the shortest indicating that individual landraces in pop-
ulation 7 show the shortest distances to wild emmer.

To minimize the potential eVects of admixture on
the determination of genetic relationships between
wild and domesticated emmer populations, accessions
showing admixture in the multilocus analysis at K = 8
were removed from data (indicated by asterisks in S1).
All accessions from NW Turkey and Dagestan were
eliminated because they were an admixture. Nei’s
genetic distances between populations were computed
(Table 2). The distances of northern wild emmer popu-
lation 3d were shorter to all populations of domesti-
cated emmer than those of 3a, 3b, 3c, and 3e (bootstrap
probabilities ranged from P = 0.30 to 0.22).

Population 3c was divided on the basis of geography
to accessions from the Al Mawsil area (3 cM) and
Sulaimaniya region (3 cN) and genetic distances were

Table 1 Four-level hierarchy ANOVA of wild and domesticated emmer diversity

a 95% Fst bootstrap conWdence intervals (CI)

Source df MS Fst CIa

Wild and domesticated 1 25.789 0.082 0.029–0.149
North and south within wild and domestic. 1 13.274 0.170 0.119–0.231
Pop. within north and south 12 5.600 0.461 0.422– 0.504
Individuals within populations 465 0.153
123
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computed. The two populations were similar
(D = 0.097) and both showed longer genetic distances
to domesticated emmer populations than population
3d (Table 2).

Genetic distances of populations 3 cM and 3 cN to
all wild and domesticated emmer were longer than
those of the original population 3c, which was caused
by reduced gene diversity in the 3 cM and 3 cN popula-
tions as compared to the gene diversity in the parental 3c
population (Table 3). Genetic distances of population

3 cN to the populations of domesticated emmer were
longer than those of population 3 cM, which was likely
caused by very low gene diversity of population 3 cN
(Table 3).

Genetic distances in Table 2 showed an important
fact that was hidden in the neighbor-joining tree in
Fig. 2c. Southern populations of domesticated emmer 4
and 5 showed equally short distances to southern wild
emmer populations 1a, 1b and 1c as to northern wild
emmer population 3d (Table 2). Northern domesticated

Table 2 Nei’s genetic distances between populations of wild and domesticated emmer using all accessions (upper triangle) or only those
without admixture (lower triangle)

Pop. Location 1a 1b 1c 2 3a 3b 3c 3 cM 3 cN 3d 3e 4 5 6 7 8

1a S. Israel–S. Syria 0.044 0.057 0.180 0.105 0.174 0.120 0.128 0.147 0.105 0.169 0.132 0.133 0.186 0.175 0.163
1b N. Israel 0.064 0.088 0.190 0.150 0.196 0.129 0.146 0.152 0.123 0.190 0.164 0.151 0.196 0.186 0.175
1c Lebanon 0.080 0.104 0.241 0.125 0.174 0.154 0.147 0.190 0.126 0.185 0.154 0.160 0.202 0.197 0.179
2 N. Sea of Galilee 0.196 0.197 0.250 0.270 0.340 0.252 0.292 0.270 0.216 0.268 0.252 0.237 0.264 0.293 0.240
3a Kartal Dagi region 0.129 0.172 0.142 0.277 0.107 0.086 0.080 0.152 0.096 0.153 0.209 0.189 0.268 0.200 0.239
3b Urfa plateau 0.228 0.244 0.224 0.386 0.166 0.087 0.089 0.135 0.080 0.146 0.255 0.221 0.247 0.200 0.289
3c N Iraq–NW Iran 0.136 0.156 0.166 0.285 0.097 0.133 – – 0.075 0.103 0.174 0.144 0.172 0.163 0.192
3 cM Iraq 0.144 0.169 0.168 0.305 0.099 0.141 – 0.072 0.073 0.109 0.209 0.165 0.203 0.188 0.223
3 cN Iran 0.184 0.196 0.228 0.313 0.157 0.181 – 0.097 0.100 0.123 0.188 0.165 0.193 0.174 0.222
3d West of Diyarbakir 0.138 0.152 0.171 0.227 0.141 0.151 0.101 0.122 0.129 0.043 0.159 0.127 0.130 0.121 0.178
3e West of Diyarbakir 0.192 0.206 0.205 0.277 0.170 0.187 0.108 0.128 0.133 0.064 0.197 0.185 0.179 0.183 0.239
4 Ethiopia–India 0.160 0.187 0.176 0.263 0.241 0.317 0.218 0.227 0.268 0.198 0.211 0.148 0.168 0.165 0.118
5 Mediterr., Levant 0.171 0.178 0.190 0.248 0.222 0.268 0.182 0.195 0.223 0.172 0.211 0.175 0.094 0.100 0.103
6 Balkans, Russia, 

NW Turkey
0.231 0.228 0.239 0.283 0.319 0.310 0.226 0.250 0.245 0.164 0.199 0.200 0.127 0.112 0.147

7 NE Turkey, Iran, 
Georg., Arm.

0.210 0.218 0.235 0.312 0.247 0.257 0.203 0.250 0.185 0.162 0.211 0.198 0.143 0.152 0.153

8 Durum 0.181 0.183 0.188 0.240 0.252 0.326 0.227 0.232 0.279 0.200 0.248 0.128 0.109 0.165 0.172

Table 3 Gene diversity (He) 
of emmer computed for all 
accessions in a population and 
for only those that did not 
show admixture

Statusa Population Approximate location All accessions Without admixture

N He N He

W + D Emmer Europe, Asia, Africa 463 0.15 367 0.14
W Wild emmer Fertile Crescent 277 0.19 220 0.17
D Dom. Emmer Europe, Asia, Africa 186 0.11 137 0.09
W Wild emmer S Levant 141 0.20 113 0.17
W Wild emmer N Turkey, Iraq, Iran 136 0.18 107 0.17
W 1a S Israel, SW Syria 40 0.24 27 0.22
W 1b NW Israel 34 0.21 30 0.20
W 1c Lebanon 55 0.22 44 0.21
W 2 N. of the See of Galilee 13 0.12 13 0.12
W 3a Kartal Dagi 22 0.17 18 0.16
W 3b Urfa plateau 26 0.12 15 0.06
W 3c Iraq, Iran, Sylvan region 30 0.14 19 0.15
W 3 cM Al Mawsil region 18 0.16 12 0.13
W 3 cN Sulaimaiya region 9 0.09 7 0.03
W 3d W. of Diyarbakir 37 0.17 12 0.15
W 3e Karaca Dag mountains region 20 0.04 19 0.03
D 4 India, Oman, Ethiopia 61 0.11 53 0.08
D 5 Spain, Italy, Palest., Syria, Leb. 27 0.18 16 0.15
D 6 Balkans, NW Turkey, Russia 26 0.12 18 0.08
D 7 NE Turkey, Georg., Armenia, 

Dagestan, Iran
72 0.11 54 0.07

D 8 Durum wheat 55 0.16 55 0.16
a W and D stand for wild and 
domesticated, respectively
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emmer (populations 6 and 7) did not show this proxim-
ity to southern wild emmer.

Genetic distances were also computed between pop-
ulations from which accessions and landraces showing
admixture were not removed. Distances between pop-
ulations were almost universally shorter than those
computed from the dataset without admixture
(Table 2). This is undoubtedly caused by the increase
in gene diversity in most populations with admixture
(Table 3). However, the pattern observed was very
similar to that obtained with populations from which
admixture was removed, as indicated by correlation
r = 0.97 (P < 0.001) between the two datasets.

Both datasets in Table 2 showed an intriguing trend.
Most southern wild emmer populations showed shorter
distances to southern domesticated emmer populations
than to those located in the northern geographic
region. Northern populations of wild emmer often
showed shorter distance to northern populations of
domesticated emmer than to the southern populations
of domesticated emmer. We hypothesized that this
observation reXected past gene Xow between sympatric
wild emmer and domesticated emmer populations.
Two strategies were used to test statistically this
hypothesis.

First, Nei’s genetic distances of each of the nine wild
emmer populations to the northern and southern
domesticated emmer were computed (Table 4). In
seven of nine comparisons, Nei’s genetic distance of a
wild emmer population to the domesticated emmer
population in the same geographic region (sympatric)
was shorter than that to domesticated emmer in the
other geographic region (allopatric) (P = 0.05, paired t
test).

Second, the source of admixture was determined for
all accessions and landraces showing more than 10%
admixture from a single population at K = 8. In the
southern geographic region, 19 and 3 wild emmer

accessions showed admixture from southern and north-
ern domesticated emmer, respectively. In the northern
geographic region, 5 and 12 wild emmer accessions
showed admixture from southern and northern domes-
ticated emmer, respectively. These data show that
domesticated emmer is more closely related to sympat-
ric wild emmer than to allopatric wild emmer
(P < 0.001, Fisher exact test) across the wild emmer
distribution. For domesticated emmer, 13 and 3 land-
races of southern domesticated emmer showed admix-
ture from southern and northern wild emmer
accessions, respectively, and 1 and 2 landraces of
northern domesticated emmer showed admixture from
southern and northern wild emmer, respectively
(P = 0.15, Fisher exact test).

Durum showed the shortest genetic distances to
southern domesticated emmer populations, population
5 (D = 0.109) and population 4 (D = 0.128) (Table 2).
Durum was also more related to southern wild emmer
than to northern wild emmer; D ranged from 0.181 to
0.188 between durum and southern wild emmer popu-
lations and from 0.200 to 0.326 between durum and
northern wild emmer populations. Admixture in
durum was detected for southern domesticated emmer
populations 4 and 5 but not for northern domesticated
emmer populations 6 and 7. Nei’s genetic distance of
durum to southern population 2 of wild emmer was as
long as to the northern wild emmer populations
(Table 2).

Gene diversity

Gene diversity was estimated as expected heterozygos-
ity (He) (Table 3). Wild emmer populations 1a, 1b and
1c were more diverse than population 2 and any of the
northern wild emmer populations. In the northern area
of wild emmer distribution, gene diversity was similar
among the populations (He = 0.12 to 0.17) except for
population 3e (He = 0.04). In domesticated emmer, the
highest diversity was observed in population 5
(He = 0.18). The removal of accessions showing admix-
ture from the dataset reduced gene diversity in most
populations (Table 3).

Morphology

Wild emmer from the Diyarbakir region (populations
3d + 3e) and Lebanon (population 1c) had the smallest
spikelets and both populations signiWcantly diVered
from population 2, which had large spikelets (Table 5).
The average spikelet size of population 1a + 1b,
although being intermediate, did not signiWcantly diVer
from populations 1c and 3d + 3e (Table 5). The spikelet

Table 4 Genetic distances of wild emmer populations to the
sympatric domesticated emmer populations and to allopatric
domesticated emmer populations

Wild emmer pop. Sympatric Allopatric DiVerence

1a 0.102 0.160 ¡0.058
1b 0.129 0.171 ¡0.042
1c 0.125 0.181 ¡0.056
2 0.220 0.270 ¡0.050
3a 0.192 0.165 0.027
3b 0.187 0.205 ¡0.018
3c 0.142 0.134 0.008
3d 0.105 0.120 ¡0.015
3e 0.164 0.165 ¡0.001
Mean 0.152 0.175 ¡0.023 
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sizes indicated that wild emmer in population 2
belonged to the robust race judaicum whereas popula-
tions 1 and 3 belonged to the slender race horanum. No
signiWcant diVerences were found among these popula-
tions in seed weight.

Discussion

Diversity

The same clones that were used here as probes to
detect RFLP had previously been used to investigate
RFLP in six diploid Aegilops species closely related
to emmer (Dvorak et al. 1998). Gene diversity He
ranged from 0.14 to 0.72 among those species and was
correlated with observed heterozygosity, largely
reXecting the cross-pollination rate. Gene diversity in
the highly self-pollinating wild emmer, He = 0.19, was
comparable to that in its highly self-pollinating dip-
loid relatives.

Several lines of evidence were obtained here for
gene Xow between wild and domesticated emmer,
which accounts for the relatively high gene diversity in
domesticated emmer (He = 0.11). Statistic Fst provides
an idea about partitioning of global genetic variation
due to population structure. Only about 8% of global
variation in emmer is due to the domestication status.
In comparison, about 17% of global variation is due to
geographic division of emmer into northern and south-
ern regions and 46% is due to subdivision of regions
into populations. Genetic distances between wild and
domesticated emmer are shorter and admixture is
more common between sympatric populations of wild
and domesticated emmer than between allopatric pop-
ulations, which is indicative of gene Xow between sym-
patric populations. These relationships were observed
from Levant to Iran, indicating that gene Xow between
wild and domesticated emmer took place across the
entire area of wild emmer distribution.

Population structure of wild emmer

Clustering based on multilocus genotypes showed that
wild emmer is composed of two genetically distinct
populations: northern and southern. The same obser-
vation was reported by Ozkan et al. (2002) on the basis
of AFLP. Wild emmer populations in both regions are
further subdivided. In the southern region, the subdivi-
sion parallels the morphological diVerentiation into the
slender race horanum (population 1) and the robust
race judaicum (population 2). The former race is then
further subdivided into three populations: population
1a is located in central Israel and SW Syria, population
1b is located further north in Israel and population 1c is
located in Lebanon. In contrast to our results, Ozkan
et al. (2005) separated southern wild emmer into two
populations: IV (Israel) and V (Israel, Jordan, Syria
and Lebanon).

The robust judaicum race has an unusual position.
Genetically, it is closely related to populations 1a and
1b and forms a distinct branch within the 1a + 1b
branch in the NJ tree. The sample analyzed here con-
sisted of 13 accessions located north and northwest of
the Sea of Galilee. Blumler (1998) studied the judai-
cum race in the upper Jordan Valley, and concluded
that it originated recently via hybridization of wild
emmer with durum wheat. Genetic distances of popu-
lation 2 to durum or domesticated emmer provided no
evidence that either of the two domesticated wheats
was its ancestor. Genetic distances were computed
individually between the 55 varieties and landraces of
durum and individual accessions of wild emmer popu-
lations 1b and 2 (data not shown). This exercise also
failed to show that the judaicum race originated via
hybridization of wild emmer with durum.

The northern wild emmer is diVerentiated into sev-
eral populations. Accessions from Diyarbakir region
were allocated into two populations: 3d consisting of
accessions over a wide area west of Diyarbakir and
population 3e located 36.2 km west of Diyarbakir. Pop-
ulation 3e was represented by 20 accessions but its
gene diversity was only 0.04. This population was
almost certainly derived from the more diverse 3d pop-
ulation.

In the multilocus clustering, wild emmer in Iraq and
Iran clustered together forming a single population
(3c). In contrast, Ozkan et al. (2005), clustered wild
emmer population in the Al Mawsil region in Iraq
(population III�) separately from the geographically
nearby population III in the Sulaimaniya region. The
Sulaimaniya population clustered together with popu-
lation II located in the Diyarbakir region more than
500 km away. To reinvestigate this geographically

Table 5 Mean spikelet size (width £ length) and seed weight of
wild emmer

a Means followed by diVerent letters are signiWcantly diVerent at
the 0.01 probability level

Population N Mean 
spikelet 
sizea

Mean seed 
weighta (mg)

1a + 1b 49 112a 16.0a
1c 8 102a 20.4a
2 12 135b 17.3a
3d + 3e 48 103a 17.8a
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incongruous Wnding, population 3c was divided in to
the Al Mawsil region (population 3 cM) and Sula-
imaniya region (population 3 cN). In contrast to the
conclusion made by Ozkan et al. (2005), genetic dis-
tances suggested that population 3 cN was more closely
related to population 3 cM than to wild emmer in the
Diyarbakir region (population 3d).

Emmer domestication

A previous attempt to identify the site of emmer
domestication on the basis of ctDNA microsatellite
variation led to the conclusion that emmer was domes-
ticated in the Kartal Dagi region (Mori et al. 2003).
Neither Ozkan et al. (2005) nor our Wndings support
this hypothesis.

Because wild emmer in the Al Mawsil region and
the Sulaimaniya region formed two branches in the
Ozkan et al. (2005) study (III and III�) and because the
plants of branch III (Sulaimaniya region) clustered
with emmer from the Diyarbakir region, Ozkan et al.
(2005) concluded that the founding population of
domesticated emmer was the Diyarbakir and the Sula-
imaniya populations. Our study did not conWrm this
conclusion; genetic distances of the Sulaimaniya wild
emmer were longer to the domesticated emmer popu-
lations than those of the Diyarbakir wild emmer.

Two plants with admixture in the 3 cN population
had a strong eVect on the relationships of this popula-
tion. When they were included, the 3 cN population
was equidistant to the four domesticated emmer popu-
lations. However, when they were removed, the 3 cN
population appeared distant to allopatric domesticated
emmer populations 4, 5 and 6 (D = 0.223 to 0.268) but
closely related to the sympatric population 7
(D = 0.185). The relatedness of the core 3 cN popula-
tion to only the sympatric population of domesticated
emmer suggests the existence of gene Xow between
wild and domesticated emmer in the Sulaymaniya
region in the past.

The identiWcation of the site of emmer domestica-
tion is predicated on the assumption that the genetic
structure of modern wild and domesticated emmer
populations has not been altered by gene migration
during the past 10,000 years (Blumler 1998). To mini-
mize the potentially confounding eVects of past gene
Xow, accessions and landraces that showed admixture
were removed from the dataset used to compute
genetic distances between populations. Even then,
genetic distances between the populations of wild and
domesticated emmer make sense only if the existence
of substantial gene Xow between wild and domesti-
cated emmer populations is considered or, potentially,

if it is assumed that southern domesticated emmer
(populations 4 and 5) was domesticated in southern
Levant and northern domesticated emmer (popula-
tions 6 and 7) in the Diyarbakir region. If the dual
domestication scenario were true, domesticated
emmer populations 4 and 5, but not 6 and 7, should be
closely related to wild emmer population 1, and only
populations 6 and 7, but not populations 4 and 5,
should be closely related to northern wild emmer pop-
ulation 3d. While the former requirement is true the
latter is not. All four domesticated emmer populations
are closely related to population 3d, which is more
consistent with single domestication site in SE Turkey
and introgression in southern Levant than with two
independent domestications. Fixation of the ABCT-
A1a haplotype in all domesticated emmer and the
ABCT-A1b haplotype in wild emmer (Dvorak et al.
2006) also argues against domestication of emmer at
two sites geographically as distant as SE Turkey and
southern Levant.

Virtually all domesticated emmer landraces clus-
tered into a single branch, suggesting that domesti-
cated emmer is monophyletic; only 4 of 192 landraces
were outside of this branch, and these were admixture.
The concern that the topology of a phylogenetic tree
may conceal polyphylesis (Allaby and Brown 2003),
particularly if confounded by subsequent gene Xow
between populations, is highlighted by the fact that the
dual proximity of southern domesticated emmer to
wild emmer population 3d and 1, suggested by genetic
distances, was unnoticed by Ozkan et al. (2005) and
not apparent in the tree in Fig. 2c.

Gene Xow between domesticated wheat and wild
wheat shown here and elsewhere (Dvorak et al. 2006)
may account for the presence of domesticated wheat
ctDNA haplotypes as rare polymorphisms in the Kar-
tal Dagi wild emmer reported by Mori et al. (2003).
Although domesticated emmer admixture was not as
extensive in the Kartal Dagi wild emmer population as
in southern Levant, it was detected in three of the 21
accessions from that region.

An alternative possibility that could account for
Wnding ctDNA haplotype 10 in the Kartal Dagi wild
emmer as a rare polymorphism (Mori et al. 2003) is
that the Kartal Dagi haplotype 10 is a homoplasy due
to microsatellite mutation from a related haplotype.
The nuclear microsatellite mutation rate was estimated
for wheat to be 2.4 £ 10¡4 per microsatellite allele per
generation (Thuillet et al. 2002). If ctDNA microsatel-
lites mutate with similar rates, a mutation causing a
microsatellite homoplasy in wild and domesticated
emmer is likely during the 9,000 to 10,000 years that
have elapsed since emmer domestication.
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While the present study and that of Ozkan et al
(2005) disagree on the role of the Sulaimaniya popula-
tion in emmer domestication, both point to the Dyiar-
bakir region as the site of emmer domestication. This
region is near archeological sites on the upper Euphra-
tes and Tigris, such as Cafer Höyük, Nevali Cori, and
Cayönü, with one of oldest records of the transition
from hunting–gathering to farming. Remnants inter-
preted as domesticated emmer were recorded at the
Prepottery Neolithic B (PPNB) Cafer Höyük (Willcox
1991; de Moulins 1993) and Cayönü (van Zeist and de
Roller 1991/1992). However, they were also recorded
much further to the south, at the PPNB Tell Aswad
near Damascus (van Zeist and Bakker-Heeres 1975)
and at Jericho (Hopf 1983). Whether the contempo-
rary appearance of domesticated emmer in Turkey and
Levant signals a rapid spread of agriculture across the
Fertile Crescent or independent domestication of
emmer that was later overshadowed by the spread of
domesticated emmer from the north is unclear and
both scenarios are possible. Nevertheless, genetic dis-
tances between wild and domesticated populations dis-
cussed earlier and the presence of domesticated
einkorn, which was very likely domesticated in SE Tur-
key (Heun et al. 1997), along with domesticated
emmer at PPNB Jericho (Hopf 1983) seem to be more
consistent with the former possibility.

Population structure of domesticated emmer

Domesticated emmer diVerentiated into two principal
populations: northern and southern. The former is sub-
divided into NW population 6 and NE population 7
(Fig. 3). Population 7 consists of landraces located in
NE Turkey, Transcaucasia and Iran. This group proba-
bly evolved by diVusion of domesticated emmer from
the place of its origin in SE Turkey. Population 6 is
located in Greece, northern Balkans (Serbia, Bosnia
and Croatia) but includes also Yaroslav region in
northern Russia and emmer in NW Turkey.

Crops may spread from the site of origin via cultural
diVusion (spread of crops without movement of peo-
ple) or demic diVusion (movement of people) (Amm-
erman and Cavalli-Sforza 1984). Genetic similarity of
emmer in Russia and the Balkans parallels Slavic
migration. The presence of landraces of population 6
in the Balkans, Greece and NW Turkey may have its
roots in cultural diVusion before or during the Byzan-
tine and Ottoman empires. An alternative possibility is
that the distribution of population 6 reXects demic
diVusion north, west and south as a consequence of the
biblical Xood of settlements along the shores of a
fresh-water lake that is hypothesized to have been
located at the site of today’s Black Sea (Ryan and
Pitman 2000).

Fig. 3 Origin and diVusion of 
domesticated emmer. Popula-
tions are numbered as in text. 
The presumed directions of 
diVusion are indicated by 
open or closed arrows. Emmer 
diVusion to India could have 
occurred by either of the two 
indicated routes (dotted ar-
rows). The solid star indicates 
primary origin and the open 
star indicates the putative sec-
ond site of domestication or 
gene Xow from wild emmer
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The southern domesticated emmer is subdivided
into populations 4 and 5. Population 4 consists of land-
races from Ethiopia, Oman, southern India, and
Levant, but also several landraces scattered elsewhere.
Emmer was the dominant cereal in ancient Egypt until
the third millennium BP when it was replaced by free-
threshing durum (Nesbitt and Samuel 1996), and has
been an important cereal in Ethiopia. It is highly prob-
able, although not shown, that Ethiopian emmer is a
remnant of Egyptian emmer. Population 4 has aYnity
to population 5 of domesticated emmer and population
1 of wild emmer and likely originated in southeastern
Mediterranean. The close proximity of Ethiopian
emmer to landraces from Oman and southern India
suggests that emmer reached those regions from NE
Africa via maritime trade (Fig. 3). Emmer cultivation
has been limited in India and largely restricted to And-
hra Pradesh. India has been the destination of ships
that sailed from Red Sea across the Arabian Sea or
directly across the Indian Ocean since the Greco-
Roman times (Hourani 1963). It is possible that mari-
time trade was also responsible for the location of sev-
eral landraces of population 4 in the Balkans and the
eastern area of the Black Sea.

Population 5 is almost entirely comprised of landraces
from the Levant and Mediterranean and two accessions
from SE Turkey and two from Armenia. Population 5 is
sympatric with southern emmer and presumably origi-
nated by geographic isolation from the northern domes-
ticated emmer accompanied by gene migration from
southern wild emmer into the sympatric domesticated
emmer, which could have happened by introgressive
hybridization or via dual domestication and absorption
of the southern domesticate into the genepool of domes-
ticated emmer arriving from the north. Population 5
shows the greatest gene diversity of the four domesti-
cated emmer populations paralleling the greatest diver-
sity of Levantine wild emmer populations.

Durum Wrst appears in the archeological record in
Egypt during the Greco-Roman times (reviewed in
Nesbitt and Samuel 1996). Genetic relationships are
consistent with archeology and suggest that durum
evolved in the eastern Mediterranean.

Purity of gene pools

Evidence for gene Xow between wild and domesticated
emmer ranging from southern Levant to Iran and sig-
niWcant impact on the genetic structure of the popula-
tions shows that if suYcient time is available, sympatric
wild and domesticated genepools will suVer consider-
able loss of their original identity, even in a highly self-
pollinating species such as emmer. SigniWcant levels of

gene Xow may occur not only between conspeciWc wild
and domesticated populations but also between those
of related species, even if they diVer by ploidy (Dvorak
et al 2006). This fact must be considered in the design
of in situ germplasm conservation programs, studies
addressing the geography of plant domestication, and
similar genetic projects.
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