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Western agriculture and its most important crop
plants are thought to have originated about 10,000 years
ago in the Fertile Crescent, a geographical region ex-
tending from modern-day Israel, Jordan, Lebanon, and
western Syria into southeastern Turkey and along the
Tigris and Euphrates rivers into Iraq and Iran (Smith
1995; Bar-Yosef 1998; Diamond 1998; Moore, Hillman,
and Legge 2000; Zohary and Hopf 2000; Gopher, Abbo,
and Lev-Yadun 2002). Two traditional lines of evidence
support that view. First, the geographical distributions
of wild progenitors of modern cereal species, among
them wild wheats (Triticum urartu, T. boeoticum, T. di-
coccoides, Aegilops tauschii), wild barley (Hordeum
spontaneum), and wild rye (S. vavilovii), intersect in this
region (Nesbitt and Samuel 1996; Moore, Hillman, and
Legge 2000; Zohary and Hopf 2000; Gopher, Abbo, and
Lev-Yadun 2002). Second, seeds of the wild species oc-
cur in early archaeological sites of the region, followed
in radiocarbon age and stratigraphic succession by the
remains of domesticated forms (Moore, Hillman, and
Legge 2000; Zohary and Hopf 2000; Gopher, Abbo, and
Lev-Yadun 2002). Recently, molecular evolutionary
studies have also begun to weigh heavily on this issue.
Genetic identification of the natural stands from which
wild crops were domesticated addresses the question of
where specifically within the Fertile Crescent humans
invented agriculture. The approach involves comparing
wild and domesticated populations using molecular
markers, which give genome-wide estimates of genetic
similarity (Heun et al. 1997; Badr et al. 2000; Martin
and Salamini 2000). One of the most promising of these
techniques is amplified fragment length polymorphism
(AFLP), a polymerase chain reaction (PCR)-based pro-
cedure that resolves radioactively labeled electrophoretic
bands (polymorphic loci) on sequencing gels.

Using AFLPs, the site of domestication of ein-
korn—a diploid wheat—was identified from the analysis
of 288 AFLP marker loci (Heun et al. 1997). Those
results indicated that wild populations from the Kara-
cadag Mountains of southeastern Turkey are more sim-
ilar to domesticated einkorn than other wild populations
are (Heun et al. 1997). Archaeobotanical remains at ear-
ly settlements near Karacadag, including Cafer Höyük
(de Moulins 1993), Cayönü (van Zeist and de Roller
1991–2), Nevali Cori (Pasternak 1998), and Abu Hur-
eyra (de Moulins 2000; Hillman 2000), provided inde-
pendent evidence for the domestication of einkorn near
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Planck-Institut für Züchtungsforschung, Carl-von-Linné-Weg 10,
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the Karacadag Range. The publication of the einkorn
data (Heun et al. 1997) renewed the debate on the origin
of Near East agriculture. Lev-Yadun, Gopher, and Abbo
(2000), summarizing the distributions of several cereal
and other crop progenitors, reported that these intersect
in a small region of southeastern Turkey, circumscribing
a small core area that includes Karacadag. Here we ad-
dress the question of whether the core area was also the
place of origin of other additional founder crops of the
Fertile Crescent agriculture, using AFLP comparisons at
204 loci from 43 domesticated lines and 99 wild pop-
ulations of tetraploid wheats—progenitors of modern
hexaploid wheats—sampled from primary habitats at
known locations.

Domesticated emmer wheat, T. dicoccum, has an
AABB genome and hulled seeds; a free-threshing form
(one that releases seeds during threshing) exists that is
called hard wheat (T. durum). These two domesticated
forms have a nonbrittle rachis (the ear releases seed but
stays intact during threshing), in contrast to the progen-
itor, T. dicoccoides (wild emmer), the ears of which fall
apart at maturity and thus cannot be threshed. Emmer
was the most important crop in the Fertile Crescent until
the early Bronze Age (Zohary and Hopf 2000), and do-
mesticated forms are present at several early Neolithic
archaeological sites. van Zeist and Bakker-Heeres (1982,
1985) report the presence of domesticated emmer in the
lowest excavated level of Tell Aswad, dated 10,800 BP
(years before present), but suggest that the plant was
introduced from elsewhere. Domesticated emmer ar-
chaeological remains (de Moulins 2000) are present, but
not common, in layers of Abu Hureyra 2 dating 10,400
BP onward. They are preceded at Abu Hureyra 1 by
wild T. dicoccoides remains (Hillman 2000). Emmer re-
mains from Cayönü dating from 10,600 BP onward (van
Zeist and de Roller 1991–2) suggest a diffuse cultivation
of emmer during that time. Pasternak (1998) describes
contemporary-like domesticated grains and spikelet
forks of emmer at Nevali Cori. In later Pre-Pottery Neo-
lithic B settlements (tables 2 and 14 in Nesbitt and Sam-
uel, 1996, and Helmer et al. 1998, respectively), do-
mesticated emmer is constant and abundant in presence.
The dates reported here are calibrated years (BP), that
is, they refer to 14C dates that were transformed into
calendar years of the absolute dendrochronological re-
cord using the data provided by Zohary and Hopf (2000,
p. 14) and by Moore, Hillman, and Legge (2000, pp.
130–131) and were cross-checked for consistency with
the data of Gopher, Abbo, and Lev-Yadun (2002) and
Maier (1996).

Wild emmer, T. dicoccoides, hybridizes with do-
mesticated tetraploid wheats, and the hybrids are fertile.
The species has brittle ears that shatter (disarticulate) at
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maturity into individual spikelets bearing relatively large
seeds. It rarely colonizes secondary habitats. In primary
habitats, two morphologically distinguishable types are
present (Poyarkova 1988). The geographical distribution
reported by Zohary and Hopf (2000; p. 45) includes the
western Fertile Crescent, its central part in southeastern
Turkey, and areas in eastern Iran and Iraq. Johnson (1975)
reported that the species is progressively substituted in
the transect from southeastern Turkey into Iran-Iraq by
the wild tetraploid wheat T. araraticum. But in the same
areas, occasional T. dicoccoides populations are reported
to be present among stands of T. araraticum (Tanaka and
Ishii 1973). This introduces a problem: T. araraticum has
an AAGG genome and does not produce fertile progeny
with T. dicoccoides (Maan 1973), but the two species are
phenotypically indistinguishable. When sampling T. di-
coccoides accessions from several gene banks, we rarely
received lines collected in Iran or Iraq. This supports
Johnson’s (1975) conclusion: ‘‘A question is whether au-
thentic T. dicoccoides occurs in that area . . . All the
tetraploids collected in the Karacadag, in south eastern
Anatolia, Lebanon and Israel were T. dicoccoides. All of
the tetraploids from Transcaucasia and all of those col-
lected in Iraq and Iran, except two, showed the typical T.
araraticum protein electrophoretic pattern.’’ Interestingly,
vigorous stands of T. dicoccoides grow on the basaltic
rocky slopes of the Karacadag Mountains in southeastern
Turkey (Harlan and Zohary 1966; Johnson 1975), very
close to the site of the origin of einkorn wheat (Heun et
al. 1997).

To resolve the relationships of domesticated tetra-
ploid wheats with their wild relatives, we carried out the
molecular fingerprinting of wild and domesticated tet-
raploid lines based on AFLP marker data at 204 loci.
The results indicate clearly that domesticated AABB
wheats are most closely related to wild populations sam-
pled in southeastern Turkey (fig. 1A). For this work, we
have used Johnson’s T. dicoccoides collection because
(1) he sampled the collection directly, (2) he had re-
solved the problematic distinction between T. dicoccoi-
des and T. araraticum using protein electrophoresis, and
(3) a published map (Johnson 1975) indicated exactly
where the lines had been sampled, wherein locations
corresponded to the United States Department of Agri-
culture, Agricultural Research Service, National Small
Grains Collection (Aberdeen), passport data. Nineteen
wild emmer lines from Karacadag populations were in-
cluded in the analysis. Fifteen out of the 19 lines had
topologies consistent with their close genetic relation-
ships to domesticated emmer (fig. 1A). These fifteen
lines are included in groups III and IV (fig. 1A) to which
a few other lines belong that were also sampled in south-
eastern Turkey ;200 km west and east from Karacadag.
Of all other wild emmer lines considered, only a single
Syrian line clustered together with Karacadag lines in
group III. Wild populations sampled in Israel clustered
mainly in groups V, VII, and VIII, with group V being
more closely related than are groups VII and VIII to
southeastern Turkey populations. When AFLP allelic
frequencies in populations sampled within different re-
gions of the area—Lebanon, Israel, Syria, Jordan, and

Turkey—were considered (fig. 1B), the southeastern
Turkey populations were also found to be more similar
to domesticated tetraploid wheats than were any other
wild populations sampled. A T. dicoccoides accession
from a secondary habitat at Izmir, Turkey, was also
closely related to cultivated emmer, as was the line Dic
196 collected at Bakhtaran, Iran (labelled ‘‘In’’ in fig.
1A), which clustered with hulled emmer landraces. Such
cases likely represent wild lines growing in secondary
habitats, that is, germplasm which was displaced by hu-
mans during the early spread of agriculture, followed by
subsequent naturalization of these lines outside their pri-
mary habitats.

Figure 1C shows a neighbor-joining tree of Dice
distances considering the tetraploid lines as in figure 1A,
to which T. urartu, T. boeoticum, and T. araraticum
lines were added. The latter three lines are shown to be
genetically distinct from all other tetraploids, supporting
the species assignment of Johnson (1975) for all T. di-
coccoides and T. dicoccum lines studied.

As for other wheats, the wild and domesticated tet-
raploid lines differed most dramatically in rachis fragil-
ity and seed weight (table 1). In this respect, wild wheats
sampled in southeastern Turkey (groups III and IV) had
domestication-related traits totally indistinguishable
from those of other wild T. dicoccoides lines.

In figure 1A, all lines of hulled emmer were in-
cluded in group C1 and all T. durum free-threshing ge-
notypes in group C2, indicating a single origin of both.
Moreover, the two groups emerged quite early from
Turkish wild T. dicoccoides. This supports the early ap-
pearance of domesticated tetraploid naked wheats in ex-
cavated sites and helps to explain the otherwise puzzling
report of domesticated grains belonging to both tetra-
ploid and hexaploid free-threshing forms at the exca-
vated sites of Abu Hureyra 2 (de Moulins 2000) and at
other early Neolithic sites (Zohary and Hopf 2000).

The findings reported here localize the origin of
tetraploid wheat domestication to southeastern Turkey
and thus lend strong support to the emerging view that
agriculture originated in an extremely small core area in
the Near East, specifically in southeastern Turkey near
the Tigris and Euphrates rivers (Heun et al. 1997; Lev-
Yadun, Gopher, and Abbo 2000; Gopher, Abbo, and
Lev-Yadun 2002). This site of emmer domestication lies
within the region already known to host wild progenitors
of pea, chickpea, lentils, and einkorn, all of which
founder crops were present in the ‘‘package’’ of crops
that rapidly emerged during the origin of agriculture in
the Fertile Crescent some 10,000 years ago (Gopher,
Abbo, and Lev-Yadun 2002). But an exception to this
rule is the case of barley, which appears to have been
domesticated in the Jordan Valley, on the western edge
of the Fertile Crescent (Badr et al. 2000). This discrep-
ancy is accounted for by the possibility that in early
settlements of the Jordan Valley, wild barley, rather than
wild wheats, was preferentially harvested from wild
stands (Willcox 1995; Nesbitt and Samuel 1996). Thus,
barley may have been domesticated in the Jordan valley
only after local communities had imported a technology
developed elsewhere (the core area in southeastern Tur-
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FIG. 1.—Genetic relationships of hulled emmer, free-threshing hard wheat, and wild emmer lines. A, AFLP phylogeny of 43 cultivated
tetraploid wheats (19 hulled land races of emmer [T. dicoccum], designated C1, and 24 free-threshing hard wheat [T. durum] varieties, designated
C2) and 99 wild emmer lines from southeastern Turkey (T; 22), Israel (Is; 37), Jordan (J; 8), Lebanon (L; 13), Syria (S; 18), and Iran (In; 1)
(see also table 1). The neighbor-joining tree (Saitou and Nei 1987) of Dice (1945) genetic distances is shown. Cultivated emmer lines were
from Turkey, Rumania, Iran, India, Germany, and Italy, the hard wheat lines were from France, Palestine, Italy, Tunisia, Jordan, Cyprus, Spain,
Syria, Greece, Ukraine, Tajikistan, and Mexico. All were grown during spring-summer 2001 at Cologne together with wild lines of T. urartu,
T. boeoticum, and T. araraticum. In total, 204 polymorphic AFLP loci were scored for presence or absence of an AFLP fragment in each of
the 142 lines (all details available upon request). Within Triticeae, 90% of AFLP bands segregating in experimental populations define a
Mendelian locus (Castiglioni et al. 1998; Taenzler et al. 2002). B, Similarities of cultivated tetraploid wheats to wild emmer populations sampled
in different regions. Using programs of the PHYLIP package (1993), 10 independent trees were constructed as described (Heun et al. 1997;
Badr et al. 2000) using CONTML (topology shown; Felsenstein 1981) and distance matrix methods (Fitch and Margoliash 1967; Saitou and
Nei 1987) employing various measures of genetic distance (Cavalli-Sforza and Edwards 1967; Nei 1972; Wright 1978; Reynolds, Weir, and
Cockerham 1983; Rohlf 1993) calculated from AFLP allele frequencies between lines from geographic regions indicated. All methods gave the
same topology (indicated at branches). C, Neighbor-joining tree of Dice distances for tetraploid wheats as in A, but including the same 204
AFLPs for T. urartu, T. boeoticum, and T. araraticum, which are seen here to be genetically very distinct from the wild and cultivated tetraploid
lines shown in A, consistent with Johnson’s (1975) species assignments for the T. dicoccoides or T. dicoccum lines studied.
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Table 1
Average Values (6 SD) per Group of Three Characters with Diagnostic Value in
Discriminating Wild from Domesticated Germplasm. The Groups of Lines were Assorted
Based on AFLP Molecular Fingerprinting. Values Reported are Derived from Five
Different Samples

Groupa

No. of
lines

consid-
ered Leaf length (cm) Rachis fragilityb Seed weight (mg)

C1 (Domesticated; hulled emmer). . . . . . . .
II C2 (Domesticated; hard wheats) . . . . . . .
III T (Wild, mainly from Turkey) . . . . . . . .
IV T (Wild, from Turkey) . . . . . . . . . . . . . .
V Is (Wild, mainly from Israel). . . . . . . . . .
VI J (Wild, mainly from Jordan). . . . . . . . .
VII Is (Wild, mainly from Israel) . . . . . . . .
VIII L (Wild, mainly from Lebanon) . . . . .
IX S (Wild, mainly from Syria) . . . . . . . . .
X S (Wild, mainly from Syria) . . . . . . . . . .

19
24
13

5
10

8
35

5
11
11

20.0 6 2.8
21.8 6 3.1
13.3 6 2.9
16.5 6 1.2
14.1 6 3.1
12.1 6 2.5
13.4 6 1.8
11.0 6 2.2
12.1 6 3.6
11.3 6 1.8

5.0 6 0.0
5.0 6 0.0
1.9 6 1.0
1.8 6 1.1
1.6 6 1.0
1.0 6 0.0
1.9 6 1.0
1.0 6 0.0
1.7 6 1.0
1.4 6 0.8

46.3 6 7.9
46.8 6 8.6
18.6 6 3.6
18.0 6 3.3
25.7 6 7.8
23.7 6 6.5
24.2 6 3.5
21.8 6 1.5
19.1 6 3.4
20.8 6 4.3

a Indicated as in Fig. 1A.
b 1 brittle; 5 tough.

key) that allowed them to deliberately cultivate wild
crop plants.
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