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Abstract: N.I. VaviLov hypothesized that the geographical centres of diversity of crops indicate their geo-
graphical centres of origin. VAvIiLOV’s conclusions about the geographical origins of einkorn, durum and com-
mon wheat agree well with current population and molecular genetic studies when macro-geography is used
but agree poorly when they are examined at higher resolution. We examined the causes of such disagreements
for tetraploid emmer wheat and hexaploid common and club wheat. Molecular studies suggest that emmer
was domesticated in the Diyarbakir region in south-eastern Turkey. Nucleotide diversity of wild emmer in the
Diyarbakir region estimated earlier was compared with nucleotide diversity of wild and domesticated emmer
across their distribution estimated here. Although domesticated emmer is only half as diverse as wild emmer,
it is more diverse than the ancestral wild emmer population in the Diyarbakir region. Its centre of diversity is
in the Mediterranean and does not coincide with the geographical centre of emmer origin. A similar disagree-
ment exists in hexaploid wheat. Its centre of molecular diversity is in Turkey, which is west of the putative site
of its origin in Transcaucasia and north-western Iran. It is shown that the primary cause of the disagreements
between geographical centres of crop diversity and geographical centres of crop origin is gene flow from an
ancestor subsequently to crop origin, which modifies the geographical pattern of crop diversity. When such
gene flow takes place and when crop is domesticated in a peripheral population of the ancestor, the centre of
crop diversity and the centre of crop origin are unlikely to coincide.

Keywords: domestication; emmer; gene flow; nucleotide diversity; Triticum aestivum; Triticum dicoccoides

Under the leadership of N.I. VaviLov, the Insti-
tute of Plant Industry proposed an ambitious crop
breeding program and equally ambitious plant
exploration program to support it. The exploration
trips generated a broad view of the geographical
distribution of phenotypic diversity of individual
crops and their wild progenitors and led VAviLov to
formulate his famous theory of geographical centres
of crop diversity. He postulated that crop diversity
usually has a geographical centre at which it is the
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highest and hypothesized that the centre with the
highest diversity of a crop is the geographical region
of its origin. He recognized that morphological
diversity of crops overlapped in specific areas and
proposed that those were the geographical centres
of agriculture origins (see English translation of
VAvVILOV’s writings in VAvILOV 1992).

Although the concept of crop diversity centres
has had enormous impact on the evolution of
thinking about crop variation and the origins of
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agriculture, most of those ideas have since evolved.
It has been repeatedly pointed out that the centre
of crop diversity may or may not coincide with the
centre of crop origin (SCHIEMANN 1939; GOKGOL
1941; ZoHARY 1970; HARLAN 1971, 1975; ZOHARY
& HorF 1994). VaviLoV’s pioneering work and work
of other plant explorers who went in his footsteps
and collected, catalogued, and preserved local varie-
ties and landraces generated an invaluable resource
for studies of crop domestication with the current
theoretical and experimental tools and facilitated
the examination of the relationships between crop
diversity, its origin, and its subsequent evolution
in details unavailable to VAviLOv.

Concerning wheat, VAvVILOV recognized that
each of the three ploidy levels of wheat has its own
geographical centre of diversity and concluded
that each had a separate geographical place of
origin. He placed the origin of diploid einkorn
wheat (T. monococcum, genomes A™A™) to Asia
Minor, tetraploid durum (7. turgidum ssp. du-
rum, genomes AABB) and other free-threshing
tetraploid wheats to the Eastern Mediterranean
and Northeastern Africa, and hexaploid wheat
(T aestivum, genomes AABBDD) to a region span-
ning an area from Afghanistan and Turkmenistan
to Transcaucasia (VAVILOV 1926, 1992). VAVILOV
concluded that tetraploid emmer (7. turgidum
ssp. dicoccon, genomes AABB) is an ancient crop
that is going extinct and did not identify its geo-
graphical place of origin. Finally, he placed the
centre of diversity of wild emmer (7. turgidum ssp.
dicoccoides, genomes AABB), which is distributed
along the Fertile Crescent from Israel to western
Iran, into its south-western tip (VAviLov 1992). In
agreement with VAvILOV’s conclusions, molecular
studies placed the origin of diploid einkorn wheat
to south-eastern Turkey (HEUN et al. 1997; K1-
LIAN et al. 2007), the origin of durum to eastern
Mediterranean and north-eastern Africa (Luo et
al. 2007), the origin of hexaploid wheat to Trans-
caucasia and north-western Iran (DVORAK et al.
1998), and the centre of diversity of wild emmer
was indeed found to be in the south-western tip of
the Fertile Crescent, in a region including modern
Israel, Jordan, Lebanon, and south-western Syria
(Luo et al. 2007).

When the relationships between the geography of
diversity and geography of domestication are exam-
ined in detail, relationships between crop diversity
and crop origin begin to break down. Consider for
example domesticated emmer. Since domesticated
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emmer is most diverse in the Mediterranean basin
(Luo et al. 2007) it should be expected that em-
mer was domesticated in the south-western tip
of the Fertile Crescent. However, it appears that
emmer was domesticated in the Diyarbakir region
in south-eastern Turkey (OzKAN et al. 2005; Luo
et al. 2007) along with einkorn wheat (HEUN et
al. 1997). Detailed examination of the origin of
T. aestivum reveals a similar dilemma. VAviLov
concluded that T. aestivum is most diverse in the
mountainous areas of Afghanistan, Turkmenistan,
and Iran, and to a lesser extent in Transcauca-
sia. However, the relationships between Aegilops
tauschii (genomes DD), the diploid ancestor of
the hexaploid wheat D genome (KIHARA 1944;
MCcFADDEN & SEARS 1946), and the D genome of
hexaploid wheat failed to show that Ae. tauschii
populations in Turkmenistan and Afghanistan
played a role in the evolution of hexaploid wheat,
making those areas an unlikely geographical centre
of T. aestivum evolution (DVORAK et al. 1998).

To shed light on these conflicts, we estimated
here nucleotide diversity in a sample of genes of
wild and domesticated emmer and compared it
with previously reported estimates of diversity
in nucleotide sequences in wild emmer in the
Diyarbakir region in south-eastern Turkey and
in T. aestivum (AKHUNOV et al. 2010). To gain
an idea about the distribution of diversity across
the geographical distribution of T. aestivum, we
computed expected heterozygosity from restriction
fragment length polymorphism for populations of
common wheat and club wheat spanning a region
from China to Europe.

MATERIALS AND METHODS

A total of 299 landraces and varieties of T. aes-
tivum were used for restriction fragment length
polymorphism (RFLP) genotyping at 131 loci
(DvoRrRAK & Luo 1999; DVORAK et al. 2006; Luo
et al. 2007). Geographical origins of the lines and
RFLP methodology have been described elsewhere
(DvoraAaK & Luo 1999; DVORAK et al. 2006; Luo
et al. 2007) and will not be repeated. Likewise,
the analyses of nucleotide sequences of 585 A-ge-
nome and 576 B-genome gene fragments in 10 ac-
cessions of wild emmer from the Diyarbakir re-
gion in Turkey and 590, 584 and 679 A-, B-, and
D-genome gene fragments, respectively, from
13 accessions of T. aestivum have been reported
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and information about the accessions, genes and
the sequences can be found therein (AKHUNOV et
al. 2010). Wild emmer and T. aestivum accessions
used by AKHUNOV et al. (2010) were selected to
represent genetic diversity of the respective popu-
lations (for details see AKHUNOV et al. 2010).

In addition to these data, from 24 to 26 genes were
sequenced here in 44 accessions of Ae. tauschii,
49 accessions of wild emmer across its entire
geographical distribution, and 23 accessions of
domesticated emmer. Accessions were selected
for sequencing on the basis of their position in a
neighbour joining tree, using a strategy described
by AKHUNOV et al. (2010). All sequenced genes
were also mapped (Luo et al. 2009).

Ae. tauschii genes were sequenced using the
primer walking strategy along Ae. tauschii bacterial
artificial chromosome (BAC) clones. BAC clones
were selected from Ae. tauschii BAC libraries (XU
et al. 2002) by hybridization of 3*P-labelled cDNA
clones with high density screening membranes as
described by AkHUNOV et al. (2005). BAC DNAs
were isolated with the Qiagen R.E.A.L 96-Prep
(Valencia, CA) kit. DNAs were used as templates
in the first of several sequencing reactions needed
to sequence an entire gene. Sequencing was per-
formed with ABI3730xl. In each sequencing step,
a primer located near the end of the sequence
was designed for the next sequencing step. Both
strands of each gene were sequenced.

For the sequencing of emmer genes, genome-
specific PCR primers reported in wheat SNP data-
base were used and gene portions were sequenced
as described in AKHUNOV et al. (2010). Briefly, a
targeted DNA was PCR amplified from genomic
DNA and amplicons were directly sequenced using
PCR primers as sequencing primers. Both strands
of each gene were sequenced using BigDye v3.1
sequencing chemistry (ABI, Foster City, California)
and capillary electrophoresis (ABI3730xI).

The sequences were processed as follows. The
phred/phrap (GREEN 1998) or Staden package
(http://staden.sourceforge.net/) programs were
used for base calling and assembly of sequencing
trace files. The Consed program (GorRDON 2004)
was used for contig editing. The sequences were
trimmed using a phred quality score of 20 or higher
and realigned using the Muscle or ClustalX pro-
grams. The gaps in the alignments were deleted
before the analysis.

Diversity estimates 6, (WATTERSON 1975) and
0, (Tajyima 1983) were computed. The former
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estimate corresponds to the number of segregating
sites in a population sample and 6 corresponds to
the average number of nucleotide differences in a
pair-wise haplotype comparisons in a population
sample. Under a neutral evolutionary history both
estimators provide unbiased estimates of 6 = 4N p.
The frequency spectrum of single nucleotide poly-
morphisms (SNPs) in population samples relative to
neutral mutation model was assessed using Tajima’s
D statistic (TajimA 1989). Positive Tajima’s D
indicates the presence of too many mutant sites
at intermediate frequencies compared to what is
expected under the assumption of neutrality while
negative Tajima’s D indicates the presence of too
many sites with low frequencies.

RESULTS AND DISCUSSION

Diversity of wild and domesticated emmer
and emmer evolution

Estimates of nucleotide polymorphism 6, nu-
cleotide diversity 6 and Tajima’s D were similar
in the A and B genomes of wild emmer (Table 1).
Negative estimates of Tajima’s D indicated a pre-
ponderance of rare alleles in both genomes. Earlier
reported diversity estimates and Tajima’s D for the
A and B genomes in wild emmer population in the
Diyarbakir region and for the A and B genomes
in T. aestivum were also similar (AKHUNOV et al.
2010). Wild emmer originated about 0.36 million
years ago (HUANG et al. 2002; DVORAK & AKHUNOV
2005), and the similar amounts of diversity and
similar departures from neutrality expectations
in both genomes show that there was a sufficient
time for a large portion of diversity present in
wild emmer to evolve since its origin. Because
nucleotide diversity in the A and B genomes is
similar, combined A- and B-genome estimates
will be used throughout this paper.

Nucleotide diversity 6 _was 2.28 x 107% in
the A and B genomes of wild emmer (Table 1),
which was only slightly lower than an estimate
of B_=2.9 x 10 reported earlier (HAUDRY et al.
2007). In domesticated emmer, 0_was 1.18 x 1073,
which is 52% of diversity present in the broad
geographical sample of wild emmer. This diversity
decline is similar to the previously reported decline
to 58%, indicated by RFLP (Luo et al. 2007), but
is less than a decline to 29.6% previously report-
ed by HAUDRY et al. (2007). The reason for this
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discrepancy may be sampling variation or, more
likely, non-random sampling of genes studied by
HAUDRY et al. (2007), which were mostly located
in few chromosome regions, some linked to do-
mestication genes.

Wild emmer in the geographical centre of emmer
domestication, the Diyarbakir region in south-
eastern Turkey, was less diverse than the geo-
graphically broad sample of wild emmer. Nucleotide
polymorphism 6 was 0.73 x 10~* and nucleotide
diversity 8 _was 0.72 x 107%; both estimates rep-
resent 31% of diversity of wild emmer as a whole
(Table 1).

Diversity measurements using RFLP showed that
wild emmer diversity was the greatest in north-
western Israel, Lebanon, and south-western Syria
and declined in the northern and eastern regions of
the Fertile Crescent including Turkey, Iraq, and Iran
(Luo et al. 2007). The wild emmer population in the
south-western tip of the Fertile Crescent represents
the centre of wild emmer diversity in the sense of
VaviLov and the populations in the northern and
eastern parts of the Fertile Crescent are peripheral
populations. Domesticated emmer was shown to clus-
ter into four populations numbered 4 (India, Oman,
and Ethiopia), 5 (Spain, Italy, Palestine, Israel, Syria,
and Lebanon), 6 (Balkans, north-western Turkey, and
Russia), and 7 (north-eastern Turkey, Transcaucasia,
Dagestan, and Iran) (Luo et al. 2007). Using RFLP
to measure diversity, the most diverse population
was the Mediterranean population (No. 5) (Luo
et al. 2007) and the least diverse were the eastern
Turkish and Transcaucasian populations (No. 7).

Domestication results in a diversity bottleneck,
and crops are therefore less diverse than their

wild ancestors. Crops were reported to retained
on average about two-thirds of DNA diversity
present in their wild ancestors (BUCKLER et al.
2001; WRIGHT et al. 2005; HYTEN et al. 2006).
Diversity of domesticated emmer was lower than
diversity of wild emmer; 6 of domesticated emmer
was 40% and 6 was 52% of that in wild emmer
(Table 1). The loss of diversity was slightly greater
than the one-third postulated by BUCKLER et al.
(2001). However, compared to wild emmer in
the Diyarbakir region, domesticated emmer was
actually more diverse; 6 was 129% and 0 _ was
164% of the same measures in wild emmer in the
Diyarbakir region, respectively (Table 1). This is
an obvious paradox. However, the same paradox
was observed in domesticated einkorn, which also
shows no loss of diversity compared to the ancestral
wild population (KiLIAN et al. 2007).

Mutation rates in nucleotide sequences of genes
are too low for new mutations to have meaning-
fully altered nucleotide diversity of emmer since
its domestication 10 000 years ago and to account
for this paradox. The only other source of diversity
that could have altered diversity of domesticated
emmer was diversity that existed in wild emmer.
If gene flow from wild emmer was an important
source of diversity for domesticated emmer, do-
mesticated emmer population 5 should be more
diverse than the remaining domesticated emmer
populations because it is sympatric with the most
diverse wild emmer population. An additional
prediction is that genetic distance of domesticated
emmer population 5 will be shorter to wild em-
mer in the south-western tip of Fertile Crescent
then to wild emmer in the Diyarbakir region. Both

Table 1. Average nucleotide polymorphism 6_, nucleotide diversity (6 ) and Tajima’s D in wild and domesticated

emmer, Triticum aestivum and and Aegilops tauschii

Species Population =~ Genomes Lines Loci 0, x 107 6 x 107 Tajima’s D
Wild emmer entire taxon A 49 14 2.15 2.26 -0.32
Wild emmer entire taxon B 49 11 2.56 2.32 —-0.44
Wild emmer entire taxon AB 49 25 2.33 2.28 -0.38
Wild emmer!  Diyarbakir AB 10 1174 0.73 0.72 -0.03
Dom. emmer entire taxon AB 23 24 0.94 1.18 0.44

T. aestivum®  entire taxon AB 13 1174 0.58 0.57 -0.05

T. aestivum®  entire taxon D 13 679 0.22 0.18 -0.57
Ae. tauschii  entire taxon D 44 26 2.44 3.14 0.76
from AKHUNOV et al. (2010)
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predictions were experimentally confirmed, and
direct evidence was obtained for gene flow between
sympatric populations of wild and domesticated
emmer (Luo et al. 2007). We therefore conclude
that the domesticated emmer diversity paradox is
caused by gene flow from wild emmer to domesti-
cated emmer that increased domesticated emmer
diversity and altered the original diversity pattern.
The consequence is geographical superimposition
of the most diverse domesticated emmer popula-
tion on the most diverse wild emmer population
and that the centre of emmer diversity does not
coincide with the centre of its origin.

Diversity of T. aestivum and its evolution

Nucleotide diversity (6 ) in the T. aestivum A and
B genomes was 0.57 x 1073 (Table 1), which is close
to 8 = 0.8 x 107 reported previously (HAUDRY
et al. 2007). Using our estimates, the T. aestivum
A and B genomes acquired about a half (48%) of
diversity present in domesticated emmer. While
this represents a substantial amount of diversity
present in the ancestral tetraploid, it is less than
that reported by HAUDRY et al. (2007), who found
that diversity in the T. aestivum A and B genomes
equalled that in domesticated emmer. Variation
due to sampling and underestimation of diversity
present in domesticated emmer pointed out earlier
are most likely causes of the finding reported by
HAUDRY et al. (2007).

Because T. aestivum originated only about
8500 years ago (NESBITT & SAMUEL 1996), most
of its diversity had to originate during the evo-
lution of its ancestors and be acquired via ei-

ther (1) multiple origins of hexaploid wheat or
(2) gene flow via pentaploid hybrids originating by
hybridization of hexaploid wheat with tetraploid
wheat. If scenario (1) were true, diversity of the
three T. aestivum genomes should be proportionate
to diversity of the ancestors, domesticated emmer
and Ae. tauschii. Because nucleotide diversity of
Ae. tauschii is nearly three times as great as that
of domesticated emmer (Table 1), the D genome
should be more diverse than the A and B genomes.
While the A and B genomes of T. aestivum have 48%
of nucleotide diversity (measured as 0 ) present
in domesticated emmer, the D genome has only
6% of that present in Ae. tauschii (Table 1). This
great difference between the expected and observed
diversity in the T. aestivum A, B and D genomes
makes the mechanism (1) an unlikely source of
T. aestivum diversity. In contrast, the mechanism
(2) is likely because the magnitude of diversity in
the T. aestivum genomes parallels the likelihood
of hybridization of T. aestivum with its ancestors
(AKHUNOV et al. 2010).

Tajima’s D, which is close to zero in the T. aesti-
vum A and B genomes but negative in the D genome
(Table 1) suggests that the origin of diversity in the
T. aestivum A and B genomes on the one hand and
in the D genome on the other hand had different
dynamics. In the A and B genomes gene flow from
tetraploid wheat resulted in allele frequencies con-
sistent with neutral evolutionary history, meaning
that gene flow kept pace with the expansion of
the T. aestivum population. The highly negative
Tajima’s D in the D genome suggests very limited
gene flow from Ae. tauschii, consistent with rare
hybridization events not keeping pace with the
expansion of the T. aestivum population. Thus,

Table 2. Expected heterozygosity (He) based on RFLP in the A and B genomes of common wheat (7. aestivum ssp.

aestivum) and club wheat (T aestivum ssp. compactum)

Species Germplasm Geographical region Lines He
landraces China 68 0.019
T aestivum landraces Iran, Transcaucasia 77 0.026
ssp. aestivum landraces Turkey 56 0.040
cultivars North America 18 0.024
landraces Afghanistan, Pakistan, Iran 20 0.021
T aestivum landraces Transcaucasia, Turkey 15 0.030
$sp. compactum landraces Ethiopia 10 0.023
landraces and cultivars Austria, Switzerland 35 0.002
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the allelic frequencies in the T. aestivum genomes,
like the magnitude of diversity, indicate that gene
flow from tetraploid wheat to T. aestivum was
continuous and principal source of T. aestivum
diversity.

Cultivated tetraploid and hexaploid wheat was
often grown side by side in landraces and the former
is therefore a logical source of enhanced diversity in
the T aestivum A and B genomes compared to the
D genome. Wild emmer has also been implicated in
the origin of genetic diversity of the A and B genomes
of T. aestivum (DVORAK et al. 2006). Sympatry of
T. aestivum with wild emmer could have taken place
principally to the west of the centre of T. aestivum
origin in Transcaucasia and north-western Iran.
The prolonged sympatry with domesticated and
wild tetraploid wheat predicts that the greatest di-
versity in T. aestivum will be in Turkey. This was
observed both in common wheat (T aestivum ssp.
aestivum) and club wheat (T. aestivum ssp. compac-
tum) (Table 2). Gene flow from domesticated and wild
tetraploid wheat in Turkey is also a likely candidate
for subdivision of T. aestivum population into the
western and eastern groups indicated by individual
loci (TSUNEWAKI 1966, 1968; DVORAK et al. 2006)
and clustering with simple sequence repeat (SSR)
markers (BALFOURIER et al. 2007). The consequence
of gene flow from tetraploid wheat to T aestivum is
that the centre of molecular diversity of T. aestivum
coincides poorly with the centre of morphological
diversity as described by VAviLov.

CONCLUSIONS

Diversity in domesticated emmer and 1. aestivum
was shaped by gene flow from the ancestors, which
altered the original diversity pattern present at the
time of domestication. New centres of diversity
evolved that do not reflect the geography of crop
origin but parallel the geography of diversity in the
progenitor. The maximum diversity in domesticated
emmer is in the Mediterranean basin because do-
mesticated emmer was sympatric with the most
diverse population of wild emmer in the eastern
Mediterranean. The maximum diversity in 7. aes-
tivum is in Turkey because there T. aestivum was
sympatric with domesticated tetraploid wheat and
wild emmer. Displacements of maximum diversity
in a crop relative to the centre of its origin due to
gene flow from the progenitor should be expected
every time when a crop originates in a peripheral
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or specialized population of the progenitor. Such
crops will likely be equally or more diverse than
the populations from which they descended. That
situation exists both in domesticated einkorn and
domesticated emmer. Only if domestication takes
place in the centre of diversity of the ancestor,
geography of crop diversity and geography of its
origin will coincide and the diversity pattern may
agree with VAviLoV’s hypothesis.
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