Lo L

P

1\

=y

Genetic evidence for a second domestication of
barley (Hordeum vulgare) east of the Fertile Crescent
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Cereal agriculture originated with the domestication of barley and
early forms of wheat in the Fertile Crescent. There has long been
speculation that barley was domesticated more than once. We use
differences in haplotype frequency among geographic regions at
multiple loci to infer at least two domestications of barley; one
within the Fertile Crescent and a second 1,500-3,000 km farther
east. The Fertile Crescent domestication contributed the majority
of diversity in European and American cultivars, whereas the
second domestication contributed most of the diversity in barley
from Central Asia to the Far East.
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he domestication of barley is fundamental to understanding

the origins and early diffusion of agrarian culture. Barley, as
one of the earliest and most important crops in Neolithic
agriculture (1), sits at the nexus of what many regard as the most
fundamental technological transformation in human history.
The oldest archaeological remains of domesticated barley and
early forms of wheat are found in human Neolithic sites in the
Fertile Crescent such as Abu Hureyra and Jericho (Fig. 1) and
are dated to ~8500 calibrated years (cal.) B.C. (1-4).

For 2,000 years or more, barley along with einkorn and emmer
wheat were the primary cereal crops (1). Unlike wheat and other
Fertile Crescent founder crops, the natural range of wild barley,
the progenitor of cultivated barley, extends east into Central
Asia to present day Kyrgyzstan, Afghanistan, and western Pa-
kistan (1). Barley has been continuously cultivated for >8,000
years in southern Central Asia, east of the Fertile Crescent, but
it has never been clear whether barley was domesticated locally
or imported along with other founder crops from the Fertile
Crescent (5).

Domestication of food plants involved not only profound
modifications of human societies but also genetic changes in wild
plants as cultivated forms were selected. Perhaps the most
essential domestication trait in barley, the presence of nonbrittle
ears of grain, is controlled by two distinct genetic loci (6-9). In
domesticated barley (with nonbrittle ears), grains remain at-
tached to the upright stems where they can be readily harvested.
The locus responsible for nonbrittle ears differs among landraces
from eastern and western Asia, suggesting independent origins
(10) and fueling decades of discussion among archaeologists and
biologists as to the number of domestications of barley (5,
11-13). Zohary (13) identifies two types of genetic evidence
likely to be informative as to the number and/or locations of
domestication.

First, the specific allelic composition of domesticates is the
result of subsampling populations of the wild progenitor (13). If
the wild progenitor has marked differences in allele frequencies
among geographic regions, i.e., when there is geographically
based genetic differentiation, allelic composition is especially
likely to be informative as to the number and locations of origin
of domesticates. Allelic composition in barley could be very
informative because in wild barley roughly half of sequenced loci
exhibit significant differentiation among the eastern and western
portion of the species range (14-18). Differences in allele

www.pnas.org/cgi/doi/10.1073/pnas.0611377104

frequencies among eastern and western landrace barleys have
also been reported (14, 19, 20). For example, at three of four
esterase loci examined by Kahler and Allard (20), Central Asian
and Far East landraces had alleles at ~20% or greater frequency,
which were found at much lower frequencies in European
landraces and in wild barley from Israel and Turkey. Although
there has been criticism of the methods used (21), neighbor-
joining clustering based on distance among amplified fragment
length polymorphism genotypes lead Badr et al. (14) to conclude
that cultivated barley had a single origin.

Zohary (13) also argues that independent domestications are
likely to select for nonallelic mutations that govern the principal
domestication-related traits (e.g., nonbrittle ears in cereals and
the loss of germination inhibition). Distinct genetic loci govern-
ing the same domestication-related trait but found in different
portions of the geographic range of a crop constitute strong
evidence for multiple independent domestications (13). The
genetic determination of three of the primary domestication-
related traits in barley has been analyzed: (i) nonbrittle ears (22);
(if) “kernel row type,” which controls whether two or six rows of
grains are produced (23-26); and (iii) the presence or absence of
hulls around the grain (27, 28). Although the two genetic loci for
nonbrittle ears are very closely linked (22, 29), haplotype data
from a flanking marker is consistent with the earlier finding of
Takahashi (6, 10) that different loci predominant in eastern and
western cultivars (26, 30). The kernel row-type trait is also
controlled by two separate genetic loci (24). The presence of
hull-less grains is controlled by a single locus and appears to have
had a single origin in domesticated barley, apparently some-
where east of the Fertile Crescent (27).

Wild barley offers an exceptional opportunity to detect mul-
tiple domestications because it has relatively high levels of
nucleotide sequence diversity (15, 31, 32) and, more importantly,
because loci sampled from different geographic regions often
show marked differences in haplotype frequency (18). Ten of the
18 loci sampled by Morrell ez al. (17, 18) show significant (P =
0.05) geographic differentiation based on the nearest neighbor
test (33) (Table 1). The most extreme geographic differentiation
observed in wild barley is 2.2% per-site divergence among the
major haplotypes from the Adh3 locus (15, 17); Dhn4 and G3pdh
show similar per-site divergence among the major haplotypes in
the eastern and western portions of the species range (17, 18).

Geographic patterns of genetic differentiation are associated
with the major topographic feature within the range of wild
barley, namely the Zagros Mountains (Fig. 1), that trend north-
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Fig. 1. The geographic distribution of sampled wild barley accessions and
the locations of the human Neolithic sites mentioned in the text that contain
early evidence of domesticated barley. The 25 wild barley accessions where all
18 loci were sequenced are indicated by filled circles. An additional 20 acces-
sions (see Materials and Methods) were sequenced at four loci and are
indicated by asterisks. Samples with majority assignment to the eastern cluster
are shown inred, and samples with majority assignment to western cluster are
shown in blue. The Neolithic sites indicated include Jericho (Palestine), Abu
Hureyra (Syria), Jarmo (Iraq), Ali Kosh (Iran), Jeitun (Turkmenistan), and
Mehrgarh (Pakistan).

west to southeast and roughly bisect the range of the species. The
Zagros also delineate the eastern edge of the Fertile Crescent;
thus, the most dramatic differences in haplotype composition in
wild barley occur between the Fertile Crescent and the portion
of the range east of the Zagros (17). Differences in haplotype
frequencies among regions also suggest that human activity,
including transportation of cultivated barley among regions, has
not homogenized genetic diversity across the range of the wild
progenitor.

We have resequenced seven loci that show significant geo-
graphic structure in wild barley (Table 2) (18) in a sample of 32

Table 1. Results of the nearest neighbor test (10,000 replicates)
for geographic structure, Snn, at 18 wild barley loci

Locus Shn P value
Adht 0.506 0.3061
Adh2 0.553 0.2082
Adh3 0.743 0.0070
a-amy1 0.505 0.1588
Cbf3 0.756 0.0007
Dhn1 0.576 0.1883
Dhn4 0.735 0.0032
Dhn5 0.625 0.0720
Dhn7 0.721 0.0107
Dhn9 0.725 0.0001
Faldh 0.733 0.0039
G3pdh 0.721 0.0051
ORF1 0.741 0.0000
5'Pepc 0.440 0.8258
Pepc 0.465 0.5735
Stk 0.673 0.0268
vrn1 0.472 0.5104
Waxy 0.658 0.0447

The sample is divided among eastern and western clusters based on assign-
ment testing.
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Table 2. Seven loci sequenced in both wild and cultivated barley

Locus Aligned length, bp Parsimony-informative SNPs
Cbhf3 1,515 23

Dhn4 1,074 31

Dhn9 1,013 12

Faldh 1,094 17

G3pdh 2,011 45

ORF1 1,533 23

Stk 1,057 20

Averages 1,328.1 23.71

The aligned length and number of observed parsimony-informative SNPs
(SNP observed at least twice) in wild samples are reported for each locus.

cultivated barleys, the majority of which are landraces used in
traditional agriculture [Fig. 2; see also supporting information
(SI) Table 3]. The data set includes 196 SNPs from cultivated
barley. The correspondence of haplotypes observed in cultivated
and wild barleys can be used to estimate the probability that a
landrace is derived from one or more portions of the range of the
progenitor. Thus, we ask whether the haplotypic composition of
landraces is concordant with that of wild barley from the same
region.

Results and Discussion

To identify geographic discontinuities in genetic diversity in wild
barley, we used resequencing data from 18 loci and 25 accessions
that included a total of 684 SNPs (Fig. 1 and Table 1). A genetic
assignment algorithm (34) was applied to the data with K = 2-4
clusters, without using prior information on geographic origin.
The model-based algorithm identifies up to K clusters (where K
may be unknown), each of which is characterized by distinct
allele frequencies at each locus. With K = 2 clusters, the sample
is split between the eastern and western portions of the species
range, with the transition between predominantly eastern and
western assignment occurring among accessions from the north-
ern Zagros Mountains. However, samples from the northeastern
extreme of the range cluster partially with western samples. With
K = 3 or 4, northeastern samples are differentiated from both
western and other eastern samples. This observation is consistent
with haplotype composition; northeastern samples carry many
private alleles, or haplotype segments, not sampled elsewhere.

Comparison of the percentage of alleles shared among sam-
ples to great circle geographic distance also reflects a change in
allelic composition between the eastern and western clusters. In
SI Fig. 44, samples are compared both within and between
eastern and western clusters. A group of highly differentiated
pairs of samples occurs at ~1,100 km, between accessions from
the Mediterranean coast and the Zagros region, reflecting a
change in allelic composition (Fig. 1 and SI Fig. 44). A very
similar pattern is also evident in wild barley based on the seven
loci also sequenced in barley landraces (SI Fig. 4B) (discussed
below).

For STRUCTURE analysis, the data must be treated as
unique alleles. Each of the loci was broken into alleles (haplotype
segments) based on direct evidence of recombination (see
Materials and Methods). Among the 61 haplotype segments from
the 18 loci, there are 329 total alleles, 182 of which are private
to either eastern of western wild barley. Of these alleles, 40 occur
at a frequency of =22% within one of the two partitions of the
sample. Eighteen of these alleles are private to the eastern
cluster, and 22 are private to the western. If the species-wide
frequency of an allele is =22%, there is >95% probability that
the allele would be sampled in accessions from both the eastern
and western cluster.
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Fig. 2.
shown in red and blue, respectively. A landrace sample from Peru is not depicted.

Levels of nucleotide sequence diversity among the eastern and
western cluster are similar, with average 6. for all sites over all
18 loci of 0.00579 for eastern wild barley and 0.00597 for western
wild barley.

Taken together, these results suggest that the clusters of wild
samples identified in STRUCTURE analysis result from long-
standing differences in allelic composition in populations east
and west of the Zagros Mountains rather than recent demo-
graphic events (e.g., a bottleneck associated with recent founding
of eastern populations).

Given that the primary geographic structure in wild barley
differentiates western wild barley (from the Fertile Crescent)
from eastern wild barley (from the Zagros and further east) we
used STRUCTURE to estimate the probability of assignment
for each cultivated barley accession to either of these two
regions. We found that landrace accessions from east or west of
the Zagros have very different probabilities of assignment to the
western wild barley cluster (from the Fertile Crescent region).
The median probability of assignment for western landraces is
99.4%, with a range of 62.2-99.8% (Fig. 2 and SI Fig. 5). Eastern
landraces have a median probability of assignment to the western
cluster of only 33.6%, with a range from 0.2% to 78.8%.
Three-quarters of eastern landraces have <50% assignment to
the western wild barley cluster. Accessions from the Zagros
Mountains and Caspian Sea region show the lowest probability
of origin in the Fertile Crescent (Fig. 2 and SI Fig. 5). Changes
in specification of the data model in STRUCTURE (see Mate-
rials and Methods) do not change the primary assignment of
individual landrace accessions but do result in less discreet
clustering.

As was the case in wild barley, comparison of the percentage
of shared alleles with geographic distance within versus between
eastern and western landraces indicate differentiation among
geographic regions (SI Fig. 6).

At six of the seven loci sequenced in the landrace samples (all
but Dhn4), haplotypes that were found exclusively in eastern wild
samples also were found to be present in eastern landraces (see
SI Fig. 7). The haplotypes include 10 SNPs found only in eastern
wild barley and eastern landraces.

These lines of evidence strongly suggest an independent
domestication of barley outside the Fertile Crescent. All land-
race accessions from east of the Zagros, across Asia to North
Korea, have substantial identity to eastern wild barleys (Fig. 2
and SI Fig. 5), with assignment probabilities suggesting a mix of
eastern and western origin. These data suggest that eastern
landraces have been subject to admixture from imported, west-
ern landraces. Archaeological evidence indicates extensive in-
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The geographic distribution of sampled barley landraces. The estimated probabilities of eastern and western wild barley origin for each sample are

troduction of other Fertile Crescent founder crops into central
and southern Asia; for example, einkorn wheat was introduced
by ~6,000 B.C. (4, 5, 11). Thus, it would be surprising if western
barley landraces had not been imported along with other do-
mesticates. Introgression with western domesticated barley is
likely to have been ongoing; Ordon et al. (19) report high levels
of similarity between Japanese barley bred for malting quality
and European cultivars.

Which geographic regions have contributed to modern culti-
vars? To address this question we considered 10 modern cultivars
and three barley genetic stocks from North America and Europe.
The cultivars have a median 89.7% probability of assignment to
the western wild cluster, consistent with the introduction of
barley into Europe and ultimately North America from the
Fertile Crescent region (Fig. 3) (35). However, two U.S. cultivars
and one line of the genetic stocks have <50% probability of
assignment to the western cluster, probably because modern
barley breeding programs have introduced genetic material from
eastern wild barley in the quest to exploit novel germplasm (36).
More generally, assignment tests indicate that wild barley from
the Fertile Crescent contributed the majority of genetic diversity
in present-day European and American cultivars, whereas wild
barley from Central Asia contributed half or more of the genetic
diversity in barley cultivated from Central Asia to the Far East.

Where could a second barley domestication have occurred?
The relatively broad, species-wide sample mesh in the present
study suggests an origin of eastern landraces in the western
foothills of the Zagros or points farther east. Much of the region
immediately east of the Zagros is a high-elevation plateau, where
both wild barley populations (4) and known human Neolithic
sites are relatively rare (5). However, the locations of early
Neolithic agropastoral settlements suggest three general regions
in which the secondary domestication could have taken place. In
the foothills of the Zagros, at such sites as Ali Kosh and Jarmo
(Fig. 1), domesticated barley is dated to ~7,000—8,000 cal. B.C.
Domesticated barley is found at the Indus Valley site of Mehr-
garh (in present day Pakistan) from ~7,000 cal. B.C. Finally, in
the piedmont zone between the Kopet Dag mountain range and
Kara Kum Desert (east of the Caspian Sea in present day
Turkmenistan), cultivated barley was present by ~6,000 cal. B.C.
(see ref. 37). Both naked and hulled six-row barleys were
cultivated at Mehrgarh and by the Jeitun culture (in the Caspian
Sea region) (5). Mehrgarh lies near the eastern edge of the range
of wild barley (1); thus, it is possible that barley found at
Mehrgarh was domesticated locally. At Jeitun in southern Turk-
menistan (the type site of the Jeitun Culture on the Kopet Dag
piedmont), domesticated forms of (probably six-row) barley and

PNAS | February 27,2007 | vol. 104 | no.9 | 3291

EVOLUTION


http://www.pnas.org/cgi/content/full/0611377104/DC1
http://www.pnas.org/cgi/content/full/0611377104/DC1
http://www.pnas.org/cgi/content/full/0611377104/DC1
http://www.pnas.org/cgi/content/full/0611377104/DC1
http://www.pnas.org/cgi/content/full/0611377104/DC1

SINPAS

Canada (Saskatchewan)
Canada (Saskatchewan)

USA (Washington)
USA (Nebraska)
USA (Oklahoma)
USA (Nebraska)
USA (Nebraska)
USA (Oregon)
USA (Oregon)

USA (Nebraska)
USA (Minnesota)

Poland
Scotland

Cultivated Barley Genetic Stocks

10| 1l 1
0.8
0.6
0.4
0.2
0.0

% Eastern Ancestry

Harrington
Dicktoo
Kutnowski 333
Morex

Steptoe

Golden Promise
Kearney

Post 90

Nebar

Dundy

TR306

OWB Recessive
OWB Dominant

Fig. 3. Assignment of cultivated barley samples and barley genetic stocks
relative to the eastern and western wild barley clusters. Each column repre-
sents a single individual, with the probability of assignment to eastern wild
barley shown in red and the probability of assignment to western wild barley
shown in blue. Samples are sorted based on decreasing probability of assign-
ment to eastern wild barley.

einkorn wheat (Triticum monococcum) were being cultivated,
and domesticated goats and sheep were being herded, by 6,000
cal. B.C,, indicating the presence of a well developed agrarian
society (5, 37).

Sample size in the present study limits our ability to compare
haplotype composition in various portions of the eastern range
of wild barley with that of eastern landraces. However, among
the haplotype segments (from six loci) most indicative of eastern
origin, i.e., those shared by eastern landraces and eastern wild
barley but not sampled in western wild barleys, all but one were
found in wild barleys from east of the Caspian Sea, and five
segments were exclusive to that region; only one of the 11
segments was sampled only in the western Zagros. Based on a
combination of archaeological and genetic data, the most likely
location for a second origin of barley is ~1,500-3,000 km east of
sites in the Fertile Crescent where western barley is most likely
to have been domesticated.

Evidence for two domestications must be weighed against the
alternative, a single domestication in the Fertile Crescent fol-
lowed by extensive introgression (14). Introgression from Cen-
tral Asian wild barley into landraces imported from the Fertile
Crescent would be necessary because wild barley samples from
the Fertile Crescent do not carry all of the haplotype diversity
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found in eastern landraces. Expanding agrarian cultures could
have imported landraces from the Fertile Crescent to Central
Asia (5), where introgression with wild barley occurred (14).

There are two principal problems with this scenario (a single
domestication followed by introgression). First, in what was
perhaps 2,000 or more years before agrarian culture expanded
into Central Asia, cultivated barley was subject to human
selection for agronomically desirable polygenic traits, such as
seed size and loss of seed dormancy (12, 38). After hybridization
between wild and landrace barley, repeated back-crossing to the
recurrent parent (imported landraces) would be necessary to
recover agronomically important traits, diminishing the poten-
tial genetic contribution of the donor parent (eastern wild
barley). The second issue is that a single domestication cannot
explain the two independent origins of the domestication-related
traits, nonbrittle ears and kernel row type. As Zohary (13) points
out, the fixation of independent mutations at nonallelic, non-
brittle ear loci in cultivated barley is strongly suggestive of at least
two domestications. With the addition of multilocus haplotype
data demonstrating a strong geographic discontinuity in the
probable wild founder populations of barley landraces, both of
Zohary’s criteria for identifying multiple domestications are
satisfied.

Modern analytical methods, combined with high-throughput
DNA sequencing at multiple informative loci permit a clearer
view of historical events associated with domestication of a major
founder crop and reveal at least two initial domestications at the
dawn of agriculture. Because both wild and domesticated barleys
maintain high levels of informative nucleotide sequence diversity
(31), it is probable that more intensive sampling from an
appropriate geographic mesh can provide a finer scale view of
the history of domestication.

Materials and Methods

Sampling and Data Collection. Seeds of wild and cultivated barley
landraces and cultivars were obtained from the U.S. Department of
Agriculture, Agricultural Research Service, National Small Grains
Collection (Aberdeen, ID). Sampled wild barleys were included in
previous studies (e.g., refs. 16, 31, and 39). Seeds for U.S. and
Canadian cultivated barleys and genetic stocks were provided by the
laboratories of Timothy Close (University of California, Riverside)
or Patrick Hayes (University of Oregon, Eugene). Sampled acces-
sions were drawn from across the natural geographic and cultivated
range of the species, with a special emphasis on landrace barleys
from regions that archaeological evidence suggests were early sites
for barley cultivation (see SI Table 3). Leaf material from individual
plants was harvested, and DNA was extracted by using DNAzol ES
(Molecular Research Center, Cincinnati, OH) according to the
instructions of the manufacturer.

Seven loci (Table 1) were completely resequenced in a panel
of 32 cultivated barleys (SI Table 3). Nineteen of the accessions
are listed by the U.S. Department of Agriculture GRIN (The
Germplasm Resources Information Network) database as land-
races. Sampled landraces are primarily from western and central
Asia, with one sample each from Africa, Europe, and South
America (see SI Table 3 for the country and geographic locality
of origin of each accession). The balance of the sample includes
10 modern cultivars and three North American genetic stocks.
The modern cultivars include one each from Scotland and
Poland and eight from the U.S. and Canada.

For three loci, Cbf3, Dhn9, and ORF1, additional wild accessions
were resequenced, resulting in sample sizes of 52, 45, and 47.

PCR amplification, sequencing, and fragment assembly follow
the methods of Morrell et al. (17), i.e., direct sequencing of PCR
products using Big Dye V. 3.1 (Applied Biosystems, Foster City,
CA) followed by assembly of sequence fragments with PHRED/
PHRAP/CONSED (40-42). POLYPHRED V. 5.04 was used
for polymorphism detection (43). For the Cbf3 locus, sequence

Morrell and Clegg


http://www.pnas.org/cgi/content/full/0611377104/DC1
http://www.pnas.org/cgi/content/full/0611377104/DC1
http://www.pnas.org/cgi/content/full/0611377104/DC1

Lo L

P

1\

=y

from five wild accessions were computationally phased by using
PHASE V. 2.1 (44-46). Error detection using triplets of SNPs
(ref. 38 and D. M. Toleno, P.L.M., and M.T.C., unpublished
data) was used to confirm the accuracy of haplotypes at all loci.

Data Analysis. Tests for geographic structure at individual loci
(Table 1) used the nearest neighbor test (33) as implemented in
LIBSEQUENCE (47). Diversity statistics for haplotype seg-
ments were calculated with GDA 1.1 (48). The haplotype
diagrams in SI Fig. 7 where generated by using SNAP MAP (49).
Great circle distance among samples (SI Figs. 4 and 6) was
calculated by using the FIELDS package in the R statistical
language and programming environment. Unless specified, all
other analyses used custom scripts written in R.

To estimate the probability that individual cultivated barley
accessions derive from wild barley either within or outside the
Fertile Crescent, we used a model-based genetic assignment
algorithm implemented in the computer program STRUC-
TURE V. 2.1 (34, 50). As in previous studies employing rese-
quencing data (51), we have recoded haplotypes as unique
alleles, as required by the STRUCTURE data model. Portions
of each locus that have a partially independent genealogical
history, as indicated by the presence of a detectable recombi-
nation event (52), are treated as individual haplotype segments.
All parsimony-informative (nonsingleton) mutations were used
to define haplotype segments.

A STRUCTURE analysis, based on 61 haplotype segments
from the 18 loci previously surveyed in wild barley (31), was used
to assign each wild barley individual to a cluster of origin without
using prior information as to the geographic origin of individual
samples. Assignment of cultivated barleys was based on data
from seven loci that showed geographic structure (Table 1) and
were highly informative for assignment (53) (SI Table 4) into the
two groups defined by all 18 loci.

We explored several options in STRUCTURE, with initial
analyses based on a minimal set of assumptions regarding the
data. The initial setup used a model with uncorrelated allele
frequencies among populations with no admixture; sampled
segments were treated as unlinked, and the geographic location
of origin was not used to assist clustering. This setup reflects
prior data from wild barley populations suggesting that major
portions of the range of wild barley have large differences in
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haplotype frequency (18) with moderate levels of gene flow (17)
but no evidence of recent population admixture.

The probability of assignment of domesticated barleys to
eastern or western clusters was inferred with K = 2; allele
frequencies were estimated with wild barley treated as a learning
sample. In this analysis, geographic population of origin was used
to cluster wild barleys but not used for domesticates. Cultivated
barleys have a known collection location, but their probability of
derivation from various portions of the range or their wild
progenitor is unknown and inferred based on allele frequencies
in the wild barley learning sample. Ten replicate runs of
STRUCTURE were carried out, with 100,000 replicates for
burn-in and 200,000 replicates during analysis. Reported prob-
abilities of assignment are based on the run with the highest
likelihood.

To explore variation in assignment due to model specification,
the panel of wild individuals was resampled with replacement to
create 20 test samples from both the eastern and western cluster
and 20 samples with the allele at each locus drawn randomly and
with equal probability from either cluster. Multiple replicate
searches were used to explore the impact of model specification
on assignment of these test samples where the genetic contri-
bution of each source population is known. Data models tested
included a linkage model that accounts for the use of adjacent
chromosomal segments (this must be specified along with an
admixture model) and with map distances among segments
based on the midpoint distance in kilobases. We also explored
combinations of models with or without correlated allele fre-
quencies, admixture, and the use of location of origin for wild
barley samples to assist clustering. Test samples were clustered
with wild barley as a learning sample. The addition of admixture,
correlated allele frequencies, and the linkage model resulted in
lower probabilities of assignment of test samples to their known
population of origin and increased variance of assignment in all
test samples. Using prior information on population of origin for
wild samples resulted in higher probability of assignment of test
samples to their population of origin.

We thank S. Hegde, B. J. Steffenson, and G. Waines for helpful
discussion and J. C. Avise, A. H. D. Brown, M. Brandt, B. S. Gaut, D. R.
Harris, P. M. Hayes, and N. A. Rosenberg for critical reading of the
manuscript. This work was supported by National Science Foundation
Grant DEB-0129247.

18. Morrell PL, Toleno DM, Lundy KE, Clegg MT (2005) Proc Natl Acad Sci USA
102:2442-2447.

19. Ordon F, Schiemann A, Friedt W (1997) Theor Appl Genet 94:325-330.

20. Kahler AL, Allard RW (1981) Theor Appl Genet 59:101-111.

21. Allaby RG, Brown TA (2003) Genome 46:448-453.

22. Komatsuda T, Maxim P, Senthil N, Mano Y (2004) Theor Appl Genet
109:986-995.

23. Komatsuda T, Nakamura I, Takaiwa F, Oka S (1998) Genome 41:680-685.

24. Tanno K, Taketa S, Takeda K, Komatsuda T (2002) Theor Appl Genet
104:54-60.

25. Tanno KI, Takaiwa F, Oka S, Komatsuda T (1999) Hereditas 130:77-82.

26. Tanno K, Takeda K (2004) Theor Appl Genet 110:145-150.

27. Taketa S, Kikuchi S, Awayama T, Yamamoto S, Ichii M, Kawasaki S (2004)
Theor Appl Genet 108:1236-1242.

28. Taketa S, Awayama T, Amano S, Sakurai Y, Ichii M (2006) Plant Breeding
125:337-342.

29. Saraswathi DV, Azhaguvel P, Senthil N, Koba T, Komatsuda T (2006) Jpn Agric
Res Q 40:239-242.

30. Senthil N, Komatsuda T (2005) Euphytica 145:215-220.

31. Morrell PL, Toleno DM, Lundy KE, Clegg MT (2006) Genetics 173:1705-1723.

32. Caldwell KS, Russell J, Langridge P, Powell W (2006) Genetics 172:557-567.

33. Hudson RR (2000) Genetics 155:2011-2014.

34. Falush D, Stephens M, Pritchard JK (2003) Genetics 164:1567-1587.

35. Fischbeck G (2003) in Diversity in Barley (Hordeum vulgare), eds von Bothmer
R, van Hintum T, Kniipffer H, Sato K (Elsevier, San Diego), pp 29-52.

36. Sato K, von Bothmer R, van Hintum T, Knuipffer H (2003) in Diversity in barley
(Hordeum vulgare), eds von Bothmer R, van Hintum T, Kniipffer H, Sato K
(Elsevier, San Diego), pp 269-278.

PNAS | February 27,2007 | vol.104 | no.9 | 3293

EVOLUTION


http://www.pnas.org/cgi/content/full/0611377104/DC1
http://www.pnas.org/cgi/content/full/0611377104/DC1
http://www.pnas.org/cgi/content/full/0611377104/DC1

Lo L

P

(\

B PN AS  PNAS D

3294

. Bellwood P (2004) First Farmers: The Origins of Agricultural Societies (Blackwell

Publishers, Malden, MA).

. Willcox G (2004) J Archaeol Sci 31:145-150.

. Cummings MP, Clegg MT (1998) Proc Natl Acad Sci USA 95:5637-5642.

. Ewing B, Green P (1998) Genome Res 8:186-194.

. Ewing B, Hillier L, Wendl MC, Green P (1998) Genome Res 8:175-185.

. Gordon D, Abajian C, Green P (1998) Genome Res 8:195-202.

. Stephens M, Sloan JS, Robertson PD, Scheet P, Nickerson DA (2006) Nat

Genet 38:375-381.

. Stephens M, Donnelly P (2003) Am J Hum Genet 73:1162-1169.
. Stephens M, Scheet P (2005) Am J Hum Genet 76:449-462.

| www.pnas.org/cgi/doi/10.1073/pnas.0611377104

46.
. Thornton K (2003) Bioinformatics 19:2325-2327.
48.

49.
. Pritchard JK, Stephens M, Donnelly P (2000) Genetics 155:945-959.
51.

52.
. Rosenberg NA (2005) J Comput Biol 12:1183-1201.

Stephens M, Smith NJ, Donnelly P (2001) Am J Hum Genet 68:978-989.

Lewis PO, Zaykin D (2001) Genetic Data Analysis: Computer Program
for the Analysis of Allelic Data (Univ of Connecticut, Storrs, CT), Ver-
sion 1.1.

Aylor DL, Price EW, Carbone I (2006) Bioinformatics 22:1399-1401.

Nordborg M, Hu TT, Ishino Y, Jhaveri J, Toomajian C, Zheng H, Bakker E,

Calabrese P, Gladstone J, Goyal R, et al. (2005) PLoS Biol 3:¢196.
Hudson RR, Kaplan NL (1985) Genetics 111:147-164.

Morrell and Clegg



