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Disequilibrium in Six-Rowed Barley Landraces
from the Qinghai-Tibetan Plateau
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ABSTRACT

The genetic diversity, population structure,
and extent of linkage disequilibrium (LD) were
investigated at a genome-wide level in 255 six-
rowed barley (Hordeum vulgare L. ssp. Vulgare)
landraces from the Qinghai-Tibetan Plateau
using 1264 polymorphic diversity array technol-
ogy (DArT) markers. The mean polymorphism
information content (PIC) of the DArT markers
ranged between 0.008 and 0.500 with an aver-
age of 0.213. Bayesian, principal coordinate
analysis, and phylogenetic analysis supported
that six-rowed barley landraces from this region
are divided into five distinct subpopulations
centered on the regions of origin of the germ-
plasm. The genetic distances calculated for all
the individual pairs were geographically depen-
dent, as revealed by Mantel tests (r = 0.35,
P < 0.001) and spatial autocorrelation analysis.
The LD values, expressed as r?, declined with
increasing genetic distance, and the same ten-
dency occurred on each chromosome. In gen-
eral, LD values were low (9.1% of adjacent mark-
ers; P < 0.001), and mean LD values across the
whole genome decayed to below the critical r?
of 0.22 after 3.32 cM. Approximately 19.0% of
marker pairs (mean r?> = 0.586) located on the
same chromosome and 4.9% of pairs (mean
r?> = 0.318) located on different chromosomes
were in LD (r? > 0.22). Our results discerned rel-
evant patterns of genetic diversity, population
structure, and LD among members of a Qinghai-
Tibet Plateau barley landraces panel proposed
to be ‘typical’ of a target region or environment
and have important implications for further
studies on association mapping and practical
breeding in high-altitude naked barley.
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CULTIVATED BARLEY is one of the oldest cultivated crops in
the world (von Bothmer and Komatsuda, 2010; Zohary and
Hopf, 2001; Zohary et al., 2012) and originates from wild barley
(H. vulgare ssp. Spontaneum). Three regions, the Fertile Crescent
(Badr et al., 2000; Harlan and Zohary, 1966; Zohary et al., 2012),
Central Asia (Morrell and Clegg, 2007; Saisho and Purugganan,
2007), and Tibet (Dai et al., 2012; Nevo, 2013; Ren et al., 2013),
have been suggested as the centers of wild barley domestication.
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Barley is an ancient crop in China and has been known
by the formal Chinese word Damai since 300 BC. A cen-
tury ago, China was the world’s largest barley producer
(Yang et al., 2010). Six-rowed hulless barley (H. vulgare
L. var. nudum Hook. f.) was the earliest cultivated barley in
China (Feng et al., 2006; Xu, 1982) and is known locally
as gingke; it provides one of the staple foods for Tibet-
ans inhabiting the Qinghai-Tibetan Plateau. Qingke is
mainly used to produce the Tibetan staple food tsampa
(known as zanba in Chinese) made from roasted flour
mixed with salty butter tea and rolled into balls with the
fingers (Newman and Newman, 2006; Saisho and Purug-
ganan, 2007) and qgingke liquor or beer. Almost all Tibet-
ans have a daily diet that includes tsampa, buttered tea,
gingke wine, and barley beer.

Six-rowed hulless barley cultivated in China is mainly
distributed in the Qinghai-Tibetan Plateau and its vicinity,
which covers the Tibet Tibetan Autonomous Region and
Qinghai Province, the Gannan Tibetan Autonomous Pre-
fecture and Hexi Corridor Region of Gansu Province, the
Ganzi Tibetan Autonomous Prefecture and the Aba Tibetan
and Qiang Autonomous Prefecture of Sichuan province,
and the Diqing Tibetan Autonomous Prefecture of Yunnan
province. The Qinghai-Tibetan Plateau is referred to as ‘the
roof of the world’ because of its high altitude. Crops that
grow in these high-altitude regions (ranging from 2200 to
4750 m) are subjected to difficult conditions, with drought,
salinity, and cold being the major environmental stresses
that impact survival and productivity. Six-rowed hulless
barley landraces that grow in the Qinghai-Tibetan Plateau
have high morphological diversity. Specific morphologi-
cal features and agronomic traits include colorful seeds and
extremely early heading times (45 d; Xu, 1982). Landraces
have adapted well to the biotic and abiotic stresses of the
extremely harsh habitat, making them ideal for providing
an excellent germplasm to combat existing or upcoming
stress threats (Du et al., 2011).

To further understand the domestication process and
to facilitate its use in barley breeding programs, it is essen-
tial to study the genetic diversity and population structure
of six-rowed hulless barley populations in Tibet and its
vicinity (Dai et al., 2012; Feng et al., 2006; Nevo, 2013;
Orabi et al., 2009; Ren et al., 2013; Wang et al., 2009).
Although some six-rowed hulless barley landrace studies
have taken place, these have so far only involved a small
number of DNA markers and/or samples with limited
geographical distribution (Dai et al.,, 2012; Feng et al.,
2006; Li et al., 2004; Nevo, 2013; Ren et al., 2013; Wang
et al.,, 2009; Zhang et al., 1992, 1994).

High-throughput DArT markers have been useful in
studies of genetic diversity and population structure in barley
(Bonman et al., 2011; Comadran et al., 2009; Dai et al,,
2012; Matthies et al., 2012; Zhang et al., 2009). DArT analy-
sis uses the Barley PsI array, which comprises approximately

2500 clones known to be polymorphic in a wide range of
Australian and European cultivars and in wild barley (WenzI
et al., 2004, 2006). The objectives of this study were (i) to
investigate the population structure and genetic diversity at
a genomewide level in six-rowed hulless barley landraces
from the Qinghai-Tibetan Plateau using DArT markers, and
(1) to estimate the extent of LD in the barley genome as a
first step towards performing association mapping.

MATERIALS AND METHODS
Plant Materials and DNA Extraction

The six-rowed barley landraces investigated consisted of four
hulled and 251 hulless types (Supplemental Table S1). These
originated from the following Qinghai-Tibetan Plateau areas:
Tibet (68 samples), Qinghai (65 samples), Gansu (85 samples),
Sichuan (18 samples), Yunnan (12 samples), and Guizhou (two
samples). Genomic DNA was extracted from young leaves
using an improved cetyltrimethylammonium bromide method
(Doyle and Doyle, 1990). The DNA samples were diluted at
50 to 100 ng ul™! and sent to Diversity Arrays Technology Pty.
Ltd. (Yarralumla, Canberra, Australia) for whole-genome pro-
filing of DATIT using the Barley PstI (BstNI) version 1.7 array
(www.triticarte.com.au; Wenzl et al., 2004).

Data Analysis

Polymorphism information content values were calculated
for each DArT marker using the formula PIC :172(2)2,
where P, is the proportion of the population carrying the ith
allele (Botstein et al., 1980; Smith et al., 2000). Calculations
were performed using the software Powermarker 3.25 (Liu and
Muse, 2005).

Three different methodologies were used to assess the popu-
lation structure. 1. The Bayesian approach was used to determine
the population structure using STRUCTURE 2.2 software
(Pritchard et al., 2000). STRUCTURE was run three times inde-
pendently with K ranging from 1 to 15, and with 10 iterations for
each K setting a burn-in period of 100,000 and burn-in length of
1,000,000 Markov Chain Monte Carlo iterations. For each run,
STRUCTURE produced a Q-matrix listing the estimated mem-
bership coeflicients for each accession in each subgroup. Statistical
integration of data generated by STRUCTURE was performed
using CLUMMP software (Jakobsson and Rosenberg, 2007). 2.
Principal coordinate analysis (PCoA) was performed with the
computer program NTSYS pc2.1 (Rohlf, 2000) using a genetic
similarity matrix based on Nei’s genetic similarity. Nei’s standard
genetic distance assumes that genetic differences arise because
of mutations and genetic drift, which differentiate it from other
measures. 3. Phylogenetic analysis was conducted using the allele
sharing distance matrix. The neighbor-joining (NJ) tree was con-
structed using NTSYSpc2.1 software (Rohlf, 2000).

An analysis of molecular variance (AMOVA) was performed
in ARLEQUIN v3.5 software (Excoffier and Lischer, 2010) to
estimate the variance among populations and among accessions
within populations. Population differentiation and significance
were assessed by calculating pairwise F..values for all population
pairs also using ARLEQUIN v3.5. The significance of variance
components was tested using 1000 permutations.
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Table 1. Distribution of 625 mapped diversity array technology markers on seven barley chromosomes.

Chromosome
1H 2H 3H 4H 5H 6H 7H All
Number of markers 85 101 95 37 92 90 125 625
Length, cMt 216.6 210.7 20941 183.2 238.9 169.0 179.2 1406.7
PIC value* 0.230 0.241 0.221 0.116 0.223 0.214 0.207 0.216

T The chromosome length is given in accordance with Zhou et al. (2012).
+ PIC, polymorphism information content.

The correlation between genetic distance and geographic
distance (measured in kilometers) was performed both through
the Mantel test and spatial autocorrelation analysis among
accessions with doubtless geographical origin. The Mantel test
was implemented in the GenAlEx6.5 software (Peakall and
Smouse, 2012; 999 permutations, significance level P < 0.01).
A multivariate spatial autocorrelation method was used to
detect the spatial genetic structure of the barley germplasm.
The analysis was operated in the GenAlEx6.5 software (Peakall
and Smouse, 2012) using the genetic distance and geographical
distance matrices and generated a correlation coefficient racross
27 selected spatial distance classes. A significant departure from
the null hypothesis of no structure (r = 0) is obtained when a
positive r-value falls outside of the 95% confidence intervals. To
ensure accuracy of estimating the extent of the genetic struc-
ture, each distance class had approximately equal distance pairs
and varied the number of distance classes (Peakall et al., 2003).
The autocorrelogram was plotted r as a function of geographic
distance to elucidate the scale at which genetic and geographic
distances are no longer correlated.

The LD between pairs of DArT loci mapped on the same
and different chromosomes was evaluated using the software
package TASSEL (Bradbury et al., 2007). The LD was esti-
mated by squared-allele frequency correlations (r*; Hill and
Robertson, 1968). The P-values for the significance of pairwise
LD among all possible pairs of mapped DArT loci were evalu-
ated by TASSEL. A plot of 1> values (significance P < 0.001)
against the genetic distance in ¢M was created for the extent
and distribution of LDs. The genetic distance for the pairs of
loci mapped on different chromosomes was assigned as 200 cM.
The decrease of LD with genetic distance was estimated by
nonlinear regression (SPSS Statistics, version 18.0) following
the methods of Remington et al. (2001). A critical value of 1%,
as evidence of linkage, was derived from the distribution of
the unlinked . Unlinked r? estimates were square root trans-
formed to approximate a normally distributed random variable.
Then the parametric 95th percentile of that distribution was
taken as a population-specific critical value of 1%, beyond which
LD was likely to be caused by genetic linkage. The intersection
of the loess curve fit to the syntenic r* with this baseline was
considered as the estimate of the extent of LD in the chromo-
some (Breseghello and Sorrells, 2006).

RESULTS

Polymorphisms of DArT Markers
High-throughput DArT markers are repeatable domi-
nantly biallelic markers that can be used for whole-genome
profiling of barley (Alsop et al., 2011; Hearnden et al.,

2007; Rodriguez-Suarez et al., 2012; Wenzl et al., 2004,
2006). For a biallelic marker, the minimum and maxi-
mum PIC values are 0 and 0.5, respectively. In this study,
DAIT analysis produced 1263 biallelic markers, with
corresponding PIC values ranging from 0.008 to 0.500,
with an average of 0.213. Of these 1263 DArT markers,
625 (49.5%) had known map locations. These included
116 with minimum allele frequencies (MAF) lower than
0.05 and three with missing data percentages >20%. Mean
PIC values, calculated for each of the seven chromosomes,
were found to be similar within six of the chromosomes
(0.207-0.241). However, chromosome 4H had a signifi-
cantly lower mean PIC value (0.116) and much less marker
coverage than the other chromosomes (Table 1).

The 625 DArT markers provided an average genome
coverage of 89 markers per chromosome (one marker per
2.25 ¢cM), with a minimum of 37 markers per chromosome
(4H; one marker per 4.95 cM) and a maximum of 125 (7H;
one marker per 1.43 cM). Previous studies (Kraakman et
al., 2004; Rostoks et al., 2005) have demonstrated that the
genomewide coverage provided by the DArT markers in
this study was dense enough for further association analysis.

Population Structure
Three approaches were used to partition the germplasm
into subpopulations on the basis of the molecular poly-
morphism data collected. When considering the linkage
between markers, a representative 122 DArT markers were
used to investigate the genetic structures of the 255 barley
landraces using the Bayesian approach implemented in the
STRUCTURE 2.2 program. This subset was selected
from the 625 mapped DArT markers on the basis of genetic
distance, with approximately one marker every 10 cM.
The STRUCTURE program outputted the probabil-
ity distribution Pr(X|K), where X represents the genotypes
of all the examined accessions and K the number of popu-
lations; a Q-matrix was generated for each K. Three meth-
ods were used to determine the optimal number of popu-
lations (Supplemental Fig. S1a). First, a plot of LnPr(X|K)
against K was made for K = 2 to 15. In this plot, the value
of LnPr(X|K) rose steadily up from K = 2 to 15, and there
were good duplications of the Q-matrices (measured as 1;
r>0.999) for K = 2, 3, and 5. However, the replication of
LnPr(X|K) was poor for K= 4 and K= 6 to 15. Therefore,
the analysis of LnPr(X|K) did not obtain a clear optimal K
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Figure 1. Population structure of the 255 six-rowed naked barley landraces from the Qinghai-Tibetan Plateau illustrated by bar plots at
the optimal population number, K = 5. Each landrace is shown as a thin vertical segment whose color(s) indicates its proportion of each
population. The landraces clustered into five subgroups, POP1 to POP5, each represented by an individual color.

value. Next, a plot was made for AK against K (Supplemen-
tal Fig. S1b; Evanno et al., 2005). This plot revealed that
there were two peaks, at K= 2 and K = 5, which suggested
that the most likely value(s) of K is 2 or 5. Finally, the
relationship between genetic structure and phenotype was
analyzed (Cockram et al., 2008; Jones et al., 2011). Pheno-
type data on the caryopsis structure (hulled or hulless) were
converted into binary characters, and logistic regressions of
phenotypes against the Q-matrices for K = 2 to 10 were
performed in SAS package. In this type of analysis, the
lowest value for Akaike’s information criterion (AIC) iden-
tifies the range of K where the population structure is best
correlated with phenotype. The AIC is a measure of the
quality of a statistical model; when given a set of possible
models for the data, the preferred model is the one with the
minimum AIC value. For hulled and hulless, the lowest
AIC value was found at K = 5 (Supplemental Fig. S1b).
The combined results of the three methods suggested that
the optimal K = 5.

The 162 accessions (63.5%) with membership coeffi-
cients of Q 2> 0.8 were assigned to one of five populations
(POPs), while 93 accessions (36.5%) were classed as admixed
(Fig. 1; Supplemental Table S1). The classification of the five
populations was compared with their geographical distribu-
tion (Fig. 2). Population 1 mainly consisted of lines origi-
nating from the the area along the Yarlung Zangbo River
and its two tributaries (YLN) and Changdu region, Tibet,
south Qinghai (the Yushu Tibetan Autonomous Prefecture),
west Sichuan, and northwest Yunnan. The POP2 lines were
from two regions in Tibet (YLN and Changdu). Popula-
tion 3, which included all four of the hulled lines as well as
hulless lines, was distributed from the margins or vicinity
of the Qinghai-Tibetan Plateau (west Sichuan, northwest
Yunnan, and the Hexi Corridor Region, Gansu). Popula-
tion 4 mainly consisted of lines from the Hehuang Valley,

and from the area between the Huangshui and Huang
Rivers in Qinghai and Gansu, and its vicinity. Population 5
mainly included lines from south Gansu.

Principal coordinate analysis was also used to examine
the population structure. Two two-dimensional and one
three-dimensional scatter plot of the 255 barley genotypes
are shown in Fig. 3. They exhibited a similar population
stratification to that of the STRUCTURE analysis, and
the first three principal coordinates accounted for 22.54%,
13.06%, and 8.29% of the genetic variance, respectively. For
all assigned accessions, the first and second principal coordi-
nates (PCol and PCo2) clearly separated POP1, POP2, and
POP3 from POP4 and POP5 (Fig. 3a). The third princi-
pal coordinate (PCo3) further separated POP4 from POP5
(Fig. 3b). Population 4 and POP5 had the closest genetic
relationship and were distinct from POP2 and POP3 (Fig.
3¢). Although the genetic differences among the POPs gen-
erally matched the geographical distance, some individuals,
identified as admixed in STRUCTURE, were placed in
intermediate positions in the ordination (Fig. 3).

The Nei’s genetic distance coefficients (d), ranging
from 0.000 to 0.584 (overall mean of 0.181), were calcu-
lated using N'TSys 2.1e. The greatest distance (d = 0.584)
was observed between the two Genotypes 705 (from
Tibet) and 736 (from Sichuan). A NJ tree was constructed
in accordance with d (Fig. 4). The NJ tree could also be
classified into five clear major branches. These were sim-
ilar to the results from STRUCTURE and PCoA, but
with a few exceptions treated as admixed accessions in
the above two approaches. The composition of the five
branches in relation to their geographical origin was simi-
lar to that described above. The closely related subpopu-
lations POP4 and POP5 were clustered closer to POP1,
which itself was closer to POP2 than POP3. Population
2 and POP3 represent two clearly separated branches in

2014

WWW.CROPS.ORG

CROP SCIENCE, VOL. 54, SEPTEMBER—OCTOBER 2014



Qinghai

Sichuan

=
5@ %
ox ]
Sichuan !
X
Yunnan

0 250500 1,000
L1111 1 km

Figure 2. Geographical distributions of barley landrace populations from the Qinghai-Tibetan Plateau at the optimal population num-
ber K = 5. The locations of the individual landraces are indicated and the circles represent the geographical regions listed in the text.
The locations of those landraces with a proportional population membership of >0.8 and <0.8 are indicated by different colors and x,
respectively. These are consistent with the STRUCTURE and principal coordinate analysis (Fig. 1 and 3). Green circle: the area along
the Yarlung Zangbo River and its two tributaries; black circle: south Qinghai Province (the Yushu Tibetan Autonomous Prefecture); blue
circle: the Changdu region; red circle: the Hehuang Valley; yellow circle: the Hexi Corridor Region; orange circle: south Gansu Province
(the Gannan region).
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Figure 3. Principal coordinate analysis of 255 barley landrace accessions from the Qinghai-Tibetan Plateau based on a Nei’s distance
matrix between all pairs of individuals. (a) The population stratification of the individuals according to the first coordinate versus the sec-
ond coordinate. (b) The second coordinate versus the third coordinate. (c) Distribution of the accessions in three-dimensional (the first
three coordinates) principal coordinate analysis space. The five populations (POP 1 to 5) represent the different subgroups identified by
STRUCTURE analysis (Q >0.8), and are designated by colors consistent with those of the STRUCTURE analysis. Admixed individuals are
indicated by an x (Q < 0.8).

the NJ tree (Fig. 4). Vague small branches were observed
between POP1 and POP2. These were mainly composed
of lines that STRUCTURE analysis had identified as

admixed populations (from the Hexi Corridor Region
and the vicinity of the Qinghai-Tibetan Plateau).
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Figure 4. Neighbor-joining phylogenetic tree of 255 barley landrace accessions from the Qinghai-Tibetan Plateau based on 1241 diver-
sity array technology markers with <10% missing data. The Unweighted Pair Group Method with Arithmetic Mean cluster analysis was
based on Nei’s genetic distances. Each accession is denoted as a vertical line in five colored subclades corresponding to the subgroups

defined in the STRUCTURE analysis (POP 1 to 5).

Five populations were identified in the population
structure analysis, and these were used to perform an
AMOVA. Highly significant (P < 0.001) genetic vari-
ance resided within and among populations. The variance
within populations accounted for a higher proportion
(75.66%) of the total variance than that among populations
(24.34%; Supplemental Table S2). This result indicates
that accessions within populations are highly genetically
differentiated in relation to accessions among populations.

Moreover, the estimated fixation index (F, = 0.2434)
was highly significant (P < 0.001) and indicates that this
germplasm is highly differentiated.

Population pairwise Fg,. values of all pairs ranged
from 0.14749 to 0.37816 and all pairs showed highly sig-
nificant genetic differentiation (P < 0.001). The lowest
and highest F. values were observed between POP4
and POP5 and between POP2 and POP4, respectively
(Supplemental Table S3).
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Figure 5. Linkage disequilibrium (LD) decay in each barley chromosome of landraces from the Qinghai-Tibetan Plateau. All bars are

means + SD.

Table 2. Percentage of loci pairs and mean r? in linkage disequilibrium (LD; P < 0.001, r 2 > 0.22) genomewide and for each

barley chromosome (Chr.).

Genome-
LD (P < 0.001) 1H 2H 3H 5H 6H 7H wide Intra Chr. Inter Chr.
Mean r? of loci pairs P < 0.001 0.252 0.155 0.153 0.430 0.155 0.155 0.223 0.118 0.187 0.101
Percentage of loci pairs in LD r? > 0.22  27.5% 17.7% 14.2%  65.0% 12.1% 13.6%  23.0% 7.6% 19.0% 4.9%
Mean r? of loci pairs in LD r? > 0.22 0.684 0.470 0.515 0.580 0.618 0.558 0.632 0.445 0.586 0.318
Mean distance (cM)t at which ?=0.22  7.69 4.95 0.79 2.038 0.05 4.31 3.32 - -

T For each chromosome, the average distance (cM) at which r? = 0.22 is indicated.

* For chromosome 4H, insufficient diversity array technology markers led to an incorrect result.

Mantel tests between the genetic and geographical
distance matrices were significant (> = 0.12, P < 0.001;
Supplemental Fig. S2a). The genetic relation tended to be
more distant with increasing geographic distance. The
same pattern was seen for the spatial autocorrelation anal-
ysis, which showed that within a distance class of 500 km,
positive and significant r-values (P < 0.001) were detected.
This indicates that the proximal landrace individuals were
more genetically similar (i.e., related) than expected from
a random distribution. The degrees of correlation, how-
ever, gently decreased, and there were negative and sig-
nificant r-values over the 610-km distance class (Supple-
mental Fig. S2b). This result reveals that within 500 km,
genetic similarity within accessions reduced and genetic
dissimilarity increased over 610 km.

Linkage Disequilibrium Analysis

Of the 625 mapped markers, 116 presented a MAF below
0.05 and were expunged to prevent the detection of
spurious LD. In addition, three markers were not used for
LD analysis because >20% of their data was missing. The
remaining 506 DArTs used for LD analysis were randomly
distributed across the genome (Fig. 5). The squared-allele

frequency correlation () for each pair of chosen markers
was calculated. Markers with a significant r* of P < 0.001
were selected for use in subsequent analyses. Significant
LDs were observed in 9.1% of the locus pairs and the aver-
age r> was 0.118 (Table 2). A critical value of r*, beyond
which LD is likely to be caused by genetic linkage rather
than population structure, was determined according to
the distribution of the unlinked r* estimates and fixed at
0.22 (Breseghello and Sorrells, 2006).

The relationship between r* and the genetic distances
were assigned into five classes across the whole genome.
The LD tended to decrease with increasing genetic dis-
tance. The level of LD decreased from an average 1> = 0.47
when the distance was <3 c¢M, to an r* level below the criti-
cal background value of 0.22 when the distance was >3
cM (Supplemental Fig. S3). This tendency was replicated
within every chromosome except for chromosome 4H
(Fig. 5). The proportion of markers with r* > 0.22 decreased
from 66.41% to 7.41% within the first 10 cM, even though a
large number of closely linked markers showed low levels of
LD. Conversely, there were also a few contrasting examples
where high 1* values were observed between theoretically
unlinked markers (>50 cM; Supplemental Fig. S4).

CROP SCIENCE, VOL. 54, SEPTEMBER—OCTOBER 2014

WWW.CROPS.ORG

2017



The r* values for intrachromosomal locus pairs ranged
from O to 1, with an average of 0.187. Of these 1* values,
19.0% exceeded 0.22 and had an average value of 0.586.
The #? values for interchromosomal locus pairs ranged
from 0.037 to 1, with an average of 0.101. Only 4.9% of
the 1 values exceeded 0.22 and had an average value of
0.318 (Table 2). The mean LD at which 1* values fell below
0.22 was 3.32 ¢cM (Table 2; Supplemental Fig. S4). The
distribution of the #* values for the seven individual chro-
mosomes is given in Table 2 and illustrates that different
chromosomes had different LD levels. Next, the mean LD
for each chromosome was explored. For chromosome 4H,
the LD level was high and unreliable; this was because of
the limited number of markers for this chromosome and
their uneven distribution. When 4H is ignored, chromo-
some 1H had the largest LD decay distance, followed by
2H and 7H. Chromosomes 6H and 5H had the shortest
LD decay distances at 0.05 and 0.79 c¢M, respectively. This
suggests that chromosomes 1H, 2H, and 7H had been sub-
ject to distinct natural and artificial systematic selection.

DISCUSSION

Polymorphisms of Six-Rowed Hulless Barley
Landraces from the Qinghai-Tibetan Plateau
DArT markers that provided a relatively high-density
genome-wide coverage have previously been shown to
be useful for studies of genetic diversity and population
structure in barley (Bonman et al., 2011; Comadran et al.,
2009; Dai et al., 2012; Matthies et al., 2012; Wenzl et al.,
2004, 2006; Zhang et al., 2009; ). However, this is the first
study to exclusively assemble and analyze the germplasm
of six-rowed barley landraces from the Qinghai-Tibetan
Plateau using DArT markers and is expected to lay the
foundations for future research.

The level of polymorphisms observed using DArT
markers did not exceed those of previous studies. The
mean PIC value of all the polymorphic markers from
our samples was 0.213 (Table 1). This was much lower
than the previously reported PIC values of 0.407 for the
192 landraces and cultivars from the Mediterranean basin
(Comadran et al., 2009), 0.38 for 206 landraces likely to
be from Ethiopia (Bonman et al., 2011), 0.379 for 170
wild barleys from the Tibetan Plateau and the Middle
East (including Israel, Jordan, Iran, and Turkey), 0.353 for
68 world barley cultivars (Dai et al., 2012), 0.38 for 170
Canadian barley cultivars (Zhang et al., 2009), and 0.24
for 183 European cultivars (Matthies et al., 2012). While
this low marker polymorphism is probably an indicator
of the narrow regional or wild progenitor origin of hul-
less barley landraces from the Qinghai-Tibetan Plateau,
it could be attributed to the original ascertainment bias
from a DArT array that almost certainly did not include
Qinghai-Tibetan Plateau barley landraces in its panel of

polymorphism discovery genotypes (Moragues et al.,
2010). As stated by Xia et al. (2005), however, these lower
PIC values could prove beneficial owing to their potential
for defining genetic structures.

Population Structure in Six-Rowed Barley
Landraces from the Qinghai-Tibetan Plateau
In this study, Bayesian, PCoA, and phylogenetic analy-
sis of polymorphic DArT markers consistently supported
that six-rowed hulless barley landraces from the Qinghai-
Tibetan Plateau are divided into five major subpopulations
according to geographical distribution. All landraces of
the subpopulation POP2 were distributed in Tibet (Fig.
2). Population 1 has a wider distribution range in the Qin-
ghai-Tibetan Plateau. Although most of the landraces in
POP1 were from Tibet, some came from nearby regions,
including south Qinghai, west Sichuan, and northwest
Yunnan (Fig. 2). In contrast, none of the POP5 landra-
ces and only one landrace from POP4 was from Tibet.
The two subpopulations were mainly distributed in the
Hehuang Valley, the Gannan region, and the Hexi Cor-
ridor Region (Fig. 2). However, the phylogenetic analysis
revealed that POP1, POP4, and POP5 were closely related
to each other (Fig. 4). They could be further clustered,
along with POP2, into a bigger clade. Tibet is recognized
as one of the centers of domestication for cultivated barley
(Dai et al., 2012; Feng et al., 2006; Nevo, 2013; Ren et
al.,, 2013; Wang et al., 2009), with the region having a
widespread distribution of wild six-rowed barley, an
ancestor of six-rowed cultivated barley landraces (Aberg,
1938; Briicher and Aberg, 1950). In our study, there was a
higher diversity of landraces from Tibet than observed in
the other regions (Supplemental Table S4). Therefore, we
speculate that POP1, POP4, and POP5 may belong with
POP2 to a common ancestral population associated with
the secondary center of domestication in Tibet.

The Ancient Tea-Horse Road (Feng et al., 2006) and
the Ancient Tang-Tibet Road were two important road-
ways for trade exchange between Tibet and outside regions.
Historically, domesticated barley from Tibet may have first
spread into the west Sichuan province and from there into
surrounding areas, such as the Gannan region and northwest
Yunnan via the Ancient Tea-Horse Road. In this study,
landraces from Sichuan had the second highest PIC value
rankings (Supplemental Table S4), and most of them (14 of
19) were grouped into POP1 (Supplemental Table S1). Fur-
thermore, barley from Tibet may have spread into the Yushu
region of Qinghai via the Ancient Tang-Tibet Road. The
landraces from Yushu were also grouped into POP1, and
their mean PIC value was lower than that of Tibet.

Although the accessions of POP4 and POP5 showed
the closest genetic relationship in the phylogenetic tree,
they had a different geographical distribution (Fig. 4). Most
of the landraces in POP5 were from the Gannan region,
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whereas most of those in POP4 were from the Hehuang
Valley and the Hexi Corridor Region (Fig. 2). When the
composition and hierarchical patterns of the POP4 popu-
lation structure at values of K = 2 to 15 were analyzed, it
appeared that landraces from the Hexi Corridor Region
and the Hehuang Valley were derived from those of the
Gannan region (Wang, unpublished data, 2012); this was
supported by the phylogenetic tree data (Fig. 4).

Among the five subpopulations, POP3 had the widest
geographical distribution range, covering the east margin
area of the Qinghai-Tibetan Plateau. Its geographical dis-
tribution formed a crescent curve stretching thousands of
kilometers. It was distantly isolated from the other four
populations in the phylogenetic tree (Fig. 4). Meanwhile,
this subpopulation, which included the four hulled and
some hulless landraces, had the highest mean PIC values
(Supplemental Table S4). The fact that POP3 contains
some hulled barley may be significant because the periph-
eral geographic distribution makes it more open to out-
side (non-Tibetan) influences. It is not clear whether this
is a Qinghai-Tibetan population that has drifted some-
what from its ancestral composition or a Central Asian
or Middle Eastern-derived population (Badr et al., 2000;
Morrell and Clegg, 2007; Zohary et al., 2012) that has
adapted to the Qinghai-Tibetan Plateau environment, or
a combination of the two.

Many of the landraces were recognized as admixed
individuals (especially when the Q-value is near to 0.5;
Fig. 1 and 3; Supplemental Table S1). These admixed indi-
viduals may be the result of introgression between landra-
ces derived from difterent regions (Fig. 1 and 3). Artificial
activities, such as germplasm exchange, can bring landra-
ces naturally distributed in different regions into contact in
the same fields; this is a prerequisite for the occurrence of
introgression. The existence of germplasm exchange was
confirmed by the fact that the landrace pair 42 and 170 had
the same name, Dulihuang, but with slight genetic diver-
gence (d = 0.016). In fact, 42 and 170 were from different
collection points (42 was collected in Menyuan County,
Qinghai Province and 170 was collected in Hezuo City,
Gansu Province in the 1950s). It is well known locally that
the landrace Dulihuang originated from the Ganan region
of Gansu Province and was introduced into the Hehuang
Valley, Qinghai Province. This indicates that there was
gene flow due to germplasm exchange and genetic diver-
gence due to adaptation and selection.

Five distinct geography-driven subpopulations were
derived from the analysis of population structure (Fig. 2),
which was further confirmed by landscape genetic analysis.
Mantel tests between the genetic and geographical distance
matrices were significant (r = 0.35, P < 0.001). The spatial
autocorrelation analysis between geographical and genetic
distances reflects a continuous and constant reduction in the
correlation coeflicient r-values, from positive to negative

(Supplemental Fig. S2). The boundary of the core region of
each subpopulation is clear within 500 km and significantly
eroded over 610 km, on average. Such a trend is charac-
teristic of a typical strong selection along the geographical
or environmental gradients accompanied with admixture
or introgression (Sokal et al., 1989). For further analysis of
spatial genetic structure in the present landraces panel, the
correlation between genetic distance and ecogeographical
and climate factors need to be taken into consideration.

Linkage Disequilibrium

The nonrandom association of alleles at different loci is
known as LD. It plays a central role in association analysis,
where it determines the number and density of markers
required for whole-genome scans and the accuracy of the
mapping (Comadran et al., 2009, 2011). In this study, the
barley consensus map (Alsop et al., 2011; Hearnden et al.,
2007; Mayer et al., 2012; Rodriguez-Suarez et al., 2012;
Wenzl et al., 2006;) was used to determine the positions
of the 506 DArT markers used for LD analysis. The mean
r* of the LD values higher than 0.22 extended up to 3.32
cM, and the average marker density of the genome was
89 markers per chromosome (one marker per 2.25 cM).
This suggests that there is sufficient marker density for a
whole-genome association scan. Indeed, previous studies
(Comadran et al., 2009; Kraakman et al., 2004; Rostoks
et al., 2005) have reported successful association mapping
in barley using average marker densities of between 33.7
and 116 markers per chromosome.

LD has been shown to decay faster with increasing
genetic map distance in wild relatives and landraces than
in modern cultivated genotypes. This is because the genes
of wild barley and landraces have not been subjected to
the strong directional selection forces frequently used in
plant breeding (Caldwell et al., 2006; Hamblin et al., 2010;
Morrell et al., 2005;). In contrast, LD extends over large
linkage distances (sometimes over 50 cM) in some regions
in related elite cultivated germplasms (Kraakman et al.,
2004; Rostoks et al., 2005). In our sample of 255 landra-
ces, the levels of LD were relatively low, with 9.1% of locus
pairs showing highly significant statistical correlations at
P < 0.001, 16.1% at P < 0.01, and 25.3% at P < 0.05; the
general LD decayed steeply with map distances over 3.32
cM. The percentage of locus pairs in significant LD slightly
exceeded that found between loci in a sample of 337 land-
race accessions (about 22%, P < 0.05; Rodriguez et al.,
2012). It was also more than that between loci in a sample
of 25 accessions of the wild subspecies (H. vulgare ssp. spon-
taneum) from across its range (about 15%, P < 0.05; Morrell
etal., 2005). Our LD decay distance is more than the 1 cM
(** 2 0.2) detected in 188 Tibetan wild barleys using 1125
DArT markers (L. Qiu, personal communication, 2013).
The current LD decay distance is approximately similar to
previous results of 3.2 ¢cM in 192 landraces and cultivars
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(Comadran et al., 2009), 3.0 ¢cM in 377 landraces (Rodri-
guez et al., 2012), but lower than 3.5 ¢M in an 86-sample
subset of six-rowed barley cultivars (Zhang et al., 2009).
Thus, our result of intermediate LD decay distance, lower
than modern cultivars but higher than wild barley, is in
agreement with previous molecular studies and basic cog-
nizance in barley. When considering the higher LD level
than that detected in 188 Tibetan wild barleys (L. Qiu,
personal communication, 2013), we feel it is a consequence
of barley landraces being subjected to distinct natural or
artificial selection pressures found at the harsh multiple
environments of the Qinghai-Tibetan Plateau.

Gene pools undergoing domestication experience
dramatic changes in allele frequencies due to genetic drift
or selection, and some allelic combinations may be lost.
This leads to a generation of new, more extensive LDs
(Hamblin at el., 2010). Previous studies have demonstrated
that patterns of LD between a priori genes closely linked
to a polymorphism of interest may be subjected to dis-
tinct selection pressures and recombination histories in the
population (Caldwell et al., 2006; Comadran et al., 2009).
This suggests that some chromosomal regions of ancestral
barley populations, especially some regions of 1H, 2H,
and 7H (Table 2, Fig. 5) in our landraces, which have high
LDs in domesticated populations, were generated by arti-
ficial and natural selection processes in the harsh environ-
ments of the Qinghai-Tibetan Plateau during thousands of
years of cultivation. Several important domestication- and
adaptation- related genes are located on these three chro-
mosomes; these include Ppd-H2 (photoperiod response)
on 1H (Pourkheirandish and Komatsuda, 2007); Eam1
(early maturity; Wenzl et al., 20006), vrs1 (six-rowed spike;
Tanno et al., 2002), and Ppd-H1 (photoperiod response;
Wenzl et al.,, 2006) on 2H; and Vin-H3 (vernalization
response; Skinner et al., 2006; von Zitzewitz et al., 2005)
and nud (naked caryopsis; Taketa et al., 2008) on 7H.

In this study, the average r* value at the P < 0.001
significance level was 0.187 at the intrachromosomal level
and 0.101 at the interchromosome level. However, the r?
values at P < 0.001 of the subpopulations tended to be
much higher than for the total sample set and exceeded
0.5 at both the intrachromosomal and interchromosomal
levels. This indicates that subpopulations had higher LDs
that decayed more slowly across the entire genome. The
main reasons for such high levels of LD were sample size
and the high levels of similarity between accessions within
every subpopulation (Comadran et al., 2009). This was an
indicator that in subpopulations LD was probably caused
by genetic linkage and not population structure. This
conclusion indicates that the population stratification we
had determined was suitable for our investigation.

Given the marker technologies developed for barley,
the availability of extensively sampled wild-type, land-
race, and modern cultivar gene pools and the considerable

comparative phenotypic data collected from controlled field
trials conducted over many sites and seasons (Waugh et al.,
2009), ongoing studies on the species continue to present
a useful model for the investigation of the evolution, adap-
tation, and spread of one of the world’s most important
crops (Wenzl et al., 2006). The combining of population
genomic data from landrace and natural populations, with
information from field trials, provides a powerful approach
to identify the genes responsible for adaptive phenotypes,
quality traits, and agronomic characteristics (Waugh et al.,
2009). In conclusion, the landrace barleys in the Qinghai-
Tibetan Plateau could provide elite germplasm for barley
improvement in the aforementioned areas. This investiga-
tion of population structure and LD is the basis for further
genome-wide association studies, and for the identification
and introgression of favorable exotic genes.

Supplemental Information Available
Supplemental information is included with this article.

Acknowledgments

We gratefully appreciate the generous gifts of barley germplasm
from Prof. Xiaogang Ma (Qinghai Academy of Agriculture and
Forestry Sciences), Mrs. Meijin Liu (the Gannan Tibetan Auton-
omous Prefecture Institute of Agricultural Sciences), and Kai-
jun Yang (the Ganzi Tibetan Autonomous Prefecture Institute
of Agricultural Sciences). This research was supported by the
Main Direction Program of Knowledge Innovation of Chinese
Academy of Sciences (CAS) (KSCX2-EW-Q-23), the Program
of West Action of CAS (KZCX2-XB3-05), the Applied Basic
Research Project in Qinghai Province (2013-Z-724), the Key
Laboratory of Crop Molecular Breeding of Qinghai Province,
and the State Key Laboratory Breeding Base for Innovation and
Utilization of Plateau Crop Germplasm Program.

References

Aberg, E. 1938. Hordeum agriocrithon, nova sp., a wild six-rowed barley.
Ann. Agri. Coll. Sweden. 6:159-216.

Alsop, B., A. Farre, P. Wenzl, J. Wang, M. Zhou, I. Romagosa, A.
Kilian, and B. Steffenson. 2011. Development of wild barley-derived
DArT markers and their integration into a barley consensus map.
Mol. Breed. 27:77-92. d0i:10.1007/511032-010-9415-3

Badr, A., R. Schifer-Pregl, H. El Rabey, S. Effgen, H. Ibrahim,
C. Pozzi, W. Rohde, and F. Salamini. 2000. On the origin and
domestication history of barley (Hordeum vulgare). Mol. Biol. Evol.
17:499-510. doi:10.1093/0xfordjournals.molbev.2a026330

Bonman, J.M., Y. Gu, D. Coleman-Derr, EW. Jackson, and H.E.
Bockelman. 2011. Inferring geographic origin of barley (Hordeum
vulgare L. subsp. vulgare) accessions using molecular markers. Genet.
Resour. Crop Evol. 58:291-298. doi:10.1007/510722-010-9574-4

Botstein, D., R.L. White, M. Skolnick, and R.W. Davis. 1980. Con-
struction of a genetic linkage map in man using restriction frag-
ment length polymorphisms. Am. J. Hum. Genet. 32:314-331.

Bradbury, PJ., Z. Zhang, D.E. Kroon, T.M. Casstevens, Y. Ramdoss,
and E.S. Buckler. 2007. TASSEL: Software for association map-
ping of complex traits in diverse samples. Bioinformatics 23:2633—
2635. doi:10.1093/bioinformatics/btm308

2020

WWW.CROPS.ORG

CROP SCIENCE, VOL. 54, SEPTEMBER—OCTOBER 2014



Breseghello, F., and M.E. Sorrells. 2006. Association mapping of ker-
nel size and milling quality in wheat (Triticum aestivum L.) cultivars.
Genetics 172:1165-1177. doi:10.1534/genetics.105.044586

Briicher, H., and E. Aberg. 1950. The primitive barleys of the high-
lands of Tibet, their importance for breeding and for understand-
ing the origin and classification of barleys. Kungliga Lantbruk-
shogskolans Annaler. 17:247-319.

Caldwell, K.S., J. Russell, P. Langridge, and W. Powell. 2006.
Extreme population-dependent linkage disequilibrium detected
in an inbreeding plant species, Hordeum vulgare. Genetics 172:557—
567. doi:10.1534/genetics.104.038489

Cockram, J., J. White, F.J. Leigh, VJ. Lea, E. Chiapparino, D.A. Lau-
rie, I.J. Mackay, W. Powell, and D.M. O’Sullivan. 2008. Associa-
tion mapping of partitioning loci in barley. BMC Genet. 9:16—41.
doi:10.1186/1471-2156-9-16

Comadran, J., L. Ramsay, K. MacKenzie, P. Hayes, T.J. Close, G.
Muehlbauer, N. Stein, and R. Waugh. 2011. Patterns of poly-
morphism and linkage disequilibrium in cultivated barley. Theor.
Appl. Genet. 122:523-531. doi:10.1007/500122-010-1466-7

Comadran, J., W.T. Thomas, F. Van Eeuwijk, S. Ceccarelli, S. Grando,
A. Stanca, N. Pecchioni, T. Akar, A. Al-Yassin, A. Benbelkacem,
H. Ouabbou, J. Bort, I. Romagosa, C.A. Hackett, and J.R. Rus-
sell. 2009. Patterns of genetic diversity and linkage disequilibrium
in a highly structured Hordeum vulgare association-mapping popu-
lation for the Mediterranean basin. Theor. Appl. Genet. 119:175—
187. d0i:10.1007/500122-009-1027-0

Dai, F., E. Nevo, D. Wu, J. Comadran, M. Zhou, L. Qiu, Z. Chen, A.
Beiles, G. Chen, and G. Zhang. 2012. Tibet is one of the centers
of domestication of cultivated barley. Proc. Natl. Acad. Sci. USA
109:16969-16973. doi:10.1073/pnas.1215265109

Doyle, JJ., and J.L. Doyle. 1990. A rapid total DNA preparation pro-
cedure for fresh plant tissue. Focus 12:13-15.

Du, J.B., S. Yuan, Y.E. Chen, X. Sun, Z.W. Zhang, F. Xu, M. Yuan,
J. Shang, and H.H. Lin. 2011. Comparative expression analysis of
dehydrins between two barley varieties, wild barley and Tibetan
hulless barley associated with different stress resistance. Acta
Physiol. Plant. 33:567-574. doi:10.1007/5s11738-010-0580-0

Evanno, G., S. Regnaut, and J. Goudet. 2005. Detecting the num-
ber of clusters of individuals using the software STRUCTURE:
A simulation study. Mol. Ecol. 14:2611-2620. doi:10.1111/;.1365-
294X.2005.02553.x

Excoffier, L., and H.E. Lischer. 2010. Arlequin suite ver 3.5: A new
series of programs to perform population genetics analyses under
Linux and Windows. Mol. Ecol. Resour. 10:564-567. doi:10.1111/
3.1755-0998.2010.02847.x

Feng, Z.Y., L.L. Zhang, Y.Z. Zhang, and H.Q. Ling. 2006. Genetic
diversity and geographical differentiation of cultivated six-
rowed naked barley landraces from the Qinghai-Tibet plateau of
China detected by SSR analysis. Genet. Mol. Biol. 29:330-338.
d0i:10.1590/51415-47572006000200022

Hamblin, M.T., T.J. Close, P.R. Bhat, S. Chao, J.G. Kling, K.J. Abra-
ham, T. Blake, W.S. Brooks, B. Cooper, C.A. Griffey, P.M. Hayes,
DJ. Hole, R.D. Horsley, D.E. Obert, K.P. Smith, S.E. Ullrich,
G.J. Muehlbauer, and J.L. Jannink. 2010. Population structure and
linkage disequilibrium in US barley germplasm: Implications for
association mapping. Crop Sci. 50:556-566. doi:10.2135/crop-
5¢12009.04.0198

Harlan, J.R., and D. Zohary. 1966. Distribution of wild wheats and
barley. Science 153:1074—1080. doi:10.1126/science.153.3740.1074

Hearnden, P., PJ. Eckermann, G. McMichael, M.J. Hayden, J.K.
Eglinton, and K.J. Chalmers. 2007. A genetic map of 1000 SSR
and DArT markers in a wide barley cross. Theor. Appl. Genet.
115:383-391. doi:10.1007/500122-007-0572-7

Hill, W., and A. Robertson. 1968. Linkage disequilibrium in finite pop-
ulations. Theor. Appl. Genet. 38:226-231. do1:10.1007/BF01245622

Jakobsson, M., and N.A. Rosenberg. 2007. CLUMPP: A cluster
matching and permutation program for dealing with label switch-
ing and multimodality in analysis of population structure. Bioin-
formatics 23:1801-1806. doi:10.1093/bioinformatics/btm233

Jones, H., P. Civan, J. Cockram, FJ. Leigh, L.M. Smith, M.K. Jones,
M.P. Charles, J.-L. Molina-Cano, W. Powell, G. Jones, and T.A.
Brown. 2011. Evolutionary history of barley cultivation in Europe
revealed by genetic analysis of extant landraces. BMC Evol. Biol.
11:320-331. doi:10.1186/1471-2148-11-320

Kraakman, A.T., R.E. Niks, P.M. Van den Berg, P. Stam, and F.A.
Van Eeuwijk. 2004. Linkage disequilibrium mapping of yield and
yield stability in modern spring barley cultivars. Genetics 168:435—
446. doi:10.1534/genetics.104.026831

Li, X., C. Xu, and Q. Zhang. 2004. Ribosomal DNA spacer-length
polymorphisms in three samples of wild and cultivated barleys
and their relevance to the origin of cultivated barley. Plant Breed.
123:30-34. doi:10.1111/j.1439-0523.2004.00909.x

Liu, K., and S.V. Muse. 2005. PowerMarker: An integrated analysis
environment for genetic marker analysis. Bioinformatics 21:2128—
2129. doi:10.1093/bioinformatics/bti282

Matthies, I.LE., T. van Hintum, S. Weise, and M.S. Roder. 2012.
Population structure revealed by different marker types (SSR or
DArT) has an impact on the results of genome-wide association
mapping in European barley cultivars. Mol. Breed. 30:951-966.
doi:10.1007/511032-011-9678-3

Mayer, K., R. Waugh, J. Brown, A. Schulman, P. Langridge, M.
Platzer, G.B. Fincher, G.J. Muehlbauer, K. Sato, T.J. Close, R.P.
Wise, and N. Stein. 2012. A physical, genetic and functional
sequence assembly of the barley genome. Nature 491:711-716.

Moragues, M., J. Comadran, R. Waugh, I. Milne, A.J. Flavell, and
J.R. Russell. 2010. Effects of ascertainment bias and marker num-
ber on estimations of barley diversity from high-throughput SNP
genotype data. Theor. Appl. Genet. 120:1520-1534.

Morrell, P.L., and M.T. Clegg. 2007. Genetic evidence for a second
domestication of barley (Hordeum vulgare) east of the Fertile
Crescent. Proc. Natl. Acad. Sci. USA 104:3289-3294. doi:10.1073/
pnas.0611377104

Morrell, P.L., D.M. Toleno, K.E. Lundy, and M.T. Clegg. 2005. Low
levels of linkage disequilibrium in wild barley (Hordeum wvulgare
ssp. spontaneum) despite high rates of self-fertilization. Proc. Natl.
Acad. Sci. USA 102:2442-2447. d0i:10.1073/pnas.0409804102

Nevo, E. 2013. Evolution of wild barley and barley improvement.
In: G.P. Zhang, C.D. Li, and X. Liu, editors, Advance in barley
sciences—Proceedings of 11th international barley genetics sym-
posium. Zhejiang Univ. Press, Hangzhou, China and Springer,
Dordrecht, the Netherlands. p. 1-23.

Newman, C., and R. Newman. 2006. A brief history of barley foods.
Cereal Foods World. 51:4-7.

Orabi, J., A. Jahoor, and G. Backes. 2009. Genetic diversity and
population structure of wild and cultivated barley from West Asia
and North Africa. Plant Breed. 128:606—614. doi:10.1111/7.1439-
0523.2009.01637.x

Peakall, R., M. Ruibal, and D.B. Lindenmayer. 2003. Spatial
autocorrelation analysis offers new insights into gene flow in
the Australian bush rat, Rattus fuscipes. Evol. 57:1182-1195.
doi:10.1111/5.0014-3820.2003.tb00327.x

Peakall, R., and P.E. Smouse. 2012. GenAlEx 6.5: Genetic analysis in
Excel. Population genetic software for teaching and research- an
update. Bioinformatics 28:2537-2539. doi:10.1093/bioinformat-
ics/bts460

CROP SCIENCE, VOL. 54, SEPTEMBER—OCTOBER 2014

WWW.CROPS.ORG

2021



Pourkheirandish, M., and T. Komatsuda. 2007. The importance of
barley genetics and domestication in a global perspective. Ann.
Bot. (Lond.) 100:999-1008. do0i:10.1093/a0b/mcm139

Pritchard, J.K., M. Stephens, and P. Donnelly. 2000. Inference of
population structure using multilocus genotype data. Genetics
155:945-959.

Remington, D.L., J.M. Thornsberry, Y. Matsuoka, L. M. Wilson,
S.R. Whitt, J. Doebley, S. Kresovich, M.M. Goodman, and E.S.
Buckler. 2001. Structure of linkage disequilibrium and phenotypic
associations in the maize genome. Proc. Natl. Acad. Sci. USA
98:11479-11484. doi:10.1073/pnas.201394398

Ren, X., E. Nevo, D. Sun, and G. Sun. 2013. Tibet as a potential
domestication center of cultivated barley of China. PLoS ONE
8:E62700. doi:10.1371/journal.pone.0062700

Rodriguez-Suarez, C., M. Giménez, N. Gutiérrez, C. Avila, A. Mach-
ado, E. Huttner, M. Ramirez, A. Martin, A. Castillo, and A. Kilian.
2012. Development of wild barley (Hordeum chilense)-derived DArT
markers and their use into genetic and physical mapping. Theor.
Appl. Genet. 124:713-722. doi:10.1007/500122-011-1741-2

Rodriguez, M., D. Rau, D. O’Sullivan, A.H. Brown, R. Papa, and
G. Attene. 2012. Genetic structure and linkage disequilibrium in
landrace populations of barley in Sardinia. Theor. Appl. Genet.
125:171-184. doi:10.1007/500122-012-1824-8

Rohlf, FJ. 2000. NTSYS-pc numerical taxonomy and multivariate
analysis system, version 2.1. Exeter Publications, New York.

Rostoks, N., S. Mudie, L. Cardle, J. Russell, L. Ramsay, A. Booth,
J.T. Svensson, S.J. Wanamaker, H. Walia, E.M. Rodriguez, P.E.
Hedley, H. Liu, J. Morris, T.J. Close, D.F. Marshall, and R.
Waugh. 2005. Genome-wide SNP discovery and linkage analysis
in barley based on genes responsive to abiotic stress. Mol. Genet.
Genomics 274:515-527. doi:10.1007/500438-005-0046-z

Saisho, D., and M.D. Purugganan. 2007. Molecular phylogeography
of domesticated barley traces expansion of agriculture in the Old
World. Genetics 177:1765-1776. doi:10.1534/genetics.107.079491

Skinner, J.S., P. Szdcs, J. von Zitzewitz, L. Marquez-Cedillo, T.
Filichkin, EJ. Stockinger, M.F. Thomashow, T. Chen, and P.M.
Hayes. 2006. Mapping of barley homologs to genes that regulate
low temperature tolerance in Arabidopsis. Theor. Appl. Genet.
112:832-842. d0i:10.1007/500122-005-0185-y

Smith, J., S. Kresovich, M. Hopkins, S. Mitchell, R. Dean, W. Wood-
man, M. Lee, and K. Porter. 2000. Genetic diversity among elite
sorghum inbred lines assessed with simple sequence repeats. Crop
Sci. 40:226-232. doi:10.2135/cropsci2000.401226x

Sokal, R.R.., G.M. Jacquez, and M.C. Wooten. 1989. Spatial autocor-
relation analysis of migration and selection. Genetics 121:845-855.

Taketa, S., S. Amano, Y. Tsujino, T. Sato, D. Saisho, K. Kakeda, M.
Nomura, T. Suzuki, K. Sato, H. Kanamori, S. Kawasaki, and K.
Takeda. 2008. Barley grain with adhering hulls is controlled by
an ERF family transcription factor gene regulating a lipid bio-
synthesis pathway. Proc. Natl. Acad. Sci. USA 105:4062—-4067.
do1:10.1073/pnas.0711034105

Tanno, K., S. Taketa, K. Takeda, and T. Komatsuda. 2002. A DNA
marker closely linked to the vrsl locus (row-type gene) indicates
multiple origins of six-rowed cultivated barley (Hordeum vulgare L.).
Theor. Appl. Genet. 104:54—60. doi:10.1007/5001220200006

von Bothmer, R., and T. Komatsuda. 2010. Barley origin and related
species. In: S.E. Ullrich, editor, Barley: Production, improvement,
and uses. Wiley-Blackwell, Oxford, UK.

Wang, A., Z. Yu, and Y. Ding. 2009. Genetic diversity analysis of
wild close relatives of barley from Tibet and the Middle East by
ISSR and SSR markers. C. R. Biol. 332:393—403. doi:10.1016/j.
crvi.2008.11.007

Waugh, R., J.-L. Jannink, G.J. Muehlbauer, and L. Ramsay. 2009.
The emergence of whole genome association scans in barley. Curr.
Opin. Plant Biol. 12:218-222. doi:10.1016/j.pbi.2008.12.007

Wenzl, P., J. Carling, D. Kudrna, D. Jaccoud, E. Huttner, A. Klein-
hofs, and A. Kilian. 2004. Diversity arrays technology (DArT) for
whole-genome profiling of barley. Proc. Natl. Acad. Sci. USA
101:9915-9920. do1:10.1073/pnas.0401076101

Wenzl, P., H. L1, J. Carling, M. Zhou, H. Raman, E. Paul, P. Hearn-
den, C. Maier, L. Xia, V. Caig, J. Ovesna, M. Cakir, D. Poulsen,
J. Wang, R. Raman, K.P. Smith, G.J. Muehlbauer, K.J. Chalmers,
A. Kleinhofs, E. Huttner, and A. Kilian. 2006. A high-density
consensus map of barley linking DArT markers to SSR, RFLP
and STS loci and agricultural traits. BMC Genomics 7:206—227.
doi:10.1186/1471-2164-7-206

Xia, L., K. Peng, S. Yang, P. Wenzl, M.C. De Vicente, M. Fregene,
and A. Kilian. 2005. DArT for high-throughput genotyping of
cassava (Manihot esculenta) and its wild relatives. Theor. Appl.
Genet. 110:1092-1098. doi:10.1007/500122-005-1937-4

Xu, T. 1982. Origin and evolution of cultivated barley in China. Acta
Genet. Sin. 9:440-446.

Yang, J., J. Wang, Q. Jia, and J. Zhu. 2010. Barley breeding and pro-
duction in China. In: Z. He and A.P.A. Bonjean, editor, Cereals in
China. D.F.: CIMMYT, Mexico. p. 69-78.

Zhang, L., S. Marchand, N.A. Tinker, and F. Belzile. 2009. Popu-
lation structure and linkage disequilibrium in barley assessed
by DArT markers. Theor. Appl. Genet. 119:43-52. doi:10.1007/
s00122-009-1015-4

Zhang, Q., M.S. Maroof, and P. Yang. 1992. Ribosomal DNA poly-
morphisms and the Oriental-Occidental genetic differentiation in
cultivated barley. Theor. Appl. Genet. 84:682—687.

Zhang, Q., G. Yang, X. Dai, and J. Sun. 1994. A comparative analysis
of genetic polymorphism in wild and cultivated barley from Tibet
using isozyme and ribosomal DNA markers. Genome 37:631-638.
doi:10.1139/g94-090

Zhou, M., P. Johnson, G. Zhou, C. Li, and R. Lance. 2012. Quan-
titative trait loci for waterlogging tolerance in a barley cross of
Franklin X YuYaoXiangTian Erleng and the relationship between
waterlogging and salinity tolerance. Crop Sci. 52:2082-2088.
doi:10.2135/cropsci2012.01.0008

von Zitzewitz, J., P. Szu’cs, J. Dubcovsky, L. Yan, E. Francia, N. Pec-
chioni, A. Casas, T.H.H. Chen, P. Hayes, and J.S. Skinner. 2005.
Molecular and structural characterization of barley vernalization
genes. Plant Mol. Biol. 59:449—-467. do1:10.1007/511103-005-0351-2

Zohary, D., M. Hopf, and E. Weiss. 2012. Domestication of plants
in the old world: The origin and spread of domesticated plants
in Southwest Asia, Europe, and the Mediterranean Basin. 4th ed.
Oxford Univ. Press, Oxford, UK.

Zohary, D., and M. Hopf. 2001. Domestication of plants in the old
world: The origin and spread of domesticated plants in Southwest
Asia, Europe, and the Mediterranean Basin. 3rd ed. Oxford Univ.
Press, New York.

2022

WWW.CROPS.ORG

CROP SCIENCE, VOL. 54, SEPTEMBER—OCTOBER 2014



