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ABSTRACT

Genome wide association (GWA) analysis of yield, yield components, developmental, physiological and
anatomical traits was conducted for a barley germplasm collection consisting of 185 cultivated (Hordeum
vulgare L.) and 38 wild (Hordeum spontaneum L.) genotypes, originating from 30 countries of four con-
tinents. Phenotypic evaluations were performed at a dry (Breda) and wet (Tel Hadya) location in Syria.
Genome wide association study was done with 816 markers comprised of 710 diversity array technology
(DArT), 61 single nucleotide polymorphism (SNP) and 45 microsatellite or simple sequence repeat (SSR)
markers. Diversity analysis revealed 5 groups of germplasm, related to origin (Middle East, North Africa),
structural information (two-rows), and domestication (wild versus domesticated). Linkage disequilib-
rium (LD) decayed after 3 cM with a few exceptions at 10 and 15 cM. Although a few QTLs were identified
that differed between the dry and wet site, these QTLs explained low phenotypic variation and could
not unequivocally be related to drought tolerance when compared to earlier linkage mapping based QTL
analysis studies. Therefore, GWA analysis seems to be not very effective for identification of major QTLs

for complex traits like drought tolerance in highly structured germplasm collections.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Drought is an important abiotic stress limiting yield, and bar-
ley seems to be relatively well adapted to water deficit (Ceccarelli
and Grando, 1996). Nevertheless, in times of climate changes
some areas have been predicted to be more subjected to frequent
drought. Therefore, efforts to improve drought tolerance need to be
continued and strengthened. Barley proved a good model to under-
stand drought and water-stress tolerance mechanisms. Although
drought is a complex and polygenic trait with strong interac-
tions between loci and strong genotype x environment interactions
(Ceccarelli, 2010), several biochemical, physiological and genetical
studies were conducted in the past to identify the genes responsi-
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ble for drought tolerance and its mechanism in barley (Zhu, 2002;
Tuberosa and Salvi, 2004).

In the context of genetic studies molecular markers and map-
ping populations, generated after crossing of a drought tolerant
genotype with drought sensitive genotype, facilitated identifica-
tion of genomic regions associated with quantitative trait loci
(QTLs) responsible for drought related traits (e.g. Teulat et al., 1998,
2001, 2003; Ellis et al., 2002; Baum et al., 2003; Forster et al., 2004;
von Korff et al., 2008). Further, advanced backcross QTL (AB-QTL)
studies have also been conducted to identify drought associated
QTLs (e.g. Talame et al., 2004; von Korff et al., 2006; Baum et al.,
2007). However, it is important to note that the mapping popula-
tions used for QTL identification are products of just a few cycles of
recombination and this limits the resolution of genetic maps and
identified QTLs. Furthermore, the segregation of major develop-
mental genes in each cross, which either accounted for much of
the phenotypic variation makes it difficult to determine whether
or not the identified loci are robust and transient (Forster et al.,
2004). In addition, in the majority of linkage mapping based QTL
studies, QTLs identified for physiological traits involved in drought
did not co-locate with the yield and agronomic QTLs (Comadran
et al., 2008).
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In recent years, QTL identification in populations with no regu-
lar genetic structure has become possible with the development
of analytical approaches exploiting linkage disequilibrium (LD)
between markers and closely linked, functionally polymorphic
QTLs present in large numbers of accessions (Yu et al., 2006;
Malosetti et al., 2007; Ersoz et al., 2007). Under this approach,
marker-trait association is expected for markers close to QTL,
because typically the accumulated recombination events occur-
ring during the development of the lines will have broken down
LD between markers and QTL beyond a certain threshold distance.
This approach based on LD in arbitrary structured populations has
been and remains an important genetic tool in human and ani-
mal genetics. Human disease genetics, indeed, was the first area
for which the association mapping approach was developed and
where significant successes were achieved (e.g. Lander and Schork,
1994; Jorde, 2000; Carlson et al., 2004). In case of animal systems,
the major concern was about the LD patterns in breeding popula-
tions to determine to what extent LD holds and the marker density
required to fine map trait/genes: e.g. in cattle (Farnir et al., 2000;
Koning et al., 2007; Charlier et al., 2008), in pig (Nsengimana et al.,
2004; Amaral et al., 2008), sheep (McRae et al., 2002; Meadows and
Kijas, 2009) and chicken (Andreescu et al., 2007). In plant genetics,
though some association mapping studies have been conducted,
the majority of them are on model plant systems such as Arabidop-
sis (e.g.Zhao et al., 2007), maize (e.g. Palasia et al., 2003; Ersoz et al.,
2009) and rice (e.g. Garris et al., 2003; Agrama et al., 2007). Asso-
ciation mapping is gaining importance also in other crop species,
due to the development of high-throughput marker-genotyping
systems, next generation sequencing technologies and availabil-
ity of genome sequences. It has been possible to investigate LD
patterns and conduct association studies in some crop species as
well, e.g. in wheat (Breseghello and Sorrells, 2006; Neumann et al.,
2010), lolium (Sket, 2005), grapevine (Barnaud et al., 2006), soy-
bean (Hyten et al., 2007), potato (D’hoop et al., 2008), and tomato
(Berloo et al., 2008).

In case of barley, a few studies have been published recently.
For example, Kraakman et al. (2004) identified QTLs for yield and
yield stability in a collection of modern spring barley cultivars
using AFLP (amplified fragment length polymorphism) markers.
Rostoks et al. (2006) used high-throughput SNP genotyping assays
and demonstrated that the LD present in elite germplasm, after
accounting for population structure, can be effectively exploited to
map traits by using whole-genome association scans with several
hundreds to thousands of markers. By using DArT (Diversity Array
Technology) markers on a collection of 192 barley genotypes that
represented landraces, old- and contemporary cultivars sampling
key regions around the Mediterranean basin and Europe, Comadran
et al. (2009) investigated patterns of genetic diversity and LD and
found that the collection was a suitable resource for association
mapping. By combining the DArT marker data with the yield data
in mixed model analyses, Comadran et al. (2008, 2011) identified
several QTLs for yield under drought conditions in Mediterranean
basin. Another association study by using DArT and SNP markers
identified several QTLs for spot blotch resistance in barley (Roy
et al, 2010).

Similarly in another study using 1536 SNP arrays on 500 UK
barley cultivars having a strong population structure, interesting
marker-trait associations were assessed for some phenotypes by
careful application of mixed model technology (Cockram et al.,
2010). In another partial follow up study using a slightly extended
set of genotypes (615 cultivars) and phenotypes (32 morphologi-
cal and 10 agronomic traits), Wang et al. (2011) concentrated on
comparing various statistical approaches for association mapping
in barley. They showed the superiority of mixed model methodol-
ogy for GWA analysis to assess marker-trait association for even
complex traits in barley.

The present study was undertaken to find marker-trait asso-
ciations for yield and agronomic traits under drought conditions
by harnessing the potential of allelic diversity present in the
germplasm collection of barley held in the ICARDA genebank
through an LD-based GWA mapping approach. A set of 223
accessions sampled from ICARDA genebank was grown in two
contrasting environments in Syria, namely in a favourable site
(Tel Hadya) and a dry site (Breda). The genotyping of the
present germplasm collection with SSR and SNP markers has been
described in an earlier study (Varshney et al., 2010). The present
paper describes the genotyping of the germplasm set with addi-
tional 710 DArT markers, and the statistical analysis of population
structure, LD decay and marker-trait associations based on 816
markers including 710 DArTs, 61 SNPs and 45 SSRs by a mixed
model that corrects for population structure.

2. Materials and methods
2.1. Plant material

A set of 223 barley (Hordeum vulgare L.) accessions represent-
ing landraces (122), cultivars (66) and wild genotypes (35) from
30 countries from four continents were used (Table S1). DNA was
isolated from these genotypes as mentioned in Thiel et al. (2003).

2.2. Phenotypic data

The germplasm collection was planted along with four checks
in the cropping season 2004-2005 at ICARDA'’s research stations
located near Tel Hadya (36°01’N; 37°20’E, elevation 300 m asl, long
term average annual rainfall =338 mm) and near Breda (35°56'N;
37°10’E, elevation 354m asl, long term average annual rain-
fall=269 mm) in Syria. The experimental design was un-replicated
augmented by four repeated checks randomly included; entries
were fully randomized with different randomizations in the two
sites. The checks (2 six-rowed and 2 two-rowed) were used to
adjust for spatial variation. Plots were arranged in a row and col-
umn grid (10 rows, 28 columns). Trials were sown on plots of 3 m?,
1.2 m wide (4 rows 30 cm apart), 2.5 m long and grown under rain-
fed conditions. Total rainfall was 303 mm in Tel Hadya and 268 mm
in Breda. Although the total rainfall difference in the cropping sea-
son 2004-2005 was only 35mm (303 and 268 mm) between Tel
Hadya and Breda, both sites have shown good differentiation for
drought adaptation over the years. Not only the total amount of
rainfall but rainfall distribution and soil structure at both sides are
important. While Tel Hadya has heavy clay soils with good water
holding capacity, Breda has largely sandy soil with little water hold-
ing capacity. For this reason average rainfed barley yield in years
with average rainfall are around 4.4 t/ha in Tel Hadya whereas it is
1.4t/ha in Breda.

The following agronomic traits were recorded: growth vigour
in Tel Hadya (gv_th) as a visual score at the 5-6 leaf stage, using
a scale from 1=good vigor to 5=poor vigor; growth habit in Tel
Hadya (gh_th) as a visual score at the 5-6 leaf stage, using a scale
from 1 =erect to 5 = prostrate; days to heading in Tel Hadya (dh_th)
as the number of days from emergence to awns appearance in 50%
of the plants in a plot; plant height in Tel Hadya (ph_th) and Breda
(ph_br) measured in cm from ground level to the base of the spike, at
maturity; peduncle length in Tel Hadya (pl-th) and in Breda (pl.br)
in cm from the last node to the bottom of the spike, at maturity;
peduncle extrusion in Tel Hadya (pe_th) and Breda (pe_br) in cm
from the ligule of the flag leaf to the bottom of the spike, at maturity
(this measure can be negative in the case all or part of spike remains
in the booth); spike length in Tel Hadya (sl_th) and Breda (sl_br)
in cm excluding the awns; leaf colour in Tel Hadya (spad_th) and
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Table 1

Description of the traits in the present study, in terms of their minimum, maximum, mean, standard deviation and coefficient of variation (standard deviation divided by
mean) values. We also show the number of QTLs found for each trait. TH =Tel Hadya (wet), BR =Breda (dry).

Trait Description Unit/scale Minimum Maximum Mean St.Dev. Coef.Var. No. of QTLs
alpha=0.05)
gv_th Growth vigor (TH) 1=good; 5=bad 0.9 5 2.3 1 0.43 2
gh_th Growth habit (TH) 1=erect; 5=prostrate 1.2 5 2.5 1 0.39 3
dh_th Days to heading (TH) 72.2 104 84.8 5.2 0.06 0
ph_th Plant height at the base of the spike (TH) cm 72.6 119 92.6 8.5 0.09 1
ph_br Plant height at the base of the spike (BR) cm 35.7 88 55.7 8.3 0.15 0
pl_th Peduncle length (TH) cm 14.5 46 27.9 6 0.21 1
pl_br Peduncle length (BR) cm 7.6 39 20.1 6.2 0.31 6
pe-th Peduncle extrusion (TH) cm -8.6 25 6.2 5.4 0.88 3
pe_br Peduncle extrusion (BR) cm -12.2 15 -1.7 5.5 3.27 6
sl_th Spike length (TH) cm 4.1 13 8 1.6 0.2 7
sl_br Spike length (BR) cm 5.1 12 8.2 1.3 0.16 1
spad_th Leaf colour (TH) 34.3 53 42.9 3.5 0.08 2
spad_br Leaf colour (BR) 38 58 46.5 3.8 0.08 2
by_th Total above ground biomass yield (TH) kg/ha 3402.6 14209 10355.2 2240.8 0.22 3
by _br Total above ground biomass yield (BR) kg/ha 1360.4 6433 42478 867.8 0.2 3
gy-th Grain yield (TH) kg/ha 363.5 7781 44194 1735.9 0.39 1
gy_br Grain yield (BR) kg/ha 342.1 2440 14364 511.1 0.36 3
tkw_th Thousand kernel weight (TH) g 26.4 62 42.9 6.2 0.15 7
tkw_br Thousand kernel weight (BR) g 23.7 48 36.5 5 0.14 8

Breda (spad_br) determined using a chlorophyll meter (SPAD-502,
Minolta, Japan) in the middle of two random leaves (the average
was used for the analysis) at full heading stage before any symp-
toms of senescence were visible, between 09:00 and 12:00 h (solar
time); total above ground biomass in Tel Hadya (by_th) and Breda
(by_br) in kg/ha, measured by hand harvesting each plot at matu-
rity, before shattering of the brittle rachis entries; grain yield in Tel
Hadya (gy_-th) and Breda (gy_br) in kg/ha, measured after thresh-
ing the harvested sample; thousand kernel weight in Tel Hadya
(tkw_th) and Breda (tkw_br) in g, measured as the average of three
samples of 100 kernels per plot; the scored and measured traits are
listed in Table 1. Individual trials were analyzed with a GENSTAT
(Payne and Arnold, 2002) program for spatial analysis of unrepli-
cated trials in which the response of the checks provides the basis
for modelling the spatial variability in the field and to adjust the
genotypes’ performance. Best Linear Unbiased Predictors (BLUPS)
for each one of the traits in each environment were estimated. The
BLUPs for the two locations, Tel Hadya and Breda, formed the basis
for marker-trait association analyses.

2.3. Genotyping and marker analysis

Three sets of markers were used for genotyping the germplasm
collection. Genotyping data for 61 SNP (Kota et al., 2008) and 45
SSR (Varshney et al., 2007 ) markers have been reported in an earlier
study (Varshney et al., 2010). In addition, the germplasm collection
was genotyped with Diversity Array Technology (DArT) markers
and marker data were generated for 710 DArT loci, which are ana-
lysed in the present study. Positions for SNP and SSR markers were
obtained from an integrated map by Stein et al. (2007), while posi-
tions for the DAIT markers came from Wenzl et al. (2006). The
set of 710 DArT markers provided a good coverage of the seven
linkage groups (Fig. S1). The DArT markers are dominant mark-
ers scored either ‘1’ if a fragment is present or ‘0’ if a fragment is
absent. The present set of DArT markers contained each between
0 and 20% missing observations. In a pre-selection all unmapped
markers were excluded. As a result, we ended up with 61 SNP, 45
SSR and 710 DArT markers with a known map position, in a total of
816 markers, which are analysed in the present study. The 61 SNP
markers were co-dominantly scored with two alleles, and the 45
SSR markers were co-dominantly scored and had several alleles.

2.4. Diversity analysis and population structure

The genetic diversity structure of the entire collection was inves-
tigated in various ways, both by distance-based methods and by a
model-based approach, using SNP, SSR and DArT markers. Prior to
the analysis of diversity and of population structure, a selection of
the complete set of 816 mapped markers was made to ensure that
the genome was evenly covered and not overrepresented at some
regions. Therefore, a subset of 212 markers was taken, correspond-
ing to loci that were at least 5 cM apart and that covered the entire
genome. The distance of 5cM was chosen as to represent the dis-
tance beyond which linkage disequilibrium between loci could be
considered to be unimportant. The resulting sample of markers was
composed of 80% DArT, 10% SNP and 10% SSR markers. (The influ-
ence of the sampling procedure for the marker loci was investigated
by repeating the procedure a few times and comparing the results
of subsequent analyses. These analyses showed a high degree of
agreement.)

The program Dissimilarity Analysis and Representation for Win-
dows, also known as DARwin (Perrier et al., 2003) was run for the
analysis of principal coordinates (PCO) and for clustering analy-
sis by neighbor-joining (NJ) method. The subset of 212 markers
described above was imported into DARwin and a distance matrix
was calculated for the present collection of 223 accessions. The
distances between accessions were scaled to lie between 0 and 1
and were calculated using the complements of simple matching
coefficients. Markers were given equal weight.

The same marker set was used to investigate population struc-
ture by Bayesian model based clustering as implemented in the
Structure software version 2.1 (Pritchard et al., 2000). The Structure
algorithm constructs groups characterized by Hardy-Weinberg
equilibrium and linkage equilibrium for variation at the loci within
the groups, whereas LD is present between the groups (Pritchard
et al., 2000; Falush et al., 2003). The program was run assuming a
population admixture model with independent allele frequencies
between subpopulations. The number of assumed subpopulations
(K) was set to vary between 1 and 11, and for each value of K an
independent MCMC (Markov Chain Monte Carlo) of 100,000 itera-
tions was run, of which the first 10,000 were discarded as burn-in.
The likelihood of the data for a given number of assumed subpop-
ulations K is provided by the software, and the value of K with the
highest likelihood can be interpreted to correspond to an estimate
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for the underlying number of clusters. Within the admixture model
we can obtain the membership probabilities of each genotype to
each cluster.

2.5. Investigation of population structure by principal
components analysis/Eigen analysis

Population structure can be investigated in various ways. In
addition to PCO and Structure, we investigated population struc-
ture by the methodology as proposed by Patterson et al. (2006) that
is based on an principal components analysis/eigen value decom-
position of the normalized genotypic data matrix containing the
marker genotype scores. Principal components are tested for signif-
icance and significant principal components (PCs) can be included
as covariates in models for association analysis or tests for LD
between markers. The principal components analysis/eigen value
decomposition of the genotypic data matrix and the testing for
significance of the principal components is implemented in the pro-
cedure EIGENANALYSIS, available in GenStat’s QTL-library (GenStat
13th edition). For the present matrix of DArT markers the first 23
principal components (PC) were significant.

2.6. Analysis of LD between markers

LD between pairs of markers was studied for pairs of DArT mark-
ers. The approach used a logistic regression model (Hosmer and
Lemeshow, 2000) in which, on a logistic scale, variation in a first
marker, marker (1), was explained by the variation in a second
marker, marker (2), after correction for population structure. The
response, marker (1), is a binary vector of length 223, correspond-
ing to marker scores: 1 if a fragment is present or O if a fragment
is absent. The correction for population structure follows from the
inclusion of the significant principal components of the genotypic
data matrix (see above) as covariates. The predictor, marker (2), is
a binary vector of marker scores, having the value 1 if the fragment
is present and 0 otherwise. The association between a marker (1)
and (2) can be assessed by inspection of the deviance difference
(log-likelihood ratio) between a logistic regression model includ-
ing population structure + predictor marker versus a similar model
without the predictor marker. For all pairs of markers, the result-
ing P-values were saved and transformed to a —logo(P) and then
plotted against the corresponding genetic distances between the
markers (Fig. 1, Fig. S2). This way of investigating LD is available
in procedure QLDDECAY from GENSTAT’s QTL-library, available in
GENSTAT 13th edition (Payne and Arnold, 2002).

2.7. Marker-trait association analysis

Association analysis was performed on 816 DArT, SNP and SSR
markers, after recoding each SSR marker as a binary vector for the
presence or absence of its most frequent allele. The analysis was
based on a mixed model that corrected for population structure,
and was carried out in GENSTAT using restricted maximum likeli-
hood (REML). The following mixed model was used for association
analysis:

Phenotypic response = structure + marker + error.

The phenotypic response is a 223-length vector containing the
BLUPs obtained either for the location Tel Hadya (wet site) or for
Breda (dry site). This model corrects for population structure by
including the significant principal components of the genotypic
data matrix containing the DArT markers as covariates. The effects
for those covariates were assumed to follow a normal distribution
with a common variance. The markers to be tested for association
with the phenotypic response were included as follows. For DArT

-log10(P)

map distance (cM)

Fig. 1. Linkage disequelibrium (LD) between pairs of DArT markers, after correction
for population structure, across all chromosomes. LD is expressed in terms of the
—log1o(P) value of a deviance test comparing a logistic regression model explaining
the variation in one marker by the variation in another marker after correction for
population structure. The plateau in —log;o(P) values beyond 4-5cM corresponds
to an r? of about 0.1.

markers and most frequent SSR allele it was a vector having the
value 1 if the band, or allele, was present and 0 otherwise. For SNP
markers it was a vector coded 0 for (0, 0), 1 for (0, 1) and (1, 0),
and 2 for (1, 1). The fixed marker terms were tested by a Wald
statistic (Verbeke and Molenberghs, 2000; Payne et al., 2006), and
corresponding effect, standard error of the effect, and P-value were
saved. Proportions of explained variance for individual markers
were estimated by the increments in R? statistic after fitting fixed
individual markers in a model with fixed covariates for population
structure.

2.8. Correction for multiple testing

A threshold for the P-values resulting from the association anal-
ysis was estimated by the method proposed by Li and Ji (2005) and
Cheverud (2001). For this analysis we restricted the DArT mark-
ers to those containing less than 5% missing observations, which
resulted in a subset of 216 DArT markers. With this subset we cal-
culated the effective number of independent loci, and subsequently
applied the Bonferroni correction based on the effective number of
independent tests. For the subset of 216 DArT markers the effective
number of independent tests (or loci) was estimated as 138, thus
for a genome-wide error type I alpha=0.05 we set for each test a
threshold of P=0.05/138=0.00036 or —logo(P)=3.44. To arrive at
this threshold, we used procedure QTHRESHOLD from GENSTAT'’s
QTL-library, available at GENSTAT’s 13th edition.

3. Results and discussion
3.1. Marker analysis

The germplasm collection was genotyped with 45 SSR and 61
SNP markers as mentioned in an earlier study (Varshney et al.,
2010). With an objective to enhance marker data on this collection,
DArT markers were used and genotyping data were obtained for
710 DArT marker loci in this study. The 710 DArT markers provided
average genome coverage of 101 marker loci per linkage group
(LG) with a minimum of 51 markers for LG 4H and a maximum
of 129 for LG 2H, as shown in Table 2. Such more sparse coverage
of LG 4H was observed in the DArT consensus map (Wenzl et al.,
2006). As aresult, like in the study of Comadran et al. (2009), several
monomorphic blocks of DArT markers from LG 2H were observed.
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Table 2
Details of the molecular markers (DArT, SNP and SSR) used in the study.
Chromosome DArT SNP SSR
Number of Average Average Number of Average Average Number of Average Average
markers inter-marker PIC value markers inter-marker PIC value markers inter-marker PIC value
distance (standard distance (standard distance (standard
(standard deviation) (standard deviation) (standard deviation)
deviation) deviation) deviation)
1H 108 1.6 (2.7) 0.32 (0.05) 6 25.7 (23.8) 0.34(0.08) 7 17.7 (13.9) 0.35(0.03)
2H 129 1.4 (2.6) 0.32 (0.07) 8 16.0(15.0) 0.28 (0.10) 5 34.4(10.5) 0.37 (0.01)
3H 114 1.9(3.9) 0.33(0.05) 9 16.1(28.2) 0.40(0.17) 6 16.5(15.7) 0.36 (0.03)
4H 51 34(7.1) 0.31 (0.07) 9 10.2(10.3) 0.41 (0.08) 7 21.5(8.1) 0.36 (0.03)
5H 93 2.2(3.6) 0.32 (0.06) 15 14.0 (14.4) 0.40 (0.15) 6 32.6(17.0) 0.35(0.04)
6H 92 1.9(3.6) 0.33 (0.05) 8 17.9(18.6) 0.33 (0.08) 7 15.5(11.4) 0.34(0.07)
7H 123 1.7 (3.3) 0.34(0.04) 6 26.1(15.5) 0.36 (0.12) 7 20.0(12.3) 0.34(0.04)

Originally a total of 1105 marker loci were assembled, including
DArTs, SSRs and SNPs on the germplasm collection. Prior to our
analysis we excluded the markers with unknown map positions,
so that the mapping positions of all markers taken into the present
analysis were known through published genetic maps for SNP and
SSR (Stein et al., 2007) or DArT (Wenzl et al., 2006) markers. In
terms of linkage groups, a higher number of marker loci belonged
to LG 2H (142 marker loci) and LG 7H (136 marker loci), for which
marker genotyping data were assembled, while LG 4H contributed
to a small number (67) of marker loci, that were irregularly spaced
as well (see standard deviation in Table 2).

Polymorphism information content (PIC) value indicates infor-
mativeness of a marker locus or marker system, with the minimum
being 0 and the maximum being 0.50 for bi-allelic markers and 1 for
multi-allelic markers. The PIC values of DArT markers varied from
0.13 to 0.38 with an average PIC value 0.33. For SNP markers, PIC
values varied between 0.08 and 0.50 and were on average 0.35. In
case of the most frequent SSR allele, PIC values ranged from 0.19 to
0.38 with an average of 0.35. It was interesting to note that DArT
and SSR markers showed similar trends for PIC values across the
different linkage groups (Table 2). However, SNP marker loci from
LG 2H showed lower PIC values while the most frequent SSR allele
at loci from LG 2H had high PIC values.

3.2. Population structure in the germplasm collection

The selection of the number of groups in the population was
based on the likelihood of the data given the number of groups,
K. K was varied between 1 and 11. Independent runs of Struc-
ture for each K value showed strong improvement up to K=5, and
smaller improvements for larger K. Therefore, we chose K=5 as
the number of clusters in the population. The composition of each
cluster in terms of country of origin is shown in Table 3, and the
trait means and standard deviations for each cluster are shown in
Table S2. Cluster 1 (MEast) represents Middle Eastern and Asian
landraces and contains mainly early genotypes (taking approxi-
mately 64 days to flower, see Table S2). For Cluster 1 (MEast),
six-row types (39) were more abundant than two-row types (21).
Cluster 5 (NAfr) is mainly composed of North African landraces
and breeding lines that are predominantly of the six-row types
(44) as compared to two-row types (9). This group also includes
early genotypes (65 days to flower) that produce the heaviest grain
(tkw_th=46.1g, tkw_br=38.7 g) of the population. Cluster 3 (2Row)
mostly includes two-rowed barley (36 two-rows versus 11 six-
rows) and breeding lines, mainly from Syria. The genotypes in this
cluster take an average of 68 days to flower. Cluster 4 (Wild) is
exclusively composed of wild barley genotypes from Middle East
and Asia, that, naturally, are all two-row types. These accessions are
characterized by a much longer time to flowering (75 days in aver-
age), lower yield (by_th=6.5t/ha, by_br=3.2t/ha, gy th=1.0t/ha

and gy_br=0.6t/ha), taller plants (ph_th=97.6 cm, ph_br=65.6 cm),
and longer peduncles (pl_th=35.8 cm and pl_br=29.4cm). Finally
Cluster 2 (Rest) is a small heterogeneous group comprising lan-
draces and breeding lines from Middle East, North Africa, Asia
and Europe, with 14 two-row types and 12 six-row types.
This group of early genotypes (65 days to flower) has the
highest yield (by_th=11.8t/ha, by_br=4.6t/ha, gy_th=5.5t/ha and
gy-br=1.5t/ha) and shorter plants (ph_th=89.9 cm, ph_br=51.8 cm)
and peduncles (pl_-th=24.5cm and pl_br=16.4cm). The most con-
trasting clusters in terms of trait values are the Wild group and the
Rest group.

An analysis of principal coordinates (PCO) and of clustering anal-
ysis by neighbor-joining was performed using program DARwin.
The two first dimensions shown in Fig. 2 explained 17% of the

Table 3
Composition of five sub populations as obtained by model based Bayesian clustering
(Structure), in terms of entries belonging to particular countries of origin.

Country? MEast (1) NAfr(5) 2Row(3) Wild(4) Rest(2)
AFG 7 2

AUS 1

AZE 2 1 1
CHN 3

CYP 1

DZA 8 1
EGY 1 8 3 1 1
ERI 2

ETH 2 1

FRA 1
GRC 1

ICARDA Genebank 2 10 4
IND 2

IRN 15 1 2 2

IRQ 2 1 1

JOR 1 1 3 12 1
LBN 1

LBY 11 1 1
MAR 1

OMN 3 3 1

PAK 8 1

PAL 1 1 3

RUS 1
SAU 3 1
SYR 1 5 20 6 6
TK 2

TKM 3 6 1
TUN 4 2
TUR 3 1 2
UZB 1 1
YEM 2 1

2 Standard code for country of origin, e.g. AFG=Afghanistan, AUS=Australia,
AZE =Azerbaijan, CHN=China, CYP=Cyprus, DZA=Algeria, EGY=Egypt,
ETH=Ethiopia, ERI=Eretria, GRC=Greece, FRA=France, IND=India, IRN=Iran,
IRQ=1Iraq, JOR=Jordan, LBN=Lebanon, LBY=Libya, MAR=Morocco, OMN=0Oman,
PAK =Pakistan, PAL=Palestine, SAU=Saudi Arabia, SYR=Syria, TJK=Tajikistan,
TKM =Turkmenistan, TUR = Turkey, TUN = Tunisia, UZB = Uzbekistan, YEM = Yemen.
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Fig. 2. Analysis of population structure of the germplasm collection used in the present study by principal coordinate (PCO) analysis. Each genotype was labeled and coloured
according to its Structure group. Five sub groups were identified in the present population, namely Middle East (1), North Africa (5), Two Rows (3), Wild (4) and Rest (2). The
first three coordinates, which represent 21% of the genotypic variation, have been shown.

variation present in the genetic distance calculated between geno-
types. The five clusters classified by Structure can be identified in
the PCO plot. Genotypes that are very admixed were labeled as
a string containing the cluster numbers, for example a genotype
classified as a mixture of clusters Rest (2) and NAfr (5) was labeled
“25”. The first two PCO axes show three main groups, namely the
MEast accessions, the NAfr accessions, and finally 2Row and Wild
accessions (which are also all of the two-row type). In this two-
dimensional display cluster Rest partly overlaps with 2Row and
NAfr. There is in general good agreement between the Structure
classification and the PCO visualization (Fig. 2). The population
structure in our data can be ascribed to a combination of origin,
domestication or breeding history, and structure, two-rows versus
six-rows. These driving forces behind population structure in bar-
ley were also identified in the recent studies (Cockram et al., 2010;
Hamblin et al., 2010).

3.3. Analysis of LD between markers

The analysis of LD decay, after correction for population struc-
ture groups (Fig. 1, Fig. S2) shows the genome-wide LD, with
—logqo(P) values (y-axis) plotted against genetic distance in cM (x-
axis). Fig. 1 shows that the strongest, and significant, LD is observed
at very short distances, till 3 cM. This is close to the LD extent that
has recently been reported (2.5-3.5 cM) by Comadran et al. (2009)
and Zhang et al. (2009). Beyond 3 cM, LD becomes more or less
constant at a value around a squared correlation of about 0.1, with
some incidental jumps to 0.2. Around 10 cM and 15 cM, we observe
afew exceptional cases of significant LD. LD varied slightly between
chromosomes. In Fig. 1 we pooled the LD values across the whole
genome. LD at 10 cM and beyond was observed on chromosomes

2H, 6H and 7H (data not shown). After 15 cM there was hardly any
LD between loci.

3.4. Association analysis of quantitative traits

Grain yield had an average of 1.4 t/ha in the dry site (Breda) and
an average of 4.4t/ha in the favourable or wet site (Tel Hadya).
These values are similar to those observed in Breda and in Tel
Hadya for a different germplasm collection (Pswarayi et al., 2008;
Comadran et al., 2008). Also the average biomass yield varied
between 4.2 t/ha (Breda) and 10.4 t/ha (Tel Hadya), and the aver-
age thousand kernel weight (tkw) was 36.5 g in Breda versus 429 g
in Tel Hadya.

The total number of markers significantly associated with each
trait was between 0 and 8, as shown in Table 1. These numbers
are very comparable to the study of Cockram et al. (2010), who
found between one and three significant QTLs for their set of 15
highly heritable traits (mean h%=0.58), whereas for 17 lowly her-
itable traits (mean h?=0.17) no QTLs were found. In Table 4 we
show the most highly associated DArT marker with each pheno-
type, its location (chromosome and position in cM), the effect of
a double allele substitution: band present versus band absent in
the case of DArT markers, genotype (1, 1) versus genotype (0, 0) in
the case of SNP markers, and most frequent allele present versus
absent in the case of SSR markers, standard error of the effect, ratio
of the effect by its standard error, and percentage of the trait’s vari-
ance explained by the marker, the latter assessed by a fixed model
as described in Section 2. A marker explained at most 6.7% of the
variation. The location of all significant QTLs by trait is shown in
Fig. 3, and detailed information on all significant QTLs is provided
in Table S3.
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Table 4
Details on the most significant markers associated with the targeted traits using a significance level corresponding to o =0.05.
Trait Marker Linkage Position Frequency of % of —logi0(P) Effect of Standard Ratio of Double %
name group (cM) allele 1 Missing double error of double allele sub- Phenotypic
value allele or double allele effect  stitution variance
genotype allele effect and effect (% explained
(allele=1) standard trait range)
error

gv_th bPb_8907 3 205 47 9 39 -0.5 0.1 4.0 5.9 3.0
gh_th GBM1363 5 144 58 0 7.2 -0.7 0.1 5.4 9.2 3.6
ph_th bPb_2379 7 127 37 8 3.9 -5.1 13 3.8 5.5 1.1
pl_th bPb_5355 3 222 28 6 44 -3.7 0.9 4.1 5.8 3.6
pl-br bPb_9746 3 97 43 7 6.0 -4.9 1.0 4.9 7.8 3.7
pe_th bPb_2580 5 151 87 1 3.9 —4.2 1.1 3.8 6.3 32
pe_br bPb.0994 2 116 25 5 6.3 -4.5 0.9 5.1 8.2 6.7
sl_th bPb_2406 3 144 65 6 5.9 -1.3 0.3 4.8 7.2 2.8
sl_br GBS0143 2 88 17 2 44 -2.0 0.3 8.2 14.9 4.1
spad-th bPb_6477 6 180 37 4 3.7 -2.2 0.6 3.7 5.9 5.0
spad_br bPb_2325 5 139 21 6 4.1 -26 0.7 39 6.5 35
by-th bPb_4616 3 153 67 3 43 1382 343 4.0 6.4 2.3
by br bPb_4616 3 153 67 3 3.8 565 150 3.8 5.6 29
gy-th bPb.4616 3 153 67 3 4.8 929 216 4.3 6.3 1.8
gy-br GBS0469 1 133 65 3 3.7 -143 39 3.7 34 3.8
tkw_th  bPb_4269 6 134 74 5 4.3 -4.4 1.1 4.1 6.2 0.8
tkw_br  bPb_4875 2 46 40 8 8.5 -39 0.7 6.0 8.1 0.6

Three significant associations were found for biomass yield in
Tel Hadya (by-th) and also three in Breda (by_br). The first QTL is
located in chromosome 3H, at 153 cM, and explains 2.3% and 2.9%
of the variation observed in by_th and by_br respectively. Another
four QTLs were found on LG 5H, at 95 cM and at 156 cM, explaining
respectively 1.6% and 2.4% of the variation for by_th, and at 144 cM
and 147 cM for by_br explaining 1.4% and 1.2% of the variation. The
latter very likely represent the same locus.

A single significant association was found for grain yield in Tel
Hadya (gy_th), located on LG 3H at 153 cM. This QTL explained 1.8%
of the variation in gy_th, and it was the same QTL found for by_th and
by_br). QTLs for yield on the long arm of LG 3H have been attributed
to the presence of the denso/sdw1 locus (short straw) commonly
available in germplasm from Near East and North Africa. The role
of barley sdw1/denso gene to control plant height as well as yield
and quality is already well documented (Jia et al., 2011). Three sig-
nificant associations were found for grain yield in Breda (gy_br). A
locus explaining around 3.8% of the phenotypic variation was found
on LG 1H at 133 cM, and two other associations were found on LG
5H, at 122 cM and 144 cM, explaining 1.9% and 1.8% of the trait’s
variation. QTLs for yield have been previously reported on LG 1H
and 5H (Baum et al., 2003; Long et al., 2003; Pillen et al., 2003;
Talame et al., 2004; Li et al., 2005, 2006; von Korff et al., 2006).
Some QTLs reported in our study are also in the close proximity of
Vrn-H1 and this region has been shown to be associated with QTLs

for grain yield in earlier studies (Pillen et al., 2003, 2004; von Korff
etal., 2006). Also, in a recent study, one of these two QTLs on LG 5H
coincided with a locus reported in another work (Comadran et al.,
2008).

For thousand kernel weight (tkw) a total of 15 associations were
found significant, corresponding to just 7 distinct loci. For tkw_th,
we found 7 QTLs representing 4 distinct loci, namely on LG 2H at
46 cM (<1% explained variance), on LG 6H at 33 cM (3% explained
variance) and at 134cM (<1% explained variance) and on LG 7H
at 153 cM (<1% explained variance). In Breda, we had 8 significant
results for tkw_br, representing 5 loci, namely a locus on LG 2H at
46 cM (<1% explained variance), another on LG 3H at 46 cM (2.3%
explained variance), on LG 5H at 43 cM (2.8% explained variance),
on LG 6H at 33 cM (1% explained variance, shared with tkw_th), and
on LG 7H at 131 cM (<1% explained variance). Some of these QTLs
were found in the same region on LGs 6H and 7H that harboured
QTLs for yield, relative water content, heading date, etc. in earlier
studies (Pillen et al., 2003; Talame et al., 2004; Li et al., 2006; von
Korff et al., 2006). It is also interesting to note that most of the loci
identified for the yield traits were also found significant for other
traits, such as growth habit (gh) and growth vigour (gv), as shown
in Fig. 3.

It is important to note that in this study the explained vari-
ation, R?, for all of the identified QTLs was rather low, ranging
from 0.1% (days to flower) to 6.7% (pe_br, peduncle extrusion). Also,

gv_th - | 1
gh_th |
ph_th
pi_th o
pLbr I 1
po_th = |
po_br Il (I I
si_th | |
sl br — |
spad_th
spad_br —
by_th |
by_br = |
ay_th = |
gy_br = |
thv/_th = |
o br 1 |

Trait

Chromosome

Fig. 3. Location of QTLs for individual trait, identified by association mapping approach, on the seven chromosomes of barley. Details of these QTLs have been given in Table 4.
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expressing the effects of QTL alleles in alternative ways, by the
effect of a double allele substitution as a percentage of the range,
emphasized the impression that QTL effects were small to mod-
est. However, the numbers for the explained variation by QTLs as
observed in the current study are not uncommon in association
studies in cereals. For example, Maccaferri et al. (2011), studying a
diverse durum wheat panel across 15 environments with varying
water availability, found QTLs explaining between 5 and 10% for
highly heritable traits and only 2.5-4.2% for yield. In the two recent
studies on GWA analysis in barley (Cockram et al., 2010; Wang
et al,, 2011), marker-trait association contributing larger pheno-
typic variation was shown for the traits that are highly heritable,
and almost qualitative traits. In contrast, QTLs explaining >10% vari-
ances seem hard to be identified for the complex traits like drought
tolerance in GWA analyses in barley. QTLs identified in the present
study were not only small, but also very little consistent across envi-
ronments. The suggestion is made by Maccaferri et al. (2011) that
similar yield levels under stress conditions can be obtained via very
different genetic pathways, thereby making it hard to detect con-
sistent QTLs with clear effects. While inspecting the pattern of trait
correlations for Tel Hadya and Breda (Table S4 and Figs. S3 and S4),
we observe that in both locations grain yield was strongly corre-
lated with biomass and weakly correlated with thousand kernel
weight. Also, in both locations peduncle height, peduncle length
and peduncle extrusion were strongly correlated with each other.
In Tel Hadya the yield-biomass-thousand kernel weight group of
traits had a strong negative correlation with the peduncle traits,
whereas in Breda these groups of traits were unrelated. Therefore
some differentiation seems to occur between the two sites, but it
is unclear whether this differentiation is responsible for the QTLs
being different between the locations or whether the latter is just
a consequence of the fact that the probability for small QTLs to be
consistently picked up is low. In this respect, our results are very
comparable to earlier studies (Comadran et al., 2008, 2011) who
evaluated a widely diverse barley association panel for 2 years at
seven locations, at each location a ‘dry’ and a ‘wet’ trial. QTL effects
for yield were somewhere between 5 and 10% and no QTLs could
be identified that were specific for either dry or wet conditions.

In addition to the extreme environmental conditions trigger-
ing different genetic pathways, another explanation for the low
explained variation by QTLs in wide cereal association panels is that
variation for yield and yield components is strongly conditioned by
earliness. If the genotype does not fit in the growing window, it will
produce little or no yield. Population structure typically coincides
strongly with adaptation, origin, breeding program, growth habit
(winter versus spring types), besides the two-row versus six-row
contrast (Cockram et al., 2010; Hamblin et al., 2010). Also in our
case, population structure was driven by a combination of origin,
coinciding with adaptation and earliness, and two-rows versus six-
rows. When inspecting the amount of variation between and within
groups (Table S2), it can be expected that correction for structure
and kinship will remove a large part of the signal that may lead
to the discovery of QTLs. Hamblin et al. (2010) encountered strong
population structure in a large panel of cultivated barleys together
with inconsistency of correlation of marker alleles across structure
groups. Therefore some concerns were raised about the feasibility
of association mapping in a strongly heterogeneous set of structure
groups and they proposed to focus on one or a few large groups
that each by themselves would be large enough to perform asso-
ciation mapping with sufficient power. Similar recommendations
were made by Waugh et al. (2011). On the other hand, two other
studies (Cockram et al., 2010; Wang et al., 2011) showed optimism
and claimed that careful use of mixed model methodology will
allow to perform association mapping for complex traits evenin the
presence of strong population structure. However QTLs identified
in their studies were for high heritability traits.

QTL mapping studies in biparental populations show larger QTL
effects and explained variation. This may look somewhat surpris-
ing, but it is not unexpected. The QTL mapping studies in biparental
populations involve crosses with relatively small population sizes
that are likely to overestimate the effects of QTLs (Beavis, 1998;
Melchinger et al., 1998). Secondly, as many QTLs were identified in
this study, the presence of tolerance alleles at more than one QTL in
any one germplasm accession could affect the estimate of the QTL
effects. As per Roy et al. (2010), if most of the QTLs identified had
a relatively large effect and most accessions carried the tolerance
allele at more than one of these loci, the R? for any one QTL would
be lower.

In summary, this study together with some other studies under-
taken in barley (Kraakman et al., 2004; Rostoks et al., 2006;
Comadran et al., 2008, 2009, 2011; Roy et al., 2010; Hamblin et al.,
2010) raises the concerns on the usefulness of GWA approach to
identify the major QTLs for deployment in molecular breeding
strategies, although a few studies still show optimism (Cockram
etal, 2010; Wang et al., 2011). Surely, at the positive side, genome
wide genotyping scans have become possible due to availability of
large scale DArT (Wenzl et al., 2006) and SNP (Close et al., 2009)
marker systems. This study certainly provides genetic informa-
tion which merits further attention and subsequent confirmation
studies. For instance, with some effort a set of drought toler-
ant accessions may be identified that carries tolerance alleles at
different QTLs. Such accessions can be used as donor parents in
marker-assisted backcrossing (MABC) programme to transfer the
tolerant alleles in elite barley lines. The near-isogenic lines gen-
erated that way can be characterized further to confirm the QTLs,
provide more precise estimates of allele effects and assess whether
individual QTL are equally effective to drought stress (Roy et al.,
2010). It is also important to mention here that the identified QTLs
may not be suitable for direct application in molecular breeding
for drought tolerance. Some follow up studies including complex
crosses like multi-parent advanced generation inter cross (MAGIC)
population with well chosen parents on the basis of results obtained
in this study are required to assess the allele effects precisely
and identify suitable markers to efficiently pyramid multiple QTLs
into elite cultivars through MABC or marker-assisted recurrent
selection (MARS) programme for developing more stable drought
tolerant barley varieties.
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