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Abstract In the present study, allele mining was

conducted on a panel of drought related candidate

genes in a set of 96 barley genotypes using EcoTILL-

ING, which is a variant of the targeting induced local

lesions in genomes (TILLING) technology. Analyzing

approximately 1.5 million basepairs in barley a total

number of 94 verified unique haplotypes were

identified in 18 amplicons designed for 9 genes.

Overall, 185 single nucleotide polymorphisms (SNPs)

and 46 insertions/deletions (INDELs) were detected

with a mean of 1SNP/92 bp and 1INDEL/372 bp

genomic sequence. Based on overlapping haplotype

sequences, markers were developed for four candidate

genes (HvARH1, HvSRG6, HvDRF1, HVA1), which

allows distinguishing between the main haplotypes

showing either differences in amino acid sequence or

which have larger INDELs in the promoter region.

As ‘‘proof of concept’’, the HvARH1 and HvSRG6

haplotypes were tested for the level of abscisic acid-

induced gene expression in subsets of genotypes

belonging to different haplotype categories. An inte-

grated database was developed to contain information

about the genes, genotypes, and haplotypes analyzed

in this study. The database supplies profound infor-

mation about the natural variation in the tested drought

related candidate genes providing a significant asset

for further mapping studies dealing with this highly

polygenic trait.
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Introduction

Drought is one of the main factors limiting yield in

cereals. Plants respond to drought by altering the
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expression of a large number of genes, thereby

modifying cellular, physiological and biochemical

processes. Recently, a number of potential candidate

genes (CGs) have been identified by transcriptome

and transgenic approaches involved in the adaptive

responses to drought in cereals including barley

(Hordeum vulgare L.) (Guo et al. 2009; Talamè et al.

2007; Marzin et al. 2008). However, the function of

only very few CGs has been tested and no clear

evidence exists today for the real contribution of

these genes to drought tolerance. In addition, accord-

ing to our knowledge the allelic variation in CGs has

not been systematically examined yet. The explora-

tion of genetic variation in genes involved in drought

response can be an important prerequisite towards

a better understanding of stress mechanisms. This

knowledge is also of great relevance to plant

breeders.

Drought-related CGs and their identified products

recently can be conceptually classified into two groups

(Shinozaki and Yamaguchi-Shinozaki 2007): (a) func-

tional proteins (e.g. water channel proteins, sugar and

proline transporters, detoxification enzymes, late

embryogenesis abundant (LEA) proteins, enzymes for

osmolyte biosynthesis, proteases etc.); and b) regulatory

proteins (e.g.: various transcription factors, protein

kinases, protein phosphatases, enzymes involved in

phospholipid metabolism, signaling molecules, etc.).

In barley, several drought-related CG families and

CGs were analyzed more extensively. The drought-

inducible LEA (Late Embryogenesis Abundant) pro-

teins belong to a small multigene family. Dehydrin

genes (Dhn, LEA Dll family) are expressed in seeds

during late embryogenesis and also in seedlings in

response to drought, high salt, low temperature or

ABA application (Close 1997; Choi et al. 1999).

Barley Dhn genes have been identified and charac-

terized by Choi et al. (1999), Park et al. (2006) and

Rodriguez et al. (2005).

Recently, missense mutations were identified in

a barley TILLING (Targeting Induced Local

Lesions IN Genomes, Colbert et al. 2001) popula-

tion for Dhn12 and Dhn13 genes, which could be an

interesting step towards a better understanding of

the role of these genes (Lababidi et al. 2009).

Transgenic studies with HVA1 (Bahieldin et al.

2005), a barley group 3 LEA protein, conferred

tolerance to water deficit and other stress conditions

in wheat and rice (Sivamani et al. 2000; Rohila

et al. 2002). von Korff et al. (2008) suggest that this

drought-related candidate gene may be involved in

adaptation to drought stress. This gene was iden-

tified through QTL analysis in a Tadmor and ER/

Apm RIL (Recombinant Inbreed Line) population

and a high number of cross-over interactions for

yield and yield components were mapped close to

the HVA1 gene. The hydrophilic character of the

LEA proteins suggests an osmoprotective role

during cell dehydration (Jinyou et al. 2004). Other

genes such as HvNHX1 and HVP1 may enhance

osmotic adjustment through re-establishing homeo-

stasis under stress (Shi et al. 2002; Gaxiola et al.

2001). Fukuda et al. (2004) reported increased

HVP1 and HvNHX1 transcript levels under osmotic

stress. Overexpressing wheat TNHX1 and TVP1 in

Arabidopsis improved salt- and drought-stress tol-

erance (Brini et al. 2007). A further strategy of

plant adaptation to abiotic stresses involves pre-

venting oxidative stress or reducing the level of

reactive molecules (Bartels 2001; Oberschall et al.

2000). Early studies on the function of barley

HvARH1 protein linked increased accumulation in

response to desiccation stress emphasizing its

protective role during drought stress (Bartels et al.

1991).

Several drought-related transcription factors have

been described in barley. Xu et al. (2009) found that

expression levels of HvDREB1 (H. vulgare dehydration-

responsive element binding protein 1) were significantly

increased in barley leaves grown under salt, drought, and

low-temperature treatments. Overexpression of this gene

in transgenic Arabidopsis plants increased tolerance to

salt stress. HvDRF1 (H. vulgare dehydration-responsive

factor-1) belongs to the CBF/DREB subfamily of the

ERF/AP2 family (Taketa et al. 2008) and it is known as an

upstream activator of the HVA1 gene (Xue and Loveridge

2004). Alternatively spliced HvDRF1 transcripts were

observed in both barley and wheat (Egawa et al. 2006;

Xue and Loveridge 2004).

More recently, several investigations were directed

in functional testing of drought-related, disease resis-

tance genes (Silvar et al. 2010) in a more systematic

manner. Marzin et al. (2008) tested dehydration stress-

related CGs of barley by using a transient induced gene

silencing (TIGS) assay system. In a study of von Korff

et al. (2009) 30 genes putatively involved in stress

response were analyzed for asymmetric allele-specific

expression in five barley hybrids and their reciprocals
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assessing the frequency of cis-acting regulatory vari-

ation. In the past years surveys of diversity in barley

have focused mainly on SSRs (e.g.: Kota et al. 2001;

Maestri et al. 2002; Matus and Hayes 2002). Nucle-

otide diversity within expressed genes was estimated

for a smaller number of genes by sequencing multiple

barley genotypes (e.g.: Russell et al. 2004; Cronin et al.

2007; Morrell et al. 2005).

A number of different techniques can be used for

the analysis of nucleotide variation in CGs and their

regulatory sequences, but all have their own limita-

tions. Sequencing is the most accurate alternative,

but is relatively expensive when applied to multiple

loci in large numbers of individuals. EcoTILLING

(Comai et al. 2004), is a variant of TILLING, based

on certain PCR steps, such as the formation of

heteroduplexes, nuclease-cutting of DNA mis-

matches and detection. It is a cost-effective technol-

ogy and allows both SNP discovery and haplotyping

through the sequencing of unique haplotypes. In

barley allelic variation was examined and identified

by using this method in mlo and Mla resistance genes

(Mejlhede et al. 2006).

In the present pilot study, the EcoTILLING

technology was used as a tool for allele mining in a

panel of barley CGs representing a range of diverse

genes involved in the abiotic stress response path-

ways. Haplotype and sequence variation (Single

Nucleotide Polymorphism—SNP; INDEL—Inser-

tion/Deletion) was examined at nine loci (HvARH1,

HvSRG6, HvDRF1, HVA1, HvDREB1, HvNHX1,

HVP1, HvNud and HvPPRPX) in a set of 96 barley

cultivars and landraces collected worldwide and

containing drought tolerant and sensitive genotypes.

The analysis comprised sequence information of

approximately 1.5 million basepairs in barley and

the identified haplotypes and polymorphisms were

recorded in a web-based database named BAHADAS

(‘‘BArley HAplotype DAtabaSe for drought-related

candidate genes’’). Based on overlapping haplotype

sequences, markers were developed for four CGs

(HvARH1, HvSRG6, HvDRF1, HVA1), which allows

distinguishing the main haplotypes showing either

differences in amino acid sequence or which have

larger INDELs in the promoter region. As ‘‘proof of

concept’’, the HvARH1 and HvSRG6 haplotypes were

tested for the level of abscisic acid-induced gene

expression in subsets of genotypes belonging to

different haplotype categories.

Materials and methods

Plant material

A set of 96 barley cultivars and landraces collected

worldwide were analyzed in this study. Thirty-eight

genotypes were selected based on the literature or

based on available passport data showing that these

genotypes were drought tolerant (in the field and or

under control conditions). We included almost all

genotypes (20 genotypes) available in the European

Barley Database (Knüpffer 1988) for which we found

the remark ‘‘drought tolerant’’ in the passport card.

Seven interesting genotypes characterized for the trait

‘‘yield under drought’’ were taken from the Spanish

Barley Core Collection (Igartua et al. 1998). Eleven

barley lines were selected based on literature data

dealing with drought tolerance (references in Supple-

mentary Table S1 in Online Resource 1). Furthermore

5 high yielding commercial barley cultivars were also

included in the analysis. This initial set of 43 genotypes

was finally completed with 53 diverse genotypes

obtained from Nils Stein (IPK Gatersleben). To

provide the greatest potential for identifying genetic

variation, these 53 genotypes were selected from

different geographic locations. EcoTILLING analysis

was performed on 92 genotypes (96 set minus No.13b-

ISR42-8, No.73b-SCA239, No.83b-SCA118 and

No.93-Keel). Regenotyping was done in all of the 96

genotypes. A detailed overview of the selected geno-

types is summarized in Supplementary Table S1.

DNA Isolation and sample preparation

for EcoTILLING

Genomic DNA was extracted from 10- to 14-day-old

seedlings (1 seedling/genotype) according to the

protocol described by Törjék et al. (2006). Following

extraction, aliquots of genomic DNA were separated

on 1.5% agarose gels to check for yield and

variability of the DNA preparation. Concentrations

were adjusted to 100 ng/ll in T10E1 (10 mM Tris–

HCl pH 8, 1 mM EDTA) and mixed with an equal

amount of No.53-GK Rezi DNA (reference DNA).

PCR amplification and EcoTILLING assays

PCR amplification was carried out in 12 ll of

reaction mixture containing 1 ll genomic DNA
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(100 ng/ll), 1 ll primer mix containing forward and

reverse primers in equal amounts (stock solution:

20 lM for each forward and reverse primer) and

10 ll of pre-prepared MasterMix containing 810 ll

autoclaved distilled water, 125 ll 109 PCR Buffer,

50 mM MgCl2, 50 ll of 5 mM dNTPs (GeneCraft,

Köln, Germany) containing dTTP and Flu-12-dUTP

(GeneCraft, Köln, Germany) in a 9:1 ratio, 15 ll Taq

DNA Polymerase either from Roboklon (catalogue

number: E2600) or GeneCraft (catalogue number:

GC-045-1000 or GC-002-1000) with their respective

components. PCR reactions and heteroduplex forma-

tion were performed using a PTC-200 thermal cycler

(Bio-Rad Laboratories, Hercules, CA, USA) as

follows: heat denaturation at 94�C for 2 min

(10 min activation step for BioThermStar Hot Start

Taq DNA Polymerase) followed by 40 polymeriza-

tion cycles (denaturation: 94�C for 10 s, annealing:

55–60�C for 30 s, extension: 72�C for 1–3 min) and

finally extension, denaturation and reannealing steps

(72�C for 5 min, 99�C for 10 s, 70�C for 20 s,

followed by 70 cycles of 70�C for 20 s decreasing

0.3�C per cycle). After PCR amplification, samples

were digested either with CelI enzyme (provided by

Georg Strompen, University of Potsdam, Germany)

according to the protocol described by Törjék et al.

(2008) or with ENDO-1 (Serial Genetics, Evry,

France) following the manufacturer’s recommenda-

tions. After this step samples were precipitated with

15 ll isopropanol (centrifuged for 15 min at

4,000 rpm.), washed with 20 ll of 70% ethanol

(centrifuged for 15 min at 4,000 rpm.) and finally

resuspended in 2 ll formamide loading buffer (33%

deionised formamide, 10 mM Tris, pH 7.5, 1 mM

EDTA and 0.02% bromphenol blue) and denatured

(95�C for 4 min and 4�C for 5 min). Samples (0.5 ll)

were loaded onto 100-tooth membrane combs

(LI-COR Biotechnology, Lincoln, USA) then elec-

trophoresed on ABI Prism 377 Sequencer (Applied

Biosystems, Lincoln, USA) through a 16 cm long

polyacrylamide (6.5% KB Plus, LI-COR) gel in 19

TBE running buffer at 1,400 V/60 mA/50�C for

2–4 h.

Candidate gene selection and primer design

Drought related CGs were selected based on their

putative role in molecular drought response. The list of 9

genes is shown in Table 1 and includes 8 candidates for

which a role in drought response has been demonstrated

based on expression data or by transgenic approaches

(for references, see Table 1). HvPRPX was used for the

establishment of the EcoTILLING technology (this

gene was also used as negative control in the study of

Marzin et al. 2008). Based on available genomic DNA

sequences 4, 4, 3 and 2 overlapping amplicons were

designed for the CGs HvARH1, HvSRG6, HvDRF1 and

HVA1, respectively, which made possible the analysis of

the sequence diversity for nearly the complete gene. In

the case of HvNud and three further CGs (HvDREB1,

HvNHX1 and HVP1) for which only mRNA or coding

sequences were accessible, only one amplicon was

designed and analyzed. The 18 amplicons, their sizes

and the created primers are shown in Supplementary

Table S2. All primers used in this study were designed

using the software Primer3 (Rozen and Skaletsky 2000).

Haplotype identification and sequencing

Analyses of the gel images were carried out manually

using the PhotoFiltre 6.2.7 software (freeware version,

http://www.photofiltre.com/). Genotypes were grouped

into putative haplotype categories based on the cleaved

Cel1 or ENDO-1 products in evaluated gel-frames.

Afterward one representative of each unique haplotype

was reamplified without fluorescently labeled nucleo-

tides and the purified PCR product was sequenced on

both strands to confirm the polymorphisms (sequencing

was performed by Bio Basic Inc. Markham, Canada and

particularly by the BRC sequencing unit, Szeged,

Hungary). Sequences were analyzed using the Chromas

1.45 (McCarthy 1998) and CLC Free Workbench (www.

clcbio.com) softwares. All sequence data from this

study have been deposited in NCBI under accession

numbers: GU108387–GU108455.

Regenotyping

Selected INDELs were regenotyped using the same

reaction conditions as for EcoTILLING incorporating

Flu-12-dUTPs into the amplicons. CAPS assays for the

detection of selected SNPs were labeled also with Flu-

12-dUTPs and the enzymatic digestion was done using

MspI (MBI Fermentas, Vilnius, Lithuania) following

the manufacturer’s recommendations. A PCR reaction

for detecting SNPs called Duplex SNaPshot assays

(Applied Biosystems, Lincoln, USA) was carried out

as described previously (Törjék et al. 2003).
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Statistical analysis and visualization

Genetic distances of genotypes based on polymor-

phisms in the HvARH1 gene were calculated and

visualized using the GGT 2.0 software (van Berloo

1999) and SplitsTree 4.10 (Huson and Bryant 2006).

Representative alleles identified by EcoTILLING

were sequenced in a subset of barley genotypes,

and in silico sequences were generated for all other

individuals. Nucleotide diversity per gene (Pi), Taj-

ima’s D, Haplotype diversity (Hd) and the ratio of the

number of non-synonymous substitutions (Ka) to the

number of synonymous substitutions (Ks) was calcu-

lated using DnaSP v 5.0 (Librado and Rozas 2009).

For statistical analysis the INDELs were treated as

single site polymorphisms (Pi, Tajima’s D and Hd).

Average nucleotide and haplotype diversity was the

average of all Pi and Hd values.

Analysis of abscisic acid-induced gene expression

changes of selected candidate genes

Plant treatment: Seeds of selected genotypes repre-

senting different haplotype groups were grown in

greenhouse at 18/16�C day/night temperature with a

12-h photoperiod and ambient relative humidity. Shoot

samples were collected from 6 week old plants which

were immersed in 50 lM abscisic acid (ABA) solution

in Petri dishes. Shoots were harvested after 24 h long

ABA treatment. Water-treated shoots served as neg-

ative controls in these experiments. For the expression

analysis of HvSRG6 gene the ABA treatment protocol

of Malatrasi et al. (2002) was followed. Seeds were

germinated on moist filter paper in sterile Petri dishes

and grown at room temperature for 7 days. Treated

seedling roots were bathed in a 10 mM ABA solution

for 24 h and the control samples were immersed in

water. After 1 day, shoots were cut off, rapidly frozen

in liquid nitrogen, and stored at -80�C.

RNA isolation and quantitative Real-Time PCR

analysis: For qRT-PCR, total RNA was extracted

from control and stress-treated samples. According to

the AGPC (acid guanidium thiocyanate-phenol chlo-

roform) method (Chomcyznski and Sacchi 1987)

using Tri reagent the RNA samples were treated with

RNase-free DNase I (Fermentas). The concentration

of RNA was determined with a Nanodrop ND-1000

spectrophotometer (NanoDrop Products, Wilmington,

DE, USA). The RNA samples were quantified by

measuring the absorbance at 260 nm and purities

were assessed by the 260/280 nm ratio and on a 1%

agarose gel stained with ethidium bromide. First-

strand cDNA synthesis of 2 lg total RNA in a final

volume of 20 ll was performed with RevertAid

Table 1 List of genes used for ecoTILLING

No. Candidate gene, abbreviation Available

molecule type

Locus Reference

1 H. vulgare AR-h gene for aldose reductase, HvARH1 Genomic

DNA

Z48360 Roncarati et al. (1995),

Oberschall et al. (2000)

2 Hordeum vulgare srg6 gene for stress responsive gene protein 6,

SRG6

Genomic

DNA

AJ300144 Malatrasi et al. (2002)

3 Hordeum vulgare AP2 transcriptional activator (DRF1) gene,

HvDRF1

Genomic

DNA

AY223807 Xu and Loveridge (2004)

4 H. vulgare HVA1 gene, HVA1 Genomic

DNA

X78205 Bahieldin et al. (2005)

5 Hordeum vulgare subsp. vulgare dehydration responsive element

binding protein 1 (DREB1) mRNA, HvDREB1

mRNA DQ012941 Xu et al. (2009)

6 Hordeum vulgare HvNHX1 mRNA for sodium/proton antiporter,

HvNHX1

mRNA AB089197 Fukuda et al. (2004)

7 Hordeum vulgare HVP1 mRNA for vacuolar proton-inorganic

pyrophosphatase, HVP1

mRNA AB032839 Fukuda et al. (2004)

8 Barley fungal pathogen induced mRNA for pathogen-related

protein, HvPPRPX

mRNA X16648 Marzin et al. (2008)

9 NUD putative ethylene-responsive transcription factor, HvNUD Genomic

DNA

AP009567 Taketa et al. (2008)
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M-MuLV Reverse Transcriptase (MBI Fermentas,

Vilnius, Lithuania) according to the supplier’s proto-

col using random hexamers. The real time quantita-

tive PCR analyses were performed using the ABI

Prism 7000 Sequence Detection System. For the real-

time qPCR, 1 ll cDNA were mixed with 10 ll Power

SYBR Green PCR Master Mix (Applied Biosystems,

Lincoln, USA), 1.0 ll gene-specific 10 lM PCR

primer pair stock and 8 ll ddH2O in a final volume of

20 ll in three replicates. Controls containing no

template molecules were included. Amplification

conditions were: 45 cycles at 95�C for 15 s, followed

by 60�C for 1 min. Specificity of the amplifications

was verified at the end of the PCR run using ABI

Prism Dissociation Curve Analysis Software. The

expression level of the HvARH1 and HvSRG6 gene

was normalized using 18S rRNA as a housekeeping

gene and the relative transcript levels were obtained

by 2�DDCt method (Livak and Schmittgen 2001). The

forward and reverse primers used for expression

analysis are shown in Supplementary Table S2.

Results

Summary of allele mining in drought-related CGs

Natural variation was analyzed in eighteen amplicons

designed for 8 putative drought related CGs and the

HvPRPX gene by EcoTILLING screens in a set of 92

barley genotypes. An example of an EcoTILLING

screen is shown in Fig. 1. Altogether, approximately,

1.5 million basepairs were analyzed via EcoTILLING.

A total of 94 verified unique haplotypes were identified

for 18 amplicons including the reference sequence

variants from NCBI. The primer sets yielded products

ranging from 571 to 1,374 bp. The number of identified

haplotypes varied between 2 (HvDREB1) and 8

(HVP1). Haplotype frequencies in the analyzed pop-

ulation were determined for 15 amplicons. In the case

of the remaining three amplicons (HvSRG6-0, HVA1-

F and HvDRF1-AA) genotypes were not classified into

haplotype categories because of the ambiguous Eco-

TILLING patterns (numerous missing and fuzzy lanes

or too many cleaved fragments in lanes). For these 3

amplicons all distinguishable lanes (genotypes) were

sequenced afterwards.

When taking into account the 15 amplicons with

an average EcoTILLING call rate of 92.5%, we found

on average of 4.5 haplotypes per amplicon. As

displayed in Fig. 2, for most genes a major haplotype

(average frequency = 0.65) was detected, with the

average cumulative frequency of the first three

haplotypes being 0.9, followed by a series of minor

haplotypes. Relative haplotype frequencies found in

the EcoTILLED population are shown in Fig. 3.

One representative genotype for each unique

haplotype was sequenced on both strands. Overall,

185 SNPs and 46 INDELs were detected with a mean

of 1 SNP/92 bp and 1 INDEL/372 bp genomic

sequence. A total number of 22 replacement SNPs

(causing changes in the amino acid sequence) and

Fig. 1 EcoTILLING image

obtained for HvNHX1.

Variant haplotypes were

discovered in the evaluated

gel-frame contained in the

red box. White arrows show

the cleaved fragments

indicating polymorphisms

in the amplicon. Red arrows
show the genotypes selected

for sequencing, which

belongs to different unique

haplotype groups
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five INDELs were found in coding regions. The range

of nucleotide diversity spanned from Pi = 0.00039

for HvNud (only two SNPs and one INDEL was

observed) to Pi = 0.01220 for HVA1-L (16 SNPs

and 10 INDELs). The average level of haplotype

diversity was 0.465. An overview of the EcoTILL-

ING analysis and haplotype sequencing is summa-

rized in Table 2. All polymorphisms are available on

the Web interface created in the frame of this project.

Development of haplotype specific markers,

validation of the EcoTILLING haplotypes

by regenotyping

One of the goals of our project was to develop

molecular markers that can be used for the distinction

of the genetic variants. Haplotype specific marker

sets were developed for four genes, which were

screened with overlapping EcoTILLING amplicons.

To this end single haplotypes determined for each

amplicon of a given gene were arranged into

combined haplotype sequences. Based on these

assembled ‘‘whole-gene haplotypes’’, subsets of

polymorphisms were selected for regenotyping.

In the case of HvARH1 four amplicons were

screened covering 3,346 bp of the gene (Supplemen-

tary Fig. 1a in Online Resource 2). For the individual

amplicons 3, 5, 4, and 4 haplotypes were identified by

EcoTILLING respectively (with an average call rate of

93.5%). After arranging the individual haplotype

sequences a total number of 77 polymorphisms (56

SNPs and 21 INDELs) and 9 potential combined

haplotypes were determined including the sequence

from NCBI (for further details see the website or

Supplementary Table 3 in Online Resource 4). In the

panel of 92 barley lines eight combined haplotypes

(named HvARH1-Z1–HvARH1-Z8) were deduced.

Most of the genotypes were grouped into one of the

three main haplotypes: HvARH1-Z1, HvARH1-Z4 or

HvARH1-Z6. HvARH1-Z2 (corresponding to genotype

No. 80-Claret), HvARH1-Z5 (corresponding to geno-

type No.46-Natasha), HvARH1-Z7 (corresponding to

genotype No. 88-BCC197), HvARH1-Z8 (correspond-

ing to genotype No. 20-BCC195) were determined

as individual recombinant haplotypes and finally

HvARH1-Z3 (corresponding to genotype No. 86-

Fengtien Black) was determined as a unique haplotype

differing from HvARH1-Z1 in the 21st SNP allele (with

Fig. 2 Distribution of

haplotype frequencies in 15

amplicons based on

EcoTILLING patterns.

Haplotype frequencies

sorted in decreasing order.

Class ‘‘1’’ corresponds to

the most frequent

haplotypes, Class ‘‘2’’ to the

second most frequent

haplotype and so on

consequetively

Fig. 3 Overall relative haplotype frequencies. Most of the

haplotypes had an allele frequency between 2 and 10% in the

analyzed population
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a T instead of a G). Seven polymorphisms (2 INDELs

and 5 SNPs) were selected for marker development and

regenotyping, which gave the opportunity for the

confirmation of all 8 deduced combined haplotypes

(Fig. 4). The two INDELs were analyzed in a duplex

SSLP reaction. A duplex SNaPshot reaction allowed

the analysis of the 21st and 56th SNPs. The 51st SNP

was analyzed by a CAPS reaction and SNPs 41 and 42

were interrogated using ENDO-1 enzyme (see Sup-

plementary Fig. 1b in Online Resource 2). Regeno-

typing of all the 96 genotypes showed only two

discrepancies in comparison to the results determined

based on the four EcoTILLING screens. Two of the

four potential recombinant haplotypes were not con-

firmed (HvARH1-Z5 was refitted to HvARH1-Z4 and

HvARH1-Z7 to HvARH1-Z6). None of the genotypes

were heterozygous for the HvARH1 gene.

In the case of HvDRF1, HVA1 and HvSRG6 3, 2

and 3 informative polymorphisms were converted

into easily detectable genetic markers, respectively

(Table 2), which allow the discrimination of the main

haplotypes and/or those haplotypes which showed

differences on the amino acid level or contained large

INDELs in the promoter region. All regenotyping

results can be found on the subjoined website.

Expression analysis of the main HvARH1

and HvSRG6 haplotypes—a proof of concept

Transcription of HvARH1 and HvSRG6 genes is

known to be regulated by abscisic acid; moreover the

induction of these genes can be linked to desiccation

tolerance (Bartels et al. 1991; Malatrasi et al. 2002).

To test the genotype-dependent transcriptional

Fig. 4 Subset of polymorphisms in the HvARH1 gene

selected for regenotyping. Information for each of eight

combined regenotyped haplotypes Z1–Z8. a Detection of 2

Indels (columns in blue) and 5 SNPs (columns in red) allows

the discrimination of all potential HvARH1 haplotypes. Letters
in the first four columns denote which haplotypes make up the

combined haplotype. Table values denote length of INDEL or

specific SNP. b Genetic distances were calculated among

polymorphisms using the GGT software, and a NJ (neighbor

joining) dendrogram was created based on simple matching

similarity coefficients. Selected polymorphisms for regenotyp-

ing are highlighted shown in a. c Regenotyping confirmed the

three main haplotype categories (HvARH1-Z1, HvARH1-Z4

and HvARH1-Z6) one recombinant haplotype (HvARH1-Z2,

No.80-Claret) and the two unique ones: HvARH1-Z3 (No.86-

Fengtien Black) and HvARH1-Z8 (genotype: No.20-BCC195).

The tree was visualized using the Software SplitsTree version

4.10
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response of these genes, ABA-treated leaves of plants

belonging to the major haplotype groups were tested

by quantitative RT-PCR in order to analyze the effect

of SNPs and INDELs found inside the genomic

sequence of the promoter and the coding regions. In

the case of the HvARH1 gene three representatives of

the three major haplotypes (HvARH1-Z1, HvARH1-

Z4 and HvARH1-Z6), respectively were tested for

ABA inducibility. According to the results shown on

Fig. 5a the transcript level increased significantly

following the 24 h long treatment of young leaves

with 50 lM ABA solution in all cases, and differ-

ences in gene induction were detected between the

main haplotype groups. The abscisic acid response of

gene expression was the most pronounced in the case

of genotypes belonging to the HvARH1Z1 haplotype

group. In this case the gene induction reached a

20–60-fold increase compared to the water-treated

control. Plants belonging to the HvARH1-Z4 and

HvARH1-Z6 haplotype groups exhibited a lower

(approx. 10-fold) induction, however, an extremely

high value was measured in the case of a genotype

(No. 73a-Compana) belonging to the HvARH1-Z4

haplotype group demonstrated the importance of

individual genomic characteristics and the necessity

of the statistical analysis of data derived from

multiple samples.

Testing the ABA-induced expression changes of

the HvSRG6 gene revealed that in spite of the applied

very high concentration of abscisic acid (10 mM vs.

the 50 lM in the previous experiment), thus follow-

ing strictly the experimental setup of Malatrasi et al.

(2002), we could not detect a significant induction of

gene expression. Nevertheless it demonstrated that

the loss of a significant portion (196 basepairs) of the

cis-acting promoter did not change the expression of

HvSRG6 gene in cultivars No.18-Otis, No.23-Chilga

Arpa and No.61-Diamond (Fig. 5b).

Fig. 5 Expression analysis

of the main HvARH1 and

HvSRG6 haplotypes.

a Expression of the three

main HvARH1 haplotypes

after abscisic acid treatment

(three genotypes were

tested for each of the main

HvARH1 haplotypes).

b Abscisic acid induction of

SRG6 gene in barley

genotypes containing full

length version (No.62-

Unitan, No.3-Keystone,

No.53-GK Rezi, No.73a-

Compana, No.8-Hazen) or

196 bp long insertion-

containing version (No.18-

Otis, No.23-Chilga, No.61-

Diamond) of the promoter
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Barley Haplotype Database for drought-related

candidate genes (BAHADAS)

To provide public access to haplotypes and polymor-

phisms generated in this study, a Web interface was

created that can be accessed at http://bhd.szbk

.u-szeged.hu/haplotipusok/index.php. This search-

able database contains a set of information obtained

for the analyzed CGs’ haplotype sequences, fre-

quencies and multiple alignments with sequence

polymorphisms. In the case of four gene targets

regenotyping data are available. The Web interface

provides additional information about the used

genotypes and about the technology and the primers

used. The integrated ‘‘core collection’’ allows the

building of flexible genotype subsets with maximized

genetic diversity based on the analyzed candidate

genes. The database will be freely available upon

publication. A screenshot of the developed database

is shown in Fig. 6.

Fig. 6 Screenshot of the Web interface ‘‘BAHADAS’’
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Discussion

Natural variation in the screened population

Our primary goal was to characterize the extent of

genetic variation in drought related barley CGs. To

this end we assembled a collection of barley geno-

types for allele mining. This set contains almost all

the known barley genotypes from the literature and/or

from different databases (based on genotype passport

cards), which showed a marked response to drought.

This initial set of 43 genotypes was supplemented

with 53 diverse genotypes (provided by Nils Stein,

IPK Gatersleben) from different geographic location

with the aim of providing a high potential for

identifying genetic variation in the analyzed genes.

Approximately 1.5 million basepairs were analyzed

via EcoTILLING, which revealed 94 verified unique

haplotypes for the 18 studied amplicons with a mean

length of 950 bp/amplicon in the studied barley

collection. On average we found 5.2 haplotypes per

amplicon taking also the NCBI sequences into

account (4.5 haplotypes/amplicon were detected in

the collected set of barley genotypes). The average

frequency of polymorphisms was 1 SNP/92.4 bp and

1 INDEL/371.7 bp genomic sequence, including the

database sequences. We found nucleotide diversity

values ranging between Pi = 0.000390 and Pi =

-0.1220. The mean level of haplotype diversity was

0.465. Test for selection did not provide significant

Tajima’s D values (Table 2), although high value of

1.91651 was detected for HvARH1-A, which may be

an indication for balancing selection. In case of the

HvARH1B amplicon also the Ka/Ks ratio (5.239)

indicates for a positive selection. In barley, polymor-

phism frequency estimates showed a wide range

in different studies: a. 1SNP/27 bp, 1INDEL/94 bp

(Bundock and Henry 2004); b. 1SNP/78 bp,

1INDEL/680 bp (Russell et al. 2004); c. 1SNP/

200 bp, INDELs not examined (Rostoks et al.

2005). Comparable levels of nucleotide diversity

(from 0.0021 to 0.0189) and haplotype diversity

(0.518) were found in work of Russell et al. (2004).

The frequency estimates are largely dependent on the

selected germplasm (landraces, wild barley acces-

sions, cultivated germplasm) and its size as well as

the analyzed genomic regions (coding, non-coding

genomic regions). Analyzing the haplotype structure

in seven barley genes Kilian et al. (2006) found on

average 10 haplotypes per locus in wild lines, but

only 2.43 haplotypes in domesticated genotypes. Our

barley collection was assembled first of all with the

aim to include all (as many as possible) of the barley

genotypes which showed a differentiable drought

response. Based on the large number of identified

polymorphisms and haplotypes, we can assume that a

large extent of the natural variation is present in the

analyzed population. We think that our population

and the data obtained in this study can provide a good

starting point for further large scale projects aiming

to analyze the natural variation in drought related

CGs. By applying core collection algorithms flexible

research project targeted genotype sets can be defined

eliminating genetic redundancies and maximizing

allele-mining efficiency.

Use of EcoTILLING technology as a tool

for allele mining in drought related CGs

The main goal of allele mining is to identify and

isolate unknown and valuable alleles within genetic

resource collections at known loci that are candidates

for conferring essential traits. One of the most

powerful strategies for allele mining that has been

developed in recent years is EcoTILLING. This

technology in combination with sequencing allows

the detection and identification of multiple types of

polymorphisms across germplasm collections (Comai

et al. 2004). Until now EcoTILLING has been used in

plants to examine DNA variation in Arabidopsis

(Comai et al. 2004), in black cottonwood (Gilchrist

et al. 2006), in mung bean (Barkley et al. 2008), in

melon (Nieto et al. 2007) and in barley in mlo and

Mla resistance genes (Mejlhede et al. 2006).

In the present pilot study we have adopted and set

up the EcoTILLING technology for detecting natural

variation in barley CGs for drought tolerance accord-

ing to the protocol described by Törjék et al. (2008),

which is based on the incorporation of fluorescently

labeled dNTPs into the PCR products. An advantage

of this kind of labeling is that fluorescently labeled

primers are not required, making this approach

more cost-effective. We have found that the robust-

ness of PCR-reactions with fluorescently labeled

dNTPs is the same as using normal dNTPs and so

the robustness is notably higher, than using labeled

primers. A disadvantage of dNTP labeling (labeling

of both PCR strands—one channel detection
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possible) in comparison to the end labeling of

amplicons with two different dyes (two channel

detection) is that potential polymorphic sites can not

be confirmed in one step based on summing up the

cleaved fragments detected on the two different

wavelengths (the sum should equal the full length

PCR product). Nevertheless, in the case of multiple

polymorphisms both of the labeling methods lead to

very complicated patterns and a haplotype validation

should be done by sequencing of the potential

haplotypes.

The correctness of the EcoTILLING-based geno-

type classification was verified by regenotyping of the

HvARH1 gene using 7 polymorphisms which had the

capacity to distinguish between all of the deduced

HvARH1 combined haplotypes. Regenotyping con-

firmed nearly all the data obtained by EcoTILING

and we found discrepancies only in two cases (two of

the four potential recombinant haplotypes were not

affirmed). Haplotype specific markers were devel-

oped also for three further candidate genes Eco-

TILLED with overlapping amplicons: HvDRF1 (3

markers), HVA1 (2 markers) and HvSRG6 (3 mark-

ers). After reanalyzing the whole 96 barley genotype

collection the same low levels of inconsistencies

were observed between the EcoTILLING-based and

the regenotyping results (with a maximum of two

discrepancies/gene). These last three marker sets

allow the discrimination between the most frequent

haplotypes and those ones which were different at the

amino acid level or contained large INDELs in the

promoter region. As potential ‘‘trait-in markers’’ they

can be verified in association and QTL mapping

studies. Further details of marker development

(selected polymorphisms, details of the regenotyping)

can be obtained from the web interface at http://

bhd.szbk.u-szeged.hu/haplotipusok/index.php.

Abscisic acid-induced expression of genes

involved in drought stress response in selected

haplotypes

Plant aldo–keto reductases, among other enzymes,

have been shown to be effective in the detoxification

of lipid peroxidation-derived reactive aldehydes

generated under a wide range of environmental

stresses (Mundree et al. 2000; Oberschall et al.

2000; Hideg et al. 2003). The first identified aldose

reductase homologue gene from barley, HvARH1,

was shown to be constitutively expressed during

embryo maturation and was modulated by the plant

hormones abscisic acid and gibberellic acid. The

expression of a barley gene homologous to aldose

reductase is restricted to the embryo and temporally

correlated with its acquisition of desiccation toler-

ance. (Bartels et al. 1991; Roncarati et al. 1995).

In our experiments the induction of the HvARH1

gene expression by abscisic acid has shown consid-

erable differences in the three haplotypes tested. The

highest average transcript levels were measured in

genotypes belonged to the HvARH1-Z1 haplotype.

Except for one genotype of haplotypes HvARH1-Z4

and HvARH1-Z6 their characteristic HvARH1 tran-

script levels were only moderately increased (approx-

imately 10-fold). The comparison of the promoter

regions revealed that the most pronounced differ-

ences between the haplotypes are two INDELs: the

presence of a 6 bp long deletion in the HvARH1-Z4

and HvARH1-Z6 promoter region 71 basepairs

upstream of the ATG triplet and a 9 bp long insertion

in the HvARH1-Z1 promoter 735 bp upstream of the

translational start. Their importance in the gene’s

ABA inducibility and the genotype-specific influence

of trans-acting factors on gene induction should be

the target of future experiments.

The HvSRG6 (Stress-Responsive Gene), was

mapped in a barley doubled haploid mapping popula-

tion to chromosome 7H within a region that previously

has been linked to osmotic adaptation in barley and

other grass genomes. The HvSRG6 gene expression

was shown to be induced under drought stress or upon

exposure to ABA, thus suggesting it to be a promising

candidate gene for a conserved determinant of drought

tolerance (Malatrasi et al. 2002). Despite the reported

abscisic acid inducibility of this gene, we observed

only a very moderate response in HvSRG6 expression

that ranged from a maximal 2.7-fold induction to a 0.7-

fold repression. These minor changes in transcript

levels did not correlate with a very pronounced change

in the gene’s promoter: in genotypes No.18-Otis,

No.23-Chilga and No.61-Diamond a 196 bp long

INDEL can be found 158 bp upstream to the transla-

tional start site. PlantCARE (http://bioinformatics.psb.

ugent.be/webtools/plantcare) analysis of the promoter

showed that none of the promoter elements responsi-

ble for ABA or drought responsive gene expression

could be localized to the deleted region (data not

shown).
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In conclusion, we have presented an efficient way

for allele mining in drought related barley CGs by

using the EcoTILLING technology and haplotype

sequencing. In the frame of this pilot project we

analyzed 8 drought related candidate gene loci for

natural variation. The set of 185 identified SNPs and

46 INDELs organized into 94 unique haplotypes were

collected in a publicly accessible queryable database.

Haplotype specific marker sets were developed for

four genes. In addition, proof of concept was obtained

for haplotype expression in the case of two CGs.
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