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Abstract Simple molecular marker assays underpin

routine plant breeding and research activities in many

laboratories worldwide. With the rapid growth of single

nucleotide polymorphism (SNP) resources for many

important crop plants, the availability of routine, low-tech

marker assays for genotyping SNPs is of increased

importance. In this study, we demonstrate that temperature-

switch PCR (TSP) supports the rapid development of

robust, allele-specific PCR markers for codominant SNP

genotyping on agarose gel. A total of 87 TSP markers for

assessing gene diversity in barley were developed and used

to investigate the efficacy for marker development, assay

reliably and genotyping accuracy. The TSP markers

described provide good coverage of the barley genome, are

simple to use, easy to interpret and score, and are amenable

to assay automation. They provide a resource of informa-

tive SNP markers for assessing genetic relationships among

individuals, populations and gene pools of cultivated barley

(Hordeum vulgare L.) and its wild relative H. spontaneum

K. Koch. TSP markers provide opportunities to use avail-

able SNP resources for marker-assisted breeding and plant

genetic research, and to generate information that can be

integrated with SNP data from different sources and stud-

ies. TSP markers are expected to provide similar advan-

tages for any animal or plant species.

Introduction

Single nucleotide polymorphisms (SNPs) are the smallest

unit of genetic variation and represent the most common

type of sequence polymorphism in plant and animal gen-

omes. SNPs are usually discovered in silico from preexist-

ing datasets of genomic sequences or expressed sequence

tags (Kota et al. 2003; Rostoks et al. 2005), and through

sequencing or re-sequencing of candidate genes or anony-

mous PCR products (van Orsouw et al. 2007; Ponting et al.

2007). When compared with other types of markers, such as

RFLPs, RAPDs, AFLPs and SSRs, SNPs offer higher levels

of genotyping throughput owing to their amenability to

simpler and quicker processes that collectively facilitate

automation (Rafalski 2002). SNP markers are biallelic (in

diploids), provide exact allele information that can be

described in a binary alphanumeric manner according to the

nucleotide present, and enable the direct comparison of data

collected across time and in different laboratories, and using

different assay chemistries and platforms.

Rapid advances in DNA sequencing and genotyping

technologies make SNP markers an ideal tool for applica-

tions in plant genetics and breeding. As a consequence,
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large-scale identification and mapping of SNPs has been

initiated in many crop plant species including, barley, grape,

soybean, sugar beet and forest trees (Hayes and Szucs 2006;

Lijavezky et al. 2007; Choi et al. 2007; Schneider et al.

2007; Pavy et al. 2008). The generation of dense genetic

linkage maps based on the SNP markers will provide a

genomic resource to further support applications, such as the

assessment of genetic relationships between individuals and

populations, understanding of genome architecture, map-

ping of key traits and marker-assisted breeding.

Numerous methods have been developed to genotype

SNPs, ranging from single marker assays to specialized sys-

tems that enable thousands of SNPs to be scored in parallel

(see Kwok 2001; Gupta et al. 2008 for reviews). These

methods are based on a range of assay chemistries, have

different requirements for specialized equipment and

reagents, and vary in suitability for use in different types of

studies. Two widely used methods, cleaved amplified poly-

morphic sequences (CAPS) and allele-specific PCR, allow for

simple SNP genotyping by analysis of size polymorphisms of

PCR products separated on agarose gel (Konieczny and

Ausubel 1993; Bundock et al. 2005). However, because CAPS

technology relies upon the cleavage of PCR products at

restriction sites, it can be costly (depending on the restriction

enzyme used) and unreliable (due to partial digestion of PCR

products) and it is not applicable to all SNPs. Allele-specific

PCR methods can lack robustness and typically require two

assays per sample for codominant SNP scoring.

Temperature-switch PCR (TSP) is a newly reported

method for developing allele-specific PCR markers for

rapid, codominant SNP genotyping (Tabone et al. 2009).

TSP marker assays are performed under standardized

reaction conditions and the genotyping products can be

detected by gel electrophoresis or high-resolution melt

analysis, making them easy to deploy. Application of this

technology for SNP genotyping in plant genomes has the

potential to provide simple PCR markers that can be

deployed in laboratories with widely differing technical

capabilities and used to generate data that can be integrated

into, and interpreted in, global contexts. TSP could allow

the growing resource of SNP information for crop species to

be used by any laboratory for marker-assisted breeding, and

to assess genetic relationships among individuals, popula-

tions and gene pools for the efficient management and

utilization of genetic diversity and germplasm resources.

The aim of this study was to investigate the efficacy of

TSP for developing robust markers to genotype SNPs in

barley. To achieve this objective, we used published SNPs

to develop 87 TSP markers providing good genome cov-

erage, as a first step towards producing an informative set

of gene-based markers for distinguishing genotypes of

cultivated barley (Hordeum vulgare L.) and its wild rela-

tive H. spontaneum K.Koch.

Materials and methods

Plant materials

Barley lines used for SNP genotyping were based on a

collection of released varieties, breeding materials, map-

ping populations, and wild relatives of cultivated barley.

Forty-eight cultivated varieties and advanced breeding

lines of barley obtained from the University of Adelaide

barley breeding program, and 40 accessions of H. sponta-

neum, obtained from the Australian Winter Cereal Col-

lection, Tamworth NSW, Australia, were used to assess

TSP markers for amplification and SNP diversity. The

H. spontaneum accessions were collected in diverse geo-

graphical regions of the world including Afghanistan,

China, the former Soviet Union, Iran, Israel, Nepal and

Tajikistan. A subset of 48 highly informative doubled

haploid lines, identified using the software MapPop

(Howad et al. 2005), from a cross between varieties Chebec

and Harrington (Karakousis et al. 2003) was used for

genetic mapping. Ninety-six F3 progeny derived from a

cross between two doubled haploid lines from the

Chebec 9 Harrington population (unpublished data) and

tissue samples from 48 F1 plants, obtained from the

University of Adelaide barley breeding program, were used

to confirm the ability of TSP markers to detect heterozy-

gous SNP loci. DNA for each barley line was isolated from

a single plant as described by Rogowsky et al. (1991).

Primer design and marker nomenclature

Temperature-switch PCR markers were designed to

amplify SNPs that Rostoks et al. (2005) had identified from

the re-sequencing of EST unigenes in eight barley lines.

The sequence and SNP information used is available at

http://bioinf.scri.ac.uk/. Each TSP marker comprised a set

of three primers: a pair of locus-specific primers flanking

the SNP and designed to amplify the unigene sequence, and

an allele-specific primer designed to assay the SNP har-

bored within that sequence (Fig. 1). Primers were designed

using Primer3 (Rozen and Skaletsky 2000) and NetPrimer

(Premier Biosoft International) software according to

Tabone et al. (2009) and are provided in Table 1. Briefly,

the locus-specific primers reported by Rostoks et al. (2005)

were redesigned to increase the primer melting temperature

at 60–65�C and to amplify a PCR fragment greater than

400 bp in length. The locus-specific primers were posi-

tioned such that the forward primer, designed to the same

template DNA strand as the allele-specific primer, was

located at least 100 nucleotides from the SNP. The allele-

specific primer was designed with a melting temperature of

43–48�C and to have a 30 nucleotide complementary to one

of the SNP alleles present at the locus. A short (2 or 3 bp)
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arbitrary nucleotide sequence, non-complementary to the

target DNA, was added to the 50 end of the allele-specific

primer. This 50-tail sequence was designed to increase the

melting temperature of the allele-specific primer to about

53�C once the non-complementary sequence was incor-

porated into PCR product.

Temperature-switch PCR markers were named using the

nomenclature of Rostoks et al. (2005) and consisted of the

prefix ‘scsnp’, followed by the contig number from

the Affymetrix Barley Gene Chip assembly (HarvEST

assembly #21, http://www.harvest-web.org). Additional

information linked to each TSP marker name indicates the

position (bp) of the SNP in the resequencing data, nucle-

otide variants at the SNP, and the designation ‘top’ (top) or

‘bottom’ (bot) to indicate the DNA strand in relation to the

resequencing data for which the allele-specific primer was

designed. For example, scsnp00388_768[G/A]bot indicates

an allele-specific primer was designed to the bottom DNA

strand of contig ABC00388 for an SNP located at nucle-

otide position 768 in the resequencing data, with a gua-

nosine to adenosine transition.

In addition, three TSP markers were developed for

nucleotide sequence variation in the endosperm-specific b-

amylase gene (Bmy1) located on the long arm of chromo-

some 4H. The SNPs corresponded to reported substitutions

in the deduced protein sequence at amino acid positions

165, 347 and 430 (Kaneko et al. 1998), which are located at

nucleotide positions 1,137, 2,856 and 3,281 in the genomic

DNA sequence of cv. Haruna Nijo (GenBank D49999),

respectively. Primer sequences for the TSP markers are

provided in Table 1.

TSP assay

Temperature-switch PCR assays were performed in a 4 ll

reaction mixture containing 0.2 mM dNTP, 19 ImmoBuffer

(Bioline) (16 mM (NH4)2SO2, 0.01% Tween-20, 100 mM

Tris–HCl, pH 8.3), 1.5 mM MgCl2, 100 ng/ll bovine serum

albumin Fraction V (Sigma Aldrich), 0.1 lM each locus-

specific primer, 0.5 lM allele-specific primer, 0.15 U

Immolase DNA polymerase (Bioline), and about 20 ng

dried-down genomic DNA. To dry-down the genomic

template, 2 ll of diluted DNA was added to the PCR well

and completely desiccated by heating at 80�C for 10 min.

Following an initial denaturation step of 10 min at 95�C to

heat activate the DNA polymerase, PCR was performed for a

total of 35 cycles with the profile: 30 s at 94�C, 30 s at 58�C,

60 s at 72�C for 15 cycles. The next five cycles were with

10 s at 94�C, 30 s at 45�C, followed by 15 cycles with 30 s

at 94�C, 30 s at 53�C, 5 s at 72�C. The PCR products were

mixed with an equal volume of gel loading buffer (40%

sucrose, 10 mM EDTA and 0.5% bromophenol blue as

tracking dye) and the entire reaction mixture was separated

by electrophoresis on a 2% agarose gel. TSP genotyping

products were visualized using ethidium bromide staining.

Marker scoring

Temperature-switch PCR markers amplify two genotyping

products that differ by at least 100 bp in size (Fig. 1). The

genotyping products amplified from homozygous DNA

samples correspond to the ‘reference SNP allele’ (smallest

PCR product) or ‘alternate SNP allele’ (largest PCR

product) depending on the SNP allele present. An SNP

allele complementary to the allele-specific primer produced

the ‘reference SNP allele’ product, while those without

complementarity produced the ‘alternate SNP allele’

product. Both types of TSP product were amplified from

heterozygous DNA samples.

Polymorphism information content (SNP diversity)

The polymorphism information content (PIC), of each SNP

was calculated as 1 –
P

pi
2 where pi is the frequency of the

ith allele for a given locus (Nei 1987).

Genetic mapping

A ‘‘minimapping’’ subset of 48 doubled haploid lines from

the Chebec 9 Harrington population was used for genetic

mapping of TSP markers. MapManager QTX (Manly et al.

2001) was used to integrate SNP loci into the published

Chebec 9 Harrington genetic map (Karakousis et al. 2003)

using the distribute function with P = 0.0001. Final map

distances were calculated using the dataset for all 120

doubled haploid lines of the mapping population.

Genotyping accuracy

Genotyping accuracy was assessed by comparing SNP

datasets generated using TSP markers with those produced

Fig. 1 Diagram illustrating the position and orientation of PCR

primers for three primer, allele-specific TSP markers relative to

matching template DNA
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using an independent genotyping method. Allele-specific

primer extension assays were performed as described by

Hayden et al. (2009) on the BioPlexTM microsphere sus-

pension array platform (BioRad) to generate independent

genotyping data using the same DNA samples and SNP

loci.

Results

Marker development

A total of 87 TSP markers were tested on single plants

for 16 barley varieties and advanced breeding lines to

assess PCR amplification and SNP allele specificity. Each

marker produced TSP genotyping products of the expec-

ted size indicating that the unigene sequences were suc-

cessfully amplified. As all of the lines were highly inbred,

homozygosity at most loci was expected for each plant

making it possible to assess SNP allele specificity. The

amplification of a single TSP genotyping product from

most or all of the individual plants was used to infer that

only the target SNP allele was amplified by the allele-

specific primer (Fig. 2a). Markers consistently amplifying

two TSP genotyping products from individual plants were

considered to have poor SNP allele specificity, probably

due to mis-extension of the allele-specific primer by DNA

polymerase. Of the 87 TSP markers, six showed poor

SNP allele specificity. To improve the specificity of these

markers, the allele-specific primers were redesigned. This

process involved substituting the 30-nucleotide of the

allele-specific primer with the nucleotide variant for the

alternate SNP allele. Retesting on the same barley lines

using the six new allele-specific primers found all

markers were SNP allele specific. Thus, a 100% success

rate was achieved for the development of the TSP

markers.

To ensure the markers assayed the targeted SNP loci

and behaved in a Mendelian fashion, 42 TSP markers

revealing polymorphism between the varieties Chebec and

Harrington were genotyped on 48 doubled haploid lines

of a mapping population derived from a cross between

these varieties. Integration of the marker loci into the

published genetic map for this cross showed that the SNP

loci were located on the expected chromosomes and at

approximately the same map positions reported by Ro-

stoks et al. (2005). Forty markers segregated at the 1:1

expected ratio (v1:1
2 non-significant at P = 0.05 and 1 df ).

Two markers scsnp01644_323[A/G]top and scsnp06130_

208[C/T]bot showing skewed segregation mapped to

a region on chromosome 2H, which also contained

RFLP and SSR markers showing significant segregation

distortion.T
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Genotyping efficacy

To assess the success rate of the assays and the accuracy of

SNP allele calling, subsets of the TSP markers were scored

on a diverse collection of barley plants with different levels

of zygosity. First, 67 markers were scored using genomic

DNA extracted from individual plants of 48 barley varie-

ties and advanced breeding lines. These plants were

expected to be homozygous at almost all SNP loci. Next,

all 87 markers were genotyped on 48 unrelated F1 indi-

viduals and 40 markers, known to be polymorphic between

two doubled haploid lines from the Chebec 9 Harrington

mapping population, were scored on 96 F3 progeny derived

from a cross between those two lines (Fig. 2b). The F1 and

F3 plants were expected to contain both homozygous and

heterozygous SNP loci. Overall, 11,232 TSP marker assays

were performed, of which 98.5% produced TSP genotyping

products. Missing data (1.5%) arose solely from occasional

PCR failure of individual assays (i.e. absence of PCR

product), rather than the amplification of TSP genotyping

products of unexpected size. Comparison of the TSP

genotyping results with a dataset produced using an inde-

pendent method (see ‘‘Materials and methods’’) for the

same DNA samples and SNP loci found 100% of geno-

types called in both datasets were concordant.

Marker transferability and applications

Having established that TSP markers provide robust

genotyping from a technical point of view, we tested the

ability for 16 randomly chosen TSP markers to distinguish

among 48 cultivated barley lines and 40 H. spontaneum

accessions. Each marker tested in the H. spontaneum

accessions produced the expected TSP genotyping prod-

ucts. The PIC (SNP diversity) of the SNPs ranged from

0.00 to 0.50, with an average of 0.36 across all lines and

accessions. The average SNP diversity was 0.37 in the

H. spontaneum accessions, which was slightly higher than

that observed (0.35) for the barley lines. All 16 markers

revealed an SNP diversity greater than 0.20 in at least one

of the germplasm sets. Fifteen and 13 markers showed a

diversity greater than 0.20 in only the H. spontaneum and

barley sets, respectively. Principal component analysis of

the 88 genotypes revealed a clear separation between cul-

tivated and wild barley, and separation of most genotypes

within each type of germplasm (Fig. 3).

Discussion

Simple molecular marker assays that do not rely upon

specialized equipment or reagents underpin routine plant

breeding and research activities in many laboratories

worldwide. With the rapid growth of genomic resources for

many crop plant species, the availability of robust, simple

molecular marker assays for genotyping SNPs has become

increasingly important.
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Fig. 3 Principal component analysis of 88 barley genotypes based

on 16 TSP markers. Cultivated barley varieties (open circle) and

H. spontaneum accessions (solid circles)

Fig. 2 TSP genotyping assay

performed using a marker

scsnp05814_98[G/A]bot in 24

barley varieties, and b marker

scsnp06172_369(G/A)bot

in 24 F3 progeny of the

Chebec 9 Harrington mapping

population. Lane 1 contains

pUC19/HpaII as size standard
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Temperature-switch PCR is a new method for rapid,

low-tech SNP genotyping (Tabone et al. 2009). It differs

from existing methods by partitioning the amplification and

detection of an SNP into two distinct PCR phases that are

separated by primer annealing temperature. In the first PCR

phase, a target locus harboring the polymorphism is enri-

ched from genomic template, while in the second phase,

the SNP allele harbored within the enriched sequence is

interrogated. This biphasic mechanism permits SNP

genotyping in a single-step, closed-tube reaction that is

performed under standardized reaction conditions for all

markers. TSP markers provide an opportunity for labora-

tories with differing technical capabilities to utilize avail-

able SNP resources for marker-assisted breeding and to

assess genetic relationships among individuals, populations

and gene pools for the efficient management and utilization

of germplasm resources. Our goal was to investigate the

efficacy for TSP marker development in barley, to assess

TSP assay reliability and accuracy for SNP genotyping,

and to develop a resource of useful markers for distin-

guishing genotypes of cultivated barley cultivated barley

and its wild relative H. spontaneum.

Marker development and genotyping efficacy

A 93% (81/87) success rate was achieved for developing

robust TSP markers in the first round of primer design.

Because TSP marker assays are performed under stan-

dardized reaction conditions, primer design should be the

only factor affecting marker development. Failure of locus-

specific primers to amplify a target sequence is easily

recognized by the detection of no PCR product, or by the

detection of TSP genotyping products of unexpected size.

Similarly, poor specificity of an allele-specific primer for

the target SNP allele is easily recognized by the consistent

amplification of both types of TSP genotyping products

from materials that are expected to be homozygous.

However, this study found poor SNP allele specificity was

readily resolved by targeting the alternate SNP allele. This

was achieved by substituting the 30 nucleotide of the allele-

specific primer with the alternate nucleotide for the SNP

variant. Using this strategy, we were able to achieve a

100% success rate for marker development. In difficult

cases, an allele-specific primer could also be designed for

the opposite template DNA strand. It should be noted,

however, from our initial studies (Tabone et al. 2009) that

the use of a secondary mismatch in the design of allele-

specific primers (Chiapparino et al. 2004) had a negative

impact on SNP genotyping accuracy, caused by the over-

amplification of the ‘alternate SNP allele’ (largest) TSP

genotyping product.

We also found that TSP markers produce reliable and

accurate codominant SNP genotyping. In the present study,

an SNP allele call rate of 98.5% was achieved across

11,232 assays. Occasional failure of individual reactions,

resulting in the absence of PCR product, was the sole cause

of missing data. Complete (100%) concordance for SNP

allele calling between the TSP markers and an independent

genotyping method indicated that the TSP genotypes were

accurate. The technical reliability of molecular marker

assays, in terms of allele calling rate and accuracy, is rarely

addressed in the scientific literature, but it is known that

genotyping error rates can be relatively high and variable,

and that errors can affect biological inferences made from

the data (Bonin et al. 2004). Average allele call rates for

marker systems, which assay one locus at a time have been

reported to be about 90% for SSRs (Hayden et al. 2008;

Jones et al. 2008) and about 97% for SNPs (Jones et al.

2008). The reproducibility (accuracy) of genotypic data

from these assays has been reported to be about 90–95%

for SSRs (Jones et al. 2008; Dreisigacker et al. 2004), and

97–100% for SNPs (Jones et al. 2008). In this context, TSP

markers assays can be considered to provide efficient and

accurate SNP genotyping.

With the ongoing identification of SNPs in many crop

species, TSP offers opportunities for the rapid development

of markers to assay polymorphisms of interest. Robust,

simple PCR marker assays are especially desirable for

marker-assisted breeding, as they allow the direct selection

of favorable alleles and allele combinations for key traits

in crop improvement, without the need for specialized

equipment. Increasing genomic resources will increase the

availability of trait-linked SNPs that will be useful for

marker-assisted breeding. TSP markers can potentially be

developed for any SNP providing that sufficient flanking

sequence is available. The amount of flanking sequence

required depends on the resolution of the separation matrix

used, with about 400 bp required for agarose gel. Only a

small ([150 bp) amount of flanking sequence is required to

detect TSP genotyping products by high-resolution melt

analysis, as described by Tabone et al. (2009).

Marker transferability and utility

Temperature-switch PCR markers developed in this study

were highly transferable from cultivated barley to its wild

relative H. spontaneum. A subset of 16 markers tested on a

group of 88 cultivated varieties and wild accessions showed

that most barley lines could be uniquely distinguished

(Fig. 3). These results indicate the utility of TSP markers

for assessing genetic diversity and germplasm character-

ization. All 16 markers tested revealed polymorphism

among the cultivated varieties and among the wild barley

accessions, with an average SNP diversity of 0.36. Because

the TSP markers developed in this study were designed

for SNPs known to be polymorphic in diverse barley

Theor Appl Genet (2009) 119:939–951 949
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germplasm, which included seven cultivated lines and

one H. spontaneum accession (Rostoks et al. 2005), it is

expected that all 87 TSP markers will be useful for

assessing genetic relationships among individuals, popula-

tions and germplasm collections. The markers described

here provide good coverage of the barley genome, with 12,

17, 15, 8, 13, 13 and 9 loci distributed over chromosomes

1H to 7H, respectively (Table 1).

Similar to other SNP genotyping assays, a major

advantage of TSP markers is that the nucleotide variant

itself is interrogated. This allows results across time, labo-

ratories and different germplasm to be readily compared

without the need for inclusion of reference genotypes, as is

needed for comparative sizing of SSR alleles. Similarly,

TSP marker data can be directly compared with SNP data

collected using different assay chemistries and platforms.

By providing unequivocal genotyping, TSP markers allow

information to be produced that can be directly integrated

with SNP data from different sources and interpreted in a

global context. Importantly, TSP markers provide oppor-

tunities for any laboratories to develop germplasm dat-

abases that are meaningful across different organizations

and that will not become redundant as further improvements

to SNP genotyping technologies are made.

The application of SNP markers has mostly been reported

for diploid organisms, where the presence–absence of either

one or both of the alternate nucleotides indicates homozy-

gosity or heterozygosity. Their application in polyploid

organisms is generally lacking owing to complications

caused by the requirement to detect allele dosage at an SNP

locus, which varies depending on the ploidy of the genome.

For example, allohexaploid wheat contains three homoeol-

ogous copies of each gene and therefore up to six copies of

an SNP allele. To reduce this complexity to a diploid situ-

ation, SNP genotyping in polyploid organisms usually relies

on methods that involve a two-step process: genome-spe-

cific amplification (usually by PCR) of the target sequence

harboring a polymorphism, followed by SNP detection.

Two-step processes are a bottleneck for high throughput

genotyping, especially in marker-assisted breeding. A per-

ceived advantage and use of TSP marker assays is for gen-

ome-specific SNP genotyping in polyploid crop plants,

because the biphasic PCR mechanism of temperature-switch

PCR should allow genome-specific SNP detection to be

reduced to a single-step assay (Tabone et al. 2009). The

application of TSP markers for genome-specific SNP

genotyping in bread wheat is currently being investigated.

Conclusion

In summary, temperature-switch PCR was shown to sup-

port the rapid development of robust allele-specific PCR

markers for codominant SNP genotyping in barley. The

TSP markers described represent an informative set of SNP

markers that are useful for assessing genetic relationships

among individuals and populations of cultivated barley and

its wild relative H. spontaneum. Moreover, they are simple

to use, easy to interpret and score, and are amenable to

assay automation and automated data acquisition. The TSP

markers developed are suited for routine deployment on

agarose gel, but can easily be adapted for the detection on

high-throughput systems, such as high-resolution melt

analysis. These technological features that provide advan-

tages for SNP genotyping in barley are expected to provide

similar advantages for other plant and animal species.
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