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Abstract Many methods have been developed to assay
for single nucleotide polymorphisms (SNPs), but gen-
erally these depend on access to specialised equipment.
Allele-specific polymerase chain reaction (AS-PCR) is a
method that does not require specialised equipment
(other than a thermocycler), but there is a common
perception that AS-PCR markers can be unreliable. We
have utilised a three primer AS-PCR method comprising
of two flanking-primers combined with an internal al-
lele-specific primer. We show here that this method
produces a high proportion of robust markers (from
candidate allele specific primers). Forty-nine inter-vari-
etal SNP sites in 31 barley (Hordeum vulgare L.) genes
were targeted for the development of AS-PCR assays.
The SNP sites were found by aligning barley expressed
sequence tags from public databases. The targeted genes
correspond to cDNAs that have been used as restriction
fragment length polymorphic probes for linkage map-
ping in barley. Two approaches were adopted in devel-
oping the markers. In the first approach, designed to
maximise the successful development of markers to a
SNP site, markers were developed for 18 sites from 19
targeted (95% success rate). With the second approach,
designed to maximise the number of markers developed
per primer synthesised, markers were developed for 18
SNP sites from 30 that were targeted (a 60% success
rate). The robustness of markers was assessed from the
range of annealing temperatures over which the PCR

assay was allele-specific. The results indicate that this
form of AS-PCR is highly successful for the develop-
ment of robust SNP markers.

Introduction

Single nucleotide polymorphisms (SNPs), represent the
most common type of sequence polymorphism found in
plant and animal genomes, with well over a million
SNPs detected and catalogued for the human genome
alone (Sachidanandam et al. 2001). SNPs are likely to
be the basis for many polymorphisms that are detected
using systems such as restriction fragment length
polymorphisms (RFLPs), randomly amplified poly-
morphic DNAs (RAPDs) and amplified fragment
length polymorphisms (AFLPs) (Schork et al. 2000).
However with recent advances in DNA sequencing
technology and hence output, it is now cost effective to
detect SNPs directly and for species which have pub-
licly available expressed sequence tag (EST) databases,
putative SNPs located within genes can be identified in
silico. There are a number of reasons why markers lo-
cated within genes can be desirable and SNPs have
been shown to occur at high frequency in expressed
barley sequences (Bundock et al. 2002; Kanazin et al.
2002; Kota et al. 2001). This makes them much more
ideal for mapping genes than simple sequence repeats
(SSRs or microsatellites) which occur in only a small
proportion of ESTs (Holton et al. 2002; Kota et al.
2001; Varshney et al. 2002).

A wide variety of different methods have been
developed to carry out genotyping for detected SNPs,
some using automated systems developed for high
throughput (Gupta et al. 2001; Gut 2001). These meth-
ods are often reliant on expensive equipment and require
high development costs and the marker assays generated
are commonly not transferable between laboratories due
to the diversity of assay technologies. A simple cost-
effective method for SNP marker genotyping would
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greatly improve marker transferability and application.
The cleaved amplified polymorphic site (CAPS or PCR-
RFLP) method has been adopted by a number of groups
to enable mapping of SNP markers found in ESTs (e.g.
in barley, Graner 2004; Sato 2004). However, only a
proportion of SNPs are amenable to CAPS and the
system can be unreliable and time consuming.

An alternative method is allele-specific PCR (AS-
PCR). The original two primer, single product AS-PCR
(Wu et al. 1989) has likely been used for many assays;
however, it has a reputation for a low success rate for
producing robust markers. A competitive PCR reaction,
in which more than one product is or can potentially be
amplified, is one way to increase the stability of AS-PCR
assays (Newton et al. 1989). A common approach that
also enables heterozygotes to be identified in the one
assay, has been to include four primers in the one PCR
mix, these include tetra primer PCR (Ye et al. 1992),
tetra primer ARMS-PCR (Ye et al. 2001), Bi-PASA (Liu
et al. 1997) and CTTP (Hamajima et al. 2000). A sim-
plification of these approaches using three primers has
been described by Soleimani et al. (2003). Rarely how-
ever, are any of these methods subjected to analyses to
determine how successful they are for marker develop-
ment. In the work described here we examine the success
of undertaking SNP marker development based on the
three primer nested PCR approach of Soleimani et al.
(2003). We have targeted SNPs discovered using public
domain EST sequences of barley.

Materials and methods

Mining barley ESTs for SNP sites

Expressed genes (cDNAs) from barley (Hordeum vulg-
are) developed for use as RFLP probes (ABC and BCD
series cDNAs) were targeted for inter-varietal SNP dis-
covery. Most of the cDNAs chosen had been mapped in
barley and sequence and mapping information are
available from the GrainGenes probe repository (http://
wheat.pw.usda.gov/ggpages/probes/index.shtml) or
from a search of the Entrez Nucleotides database at the
NCBI website (http://www.ncbi.nlm.nih.gov/entrez/
query.fcgi) using the probe clone name. EST clusters for
in silico SNP discovery were obtained from Plant GDB
website (http://www.plantgdb.org) and Sputnik (now
known as openSputnik http://sputnik.btk.fi/). Sputnik
also has results from running the SNiPper algorithm to
search for SNP sites in these clusters (Rudd et al. 2003;
Kota et al. 2003). The score given in Sputnik for each
mismatch between ESTs in a cluster was used as a basis
for choosing EST clusters for the development of three-
primer AS-PCR assays. EST accession numbers were
used to find the respective matching cluster (where
available) in the Hordeum vulgare section of the Sputnik
website. A suitable accession number (with a two letter
code) could be found from an NCBI Entrez search using
the probe cDNA name or from a matching EST from a

blastn of the cDNA sequence on the barley TUG (or
EST) section of the PlantGDB blast site (http://
www.plantgdb.org/cgi-bin/PlantGDBblast). Member
sequences of matching clusters were downloaded from
the plantGDB website and imported into the program
Sequencher (Gene Codes Corporation, Ann Arbor, MI,
USA) for auto-aligning and identification of SNP sites.
For larger clusters, a subset of sequences with repre-
sentatives from each of the barley varieties present was
chosen for alignment in Sequencher against the Sputnik
cluster consensus sequence. The varietal origin of each
sequence was identified from either the FASTA anno-
tation or from the Genbank entry of each sequence.
Contigs were assessed in Sequencher with the aim of
identifying SNP sites polymorphic between barley vari-
eties but monomorphic within each variety. Likely SNP
sites flanked by reliable sequence became the focus of
primer design for three primer AS-PCR.

Primer design

A three-primer nested system was used for allele-spe-
cific amplifications (Fig. 1). At potential SNP sites,
two generic primers (forward and reverse orientations)
were designed that flanked the SNP containing region.
Allele-specific primers (ASPs) were then designed for
each SNP site. All primers were designed using the
program MacVector� 6.5 (Accelrys, San Diego, CA,
USA). Two separate approaches were taken with re-
gard to the number of ASPs designed for each barley
gene. In the first approach, a single SNP site within
each SNP containing EST cluster (contig), one that
was considered highly reliable, was targeted. For this
SNP site, eight ASPs were synthesised in two sets of
four. In the first set there are two primers (one for
each SNP allele at the last base position) in each
orientation (forward and reverse) i.e. two orientations
for each allele. The second set of primers are identical
to the first except with a mismatch three base pairs
from the 3¢ end, designed to increase primer specificity
(Kwok et al. 1990; Zhang et al. 2003). The mismatch
was designed to pair the base on the template with a
base of the same identity (i.e. A-A, T-T, C-C and G-
G) at this position on the primer. The only parameter
considered in the design of primers using MacVector�
for this approach was the melting temperature (Tm),
which was as close as possible to the Tm of the
competing flanking-primer. In the second approach,
designed to reduce primer synthesis costs, only a
subset of ASPs were synthesised. Candidate ASPs were
removed from consideration for synthesis based on
warnings displayed in MacVector� that are considered
to impact on the likelihood of primer success/failure.
Remaining candidate primers were chosen based on
closeness of Tm to the competing flanking-primer. All
AS-PCR amplifications were run as nested PCRs with
the two flanking-primers and the internal ASP present
in the reaction mix.
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PCR amplifications

Initial PCR amplifications were carried out in a gradient
thermal cycler (Palm-Cycler�, Corbett Research, Syd-
ney, Australia) to determine the robustness and opti-
mum annealing temperature for each allele-specific
reaction. For the annealing temperature gradient there
was a 1� difference in temperature between adjacent
wells across the 12-well block for annealing (an 11�
difference between the highest and lowest annealing
temperatures) from 59 to 70�C. The cycling parameters
were as follows: 95�C 2 min, [94�C for 30 s, 59–70�C for
30 s, 72�C for 30 s] for 35 cycles, 72�C for 5 min,
ambient hold. The following components at the indi-
cated concentrations were included in a 10 lL volume
for each PCR reaction: each primer 0.2 lM, 0.2 mM
each dNTP, 1.5 mM MgCl2, 0.02 U/lL Platinum Taq
DNA polymerase (Invitrogen, Carlsbad, CA, USA) and
approximately 10 ng of template DNA. It should be
noted that Platinum Taq is a ‘hot start’ Taq polymerase,
and like other Taq polymerases has no 3¢–5¢ proof
reading ability which could interfere with allele specific
amplifications.

Plant material

Barley (H. vulgare and Hordeum spontaneum) genotypes
were obtained from the Australian winter cereals col-
lection at Tamworth (NSW, Australia). DNA was ex-
tracted from fresh leaf material approximately 1 week
post germination, with a pool of two to four individuals
represented (not equally) in each extraction. The fol-
lowing varieties were used to test amplification and
verify SNP position: Akashinriki, Barke, Golden
Promise, Haruna Nijo, Morex, Optic, Saana, Tokak.
Publicly available EST sequences from barley originate
almost entirely from these varieties. The following bar-
ley varieties and accessions were used to determine SNP
frequency and are parents of mapping populations in-
cluded in the Australian National Barley Molecular
Marker Program: Alexis, Arapiles, Barque, Chebec,
Clipper, Dash, Franklin, Galleon, Halcyon, Harrington,

Haruna Nijo, Hordeum spontaneum 7128448, Kaputar,
ND 11231-12, Patty, Sahara 3771, Sloop, Tallon,
TR232, VB9104, VB9524, WABAR2080.

Gene identities

For each cDNA containing a SNP verified using AS-
PCR, identification of the closest matching gene has
been carried out using a BLASTX of the NCBI nucle-
otide (nt) database of sequences from all species.

Results

We attempted to find in silico SNPs in EST sequence
clusters corresponding to 100 barley cDNAs used as
RFLP probes (Table 1). Six cDNAs from these 100, did
not have sequence information available in the public
domain, for nine cDNAs there was no matching EST
cluster to the cDNA sequence and for ten cDNAs there
was no evidence for a SNP site in the cDNA cluster
(Table 1). There was evidence for one or more SNP sites
for the remaining 75 probes. However, some cDNA
probes appeared to originate from the same gene,
ABC154 matching ABC305 and ABC255 matching
ABC465. There was thus evidence for in silico SNP sites
for 73 out of 92 cDNA probes for which there was un-
ique sequence (79%). Thirty-one of these 73 were tar-
geted for the development of allele-specific SNP markers
at one or more SNP sites (Table 2).

Primers were designed to interrogate 49 SNPs in 31
sequence clusters, using the nested three-primer system.
Of these 49 SNP sites, robust AS-PCR markers were
developed for 36 located in 28 EST clusters. The cDNAs
corresponding to each of these clusters, their RFLP map
positions and the identity of the best matching gene to
each cDNA (as revealed by a BLAST search) is pre-
sented in Table 3. There were a number of different
banding patterns produced across the temperature gra-
dient and between markers. The most common banding
pattern is characterised by amplification from the two
flanking-primers to give a large band in each amplifi-

Fig. 1 Diagram illustrating the
position and orientation of
PCR primers for the three
primer allele-specific PCR
relative to the matching
template DNA
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cation with a second smaller band present in amplifica-
tions where the corresponding allele matching the AS
primer is present in the template DNA (Fig. 2). The
second most common banding pattern is characterised
by amplification of the large band (from the flanking-
primers) only when the allele of the corresponding AS
primer is absent, being replaced (or almost so) when that
allele is present, by the smaller band amplified from the
internal primer (Fig. 3). The sequence of the most ro-
bust primers giving allele-specific amplifications for each
SNP site, the corresponding annealing temperature
range for successful amplification and the resulting
banding patterns and band sizes for alternative geno-
types are presented as supplementary data (Supple-
mentary Table).

From the 19 SNPs targeted using the first approach of
primer saturation (of designing eight ASPs to each SNP
site), robust AS amplification was observed for at least
one of the two alternative alleles at 18 SNP sites—a 95%
success rate for marker development to a site. From the
30 SNPs targeted using the second approach of designing
only the ‘best’ primers, amplifications for 18 SNPs were
found to give robust AS-PCR assays, which is a 60%
success rate for marker development to a site. Using the
first approach, the development of markers for both SNP
alleles at a site was achieved for 16 sites out of 19 or an
84% success rate. For the second approach the aim was
for efficient marker development and the number of
primers synthesised per SNP site with marker developed
was smaller for this approach (if one flanking-primer pair
per SNP site is assumed there are 6.2 (111/18) primers per
SNP site marker for the second approach compared with
10.6 (190/18) for the first approach). Thus, although no
assay was developed for 40% of the SNP sites targeted
using the second method; it was more cost effective in
producing markers being 60% of the cost of the first
method for primer synthesis per SNP site marker.

The third base back mismatch primers (comprising
half the primers used in the first approach) provided
successful allele-specific amplifications for 16 out of 19

SNP sites, with a total of 38 (out of 76) of these primers
giving allele-specific amplifications. This compared to
successful allele-specific amplifications for 41 (out of 76)
of the corresponding primers without this mismatch.
The average temperature range for allele-specific
amplification for the third base back mismatch primers

Table 2 Barley cDNA probes homologous to EST clusters that
were targeted for the development of AS-PCR markers

cDNA Probe
Name

Number SNP
sites targeted

Number AS
primers tested

Number SNP sites
with marker(s)
developed

ABC151 1 8 1
ABC153 1 8 1
ABC154/305 1 8 1
ABC155 2 4 2
ABC156 3 5 2
ABC158 1 8 0
ABC161 1 8 1
ABC163 1 8 1
ABC165 2 4 2
ABC172 3 4 0
ABC176 1 8 1
ABC252 2 4 2
ABC254 1 8 1
ABC255/465 5 13 3
ABC261 3 4 1
ABC310 1 2 1
ABC451 2 4 1
BCD008 1 8 1
BCD021 1 8 1
BCD127 1 2 1
BCD134 2 4 1
BCD175 1 8 1
BCD207 1 8 1
BCD265 1 2 0
BCD266 1 8 1
BCD276 1 8 1
BCD304 4 7 3
BCD410 1 8 1
BCD442 1 8 1
BCD453 1 8 1
BCD589 1 8 1
Total 49 203 36

Table 1 Result of mining ESTs for in silico SNPs using 100 barley cDNA probes

cDNA probe sequence
not found (6)

Matching EST cluster
not found (9)

SNP sites not present
in cluster (10)

Likely SNP site found
in EST cluster (75)

ABC157, ABC314,
ABC460, ABC482,
BCD002, BCD221

ABC162, ABC166,
ABC171, ABC257,
ABC321, ABC706,
BCD269, BCD339,
BCD758

ABC160, ABC168,
ABC174, ABC308,
BCD001, BCD111,
BCD129, BCD340,
BCD351, BCD402

ABC151, ABC152, ABC153, ABC154, ABC155,
ABC156, ABC158, ABC161, ABC163, ABC164,
ABC165, ABC172, ABC175, ABC176, ABC252,
ABC254, ABC255, ABC261, ABC302, ABC303,
ABC304, ABC305, ABC306, ABC309, ABC310,
ABC451, ABC454, ABC455, ABC465, ABC466,
ABC468, ABC483, ABC717, BCD008, BCD015,
BCD021, BCD022, BCD098, BCD102, BCD127,
BCD131, BCD134, BCD135, BCD147, BCD175,
BCD205, BCD207, BCD249, BCD263, BCD265,
BCD266, BCD276, BCD292, BCD298, BCD304,
BCD310, BCD334, BCD342, BCD355, BCD372,
BCD386, BCD410, BCD442, BCD451, BCD453,
BCD454, BCD508, BCD512, BCD589, BCD808,
BCD809, BCD828, BCD1072, BCD1130, BCD1434
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was approximately 4�C compared with 6�C for the
primers without this mismatch, a difference in means
that is statistically highly significant (t test, P<0.01).

SNP allele frequencies

The AS-PCR assays developed here were used to
determine the presence of SNP alleles in a group of 22
genotypes. This was carried out to give some idea of how
commonly each SNP allele occurs, although this was
assessed in terms of the number of genotypes with the
SNP allele not as an estimate of allele frequency (Sup-
plementary data). For some SNP sites, some varieties
appear not to be pure for one SNP allele and are as-
sumed to be mixtures of the two alleles. In these cases
there were generally weak band intensities for one or
both of the alleles for a genotype.

Failure to develop allele-specific assays

Since the aim of this work has been to develop AS-PCR
assays we have attempted to determine the main reasons
for assay failure. The result of amplification with each AS
primer was classified into one of six outcomes which were
then tallied (Table 4). From this it can be seen that the
main cause of assay failure was due to non amplification
of a product from the AS (internal) primers (39 instances).
A total of 20 primers did not display allele-specific
amplification. From these there were 15 targeting nine
SNP sites that were verified as SNPs by other primers. A
maximum of only five primers that targeted four SNP
sites, could be considered as possible failures due to SNP
misidentification from sequencing errors (although any or
all of these sites might be genuine SNPs). It was expected
that assays would fail due to the presence of introns. Based
on the sizing of PCR products on agarose gels, introns
were detectable in 17 amplification products and absent in
14. However, there were very few failures of amplification
from flanking-primers with only two products failing to
amplify. The failure rate of the flanking primers was thus
as low as 0.03 (2/66) if we assume that failure to amplify a
product was caused by only one of each pair of primers.
By contrast the failure rate of amplification from the AS
primers was 0.2 (39/191).

Discussion

We have shown here that AS-PCR using the three pri-
mer nested approach, is a highly successful method for
the development of SNP markers. A high proportion of
the ASPs led to the development of a robust SNP assay.
Other papers have described various technical modifi-
cations that may make AS-PCR more useful but gen-
erally the number of assays developed and published has
been very limited (Ye et al. 2001; Liu et al. 1997; Imy-
anitov et al. 2002; Chiapparino et al. 2004). This work
describes the successful development of, to our knowl-
edge, the largest number of AS-PCR markers published
in one article (36 SNP sites in 29 genes).

The two approaches to the development of SNP
markers taken in this paper reflect two potentially

Fig. 3 Agarose gel photo of AS amplifications showing an
alternative banding pattern. a Lane 1 is a 50 bp ladder followed
by AS-PCRs in lanes 2–7 with template DNA derived from: 2
Barke, 3 no DNA, 4 Hordeum spontaneum 7128448, 5 Sahara 3771,
6 Haruna Nijo and 7 TR232. The AS primer is ABC255s572C-
BO_R (A allele). b Lane 1 is a 50 bp ladder followed by AS-PCRs
in lanes 2–7 with template DNA derived from: 2 Haruna Nijo, 3 no
DNA, 4 H. spontaneum 7128448, 5 Sahara 3771, 6 Haruna Nijo (a
separate extraction), 7 TR232. The AS primer is ABC255s572H_R
(G allele). In the banding pattern shown in this figure, amplification
of the upper band is dependent on the genotype being tested. The
presence of the lower band indicates the presence of the allele being
tested and the presence of the upper band indicates the absence of
this allele

Fig. 2 Agarose gel photo of allele-specific (AS) amplifications
showing the most commonly observed banding pattern. a Lane 1 is
a 50 bp ladder followed by AS-PCRs in lanes 2–7 with template
DNA derived from: 2 Arapiles, 3 Barque, 4 Chebec, 5 Clipper, 6
Dash, and 7 Franklin. The AS-PCRs include the AS primer
ABC155s516CBO_R (C allele). b Lane 1 is a 50 bp ladder the AS-
PCRs are amplified from the same templates in the same order as in
(a) above. However the AS-PCRs include the AS primer for the
alternative allele ABC155s516H_R (T allele). In the banding
pattern shown in this figure, the upper band amplifies indepen-
dently of the targeted SNP genotype and the presence of the lower
band indicates the presence of the SNP allele being tested.
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different motives for developing markers. The first ap-
proach is a ‘saturation’ approach designed to provide a
high probability of developing an assay for each SNP
polymorphism. This approach involved designing a
primer for both alleles in both orientations and also a
corresponding set of primers with third base back mis-
matches. The second approach involves selecting a
minimum number of the ‘best’ AS primers to enable a
greater coverage of SNP sites for a given outlay on
primers. As expected the saturation approach produced
a higher success rate for development of one or more
markers to each SNP site, (18 SNP sites out of 19 tar-
geted or 95%) compared with the second approach (18
from 30, or 60%). However, the cost of oligonucleotide
primers for the first approach per SNP site developed
was on average nearly twice the cost of the second ap-
proach and in addition there were a larger number of
tests to determine useful primer combinations. Thus,
although no assay was developed for many individual
SNP sites, this second method of selecting a small
number of the ‘best’ primers was more cost effective in
producing markers. For a marker development project a
combination of the two approaches carried out here
could perhaps be used to efficiently develop a large
number of markers i.e. an initial round of primer design
using the more efficient ‘best ‘ primer strategy followed
by a second round using the saturation approach where
marker development failed in the first round.

The results indicate that the SNP identification pro-
cess has been extremely reliable in this study and at most
only a very minor cause of assay failure. The main cause
of assay failure was absence of an amplification product
from the AS primer. Amplification failure is a problem
with PCR in general but there are several reasons why
amplification failure from internal primers might be
higher for the type of assay designed here. Firstly, the
flanking primers were designed as a pair, whereas the AS
primers were designed separately but were required to
pair with an independently designed flanking-primer for
amplification. The result of this has probably been to
reduce the likelihood of success for the AS primers rel-
ative to the flanking primers. The alternative approach to
primer design, designing flanking primers to pair with the
respective AS primer, would probably increase the fre-
quency of AS primers amplifying but reduce the likeli-
hood of flanking primers amplifying a competing
product. This strategy is thus likely to perform no better
than the strategy used here since amplification from the

flanking primers is essential to provide a competitive
product for allele absent templates (genotypes). Another
reason why AS primers failed to amplify is that the se-
quence of internal AS primers is entirely dictated by the
position of the SNP site, whereas for the flanking-primers
(and PCR primers in general) the best choice is made
from many possibilities. This has meant that it is likely
that many of the internal primers designed for the AS-
PCR amplifications had suboptimal qualities for PCR,
likely resulting in amplification failure. An indirect cause
of failure of AS primers may be introns. In some cases it
appears that introns may have prevented the develop-
ment of AS assays where the product amplified from
flanking-primers was large (due to the presence of in-
tronic sequences) and the AS product was much smaller.
In these cases the large product may not have acted as a
sufficiently effective competitor to prevent non AS
amplification.

The data indicate that the method utilized here
should be broadly applicable to the development of SNP
markers where there is sufficient knowledge of DNA
sequence around a SNP site. The nested three-primer
AS-PCR should enable the development of markers that
can be used to map the transcriptome, for general
linkage mapping for QTL detection, as perfect markers
for the candidate gene approach, for varietal identifica-
tion and to perform the function of DNA markers in
general. These markers could act as an adjunct to CAPS
where sites are not sensitive to restriction enzyme assay
or as a more reliable replacement. In particular, they will
be useful for projects that are on a modest budget or
where sophisticated equipment is not available.
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