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Genotyping of SNPs (single-nucleotide polymorph-
isms) has challenged the development of several novel
techniques [Twyman and Primrose (2003) Pharmaco-
genomics 4, 67–79]. Most of these methods have been
introduced to discriminate binary SNPs in diploid
species. In the present study, the quantitative geno-
typing of SNPs in natural DNA pools of a polyploid
organism via DNA microarrays was analysed. Three
randomly selected SNP loci were genotyped in the
tetraploid species potato (Solanum tuberosum). For
each SNP, 24 oligomers were designed, 12 with forward
and 12 with reverse orientation. They contained the
polymorphic site at one of the positions 11, 14 and
17. Several steps of optimizations were performed,
including the ‘materials’ used and the establishment
of hybridization conditions. Glass surfaces were either
epoxy- or aldehyde-modified, and allele-specific oligo-
nucleotides contained either SH or NH2 groups. Hy-
bridization stringency conditions were established by
varying the concentration of formamide in the hybrid-
ization buffer. For SNP BA213c14t7/403, the quanti-
tative discrimination between all four different natur-
ally occurring genotypes could be demonstrated.

Introduction

SNPs (single-nucleotide polymorphisms) represent the most
common type of genetic variations accounting for approx.
90% of all polymorphisms [2]. As a result of genome se-
quencing efforts, large number of SNPs have been dis-
covered, not only in humans [3] (see also the SNP Consor-
tium LTP at http//snp.cshl.org), but also in other diploid
organisms such as Drosophila melanogaster (fruitfly or vinegar
fly) [5], Arabidopsis thaliana (thale cress) [6] and cereal
species [7], and recently in the polyploid potato Solanum
tuberosum [8]. Owing to their direct accessibility, SNPs
have become popular markers for a wide range of genetic
applications, and a number of different SNP genotyping
methods have been introduced. However, no single method
has been widely accepted [1,9–14]. For linkage and associ-
ation studies, many SNP markers have to be scored in

large number of individuals. Since this procedure is time-
consuming and costly, an alternative approach is to pool
samples of affected and unaffected individuals and sub-
sequently estimate, quantitatively, allele frequencies in these
subsets. To attain this goal, several SNP genotyping methods
have been evaluated [15–28]. Although ASO (allele-specific
oligonucleotide) hybridization on microarrays is among
the most promising techniques for genotyping individual
SNPs [6,29], documented studies of its applicability for
quantification of allele frequencies in DNA pools are lacking.
In the present paper we describe quantitative genotyping
using microarray-based ASO hybridization of three binary
SNPs in different homozygous and heterozygous tetraploid
potatoes. These genotypes represent natural pools of four
alleles for which five allelic ratios are distinguishable: 4:0, 3:1,
2:2, 1:3 and 0:4 [25].

Materials and methods

Plant material
F1 plants of a cross between two tetraploid potato cul-
tivars SR11 and SR12 were provided by SAKA-RAGIS
(Pflanzenzucht GbR, Windeby, Germany) [8]. F1 plants that
had been evaluated by pyrosequencing or SNuPE (single
nucleotide primer extension) combined with DHPLC (de-
naturing high-performance liquid chromatography) for the
test of SNPs and represented the different allele dosages,
were selected for the evaluation of quantitative accuracy of
allele-specific hybridization on microarrays. Genomic DNA
was isolated from leaf tissue as described previously [30].

SNP markers
The SNPs BA44a10t7/174, BA213c14t3/268 + 269 and
BA213c14t7/403 have been identified by comparative Sanger
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Figure 1 Schematic representation of the panel of ASOs designed for
genotyping the A ↔ T-SNP BA213c14t7/403

The set of ASOs for allele-specific hybridization comprises 24 different
22-meric oligonucleotides querying the sense as well as the antisense strand
of the PCR-amplified target region including the SNP. ASO probes are walking
over the polymorphic sites presenting the allelic nucleotide at position 11, 14
or 17 from the 5′-end. For each of these ASOs, four different versions were
designed, carrying all four bases at the SNP position. ASOs are attached to
tails composed of a C6 linker and an SH or NH2 group. N, A/T/G/C; W, A/T.

DNA sequencing and can be accessed through the website
http://gabi.rzpd.de/PoMaMo.html [8]. The precise allele
dosages of SNPs in the different genotypes were confirmed
by pyrosequencing [25] or by SNuPE in combination with
DHPLC as described previously [31].

Amplification and labelling of target sequences
For amplification and labelling of target sequences (lengths
between 180 and 216 bp), the following primer combi-
nations were used: BA44a10t7Fa1 (5′-CTACATCACCTGC-
AGCACTCC-3′) and BA44a10t7Ra1 (5′-TTTCATGGAA-
GCTGGACGGCTAG-3′); BA213c14t3Ca1 (5′-CGGTCA-
GGGACATCATGCGCA-3′) and BA213c14t3Da1 (5′-GT-
GGTATCTGCTAGCAATTGCTAC-3′); BA213c14t7Ba1rev
(5′-TCTAACCTGGGCAGTCAGAGAC-3′) and BA213-
c14t7B (5′-TCTTGACGCAAACCTCTGCGAG-3′). Primers
were purchased from Metabion (Martinsried, Germany).
PCRs were performed as described in [25]. Aliquots (30 ng)
of the initial PCR amplifications were subjected to a second
round of PCR containing 20 µM Cy3 (indocarbocyamine)-
dUTP (Amersham Biosciences, Freiburg, Germany) and
80 µM dTTP. PCR products were purified using a PCR
purification kit (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions.

Preparation of arrays
For each SNP, 24 different 22-meric oligonucleotides were
designed: 12 for the forward-strand sequence and 12 for the
reverse-strand sequence. All four bases were represented
at the polymorphic site, which was at position 11, 14 or 17
from the 5′-end (Figure 1). Each oligonucleotide probe (10–
20 µM solution) was spotted in triplicate/slide using the
spotting device BioGrid (BioRobotics, Oxford, U.K.).
The probes were covalently attached to the glass slides
(Quantifoil, Jena, Germany) following the manufacturer’s
instructions. The surfaces of the slides were either epoxy-
modified or aldehyde-modified. The probe-loaded slides

were blocked directly before hybridization following the
manufacturer’s (Quantifoil) instructions.

The ASOs had C6 linkers at their 5′-ends and were
either SH- or NH2-modified, and were purchased from Inter-
activa Biotechnologie GmbH (Ulm, Germany).

Hybridization and washing of arrays
Labelled PCR product (20 µl) from the targeted locus was
mixed with 180 µl of hybridization buffer [10 mM Tris/HCl,
pH 7.5, 1 mM EDTA, 0.6 M NaCl, 1 × Denhardt’s solution
(0.02% Ficoll 400, 0.02% polyvinylpyrrolidone and 0.02%
BSA), 0.1 mg/ml herring sperm DNA and 0–50% form-
amide]. Different formamide concentrations (0, 10, 20, 30,
40 or 50%) were tested to determine the most appropriate
stringency conditions. The hybridization cocktail was de-
natured at 95 ◦C for 5 min, cooled on ice, applied to the array
using a hybridization frame (GeneScan, Freiburg, Germany)
and incubated at 42 ◦C for 4 h. Subsequently, the slide was
washed for 10 min with 10 mM Tris (pH 7.5) and 39 mM
NaCl at 32 ◦C, and then for 10 min with 10 mM Tris (pH 7.5)
and 19.5 mM NaCl at 32 ◦C.

Microarray reading and data analysis
Arrays were scanned on the GenePixTM 4000B scanner
(Axon Instruments, Foster City, CA, U.S.A.) and images
were analysed using the software GenePix TM Pro (Axon
Instruments).

Results and discussion

The ASO hybridization on glass slides required several opti-
mization steps [14]. Epoxy- or aldehyde-modified glass sur-
faces were tested with the same ASOs and hybridization
conditions. The signal intensities and signal-to-noise ratios
were comparable for both types of slides (results not
shown). However, the use of alternative 5′-modifications
of ASOs affected the hybridization results substantially. 5′-
SH-modified oligomers produced up to 35.4-fold stronger
signals when compared with the same oligonucleotides
having an NH2-modification. No difference in the signal-to-
noise ratio was detectable (results not shown).

Owing to the difficulty in predicting hybridization con-
ditions and sequences of ASOs that will allow optimal allele
discrimination, these parameters had to be found empirically
[10]. To select the appropriate oligonucleotide sequence,
the strategy of probe redundancy [29] was chosen. Panels
of ASO probes containing the polymorphic site at various
positions and querying the forward as well as the reverse-
strand sequences were used for each SNP (Figure 1). In con-
trast with ASO probes containing the polymorphic site at
nucleotide position 17 from the 5′-end, ASOs with the allele-
specific nucleotide at position 11 or 14 from the 5′-end
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Figure 2 Quantitative genotyping results of four different genotypes of the
A ↔ T-SNP BA213c14t7/403

Results are shown for the optimized hybridization condition and ASO probes
that allowed the best discrimination between the alleles (hybridization buffer
containing 50% formamide; antisense ASO with polymorphic site at nucleotide
position 15 from the 5′-end). The heights of the histograms correspond to the
normalized fluorescence intensities of the spots. S.D. values were calculated
on the basis of signal intensities of the three replicas spotted for each ASO
probe. The allelic nucleotides are highlighted in black and grey respectively. The
genotype T/T/T/T was not available.

were both appropriate to discriminate between different
alleles. Sense and antisense oligonucleotides were tested to
determine the probe orientation that allowed better allele
discrimination. For the SNP locus BA213c14t7/403, signals
of the same quality were obtained with both sense and
antisense strands, whereas, in the case of BA213c14t3/
268 + 269, allele discrimination was only possible with the
antisense ASOs (results not shown).

The hybridization conditions appeared to be the most
important parameter requiring optimization. Several form-
amide concentrations in the hybridization buffer were tested
to achieve a strong and specific hybridization signal with a
low background. It turned out that each SNP locus required
specific stringency conditions for optimal results. The best
hybridization results were obtained using 10% (v/v) form-
amide for BA44a10t7/174, 30% formamide for BA213c14t3/
268 + 269 and 50% formamide for BA213c14t7/403. The
requirement to establish specific hybridization conditions
for each SNP has been considered as a major drawback of
ASO hybridization on microarrays [14].

For SNP loci BA213c14t3/268 + 269 and BA213c14t7/
403 the signal-to-noise ratio was sufficiently low for geno-
typing the targeted polymorphisms. For SNP BA213c14t7/
403, all four different genotypes, which were available,
could be quantitatively discriminated (Figure 2). In case of
BA213c14t3/268 + 269, the expected hybridization signals
for the two homozygous genotypes were obtained, but the
quantitative accuracy failed to distinguish the different allelic
ratios of the three heterozygous genotypes (results not
shown).

For SNP BA44a10t7/174, the conditions used were not
stringent enough to achieve a reliable genotyping (results
not shown). The signals obtained from the negative controls
(ASO probes representing non-existing allelic bases) did
not allow robust genotyping. For this marker it seems
necessary to improve other hybridization conditions such
as temperature and, possibly, primer design.

In conclusion, our results suggest that it is possible to
perform quantitative genotyping of SNPs using allele-specific
hybridization on microarrays. Individual setting of speci-
fic hybridization conditions for each SNP and selection of
appropriate material are two prerequisites to obtain reliable
genotyping results. To our knowledge, this is the first
attempt to show the feasibility of the method for quantitative
genotyping of SNPs. A comparison of advantages of this
method with other techniques will only be possible when
more examples will be available. Most of the methods tested
so far for quantitative genotyping of SNPs [25] inherit their
drawbacks. Therefore the procedure described here re-
mains a promising alternative particularly for simultaneous
analysis of a large number of SNPs.
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