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ABSTRACT

With the increasing demand for higher throughput
single nucleotide polymorphism (SNP) genotyping,
the quantity of genomic DNA often falls short of the
number of assays required. We investigated the use
of degenerate oligonucleotide primed polymerase
chain reaction (DOP-PCR) to generate a template for
our SNP genotyping methodology of ¯uorescence
polarization template-directed dye-terminator incorp-
oration detection. DOP-PCR employs a degenerate
primer (5¢-CCGACTCGAGNNNNNNATGTGG-3¢) to
produce non-speci®c uniform ampli®cation of DNA.
This approach has been successfully applied to
microsatellite genotyping. We compared genotyping
of DOP-PCR-ampli®ed genomic DNA to genomic
DNA as a template. Results were analyzed with
respect to feasibility, allele loss of alleles, geno-
typing accuracy and storage conditions in a
high-throughput genotyping environment. DOP-
PCR yielded overall satisfactory results, with a
certain loss in accuracy and quality of the genotype
assignments. Accuracy and quality of genotypes
generated from the DOP-PCR template also
depended on storage conditions. Adding carrier
DNA to a ®nal concentration of 10 ng/ml improved
results. In conclusion, we have successfully used
DOP-PCR to amplify our genomic DNA collection for
subsequent SNP genotyping as a standard process.

INTRODUCTION

The role of single nucleotide polymorphisms (SNPs) has been
implicated in a number of complex diseases including
Alzheimer's disease (1), osteoporosis (2,3), Crohn's disease
(4) and obesity (5). More recently, they have played a
fundamental role in the emerging ®eld of pharmacogenomics
and adverse drug reactions (6,7). As such, it is becoming clear
that SNPs have the potential to act as informative markers for
the discovery and characterization of genes in complex disease
(8). This will be made possible, in part, due to greater
knowledge of the human genome sequence (9,10) and the

increasing number of SNPs in databases (11). The estimated
number of SNPs required to be screened genome-wide in order
to detect a disease-causing gene could be as high as 500 000
(12) but this number may be lowered with the ongoing
ascertainment of the extent of linkage disequilibrium (13±15).

With this increase in knowledge, there has been an
associated explosion in the number of technologies that
offer higher and higher throughput SNP genotyping on an
industrial scale (16). These assays offer up to 500 000
genotypes a day at reagent costs as low as 1 c/SNP. However,
with this throughput comes an increasing demand for DNA
template on which to carry out these large numbers of
reactions. For example, if 10 ng of DNA is required per
reaction and 500 000 SNPs were to be screened then 5 mg of
DNA is required. This would heavily deplete a valuable
genomic DNA resource.

Two similar approaches have employed total genomic
ampli®cation to produce non-speci®c uniform ampli®cation of
DNA. By using a degenerate primer, a representation of the
genome can be produced by means of the polymerase chain
reaction (PCR) to act as a template for subsequent typing
efforts. First, primer extension preampli®cation (PEP), which
was originally developed to amplify DNA from a single cell
(17), has been applied to HLA typing from mouth swabs (18)
by generating a mixture of PEP reactions carried out in
quadruplet to gain suf®cient genome coverage. The primer
for this approach is totally degenerate, made up simply of
5¢-NNNNNNNNNNNNNNN-3¢.

A more recognized approach for complete genome cover-
age in one reaction is the use of degenerate oligonucleotide
primed PCR (DOP-PCR) which employs a more speci®c
primer: 5¢-CCGACTCGAGNNNNNNATGTGG-3¢ (19). This
approach has been successfully modi®ed and applied to
genomic DNA in order to carry out microsatellite genotyping
(20). Although there was 100% success in ampli®cation of
each marker and correct assignment of genotypes, it was
noticed that there was some preferential ampli®cation of the
shorter allele. A similar observation was made with micro-
satellites, Alu insertions and variable-length segments of the
lipoprotein lipase gene (LPL) when using long DOP-PCR on
rare archival anthropological samples (21). As microsatellite
typing is based on the length of a repeat, the issue of band
intensity is not of great importance. However, if the same
approach is to be employed for SNP typing, it is vital that
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uniform ampli®cation of alleles occurs for current tech-
nologies to call the genotype with con®dence. The use of a
DOP-PCR-ampli®ed template has been applied previously to a
small cohort and the typing of two SNPs (22). Another
emerging application of this procedure in the context of SNP
typing is the use of DOP-PCR for the reduction of genome
complexity (23). In addition, the ®rst paper published on a
non-PCR-based approach was published only a few months
ago using multiple displacement ampli®cation (24).

In this work, we analyze the application of a DOP-PCR-
ampli®ed template in a high-throughput setting and the impact
on quality. In addition, the role of DOP-PCR storage
conditions is assessed.

MATERIALS AND METHODS

DOP-PCR ampli®cation

Genomic DOP-PCR ampli®cation was performed in a ®nal
volume of 10 ml on an ABI 9700 thermal cycler (PE Applied
Biosystems, Foster City, CA). The PCRs contained 2 mM
DOP primer (5¢-CCGACTCGAGNNNNNNATGTGG-3¢) and
phenol/chloroform puri®ed genomic DNA template with
amounts ranging from 1 to 40 ng. In the PCR mix, using
components of the DOP Master kit (Roche, Basel,
Switzerland), were 200 mM dNTPs, 1.5 mM MgCl2, 0.01%
(v/v) Brj35, 10 mM Tris±HCl (pH 8.3), 50 mM KCl and 0.25 U
Taq DNA polymerase. An initial denaturation of 95°C for
5 min was followed by ®ve cycles of 94°C for 1 min, 30°C for
90 s, ramping to 72°C over a 3 min period (3.5°C/15 s) and
72°C for 3 min, then 35 cycles of 94°C for 1 min, 62°C for
1 min and 72°C for 2 min (and increasing by 14 s each
subsequent cycle) and completed by a ®nal extension step of
72°C for 7 min.

Storage

DOP-PCR products were either used directly or stored at ±20
or ±70°C. In a subsequent experiment, column-puri®ed
pUC19 plasmid DNA was added to the DOP-PCR product
to a ®nal concentration of 10 ng/ml before freezing.

PCR and SNP genotyping

The DOP-PCR product was diluted to 10% in TE buffer
(10 mM Tris, 1 mM EDTA, pH 8.0). A 0.25 ml aliquot of this
dilution was transferred as template to the provided PCR

mixture by stamping twice using a 96 Long Pin Replicator
(Incyte Genomics, St Louis, MO).

Touchdown PCR (25) was performed in a reduced primer
and dNTP environment of 5 ml. This environment consisted of
0.2 mM primer mix, 50 mM dNTPs, 1.5 mM MgCl2, 20 mM
Tris±HCl (pH 8.4), 50 mM KCl and 0.5 U hot start Taq DNA
polymerase (Invitrogen, Carlsbad, CA). SNP accession
numbers and PCR primers are reported in Table 1. An initial
denaturation of 5 min at 95°C was followed by ®ve cycles of
94°C for 30 s, 63°C for 20 s and 72°C for 30 s, then similarly
®ve cycles each of touchdown (25) with annealing tempera-
ture from 60.5 to 55.5°C by gradation of 2.5°C and then 20
cycles of 94°C for 30 s, 53°C for 20 s and 72°C for 30 s and a
®nal extension step of 72°C for 5 min. To remove excess
primers and nucleotides, the resultant PCR product was
incubated with 2 ml of 50% concentration Exo-SAP-IT
(Amersham Biosciences, Freiburg, Germany) at 37°C for
45 min and subsequently denatured at 80°C for 15 min.

An additional volume of 13 ml of primer extension mix
was added containing 0.38 mM primer (Table 1) and the
AcycloPrime-FP components of reaction buffer, AcycloPol
and AcycloTerminator Mix (PerkinElmer Life Sciences,
Boston, MA). An initial denaturation of 2 min at 95°C was
followed by 10±40 cycles (based on optimization tests) of
94°C for 15 s and 55°C for 30 s. The resultant 30 ml assay was
read in a 96-well black propylene plate (ABgene, Epsom, UK)
at 1 s/well in the VICTOR2 V multilabel counter (PerkinElmer
Life Sciences) using 485 nm excitation and 520 nm emission
®lters for the R110 dye and 544 nm excitation and 580 nm
emission ®lters for the TAMRA label. The subsequent data
were corrected using the G-factors 1.17 and 1.51 for R110 and
TAMRA, respectively. The G-factor was calculated based on
the average of the raw values from 10 water controls that
corrected the negative reading to 50 mP for both dyes.

The obtained mP readings were clustered by means of an in-
house software program using the K-means clustering algo-
rithm. The software automatically assigns each data point to
one of four clusters representing the three respective
genotypes or non-callable data points (M.Kschischo, R.Kern,
C.Gieger, M.Steinhauser and R.Tolle, manuscript in prepar-
ation). Automatically assigned genotypes were visually
inspected and genotype calls were deleted for those data
points that were not unequivocally assignable to a single
cluster. The ¯uorescence polarization template-directed dye-
terminator incorporation (FP-TDI) assay conditions were

Table 1. Primer sequencesa used for PCR and subsequent FP-TDI SNP genotyping

SNPb PCR sense PCR antisense TDI-primer extension

rs1457042 AAGAGAGTTATCCTTATGTGG CCTGTCTCAGTAGAGCATTTA TTTCTAAATGATTATTACTAAGAAGCTA
rs943430 CTTGCCTGCCACTCTCACTCT GGCTGGGGGCTCATCTT TCAGCGGGGGCAAGTACATCAGCCAA
rs877954 CACTGCGCTCCCCTACC ACCGCCTATTCCGTACACACT GGCCATCCATTCTACACATGCTTG
rs1574570 GCTGGATTGCAGGAAGGAT TGCTGCCCTCAGGTTGG AGCCTCTGCTGCTGTTTCCCCCA
rs731703 GGTATGTGGTAGCCAGAGTCC CCACAGCGGTAATAAGACAAG GCACAGACCTGTTCTTTGCTGTCCTG
rs1800775 CAGTTTCTCCCGGAGGCAGCCAATG ACCCCAGAAACAGTCCTCTATGTAG GCCAATGATCTCAGAGGCTGTATACCC
rs35735 CACCTTCCTTTATTATTTACCCA TCTGAATCTTGATCCAACACA CAGGCAGCTGTAATCATGGGTAA
rs688 AACTTCACTCCATCTCAAGCATC CGTAAGCCACACCTCAAAGAC CACTCCATCTCAAGCATCGATGTCAA
rs2076167 GCTGAGAAGAGGAAGCTGGTG GGCATTGTAGATGTGCTTGGAG ACCTGTGGGTTGTACTGGCTCCCCTC
rs1846223 CATGCCTAATATAATGGTGGAA CAGCAATTGTTTCAAGGTAACT CTTGCCTGTTCGATGAATATTCTGCATA

aAll sequences in 5¢®3¢ orientation.
bNCBI dbSNP accession number.
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pre-tested for all SNPs on genomic and DOP-PCR-ampli®ed
template before starting the microtiter plate screen.

Sequencing

Individuals that gave differing genotypes between DOP and
genomic templates were sequenced to resolve the correct
genotype. In the 10 ml PCR mix was 200 mM dNTPs, 1.5 mM
MgCl2, 20 mM Tris±HCl (pH 8.4), 50 mM KCl and 2.5 U hot
start Taq DNA polymerase (Invitrogen). The cycling pro-
cedure was the same touchdown protocol as for the FP-TDI
PCR. A 1 ml PCR was sequenced in a total volume of 10 ml
with 1 mM primer and 4 ml of Big Dye terminator ready
reaction mix (PE Applied Biosystems) with an initial
denaturation of 95°C for 2 min 30 s followed by 25±40
cycles of 95°C for 10 s, 50°C for 10 s and 60°C for 4 min. The
sequencing reactions were then vacuum dried and resuspended
in 3 ml of dye and formamide. A 1 ml aliquot was loaded on an
ABI 377 and run for 4 h. The data generated were processed in
GeneScan (PE Applied Biosystems) and analyzed with
Polyphred software (26).

RESULTS AND DISCUSSION

SNP genotyping was carried out on 10 SNPs from 10 different
genes selected from the SNP database at the National Center

for Biotechnology Information (dbSNP) (27). For six SNPs,
two 96-well plates each and for four SNPs single 96-well
plates were typed. Five wells on each plate were reserved for
control reactions: reagent blank, commercially obtained
CEPH-DNA (Applied Biosystems, Weiterstadt Germany),
and three DNA samples to represent all SNP genotypes. When
comparing FP-TDI results from genomic and DOP-PCR-
ampli®ed template, it is clear that different qualities of results
are observed (Fig. 1). Data clusters are not as tight for the
DOP-PCR-ampli®ed template as for the genomic template
independent of the SNP and the neighboring sequence.
Although discrete clusters can be derived, the number of
data points which cannot be assigned unequivocally to a single
cluster increases when using the DOP-PCR-ampli®ed tem-
plate. The increase is re¯ected in the higher number of DNAs
for which no genotype call can be made (Table 2). Samples
without a genotype call can be differentiated into those which
do not produce a signal (`no call') and those that fall into the
overlap area between two genotype clusters (`ambiguous
call'). The DOP-PCR template and the genomic template were
very similar with respect to no calls (1.3 versus 1.6% based on
1462 measured samples). A clear difference can be observed
for ambiguous calls, where only 2.0% of genomic templates
fall under this category compared to 5.8% from the DOP-PCR
template. Discrepancies in unequivocal genotype calls were
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resolved by sequencing the genomic template, a technique
considered the gold standard method for SNP genotype
determination. Genotyping errors were discovered for both
the genomic template and the DOP-PCR template. Whole
genome ampli®cation resulted in a slightly higher overall error
rate of 0.7%. There is no speci®c trend in the type of errors
obtained when genotyping the DOP-PCR-ampli®ed template.
One does not only observe the loss of alleles, i.e. the
conversion of a true heterozygous sample into an apparent
homozygous sample but also the creation of additional alleles
or the complete conversion of alleles at a low rate. We
investigated the role of the amount of DOP-PCR template by
repeating an assay with 50% of our standard concentration
(Table 2). This reduction resulted in an increase of no calls,
ambiguous calls and genotyping errors. A visual inspection of
PCR products from DOP-PCR templates on agarose gels
demonstrated that samples without calls were normally
characterized by absent bands. Samples that produced
ambiguous or erroneous calls, however, did not display
visible differences from normal samples (data not shown).
Furthermore, the introduction of errors or ambiguous calls

could not be attributed to differences in quality of the original
DNA samples, as a repetition of the same experiment does
produce erroneous and ambiguous calls for DNAs which are
different from those of the ®rst experiment (data not shown).

Whereas unequal ampli®cation which has previously been
described for microsatellite genotyping and DOP-PCR (20)
could be the reason for the observed loss of heterozygous
alleles, this effect cannot explain the observed generation of
additional alleles at a low rate. Despite safety measures to
avoid cross-contamination of samples, the extremely high rate
of ampli®cation makes it most likely that erroneous genotypes
with additional alleles were generated by cross-contamination
at a low rate. This assumption is supported by an analysis of
the reagent blanks. Seven out of 44 wells with reagent blanks
resulted in an erroneous genotype call. A simultaneous
contamination of both negative control reactions per 192
samples was however never observed.

In summary, we do see a reduction in data quality when
using a DOP-PCR-ampli®ed template with FP-TDI genotyp-
ing that is mainly attributable to ambiguous genotype
assignments. This is in contrast to the observations of

Figure 1. (Previous page and above) DNA template comparison for FP-TDI genotyping with four public SNPsÐNCBI dbSNP accession numbers rs1457042
(A and B), rs943430 (C and D), rs877954 (E and F) and rs1574570 (G and H). The green and blue squares represent the two forms of homozygous genotype
calls, heterozygous calls are indicated by red squares, no calls are marked by black squares. A genomic DNA template (A, C, E and G) generally yielded
tighter clusters than its DOP-PCR-ampli®ed counterpart (B, D, F and H).
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Barbaux et al. (22) reporting a 100% concordance of
genotypes derived from a DOP-PCR-ampli®ed template.
This higher success rate could be due to the much lower
number of experiments and samples analyzed by these authors
and by their use of a different SNP typing protocol. Their
approach of using radiolabeled allele-speci®c oligos is how-
ever not suitable for automation and higher throughput SNP
analysis.

How the decrease in accuracy impacts on the overall quality
of a genetic study depends on the study design. In general, a
certain degree of missing genotype information is less of a
problem as these samples can be easily identi®ed and data can
be complemented. Thus, a conservative approach to genotype
calling is recommended with a DOP-ampli®ed template. The
generation of erroneous genotypes poses more of a challenge.
Error detection is very limited for case±control designs. In
nuclear families, Mendelian inconsistencies will disclose in
most cases ~30% of the true genotyping errors (28,29) and
even extended pedigrees cannot be considered to be free of
errors. As this problem becomes more apparent with the
increasing number of SNP studies, statistical methods have
been developed to better accommodate for errors present in
the genotype data set for both case±control design and
transmission disequilibrium testing (30,31). Genotyping result
quality can be improved both by analyzing samples in
duplicate or by increasing the concentration of the DOP-
PCR template in the subsequent PCR. However, both
approaches will increase template consumption thwarting

the initial intention of saving precious DNA. It remains to be
seen if the recently reported advantages of multiple displace-
ment ampli®cation can be translated into a daily high-
throughput routine, once this technology is available to the
scienti®c community (24).

We also observed that upon storage of DOP-PCR products
at ±20°C subsequent SNP genotyping resulted in less compact
data clusters. A visual inspection of DOP-PCR products fresh
and after storage at ±20°C for 2 and 4 weeks on agarose gels
did not demonstrate any differences which would point to a
sample degradation (data not shown). The effect could,
however, be compensated for by adding additional plasmid
DNA to the DOP-PCR template and at the same time by
storing samples at ±70°C.

In summary, we consider DOP-PCR ampli®cation as a
valuable means to substantially increase the amount of data
that can be derived from precious clinical samples if
researchers correctly deal with missing data and a modest
increase in genotyping error.
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