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We have developed a new method for high-throughput genotyping of single nucleotide polymorphisms (SNPs).
The technique involves PCR amplification of genomic DNA with two tailed allele-specific primers that introduce
priming sites for universal energy-transfer-labeled primers. The output of red and green light is conveniently
scored using a fluorescence plate reader. The new method, which was validated on nine model SNPs, is well
suited for high-throughput, automated genotyping because it requires only one reaction per SNP, it is
performed in a single tube with no post-PCR handling, the same energy-transfer-labeled primers are used for all
analyses, and the instrumentation is inexpensive. Possible applications include multiple-candidate gene analysis,

genomewide scans, and medical diagnostics.

Single nucleotide polymorphisms (SNPs) are the most
common source of human genetic variation. The po-
tential use of SNPs for genetic mapping of complex
traits, pharmacogenetics, and medical diagnostics has
been much discussed (Kruglyak 1997; Gu et al. 1998;
Nebert 1999; McCarthy and Hilfiker 2000). Such appli-
cations require reliable and economical methods for
high-throughput SNP genotyping.

The original SNP genotyping methods—DNA se-
quencing and PCR-RFLP—are laborious and expensive
because they require multiple steps including size sepa-
ration. Subsequently, several other methods for dis-
criminating SNPs have been described including hy-
bridization with allele-specific probes (Tyagi et al.
1998; Marras et al. 1999), allele-specific PCR (Newton
et al. 1989; Okayama et al. 1989), primer-guided
nucleotide or dye-terminator incorporation (Syvanen
et al. 1990; Pastinen et al. 1996; Chen and Kwok 1997;
Chen et al. 1997, 1999; Hoogendoorn et al. 1999), oli-
gonucleotide ligation (Baron et al. 1996), and Flap En-
donuclease digestion (Lyamichev et al. 1999; Mein et
al. 2000). Although these methods improve SNP geno-
typing, they involve multistep sample processing,
which is a disadvantage in high-throughput tasks.
More recently a number of techniques have been de-
veloped that reduce sample processing to a single step
by using nick-translation PCR (Lee et al. 1993), hybrid-
ization with FRET probes (Kostrikis et al. 1998), record-
ing the melting curves (Blomeke et al. 1999; Germer
and Higuchi 1999; Mangasser-Stephan et al. 1999;
Nauck et al. 1999), fluorogenic allele-specific PCR
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(Matsubara et al. 1999), or a thermostable ligase reac-
tion (Chen et al. 1998). The drawbacks of these meth-
ods are that the reactions must be monitored in real
time, which requires expensive instrumentation, and/
or it is necessary to design and size a costly new FRET
probe for each SNP. Recently Whitcombe et al. (1998)
described a single-tube SNP genotyping method using
universal TagMan probes, and Kwiatkowski et al.
(1999) used universal FRET reagents in a single-step
Invader assay (Third Wave Technologies) with end-
point measurement.

Here we present a new SNP genotyping method
that is performed in a single step, uses the same report-
ing reagent for each polymorphism, and does not re-
quire real-time monitoring equipment. The reactions
are run in a single tube in a generic PCR machine and
read in a standard fluorescent plate reader. Our
method combines allele-specific PCR (Newton et al.
1989; Okayama et al. 1989) with the use of Amplifluor
TM universal energy-transfer (ET) labeled primers
(Nazarenko et al. 1997; Nuovo et al. 1999).

RESULTS

Principle of the Method and Primer Design

Genomic DNA is submitted to PCR in the presence of
five primers: Two tailed allele-specific primers, a re-
verse primer, and two universal ET-labeled primers of
which one is labeled with a green dye (fluorescein) and
the other a red dye (sulforhodamine). Following am-
plification, the products are analyzed for green and red
fluorescence in a plate reader. The aim is for one ho-
mozygous genotype to yield green fluorescence only,
the other homozygous genotype to give red fluores-
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Table 1. SNP-Specific Primers

SNP GenBank ID Allele-specific
name dbSNP ID Type tailed forward primers* Reverse primer
CCK L29399 A/G [tail 1] -GGCTGTCTCTTAAATAGCCCCG GTTACTGCCAGTCTGCGTCA
[tail 2] -GGCTGTCTCTTAAATAGCCCCA
CYP17 M19489 C/T [tail 1] -GCCACAGCTCTTCTACTCCACT GGCACCAGGCCACCTTCTCTT
[tail 2] -GCCACAGCTCTTCTACTCCACC
DRD1 X55758 A/G [tail 1] -GACCCCTATTCCCTGCTTA ACAGGCAGTGAGGATACGAACA
rs4532 [tail 2] -GACCCCTATTCCCTGCTTG
DRD2 X51645 C/T [tail 1] -CCGACCCGTCCCACCAC CTTGGGGTGGTCTTTGGCAT
rs6275 [tail 2] -CCGACCCGTCCCACCAT
HTR1B M81590 C/G [tail 1] -CCGGATCTCCTGTGTATGTG GCGGCCATGAGTTTCTTCTTT
rs6296 [tail 2] -CCGGATCTCCTGTGTATGTC
HTR2A $71229 C/T [tail 1] -CTACAGTAATGACTTTAACTCC CACAGGAAAGGTTGGTTCGATT
[tail 2] -CTACAGTAATGACTTTAACTCT
HTR2C X80763 G/C [tail 1] -GGGCTCACAGAAATATCAG TGCACCTAATTGGCCTATTGGTTT
rs6318 [tail 2] -GGGCTCACAGAAATATATCAC
MAOA M68840 G/T [tail 1] -GACAGCTCCCATTGGAAGT GCGATCCCTCCGACCTTGACT
rs6323 [tail 2] -GACAGCTCCCATTGGAAGG
rs363 AC002525 A/T [tail 1] -GGGTTTTGAGGCTTCCTTGTT ACCCGTTGTCGGCTGTGGATTT
rs363 [tail 2] -GGGTTTTGAGGCTTCCTTGTA

*[tail 1] = GAAGGTGACCAAGTTCATGCT
[tail 2] = GAAGGTCGGAGTCAACGGATT

cence only, and the heterozygous genotype to give
mixed red and green fluorescence.

Two different tailed allele-specific primers are used
to analyze each SNP. These primers contain a single
allele-specific nucleotide at the 3’ terminus preceded
by 16 to 21 bases complementary to the gene of inter-
est (Table 1). The length of the gene-complementary
portion of the primer is selected to give a T,,, of 69°-
75°C as calculated by the %GC method of Oligo 5.0
software. There is a different 21-base tail at the 5’ end
of each of the two primers.

The sequences for the reverse primers were chosen
so as to avoid inverted repeats and overlaps with the
allele-specific and ET-labeled primers, which could re-
sult in mispriming. The distance between the allele-
specific and reverse primers was not critical and varied
from 7 to 157 bp in our experiments.

The structure of the universal ET-labeled primers
(Amplifluor TM, Intergen; Nazarenko et al. 1997) is
shown in Figure 1. The 3’-priming domain of these
primers is identical to the tail on one of the allele-
specific primers. The 5’ hairpin structure contains both
a fluorophore (fluorescein or sulforhodamine) and a
quencher (Dabsyl). Prior to incorporation, the primers
are in a hairpin configuration that emits fluorescence
at only a low background level because the energy
from the fluorophore is transferred to the nearby Dab-
syl moiety and dissipated as heat. However, after in-
corporation into the PCR product, the primer is linear-
ized, which leads to the separation of the fluorophore
and the quencher and a marked enhancement of fluo-
rescence.

The step-by-step reaction scheme for an A/G SNP is
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shown in Figure 2. During the first cycle, either the
3'-A or 3’-G allele-specific primer initiates the polymer-
ase reaction, leading to the synthesis of a fragment
with either tail 1 or tail 2 at the 5" end (or both prod-
ucts for heterozygous DNA samples). Cycle 2 leads to
the synthesis of the complement of tail 1 or tail 2.
Starting from cycle 3, the fluorescein-labeled ET primer
primes synthesis on the A/tail 1 fragment, whereas the
sulforhodamine-labeled ET primer primes synthesis
from the G/tail 2 product. Finally, starting from cycle
4, the complementary strands are synthesized using
the products of the previous reaction as template. This
leads to the opening of the hairpin structure of the
ET-labeled primers as they become a part of the double-

(Quencher)
Dabsyl [tail 1]
G A lr A \
C GCATCGCTGAAGGTGACCAAGTTCATGCT-3"
T CGTAGCGA-5"
T G |
Fluorescein
(Green fluorophore)
(Quencher)
Dabsyl [tail 2]
AT I A \
G GCGTCCTGAAGGTCGGAGTCAACGGATT-3"
A CGCAGGA-5"
GT |
Sulforhodamine

(Red fluorophore)

Figure 1 Structure of universal energy-transfer-labeled primers.
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SNP A/G - Allele A

SNP A/G - Allele G

of SNPs by quantitative analysis using the
Victor 1II fluorescence plate reader (Fig. 4).
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(the complete genotype data can be ac-
cessed at http://virtual.nci.nih.gov/lb/up/
000710.xls). In each case, there was com-
plete correspondence between the geno-
types obtained by the new fluorescence
assay and the conventional PCR-RFLP as-
say. Some of the SNPs amplified more
readily than others, but this could be rec-
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Figure 2 Assay scheme. The reaction steps for an A/G SNP are shown. (FL)

Fluorescein, (SR) Sulforhodamine.

stranded PCR product, which in turn gives the desired
increase in green or red fluorescence.

Validation of the Assay

The new method was tested on nine different SNPs
under optimal assay conditions (see below and Meth-
ods). These SNPs were selected because they have mi-
nor allele frequencies greater than 7% (average 32%),
they create restriction sites that can be analyzed in par-
allel by a conventional PCR-RFLP assay, and they rep-
resent five out of the six possible types of single nucleo-
tide substitutions, namely, A/G, A/T, C/G, C/T, and
G/T. We have also used the method for an A/C substi-
tution in an unpublished SNP in the CHRNBZ2 gene
(results not shown). We blindly analyzed 21 genomic
DNA samples for each SNP using both the new and
conventional methods.

Typical data for two of the SNPs as determined by
color photography of the PCR reaction plates using a
Hitachi FMBIO II fluorescence imager are shown in Fig-
ure 3. Visual inspection reveals an obvious distinction
between the two homozygous genotypes (red and
green) and the heterozygous genotype (yellow). The
results were clear-cut for both an A/T polymorphism
(rs363, upper panel) and a T/G polymorphism (MAOA,
lower panel).

This distinction was confirmed for the other types

Optimization of Assay Conditions

and Sensitivity

A variety of experiments were performed to
establish optimal assay conditions and to determine
the range of acceptable variations to the standard pro-
tocol. One important finding was that it is both more
economical and more accurate to perform both allele-
specific amplifications in a single tube rather than in
separate tubes. Figure 5 shows an experiment in which
DNA from an A/A homozygote and from a T/T homo-
zygote for an A/T SNP were assayed either by testing
each DNA in two separate tubes—one containing the
allele-specific and ET primer for A and the other con-
taining the allele-specific and ET primer for T (left
panel)—or in a single tube with both sets of primers
(right panel). When the A/A homozygote was assayed
in separate tubes, the two higher concentrations of
DNA tested gave significant levels of nonspecific green
fluorescence with the T-specific primers as well as spe-
cific red fluorescence with the A-specific primers. Simi-
larly, the highest concentration of T/T DNA tested gave
some nonspecific red as well as specific green fluores-
cence (Fig. 5, left panel). Therefore, these samples
might have been erroneously called heterozygotes. By
contrast, when the DNAs were simultaneously tested
with both A- and T-specific sets of primers in the same
tube, no nonspecific fluorescence enhancement was
observed (Fig. 5, right panel). Presumably this is be-
cause competition between the two allele-specific
primers, which are present in limiting quantities (see
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rs363 (AT SNP)

Figure 3 Fluorescence images of two SNP assays. A total of 21
samples of genomic DNA were analyzed for an A/T-SNP (rs363)
and a T/G-SNP (MAOA). The multiwell PCR plate was photo-
graphed with an FMBIO Il imager (Hitachi) equipped with red
and green filters.

below), reduces the nonspecific priming by the mis-
matched primer that occurs at high DNA concentra-
tions.

Several different concentrations and ratios of the
different types of primers were tested to establish the
conditions that gave both the greatest specificity and
signal-to-noise ratio. These experiments established
that it was optimal to perform the reactions with a 10:1
ratio of ET-labeled to tailed allele-specific primers to
maximize fluorescence yield (Nazarenko et al. 1997).
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Figure 4 Fluorescence intensity measurements for four SNP as-
says. The 21 samples of genomic DNA (40 ng per reaction) were
analyzed for an A/T SNP (RS363), a C/T SNP (CYP17), a C/G SNP
(HTR2C), and a G/T SNP (MAOA). Each plate also contained
three controls without DNA. The red and green fluorescence in-
tensity was determined in a Victor |l plate reader (Wallac).
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Table 2. Results of the Allele-Specific PCR Method
for Nine SNPs

SNP Sample Count % rare allele

CCK AA 0
AG 3 7%
GG 18

CYP17 cC 3
CT 11 40%
T 7

DRD1 AA 6
AG 13 40%
GG 2

DRD2 CcC 5
CcT 13 45%
T 3

HTR1B cC 1
CG 12 33%
GG 8

HTR2A cC 9
CcT 9 36%
T 3

HTR2C CcC 2
CG 3 17%
GG 16

MAOA TT 4
TG 3 26%
GG 14

RS363 T 4
AT 8 40%
AA 9

The concentration of the reverse primer was equal to
that of each of the ET-labeled primers (not their sum),
which ensured that the yield of each fluorescent signal
for heterozygote DNA samples was about half of the
maximum value reached for homozygote DNAs. Fi-
nally, the variation in the efficiency of PCR for differ-
ent SNPs was most readily equalized by adding two or
three cycles to the PCR amplification rather than by
changing primer concentrations or other reaction con-
ditions.

Aand T alleles assayed
in separate reactions

Aand T alleles assayed
in one reaction

g o g
N o AA g AA
['4 E °
8 ° 2
8
g . g .
. ° T . L] ° 040 ng/reaction |
T
° °
0 50000 100000 0 50000 100000
Green en

Figure 5 Combination of two allele-specific reactions in a
single tube increases specificity. Two genomic DNA samples with
known homozygous genotypes (AA and TT) were analyzed at
different dilutions for an A/T SNP (rs363). (Left) Each DNA sample
was assayed twice: First, in a tube containing the allele-specific
and ET-labeled primer for A, then in a tube containing an allele-
specific and ET-primer for T. (Right) Each DNA sample was as-
sayed in a single tube containing both A and T sets of primers.
The red and green fluorescence intensity was determined in a
Victor Il plate reader (Wallac).
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The sensitivity of the method was tested by ana-
lyzing three concentrations of three different genomic
DNA samples for a G/C SNP. Figure 6 shows that as
little as 0.4 ng of DNA gave signals that were clearly
above the control reactions without DNA. For routine
genotyping, 40 ng of DNA per reaction was found to be
optimal.

DISCUSSION

We report a new method of SNP genotyping based on
allele-specific PCR amplification combined with the
use of universal energy-transfer-labeled Amplifluor
primers. Our method has several useful features.

First, it is highly accurate. Blinded analysis of nine
different SNPs gave complete concordance between
genotypes assayed by the new method and conven-
tional PCR-RFLP (Table 2), and as long as both allele-
specific primers were used in a single tube, there was
little if any nonspecific signal (Figs. 4-6). Similar speci-
ficity using primers with single 3’ allele-specific
nucleotides has been reported by Okayama et al.
(1989) and Howard et al. (1999), but others have had to
introduce additional mismatches into the primers
(Newton et al. 1989, 1991; Picard 1993; Lubin et al.
1999; Matsubara et al. 1999; Tremmel et al. 1999). Our
ability to obtain specific amplification appears to be
caused by competition between the allele-specific reac-
tions and the use of a low concentration of the allele-
specific primers accompanied by an excess of ET-
labeled primer; the latter somewhat reduces PCR effi-
ciency but makes the annealing more selective.

A second feature of the method is its sensitivity.
The limit of sensitivity of the method is 0.4 ng of ge-
nomic DNA per reaction (Fig. 6), which corresponds to
150 copies of the target gene, whereas the optimal
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<
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"noDNA" _ & e, D
° o
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0 50000 100000 150000
Green
O No DNA controls = 0.4 ng DNA/reaction
® 4 ng DNA/reaction 040 ng DNA/reaction

Figure 6 Genomic DNA dilution experiment. Three DNA
samples of known genotypes (CC, GC, and GG) were assayed for
a G/C SNP (HTR2C) at various concentrations (40-, 4-, 0.4-, and
0-ng/reaction). The red and green fluorescence intensity was de-
termined in a Victor Il plate reader (Wallac).

DNA amount is 40 ng per reaction. This is comparable
with the sensitivity of most end-point methods and
makes the approach feasible for multiple-marker scans
in which the amount of genomic DNA available be-
comes a limiting factor.

A third feature of the method is that it requires just
two universal ET primers rather than a new set of ET
primers for each SNP. This is important because the ET
primers are the most expensive reagents used in the
method.

A final advantage of the method is the small num-
ber of operations that are involved. DNA and reagents
are mixed in multiwell PCR plates, the amplification
reactions are run in multiple standard thermocyclers,
the plates are transferred and read in a fluorescence
plate reader, and the data are converted into genotypes
by a computer program. The whole process takes less
than 3 hours for 96 samples with hands-on time of less
than 30 minutes, and multiple plates can be processed
in parallel and fed into one reader. The procedure
would be well suited for automation by using liquid
handling robotics and transfer devices. Throughput
could also be increased by using a 384-well format,
which is compatible with most currently available
fluorescence plate readers.

There are two limitations to the method. First, be-
cause the 3’ end of the allele-specific primer is fixed, it
is not always possible to choose optimal PCR primers
for genomic DNA amplification. For the nine model
SNPs described here, we were able to design primers
that gave reasonable PCR efficiency, but this may not
always be the case. For example, there were two SNPs
that didn’t amplify under our standard conditions
(data not shown). It may be possible to overcome this
limitation by designing primers to amplify the frag-
ment in the opposite direction along the chromosome.
A second constraint, common to all SNP genotyping
methods, is the quality of the genomic DNA samples.
In our experiments, 0.4 ng of pure DNA gave a detect-
able signal (Fig. 6), but some cruder DNA preparations
did not work as well (data not shown).

In summary, we have developed a new method for
SNP genotyping that is accurate, sensitive, reasonably
priced, and requires minimal operator time. It should
be useful for a number of applications that require high
throughput such as multiple-candidate gene screens,
genomewide linkage and association scans, and medi-
cal diagnostics.

METHODS

Amplification reactions were performed in 96-well polypro-
pylene PCR plates (Sorenson BioSciences). The 20-pL reac-
tions contained 1.8 mM MgCl,, S0 mM KCl, 10 mM Tris-HCl
at pH 8.3, 0.2 mM dNTPs, 25 nM each of two tailed allele-
specific primers, 250 nM reverse primer, 250 nM each of the
green and red universal ET-labeled Amplifluor primers (Inter-
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gen), 40 ng of genomic DNA, and 1 unit of Taq Polymerase
(Takara Shuzo, Japan; Platinum Taq Polymerase from BRL can
also be used and may be beneficial if nonspecific PCR prod-
ucts or primer dimers are observed). The plates were covered
with a Cycleseal sealer (Robbins Scientific) and placed into a
Perkin-Elmer 9700 or M] Research PTC-100 thermocycler
block preheated to 94°C. After 5 min at 94°C, amplification
was carried out for 35 cycles of 10 sec at 94°C, 20 sec at 55°C,
40 sec at 72°C, followed by incubation at 72°C for 3 min.

Fluorescence intensity measurements were routinely per-
formed on a Victor II fluorescence plate reader (Wallac) as
previously described (Nazarenko et al. 1997), using additional
emission and excitation filters for the sulforhodamine chan-
nel. The data were exported into Excel format and analyzed
using an MS Excel-based template (available from http://
virtual.nci.nih.gov/lb/up). Plates could also be read with the
Analyst AD fluorescence plate reader (LJL BioSystems). The
continuous lamp was used with 50% splitter. Red fluorescence
was measured from the top of the plate for 0.1 sec per sample
with a 580-nm excitation and 620-nm emission filter; green
fluorescence was similarly measured with a 485-nm excitation
and 530-nm emission filter. The data were analyzed using MS
Excel as above.

To obtain color photographs, the PCR reaction plates
were placed on an UV transilluminator and observed through
the FMBIO II imager (Hitachi) equipped with red and green
filters provided by the manufacturer. Alternatively, The Im-
ager (Appligene, France) was used with a 520-560-nm filter
for green fluorescence and a 590-640-nm filter for red fluo-
rescence.

The primers and restriction enzymes used for PCR-RFLP
genotyping were as follows: CCK: 5'-AATACATGACTGGCC
GACGCCACCG, 5'-CCGCTGACGAACCGAGGGACCTACC,
PfIMI; CYP17: 5'-CAAGGTGAAGATCAGGGTA, 5'-CAAATA
AGCTAGGGTAAGCAG, MspAll; DRD1: 5'-GGATTGCCACT
CAAGCGGTCCTCTCAT, 5'-TCCCTCTCCACCACCAGC
CCAGTC, Ddel; DRD2: 5'-GAGCTGGAGATGGAGATGCT, 5'-
CAATCTTGGGGTGGTCTTTG, Ncol; HTR1B: 5'-TCCC
GGATTTTGAAACAGAC, 5'-TAGCGGCCATGAGTTTCTTC,
Hincll; HTR2A: 5'-CTGCAGCTTTTTCTCTAGGG, 5'-CCG
TCTGCTACAAGTTCTGGCTT, Mspl; HTR2C; 5'-GGCC
TATTGGTTTGGCAAT, 5'-CCAGTTTTGTACCCCGTCTG,
BsrDI; MAOA: 5’-ATCCCTCCGACCTTGACTG, 5'-GCC
TACCCTTCTTCTTCCAGA, MspAll; rs363: 5'-GCTCTCA
AATCAGATAGTTC, 5'-ACTCCAAGCAATAAATCTCC, Rsal.
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