
ORIGINAL PAPER

Genotyping of single nucleotide polymorphisms by primer
extension reaction and a dual-analyte
bio/chemiluminometric assay

Jessica Konstantou & Penelope C. Ioannou &

Theodore K. Christopoulos

Received: 6 March 2007 /Revised: 3 May 2007 /Accepted: 22 May 2007 / Published online: 7 June 2007
# Springer-Verlag 2007

Abstract Primer extension reaction (PEXT) is the most
widely used approach to genotyping of single nucleotide
polymorphisms (SNP). It is based on the high accuracy of
nucleotide incorporation by the DNA polymerase. We
propose a dual-analyte bio/chemiluminometric method for
the simultaneous detection of the PEXT reaction products
of the normal and mutant allele in a high sample-
throughput format. PCR-amplified DNA fragments that
span the SNP of interest are subjected to two PEXT
reactions using normal and mutant primers in the presence
of digoxigenin-dUTP and biotin-dUTP. Both primers
contain a d(A)30 segment at the 5′-end but differ in the
final nucleotide at the 3′-end. Under optimized conditions
only the primer that is perfectly complementary with the
interrogated DNA will be extended by DNA polymerase
and lead to a digoxigenin- or biotin-labeled product. The
products of the PEXT reactions are mixed, denatured, and
captured in microtiter wells through hybridization with
immobilized oligo(dT) strands. Detection is performed by
adding a mixture of antidigoxigenin–alkaline phosphatase
(ALP) conjugate and a streptavidin–aequorin conjugate.

The flash-type bioluminescent reaction of aequorin is triggered
by the addition of Ca2+. ALP is then measured by adding the
appropriate chemiluminogenic substrate. The method was
evaluated by genotyping two SNPs of the human mannose-
binding lectin gene (MBL2) and one SNP of the cytochrome
P450 gene CYP2D6. Patient genotypes showed 100%
concordance with direct DNA sequencing data.
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Introduction

Single nucleotide polymorphisms (SNP) constitute the most
common form of human genetic variation. SNP may affect
gene function by amino acid substitution, modification of
gene expression, or alteration of gene splicing [1–3].
Current research efforts on SNP genotyping aim either at
establishing association of various SNP with certain
diseases or at the development of SNP genotyping methods
that are suitable for the routine molecular diagnosis
laboratory. DNA microarray technology plays an important
role in genome-wide association studies because each chip
enables parallel genotyping of thousands of SNP in a single
sample. In a diagnostic setting, however, a small number of
SNP markers for disease-related genes or drug-metaboliz-
ing enzymes will be genotyped per patient. Consequently, a
high sample-throughput is much more useful than a high
SNP throughput for the routine clinical laboratory.

SNP genotyping methods comprise isolation of genomic
DNA, PCR amplification, a genotyping reaction, and detection
of the products. Most genotyping reactions are based on one of
the following principles: hybridization with allele-specific
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oligonucleotide probes, oligonucleotide ligation reaction,
primer extension (PEXT) reaction, and invasive cleavage. In
a typical PEXT reaction, an allele-specific primer whose 3′-end
is complementary to the nucleotide at the polymorphic site
hybridizes with the interrogated DNA fragment. Because of
the high accuracy of nucleotide incorporation by DNA
polymerase, polymerization occurs only if the primer matches
perfectly the target DNA. Two PEXT reactions are performed
per mutation, one for the normal allele and the other for the
mutant allele. PEXT reaction is the most widely used
genotyping method because it is robust and can be easily
optimized [4–6].

To facilitate automation and high sample-throughput we
have developed a dual-analyte assay of the PEXT products.
The assay exploits the different kinetics of light emission
from aequorin and alkaline phosphatase (ALP) bio/chemi-
luminescent reactions. Indeed, the aequorin reaction has a
decay half-life of about 1 s, whereas the emission of ALP-
catalyzed chemiluminescent reaction lasts several minutes.
The two reporters have already been used in quantitative
PCR and oligonucleotide ligation reaction assays [7, 8]. As
a model we chose the genotyping of two mutations of the
mannose-binding lectin (MBL2) gene (−550 and −221) and
one mutation of the cytochrome P450 gene CYP2D6
(CYP2D6*3). In recent years, there has been a strong
interest in mannose-binding lectin because it is an impor-
tant component of the innate immune system and numerous
reports have shown that its deficiency leads to increased
susceptibility to various infections and genetic disorders [9–
12]. CYP2D6 is also important since it is involved in the
metabolism of many commonly prescribed drugs [13, 14].

Bio- and chemiluminescence, the emission of light from
chemically generated excited states, has found rapidly
expanding applications in nucleic acid analysis, including
hybridization assays for detection/determination of PCR
products as well as SNP genotyping assays [15–17].
Because they do not require excitation light, bio/chemilu-
minometric methods offer higher detectability (lower
background signal) and wider dynamic range than spectro-
photometric and fluorometric ones. Bioluminescent pro-
teins have already been introduced as reporters in SNP
genotyping by primer extension. Firefly luciferase was used
in the bioluminometric assay of pyrophosphate release in
PEXT reaction [18, 19]. The photoprotein aequorin was
used in a solid-phase assay for the extension product [20].
Horseradish peroxidase, in combination with a chemilumi-
nogenic substrate, was employed for the genotyping of 15
HBB gene mutations based on the PEXT reaction [21].
Contrary to the above methods, which require that the
primer extension products from normal and mutant alleles
must be measured in separate reaction vessels (e.g., micro-
titer wells), the proposed method allows simultaneous
detection of both products.

Experimental

Instrumentation

Flash- and glow-type (bio)chemiluminescence was mea-
sured by using the PhL microplate Luminometer/Photom-
eter from Mediators (Vienna, Austria). Polymerase chain
reactions (PCR) and primer extension reactions (PEXT)
were carried out in a MJ Research PTC-150 thermal cycler
(Watertown, MA). A digital camera, Kodak DC 120, and
the Gel Analyzer software for DNA and protein documen-
tation were purchased from Kodak (New York, NY).
Hybridization assays were performed using the Titramax
1000 shaker/incubator from Heidolph (Kehlheim, Germany).
The microtiter plate washer, model Wellwash 4, was from
Labsystems (Milford, MA).

Materials and methods

Antidigoxigenin–alkaline phosphatase conjugate (anti-Dig–
ALP) and Dig-11-dUTP were purchased from Roche
(Mannheim, Germany). Bis(sulfosuccinimidyl)suberate
(BS3) was obtained from Pierce (Rockford, IL), and bovine
serum albumin (BSA) was from Serva (Heidelberg,
Germany). Opaque Microlite 2 polystyrene microtiter wells
were supplied by Thermo Labsystems (Franklin, MA), and
Sephadex G-25 Spin Pure columns were from CPG (Linkoln
Park, NJ). Ultra-pure 2-deoxyribonucleotide 5-triphos-
phates (dNTPs) were purchased from HT Biotechnology
(Cambridge, UK). Vent (exo-) DNA polymerase was from
New England Biolabs (Beverly, MA), Φ×174 DNA/BsuRI
marker was from MBI Fermentas (Vilnius, Lithuania), and
biotin-11-dUTP was from Applichem (Darmstadt, Ger-
many). Lumiphos was obtained from Aureon Biosystems
(Vienna, Austria). The QIAmp DNA blood mini kit from
Qiagen (Hilden, Germany) was used for the isolation of
genomic DNA from whole blood. Streptavidin–aequorin
conjugate (SA–Aeq) was synthesized and purified as
described previously [22]. All other chemicals were
purchased from Sigma (St. Louis, MO) or Fluka (Buchs,
Switzerland). Oligonucleotides used as primers and probes
in the course of this work were synthesized by the Research
and Technology Institute (Irakleion, Crete, Greece) and
Thermo Electron (Ulm, Germany). Oligonucleotide sequen-
ces are shown in Table 1.

The hybridization solution contained 10 mM Tris,
10 mM EGTA, 1 M KCI, 10 mM MgCI2, 2 g L−1 BSA,
1 g L−1 NaN3, pH 7.5, and 0.5 mL L−1 (0.05%) Tween-20
(polyoxyethylene (20) sorbitan monolaurate). The phos-
phate-buffered saline (PBS) was a 0.14 M NaCl, 2.7 mM
KCl, 10 mM sodium phosphate, and 1.7 mM potassium
phosphate solution, pH 7.4. The wash solution consisted of
50 mM Tris, pH 7.5, 0.15 M NaCl, 2 mM EGTA, and
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1 mL L−1 Tween-20. The blocking solution contained
10 g L−1 BSA, 0.1 M maleic acid, 0.15 M NaCl, and 2 mM
EGTA, pH 7.5. The light-triggering solution contained
25 mM CaCl2 and 20 mM Tris, pH 7.5.

Conjugation of (dT)30 oligodeoxynucleotide to albumin

The conjugation of BSA with the 5′-amino-modified (dT)30
oligonucleotide was performed by using the homobifunc-
tional cross-linking reagent BS3 as described previously
[23] and the conjugate was used directly without purifica-
tion. Polystyrene microtiter wells were coated by physical
adsorption for 2 h at 42 °C with 50 μL of 5 mg L−1 BSA–
(dT)30 conjugate diluted in PBS-5 mM EDTA.

Genomic DNA isolation from whole blood

Whole-blood specimens were obtained from the Medical
School of the University of Crete and from St. Sophia
Children Hospital, Athens, after informed consent. Genomic
DNA was isolated from 200 μL of whole blood using the
QIAmp DNA blood mini kit. Following extraction of
genomic DNA (50–100 ng μL−1), a segment in the
cytochrome CYP2D6 gene flanking the CYP2D6*3 muta-
tion and a segment in the promoter region of the MBL2 gene
flanking two single nucleotide polymorphisms (SNP) at
positions −550 and −221 mutations were amplified by PCR.

Polymerase chain reaction

PCR amplification of the cytochrome CYP2D6 gene was
carried out in a final volume of 50 μL containing 20 mM
Tris-HCl, 10 mM (NH4)2SO4, 10 mM KCl, 0.1% Triton X-
100, pH 8.8, 2.5 mM MgCl2, 0.5 pmol μL−1 of each
forward and reverse primers (Table 1), 1.25 U of Taq DNA

polymerase, 0.2 mM of each of the dNTPs, and 100 ng of
genomic DNA. The cycling parameters for CYP2D6 gene
were as follows: initial denaturation at 95 °C for 4 min,
35 cycles at 95 °C for 20 s, 60 °C for 20 s, 72 °C for 30 s,
and a final extension step at 72 °C for 10 min. PCR
amplification of the MBL2 gene was performed using
25 μL of the HotStar Taq Master Mix kit from Qiagen in a
total reaction volume of 50 μL consisting of 1× PCR buffer,
1.5 mM MgCl2, 0.4 μM of each forward and reverse
primers (Table 1), 2.5 U HotStar Taq DNA polymerase,
0.2 mM of each of the dNTPs, and 50–100 ng of genomic
DNA. The cycling parameters were as follows: initial
denaturation at 95 °C for 15 min, 32 cycles at 95 °C for
1 min, 57 °C for 1 min, 72 °C for 1 min, and a final
extension step at 72 °C for 8 min. The amplification
products were confirmed and quantified by agarose gel
(1.7%) electrophoresis and ethidium bromide staining.

Primer extension reaction (PEXT)

PEXT reactions for CYP2D6*3 mutation were performed
in a total volume of 20 μL containing 20 mM Tris-HCl,
10 mM (NH4)2SO4, 10 mM KCl, 0.1% Triton X-100, pH
8.8, 0.1 pmol of amplified DNA, 0.5 pmol of either normal
(N) or mutant (M) primer, 0.25 U Vent (exo-) DNA
polymerase, 2 mM MgCl2, 2.5 μM of each dATP, dCTP,
dGTP and either 1.75 μM dTTP/0.75 μM Dig-dUTP
(PEXT reaction with N primer) or 1.25 μM dTTP/
1.25 μM biotin-dUTP (PEXT reaction with M primer).
PEXT reactions for −550 and −221 MBL2 gene poly-
morphisms were performed as above but using 2.75 mM
MgCl2. The thermal cycling conditions for CYP2D6*3
PEXT reaction were: denaturation at 95 °C for 5 min,
followed by three cycles of 95 °C for 10 s, 65 °C for 10 s,
and 72 °C for 30 s (total run time 7.5 min). For MBL2

Table 1 Oligonucleotides used in present study as primers for PCR and PEXT

Oligonucleotide Name Sequence (5′→3′) Size

MBL2 PCR primers
5′ primer (610-bp product) U610 CCTGCCAGAAAGTAGAGAGG 20-mer
3′ primer (610-bp product) D610 CTATATAGAAATAGATGACCCATC 24-mer
CYP2D6*3 PCR primers
5′ primer (281-bp product) – GACCCAGCTGGATGAGCTG 19-mer
3′ primer (281-bp product) – GCCGAGAGCATACTCGGGAC 20-mer
MBL2 genotyping primersa

3′-550 (normal) N550 (A)27ATGCTTACCCAGGCAAGCCTGTG 50-mer
3′ -550 (mutant) M550 (A)27ATGCTTACCCAGGCAAGCCTGTC 50-mer
3′ -221 (normal) N221 (A)27GGAAGACTATAAACATGCTTTCC 50-mer
3′ -221 (mutant) M221 (A)27GGAAGACTATAAACATGCTTTCG 50-mer
CYP2D6*3 genotyping primersa

5′ CYP2D6*3 (normal) NCYP2D6*3 (A)30TGAGCTGCTAACTGAGCACA 50-mer
5′ CYP2D6*3 (mutant) MCYP2D6*3 (A)30TGAGCTGCTAACTGAGCACG 50-mer

a For convenience, we have named the wild-type nucleotide sequences as ‘normal’ or N and the variant nucleotide sequences as ‘mutant’ or M
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PEXT reaction the conditions were: 95 °C for 5 min and
three cycles of 95 °C for 15 s, 60 °C for 10 s, and 72 °C for
15 s (total run time 7 min). Both PEXT programmes were
followed by an additional denaturation step at 95 °C for
5 min and the products were placed immediately on ice for
2 min.

Dual-analyte (bio)chemiluminometric hybridization assay
of PEXT reaction products

Polystyrene microtiter wells, coated with BSA–(dT)30
conjugate, were washed three times with wash solution. A
mixture of PEXT products (3 μL of each) was diluted to
50 μL with blocking solution and added into each well. The
PEXT products were allowed to hybridize with immobi-
lized oligo(dT) for 15 min at ambient temperature under
gentle shaking. The wells were washed three times and
50 μL of a solution containing streptavidin–aequorin
conjugate (11 nM with respect to aequorin) and
150 U L−1 antidigoxigenin–alkaline phosphatase conjugate

diluted in hybridization buffer was added into each well.
The reaction was allowed to proceed for 25 min at ambient
temperature under gentle shaking and the excess of reagents
was removed by washing the wells as above. The
bioluminescence of the bound aequorin was measured by
injecting 50 μL of triggering solution and integrating the
signal over 3 s. The wells were then washed three times and
the chemiluminescence of bound alkaline phosphatase was
measured by adding 50 μL of lumiphos substrate, incubat-
ing at 37 °C for 30 min, and integrating the signal for 1 s.

Results and discussion

Assay principle

A schematic presentation of the proposed dual chemilumi-
nometric hybridization assay for SNP genotyping by PEXT
reaction is shown in Fig. 1. Genomic DNA, isolated from
whole blood, is first subjected to polymerase chain reaction
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Fig. 1 Schematic illustration of SNP genotyping by primer extension
(PEXT) reaction based on dual bio/chemiluminometric assay. a PCR-
amplified DNA fragments that span the SNP of interest are subjected
to two PEXT reactions using normal and mutant primers in the
presence of Dig-dUTP and biotin-dUTP. Both primers contain a poly
(dA) segment at the 5′-end but differ in the final nucleotide at the 3′-
end. Under optimized conditions only the primer that is perfectly
complementary with the target DNA will be extended by DNA
polymerase and lead to a digoxigenin-labeled (Dig) or biotin-labeled

(B) extension product. b The products of the PEXT reactions are
mixed, denatured, and captured in microtiter wells through hybridiza-
tion with immobilized oligo(dT) strands. The immobilized extension
products are detected by adding a mixture of antidigoxigenin–alkaline
phosphatase (anti-Dig–ALP) conjugate and a streptavidin-aequorin
(SA–Aeq) conjugate. The flash-type bioluminescent reaction of
aequorin is triggered by the addition of Ca2+. Then ALP is measured
by adding Lumiphos chemiluminogenic substrate
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using primers flanking the polymorphic site. Amplified
fragments with sizes of 281-bp (CYP2D6 gene) and 609-bp
(MBL2 gene) were generated. Each PCR product served as
a template for two separate PEXT reactions, one with a
primer carrying at its 3′-end a nucleotide complementary to
the normal allele (N primer) and a second reaction using a
primer that carries, at its 3′-end, a nucleotide complemen-
tary to the mutant allele (M primer). Both N and M primers
carry at their 5′-end a d(A)30 tail. The PEXT reaction for the
normal allele (N-PEXT) is carried out in the presence of a
dNTP mixture containing Dig-dUTP, whereas the PEXT
reaction for the mutant allele (M-PEXT) takes place in the
presence dNTPs containing biotin-dUTP. When a perfect
match occurs between primer and target sequence, the
primer is extended by DNA polymerase and either
digoxigenin (N-PEXT reaction) or biotin (M-PEXT reac-
tion) is incorporated into the extended products. The
products of the two PEXT reactions are mixed and the
incorporation of modified dNTPs is detected by a dual (bio)
chemiluminometric assay. To ensure separation of the
extended primers from the target sequence (template), the
reaction mixture is heated at 95 °C and placed immediately
on ice. The mixture of N-PEXT and M-PEXT products is
captured in microtiter wells through hybridization of the d
(A)30 tail of the extended primers to immobilized d(T)30
oligonucleotides. Detection of captured products is per-
formed by adding a solution containing antidigoxigenin–
alkaline phosphatase and streptavidin–aequorin conjugate.
The glow-type chemiluminescence of ALP signifies the
presence of the normal allele, whereas the flash-type
bioluminescence of AEQ denotes the presence of the mutant
allele. The ALP/AEQ signal ratio gives the genotype of the
allelic variant. It should be noted that the free (not extended)
primer (either N or M) carrying a d(A)30 tail is also
hybridized with immobilized d(T)30 strands but is not
detected because it does not contain a modified dNTP.

In general, good discrimination between the two alleles
is achieved when: (a) the PEXT reaction is optimized so
that the primer is extended only if it is hybridized with a
perfectly complementary DNA template, i.e., there is no
extension of mismatched primer/template hybrids; (b) the
determination of PEXT products by the dual (bio)chemilu-
minescence assay is closely related to the performance of
the two separate hybridization assays.

Optimization studies

In order to assess the performance of the dual hybridization
assay we tailed the two PEXT primers (N and M primer)
with biotin-dUTP and Dig-dUTP, respectively, by using
terminal deoxynucleotidyl transferase. The tailed primers
were then tested, at various concentrations ranging from 4
to 1,000 pM, both by separate hybridization assays and the
dual hybridization assay. The results are presented in Fig. 2
and show the close agreement between the two assay
formats. The signal-to-background ratios at 4 pM were 8.5
and 13.5 for the aequorin and alkaline phosphatase assay,
respectively. The dynamic range extends up to 1,000 pM.

To achieve the best discrimination between the two
alleles (N-PEXT and M-PEXT reactions), we performed a
series of optimization studies using, as a model, the
genotyping of CYP2D6*3 mutation of cytochrome
CYP2D6 gene. First, we optimized the Mg2+ concentration,
considering its strong effect on the activity of DNA
polymerase. A series of PEXT reactions were performed
using a normal (N/N), a mutant (M/M), and a heterozygote
(N/M) sample containing 100 fmol of amplified target
DNA, 1 pmol of the allele-specific primer (N or M), and
various Mg2+ concentrations in the range 1–3 mM. We
observed that the ALP signal for N/N increases almost three
times with the increase of Mg2+ concentration from 1 to
2 mM and then remains practically constant. The AEQ
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signal for a M/M sample increases over two times when the
Mg2+ concentration increases from 1 to 2.5 mM and then
remains practically unchanged. The background of both
ALP and AEQ reactions is independent of Mg2+ concen-
tration. The background is defined as the luminescence
obtained from the M-PEXT reaction of an N/N sample and
the luminescence obtained from an N-PEXT reaction of an
M/M sample. The above data demonstrate that an increase

in Mg2+ concentration results in a higher yield of PEXT
reaction in the case of a perfectly matched primer but does
not affect the nonspecific extension reactions. The highest
discrimination between the two alleles was observed at a
Mg2+ concentration of 2 mM.

We tested the effect of primer annealing temperature in
the range 55–70 °C and found that the discrimination of the
two alleles was satisfactory in the entire range, despite of
the fact that both the ALP and AEQ signals decreased as
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Fig. 4 Application of the proposed PEXT dual-analyte bio/chemilu-
minometric assay to the genotyping of the CYP2D6*3 mutation
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Fig. 5 Application of the proposed PEXT dual-analyte bio/chemilu-
minometric assay to the genotyping of the MBL2 -550 polymorphism
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minometric assay to the genotyping of the MBL2 -221 polymorphism
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the temperature increased (due to decreasing efficiency of
primer/template hybridization). An annealing temperature
of 65 °C was chosen for further studies. The DNA
polymerase concentration required for the extension of
primers annealed to target DNAwas optimized in the range
0.125–1 U per reaction using a sample from a normal
individual. The ALP/AEQ signal ratio is slightly affected
by increasing enzyme concentration. The optimum enzyme
concentration for allele discrimination was found to be
0.25 U per reaction.

PEXT reaction consists of repeated cycles of target
denaturation annealing of the primer and final extension of
the primer. The effect of the number of cycles on the ALP/
AEQ signal ratio was studied in the range from one to five
cycles using an M/M sample. The results are presented in
Fig. 3. We observe that the luminescence signal increases
with the number of cycles and (as expected) the ALP/AEQ
ratio for the M/M sample decreases. A PEXT of three
cycles was selected for further studies because is provides
both good discrimination of alleles and short assay time.
The effect of the primer/target (template) molar ratio to the
yield of PEXT reaction was also studied. We found the
signal was not affected by the presence of a 2.5- to 40-fold
molar excess of primer. Thus, a fivefold molar excess of
primer was selected.

All optimized parameters, even though these were
established for the detection of CYP2D6*3 mutation, were
proven to be robust when applied to −550 and −221
mutations of the MBL2 gene with the only exception that
Mg+2 concentration was optimal at 2.75 mM.

Application to clinical specimens

The proposed method was evaluated by detecting the
CYP2D6*3 point mutation in 24 blood samples and two
SNPs (−550 and −221) in the promoter region of the human
mannose binding lectin gene, MBL2, in 16 blood samples.
Extraction of genomic DNA, PCR and PEXT reactions
were performed as described in the Experimental section
and a pool of the two PEXT reaction products (N-PEXT
and M-PEXT) was analyzed in the same microtiter well.
The genotype for each sample is given by the ratio of the
luminescence signals obtained from ALP and AEQ (ALP/
AEQ). The results for CYP2D6*3, MBL2 -550, and MBL2
-221 polymorphisms are presented as scatter plots (i.e.,
plots of the ALP/AEQ signal ratio vs. the sample number)
in Figs. 4, 5, and 6. The ALP/AEQ ratio is high (>3,000)
for a normal sample, low in the case of a mutant
homozygote (<100), and medium for a heterozygote
(<1,000). Consequently, the proposed method provides
very good discrimination between the two alleles.

The overall reproducibility of the method including
PEXT reaction and the dual hybridization assay was

assessed by analyzing samples of the three genotypes (N/
N, N/M, M/M). The entire procedure was performed six
times for each sample (same day). The reproducibility of
the detection of the mutant allele in each sample, given by
the coefficient of variation (%CV) of the signals obtained
for AEQ, was found to be 18, 14, and 25% for N/N, N/M,
and M/M genotypes, respectively. The reproducibility of
the detection of the normal allele, given by the %CVs of the
signals obtained from the ALP, was 10, 17, and 18% for N/
N, N/M, and M/M genotypes, respectively.

Conclusions

The proposed method enables rapid genotyping of SNPs by
selective labeling of PEXT reaction product with either
biotin or digoxigenin and detection of the products by a
dual-analyte (bio)chemiluminometric hybridization assay.
The detection of both alleles is performed in the same
reaction vessel and is based on the difference in light-
emission kinetics between flash- and glow-type (bio)
chemiluminescent reactions. Contrary to most PEXT-based
genotyping methods, our method does not require time-
consuming amplicon purification steps prior to PEXT
reaction. The assay is performed in microtiter wells thus
enabling automation and high-throughput genotyping.
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