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ABSTRACT

With an increased emphasis on genotyping of
single nucleotide polymorphisms (SNPs) in disease
association studies, the genotyping platform of
choice is constantly evolving. In addition, the
development of more speci®c SNP assays and
appropriate genotype validation applications is
becoming increasingly critical to elucidate ambigu-
ous genotypes. In this study, we have used SNP
speci®c Locked Nucleic Acid (LNA) hybridization
probes on a real-time PCR platform to genotype an
association cohort and propose three criteria to
address ambiguous genotypes. Based on the
kinetic properties of PCR ampli®cation, the three
criteria address PCR ampli®cation ef®ciency, the
net ¯uorescent difference between maximal and
minimal ¯uorescent signals and the beginning of
the exponential growth phase of the reaction.
Initially observed SNP allelic discrimination curves
were con®rmed by DNA sequencing (n = 50) and
application of our three genotype criteria corrobor-
ated both sequencing and observed real-time PCR
results. In addition, the tested Caucasian associ-
ation cohort was in Hardy-Weinberg equilibrium and
observed allele frequencies were very similar to
two independently tested Caucasian association
cohorts for the same tested SNP. We present here a
novel approach to effectively determine ambiguous
genotypes generated from a real-time PCR platform.
Application of our three novel criteria provides an
easy to use semi-automated genotype con®rmation
protocol.

INTRODUCTION

With an increase in the number of publicly available single
nucleotide polymorphisms (SNPs) in numerous publicly
accessible databases, the task of performing genome wide
association studies has become more feasible. It is therefore no
coincidence that there has been a corresponding increase in the

development of methods to perform high throughput SNP
genotyping to investigate disease association using this vast
number of available SNPs (1,2). Traditional gel based SNP
genotyping methodologies, although still effective, now seem
more bene®cial for smaller scale SNP typing, with the non-gel
based genotyping technologies evolving as the platform of
choice for larger scale SNP genotyping efforts (3).

Detection of single base substitutions using a high af®nity
DNA analogue known as Locked Nucleic Acid (LNA) (4,5)
for use in allelic discrimination assays has been achieved by
various methods. SNP genotyping using LNA chemistry has
been previously used in ELISA assays to capture LNA probes
hybridizing to PCR amplicons within microtitre plates (6±8).
Additionally, SNP genotyping has been achieved by combin-
ing ¯uorescence polarization and LNA oligonucleotides (9),
whilst further development of microchip technology has
resulted in SNP genotyping using LNA microarray assays
(10,11). In addition, real-time PCR has been investigated as a
platform to perform SNP genotyping with the utilization of
LNA/DNA duplexes (12). Latorra et al. (12) modi®ed an
allele-speci®c PCR (AS-PCR) assay by substituting the 3¢ end
of the allele speci®c primer with a single LNA base, speci®c
for SNP detection. SYBR Green dye was used for ¯uorescence
detection to subsequently determine genomic DNA amplicons
using a thermal melt analysis, and validation of real-time PCR
genomic DNA amplicon size was performed by gel electro-
phoresis (12). Evaluation of real-time PCR reaction ef®cien-
cies was not performed. The present study incorporating a
real-time PCR platform, utilized PCR amplicon primers in
conjunction with LNA probes speci®c for and spanning the
SNP of interest. Additionally, mathematical validation of PCR
ef®ciencies and hence, observed genotypes was performed.

As real-time PCR has improved the ability to quantify
mRNA levels in gene expression studies vis-aÁ-vis cDNA
replicates, the determination of PCR ef®ciency has increas-
ingly become an important issue to attain accuracy and
reliability. Interest in PCR ef®ciency determination has been
primarily directed towards the analysis of mRNA expression
levels by quantifying rare transcripts and small changes in
gene expression (13±15). Furthermore, examining the ampli-
®cation kinetics applying a model best ®tting the raw
¯uorescent data, has also been used to assess PCR ef®ciency
(16±19). Determining the reaction ampli®cation kinetics
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ensures that the ef®ciency of each individual sample is
independently calculated and validated.

Independent sample PCR ef®ciency is an important
consideration for SNP genotyping due to variable ef®ciencies
based on individual DNA templates. The present study
investigated a centrifugal real-time PCR platform using
LNA hybridization probes with subsequent SNP genotype
validation. The centrifugal real-time PCR platform independ-
ently assesses the SNP of interest by reporting each speci®c
dual labelled allele speci®c LNA probe spanning the SNP site
on separate ¯uorophore channels. PCR ampli®cation kinetics
assessment was performed using a four-parametric sigmoidal
curve ®t model. Behaviour and therefore the ampli®cation
kinetics of individual genomic DNA templates were deter-
mined independently of each other to address three criteria.
Criterion A, independent ¯uorophore channel evaluation of
PCR ampli®cation ef®ciency; Criterion B, independent
¯uorophore channel evaluation of spurious ¯uorescent signal
gains due to background ¯uorescent noise, primer dimer
formations and any residual reagents within the reaction; and
Criterion C, simultaneous assessment of the estimated start of
the exponential growth phases for both ¯uorophore channels.
A true heterozygous sample should therefore satisfy Criteria A
and B for both ¯uorophore channels along with Criterion C,
whereas a true homozygous sample should satisfy Criteria A
and B for one of the two ¯uorophore channels only, and
Criterion C will not be satis®ed.

Application of these three criteria for validating genotype
ambiguity has been empirically tested in a migraine associ-
ation Caucasian cohort with encouraging results pertaining to
its validity and accuracy. Further validation was achieved
through sequencing of individual DNA samples, con®rming
the results obtained from the real-time PCR allelic discrim-
ination. In addition, both case and control groups satis®ed
Hardy-Weinberg equilibrium (HWE) conditions and allelic
frequencies for the control group were very similar to two
independently tested Caucasian association cohorts for the
same tested SNP (20,21). The application of LNA ¯uorogenic
hybridization probes for SNP discrimination and our three
novel criteria to elucidate ambiguous genotypes has proved to
be an accurate and reliable method. We feel that undetermined
real-time PCR endpoint allelic discrimination analysis and/or
ambiguous allelic discrimination curves can be con®dently
resolved by applying our three criteria for SNP genotype
validation.

MATERIALS AND METHODS

SNP identi®cation

The investigated SNP was a C®T transition previously
identi®ed within the tryptophan hydroxylase (TPH) gene (20).
The TPH gene encodes the rate-limiting enzyme for the
biosynthesis of the neurotransmitter serotonin [5-hydroxy-
tryptophan (5-HT)].

LNA probes versus TaqMan MGB probes

TaqMan MGB probes (22,23) consist of a minor groove binder
(MGB) conjugated to the 3¢ non-¯uorescent quencher of the
allelic speci®c probe. This tripeptide, 1,2-dihydro-(3H)-
pyrrolo[3,2-e]indole-7-carboxylate (CDPI3) binds to the

minor groove of the DNA helix of the target sequence
forming a highly stable nucleic acid duplex (22).
Alternatively, LNA nucleotide analogues consist of a
2¢-O,4¢-C methylene bridge that reduces ¯exibility of the
ribofuranose ring and locks the LNA structure into a rigid
bicyclic formation (4,5,24). Similar in their ability to enhance
discrimination between matched and mismatched hybridiza-
tion probes of considerably shorter length, sequence-speci®c
LNA probe design incorporates an LNA nucleotide comple-
mentary to the assayed SNP.

PCR primer, LNA probe design

PCR primers and LNA probes were designed and synthesized
by Proligo (Paris, France). PCR primers ¯anking the TPH SNP
producing an 89 bp amplicon were as follows; sense primer,
5¢-AAT TTC TTT TTC ATA CTG TTC ACC A-3¢; anti-sense
primer, 5¢-AAT TCA CTA ATG TTG CAG GAT ACA A-3¢.
Dual labelled LNA hybridization probes, complementary to
the anti-sense genomic DNA strand and spanning the
transition site were as follows; probe 1, 5¢-(JOE)
cagAaACgCtAttgat (BHQ1)-3¢; probe 2, 5¢-(FAM)
tacAgAaATgCtAttgatt (BHQ1)-3¢. LNA nucleotides are
denoted in upper case, DNA nucleotides are denoted in
lower case, and the LNA nucleotide complementary to the
identi®ed SNP is underlined. Additional DNA nucleotides at
the 5¢ and 3¢ ends of LNA probe 2 were included to provide a
similar melting temperature (Tm) to LNA probe 1. LNA probe
1 synthesized with the 5¢ ¯uorescent reporter dye 6-carboxy-
4¢,5¢-dichloro-2¢,7¢-dimethoxy¯uorescein (JOE) is speci®c for
the C allele. LNA probe 2 synthesized with the 5¢ ¯uorescent
reporter dye 6-carboxy¯uorescein (FAM) is speci®c for the T
allele. Adhering to recommended ¯uorescent reporter dyes
and non-¯uorescent quencher combinations, attached to the 3¢
ends of both LNA probes is a non-¯uorescent Black Hole
QuencherÔ (BHQ1). Incorporation of a non-¯uorescent
quencher molecule eliminates background ¯uorescence and
provides enhanced noise-to-signal ratios.

Fluorogenic allelic discrimination can be inhibited if
reporter dye spectral signals are indistinguishable from one
another. Hence the choice of FAM and either JOE, TET, HEX
or VIC can be selected for allelic discrimination. Given the
excitation and emission spectral wavelength similarities
between JOE, TET, HEX and VIC, we felt that either one of
these reporter dyes would therefore be suf®cient to detect the
alternative allele in conjunction with the FAM reporter dye.
Due to the design of VIC being the proprietary of Applied
Biosystems, JOE and FAM reporter dyes were initially
selected for ampli®cation detection given their minimal
cross talk (<1%) between ¯uorophore channels on the
Rotor-Gene 3000Ô real-time PCR instrument (Corbett
Research).

Real-time PCR optimization

Genomic DNA (n = 10) samples extracted from peripheral
blood using a modi®ed salting out procedure from Miller et al.
(25) were used to optimize the real-time SNP genotyping
protocol in conjunction with a no DNA template H2O control.
Real-time PCR was performed using the Rotor-Gene 3000Ô
multiplex system (Corbett Research) and data analysis con-
ducted with the corresponding software interface (version 5.0)
(Corbett Research). In a 25 ml reaction volume, 200 nM of
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each PCR primer, 100 nM of each LNA probe, 13
MasterAmp PCR PreMix I (Epicentreâ), 1.0 U Taq
polymerase (MBI Fermentas) and 24 ng of genomic DNA
was added. Real-time PCR cycling conditions were: initial
denaturation at 95°C for 4 min and then 45 cycles of 95°C for
15 s and 60°C for 45 s.

The allelic discrimination real-time PCR assay performed
on the Rotor-Gene 3000Ô with dual labelled LNA hybridiza-
tion ¯uorogenic probes (Proligo) mirrors the 5¢ nuclease assay
as outlined previously by Livak (26). Perfectly matched LNA
hybridization probes to their target sequence elevate the
melting temperature (Tm) of the LNA probe/DNA duplex. The
presence of a perfectly matched probe minimizes dissociation,
prompting cleavage of the probe by the properties of Taq DNA
polymerase. In addition, the homogeneous assay is conducted
under competitive conditions. Therefore, a perfectly matched
LNA probe to the target sequence will inhibit mismatched
probes from hybridizing. Cleavage of the hybridized LNA
probe releases the 5¢ reporter dye, reducing its ability to be
quenched and thus releasing emitted ¯uorescence directly
proportional to the amount of PCR product for each respective
allele.

DNA sequencing

All genomic DNA samples used for real-time PCR optimiza-
tion (n = 10) and an additional 40 genomic DNA samples
selected from the association cohort were sequenced to
validate observed real-time PCR allelic discrimination curves
and genotypes. A PCR product of a larger amplicon (367 bp)
that ¯anked the real-time PCR primers, the LNA hybridization
probes and the tested TPH SNP, was sequenced using
published PCR primers and PCR annealing temperature
(21). PCR ampli®cation prior to DNA sequencing was carried
out in a 20 ml reaction volume with 200 nM of each primer,
13 MasterAmp PCR PreMix I (Epicentreâ), 0.8 U Taq
polymerase (MBI Fermentas) and 40 ng of genomic DNA.
Thermocycling was performed using the PC-960C cooled
thermal cycler (Corbett Research) under the following con-
ditions: initial denaturation at 94°C for 4 min, 35 cycles of
94°C for 1 min, 58°C for 1 min, 72°C for 30 s and a ®nal
extension step of 72°C for 5 min. ABI BigDyeâ Terminator
(v1.1) Cycle Sequencing reaction preparation for both forward
and reverse primers was performed according to the manu-
facturer's instructions and electrophoresed using an ABI-377
automated DNA sequencerÔ. EditviewÔ and SequencherÔ
software were used to assess and analyse all sequence data.
The TPH promoter nucleotide sequence (GenBankÔ acces-
sion number X83212), isolated and determined by Boularand
et al. (27), provided the reference sequence for comparison of
both forward and reverse sequencing reactions to genotype
heterozygotes and homozygotes. Pairwise BLAST analysis
between the TPH promoter nucleotide sequence and the
reported SNP was performed to identify the SNP position at
nucleotide 512 based on the transcription initiation site at
nucleotide 2118 (20).

Association cohort genotyping

The optimized real-time PCR protocol (as described in Real-
time PCR optimization), for the TPH C®T transition SNP
was then used to obtain empirical genotype data from a
migraine Caucasian association cohort of 275 migraineurs and

275 aged and sex matched controls. Diagnosis of migraine
individuals was performed via questionnaire with clinical
evaluation performed by a neurologist in accordance with
speci®ed criteria set by the International Headache Society
(28) as previously described (29,30). Each individual real-
time PCR assay was performed with known [CC], [CT] and
[TT] genotypes (veri®ed by DNA sequencing) in conjunction
with a no DNA template H2O control.

RESULTS

Simulation studies

Four-parametric sigmoidal model. Simulation of parameter
variables was determined with equation 1 using SigmaPlot
(version 8.0, SPSS). The theoretical behaviour of PCR
ampli®cation divided into four reaction phases, initial ground
(IG), exponential growth (EG), linear growth (LG) and plateau
(P) (Fig. 1), best satis®es a sigmoidal relationship. Be®tting
individual sigmoidal relationships with differing slope factors,
a four-parametric sigmoidal model with the variables y0, a, x0

and b (equation 1) adheres to the function:

f �Rx� � y0 � a

1� eÿ
xÿx0

b� � 1

where f is the value of the function for each computed level of
raw ¯uorescence (Rx) at each cycle x, y0 is the minimum
¯uorescence signal, a is the difference between the maximum
and minimum ¯uorescence signals, x is the ampli®cation cycle
number, x0 is the point of in¯ection of the curve [at which the
®rst derivative maximum (FDM) is computed] and b is the
slope factor of the curve governing the rate of ampli®cation.

Based on the four variables governing the theoretical
sigmoidal function of the transitional phases of PCR, we have
developed three criteria to elucidate ambiguous allelic
discrimination. Differing rates of template ampli®cation will
constitute differing slope factors (b) and hence, ef®ciency of
DNA template growth after each PCR cycle. The basis of
Criterion A therefore addresses the rate of PCR ampli®cation
ef®ciency by evaluating the slope of the sigmoidal curve [(b),
Fig. 1]. The amount of PCR product in ¯uorescence based
PCR assays is directly proportional to the total amount of
¯uorescent signal emitted at the conclusion of the assay. The
theoretical basis of Criterion B therefore ®rstly addresses the
change in ¯uorescence (a) for each individual DNA sample
independently of each other [(P±IG), Fig. 1]. To then
normalize the net gain in ¯uorescent signal of the whole
PCR assay (DRx), the change in ¯uorescence (a) is divided by
the ¯uorescent signal emitted at the IG phase of the PCR [(y0),
Fig. 1]. Whilst both Criteria A and B assess both ¯uorophore
channels independently of each other, Criterion C examines
the relationship between the two ¯uorophore channels simul-
taneously. The point at which the EG phase of the reaction is
increasing most rapidly is estimated by determining the
second derivative maximum (SDM) (~Cycle 21) (Fig. 1) of
the original sigmoidal curve ®t (equation 1). The transition
between IG and EG (i.e. the start of DNA template growth)
can be further estimated to be 80% of the SDM (~Cycle 16.8)
(31). Therefore, Criterion C determines the standard deviation
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between both ¯uorophore channels for initiation of DNA
template growth.

Sigmoid model variables. Genotype analysis is highly depend-
ent upon the standard and quality of extracted DNA template.
Various DNA extraction methods (e.g. salt precipitation, spin
column extraction) may result in slight differences in the
purity and yield of DNA template in readiness for ampli®ca-
tion and subsequent genotyping analyses. To account for
possible trace impurities, we have simulated various condi-
tions that may account for varying PCR ef®ciencies including
the amount of PCR product that alters the shape of the
sigmoidal curve (Fig. 2A±D).

Based on the premise that a rate of ampli®cation of b = 2
represents a complete doubling of DNA template after each
cycle, we have designated this as a PCR ef®ciency equating to
1.0 (i.e. 100%). Hence PCR ef®ciency (E) under this model, is
determined by equation 2:

E � 2

b
2

Therefore, as depicted in Figure 2A, using a four-parametric
sigmoid model, changes in ampli®cation ef®ciency (Db) with
a constant point of in¯ection (x0 = 25) and a constant net
¯uorescent signal (DRx = 1.0) displays a decrease in PCR
ampli®cation ef®ciency being inversely proportional to the
slope of the sigmoidal curve ¯attening out as b = 2.0 (E = 1.0)
approaches b = 4.0 (E = 0.5). Therefore the steeper the rise in
the curve from the start of EG, the more ef®cient (with respect

to the rate of increase in DNA template after each cycle x) the
PCR ampli®cation.

The slope of a PCR ampli®cation curve (Fig. 1), that is
100% ef®cient (b = 2), with a constant point of in¯ection (x0 =
25) can appear to ¯uctuate depending on the net ¯uorescent
gain of individual DNA amplicons. The direct relationship
between ¯uorescence signal and ampli®ed DNA template can
therefore be evaluated by the application of equation 3:

DRx � a

y0

3

The direct relationship between emitted ¯uorescence and PCR
product can however result from background ¯uorescent
noise, primer dimer artefacts and/or residual PCR reagents.
Considered as a net gain in ¯uorescence signal (DRx) of the
reaction, the slope of a real-time PCR ampli®cation curve may
also alter in accordance with the amount of net ¯uorescent
gain (Fig. 2B). The appearance of each curve does tend to vary
from least ef®cient to most ef®cient, DRx = 25% gain to DRx =
200% gain, respectively. However, within each simulation,
there is a complete doubling of DNA template with the
appearance of each curve affected only by DRx. Therefore
PCR ampli®cation ef®ciency is not affected.

Simulating changes in PCR ampli®cation ef®ciencies
(Fig. 2A) or net gains in genomic DNA template ¯uorescent
signal (Fig. 2B) with all other theoretical PCR parameters
being constant can alter the appearance of individual ampli-
®cation curves. We have further simulated changes in both
PCR ampli®cation ef®ciency (E) and net gains in ¯uorescent

Figure 1. Simulated PCR phase transitions produced from SigmaPlot (version 8.0, SPSS) displaying ampli®cation curves for a true heterozygous genotype.
The theoretical behaviour of PCR ampli®cation is determined by the initial ground (IG), exponential growth (EG), linear growth (LG) and plateau (P) phases,
respectively. Based on a four-parameter sigmoid model (equation 1), the variables y0, a, x0 and b are obtained to determine ambiguous genotypes based on
three criteria.
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signal (DRx) with a constant point of in¯ection (x0 = 25)
(Fig. 2C). Changes in ampli®cation ef®ciency (Db) and net
¯uorescent signal gains (DRx) with a constant point of
in¯ection (x0 = 25) result in variations within the slopes of
PCR ampli®cation curves that can be adequately ®tted to a
four-parametric sigmoidal model. The simulated data set
depicted in Figure 2C demonstrates the possible variability
amongst individual genomic DNA templates selected for SNP
genotype data analysis.

Simulated data in Figure 2D depict PCR ampli®cation
curves with variable points of in¯ection (Dx0) (FDM) with
constant PCR ampli®cation ef®ciency (b = 2.0; E = 1.0), and
constant net gains in ¯uorescent signal (DRx = 1.0). The
change in an individual ampli®cation curve point of in¯ection
(all other PCR parameters being constant) demonstrates a
lateral shift of ampli®cation curves to the right as x0 increases

(x0 = 20 to x0 = 32) (Fig. 2D). Alternatively, a lateral shift of
ampli®cation curves to the left consequently witnesses a
decrease in x0 (data not shown).

Empirical data analysis

Model curve ®t analysis. Application of a four parametric
sigmoid model (equation 1) to our raw ¯uorescent data using
SigmaPlot (version 8.0, SPSS) provided the four deterministic
variables (y0, a, x0, b) plus or minus their standard errors
(6S.E.). In determining our ampli®cation ef®ciency (E), net
¯uorescent gain (DRx) and calculation of the standard
deviation (S.D.) of the start to EG between both ¯uorophore
channels (Fig. 1), we have incorporated the S.E. of each
variable to distinguish between true and false genotype calls.
Genotype determination for ambiguous allelic discrimination

Figure 2. Simulation curves produced from SigmaPlot (version 8.0, SPSS) examining changes in PCR ampli®cation ef®ciency (Db), net ¯uorescent signal
(DRx) and the point of in¯ectionÐFDM (Dx0). All simulations represent ampli®cation on one ¯uorophore channel of the Rotor-Gene 3000Ô. The x-axis
represents the ampli®cation cycle number and on the y-axis is the raw ¯uorescent value (Rx). (A) Changes in ampli®cation ef®ciency (Db) with a constant
point of in¯ection (x0 = 25) and a constant net ¯uorescent signal (DRx = 1.0). (B) Changes in net ¯uorescent signal gains (DRx) with a constant point of
in¯ection (x0 = 25) and a constant PCR ampli®cation ef®ciency (b = 2.0; E = 1.0). (C) Changes in ampli®cation ef®ciency (Db) and net ¯uorescent signal
gains (DRx) with a constant point of in¯ection (x0 = 25). (D) Changes in the point of in¯ection (Dx0) (FDM) with a constant ampli®cation ef®ciency (b = 2.0;
E = 1.0) and constant net ¯uorescence signal gain (DRx = 1.0).
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was calculated using an in house designed Microsoftâ Excel
spreadsheet.

Genotype determination. We have found the allelic discrim-
ination and scatter analysis applications of the Rotor-Gene
3000Ô software in conjunction with LNA hybridization
probes to be very ef®cient and accurate when calling
genotypes (Fig. 3A±C). However, in some instances, there
may be some ambiguity (stemming from DNA template
quality and possible amounts of residual reagents within each
individual sample) over the correct SNP genotype (Fig. 3D
and E). The allelic discrimination curves depicted in Figure 3D

may ®rst suggest that this individual is heterozygous.
However, the discrimination curve on the FAM channel may
be representative of true ampli®cation or an artefact spuriously
emitting ¯uorescence. Therefore, the genotype of this indi-
vidual cannot be called without ambiguity. The allelic
discrimination curves depicted in Figure 3E offer scepticism
as to their ampli®cation ef®ciency and net gain in ¯uorescence
signal.

We therefore suggest three criteria to evaluate ambiguous
genotypes; Criterion A: PCR ampli®cation ef®ciency
(equation 2) is to be greater than 50% (E > 0.50) and
Criterion B: net gain of ¯uorescent signal (equation 3) is to be

Figure 3. Allelic discrimination curves produced by the Rotor-Gene 3000Ô analysis software. The x-axis represents the ampli®cation cycle number and on
the y-axis is the raw ¯uorescent value (Rx). (A) Example of a true heterozygote (TC) with the ampli®cation curves for both ¯uorophore channels (JOE, FAM)
satisfying the three proposed criteria. (B) Example of a true homozygote (CC) with the ampli®cation curve of the JOE channel satisfying Criteria A and B.
(C) Example of a true homozygote (TT) with the ampli®cation of the other channel (FAM) satisfying Criteria A and B. (D) Example of an ambiguous hetero-
zygote. Criteria A and B (allowing a 5% error) were not satis®ed for the FAM ¯uorophore channel, and Criterion C was not met. Hence, a true homozygote
(CC) is deduced. (E) Example of another (observational) ambiguous heterozygote. All three genotype criteria were not satis®ed for both ¯uorophore channels
(allowing a 5% error). Hence, this sample is excluded from genotypic and allelic association analyses.
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greater than 25% (DRx > 0.25). Theoretically, a true
heterozygote should progress from IG to EG of the PCR
similarly on both ¯uorophore channels (Fig. 1). Therefore,
Criterion C states between phase transition (from IG to EG),
the standard deviation (S.D.) between both ¯uorophore
channels is to be less than two (S.D. < 2). The point of IG
and EG transition is estimated by ®rst identifying where EG is
increasing most rapidly. This is calculated by the second
derivative maximum (SDM) of the original sigmoidal curve ®t
(equation 1). Therefore, the transition between IG and EG (i.e.
the start of DNA template growth) can be estimated to be 80%
of the SDM (31).

Satisfaction of all three criteria results in a sample being
denoted as a true heterozygote (Fig. 3A), while satisfaction of
Criteria A and B for one ¯uorophore channel only, and a
failure of Criterion C denotes a true homozygous individual
(Fig. 3B and C). The initial ambiguity experienced in
Figure 3D was assessed by the three proposed criteria. The
resulting analysis concluded a true homozygous individual (on
the JOE channel) being determined. The raw ¯uorescent data
obtained from the FAM channel failed to meet the criteria
thresholds. When all three criteria are not met, samples are
excluded for ensuing genotypic and allelic association
analyses (Fig. 3E).

DNA sequencing validation. Following standard DNA sequen-
cing, we con®rmed the TPH C®T SNP allelic discrimination
determined by using LNA hybridization probes and real-time
PCR (n = 50, 16 homozygotes [CC], 23 heterozygotes [CT],
11 homozygotes [TT]). Of these 50 sequenced samples, 48
(96%) individually assessed at the 5% and 1% error thresholds
con®rmed DNA sequence analysis. The remaining two (4%)
samples assessed by our criteria were excluded at both the
5 and 1% error thresholds.

Fluorophore channel preferential ampli®cation. Of particular
note, we observed in all heterozygous individuals an enhanced
preference of ampli®cation parameters of one ¯uorophore
channel (JOE) over the other (FAM) (Fig. 3A). To accom-
modate for possible preferential ampli®cation and/or enhan-
ced hybridization of different ¯uorophores, we have allowed
for a 5% error in calculating the ampli®cation ef®ciency
(equation 2). This 5% error applied to the weaker of the two
channels must then be incorporated into Criterion A to
establish PCR ampli®cation ef®ciency for the weaker
¯uorophore channel only.

A 5% error threshold in ampli®cation ef®ciency (equation
2) on the FAM ¯uorophore channel was selected to conser-
vatively report (with 95% con®dence) ambiguous genotypes
calculated by our three criteria. We also adopted a more
stringent 1% error threshold (99% con®dence) to our calcu-
lated (ambiguous) genotypes for comparative purposes. From

our total association cohort (n = 550), 131 (23.8%) individual
genotypes were considered ambiguous by a discrepancy
between the endpoint (scatter) analysis and the corresponding
allelic discrimination curves, or, if there was some scepticism
toward the observed allelic discrimination curves. Of the 131
ambiguous genotypes, six (4.6%) samples differed in their
calculated genotypes at the 5% and 1% error thresholds (95%
and 99% con®dence levels, respectively). These six samples
were sequenced (in addition to the 50 samples sequenced for
real-time PCR genotype veri®cation), of which ®ve (83.3%) of
the additional sequenced results con®rmed the application of
our criteria at the 95% con®dence level. In total, of the 131
ambiguous genotypes, less than 1% could not be determined
by applying a 5% error threshold (95% con®dence) to the
ampli®cation ef®ciency (equation 2) on the FAM ¯uorophore
channel.

Migraine genotypes. The TPH C®T SNP was genotyped in
the migraine and control populations with genotypic and
allelic frequencies presented in Table 1. Our observed allele
frequencies in the Caucasian control population for the C
(0.59) and T (0.41) alleles, respectively, were similar to two
independent Caucasian cohorts for the same tested SNP
(20,21). Originally identi®ed by Rotondo et al. (20), the TPH
C®T SNP tested in Italian, American Caucasian and
American Indian populations displayed minor allele (T)
frequencies between 0.40 and 0.45. In addition, Paoloni-
Giacobino et al. (21), reported the TPH C®T SNP to be in
linkage disequilibrium with three adjacent TPH SNPs in a
Western European Caucasian cohort. Haplotypic frequencies
of 0.59 and 0.41 were reported for the T±C±A±G and G±T±G±
T haplotypes, respectively. Bolded nucleotides within the two
haplotypes (21) indicate the C®T SNP tested in the present
study. Migraine genotype data analysis in the present study,
allowing for 5% error on the weaker channel, satis®ed HWE
conditions (P > 0.05). By not allowing for this 5% error on the
weaker channel, our data signi®cantly deviated from HWE
(P < 0.01) with an over-representation of homozygotes
identi®ed on the stronger channel.

DISCUSSION

The importance of population-based association studies, as a
means of identifying genetic variants that contribute to
complex phenotypic expression is now becoming more
established (32). Risch and Merikangas (32) further suggest
that large scale association genetic testing must be performed
on variants within the actual gene itself or a polymorphic
variant in strong linkage disequilibrium (LD) with a causative
variant. The immense scale of such a task at ®rst seemed
highly impractical, but with the advent of the HapMap project
identifying blocks of high LD within the genome, the

Table 1. Observed genotype and allele frequencies for the TPH C ® T SNP

Cohort Genotype Allele
CC CT TT C T

Migraine (n = 275) 0.39 (98) 0.44 (108) 0.17 (41) 0.62 (304) 0.38 (190)
Control (n = 275) 0.38 (89) 0.43 (100) 0.19 (45) 0.59 (278) 0.41 (190)

Observed genotype and allele counts shown in parentheses.
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reduction in the number of initial SNPs to be tested (known as
tag SNPs) make the proposals of Risch and Merikangas (32)
more realistic (33±36).

The signi®cance and practicality of large scale SNP
genotyping have resulted in emerging novel methodologies
(3,37±39). In addition, the importance of determining PCR
ef®ciency required for gene expression studies (13±15) and
individual ampli®cation reaction kinetics (16±19) has risen
accordingly. The signi®cance of evaluating the kinetics of
PCR ampli®cation for SNP genotyping is that it assesses each
individual genomic DNA sample individually. Based on
template quality and homogeneous variations within each
sample reaction, ¯uctuations in ampli®cation ef®ciencies are
evidently observed, thus resulting in minimal ambiguous
genotype determination.

In general, the individual sample allelic discrimination
reported on the Rotor-Gene 3000Ô is very ef®cient and
accurate. However, there are certain circumstances when the
allelic discrimination for one or both ¯uorophore channels is
ambiguous and the sample genotype uncertain. To evaluate
these ambiguous samples, we initially applied a four-
parametric sigmoidal curve ®t model (equation 1) to our
empirical raw ¯uorescent data be®tting the theoretical
behaviour of PCR ampli®cation (Fig. 1). In order to eliminate
spurious genotypes, we have incorporated equation 1 and the
behaviour of both ¯uorophore channels to determine three
criteria for accurate allelic discrimination and genotyping.
Criterion A: PCR ampli®cation ef®ciency is to be greater than
50% (E > 0.5) (equation 2) with a 5% error in ampli®cation
ef®ciency allowed for the weaker of the two ¯uorophore
channels to compensate any preferential ampli®cation. Not
allowing for this error in E, may result in an over-represen-
tation of the respective homozygous genotypes for the
stronger channel and a corresponding under-representation
of heterozygous genotypes. Criterion B: net ¯uorescence gain
is to be greater than 25% (DRx > 0.25) (equation 3). A 25%
increase in ¯uorescent signal from the initial single copy of
template DNA eliminates possible increases in ¯uorescent
signal due to background ¯uorescent noise, non-speci®c
binding and/or unincorporated PCR reagents. Criterion C:
the difference in the estimated start cycle number between the
two ¯uorophore channels must be less than two. If Criteria A
and B are met for both ¯uorophore channels and Criterion C is
satis®ed, then the individual sample is truly heterozygous
(Fig. 3A). Theoretically, if the DNA sample is a heterozygote,
then both LNA probes should hybridize to their respective
target template sequence and thus produce two allelic
discrimination curves portraying similar ampli®cation char-
acteristics (Fig. 1). The beginning of EG of the reaction on
both channels (at ampli®cation cycle x1 and x2) should occur
almost simultaneously for it to be a true heterozygote. If
Criteria A and B are met for only one of the ¯uorophore
channels and Criterion C is not met, then the individual
sample is truly homozygous for the successful ¯uorophore
channel (Fig. 3B±D). We have observed that all samples that
fail to meet the requirement of Criterion C also fail to meet the
requirements of Criteria A and B for one of the ¯uorophore
channels, hence, a true homozygote is the result. Samples to be
excluded from analysis will not satisfy any of the three criteria
(Fig. 3E).

Comparable in their sensitivity and speci®city, LNA
hybridization probes have been proven to be an effective
alternative 5¢ nuclease assay to the Applied Biosystems
TaqMan MGB 5¢ nuclease assay (40). Speci®c for allelic
discrimination, dual layered TaqMan MGB probes and LNA
hybridization probes are very similar in their assay perform-
ance. Provided raw ¯uorescent data for independent ¯uor-
ophore channels can be obtained, there would be no inhibition
to apply our three criteria to any real-time PCR instrument to
assess ambiguous SNP allelic discrimination. LNA
Hybridization probes designed speci®cally for the assayed
SNP will be further enhanced with conjugated 5¢ reporter dyes
minimizing spectral overlap, with their appropriate 3¢ non-
¯uorescent quencher molecule. It should be noted that another
article has recently been published that also describes the use
of LNA hybridization probes for real-time PCR SNP analysis,
although this application did not incorporate corrections into
the genotype calling (41).

We have found the use of allele speci®c hybridization
probes containing LNA bases in conjunction with the Rotor-
Gene 3000Ô centrifugal real-time PCR platform to effectively
address the issues of a reliable, ef®cient, high throughput SNP
genotyping assay. Addition of LNA bases within the synthetic
oligonucleotide ensures the stability and ef®ciency of
hybridization to the target template sequence. We have also
accommodated for variation between individual DNA sample
templates that may give rise to ¯uctuating and/or ambiguous
allelic discrimination between the respective ¯uorophore
channels. By applying a four-parametric sigmoidal model to
our raw ¯uorescent data, we have established three criteria to
assess the validity and accuracy of possible ambiguous
genotypes arising from the Rotor-Gene 3000Ô software.
True heterozygous individuals must satisfy the criteria set for
(Criterion A) PCR ampli®cation ef®ciency (E), (Criterion B)
net ¯uorescent gain (DRx), and (Criterion C) EG initiation
between both ¯uorophore channels. True homozygous indi-
viduals will satisfy Criteria A and B for one ¯uorophore
channel only, whilst Criterion C will not be met. Con®rmatory
sequencing of samples (n = 50) and similarly matched allele
frequencies from two independent Caucasian cohorts for the
same tested SNP (20,21) has provided us with the con®dence
that implementation of the three criteria provides an accurate
and reliable method to evaluate not only ambiguous
genotypes, but all genotypes generated on the Rotor-Gene
3000Ô centrifugal real-time PCR platform.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at NAR Online.
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