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Background: Common methods for identification of
DNA sequence variants use gel electrophoresis or col-
umn separation after PCR.

Methods: We developed a method for sequence variant
analysis requiring only PCR and amplicon melting
analysis. One of the PCR primers was fluorescently
labeled. After PCR, the melting transition of the ampli-
con was monitored by high-resolution melting analysis.
Different homozygotes were distinguished by amplicon
melting temperature (T,,). Heterozygotes were identi-
fied by low-temperature melting of heteroduplexes,
which broadened the overall melting transition. In both
cases, melting analysis required ~1 min and no sample
processing was needed after PCR.

Results: Polymorphisms in the HTR2A (T102C), B-glo-
bin [hemoglobin (Hb) S, C, and E], and cystic fibrosis
(F508del, F508C, 1507del, 1506V) genes were analyzed.
Heteroduplexes produced by amplification of heterozy-
gous DNA were best detected by rapid cooling (>2 °C/s)
of denatured products, followed by rapid heating dur-
ing melting analysis (0.2-0.4 °C/s). Heterozygotes were
distinguished from homozygotes by a broader melting
transition, and each heterozygote had a uniquely shaped
fluorescent melting curve. All homozygotes tested were
distinguished from each other, including Hb AA and
Hb SS, which differed in T,, by <0.2 °C. The amplicons
varied in length from 44 to 304 bp. In place of one
labeled and one unlabeled primer, a generic fluorescent
oligonucleotide could be used if a 5’ tail of identical
sequence was added to one of the two unlabeled prim-
ers.
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Conclusion: High-resolution melting analysis of PCR
products amplified with labeled primers can identify
both heterozygous and homozygous sequence variants.
© 2003 American Association for Clinical Chemistry

There are many methods for identifying sequence vari-
ants. Single-nucleotide polymorphism typing is perhaps
the simplest case, where the expected result is limited to
only one of two bases at a given position. If sequence
variation occurs at more than one position but is limited
to a small region, a probe placed over the region of
interest can be used to detect variants. Unique variants
can often be distinguished by differences in the probe
melting temperature (T,,,)' (1), a homogeneous procedure
that can be automatically performed after PCR in a
closed-tube system.

When an entire PCR product needs to be monitored for
variation, gel electrophoresis or column separation after
PCR is usually required. Monitoring methods include
single-strand conformation polymorphism (2), heterodu-
plex migration (3), denaturing gradient gel electrophore-
sis (4), temperature gradient gel electrophoresis (5), and
enzyme or chemical cleavage methods (6). Sequencing
also requires multiple steps after PCR, namely cycle
sequencing and gel electrophoresis. Denaturing HPLC (7)
does not require gels; instead, a sample of the PCR
product is injected into a column. Although some of these
methods can be automated, a procedure for mutation
analysis that would not require PCR product separation
on gels or columns would simplify the process.

SYBR Green I is a double-strand-specific DNA dye
often used to monitor product formation (8) and T, (9) in
real-time PCR. The presence of heterozygous single base
changes has been detected in products up to 167 bp by

! Nonstandard abbreviations: T,,,, melting temperature; HTR2A, hydroxy-
tryptamine receptor 2A; and Hb, hemoglobin
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melting curve analysis with SYBR Green I (10). However,
between PCR and melting analysis, the PCR product was
purified and high concentrations of SYBR Green I were
added. The concentration of SYBR Green I used inhibits
PCR (8), so the dye was added after amplification. In
another report, SYBR Green I melting analysis was used
to detect heterozygous single-nucleotide polymorphisms
in products up to 212 bp (11). However, a GC clamp on
one primer and adjustment of the solution to 12 mol/L
urea before melting curve generation were necessary. In
both cases, the addition of reagents after PCR was re-
quired. Any manipulation of the sample increases the risk
of PCR product carryover into subsequent reactions.

Another option for homogeneous amplicon analysis is
the use of multiple hybridization probes, each labeled
with a fluorescent dye (8, 12). Such probes have been tiled
across amplicons to scan for p53 mutations (13). Although
this method is truly single step and requires no additions,
the need for multiple probes to cover all potential muta-
tion sites limits its usefulness.

We recently noted a change in fluorescence when
5’-labeled oligonucleotides were hybridized (14). In this
report, we demonstrate that use of a 5'-labeled primer
enables melting profiles of the amplicon to be obtained
immediately after PCR. Melting curve analysis allows
identification of sequence variants without additions,
purification, or separation of PCR products. Furthermore,
high-resolution melting curve analysis produces different
shapes for different heterozygotes, often allowing identi-
fication of the specific sequence variant. Similarly, differ-
ent homozygotes can often be distinguished, including
homozygotes that differ by only a single base. We focus
on demonstrating the technique by genotyping known
sequence variants. We also discuss the potential of the
method for detecting unknown variants (so-called “mu-
tation scanning”).

Materials and Methods

PCR PROTOCOL

Labeled and unlabeled oligonucleotides were obtained
from IT Biochem, Qiagen Operon, or Synthegen. Purity
was assessed by absorbance as described previously (12).
PCR was performed in 10-uL volumes in a LightCycler
(Roche Applied Systems) with programmed transitions of
20°C/s unless otherwise indicated. The amplification
mixture included 50 ng of genomic DNA as template, 200
uM each deoxynucleotide triphosphate, 0.4 U of KlenTaq1
polymerase (AB Peptides), 88 ng of TaqStart antibody
(ClonTech), 3 mM MgCl,, 50 mM Tris (pH 8.3), 500
pg/mL bovine serum albumin, and 0.5 uM primers
unless otherwise indicated. Genotyped human genomic
DNA was obtained from previous studies (15, 16) or from
Coriell Cell Repositories. The DNA used for B-globin
genotyping was extracted from dried blood spots (17).
When SYBR Green I was used as the indicator instead of
labeled primers, a 1:30 000 final dilution from the Molec-
ular Probes stock was used.

MELTING CURVE ACQUISITION

Melting analysis was performed either on the LightCycler
immediately after cycling or on a high-resolution melting
instrument (HR-1; Idaho Technology). For high-resolution
melting, the sample was first amplified in the LightCycler
and then heated momentarily in the LightCycler to 94 °C
and rapidly cooled (program setting of —20 °C/s) to 40 °C
unless otherwise stated. The LightCycler capillary was
then transferred to the high-resolution instrument and
heated at 0.3 °C/s unless otherwise stated. The HR-1 is a
single-sample instrument that surrounds one LightCycler
capillary with an aluminum cylinder. The system is
heated by Joule heating through a coil wound around the
outside of the cylinder. Sample temperature is monitored
with a thermocouple, also placed within the cylinder, and
converted to a 16-bit digital signal. Fluorescence is mon-
itored by epi-illumination of the capillary tip (18), which
is positioned at the bottom of the cylinder, and also
converted to a 16-bit signal. Approximately 50 data points
are acquired for every 1 °C.

MELTING CURVE ANALYSIS

LightCycler and high-resolution melting data were ana-
lyzed with custom software written in LabView (National
Instruments). Fluorescence-vs-temperature plots were
normalized between 0% and 100% by first defining linear
baselines before and after the melting transition of each
sample. Within each sample, the fluorescence of each
acquisition was calculated as the percentage fluorescence
between the top and bottom baselines at the acquisition
temperature. In some cases, derivative melting curve
plots were calculated from the Savitsky—Golay polynomi-
als at each point (19). Savitsky—-Golay analysis used a
second-degree polynomial and a data window including
all points within a 1 °C interval. Peak areas and T,,s were
obtained by nonlinear least-squares regression to fit mul-
tiple Gaussians.

GENOTYPING AT THE CYSTIC FIBROSIS GENE (M55115)
WITH LABELED PRIMERS OR SYBR GREEN I

A 44-bp fragment was amplified with the primers 5'-
GGCACCATTAAAGAAAATAT-3' (position 413) and 5'-
TCATCATAGGAAACACCA-3' (position 456R). The first
primer was 5'-labeled with Oregon Green 91, or SYBR
Green I was included in the reaction. The primers flank
the mutational hot spot containing the F508del, 1507del,
and F508C variants. PCR was performed through 40
cycles of 85 and 58 °C (0 s holds). A final melting cycle
was performed on the LightCycler by heating to 95 °C,
cooling to 55 °C, and then collecting fluorescence contin-
uously at a ramping rate of 0.2 °C/s. Six samples were
monitored during melting curve acquisition.

EFFECT OF COOLING RATE, HEATING RATE, AND Mg2+
CONCENTRATION ON HETERODUPLEX DETECTION

Using the 44-bp cystic fibrosis amplicon, we studied the
effects of cooling rate, heating rate, and Mg2+ concentra-
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tion on heterozygous F508del DNA on the LightCycler.
To study the effect of cooling rate, the samples were
amplified, heated to 85°C, and then cooled from 85 to
60°C at 20, 5, 2, 1, 0.5, 0.1, or 0.05°C/s, followed by a
constant heating rate of 0.2 °C/s for melting curve acqui-
sition. The effect of heating rate was studied by cooling at
20 °C/s, followed by melting at 0.05, 0.1, 0.2, or 0.4 °C/s.
The effect of cations (Mg>* concentration) was studied by
adjusting the concentration of the amplicon after PCR
with MgCl, to 1, 2, 3, 4, or 5 mM, keeping all other
concentrations constant (e.g., amplicon, buffer).

HTR2A (NM_000621) SINGLE-NUCLEOTIDE POLYMORPHISM
Three primer sets flanked the common polymorphism
(T102C) within exon 1 of the hydroxytryptamine receptor
2A (HTR2A) gene (10). A 115-bp fragment was amplified
with forward primer 5'-CACCAGGCTCTACAGTAATG-3’
(217) and reverse primer 5'-TGAGAGGCACCCTTCACAG-3'
(331R). In addition, 152- and 304-bp fragments were ampli-
fied with forward primer 5'-GCTCAACTACGAACTCCCT-3'
(180) and reverse primers 5'-TGAGAGGCACCCTTCACAG-
3" (331R) and 5-AGGAAATAGTTGGTGGCATTC-3" (483R),
respectively. The forward primers were 5'-labeled with
6-carboxyfluorescein. The polymorphism was 30 bases from
the labeled end of the 115-bp product and 67 bp away from
the labeled ends of the 152- and 304-bp products. The 115-
and 152-bp reactions were cycled 40 times between 95 °C
with no hold, 65 °C with a 1 s hold, and 74 °C with a 10 s
hold. The 304-bp reaction was cycled 40 times between 95 °C
with no hold, 62 °C with a 2 s hold, and 74 °C with a 20 s
hold. A high-resolution melting curve was obtained.

B-GLOBIN MUTATIONS (HEMOGLOBIN S, C, AND E)

A 113-bp fragment of the B-globin gene (GI: 455025) was
amplified with primers Oregon Green-TGCACCTGACTCCT-
3" (62191) and 5'-CCTGTCTTGTAACCTTG-3' (62303R). The
primers flank three single-nucleotide polymorphisms:
hemoglobin (Hb) C (G16A), Hb S, (A17T), and Hb E (G76A).
For the homozygote study (Fig. 6), standard Oregon Green
labeling was used. The samples were cycled 37 times
through the following protocol: 94 °C with no hold, 55 °C
with no hold, and a 2 °C/s ramp to 72 °C with a 2 s hold. For
all other studies at the B-globin locus (Figs. 5, 7, and 8),
Oregon Green labeling used SimpleProbe™ chemistry (Ida-
ho Technology). When SimpleProbe chemistry was used,
PCR was performed in 100 mM 2-amino-2-methyl-1,3-pro-
panediol, pH 8.8, with 0.04 U/uL Taq polymerase (Roche).
After an initial denaturation for 10 s at 95 °C, the samples
were cycled 45 times with the following protocol: 95 °C with
no hold, 51 °C with a 6 s hold, and a 1 °C/s ramp to 72 °C
with no hold.

Generic indicator primer. The use of a generic indicator
primer to detect polymorphisms was demonstrated using
cystic fibrosis polymorphisms. In place of a locus-specific
labeled primer, an unlabeled primer with a 5’ tail not
homologous to the target was used. This 5’ tail is identical

in sequence (without the 5 G) to a generic indicator
primer that is fluorescently labeled and also present in the
reaction. Different loci can be studied with the same
generic primer by simply adding the unlabeled 5" se-
quence tail to one of the locus-specific primers (20). A
243-bp fragment (214-456R) was amplified with the prim-
ers 5'-AGAATATACACTTCTGCTTAG-3' (0.5 uM) and
5'-GCTGCACGCTGAGGTTCATCATAGGAAACACCA-3’
(0.05 uM). The underlined sequence is the target-indepen-
dent tail, identical in sequence (minus one G) to the
generic indicator primer (6-carboxyfluorescein)-GGCTG-
CACGCTGAGGT-3" (0.5 uM). The indicator primer is
similar, but not identical to, a previously used universal
primer (20) and does not show significant homology to
human sequences. The PCR was performed with 50 cycles
between 86 °C (0 s hold), 57 °C (0 s hold), and 67 °C (20 s
hold). After a final denaturation and rapid cooling, a
high-resolution melting curve was obtained.

Results

Derivative melting curves of PCR products amplified
from different genotypes at the 1507/F508 region of the
cystic fibrosis gene are shown in Fig. 1. The PCR products
were 41 or 44 bases long (Fig. 1A). Either a 5'-labeled
primer (Fig. 1B) or SYBR Green I (Fig. 1C) was used for
fluorescent monitoring of the melting transition between
double- and single-stranded products. Results from two
homozygous and three heterozygous genotypes are
shown. When only the major melting transition is consid-
ered, SYBR Green I (compared with labeled primers)
increased the T,,, by ~2 °C and reduced the temperature
difference between genotypes. The mean (SD) T,, of all
five genotypes with labeled primers was 70.74 (0.48) °C
compared with 72.73 (0.37) °C with SYBR Green 1. The
duplex stabilities of the different genotypes followed
theoretical calculations (21), with F508del ~ I507del <
wild type < F508C. Except for F508del and 1507del, the
genotypes are distinguishable by the T, s of their major
transitions. The SD of the T,, of 10 replicate wild-type
samples was 0.12 °C when melted on the LightCycler.
When melted on the high-resolution instrument, the SD of
the T, of the same 10 samples was 0.04 °C.

When a heterozygous sample is amplified by PCR, two
homoduplex and two heteroduplex products are expected
(3). However, when SYBR Green I was used as the
fluorescent indicator, only a single melting peak was
apparent for each genotype (Fig. 1C). In contrast, when
labeled primers were used under the same conditions,
two clearly defined peaks appeared (Fig. 1B). The lower
temperature peak was always smaller than the higher
temperature peak and presumably indicates the melting
transition of one or both heteroduplex products. As might
be expected, the heterozygotes with 3 bp deleted (F508del
and I507del) produced heteroduplex peaks that were
more destabilized than heteroduplex peaks from a single
base change (F508C). The primary peak from the F508C
heterozygote was at a higher temperature than the wild
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Fig. 1. Genotyping of the 1507 /F508 region of the cystic fibrosis gene
using either a labeled primer or SYBR Green |.

(A), scaled drawing of the 44-bp amplicon. When a labeled primer is used (B), the
derivative melting curves show clearly separated heteroduplex products that melt
at lower temperatures than homoduplex products. Oregon Green was attached to
a 5’ G residue in the primer, producing a 19% decrease in fluorescence during
melting. When SYBR Green | is used (C) instead of a labeled primer, no
heteroduplex peaks are apparent. In both cases, two homozygotes and three
heterozygotes were studied. The LightCycler was used for melting curve acqui-
sition.

type, reflecting the greater stability of the T-to-G trans-
version (15).

For heteroduplexes to melt, they must first be formed
from denatured heterozygous PCR products during cool-

ing. The effect of heating and cooling rates on heterodu-
plex formation was studied with the F508del heterozygote
and the 41-/44-bp amplicon. Under our conditions, rapid
cooling was necessary for substantial heteroduplex for-
mation (Fig. 2). Heteroduplexes were not observed when
the cooling rate was <0.1 °C/s. The greatest heteroduplex
formation occurred when capillary samples were rapidly
transferred from boiling water to ice water (data not
shown). With cooling on the LightCycler, heteroduplex
formation appeared to plateau at programmed rates
>5°C/s (Fig. 2). However, measurement of actual sample
temperatures showed that the cooling rate increased only
slightly with programmed rates >5 °C/s.
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Fig. 2. Heteroduplex formation is greater with rapid cooling.

Heterozygous F508del DNA at the cystic fibrosis locus was amplified with one
labeled primer as in Fig. 1B. The sample was repeatedly denatured, cooled at
different programmed rates, and melted at 0.2 °C/s. Heteroduplex detection
was greater at faster cooling rates. (A), derivative melting curves normalized to
the homoduplex peak height. (B), heteroduplex peak area (%) plotted against
cooling rate. The LightCycler was used for melting curve acquisition.
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The relative percentage of heteroduplexes was greater
with higher heating rates (Fig. 3). At 0.4 °C/s, the hetero-
duplex area was 30%, whereas at 0.05 °C/s, this area was
~10%. The apparent T, also shifts to higher temperatures
as the rate increases and the melting process deviates
more from equilibrium (15). In addition, very high rates
limit the number of fluorescent acquisitions that can be
obtained per temperature interval.

We also found that heteroduplex formation increased
as the ionic strength decreased (data not shown). The
greatest effect was observed with Mg?*, although K* and
Tris® also showed this effect to some extent. Under
certain heating and cooling conditions, no heteroduplexes
were observed at high Mg®" concentrations (5 mM).
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Fig. 3. Heteroduplex melting is more apparent at faster heating rates.

Heterozygous F508del DNA was amplified with one labeled primer as in Fig. 1B.
The sample was repeatedly denatured, cooled at a programmed rate of 20 °C/s,
and melted at different rates. (A), derivative melting curves normalized to the
homoduplex peak height. (B), heteroduplex peak area (%) plotted against heating
rate. The LightCycler was used for melting curve acquisition.

However, as the Mg2+ concentration was reduced to 1
mM, the heteroduplex peak progressively increased. As
expected, decreasing the ionic strength also decreased the
Ty, (21). In all studies that follow, the cooling rate was set
to maximum (programmed at 20 °C/s), the heating rate
was 0.2-0.3 °C/s, and the high-resolution melting instru-
ment was used.

The effect of amplicon size on heteroduplex detection
and genotyping is shown in Fig. 4. All three genotypes of
the single-nucleotide polymorphism in the HTR2A gene,
homozygous T, homozygous C, and heterozygous T/C,
were amplified using three different amplicon lengths.
Differences among genotypes are easily distinguished.
Although the differences decrease as the amplicon size
increases, melting curve inspection still allows genotyp-
ing with an amplicon size of 304 bp. The homozygous C
genotype is always more stable than the homozygous T
genotype, allowing differentiation between homozygotes
if appropriate controls are used. In contrast to the short
cystic fibrosis amplicon (Figs. 1-3), separate heteroduplex
peaks on derivative melting curve plots are not present.
However, the melting transitions from heterozygotes are
broader than the transitions from homozygotes, and the
curves from heterozygotes cross the less stable homozy-
gote curve at higher temperatures. Melting curve data are
often displayed as derivative plots (Fig. 4, A-C), requiring
estimation of the curve derivative. With high-resolution
data, we prefer simple fluorescence-vs-temperature plots
that do not introduce errors associated with smoothing
operations (Fig. 4, D-F). Furthermore, although T,, esti-
mates are conveniently found as peaks on derivative
plots, peak estimates are not accurate if the melting
transition is asymmetric; i.e., the temperature at which
one-half of the duplexes are melted does not correlate
with the peak on derivative plots that are asymmetric,
such as those resulting from the amplification of heterozy-
gous samples. For asymmetric heterozygous samples, T,s
can be determined directly from normalized melting
curves as the temperature of the sample at 50% fluores-
cence.

Melting curve precision and the ability to distinguish
different genotypes depends on the temperature and
fluorescence resolution of the instrument. Fig. 5 shows the
normalized melting curves of two different DNA samples
for each of three different B-globin types: wild type (AA),
AS, and SC. The 113-bp amplicons were melted four at a
time either in the LightCycler (Fig. 5B) or on the high-
resolution instrument (Fig. 5C). Although all genotypes
could be distinguished on both instruments, significant
noise was apparent in the LightCycler data. The noise
increased in severity as more samples were melted at the
same time in the LightCycler (data not shown).

The normalized melting curves of the four most com-
mon B-globin homozygotes are shown in Fig. 6. Three
different samples for each genotype were analyzed, ex-
cept for the rare EE genotype, where only one sample was
available. All four genotypes were easily distinguished.
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Fig. 4. Genotyping of the T102C polymorphism of HTR2A with a labeled primer at three different amplicon lengths: 115 (A and D), 152 (B and E),

and 304 bp (C and F).

Both derivative melting curve plots (A-C) and normalized melting curves (D-F) are shown. The positions of the fluorescent label and polymorphism are shown to scale
in each inset. In each case, 6-carboxyfluorescein was used as the label. For the longer products (152 and 304 bp), the label was attached to a 5’ G residue, and the
fluorescence decreased 8% during melting. For the 115-bp product, the label was attached to a 5’ C residue, and the fluorescence increased 10% during melting (for
easy comparison with the longer products, the curves in A and D are inverted). The high-resolution melting instrument was used for melting curve acquisition.

This is particularly impressive for the AA vs SS types,
where the only difference is an A:T base pair that is
replaced with a T:A base pair.

The normalized melting curves of the four most com-
mon B-globin heterozygotes are shown along with wild-
type homozygotes in Fig. 7. Two different samples were
analyzed for each genotype. All four heterozygotes (AC,
AE, AS, and SC) were clearly distinguished from the wild
type, with partial melting before the major wild-type
transition. Furthermore, the melting curves of all het-
erozygotes were different from each other; i.e., not only
could the presence of a heterozygote be discerned, but the
exact heterozygote could be identified.

Four different B-globin heterozygous AC samples
[typed by conventional adjacent hybridization probes
(16)] and four different wild-type samples were amplified
and analyzed by high-resolution melting (data not
shown). The wild-type and AC groups were clearly
distinct, except for one “AC” sample with a melting curve
between the wild-type and AC clusters. Sequencing of the

aberrant sample revealed an AC genotype with an addi-
tional heterozygous base within the sequence of the
labeled primer, TGCA(C/T)CTGACTCCT.

Fig. 8 demonstrates the use of a generic indicator
primer for detection of sequence alterations with use of
a 243-bp amplicon of the cystic fibrosis gene. The lo-
cation and identity of the polymorphisms and the orien-
tation of the three primers are shown in Fig. 8A. The
normalized melting curves of two homozygotes and four
heterozygotes are shown in Fig. 8B. All four heterozy-
gotes showed partial melting well before the major wild-
type transition, distinguishing them from the homozy-
gous samples.

Discussion
Double-strand-specific DNA dyes seem like ideal candi-
dates for high-resolution melting analysis of different
genotypes. For example, SYBR Green I is a dye exten-
sively used for melting analysis and shows a large change
in fluorescence during PCR (8, 22). Conceivably, such
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Fig. 5. Comparison of melting curves obtained on two different
instruments.

(A), scale drawing of the 113-bp B-globin product. Two different samples of each
type [wild type (AA), heterozygous sickle cell (AS), and heterozygous SC] were
amplified and analyzed. (B), melting data acquired on the LightCycler (heating to
95 °C, cooling to 60 °C, and continuous collection of fluorescence at a ramp rate
of 0.2 °C/s to 95 °C). Although six curves are shown, the samples were run four
at a time, and the data were overlaid for presentation. After the samples were
melted in the LightCycler, they were again denatured, cooled, transferred to the
high-resolution instrument, and melted at 0.2 °C/s to produce the data shown in
panel C. In both cases, points indicate actual data acquired. In panel C, the data
density is high enough that the points appear as smooth lines. The primer was
labeled with Oregon Green, using Simple Probe chemistry, to a 5’ T residue,
producing a 20% decrease in fluorescence with melting.
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Fig. 6. Melting curve genotyping of homozygous B-globin sequence
variants AA, EE, CC, and SS.

Three samples were run for each genotype except for EE, for which only a single
sample was available. After amplification, the samples were denatured and
cooled in the LightCycler, and then transferred to the high-resolution instrument
for melting. Normalized melting curves are shown in panel A. The magnified data
subset shown in panel B clearly displays individual acquisitions and clustering of
each genotype. The primer was labeled with Oregon Green to a 5’ T residue,
producing an 8% decrease in fluorescence with melting.

dyes could be used for both homozygous genotyping and
scanning for heterozygous sequence alterations. SYBR
Green I was first used in melting analysis to distinguish
PCR products that differed in T, by =2°C (9). Subse-
quently, SYBR Green I was used to identify deletions (23),
genotype dinucleotide repeats (24), and various sequence
alterations (10, 25-27). However, the T, difference be-
tween genotypes can be small and may challenge the
resolution of current instruments. Indeed, it has been
suggested that SYBR Green I “should not be used for
routine genotyping applications” (28). Disadvantages of
melting curve genotyping with double-strand-specific
DNA dyes include an increased T, with broadening of
the melting transition (29) and compression of the T
difference among genotypes (Fig. 1). These factors lower
the potential of SYBR Green I for genotype discrimination.

Amplification of heterozygous DNA produces four
different single strands that create two homoduplex and
two heteroduplex products when cooled. Theoretically,
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Fig. 7. Melting curve genotyping of heterozygous B-globin sequence
variants AE, AS, AC, and SC compared with the wild type (AA).

Samples were run in duplicate. The high-resolution melting instrument was used.
The magnified data subset is shown in panel B. Primer labeling was as given in
the legend for Fig. 5.

all four products have different T,,s, and the melting
curve should be a composite of all these transitions.
However, double-strand-specific DNA dyes may redis-
tribute during melting (30), causing release of the dye
from low-melting heteroduplexes and redistribution to
higher-melting homoduplexes. Because SYBR Green I is
not saturating at concentrations compatible with PCR (8),
such redistribution is plausible and consistent with the
absence of a heteroduplex transition (Fig. 1C).

The use of labeled primers for melting analysis avoids
the majority of problems associated with SYBR Green L
There is no dye to redistribute, no increase in amplicon
T, no broadening of the melting transition, and no T,
compression among genotypes. In contrast to SYBR Green
I, a heteroduplex transition occurs when amplicons with
labeled primers are melted (Fig. 1B). However, strand
reassociation is still possible with labeled primers; i.e.,
heteroduplex strands may reassociate with their perfect
complement and form homoduplexes during melting.
Because the concentration of products at the end of PCR is
high, this reassociation happens rapidly. Reassociation
can be minimized by limiting the time the products are
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Fig. 8. Genotyping with a labeled generic indicator primer.

A 243-bp fragment of the cystic fibrosis gene was amplified in the presence of
three primers (A): a generic indicator primer (reverse primer; thick line), an
unlabeled primer with a 5'-tail identical in sequence (without the 5’ G) to the
indicator (reverse primer; thin line plus thick line), and an opposing, unlabeled
primer (forward primer; thin line). Multiple rounds of PCR incorporate the
indicator primer into the major PCR product. Melting curves resulting from
wild-type DNA, two 3-base deletions (F508del and 1507del), and two single-
nucleotide polymorphisms (F508C and 1506V) are shown in panel B. The
indicator primer was labeled with 6-carboxyfluorescein to a 5’ G residue,
producing a 20% decrease in fluorescence with melting.

near their T, s, particularly between the T,s of the het-
eroduplex and homoduplex products. Fast heating rates
(Fig. 3) and low Mg>* concentrations limit strand reasso-
ciation. Increased ionic strength and, particularly, diva-
lent cations are known to increase duplex reassociation
rates (31). Practical limitations to rapid heating include
difficulty with maintaining temperature homogeneity
within samples, fewer fluorescence acquisitions per tem-
perature interval, and broadening of the transition from
non-equilibrium effects.

In addition to strand reassociation during melting, the
selective hybridization of a strand to either its perfect
match or to its mismatched complementary strand is
influenced by cooling rates and ionic strength. Under our
conditions, heteroduplex formation is most favored by
rapid cooling and disappears at rates <0.1 °C (Fig. 2). This
is in contrast to denaturing HPLC methods, where cooling
rates are much slower (0.01-0.02 °C/s) but heterodu-
plexes are formed efficiently (7). Perhaps the relative rates
of homoduplex and heteroduplex formation are strongly
dependent on product size, and our results using small
amplicons are not typical for the larger products more
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commonly used in denaturing HPLC. The effect of cool-
ing rate and ionic strength on the competitive formation
of single-strand conformers, heteroduplexes, and homo-
duplexes deserves further systematic study.

Various fluorescent dyes can be used to label the
primers. Single-labeled oligonucleotides are attractive for
their simplicity (12, 14). Most dyes attached to oligonu-
cleotides change fluorescence when the oligonucleotide
hybridizes. Oregon Green 488, 6-carboxyfluorescein, and
BODIPY-FL all work with most sequences and conve-
niently use the common SYBR Green I/fluorescein fluo-
rescence channel. Cy5 and Texas Red also work well but
require special excitation and emission wavelengths.

The effect of sequence on the fluorescence change with
hybridization is complex (32) and will require further
study. However, some tentative generalizations can be
made. The magnitude of the fluorescence change with
amplicon melting varied from 8% to 20% (see figure
legends). In all but one case (115-bp HTR2A), the fluores-
cence decreased with melting (increased with hybridiza-
tion). In the case of the exception, 6-carboxyfluorescein
was attached to a C residue, and the results are consistent
with deoxyguanosine quenching as reported previously
(14). However, when 6-carboxyfluorescein or Oregon
Green was attached to a G residue in the primer (cystic
fibrosis targets and the longer HTR2A targets), the fluo-
rescence decreased with melting. The mechanism for this
is not known, but it is consistent with inherent G quench-
ing in the primer decreasing with hybridization. When
Oregon Green was attached to a T residue, the fluores-
cence also decreased with melting (8-globin targets). This
effect was enhanced through SimpleProbe attachment (a
proprietary linking chemistry) and further augmented by
a high pH and ionic strength. However, these modifica-
tions are not generally necessary. Indeed, one of the
greatest changes in fluorescence was obtained when we
used direct attachment of 6-carboxyfluorescein to two G
residues in the indicator primer (Fig. 8). Furthermore, the
temperature and fluorescence resolution of the instru-
ment appears more important than the absolute fluores-
cent change that occurs with melting. No special primer
selection criteria were used.

All homozygotes tested at the HTR2A, B-globin, and
cystic fibrosis loci were distinguishable by T,, on the
high-resolution instrument. In each case, the order of
duplex stability matched theoretical predictions (22 ). Four
of six possible single-nucleotide polymorphisms were
included in this study (A/T, C/T, G/T, and G/A), and
even the A/T alteration of Hb SS was distinguishable
from the wild type (Fig. 6). Further studies will be
necessary to define the limits of homozygote differentia-
tion with this technique. The missing G/C and C/A
polymorphisms need to be tested, as well as the effect of
amplicon length and distance from the labeled primer to
the polymorphism.

As the amplicon size increases, the difference between
genotypes decreases (Fig. 4). The discrimination between

homozygous genotypes can be improved by melting at
slower rates, at the expense of longer analysis time. The
instrument resolution is also important (Fig. 5) in geno-
type discrimination. The LightCycler uses a 12-bit tem-
perature converter that limits the temperature resolution
to 8-9 divisions per 1°C. In addition, the number of
acquisitions per 1 °C depends on the number of samples
in the LightCycler. Nevertheless, the LightCycler can be
used for genotyping of the targets studied in this report
when only a few samples are monitored. LightCycler
melting curve data are best exported in spreadsheet
format and processed by normalization as described in
the Materials and Methods. Derivative plots of LightCycler
data are not recommended because the noise present can
produce misleading artifacts when the derivative is taken.
The high-resolution instrument uses 16-bit data conver-
sion of both temperature and fluorescence. The high-
resolution instrument also ensures greater temperature
homogeneity within each sample because the capillary is
completely surrounded by a solid aluminum cylinder.

One source of potential error in melting curve geno-
typing is the effect of DNA concentration on T,,. When a
random 100-bp amplicon of 50% GC content was used
under PCR conditions, the difference in T,, between
products at 0.05 uM and 0.5 uM was ~0.7 °C (21, 33). This
change can be important when the T,s of different
homozygous genotypes are very close. However, differ-
ent PCR samples tend to plateau at the same product
concentration, so concentration differences will usually be
minimal. It may also be possible to estimate amplicon
concentrations by real-time fluorescence and adjust the
T,.s for even greater genotyping precision.

Whatever the precision of the instrument, some geno-
types will be nearly identical in T,,. One way to detect
homozygous variants with the same T, is to mix the
variants together. The resulting heteroduplexes will melt
at lower temperatures than the homoduplexes, displayed
as a drop in the normalized melting curves before the
major melting transition (Figs. 4, 5, 7, and 8).

Different heterozygotes are distinguishable (Fig. 7)
because the shapes of the melting curves are defined by
the stabilities and/or kinetic melting rates of the two
heteroduplexes and the two homoduplexes present. Hb
SC has a longer low-temperature shoulder than do other
heterozygotes (Figs. 5 and 7) because the SC heterodu-
plexes are mismatched in two adjacent positions. Hetero-
duplexes from single-nucleotide polymorphisms (AS, AC,
and AE) are all mismatched in only one position, but they
display different melting curves because different mis-
matches are present in the heteroduplexes and/or their
positions in the amplicon are different. The single-base
heterozygotes studied here include three of four possibil-
ities (A/T:T/A, A/CT/G, and T/C:A/G). Although the
G/C:C/G combination was not studied, the A/T:T/A
combination is reported to be the most difficult to detect
on heteroduplex analysis (3).

For heterozygote detection, the absolute T,, and the
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influence of DNA concentration are not as important as
the shape of the curve, particularly at the “early”, low-
temperature portion of the transition. Unexpected se-
quence variants in one allele are generally expected to
produce more low-temperature melting. An interesting
exception is the unexpected variant under the B-globin
primer that reduced low-temperature melting in a known
AC heterozygote. This is consistent with both sequence
alterations being in cis, leading to allele-specific amplifi-
cation of the AA amplicon. Fewer heteroduplexes in this
sample produced a melting curve between the AA and
AC clusters.

This report has focused on using labeled primers and
amplicon melting analysis to detect and genotype known
sequence variants. The sensitivity of this method for
detecting unknown sequence variants (mutation scan-
ning) remains to be studied in detail. The three targets
reported here (cystic fibrosis, p-globin, and HTR2A) were
the first three attempted. Targets up to 303 bp in length
(HTR2A) with mutations up to 75 bases away from the
fluorescent label (Hb E) were genotyped. However, the
fourth target we attempted was apolipoprotein E. A
181-bp amplicon was designed to bracket the e3/e4 and
e3/e2 polymorphisms. Only the polymorphism closest to
the labeled primer could be genotyped, indicating that
sequence alterations far enough away from the label (in
the apolipoprotein E case, 160 bp) may go undetected.
One possible solution is to label both primers, preferably
with different dyes that have spectrally distinct emissions.
Color multiplexing techniques (12) can be used to follow
the melting of both labels, monitoring both sides of the
amplicon. Detection might still fail if the sequence varia-
tion is in an internal domain that melts before or after
both ends.

Equilibrium domain melting theory (34) may or may
not apply to rapid melting rates of 0.1-0.4 °C/s. Unlike
denaturing gradient gel electrophoresis, the informative
domain is not the first melting domain but should be the
domain that includes the labeled primer. If the sequence
variation is outside of the domain that contains the
labeled primer, one might expect it to be missed. How-
ever, it is not easy to predict melting domains when a
mismatch is present. Conventional melting maps for the
completely homologous targets studied here are provided
in the online supplement. It does not appear that the
sequence alterations need to be in the same domain as the
labeled primer to be detected.

In contrast to melting domain theory, nearest-neigh-
bor, “all or none” T, estimates can account for single-base
mismatches (21). The predicted and observed T,,s for the
genotypes studied are presented in the data supplement
that accompanies the online version of this article at
http:/ /www.clinchem.org/content/vol49/issue3/. Pa-
rameters are not available for 3-bp deletions (cystic fibro-
sis) and adjacent mismatches (Hb CS). When the melting
transition is not symmetric (as in all heterozygous geno-
types), the observed T,, is taken as the temperature where

50% of the duplex is melted, not as the peak from
derivative plots. The predicted and observed T,, differ-
ences between the wild type and mutant (AT,) for ho-
mozygotes are also provided in the online supplement.
Observed AT, s for heterozygotes can be measured only if
the homoduplex and heteroduplex transitions are distinct.
With our targets, this is possible only with the short cystic
fibrosis amplicon, and even with this target, the grouping
of homoduplex and heteroduplex transitions into peaks
may not be correct. Melting curves of products that result
from amplification of heterozygotes overlay the melting
curves of four distinct duplexes. In general, four distinct
T,s cannot be extracted from these data, and the compos-
ite “T,, ” is not as useful as the complete normalized
melting curve. For example, the different heterozygotes in
Fig. 7 have very similar T, s, but they are distinctly
different in the low-temperature melting region.

Because no internal probes are used, the quality of
melting analysis with labeled primers depends on the
quality of the PCR. Surprisingly, the method is more
robust than might be expected. For example, the DNA for
B-globin typing was extracted from blood spots on filter
paper and was not highly purified or quantified before
analysis. Two different enzymes and buffer systems were
used to amplify the B-globin target (Figs. 5-7). The PCR
for Fig. 7 was cleaner (less undesired, alternative prod-
ucts) than the PCR for Fig. 6, as evidenced by a more
horizontal melting curve at low temperatures before the
major transition. Nevertheless, the curves in Fig. 6 still
allow unambiguous genotyping; i.e., any “nonspecific”
amplification tends to be equal across genotypes and can
often be separated from the relevant melting curve differ-
ences among genotypes. Still, “hot start” techniques that
reduce undesired amplification products may improve
differentiation.

Amplicon melting with labeled primers has distinct
advantages over current techniques for genotyping and
mutation scanning. This method is a closed-tube system
and requires no sample processing after the beginning of
PCR. A melting curve acquired at 0.3 °C/s requires ~1
min. The ability to use a generic indicator primer means
that only one fluorescently labeled oligonucleotide needs
to be synthesized to analyze many targets. One primer for
each target is modified to include a 5’ tail of the indicator
sequence. Multiple rounds of PCR incorporate the labeled
primer into the final amplicon. Reactions require three
oligonucleotides instead of two, but the same fluores-
cently labeled oligonucleotide can be used, in theory, for
all targets. Further study will delineate the usefulness and
limits of labeled primers in genotyping and mutation
scanning.
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