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Amplicon melting is a closed-tube method for geno-
typing that does not require probes , real-time anal-
ysis , or allele-specific polymerase chain reaction.
However , correct differentiation of homozygous
mutant and wild-type samples by melting tempera-
ture (Tm) requires high-resolution melting and
closely controlled reaction conditions. When three
different DNA extraction methods were used to iso-
late DNA from whole blood, amplicon Tm differ-
ences of 0.03 to 0.39°C attributable to the extrac-
tions were observed. To correct for solution
chemistry differences between samples , comple-
mentary unlabeled oligonucleotides were included
as internal temperature controls to shift and scale
the temperature axis of derivative melting plots.
This adjustment was applied to a duplex amplicon
melting assay for the methylenetetrahydrofolate
reductase variants 1298A>C and 677C>T. High-
and low-temperature controls bracketing the
amplicon melting region decreased the Tm SD
within homozygous genotypes by 47 to 82%. The
amplicon melting assay was 100% concordant to an
adjacent hybridization probe (HybProbe) melting
assay when temperature controls were included,
whereas a 3% error rate was observed without
temperature correction. In conclusion, internal
temperature controls increase the accuracy of
genotyping by high-resolution amplicon melting
and should also improve results on lower resolu-
tion instruments. (J Mol Diagn 2007, 9:284–289; DOI:

10.2353/jmoldx.2007.060136)

Amplicon melting analysis is a simple closed-tube geno-
typing method that uses a saturating DNA binding dye
instead of fluorescently labeled primers or probes.1 High-
resolution melting analysis can detect single base
changes and other variations in single or multiplex poly-
merase chain reaction (PCR).2 Wild-type and homozy-
gous mutant samples typically have sharp, symmetric
melting transitions, whereas heterozygous samples have
more complex, gradual melting curves. Homozygous se-
quence changes result in characteristic shifts in melting
temperature (Tm).2–5 In contrast, heterozygous samples
are identified by melting peak shape and width and not
by Tm. Correct identification of sample genotype by am-
plicon melting requires standardization of reaction con-
ditions to achieve reproducible, characteristic melting
profiles. Reaction conditions can vary between lots of
PCR reagents, including different buffers introduced by
the DNA isolation method. Ionic strength, in particular,
significantly affects Tm.6–10

The current study introduces the use of one or more
internal controls for temperature calibration between re-
actions. Complimentary, unlabeled oligonucleotides that
do not interfere with the PCR were designed so that they
melt outside the temperature region of PCR product melt-
ing. Any buffer differences that affect duplex Tms affects
both the amplicon and the internal temperature controls,
allowing subsequent temperature correction of melting
profiles. As a genotyping target, the 1298A�C and
677C�T variants of the methylenetetrahydrofolate reduc-
tase (MTHFR) gene were used. A single-color duplex
amplicon melting assay (with and without internal tem-
perature correction) was compared with a duplex multi-
color HybProbe melting assay.
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Materials and Methods

DNA Extraction and Study Design

Sixty whole blood samples were submitted to ARUP for
clinical evaluation of MTHFR (1298A�C and 677C�T)
genotype with K3 ethylenediaminetetraacetic acid, sodi-
um-heparin, or citrate-phosphate-dextrose anticoagula-
tion. Samples were blinded and deidentified according to
a global ARUP protocol under institutional review board
no. 7275. DNA was extracted with the Roche MagNA
Pure LC system (Roche, Indianapolis, IN), resulting in
concentrations of 20 to 40 ng/�l by absorbance at A260.
All samples were genotyped by the duplex multicolor
HybProbe assay. Thirty-seven of these samples were
selected by genotype and the duplex amplicon melting
assay also performed. These samples were blinded and
genotypes determined with no temperature correction,
only low-temperature correction, only high-temperature
correction, and both low- and high-temperature correc-
tion. A single-tailed F-test was used to assess the
variance in the Tms of homozygous genotypes. (Excel;
Microsoft, Redmond, WA).

DNA was extracted from an additional 10 whole
blood samples by three methods: the Roche MagNA
Pure LC system (Roche), the Puregene DNA blood kit
(Gentra Systems Inc., Minneapolis, MN), and the Qia-
gen QIAamp DNA blood mini kit (Qiagen Inc., Valen-
cia, CA). Extracted QIAamp and MagNA Pure DNA
samples were 20 to 40 ng/�l in concentration and used
without dilution, whereas Puregene samples (initially at
160 to 500 ng/�l) were diluted with water to 40 ng/�l.
The duplex amplicon melting assay was performed,
and the effect of the extraction method on Tm was
evaluated by paired t-tests. The average difference in
Tm was also calculated between each extraction
method, both before and after correction with low and
high internal temperature controls.

MTHFR (1298A�C and 677C�T) HybProbe
Genotyping Assay

A duplex, two-color HybProbe assay11,12 for the 677C�T
and 1298A�C13 variants of the MTHFR gene (GenBank
AY338232) was used to establish MTHFR genotypes.
The MTHFR 1298A�C variation was interrogated by
amplifying a 108-bp fragment with primers 5�-GAG-
GAGCTGCTGAAGATGTGG-3� (forward) and 5�-
CACTTTGTGACCATTCCGGTTTG-3� (reverse), using
probes 5�-GAGCTGACCAGTGAAGCAAGT-3�-FITC
and LCRed 705–5 � -CTTTGAAGTCTTTGTTCTTTAC-
CTCTCGGG-C3–3�. The underlined base indicates the
position of the variation, and C3 is a C3 spacer used to
prevent the 3� end of the oligonucleotide from extend-
ing.14 The MTHFR 677C�T variation was interrogated
by amplifying a 94-bp fragment with primers 5�-CAAC-
CCCGAAGCAGGGAG-3� (forward) and 5�-GCCT-
CAAAGAAAAGCTGCGTG-3� (reverse), using probes
5�-AAGCACTTGAAGGAGAAGGTGTCT-3�-FITC and
LCRed 640 –5�-CGGGAGCCGATTTCA-C3–3�. Probes
containing the C3 spacer were acquired from Idaho
Technology (Salt Lake City, UT). All other oligonucleo-
tides were acquired from Integrated DNA Technolo-
gies, Inc. (Coralville, IA).

PCR was performed in 12-�l volumes with 1� Light-
Cycler DNA Master HybProbes (Roche), 0.08 �mol/L of
the both forward primers, 0.41 �mol/L of the 1298A�C
reverse primer, 0.16 �mol/L of the 677C�T reverse
primer, 0.16 �mol/L of each probe, 2.8 mmol/L MgCl2
(including 1 mmol/L MgCl2 contributed by the LightCy-
cler Master solution), 0.1 U/reaction AmpErase UNG
(Perkin-Elmer, Foster City, CA), and 2 �l of extracted
DNA. PCR was done in a LightCycler (Roche) with an
initial hold at 50°C for 1 minute followed by a hold at 94°C
for 1 minute, and 40 cycles of 94°C for 0 seconds, 62°C
for 20 seconds (with fluorescence acquisition), and 72°C
for 0 seconds. The temperature transition rate between
62 and 72°C was 1°C/second; all other rates were pro-

Table 1. Sequence and Predicted/Observed Tms of Internal Temperature Controls

Name
Predicted
Tm (°C)

Observed
Tm (°C)

High-temperature sequences*

50 bp G C G G T C A G T C G G C C T A G C G G T A G C C A G C T G C G G C A C T G C G T G A C G C T C A G 87.0 88.5

50 bp(4LNA)† . . . . . .A . . . . . . . .A. . . . . . . . . . . . . . . . . . . . .A . . . . . . . A . . . . . . . 90.2 90.8

50 bp(8LNA)† G . . . . . A . . . . . C . . . . . . . . A . . . . . C . . . . . . A . . . . . . . A . . . . . . G 92.4 92.6

40 bp . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .G . . . . . 87.1 87.7

30 bp . . . . G . G T C G . C . G G C T G . C A G A G G C . G C . 88.4 87.3

Low-temperature sequences*

50 bp A T C G T G A T T T C T A T A G T T A T C T A A G T A G T T G G C A T T A A T A A T T T C A T T T T 68.5 68.5

40 bp . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C T . . A . T A . 69.0 69.2

35 bp(del)‡ . . . . . . . .–––. . . . . . . . . . . . . . . C . . . A T A T A nd§ 62.9

35 bp . . . . . . . . . . . . . . . . . . . . . . . . . . C . . . A T A T A 68.3 69.0

30 bp . . . . . . . . C . . . . G . . . . . . . . . . . . C . . . 68.3 68.5

*Duplex controls consist of the listed oligonucleotide and its complement. All sequences are shown 5� to 3� and both sequence and complement
are blocked at the 3� end with a phosphate.

†Bases in bold type indicate that locked nucleic acids are present in the indicated strand, but not in the complement.
‡Dashes indicate a deletion in the listed sequence but not in the complement strand.
§Not determined because thermodynamic parameters are not available.

Internal Melting Temperature Controls 285
JMD July 2007, Vol. 9, No. 3



grammed at 20°C/second. After PCR, the samples were
denatured for 30 seconds at 95°C, followed by 30-sec-
ond holds at 70, 60, and 35°C. Melting curve data were
gathered by continuous fluorescence acquisition from 35
to 85°C with a transition rate of 0.1°C/second. Genotyp-
ing was based on negative first derivative melting curves
and comparison of unknowns to genotyped controls.

Internal Temperature Controls

Complementary oligonucleotides that varied in G/C con-
tent and length (Table 1) were obtained from Integrated
DNA Technologies, Inc. For some oligonucleotides, Tms

were further decreased by deletions or increased with
locked nucleic acids on one strand but not the compli-
ment.15 Theoretical Tms were calculated using IDT Sci-
Tools OligoAnalyzer 3.0 software (Integrated DNA Tech-
nologies, Inc.). The internal temperature controls were
blocked from extending during PCR by incorporating a
phosphate group on the 3� end of each oligonucleotide.

MTHFR (1298A�C and 677C�T) Amplicon
Melting Assay

The duplex amplicon melting assay included an 80-bp
fragment for genotyping the 1298A�C variant amplified
by primers 5�-GGGAGGAGCTGACCAGTGAAG-3� and
5�-CACTTTGTGACCATTCCGGTTTGGTTCTCC-3� and a
120-bp fragment for genotyping the 677C�T variant am-
plified by primers 5�-GAAGCAGGGAGCTTTGAGGCT-
GACCTG-3� and 5�-TGCCTTCACAAAGCGGAAGAAT-
GTGTCAGC-3�. PCR was performed in 10-�l volumes
with 1� LightCycler FastStart DNA Master HybProbes
(Roche), 1.0 �mol/L each of the 1298 primers, 0.5 �mol/L
each of the 677 primers, 0.2 �mol/L of the 50-bp high and
low internal temperature controls (Table 1), 3.5 mmol/L
MgCl2 (including 1 mmol/L MgCl2 contributed by the

Figure 1. Derivative melting curves of selected internal temperature controls
(Table 1). The 35-bp low-temperature control was combined with the 50-bp
high-temperature control (gray curve). The black curve included the 35-bp
low-temperature control with a 3-bp deletion on one strand and the 50-bp
high-temperature control with eight locked nucleic acid bases on one strand.
Both mixtures were melted under PCR conditions in duplicate.

Figure 2. Derivative melting plots of MTHFR samples extracted using differ-
ent methods. Samples were extracted in parallel using the MagNA Pure LC
system (thick black line), QIAamp DNA blood mini kit (thin black line), and
the Puregene DNA blood kit (dotted black line). The sample genotypes
shown were 1298AA/677CC and 1298CC/677TT. A: Derivative melting pro-
files shown without temperature correction. B: Derivative melting profiles
shown with temperature correction. The brackets represent Tm ranges ex-
pected for the homozygous MTHFR genotypes.

Figure 3. Duplex MTHFR derivative melting plots for genotyping the
1298A�C and 677C�T variants. Genotypes shown are 1298AA/677CC (thick
black line), 1298CC/677CC (thin black line), and 1298AA/677TT (gray line).
A: Without temperature correction. B: With temperature correction using
high- and low-temperature controls (not shown).
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LightCycler Master solution), 0.01 U/reaction heat-labile
uracil-DNA glycosylase (Roche), 1� LCGreen Plus (Idaho
Technology), and 2 �l of extracted DNA. PCR was done on
a LightCycler (Roche) with an initial hold at 95°C for 10
minutes, followed by 40 cycles of 95°C for 1 second, 60°C
for 0 seconds, and 72°C for 2 seconds with fluorescence
acquisition. All heating and cooling steps during PCR were
done with ramp rates programmed at 20°C/second. After
PCR, samples were prepared for melting analysis by rapid
cooling in the LightCycler from 95 to 40°C.

High-resolution melting analysis was performed on the
HR-1 instrument (Idaho Technology). Melting curves
were generated using continuous fluorescence acquisi-
tion from 60 to 95°C with a temperature transition rate of
0.2°C/second. After fluorescence normalization, the ex-
ponential background was removed16 and derivative
melting curves displayed. Heterozygotes were easily
identified by melting peak width and shape. Homozy-
gotes were genotyped by Tm (melting peak maxima)
either before or after internal temperature control correc-
tion. Temperature correction of derivative melting curves
was performed using custom software developed in Lab-
View (National Instruments, Austin, TX). The Tms of the
control peaks were first identified and then aligned by
shifting and scaling the temperature axis. Scaling was
performed by linear expansion or compression when two
temperature controls were used.

Results

To demonstrate that common DNA extraction methods
can affect PCR product Tm, DNA was isolated from 10
whole blood samples by MagNA Pure, QIAamp, and
Puregene DNA methods. Using a duplex amplicon geno-
typing assay for the MTHFR variants 1298A�C and
677C�T, high-resolution melting curves of PCR products
were obtained and Tms calculated. Although significantly
different (P � 0.028), QIAamp and Puregene Tms differed
on average by only 0.03°C, whereas MagNA Pure Tms
differed from QIAamp by 0.36°C (P � 7.3 � 10�15) and
from Puregene by 0.39°C (P � 8.8 � 10�14).

Ten sets of complimentary oligonucleotides were syn-
thesized as potential internal temperature controls for
high-resolution melting analysis (Table 1). Melting pro-

files of four of these duplexes under PCR conditions are
shown in Figure 1. A 3-bp deletion in one strand of the
35-bp duplex lowered the Tm 6.1°C compared with a
perfectly matched hybrid, whereas locked nucleic acids
increased Tm in a 50-bp duplex by 0.51 to 0.58°C for
every locked nucleic acid incorporated. After attempted
MTHFR duplex PCR in the absence of template, only the
expected products were observed on derivative melting
plots without visible primer dimers. Nearest neighbor sta-
bility predictions and observed Tms (Table 1) were very
close with almost no systematic bias (�Tm � �0.03°C)
and a SD for �Tm of 0.69°C. In subsequent studies, the
50-bp high- (without locked nucleic acids) and low-tem-
perature controls were used. When applied to the differ-
ent DNA extraction methods, temperature correction re-
duced the Tm differences by 33 to 50% (the �Tm of
QIAmp versus Puregene was 0.02°C; MagNA Pure ver-
sus QIAmp, 0.18°C; and MagNA Pure versus Puregene,
0.21°C). Representative derivative melting plots of the
different extraction methods are shown in Figure 2.

Internal temperature controls also reduced tempera-
ture variation when the DNA extraction method remained
the same. Figure 3 shows derivative amplicon melting
data for selected samples with MagNA Pure isolated
DNA, before and after temperature correction. Samples
heterozygous at either locus are easily identified and are
not shown for clarity. The high- and low-temperature con-
trols are also off scale in Figure 3 to magnify the amplicon
melting region. Before temperature correction, it is diffi-
cult to visually genotype the homozygous samples be-
cause of temperature variation (Figure 3A). Table 2
shows the means and SDs of each homozygous Tm with
and without correction using the high- and/or low-temper-
ature controls. Before temperature correction, the Tm
standard deviations were 0.16 to 0.18°C, decreasing to
0.04 to 0.14°C with one temperature control, and 0.03 to
0.10°C with two temperature controls. When only one
temperature control was used, the most significant vari-
ance reductions were observed at temperatures closest
to the control Tm.

To assess further the utility of incorporating internal
temperature controls, a blinded study of 37 selected
samples was performed by duplex amplicon melting. The
genotype distribution of the selected samples is shown in

Table 2. Effect of Internal Temperature Controls on the Apparent Tm of MTHFR Homozygous Genotypes

Temperature
controls

MTHFR 1298A�C MTHFR 677C�T

AA (n � 7) CC (n � 7) TT (n � 4) CC (n � 10)

None Mean Tm (°C) 80.20 80.96 83.97 84.41
SD (°C) 0.16 0.17 0.19 0.18

Low Mean Tm (°C) 79.94 80.73 83.73 84.15
SD (°C) 0.07 0.08 0.14 0.11
P value* 4.4 � 10�8 0.016 0.2 0.048

High Mean Tm (°C) 80.83 81.63 84.68 85.01
SD (°C) 0.10 0.06 0.10 0.04
P value* 0.07 4.3 � 10�3 0.066 1.3 � 10�7

Low and high Mean Tm (°C) 80.69 81.50 84.60 84.95
SD (°C) 0.06 0.03 0.10 0.03
P value* 1.1 � 10�3 1.3 � 10�4 0.073 4.1 � 10�9

*Single-tailed F-test against the �no Tm control� group.
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Figure 4A. All 37 MTHFR 1298A�C genotypes were cor-
rectly assigned whether or not temperature correction
was performed. All but two of the MTHFR 677C�T geno-
types were also correctly assigned without temperature
correction—one TT genotype was misread as CC and
one CC genotype was misread as TT. Derivative melting
profiles of the two discordant samples, before and after
temperature correction, are shown in Figure 4, B and C.
When the discordant curves were adjusted by tempera-
ture correction, both were correctly genotyped.

Discussion

Amplicon melting analysis1,2 is a simple, cost-effective
alternative to other closed-tube genotyping approaches
that require probes.17–20 Heterozygotes are easily iden-
tified by a change in shape of the melting curve.3 Ho-
mozygous variants are more difficult to detect and may
produce only small differences in Tm that are best de-
tected on high-resolution melting instruments.21 When
the �Tm is very small, genotyping accuracy depends on
the temperature resolution of the instrument and any
solution chemistry differences between samples. Instru-
ment resolution concerns are most severe on heating
block instruments with 96 or 384 wells.21 Variations in the
PCR buffer or ionic strength between samples can also
compromise the reproducibility of Tm measurements, as
evidenced by differences dependent on the template
DNA extraction method.

Internal temperature controls, comprised of comple-
mentary oligonucleotides, can partly correct resolution
limitations imposed by the instrument and/or variable
solution chemistry. This was demonstrated with a duplex
amplicon melting assay (MTHFR 1298A�C and 677C�T)
requiring fine temperature resolution for correct genotyp-
ing. Although some genotyping errors were made without
temperature correction, genotyping was 100% concor-
dant to a HybProbe assay when temperature correction
was applied. Although one temperature control signifi-
cantly decreased Tm variance, particularly at tempera-
tures nearer the control, two temperature controls brack-
eting the amplicon melting region gave the best results.
Internal temperature controls can potentially enable the
use of rare archived DNA samples, in which the buffer
chemistry is unknown, in amplicon melting assays. A
uniform sample extraction method becomes less impor-
tant when temperature correction can be applied to melt-
ing curves that vary because of solution chemistry
differences.

High-resolution melting analysis without probes has
the potential benefit of new sequence variant discovery
during amplicon melting.22 The ability to discriminate
new variants depends on temperature resolution, which
can be improved by including internal temperature con-
trols. This study was performed on the HR-1 instrument,
which has the highest reported resolution of any DNA
melting instrument.21 Use of internal temperature controls
on lower resolution instruments was not investigated.
However, genotyping by amplicon melting should be

Figure 4. Genotype distribution and derivative melting plots for 677C�T
MTHFR genotyping. Thirty-seven selected DNA samples were blinded and
genotyped by the duplex amplicon melting assay. A: Genotype distribution
determined by HybProbe analysis. The MTHFR 1298CC/677TT genotype was
not available and is presumed lethal.13,23 B: Two controls and the two
discordant samples are shown without temperature correction. C: The same
samples are shown after temperature correction. The solid black line shows
677TT and the solid gray line shows 677CC genotypes. The dotted black and
gray lines marked with the asterisk indicate the samples that required
temperature correction for correct genotyping.
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improved with internal temperature controls on any
instrument.

Unlabeled oligonucleotides make convenient internal
temperature controls that use the same saturating DNA
dyes needed for amplicon melting. Control Tms can be
adjusted over a wide range by varying the GC content
and length and by including deletions or LNAs. Another
option is to use melting controls that are covalently la-
beled with a dye of a second color for use in multicolor
instruments. Such controls could be designed to melt at
the same temperature as the amplicon without interfer-
ence. Internal temperature controls decrease Tm varia-
tions attributable to the instrument or solution chemistry.
However, they will not control for Tm variation secondary
to the concentration of amplified DNA. Luckily, this vari-
ation is minor,10 and the PCR plateau tends to equalize
any difference in starting DNA concentration.
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