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ABSTRACT: Mutation detection has, until recently, relied
heavily on the use of gel-based methods that can be both
time consuming and difficult to design. Nongel-based
systems are therefore important to increase simplicity and
improve turn around time without compromising assay
sensitivity and accuracy, especially in the diagnostic/
clinical setting. In this study, we assessed the latest of the
nongel-based methods, namely high-resolution melt
(HRM) curve analysis. HRM is a closed-tube method
that incorporates a saturating dye during DNA amplifica-
tion followed by a monitoring of the change in
fluorescence as the DNA duplex is denatured by an
increasing temperature. We assessed 10 amplicons
derived from eight genes, namely SERPINA1, CXCR7,
MBL, VDR, NKX3A, NPY, TP53, and HRAS using two
platforms, the LightScanners System using LC Greens

PLUS DNA binding dye (Idaho Technology, Salt Lake
City, UT, USA) and the LightCyclers 480 using the
HRM Master dye (Roche Diagnostics, Indianapolis, IN,
USA). DNA variants (mutations or polymorphims) were
previously identified using denaturing gradient gel
electrophoresis (DGGE) a method, similarly to HRM,
based upon the different melting properties of double-
stranded DNA. Fragments were selected based on variant
and fragment complexity. This included the presence of
multiple sequence variants, variants in alternate orienta-
tions, and single or multiple variants (constitutional or
somatic) in GC-rich fragments. We demonstrate current
limitations of the HRM method for the analysis of
complex DNA regions and call for caution when using
HRM as the sole method to make a clinical diagnosis
based on genetic analysis.
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Introduction

The contribution of DNA sequence variation to human disease
and individual response to treatment is well documented. The
availability of rapid, efficient, and reliable technologies for genetic-
based testing is therefore critical for clinical and prenatal
diagnostics, patient management, predisposition testing, and
pharmacogenetics. Although the research community can afford
a small degree of error, mutation screening in a diagnostic
laboratory must be near 100% for both sensitivity and specificity.

Despite being the only direct approach for mutation detection,
Sanger dideoxy sequencing has, to date, been considered an
inappropriate method based on the high cost associated with it.
Recent advances in high-throughput sequencing include 454-
sequencing (Roche, Basel, Switzerland; www.roche.com), which
applies the principles of pyrosesquencing [Margulies et al., 2005],
Illumina-sequencing (formerly Solexa, Illumina, Inc., San Diego,
CA, USA; www.illumina.com) based on single base extension
[Bentley, 2006], SOLiDTM System (Applied Biosystems [ABI],
Foster City, CA, USA; www.appliedbiosystems.com) using sequen-
cing by ligation, and more recently, true Single Molecule
SequencingTM (tSMSTM) (Helicos Bioscience corp., Cambridge,
MA, USA; www.helicosbio.com), which is similarly a sequencing-
by-synthesis approach that uses single DNA molecules to generate a
sequence. Although next generation sequencing technologies hold
the potential to improve throughput and cost up to 100-fold, they
are still costly and currently unrealistic alternatives for diagnostic
laboratories [Schuster, 2008]. To date, the common approach to
mutation detection is to use prescreening methods to identify
specific regions of sequence variation, thus reducing the amount of
direct sequencing required. Older methods that require post-PCR
separation by gel electrophoresis include, denaturing gradient gel
electrophoresis (DGGE) [Fischer and Lerman, 1983], temperature
gradient gel electrophoresis (TGGE) [Rosenbaum and Riesner,
1987], chemical cleavage of mismatch (CCM) [Cotton et al., 1988],
single-strand conformational polymorphism (SSCP) [Orita et al.,
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1989], confirmation sensitive gel electrophoresis (CSGE) [Ganguly
et al., 1993], and heteroduplex analysis (HA) [Highsmith et al.,
1999]. These gel-based systems remain the predominant methods of
choice in diagnostic laboratories around the world. Our laboratory
has routinely used DGGE and the Ingeny PhorU system (Ingeny,
Goes, The Netherlands; www.ingeny.com) for highly sensitive de
novo presequencing mutation detection. It is essential, however,
that nongel-based, automated systems are developed not only to
achieve more rapid results, but more importantly to reduce hands-
on time and the level of technical expertise required. Two of the
most commonly used nongel-based technologies include denatur-
ing high-performance liquid chromatography (dHPLC) [Xiao and
Oefner, 2001], and more recently, high-resolution melt (HRM)
curve analysis [Wittwer et al., 2003].
HRM curve analysis is a closed-tube assay, introduced as a

means of mutation scanning without the requirement of any post-
PCR handling. A saturating DNA binding dye is introduced
during DNA amplification, which enables differentiation of PCR
products based on their dissociation behavior as they are subjected
to increasing temperatures [Poláková et al., 2008]. In this study,
we refer to two platforms for HRM curve analysis, the Light-
Scanners System using the LC Greens PLUS DNA binding dye
(Idaho Technology) and the LightCyclers 480 using the HRM
Master dye (Roche Diagnostics Corporation, Indianapolis, IN,
USA). Unlike the previously described SYBRs Green I detecting
dye, used for low resolution sequence analysis [Papp et al., 2003;
Ririe et al., 1997], LC Greens PLUS and HRM Master dye can be
used at saturating concentrations without inhibiting amplification
[Grievink and Stowell, 2008; Wittwer et al., 2003], aiding to
enhance assay sensitivity. LC Greens PLUS, however, has been
found to increase the melting temperature of primers [Laurie
et al., 2007], while the HRM Master dye does not have this effect.
Using the LightScanners System Call-ITs and LightCyclers 480
Gene Scanning software, heterozygous samples are identified by a
change in the melt curve shape, achieved by plotting the
fluorescence difference between melt curves compared to the
reference (usually the wild-type) profile. Amplification of
heterozygous samples produces both low melting heteroduplexes
and high melting homoduplexes, which results in a skewed melt
curve [Laurie et al., 2007; Wittwer et al., 2003].
In this study, we evaluate HRM curve analysis for detection of

mutations previously identified using DGGE. DGGE is similarly
based upon the different melting properties of double-stranded
DNA. In short, amplified DNA is electrophoresed through an
increasing gradient of denaturants, urea, and formamide (UF), at a
fixed elevated temperature [Fischer and Lerman, 1983]. To facilitate
mutation detection, a GC-rich fragment (GC-clamp) is introduced
during amplification [Abrams et al., 1990; Myers et al., 1985;
Sheffield et al., 1989]. Heteroduplexing results in the formation of
mismatched heteroduplex bands, allowing for easy visualization of
heterozygous sequence variation. The success of DGGE is, however,
highly dependent on the choice of primers, including GC-clamp
location [Wu et al., 1998] and gel conditions [Hayes et al., 1999].
With the demand for diagnostic based genetic testing on the

rise, evaluation of more rapid, reliable, and cost-effective methods
of mutation detection is crucial. In this analysis of one of the most
recent of these methods, we are particularly concerned about the
ability of HRM curve analysis to detect multiple sequence variants
(both constitutional and somatic) within single fragments, as well
as detecting variants within GC-rich regions, known to be
problematic for almost any mutation detection method. Using
these criteria, DNA variants were previously identified in 10
selected amplicons from eight genes using DGGE.

Materials and Methods

Amplicons Analyzed

All amplicons assessed in this study were initially screened for
mutations via DGGE and selected for comparison with HRM curve
analysis based on variant frequency, orientation, or GC content. No
other selection bias was used. The 10 fragments screened in this
study were derived from eight genes with amplicon sizes and
primers depicted in Supp. Table S1. These include regions in intron
1 and exon 3 (including splice junctions) of the gene encoding for
Alpha-1 Antitrypsin (SERPINA1; alternative names: PI1, and AAT;
MIM] 107400; GenBank NM_000295.4) (DGGE assay) [Hayes,
2003], a region in exon 2 of the gene encoding CXC Chemokine
Receptor 7 (CXCR7; alternative names: CMKOR1, GPR159, and
RDC1; MIM] 610376; GenBank NM_020311.2), a region in exon 1
of the gene encoding for Mannose Binding Lectin (MBL; alternative
names: MBL2, MBP1, and COLEC1; MIM] 154545; GenBank
NM_000242.2), a region spanning exon 2 (including splice
junctions) of the gene encoding for the Vitamin D Receptor
(VDR; MIM] 601769; GenBank NM_000376.2) (DGGE assay)
[Hayes et al., 2005], a region encompassing exon 1 of the
Homeobox 3A gene (NKX3A or NKX 3.1; MIM] 602041; GenBank
NM_006167.2), a region in exon 2 of Neuropeptide Y (NPY; MIM]
162640; GenBank NM_000905.2), two fragments within exon 4 and
exon 5 of the gene for Tumour protein p53 (TP53; alternative
names P53 and TRP53; MIM] 191170; GenBank NM_000546.4),
and a region within exon 2 of the Harvey rat sarcoma viral
oncogene (HRAS or HRAS1; MIM] 190020; GenBank
NM_005343.2). Regions assessed were identical for the DGGE
and HRM methods, with the exception of the SERPINA1 exon 3
region where a slightly shorter HRM amplicon was used.

Denaturing Gradient Gel Electrophoresis

In our laboratory, DGGE was the standard method of choice for
comprehensive sequence analysis. The amplicons in this study
were screened as part of alternative projects, where the aim was to
detect all possible sequence variation. Study numbers ranged from
110 to 1,982 samples for constitutional DNAs, whereas the study
numbers ranged from 25 to 100 for somatic variant detection.

DGGE primers were designed using the melt 87 computer
program [Lerman and Silverstein, 1987] and following conditions
for selecting optimal PCR fragments and primers as outlined by
Wu et al. [1998]. A 40-bp GC fragment was added to the 50 end of
one of the DGGE primers to prevent total strand dissociation
during denaturation, while an additional GC stretch was added to
selected primers to achieve a single melt domain [Wu et al., 1998]
(Supp. Table S1). Primers were synthesized at Integrated DNA
Technology (IDT, Coralville, IA, USA).

A 25ml PCR included at least 25ng of genomic DNA, 0.1mM of
each deoxyribonucleotide triphosphate (dNTP), 10 pmol of each
primer, 2.5mM of a 10!Mg21 reaction buffer and 0.5 units of DNA
Taq polymerase (Roche). PCR cycling conditions were as follows: an
initial denaturation at 961C for 3min, followed by 32 cycles of
denaturation at 961C for 45 sec, annealing for 1min (annealing
temperatures shown in Supp. Table S1) and elongation at 721C for
1min 20 sec. The last cycle was followed by an additional extension
step at 721C for 7min. Following amplification, a heteroduplexing
step, which included denaturation at 961C for 10min, and
renaturation at the annealing temperature (Supp. Table S1) for
45min, was applied for optimal DGGE analysis.

DGGE conditions were optimized by considering improve-
ments previously described by Hayes et al. [1999] and performed
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using the INGENYphorUs system. Nine of the amplicons were
electrophoresed through a 9% polyacrylamide gel containing an
increasing gradient of UF optimized for each fragment, while the
NPY amplicon was electrophoresed through a polyacrylamide gel
ranging from 9 to 12% with an increasing UF gradient (Supp.
Table S1). The gels for five amplicons derived from four genes
(SERPINA1, CXCR7, MBL, and VDR) were run overnight at a
constant elevated temperature of 601C and 110 volts. DGGE
conditions for the remaining five amplicons, which we describe as
having a high GC content (ranging from 65% to 72.5%), derived
from four genes (NKX3A, NPY, TP53, and HRAS), were optimized
by running time travel gels [Myers et al., 1987]. Variant detection
was optimal at specific time points ranging between 6 and 7.5 hr at
a constant temperature of 601C and 150 volts. The gels were
stained with ethidium bromide and photographed under a UV
transilluminator.

High Resolution Melt Curve Analysis

Amplicons to be screened using HRM were selected according
to our criteria of fragment complexity for variants previously
detected using DGGE. Sample numbers were dependent on
variant availability of the fragments as per previous DGGE
analysis. Primers for HRM curve analysis were similarly designed
using the Primer Designer computer program version 2.0 and
synthesized at Integrated DNA Technology (IDT).
The PCR for HRM curve analysis using the LCGreens PLUS

DNA binding dye (Idaho Technology) was performed on an ABI
thermocycler in a 10 ml reaction volume that included 10–20 ng of
genomic DNA, 0.25 mM of each primer, 200 mM of each dNTP,
2mM Mg21, 10!PCR Buffer, 0.2 units of Hot Star Taq
polymerase (QIAGEN pty Ltd, Wein, Australia) and 1!
LCGreens PLUS DNA binding dye (Idaho Technology). PCR
cycling conditions were as outlined by Idaho Technology: an
initial denaturation at 951C, followed by 45 cycles of 941C for
30 sec and annealing for 30 sec (annealing temperatures shown in
Supp. Table S1), followed by one cycle of 941C for 30 sec and 251C
for 30 sec for heteroduplex formation. A 20 ml PCR using HRM
Master Dye (Roche) was performed on the LightCyclers 480 and
included approximately 10 ng of genomic DNA, 4 mM of each
primer, 3mM MgCl2 and 10 ml of 1! HRM Master dye, which
includes reaction buffer, dNTP mix, FastStart Taq DNA
polymerase and HRM Dye. GC-RICH solution (Roche) was
added in an attempt to enhance the amplification of the GC-rich
fragments by changing the melting behavior of the DNA. PCR
cycling conditions were as outlined by Roche: an initial
denaturation at 951C, followed by 50 cycles of 951C for 15 sec,
annealing for 20 sec (annealing temperatures shown in Supp. Table
S1), followed by an extension at 721C for 30 sec. Following
amplification, products were ramped for 1min each at 951C and
451C to achieve heteroduplex formation.
The PCR products were ramped through a temperature range as

outlined in Supp. Table S1, using either the 96-well formatted
LightScanners System (Idaho Technology) or the 384-well
formatted LightCyclers 480 (Roche), to generate melt profiles
from a change in fluorescence intensity that occurs when the
product is heated. Melting data was normalized, temperature
shifted, and displayed as derivative curves compared to the known
wild-type samples [Dobrowolski et al., 2003, 2005; McKinney et al.,
2004]. The ‘‘auto-group’’ function and the default sensitivity setting
of the LightScannersSystem Call-ITs software was applied to
generate automatic genotype groups for five amplicons within the
SERPINA1, CXCR7, MBL, and VDR genes. This ‘‘auto-group’’

function analyses the melt profiles, including melting temperature
shifts and differences in the melt curve shape of each of the samples.
The software uses this information to cluster samples into groups
with similar melting profiles. The stringency of the auto-group
function can be manipulated by either increasing or decreasing the
sensitivity level on the software. Genotype grouping for the
remaining five amplicons within NPY, NKX3A, TP53, and HRAS,
run on the LightCyclers 480, was achieved using the default
sensitivity value of 0.3 on the LightCyclers 480 Basic software.

Sanger Sequencing and Variant Confirmation

For each of the prescreening techniques described, DNA sequen-
cing is required to determine the precise characteristics of variants
detected. In this study, all aberrant DGGE banding patterns were
sequenced using the Big Dyes Termination version 3.1 kit (ABI) and
non-GC-clamped primers on an ABI Prisms 3100 genetic analyzer,
for sequence identification and/or verification. The DNA sequence
was therefore known for all samples tested using HRM analysis.

Results

In our laboratory, we have found DGGE to be a highly reliable
method for mutation detection as well as low-throughput
genotyping. The purpose of this study was to assess the ability
of HRM curve analysis to detect variants previously identified
using DGGE. Variants to be assessed were selected due to either
the degree of complexity of the fragment within which they lay
and/or the presence of multiple variants in close proximity.
Specifically, the LightScanners System (Idaho Technoloy) was
assessed for detection of multiple variants and variants in alternate
orientations, while the LightCyclers 480 (Roche) was assessed for
variant detection in GC-rich fragments. The two systems will
therefore be discussed separately.

Assessment of LightScanners System (Idaho Technoloy)

Detecting multiple variants

Multiple DNA variants within three fragments from three genes,
SERPINA1, CXCR7, and MBL, were identified using DGGE and
further assessed using HRM curve analysis. LCGreens PLUS and
the LightScanners System were used to determine the reliability
of this method for detection of multiple variants. All variants
discussed in this study were described using the HGVS
nomenclature system (http://www.hgvs.org/mutnomen/). Nucleo-
tide numbering was based on cDNA sequence with 11 as the A of
the ATG initiation codon for the relevant reference sequence;
dbSNP accession numbers were provided when available.

Screening the intron 1 region of SERPINA1 using DGGE
(45%–80% UF gradient) identified 12 easily distinguishable
DGGE banding patterns (Fig. 1A). Direct sequencing revealed
12 different combinations of four single nucleotide polymorph-
isms (SNPs), c."5120C4T (rs1243160C4T), c."5124A4G
(rs2854254A4G), c."5145G4T (rs6575424G4T), and a novel
SNP c."5171G4A. Although HRM curve analysis using the
LCGreens PLUS chemistry (Idaho Technology) successfully
identified all samples that were not wild type, only one of the
single heterozygous combinations (c."5124A4G; orange curve)
was distinguished, whereas the remaining 10 combinations
detected on DGGE were clustered into one of two groups
displayed as red and blue curves (Fig. 1B).
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The region of CXCR7 spanning exon 2, was screened using
DGGE on a 45%–70% UF gradient, identifying six alternative
genotype combinations (Supp. Fig. S1A). Sequencing revealed two
SNPs located 108 bases apart, c.688G4A (p.Val230Ile;
rs35095494G4A) and c.796C4T (p.5 ; rs1045879C4T). A 25%
gradient of denaturants, enabled differentiation of each of the
homozygous variants (lanes 2 and 3), as well as each of the
heterozygous combinations (lanes 4 to 6). HRM curve analysis
resulted in misclassification of the six genotype combinations into
three groups (Supp. Fig. S1B). Although samples containing the
double heterozygous combination (blue curve) were accurately
clustered, this method repeatedly combined the two single
heterozygous combinations (red curve), as well as the wild-type
and two homozygous mutant combinations (gray curve).
Exon 1 of MBL contains three commonly studied SNPs,

c.154C4T (p.Arg52Cys; rs5030737C4T), c.161G4A (p.Gly54Asp;
rs1800450G4A) and c.170G4A (p.Gly57Glu; rs1800451G4A),
located within a six-codon region. The close proximity of these
SNPs often makes them difficult to genotype. Using DGGE
(40%–70% UF gradient), nine genotype combinations were
detected (Fig. 2A), compared to six combinations detected using
HRM curve analysis (Fig. 2B). In this scenario, HRM accurately
distinguished the three independent SNPs (orange, green, and aqua
curves), but constantly failed to differentiate between the three
double heterozygous combinations (gray curves) and the homo-
zygous codon 54 and codon 57 mutants (blue curves). Of the 313
samples screened on DGGE, no individuals homozygous for codon
52 or heterozygous for all three codons were detected.

Detecting cis and trans variant orientation

Recombination events may result in mutations occurring in
alternate orientations. The SERPINA1 exon 3 amplicon was found
to contain two SNPs, c.710T4C (p.Val237Ala; rs6647T4A) and
c.840T4C (p.5 ; rs1049800T4A), occurring in both cis and trans
orientation. These alternate orientations were represented on
DGGE (45%–65% UF gradient) as two easily distinguishable gel-
banding patterns (lanes 4 and 5; Fig. 3A). As direct Sanger
sequencing is not allele specific, variant orientation was deter-

mined by gel extraction and sequencing of the DGGE homo-
duplex bands. In this scenario, HRM curve analysis (Fig. 3B) was
successful in distinguishing variant specific heterozygosity (red
and green curves) and also importantly, the two alternate cis
(orange curve) and trans (aqua curve) orientations.

In a second example, two VDR SNPs c.2T4C (p.Met1?;
rs10735810T4A) and c.14618C4T (rs10783218C4T), were
detected in both cis (lane 1) and trans (lane 2) orientation using
DGGE (Supp. Fig. S2A). HRM curve analysis (Supp. Fig. S2B),
however, was unable to differentiate these alternate orientations
(red curves).

Assessment of LightCyclers 480 (Roche)

Detecting variants in GC-rich fragments

Sequence analysis in GC-rich regions has proven problematic
for almost all variant detection methods. We assessed the
capability of HRM curve analysis using the LightCyclers 480
(Roche), to detect variants identified using DGGE in five GC-rich
fragments of four genes, NKX3A, NPY, TP53, and HRAS,
including single and multiple variants.

Figure 1. Multiple variants identified in the intron 1 fragment of
SERPINA1 using DGGE (A) and the LightScanners System HRM curve
analysis (B). A: DGGE identified 12 combinations (lanes 1 to 12) of four
SNPs (c."5120C4T; c."5124A4G; c."5145G4T; c."5171G4A).
The common population-specific DNA sequence is underlined (lane 3)
and variants are bolded. The number of heterozygous variants present
ranging from one (lanes 4, 5, and 6), two (lanes 7, 8, 9, and 11), three
(lane 12) and four (lane 10) is indicated by the heteroduplex bands
melting early in the gel as the number of mismatches increases. B:
HRM differentiated the common genotype (gray curve) and one
sample homozygous for the c."5145G4T variant and heterozygous
for c."5124A4G (DGGE lane 5, orange curve). The remaining 10
combinations clustered into one of two groups (blue and red curves).

Figure 2. Detection of three commonly studied MBL variants in
exon 2 (c.154C4T; c.161G4A; c.170G4A) using DGGE (A) and HRM
analysis on the LightScanners System (B). A: DGGE identified nine
genotype combinations including the wild-type reference sequence
(underlined), all three single heterozygous combinations (lanes 2 to 4),
all three double heterozygous combinations (lanes 5 to 7), as well as
homozygosity for c.161G4A (lane 8) and c.170G4A (lane 9). B: HRM
curve analysis differentiated the wild-type (red curve) and each of the
single heterozygous combinations (aqua, orange, and green curves).
Samples homozygous for c.161G4A and c.170G4A variants clus-
tered together (dark blue curve) as well as each of the double
heterozygous combinations (gray curve).

Figure 3. Detection of alternate orientations of the SERPINA1
c.710T4C and c.840T4C variants using DGGE (A) and HRM analysis
on the LightScanners System (B). A: DGGE identified five genotype
combinations with the wild-type allele underlined (lane 1). Two distinct
DGGE banding patterns represent the trans (lane 4) and cis (lane 5)
orientations of the double heterozygous combinations. B: HRM curve
analysis successfully differentiated each of the five genotype
combinations identified by DGGE, including the double heterozygous
orientations (aqua and orange curves).
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DGGE was used to screen for a single polymorphic variant of
NKX3A, c.154C4T (p.Arg52Cys; rs2228013C4T), using a
60%–80% UF gradient and 7.5-hr electrophoresis at 150V (Fig.
4A). This region is classified as GC-rich containing 72.5% GC
nucleotides. Initial HRM curve analysis did not clearly distinguish
between wild-type and heterozygous genotypes with large replica-
tion error rates (Fig. 4B). Addition of GC-RICH solution (Fig. 4C),
however, did improve analysis such that the heterozygous genotypes
now formed a single cluster (red curve), whereas homozygous
mutant samples grouped with the wild-type (blue curves).
The detection of the rarer c.20T4C (p.Leu7Pro; rs16139T4C)

variant in a 66% GC-rich region of NPY was achieved using both
DGGE (Supp. Fig. S3A) and HRM curve analysis (Supp. Fig. S3C).
Optimal screening conditions for DGGE was obtained using a
60%–80% UF denaturing gradient in a 9%–12% polyacrylamide
gel run for 7.5 hr at 150V. Without GC-RICH solution (Supp.
Fig. S3B), HRM curve analysis of this fragment resulted in a single
wild-type sample failing to group with the remaining reference
samples (yellow curve). Addition of GC-RICH solution to the
PCR corrected this genotyping error (Supp. Fig. S3C). No
individuals homozygous for this variant were detected.

Detecting somatic variants in GC-rich fragments

Detecting mutations in DNA extracted from tumor material can
often be problematic. First, samples are often contaminated with
large amounts of normal tissue, diluting the total amount of
somatic variation present in the amplicon. Further complicating
detection, using a number of presequencing technologies, such as
HRM, is a loss of heterozygosity (LOH), which will result in the
variation being present as hemizygous. In this study we assessed the

ability of HRM to detect somatic variations in DNA from bladder
cancer tissue or cancer cell lines in GC-rich fragments from two
commonly mutated cancer-related genes, TP53 and HRAS.

Three variants occurring in a 66% GC-rich fragment of exon 5
in TP53, were detected in five combinations using DGGE on a
40%–80% UF gradient, electrophoresed at 150V for 6 hr
(Fig. 5A). Variants included, a common SNP c.524G4A
(p.Arg175His; rs28934578G4A, lanes 3 and 4) and reported
TP53 mutations c.469G4T (p.Val157Phe, lane 2) and c.536A4G
(p.His179Arg, lane 5). The two variants c.469G4T (lane 2) and
c.524G4A (lane 3), which appear as homozygous on DGGE,
represent a hemizygous state due to LOH. HRM curve analysis
without GC-RICH solution grouped all homozygous and hemi-
zygous variants together (blue curves). Although the two
heterozygous variants (c.524G4A and c.536A4G) appear as
two distinct curves on the difference plot, both were classified as a
single group (red curves) using the standard sensitivity settings of
the data analysis software (Fig. 5B). These heterozygous curves
and the hemizygous c.469G4T variant were grouped separately
after increasing the sensitivity to 0.75 (data not shown). Addition
of GC-RICH solution (Fig. 5C) resulted in each of the
heterozygous variants being grouped separately (red and green
curves), whereas homozygous and hemizygous variants were
grouped together (blue curves).

A second TP53 fragment in exon 4, consisting of 65% GC
nucleotides, was screened for somatic variation using DGGE on a
40%–80% UF gradient at 150V for 7 hr (Supp. Fig. S4A). Analysis
of 25 samples resulted in six distinct banding patterns
as a result of four variants, c.215C4G (p.Pro72Arg;
rs1042522C4G), a G4T transversion c.313G4T (p.Gly105Cys),
a 1-bp deletion, c.211del (c.211delC) occurring at the first base of

Figure 5. Multiple variants identified in a 66% GC rich fragment in exon 5 of TP53 using DGGE (A) and HRM curve analysis on the Roche
LightCyclers 480 without (B) and with (C) GC-RICH solution. A: DGGE identified five combinations of three variants (c.469G4T; c.524G4A;
c.536A4G), including two hemizygous mutants for each c.469G4T (lane 2) and c.524G4A (lane 3) variants as well as samples heterozygous for
either c.524G4A (lane 4) or c.536A4G (lane 5). B: HRM curve analysis without GC-RICH solution did not differentiate between the two single
heterozygous variants (red curves) or between the wild-type and hemizygous combinations using the software’s default analysis settings. C:
Addition of GC-RICH solution resulted in the two single heterozygous variants being grouped separately.

Figure 4. Detection of a single variant c.154C4T in a 72.5% GC rich region of NKX3A using DGGE (A) and HRM curve analysis on the
LightCyclers 480 without (B) and with (C) GC-RICH solution. A: DGGE analysis of this fragment resulted in three distinct banding patterns
representing the wild-type (lane 1), heterozygous (lane 2) and homozygous mutant (lane 3) genotypes. B: Without GC-RICH solution, HRM
analysis resulted in three clusters, one consisting of a combination of wild-type and heterozygous samples (red curves). C: Addition of GC-RICH
solution to the HRM PCR eliminates this third cluster such that two groups are formed, wild-type and homozygous mutant (blue curves) and
heterozygous samples (red curves).
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codon 71 (p.Pro71fs) and a novel 26 bp deletion, c.261_286del
(c.261_286delAGCCCCCTCCTGGCCCCTGTCATCTT) extend-
ing from the last base of codon 87 to the first base of codon 96
(p.Pro87fs). HRM curve analysis of this amplicon was not
optimal, as the fragment appeared to contain two melting
transitions clearly evident on the normalized melt curves (data
not shown) and on the difference plots (Supp. Fig. S4B and S4C).
Optimal placement of the GC-rich clamp during DGGE primer
design allows for a single melting domain and thus optimal
mutation detection across the entire amplicon. Without GC-
RICH solution (Supp. Fig. S4B), each of the two samples
containing a deletion were individually grouped (red and pink
curves), as was the double heterozygous sample (green curve). The
two single heterozygous combinations clustered with the reference
curve. In this scenario, GC-RICH solution failed to improve HRM
analysis for this amplicon (Supp. Fig. S4C).
A region in exon 2 of HRAS, containing 65% GC content, and

covering the hotspot oncogenic region, was screened on DGGE
using a 45%–75% UF gradient, electrophoresed for 7 hr at 150V
(Supp. Fig. S5A). Seven distinct banding patterns were observed
for 14 samples as a result of four variants. These included
c.81T4C (p.5 ; rs12628T4A, lane 5), a C4Tsubstitution 50 of the
translation start site, c."10C4T (lane 7) and two oncogenic
mutations occurring at a single nucleotide position in codon 12,
c.35G4A (p.Gly12Asp, lane 2) and c.35G4T (p.Gly12Val, lane 3).
Hemizygous mutations due to LOH, were detected for variants
c.35G4T (lane 4) and c.81T4C (lane 6). Using HRM curve
analysis without GC-RICH solution (Supp. Fig. S5B), c."10C4T
and c.35G4T heterozygous variants were grouped (red curves),
heterozygous variants c.81T4C and c.35G4A clustered with the
wild-type (blue curves), and hemizygous variants c.35G4T and
c.81T4C grouped together (green curves). The addition of GC-
RICH solution did not improve the distinction of variants within
this fragment (Supp. Fig. S5C).

Discussion

The purpose of this study is not a direct comparison of
the DGGE and HRM methods, but rather to assess the capability
of the HRM method to detect multiple, often complex,
combinations of DNA variants occurring in single amplicons
previously detected using DGGE. Both HRM and DGGE methods
are based on DNA melt profiling. Therefore, we aimed to
determine (if any) potential advantages and/or limitations of the
HRM method of particular note for clinical laboratories planning
to adopt this new technique. Several studies have reported on the
high sensitivity, ease of data interpretation, and the low cost
associated with using DGGE for detecting DNA sequence
variation [Hayes, 2003; Macek et al., 1997; Petersen et al., 2002;
van der Hout et al., 2006]. Depending on the enzyme used for
amplification, the cost of reagents to perform DGGE screening is a
half to three-quarter that required for HRM using these platforms
and dyes. Despite these advantages, DGGE and other gel-based
methods are gradually and unavoidably being replaced by more
high-throughput methods such as HRM curve analysis, requiring
less technical expertise and hands-on time, as well as excluding
hazardous substances required such as polyacrylamide, forma-
mide, and TEMED used in DGGE. These new methods, however,
require extensive and comprehensive validation before replacing
current diagnostic techniques.
Many of the DNA variants within gene regions assessed in this

study have the potential to influence susceptibility and/or
progression of disease [Aoki et al., 2005; Cicek et al., 2006; Hayes

and Gardiner-Garden, 2003; Petitjean et al., 2007; Rodriguez
Ortner et al., 2006; Skibola et al., 2005; Wang et al., 2008], and
therefore their detection may have clinical relevance. Although
HRM curve analysis has been tested and shown to be successful in
a number of research laboratories for clinical use [Chou et al.,
2005; Dobrowolski et al., 2005, 2007a, 2007b; Grievink and
Stowell, 2008; Kennerson et al., 2007; Krypuy et al., 2006; Lonie
et al., 2006; Margraf et al., 2006; Poláková et al., 2008; Seipp et al.,
2008; Smith et al., 2008; Willmore-Payne et al., 2006], we wanted
to assess this method for detecting multiple sequence variants, as
well as single and multiple variants (including both constitutional
and somatic), within GC-rich fragments, as it would be applied in
a diagnostic setting, with minimal expertise and time to
manipulate assay design. This was achieved by screening five
fragments for 13 variants in a total of 35 different combinations
using the LightScanners System and LC Greens PLUS DNA
binding dye (Idaho Technology) as well as screening five GC-rich
(Z65%) fragments for 12 variants in 22 combinations using the
LightCyclers 480 and HRM Master dye (Roche).

In each of the scenarios tested, fragment sizes were no more than
353 bases in length (excluding GC-clamp for DGGE amplicons) and
each contained one to four variants between zero and 152 bp apart.
The variants were present in a variety of combinations, including cis
and trans orientation, as well as alleles at the same nucleotide
position and single or multiple bp deletions. Variants were
predominantly C4T or G4A transitions, the most common type
of genetic variation that occurs in the human genome [Rosenberg
et al., 2003]. Both DGGE and HRM curve analysis are genetic
screening methods based on amplicon melt temperature. One
limitation of such methods is that the Tm may not differ sufficiently
between two alleles to differentiate the variants, particularly for
neutral bp changes (e.g., A4T, T4A, or C4G, G4C) [von Ahsen
et al., 2001]. As the scenarios tested in this study were
predominantly of nonneutral changes (commonly C4T and
G4A transitions), this factor should not have influenced our results.

The ability to screen fragments containing more than one
variant is not only beneficial in terms of time and cost, but often
unavoidable when variants are closely located. Detection of
multiple variants using Idaho Technology’s LC Greens PLUS
DNA binding dye and the high-resolution melting instrument has
been reported previously, including three SNPs in six combina-
tions [Wittwer et al., 2003] and four SNPs in seven combinations
[Graham et al., 2005]. Our assessment of this technology to detect
multiple variants revealed important limitations. This was not
only apparent for the identification of known variants, such as
reported SNPs or known causative mutations assessed in
diagnostic laboratories, but also introduced the potential of either
missing or misclassifying novel sequence variants.

For the unique application of differentiating between variants in
cis and trans orientation, HRM curve analysis was successful for one
(SERPINA1, exon 3) of the two fragments. Determining variant
orientation is particularly important in cases where functional
variants may have differing biological effects depending on their
orientation. As Sanger sequencing is unable to detect allele specific
orientation, both DGGE and HRM curve analysis show this added
advantage to using a presequencing technique. One must caution,
however, that HRM curve analysis did not differentiate between
alternate orientations in both scenarios tested for this study.

GC-rich regions have proven an obstacle for most genetic
screening methods, including Sanger sequencing, and particularly
those that use temperature shifts to detect sequence variation.
Previous reports have shown that DGGE run at optimised
conditions can be a highly sensitive tool for such fragments
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[Hayes et al., 1999; Lacerra et al., 2004; Wu et al., 1999], and is
therefore an appropriate platform for assessing new methods for
this application. One report, which discusses HRM curve analysis
of GC-rich fragments [Reed and Wittwer, 2004], suggests that GC
content has no effect on HRM curve analysis, and also that
biphasic melting curves may be easier to analyze than those with a
single melt domain. This report is in conflict with other studies
that suggest GC-rich regions and multiple melting domains
should be avoided for HRM curve analysis [Krypuy et al., 2007].
Using the LightCyclers 480 and HRM Master dye (Roche), our

results indicate that for single SNP analysis in GC-rich fragments,
including a 72.5% and 66% GC-rich region in NKX3A and NPY,
respectively, the addition of GC-RICH solution (Roche) to the
PCR may assist in correctly grouping samples on HRM curve
analysis. For GC-rich fragments that contain multiple variants, the
GC-RICH solution had varied effects, with only one (TP53, exon
5) of the three fragments tested showing improved results. We
would therefore recommend that fragments be tested with and
without GC-RICH solution during assay optimisation for HRM
curve analysis.
An additional concern highlighted in this study is the analysis

of somatic variants in tumor material. Many of these variants will
occur as a single allelic variant due to LOH of the second allele. It
is well established that both dHPLC and now HRM nongel-based
methods are not well suited for detection of homozygous variants,
and that spiking of samples is often the routine procedure.
Although spiking may dramatically improve mutation detection
rates, one must also caution that this will further dilute the
mutant allele concentration in the starting sample. A previous
study has demonstrated HRM analysis, able to detect as little as
5%–6% tumor cell line DNA in a background of wild-type DNA
[Krypuy et al., 2006]. These investigators also report that
sensitivity is likely influenced by the size and possibly the GC
content of the fragment being assessed.
There are several reasons for researchers to investigate more

recent methods such as HRM curve analysis for mutation
detection. HRM analysis is a prescreening method aimed at
improving the turn-around time, which together with the reduced
technical expertise required compared to gel-based methods such
as DGGE, makes this method an ideal diagnostic/clinical tool.
HRM allows for melt profiles of up to 96 or 384 PCR products to
be achieved in minutes, compared to at least 24 hr for most gel-
based methods. Although time and technical expertise are
important factors, there are several other aspects to consider
prior to embracing these newer technologies. One of the more
vital aspects to consider includes assay sensitivity. In this study, we
demonstrate multiple mutations, previously identified using the
highly sensitive DGGE method, being missed or misclassified
using HRM curve analysis. Additional considerations include the
recent observation that HRM analysis requires careful attention to
primer design, as mutation detection is easier when there is a
single melting domain [Krypuy et al., 2007], a concept highly
comparable to the DGGE method [Wu et al., 1999]. The large
amount of sequencing required using HRM curve analysis and
spiking due to lack of sensitivity to detect homozygous or
hemizygous mutations, must also be considered. The latter point
is particularly important, as more laboratories use this method for
genotyping of common DNA variants, thereby excluding addi-
tional sequencing. Together with a recent report of a higher failure
rate and incorrect allele allocation using HRM for genoptyping,
when compared to TaqMan allelic discrimination [Bass et al.,
2007], diagnostic laboratories should be cautious when adopting
this method of choice for this purpose. For detection of rare DNA

variants, it may be argued that HRM need not distinguish DNA
variants, but is rather a presequencing technique in the true sense
of the word and only needs to detect that a fragment requires
sequencing. This study emphasises the importance of this previous
statement, concluding that melt profiles should not be used for
variant classification without complementary sequence validation.
Caution should therefore be applied when assumptions are made
that the same melt profile equates to the same DNA sequence. An
approach only recommended for well-validated HRM genotyping
assays, and assuming that no other rare variants may occur within
the specific amplicon. In conclusion, laboratories intending to
embrace this new method should invest significant effort in
understanding its limitations and in assay optimisation, to achieve
its full potential without compromising on the high degree of
sensitivity required for diagnostic testing.
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