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Abstract

Transition of the double-stranded DNA molecule to its two single strands, DNA denaturation 
or melting, has been used for many years to study DNA structure and composition. Recent 
technological advances have improved the potential of this technology, especially
to detect variants in the DNA sequence. Sensitivity and specificity were increased 
significantly by the development of so-called saturating DNA dyes and by improvements 
in the instrumentation to measure the melting behavior (improved temperature precision 
combined with increased measurements per time unit and drop in temperature).
Melt analysis using these new instruments has been designated high-resolution melting 
curve analysis (HRM or HRMA). Based on its ease of use, simplicity, flexibility, low cost, 
nondestructive nature, superb sensitivity, and specificity, HRMA is quickly becoming the 
tool of choice to screen patients for pathogenic variants. Here we will briefly discuss the 
latest developments in HRMA and review in particular other applications that have thus far 
received less attention, including presequence screening, single nucleotide polymorphism 
(SNP) typing, methylation analysis, quantification (copy number variants and mosaicism), 
an alternative to gel-electrophoresis and clone characterization. Together, these diverse 
applications make HRMA a multipurpose technology and a standard tool that should be 
present in any laboratory studying nucleic acids. 

Key words
mutation detection; methodology; melt curve analysis; HRM; HRMA
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4

The Hardware

Several suppliers produce systems for high-resolution melting curve analysis (HRM 
or HRMA). Overall, these systems perform as can be expected but resolution may differ 
significantly [Herrmann et al., 2006, 2007]. The most sensitive system currently available 
is the HR-1 (Idaho Technology Inc., Salt Lake City, UT) generating fluorescence data from 
55–95oC at a temperature transition rate of 0.1oC/sec and 200 data points/oC. Some assays, 
for example, multiplex SNP-typing [Seipp et al., 2008], critically depend on this resolution. 
The HR-1 uses capillaries and can analyze only one sample at a time; other capillary systems 
analyze up to 32 samples. Microtiter plate systems are more popular, facilitating the 
analysis of 96 or 384 samples simultaneously. Another distinction is whether the system 
is used for HRMA only or whether it is a combined (real-time) polymerase chain reaction 
(PCR) and HRMA instrument. As nicely demonstrated by Rouleau et al. [2009], combined 
qPCR and HRMA instruments allow detection of both quantitative (deletion/duplication) 
and qualitative (nucleotide) changes in one assay. 

In most systems small well-to-well temperature differences exist that negatively influence 
sensitivity. To bypass this problem, Seipp et al. [2007] added control temperature calibration 
probes: one melting at low and one at high temperature. The analysis software can use 
the melt positions of these probes to compensate for temperature differences between 
wells, decreasing Tm  SD by 38% [Seipp et al., 2007] notably increasing sensitivity. Note that 
the software available on HRMA instruments is an important element determining the 
ultimate sensitivity achieved [Herrmann et al., 2007], and not all packages yet facilitate the 
use of temperature calibration probes. 

LC-Green was the first saturating dye available [Wittwer et al., 2003]; now there are many 
more, including LCGreens®+ (Idaho Technology Inc.), Syto9® (Invitrogen, Carlsbad, CA), 
EvaGreen® (Biotum) and LightCycler® 480 ResoLight Dye (Roche, Indianapolis, IN). Pricing 
of the dyes differs significantly; all have slightly different characteristics, and they often 
demand slightly different PCR buffers and conditions. 

Implementation of HRMA is quite straightforward. In the most simple setting, requiring 
no modifications of existing conditions, dye is added post-PCR directly prior to melting. 
This simple approach allowed us, for example, to immediately discriminate all possible 
apoE alleles (Fig. 1A). ApoE typing with other techniques is often problematic, mostly 
requiring typing of each allele separately. Ultimately, performing HRMA in a closed-tube 
assay by adding the dye pre-PCR is more attractive. For existing assays this demands 
modification of PCR conditions, usually increasing Mg2+ concentration 2–3 µM and the 
annealing temperature by 1–5°C will be sufficient. When Mg2+ addition raises the Tm above 
the maximum instrument temperature, additives like DMSO (10%) or betaine (0.5 M) can 

hoofdstuk 4.indd   85 10-12-12   9:51



Chapter 4  |  High-Resolution Melting Analysis

86

be added to lower the Tm. For difficult cases, a gradient PCR-cycler can be used to quickly 
determine the most optimal annealing temperature. 

HRMA demands no big changes in the laboratory and does not require specific skills; 
it is a simple PCR performed under slightly modified conditions and in the presence of a 
specific dye. The most expensive element is acquisition of the instrument. However, with 
€ 10; 000; 50; 000, depending on the system, even this compares favorably to some other 
technologies. Because HRMA, unlike many other techniques (e.g., SSCA, dHPLC, DGGE, or 
capillary electrophoresis), does not require post-PCR separation, significant cost savings 
are achieved. Furthermore, HRMA is a nondestructive method, and subsequent analysis by, 
for example, gel-electrophoresis or sequencing, can still be performed after melt analysis.

Figure 1: Sequence variant detection using HRMA. A: detection of all six possible ApoE-
alleles combinations; LC-Green+ was added post- PCR, before HRMA (the PCR contained 
10% DMSO). The ApoE 3/3 allele was set as standard (horizontal gray line). B–D: SNP typing 
using an unlabeled amino-blocked melt probe covering three independent variants in 
the first exon of the MBL2 gene (Roos et al., in preparation). B: overall derivative plot; C: 
enlargement of the low (melt probe) and D: high (PCR fragment) Tm peaks. Using the 
combined melt profiles all 10 possible alleles can be clearly discriminated.

A 

C 

B 

D 
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Applications

Mutation Detection
HRMA has been developed for the detection of DNA sequence variants and it was 

applied first for genotyping [Wittwer et al., 2003]. Simplicity, low cost, ease of use, and 
a high sensitivity/ specificity have been the most prominent features, making HRMA an 
attractive new tool for genotyping and application in diagnostic labs. In Supp. Table S1 we 
give a comprehensive list of all (human) gene-based assays we could find. HRMA systems
come with powerful software tools facilitating automated scoring that is very robust, 
although a quick manual check remains advisable. Using HRMA for mutation detection 
has been reviewed recently [Erali et al., 2008]; therefore, we will make general comments 
only. Furthermore, this issue of Human Mutation contains several papers describing 
application of HRMA for sequence variant detection, elegantly demonstrating its current
state of the art (see also Supp. Table S1). 

Tindall et al. [2009] compared two instruments and fluorescent dyes in particular 
regarding the detection of combinations of DNA variants present in GC-rich fragments. 
They demonstrated the current limitations of HRMA and called for caution when using it 
as the sole method to make a clinical diagnosis. Nguyen-Dumont et al. [2009] showed the 
power of including a melt probe to improve identification of rare variants in combination 
with a known SNP as well as to dramatically reduce sequencing effort. Van Der Stoep et 
al. [2009] followed a similar approach designing a sequence variant screen covering the 
BRCA1 gene, including melt probes against known frequent SNPs. In the setting of the 
EuroGenTest consortium, the authors went through the effort to perform an elaborate 
interlaboratory evaluation and validation of HRMA and generated guidelines for setting 
up and implementing it as a scanning technique for new genes. In a blind study on 28 
patient samples the protocol resulted in a 100% detection sensitivity at a specificity of 
98%, indicating a low incidence of false positives. Rouleau et al. [2009] used the possibility 
provided by some instruments to perform quantitative PCR and HRMA in one instrument 
to scan for both quantitative (deletions/duplications) and qualitative nucleotide changes 
in one assay. Finally, Dobrowolski et al. [2009] described the use of HRMA to scan the 
entire 16.6 kb human mitochondrial genome (mtDNA) for sequence variants in less then 
2 hr. Identification of mtDNA variants is complicated, as many are heteroplasmic, with the 
variant allele present at highly variable percentages. The fact that the authors successfully 
identified variants present at levels ranging from 1–100% heteroplasmy nicely shows the 
sensitivity of the assay as well as the power of HRMA to detect quantitative changes (see 
Quantification).

Although HRMA of fragments up to 600 bp and more has been reported, our experience 

4
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is that the technology is more sensitive for smaller fragments. For fragment screening, 
fragments of 150–250 bp are used, that is, in general, one fragment per exon. When assays 
are designed to type specific variants (SNP typing) we target fragment sizies of 80–100 
bp. We find it critical for high sensitivity that the melt profile contains not more then 
one to two melt domains. When fragments contain more melt domains chances increase 
that not all variants are detected. Today the design of new assays is simplified by the 
availability of powerful design programs, often delivered together with the instrument.

In early HRMA experiments we have seen that a second and sometimes even a third 
melt of the PCR products may improve results. Similarly, especially when the concentration 
of the DNA fragments to analyze differ considerably, results can be improved by adding 1 
µl high salt buffer (1.0M KCL, 0.5M Tris-HCl [pH58.0]) followed by a new melt (Fig. 2). Salt 
addition may increase resolution and improve clustering, but success of the method is 
unpredictable and depending on the samples, fragments, and variants analyzed

 When a few simple rules are taken into account (i.e., avoid long fragments and multiple 
melt domains), designing a HRMA screen for a gene is rather straightforward. We have 
successfully designed assays to screen a range of genes of which the DMD gene with  90
fragments covering 79 exons was the largest (Al-Momani et al., in press). As Nguyen-
Dumont et al. [2009] and Van Der Stoep et al. [2009] show, it is time and cost saving to 
include unlabeled melt probes to positively identify known nonpathogenic variants. This
prevents unnecessary sequencing of such fragments, while it at the same time safeguards 
against overlooking other variants in the same fragment (see Presequence Screening).

It should be noted that the shape of an HRMA curve in itself is usually not sufficient 
to type a specific variant [Tindall et al., 2009]; to achieve this either a melt probe should 
be added or the fragment should be sequenced. The power of adding an unlabeled melt 
probe to discriminate specific variants or multiple alleles is astonishing. An example is 
shown in Figure 1B–D (Roos et al., in preparation). Using a melt probe containing the wild-
type sequence we were able to discriminate all 10 possible alleles deriving from a series of 
three closely spaced variants in the MBL2 gene. 

The cheapest block available to prevent extension during PCR of the melt probe is a 
30 phosphate. Unfortunately, this block is unstable, and after time undesired additional 
melt peaks may emerge. Other blocks are more stable but also more expensive. Zhou et 
al. [2008] elegantly solved this issue by using a so-called snapback primer, that is, a 50 
tailed primer including a loop region and a sequence complementary to its extension 
product, covering the variant to scan. A potentially weak point of HRMA is the detection 
of homozygous variants. Although recent developments have further improved resolution 
[Gundry et al., 2008], the difference for some variants (e.g., A–T to T–A changes) are so 
subtle that they can easily be missed. Especially when samples from different sources have 
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to be analyzed, sample-to-sample variation and thus experimental noise increases and 
subtle changes might go undetected. Therefore, in sequence variant scanning applications 
(clinical diagnostics) we consistently use sample mixing to generate hetero-duplexes. 
First, samples are melted to obtain a standard melt profile. Next, using the scheme shown 
(Fig. 3, designed for DMD, an X-linked disease), samples are mixed and then a second melt 
curve is generated. The simple mixing scheme results in two heteroduplexes for each 
sample (note that sample mixing can be easily automated). Homozygotes will result in 
two wells with heteroduplexes, greatly improving their detection. Heterozygotes will be 
detected from the standard premixing melt curves, although they will usually be obvious 
from the mixed samples as well (1:3 ratio, see Quantification). The scheme shown will only 
fail when samples with identical variants are mixed but this can be simply prevented by 
adding more controls or by mixing samples from unrelated individuals only. It should be 
noted that the scheme presented (Fig. 3) has the potential to discriminate hemizygous 
from true homozygous alleles as well. 

It should be noted that the sensitivity of HRMA to detect heterozygotes is much better 
than that of DNA sequencing (see Quantification). Consequently, when HRMA indicates 
the presence of a variant that cannot be confirmed using sequencing it might well be 
that this variant is present in a relatively low fraction of the sample (somatic mosaicism). 
Other techniques, for example, cloning1sequencing or single molecule dilution1PCR and 
HRMA, might be required to confirm these variants. 

Pressequence Screening 
Using HRMA for presequence screening, in particular for larger genes, may yield 

significant cost savings; Provaznikova et al. [2008] reported avoiding unnecessary 
sequencing of more than 85% for the MYH9 gene. In the example of the DMD gene, 
where 79 exons need to be analyzed (Al-Momani et al., in press), assuming bidirectional 
sequencing costs h10 per exon, screening a patient amounts to ~ €800. PCR per exon 
(€1) and HRMA (€0:10 dye) would cost ~ €90 per patient. Assuming 5 exons show a melt 
shift requiring verification by sequence analysis (including one pathogenicvariant, three 
nonpathogenic variants and a false positive) would add €50, making a total of €140. A cost 
saving of more then €650 per patient that can be further reduced when melt probes are 
included to confirm the presence of the most frequent nonpathogenic variants. In fact, 
based on these figures, HRMA prescreening of a five-exon gene is already cost-effective. 
In addition, to detect somatic changes or heteroplasmy [Dobrowolski et al., 2009], HRMA 
seems more sensitive then sequencing (see Quantification). 

4
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SNP typing
HRMA for SNP-typing can be very attractive. Assay design is cheap, simple, and fast. 

When in a specific region one or two PCRs covering a SNP are designed, at least one and 
usually both will give a good assay. To increase sensitivity, the fragment should preferably 

Figure 2: Effect of high-salt. A: HRMA analysis of a series of samples. B: The same samples 
as in A analyzed after addition of 1 ml 1.0MKCl/ 0.5M Tris-HCl (pH58.0) and remelting. 
Note the improved separation and sharpening of the three groups.

Figure 3: Generating heteroduplexes. To ensure the detection of all homozygous variants 
the scheme shown can be used. Wells 1–12 contain PCR products from different fragments 
(exons) amplified for each sample (patients A–F and wt5wild-type control). Row 8 is empty. 
After a first HRMA mixing starts with taking half of the sample from row 7 (wt, 5–10 ml 
of the PCR product) and transferring this to row 8. Subsequently, half the volume of from 
row 6 is transferred to row 7, half of row 5, to row 6, etc. Finally, the content of row 8 is 
transferred to row 1 and the fragments are melted again.
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be small (80–100 bp) and when a choice is available (e.g., in a haplotype block) one should 
select a G to A variant (predicted to give the largest melt shift) [Reed andWittwer, 2004]. 
Addition of an unlabeled melt probe [Nguyen-Dumont et al., 2009; Zhou et al., 2008] is 
recommended, giving a double check in the assay and improved scoring for homozygote 
variants. When ordered primers arrive, it should not take more then one or two PCRs to test 
amplification conditions and the assay is ready. Assay costs are then just PCR, and cost for 
assay design (an often largely underestimated factor) are negligible. Unless thousands of 
samples need to be typed, dye cost should compare favorably to assays including specific
labeled probes (e.g., TaqMan). HRMA sample throughput can be increased using robotic 
plate loading, available as an extension on some systems or by installing an additional 
loader. 
Based on the positive results described above one wonders whether variable number 

Figure 4: CA repeat analysis using HRMA. Six different DNA samples were analyzed in 
duplicate, all heterozygotes. Top panel: normalized temperature shifted melting curves. 
Bottom panel: derivative plot. Allele lengths were 1=18/21, 2=17/21, 3=14/17, 4=14/18, 5=15/21, 
6=14/21.

4
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tandum repeats (VNTRs), especially CA repeats, could be typed using HRMA (Fig. 4). 
Although in the example shown all curves can be clearly discriminated, we found that 
all possible allele combinations are so many that heterozygous CA repeat typing cannot 
be performed with certainty. It is possible though in small families to detect differences 
between family members and to use HRMA to study loss of heterozygosity (LOH) in 
heterozygous samples. As indicated by the experiments of Intemann et al. [2009], it can 
be speculated that addition of a melt probe spanning the smallest and/or largest allele 
might increase resolution further. 
A weak point of HRMA is that it cannot easily be applied in multiplex mode, that is, to type 
variants in several different fragments at the same time. Theoretically, multiplexing can 
be achieved by exploiting color differences, temperature differences, or both. Seipp et al. 
[2008] used the simplest approach, that is,
Tm-differences to successfully design a quadruplex genotyping assay. However, such 
design is time consuming and its success critically depends on high sample DNA quality 
and the sensitivity of the HRMA system used. 

Methylation 
Lately, genomic studies frequently involve the analysis of epigenetic marks, especially 

methylation at CpG dinucleotides in relation to gene expression, imprinting, and cancer 
(Ehrich et al., 2006). A critical step in these procedures is bisufite treatment of the genomic 
DNA, changing unmethylated C nucleotides (but not methylated Cs) to Us. HRMA can be 
used in such studies in two stages. First, success of the bisulfite treatment can be checked 
by PCR of a control genomic segment devoid of methylated CpGs and comparison of its 
melt profile with that of a 100% converted fragment (cloned) and an untreated sample. 
The closer the melt profile resembles that of the 100% converted fragment, the better the 
bisulfite treatment worked [Worm et al., 2001]. Second, HRMA can be used to determine 
the percentage of C to U conversion, either directly, in combination with a melt probe 
[Maat et al., 2007], or after cloning (see Clone Characterization). 

Quantification—Mosaicism and Copy Number Variant (CNV) Confirmation
Depending on the melt shift obtained, HRMA can also be used for quantitative 

analysis; the larger the shift, the smaller the quantitative differences that can be detected. 
To quantify the fraction of variant molecules frequently used technologies are dideoxy 
sequencing (resolution limit down to 20–30%) and pyro-sequencing (down to 1–10%). 
Although powerful, pyro-sequencing is laborintensive, costly, and demands specific 
equipment. We have successfully applied HRMA for the quantification of different alleles 
[Aten et al., 2009; Bruder et al., 2008], and shown that detection in steps of 12.5% (1 in 8) 
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is usually possible [Aten et al., 2009]. Application for the detection of the level of somatic 
mosaicism in colon cancer is shown in Figure 5. Using a dilution series as a ruler we could 
readily determine the level of somatic mosaicism in three patients suspected to carry a 
specific pathogenic variant down to a level of 5–10%. The data obtained matched perfectly 
with those obtained using pyro-sequencing [Hes et al., 2008], yet the assay was less 
expensive and simpler to perform. It should be noted that when melt probes are included 
resolution can be improved to below 5%. Other qHRMA applications are the determination 
of differences in allelic expression, based on the presence of a variant in the mRNA and 
the detection of heteroplasmy in mtDNA [Dobrowolski et al., 2009]. 

Recently, we used the same approach to estimate the fraction of cells carrying a 
somatic deletion identified in one individual from an identical twin pair [Bruder et al., 

Figure 5: Quantification using HRMA. A: Dilution series for a pathogenic A4G variant in 
APC exon 8. B: Superposition of the HRMA profiles from three mosaic samples (S1–S3) and 
the estimation of the level of somatic mosaicism. Pyro-sequencing of the samples gave 
estimates of 30, 19, and 7%, respectively.

A 

B 
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2008]. The approach can also be used to confirm CNVs (both deletions and duplications) 
detected using whole genome SNP arrays while screening patients of diverse diseases for 
genomic rearrangements. Depending on the setting, techniques like FISH, MAPH [Armour 
et al., 2000], MLPA
[Schouten et al., 2002], MAQ [Suls et al., 2006], and qPCR can be applied to confirm the 
array findings. However these techniques are either costly or demand considerable time 
to develop. For confirmation with HRMA one can use any SNP from the suspected region. 
Samples homozygous for the two opposite alleles (AA and BB) of these SNPs are used to 
generate a reference ruler as well as a 1:1 mix with the sample potentially carrying the 
rearrangement. Assume the test sample carries the A allele and is either A0 or AA. When 
mixed 1:1 with a homozygous BB sample the deletion is confirmed when the melt profile 
comigrates with the 1:2 AA:BB sample mix (A0BB). The deletion is absent when the melt 
profile comigrates with the 1:1 AA:BB sample mix (AABB). A duplication will be confirmed 
when the 1:1 mix with a homozygous BB sample comigrates with the 3:2 AA:BB sample 
mix (AAABB).

Alternative for Gel Electrophoresis
The current standard to check the result of a PCR or digestion is analysis of the 

product using agarose gel electrophoresis and ethidium–bromide staining. Identity of the 
fragment is characterized by its length, purity by the absence of other fragments, and 
yield by the strength of the fluorescence of the band. HRMA is an attractive alternative; 
identity characterized by the melting profile, purity by the absence of distortions from 
the control melt curve (and absence of additional melt peaks), and yield by the amount of 
fluorescence signal (Fig. 6). The advantages of using HRMA are clear; one does not have 
to pour gels and use hazardous chemicals (ethidium–bromide), melting is faster then 
electrophoresis, and data analysis can be performed automatically. Furthermore, because 
it is a nondesctructive method, when HRMA would not give clear results fragments can 
still be analyzed on gel. In our laboratory HRMA is quickly replacing gel electrophoresis
for the characterization of PCR products. Dye is added post- PCR (1 µl LC-Green1[10 stock] 
per 10 µl sample), sample is 5 min incubated at 95°C, cooled down to room temperature, 
and melted. Figure 5A shows an example where five different fragments were analyzed, 
all clearly discernable by their individual melt behavior. Primer–dimer formation would 
be recognized by the presence of a melt peak at low Tm . Out et al. (manuscript submitted) 
used HRMA instead of gel electrophoresis to check amplification as well as to determine 
long-range PCR yield guiding equimolar pooling before sequencing of the MUTYH gene. 
The authors could successfully show detection of nearly all variants in the expected 
frequencies down to 0.5% (1/200 chromosomes). 

4
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Clone Characterization
Several studies generate large series of clones that need to be sequenced to determine 

their identity. These include in vitro mutagenesis experiments, methylation studies, cDNA 
cloning to determine levels of differential splicing and/or allelic expression, and phage 
display selections. HRMA provides an attractive tool to prescreen the clones to detect 
those that share the same insert and those that differ, generating considerable savings 
for subsequent sequencing. An example is shown in Figure 6C, showing the result of a 
second round phage display selection. The experiment resulted in several groups of clones 
with identical melt curves, indicating that the experiment was successful in positively 
selecting several different phage display clones. Subsequent sequencing of representative 
clones per group confirmed the HRMA results; sequence differences between groups 
and sequence identity within groups [Pepers et al., 2009]. Previously, clone inserts were 
fingerprinted using restriction digestion and gel electrophoresis, a less sensitive and 
much more laborious method [Verheesen et al., 2006].

Conclusion 

The advantageous characteristics of HRMA make it a technology that quickly attracts 
a range of new users. Its ease of use, simplicity, flexibility, low cost, nondestructive nature, 
superb sensitivity, and specificity, make HRMA the method of choice to screen patients 
for pathogenic variants. As reviewed above, HRMA has several attractive additional 
applications, making it a versatile multipurpose analytical tool to analyze nucleic acids 
in general. Because HRMA is still a rather young technology, one can only expect exciting 
further developments. The company Fluidigm markets a nanoliter qPCR system [Spurgeon 
et al., 2008], today facilitating the analysis of 96 samples 96 PCR assays (i.e., 9,216 assays 
simultaneously); imagine the power of such a system when it would facilitate HRMA.

Acknowledgements

We gratefully acknowledge our colleagues from Human & Clinical Genetics (LUMC, 
Leiden) who allowed us to discuss their unpublished results using HRMA, in particular, 
Astrid Out, Rowida Al Momani, Willeke van Roon- Mom, Elsa Bik, and Nienke van der Stoep.

hoofdstuk 4.indd   96 10-12-12   9:51



References

97

Al Momani R, Van Der Stoep N, Bakker E, Den Dunnen JT, Breuning MH, Ginjaar HB. 2009. Rapid and 
cost effective detection of small mutations in the DMD gene by high resolution melting curve 
analysis. Neuromuscul Disord (in press).

Armour JA, Sismani C, Patsalis PC, Cross G. 2000. Measurement of locus copy number by 
hybridisation with amplifiable probes. Nucleic Acids Res 28:605–609. 

Aten E, White SJ, Kalf ME, Vossen RHAM, Thygesen HH, Kriek M, Breuning MH, Den Dunnen JT. 2008. 
Methods to detect CNVs in the human genome. Cytogenet Genome Res 123:313–321.

Bruder CE, Piotrowski A, Gijsbers AA, Andersson R, Erickson S, de Stahl TD, Menzel U, Sandgren J, 
von Tell D, Poplawski A, Crowley M, Crasto C, Partridge EC, Tiwari H, Allison DB, Komorowski J, 
Van Ommen GJB, Boomsma DI, Pedersen NL, Den Dunnen JT, Wirdefeldt K, Dumanski JP. 2008. 
Phenotypically concordant and discordant monozygotic twins display different DNA copy-
number-variation profiles. Am J Hum Genet 82:763–771.

Dobrowolski S, Gray J, Miller T, Sears M. 2009. Identifying sequence variants in the 
human mitochondrial genome using high-resolution melt (HRM) profiling. Hum Mutat 30:891–
898.

Ehrich M, Field JK, Liloglou T, Xinarianos G, Oeth P, Nelson MR, Cantor CR, van den Boom D. 2006. 
Cytosine methylation profiles as a molecular marker in non-small cell lung cancer. Cancer Res 
66:10911–10918.

Erali M, Palais R, Wittwer C. 2008. SNP genotyping by unlabeled probe melting analysis. Methods 
Mol Biol 429:199–206. 

Gundry CN, Dobrowolski SF, Martin YR, Robbins TC, Nay LM, Boyd N, Coyne T, Wall MD, Wittwer 
CT, Teng DH. 2008. Base-pair neutral homozygotes can be discriminated by calibrated high-
resolution melting of small amplicons. Nucleic Acids Res 36:3401–3408.

Herrmann MG, Durtschi JD, Bromley LK, Wittwer CT, Voelkerding KV. 2006. Amplicon DNA melting 
analysis for mutation scanning and genotyping: crossplatform comparison of instruments and 
dyes. Clin Chem 52:494–503. 

Herrmann MG, Durtschi JD, Wittwer CT, Voelkerding KV. 2007. Expanded instrument comparison of 
amplicon DNA melting analysis for mutation scanning and genotyping. Clin Chem 53:1544–1548. 

Hes FJ, Nielsen M, Bik EC, Konvalinka D, Wijnen JT, Bakker E, Vasen HF, Breuning MH, 
Tops CM. 2008. Somatic APC mosaicism: an underestimated cause of polyposis coli.  
Gut 57:71–76. 

Intemann CD, Thye T, Sievertsen J, Owusu-Dabo E, Horstmann RD, Meyer CG. 2009. 
Genotyping of IRGM tetranucleotide promoter oligorepeats by fluorescence 
resonance energy transfer. Biotechniques 46:58–60. 

4

hoofdstuk 4.indd   97 10-12-12   9:51



References

98

Maat W, van der Velden PA, Out-Luiting C, Plug M, Dirks-Mulder A, Jager MJ, Gruis NA. 2007. 
Epigenetic inactivation of RASSF1a in uveal melanoma. Invest Ophthalmol Vis Sci 48:486–490.

Nguyen-Dumont T, Le Calvez-Kelm F, Forey N, McKay-Chopin S, Garritano S, Gioia-Patricola L, De Silva 
D, Weigel R, Breast Cancer Family Registries (BCFR), Kathleen Cuningham Foundation Consortium 
for research into Familial Breast cancer (kConFab), Sangrajrang S, Lesueur F, Tavtigian SV. 2009. 
Description and validation of high-throughput simultaneous genotyping and mutation scanning 
by high-resolution melting curve analysis. Hum Mutat 30:884–890.

Pepers BA, Schut MH, Vossen RHAM, Van Ommen GJB, Den Dunnen JT, Van Roon- Mom WMC. 
2009. Cost-effective HRMA pre-sequence typing of clone libraries: application to phage display 
selection. BMC Biotechnology, in press.

Provaznikova D, Kumstyrova T, Kotlin R, Salaj P, Matoska V, Hrachovinova I, Rittich S. 2008. High-
resolution melting analysis for detection of MYH9  mutations. Platelets 19:471–475.

Reed GH, Wittwer CT. 2004. Sensitivity and specificity of single-nucleotide polymorphism scanning 
by high-resolution melting analysis. Clin Chem 50:1748–1754.

Rouleau E, Lefol C, Bourdon V, Coulet F, Noguchi T, Soubrier F, Bieche I, Olschwang S, Sobol H, Lidereau 
R. 2009. Quantitative PCR high-resolution melting (qPCR–HRM) curve analysis, a new approach to 
simultaneously screen point mutations and large rearrangements: application to MLH1 germline 
mutations in Lynch Syndrome. Hum Mutat 30:867–875.

Schouten JP, McElgunn CJ, Waaijer R, Zwijnenburg D, Diepvens F, Pals G. 2002. Relative quantification 
of 40 nucleic acid sequences by multiplex ligationdependent probe amplification. Nucleic Acids 
Res 30:e57.

Seipp MT, Durtschi JD, Liew MA, Williams J, Damjanovich K, Pont-Kingdon G, Lyon E, Voelkerding KV, 
Wittwer CT. 2007. Unlabeled oligonucleotides as internal temperature controls for genotyping by 
amplicon melting. J Mol Diagn 9:284–289.

Seipp MT, Pattison D, Durtschi JD, Jama M, Voelkerding KV, Wittwer CT. 2008. Quadruplex genotyping 
of F5, F2, and MTHFR variants in a single closed tube by high-resolution amplicon melting. Clin 
Chem 54:108–115. 

Spurgeon SL, Jones RC, Ramakrishnan R. 2008. High throughput gene expression 
measurement with real time PCR in a microfluidic dynamic array. PLoS ONE 
3:e1662.

Suls A, Claeys KG, Goossens D, Harding B, Van Luijk R, Scheers S, Deprez L, Audenaert D, Van Dyck T, 
Beeckmans S, Smouts I, Ceulemans B, Lagae L, Buyse G, Barisic N, Misson JP, Wauters J, Del Favero J, 
De Jonghe P, Claes LR. 2006. Microdeletions involving the SCN1A gene may be common in SCN1A-
mutation-negative SMEI patients. Hum Mutat 27:914–920.

Tindall EA, Petersen DC, Woodbridge P, Schipany K, Hayes VM. 2009. Assessing high-resolution melt 
curve analysis for accurate detection of gene variants in complex DNA fragments. Hum Mutat 
30:876–883.

hoofdstuk 4.indd   98 10-12-12   9:51



References

99

van der Stoep N, van Paridon CDM, Janssens T, Krenkova P, Stambergova A, Macek M, Matthijs 
G, Bakker E. 2009. Diagnostic guidelines for highresolution melting curve (HRM) analysis: an 
interlaboratory validation of BRCA1 mutation scanning using the 96-well LightScannerTM. Hum 
Mutat 30:889–909.

Verheesen P, Roussis A, de Haard HJ, Groot AJ, Stam JC, Den Dunnen JT, Frants RR, Verkleij AJ, Verrips 
CT, Van Der Maarel SM. 2006. Reliable and controllable antibody fragment selections from 
Camelid non-immune libraries for target validation. Biochim Biophys Acta 1764:1307–1319.

Worm J, Aggerholm A, Guldberg P. 2001. In-tube DNA methylation profiling by fluorescence melting 
curve analysis. Clin Chem 47:1183–1189.

Wittwer CT, Reed GH, Gundry CN, Vandersteen JG, Pryor RJ. 2003. High-resolution genotyping by 
amplicon melting analysis using LCGreen. Clin Chem

49:853–860.

Zhou L, Errigo RJ, Lu H, Poritz MA, Seipp MT, Wittwer CT. 2008. Snapback primer genotyping with 
saturating DNA dye and melting analysis. Clin Chem 54:1648–1656..

4

hoofdstuk 4.indd   99 10-12-12   9:51



Chapter 4  |  High-Resolution Melting Analysis

100

Supporting Information

Supp. Table S1: Published assays using high-resolution melting analysis (HRMA)

Gene 	 Assay 	 Reference
ABL1 	 variants 	 Polakova KM et al. 2008 Leuk Res 32:1236-1243
ACADM 	 gene 	 McKinney JT et al. 2004 Mol Genet Metab 82:112-120
ACVRL1 	 gene 	 Vandersteen JG et al. 2007, Clin Chem 53:1191-1198
AKT1 	 variants 	 Do H et al. 2008 BMC Res Notes 1:14
APOB 	 variants 	 Liyanage KE et al. 2008 Ann Clin Biochem 45:170-176
APOC2 	 gene 	 Chang YT et al. 2008 J Clin Gastroenterol 2008 Epub Nov 20
APOE 	 variants 	 Poulson MD & Wittwer CT 2007 Biotechniques 43:87-91
ARG1 	 gene 	 Mitchell S et al. 2009 Hum Mutat 30:56-60
ASL 	 gene 	 Mitchell S et al. 2009 Hum Mutat 30:56-60
ASS1 	 gene 	 Mitchell S et al. 2009 Hum Mutat 30:56-60
ATP7B 	 variants	 Zhao X et a. 2008 Zhonghua Yi Xue Yi Chuan Xue Za Zhi 25:515-519
BRAF 	 variants 	 Willmore-Payne C et al. 2005 Hum Pathol 36:486-493
BRCA1 	 gene	� Van Der Stoep et al. 2009 Hum Mutat 30 (this issue, e-pub 

pending)
BRCA1/2 	 variants	 Takano EA et al. 2008 BMC Cancer 8:59
	 gene	 De Leeneer K et al. 2008 Clin Chem 54:982-989
	 gene 	 de Juan I et al. 2008 Breast Cancer Res Treat. Jun 5 - E-pub ahead
CFTR 	 gene	 Montgomery J et al. 2007 Clin Chem 53:1891-1898
CPS1 	 gene 	 Mitchell S et al. 2009 Hum Mutat 30:56-60
CXCR7 	 variant 	 Tindall EA et al. 2009 Hum Mutat 30 (this issue, e-pub pending)
CYP2C9 	 variants	 Hill CE et al. 2006 Am J Clin Pathol 125:584-591
EGFR 	 variants	 Do H et al. 2008 BMC Cancer 8:142
	 variants	 Smith GD et al. 2008 J Clin Pathol. 61:4874-93
ENG 	 gene	 Vandersteen JG et al. 2007, Clin Chem 53:1191-1198
ERBB2 	 variants	 Willmore-Payne C et al. 2006 Mod Pathol 19:634-640
EXT1/2 	 gene	 Lonie L et al. 2006 Hum Mutat 27:1160
F2 	 variants	 Seipp MT et al. 2008 Clin Chem 54:108-115
F5 	 variants	 Seipp MT et al. 2008 Clin Chem 54:108-115
F8 	 gene	 Lin SY et al. 2008 BMC Med Genet 9:53
FGFR3 	 variants	 Hung CC et al. 2008 Clin Biochem 41:162-166
FLT3 	 variants	 Tan AY et al. 2008 J Hematol Oncol 1:10
GALT 	 variants	 Dobrowolski SF et al. 2003 J Mol Diagn 5:42-47
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GJB1 	 gene 	 Kennerson ML et al. 2007 Clin Chem 53:349-352
HBB 	 variants 	 Herrmann MG et al. 2000 Clin Chem 46:425-428
HRAS 	 variant 	 Tindall EA et al. 2009 Hum Mutat 30 (this issue, e-pub pending)
IGF1 	 gene 	 Palles C et al. 2008 Hum Mol Genet 17:1457-1464
IL10 	 variants 	 Tedde A et al. 2008 Scand J Gastroenterol 43:712-718
JAK2 	 variants 	 Rapado I et al. 2009 J Mol Diagn 11:155-161
KIT 	 variants 	 Holden JA et al. 2007 Am J Clin Pathol 128:230-238
KRAS 	 variants 	 Do H et al. 2008 BMC Cancer 8:142
	 variants 	 Krypuy M et al. 2006 BMC Cancer 6:295
LDLR 	 gene 	 Laurie AD et al. 2008 Clin Biochem Epub Dec 11
		  Vossen et al., Human Mutation 2
LPL 	 gene 	 Chang YT et al. 2008 J Clin Gastroenterol 2008 Epub Nov 20
LRRK2 	 variants 	 Tedde A et al. 2007 Cell Mol Neurobiol 27:877-881
MBL2 	 variants 	 Vossen RHAM et al. 2009 Hum Mutat 30 (this issue, e-pub
		  pending)
	 variant 	 Tindall EA et al. 2009 Hum Mutat 30 (this issue, e-pub pending)
MLH1 	 gene 	 Rouleau E et al. 2009 Hum Mutat 30 (this issue, e-pub pending)
MTHFR 	 variants 	 Sinthuwiwat T et al. 2008 Mol Cell Probes 22:329-332
MYH 	 gene 	 rovaznikova D et al. 2008 Platelets 19:471-475
NAGS 	 gene 	 Mitchell S et al. 2009 Hum Mutat 30:56-60
NF2 	 gene 	 Sestini R et al. 2008 Genet Test 12:311-318
NKX3-1 	 variant 	 Tindall EA et al. 2009 Hum Mutat 30 (this issue, e-pub pending)
NPM1 	 variants 	 Tan AY et al. 2008 J Hematol Oncol 1:10
NPY 	 variant 	 Tindall EA et al. 2009 Hum Mutat 30 (this issue, e-pub pending)
OTC 	 gene 	 Dobrowolski SF et al. 2007 Hum Mutat 28:1133-1140
PAH 	 gene 	 Dobrowolski SF et al. 2007 Mol Genet Metab 91:218-227
PDGFRA 	 variants 	 Holden JA et al. 2007 Am J Clin Pathol 128:230-238
PHEX 	 gene 	 Gaucher C et al. 2009 Hum Genet Feb 15
PIK3CA 	 variants 	 Simi L et al. 2008 Am J Clin Pathol 130:247-253
RASEF 	 gene 	 Maat W et al. 2008 Invest Ophthalmol Vis Sci 49:1291-1298
RET 	 (gene) 	 Margraf RL et al. 2006 Clin Chem 52:138-141
RUNX2 	 variants 	 Pal T et al. 2007 Clin Genet 71:589-591
RYR1 	 variants 	 Grievink H & Stowell KM 2008 Anal Biochem 374:396-404
SCN5A 	 gene 	 Millat G et al. 2008 Clin Biochem Epub Nov 6
SERPINA1	 variant 	 Tindall EA et al. 2009 Hum Mutat 30 (this issue, e-pub pending)
SLC22A5 	 gene 	 Dobrowolski SF et al. 2005 Hum Mutat 25:306-313
SLC25A13 	 gene 	 Mitchell S et al. 2009 Hum Mutat 30:56-60
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SLC25A15 	 gene 	 Mitchell S et al. 2009 Hum Mutat 30:56-60
SNRPN 	 variants 	 White HE et al. 2007 Clin Chem 53:1960-1962
TGM1 	 gene 	 Herman ML et al. 2008 Hum Mutat E-pub Dec 18
TP53 	 gene 	 Bastien R et al. 2008 Hum Mutat 29:757-764
	 gene	 Garritano S et al. 2009 BMC Genet 10:5
VDR 	 variant	 Tindall EA et al. 2009 Hum Mutat 30 (this issue, e-pub pending)
mtDNA	 genome	 Dobrowolski SF et al. 2009 Hum Mutat 30 (this issue, e-pub 		
		  pending)

Legend
Indicated are the gene (official HGNC gene symbol), whether the assay was designed to 
scan the entire gene or only specific variants, and the reference(s). When papers to both 
screen-specific variants and complete gene scans were published, we list only the latter.
A regularly updated table can be found at http://www.LGTC.nl/HRMA including links to 
the primer and melt probe sequences used (when known).
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