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Background: Screening for heterozygous sequence
changes in PCR products, also known as “mutation
scanning”, is an important tool for genetic research and
clinical applications. Conventional methods require a
separation step.
Methods: We evaluated the sensitivity and specificity of
homogeneous scanning, using a saturating DNA dye
and high-resolution melting. Heterozygous single-nu-
cleotide polymorphism (SNP) detection was studied in
three different sequence backgrounds of 40%, 50%, and
60% GC content. PCR products of 50–1000 bp were
generated in the presence of LCGreenTM I. After fluo-
rescence normalization and temperature overlay, melt-
ing curve shape was used to judge the presence or
absence of heterozygotes among 1632 cases.
Results: For PCR products of 300 bp or less, all 280
heterozygous and 296 wild-type cases were correctly
called without error. In 672 cases between 400 and 1000
bp with the mutation centered, the sensitivity and
specificity were 96.1% and 99.4%, respectively. When
the sequence background and product size with the
greatest error rate were used, the sensitivity of off-center
SNPs (384 cases) was 95.6% with a specificity of 99.4%.
Most false negatives occurred with SNPs that were
compared with an A or T wild type sequence.
Conclusions: High-resolution melting analysis with the
dye LCGreen I identifies heterozygous single-base
changes in PCR products with a sensitivity and speci-
ficity comparable or superior to nonhomogeneous tech-
niques. The error rate of scanning depends on the PCR
product size and the type of base change, but not on the
position of the SNP. The technique requires only PCR

reagents, the dye LCGreen I, and 1–2 min of closed-tube,
post-PCR analysis.
© 2004 American Association for Clinical Chemistry

Many genotyping methods are available, including
closed-tube methods that use probes to generate allele-
specific melting curves (1–3). These melting methods can
be used to detect any sequence alteration under the probe
and are more powerful than methods that detect only a
single allele (4 ). However, sequence variants outside of
the probe region are not detected. A closed-tube, homo-
geneous melting method that would detect any sequence
variant within a PCR product would provide a simple
screening method for sequence alterations.

Conventional mutation scanning methods require a
separation step and include single-strand conformational
polymorphism (SSCP) analysis (5 ), denaturing gradient
gel electrophoresis (6 ), heteroduplex analysis (7 ), dena-
turing HPLC (8 ), and temperature gradient capillary
electrophoresis (9 ). These methods require separation of
PCR products on a gel or other matrix, often take hours to
perform, and increase the risk of contamination in future
reactions because PCR products are exposed to the envi-
ronment.

Certain dyes that stain double-stranded DNA are com-
patible with PCR at high concentrations and allow closed-
tube detection of heteroduplexes (10 ). After PCR ampli-
fication of heterozygotes, four duplexes are formed: two
homoduplexes and two heteroduplexes. Each duplex has
a characteristic melting temperature, and the sum of all
transitions can be observed by melting curve analysis. The
presence of heteroduplexes changes the melting curve
shape of amplified heterozygotes compared with ho-
mozygotes. The changes are small but can be reliably
detected with high-resolution melting analysis. The tech-
nique has been applied to single-nucleotide polymor-
phism (SNP) typing (11 ), unlabeled probe genotyping (3 ),
HLA matching (12 ), and mutation scanning for the
MCAD (13) and c-kit (14 ) genes.

To estimate the sensitivity and specificity of high-
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resolution melting analysis for mutation scanning of het-
erozygous single-base changes, we used a previously
developed DNA “Toolbox” (7 ). The Toolbox allows sys-
tematic study of the effects of PCR product size, specific
base change, GC content, and position of the base change
within the PCR product.

Materials and Methods
dna toolbox
Plasmids from the DNA Toolbox were kindly provided
by Cambrex BioScience (Rockland, ME). The design and
use of the Toolbox have been published (7 ). Briefly, 800-
to 1000-bp regions in common cloning vectors with ap-
proximate GC contents of 40%, 50%, and 60% were
identified in M13, �, and pBR322, respectively. For each
vector, four possible nucleotides (A, C, G, or T) were
placed at one position by site-directed mutagenesis, giv-
ing 12 different constructs. Each construct was then
inserted into a pUC19 or pCR2.1 plasmid, and the se-
quence was verified. Theoretical stability simulations (6 )
of these regions centered at the variable site of each insert
are shown in Fig. 1. The concentration of each plasmid
was determined by absorbance at 260 nm (A260), assuming
an A260 of 1.0 is 50 mg/L.

primers
For products of �100, 200, 300, 400, 500, and 600 bp with
the variable site positioned near the middle, the previ-
ously reported primers were used (7 ). Additional primers
were also designed to amplify �50-bp products for M13
(5�-GCATTTGAGGGGGATTCAATGA-3�and5�-CAATA-
CTGCGGAATCGTCATAAATA-3�),�(5�-CTCTGCGGCT-
TTCTGTT-3� and 5�-AGTAAAAGCTCTTGGATTCCTG-
3�), and pBR322 (5�-CGGAATCTTGCACGCCCT-3� and
5�-GGTGGCGGGACCAGTG-3�); �700-bp products for

M13 (5�-GTTACATGGAATGAAACTTCCAG-3� and 5�-
ATTGTGAATTACCTTATGCGA-3�); �800-bp products
forM13 (5�-TCAAACTAAATCTACTCGTTCGC-3�and5�-
TGCCCTGACGAGAAACA-3�), � (5�-CACTGCATAAA-
CCATCGG-3� and 5�-CGTTACCGAATGGATGG-3�), and
pBR322 (5�-GTTTCGGCGTGGGTATGGT-3� and 5�-ATC-
CATGCCAACCCGTTCC-3�); and �1000-bp products
for M13 (5�-AATTGATGCCACCTTTTCA-3� and 5�-CCT-
TCATCAAGAGTAATCTTGAC-3�), all with the SNP ap-
proximately centered. The position of the sequence vari-
ation was studied by selecting two PCR primers at
different distances from the SNP site. Oligonucleotide
primers were synthesized by standard phosphoramidite
chemistry by our local core facility (University of Utah).

pcr protocol
PCR was performed in 10-�L volumes in a LightCycler
(Roche Applied Science) with programmed transitions of
20 °C/s unless otherwise indicated. The amplification
mixture included 2 mM Mg2�, 50 mM Tris-HCl (pH 8.3),
500 mg/L bovine serum albumin, 200 �M each de-
oxynucleotide triphosphate, 0.5 �M each of two primers,
plasmid DNA at 105 copies per reaction, 0.4 U of Klen-
Taq1 Polymerase (AB Peptides), 88 ng of TaqStart anti-
body (ClonTech), and 1� LCGreenTM I (Idaho Technol-
ogy). PCR cycling conditions varied with the target.

The temperature cycling protocol included an initial
denaturation step at 95 °C for 8 s, followed by 35 cycles of
denaturation at 95 °C for 0 s, annealing for 0 s, and
extension at 72 °C with a transition from annealing to
extension of 2 °C/s. For the M13 (40% GC), � (50% GC),
and pBR322 (60% GC) constructs, the annealing tempera-
tures were 50, 55, and 60 °C, respectively. The extension
times were 0, 5, 10, 15, and 30 s for the products of 50,
100–200, 300–400, 500–600, and 700-1000 bp, respec-
tively.

Although not necessary for mutation scanning, the
reactions were monitored during PCR at the end of each
extension phase in the F1 channel of the LightCycler. As a
check on template concentration, the crossing points of
the four homozygous PCR products of each primer pair
were required to be within a factor of 2. The second-
derivative maximum method was used for crossing point
determination (15 ).

heteroduplex formation and melting curve
analysis
After amplification, the samples were heated momen-
tarily in the LightCycler to 94 °C and cooled to 50 °C at a
programmed rate of 20 °C/s. The LightCycler capillaries
were then transferred to a high-resolution melting instru-
ment (HR-1; Idaho Technology), and melting curves were
obtained by heating from 70 to 95 °C at 0.3 °C/s. High-
resolution melting data were analyzed with HR-1 soft-
ware by fluorescence normalization and temperature
overlay as described previously (16 ).

Fig. 1. Computational melting simulation of the three targets analyzed
(6 ).
The M13 sequence (�40% GC) is in light gray, the � sequence (�50% GC) is in
dark gray, and the pBR322 sequence (�60% GC) is in black. Because the
simulation assumes different conditions (e.g., salt and DNA concentrations) than
those used experimentally, the absolute temperatures predicted by the simula-
tion are lower than those actually observed (see Figs. 2, 3, and 6).
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study design
Homozygous genotypes (AA, CC, GG, and TT) were
obtained by use of one of the Toolbox constructs as
template. By mixing equal amounts of two different
constructs, we simulated six heterozygous genotypes
(AC, AG, AT, CG, CT, and GT). To assess sensitivity and
specificity, we performed 22 amplifications with each of
the primer pairs, 4 of each homozygote and 1 of each
heterozygote. One investigator with knowledge of the
genotype then arranged these samples into 24 different
sets of four samples, each containing two “wild-type”
homozygotes and two unknowns. Six of the sets used AA
as wild type, six CC, six GG, and six TT, allowing all
possible pairs of the four homozygous amplifications to
be used as wild-type calibrators (for study design details,
see the Data Supplement that accompanies the online
version of this article at http://www.clinchem.org/
content/vol50/issue10/). The unknown samples were
either wild-type or heterozygous SNPs with one “allele”
shared with the wild type. Within the six sets sharing the
same wild type, the 12 unknowns were randomly as-
signed by one investigator to include from 3–9 wild-type
samples, the remainder being heterozygotes. Within any
set, zero, one, or two of the unknowns were wild type,
although within the six sets sharing the same wild type,
each of the three heterozygotes was present at least once
and the ratio of wild-type to mutant unknowns varied
between 25% and 75%, with a mean of 50%. For each set,
the two wild-type samples were identified for the blinded
investigator. Using this information, the blinded investi-
gator was required to identify the unknowns as either
wild type or mutant.

The effect of PCR product size was studied from 50 to
1000 bp with the mutation near the center, including 576
cases with products of 300 bp or less and 672 cases with
products between 400 and 1000 bp. The effect of SNP
position was studied in 384 additional cases, using the
PCR product with the highest error rate when the se-
quence alteration was centered.

Results
High-resolution melting analysis reveals differences in
melting curve shape that correlate to genotype and the
presence of SNP heterozygotes. Shown in Fig. 2 are
melting curves from homozygous and heterozygous
100-bp products overlaid at high temperature to visually
aid comparison. Homozygous samples have the sharpest
melting transitions, whereas melting curves of SNP het-
erozygotes show broader transitions because the duplexes
formed are heterogeneous, including lower-melting het-
eroduplexes. Furthermore, different heterozygotes pro-
duce different curve shapes because different heterodu-
plexes are formed.

Similar melting curves from a typical 600-bp product
are shown in Fig. 3. This larger product melts in two
stages. The sequence variation is in the domain with the
higher melting temperature, and the curves are best

overlaid in the lower temperature region for comparison.
In contrast to the smaller 100-bp product, the different
heterozygotes do not clearly separate from each other.
However, all heterozygotes are clearly differentiated from
the homozygous wild type as required for SNP scanning.

To establish SNP scanning sensitivity and specificity,
we studied all possible heterozygotes in three different
sequence backgrounds, using constructs designed for this

Fig. 2. Representative melting curves of a 100-bp homozygote and its
heterozygotes, each genotype analysis performed in duplicate.
Melting curve normalization and temperature overlay were performed as de-
scribed previously (16). The M13 construct (�40% GC) was used with the SNP
position in the middle. The regions used for normalization and overlay of the
curves are indicated. The homozygotes and all heterozygotes are easily distin-
guished from each other.

Fig. 3. Representative melting curves of a 600-bp homozygote and its
heterozygotes, each genotype analysis performed in duplicate.
The pBR322 construct (�60% GC) was used with the SNP position in the middle.
The regions used for normalization and overlay of the curves are indicated. The
homozygotes are easily distinguished from the heterozygotes, but the heterozy-
gotes are not distinguishable from each other.
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purpose (7 ). When we used products 50–1000 bp in
length with the SNP centered, there were 14 false nega-
tives (sensitivity, 97.8%) and 2 false positives (specificity,
99.7%) in a total of 1248 cases. The correlation of product
length to sensitivity and specificity is shown in Fig. 4. For
the 576 cases in which the PCR products were 300 bp or
less, all decisions were made correctly. Errors were most
frequent for products of 400, 800, and 1000 bp, whereas no
errors occurred with products of 600 and 700 bp.

All false negative errors (missed SNPs) of the 1248
centered cases are listed according to background se-
quence, product size, and SNP type in Table 1. The 14
errors reduced to 7 positions on this matrix because each

heterozygote occurs twice (on average) based on the
study design. SNPs were missed more frequently in
backgrounds of higher AT content and only when the
wild type was AA or TT, not CC or GG. The only two
false-positive errors (wild-type samples that were called
heterozygotes) also occurred with either an AA wild type
(M13; 400 bp) or a TT wild type (�; 800 bp).

The effect of SNP position on error rate is shown in Fig.
5. The PCR product with the most errors (400-bp M13)
was chosen and compared with other products on the
same target of the same size that included the variable
site. For each product, 22 amplifications and 48 decisions
were generated as before. Eight new off-center PCR
products produced 384 additional cases. Blinded analysis
revealed a sensitivity of 95.6% for these off-center prod-
ucts, greater than the 88% sensitivity obtained with the
centered product. These results suggest that there is no
clear relationship between the position of the SNP site
within the PCR product and scanning sensitivity. Most
(six of nine) of the false-negative errors occurred with AA
or TT as the known wild type, although three occurred
against CC (data not shown). The wild-type (AA) and
heterozygote (AC, AG, and AT) melting curves from five
PCR products with variable SNP positions (A, B, C, D,
and E in Fig. 5) are shown in Fig. 6.

Discussion
To establish the sensitivity and specificity of closed-tube
SNP scanning, we used a DNA Toolbox specifically
designed to assess scanning techniques (7 ). Within three
sequence contexts of 40%, 50%, and 60% GC content, all
four homozygotes and six heterozygotes were con-
structed by the Toolbox, and scanning experiments were
simulated. The effects of PCR product size and position of
the base change were studied by placing primers at
different positions relative to the sequence variation.

Initially we planned on studying only six primer sets
(100–600 bp) for each construct with the variable position
near the middle, following the original Toolbox design.
However, errors were so infrequent that we extended the
study to include 800-bp products for the � (50% GC) and
pBR322 (60% GC) constructs, and 700-, 800-, and 1000-bp
products for the M13 (40% GC) construct. In addition, we
added primers near to the variable site on each target to
study the effects of SNP position, including those very
close to the primers.

The DNA Toolbox has been used previously to assess
the SNP scanning sensitivity of heteroduplex analysis (7 )
and SSCP analysis (17 ). The sensitivity of heteroduplex
analysis was 92% with no apparent effect of PCR product
length or SNP position. The only SNPs missed were those
with A:A and T:T mismatches in the heteroduplexes. The
sensitivity of SSCP analysis was variable and depended
on the separation temperature. Under the best conditions,
the sensitivity of SSCP analysis was 94%, although het-
eroduplex analysis was considered more reliable and
robust. The sensitivity of SSCP analysis did not depend on

Fig. 4. Effect of product length on the sensitivity and specificity of SNP
heterozygote scanning by high-resolution melting.
With the variable site kept near the center, PCR products of �50, 100, 200,
300, 400, 500, 600, and 800 bp were studied for the M13 (�40% GC), � (�50%
GC), and pBR322 (�60%) sequences. In addition, 700- and 1000-bp PCR
products were studied for the M13 sequence, making a total of 26 primer pairs.
Twenty-two amplifications were performed with each primer pair, and the
samples were grouped to simulate scanning experiments in which 48 decisions
of wild type or heterozygous were made by a blinded investigator. The experi-
mental design is detailed in the online Data Supplement.

Table 1. Background sequence, product length, and SNP
type of all false-negative errors of 1248 cases of high-
resolution melting analysis for SNP scanning with the

variation centered.a

Sequence
Length,

bp
Wild
type Heterozygote

Errors,
n

Cases,
n

M13 (40% GC) 400 AA AG 2 2
400 AA AT 1 1
500 TT TA 2 3

1000 AA AT 2 3
� (50% GC) 400 TT TC 3 3

800 AA AC 3 3
800 AA AG 1 2

a Homozygous wild-type samples (AA, CC, GG, or TT) were compared with
unknown samples that were either wild type or heterozygous. A false-negative
error occurred if a heterozygous SNP was not detected when compared with the
homozygous wild-type controls. Each wild type/heterozygote pair was tested one
to three times as shown under “Cases” (see online Data Supplement for further
details on the study design).
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the PCR product length, SNP position, or mismatch type.
However, better sensitivity was observed with higher GC
content. For both heteroduplex and SSCP analysis, sensi-
tivity was established on PCR products of 100–600 bp
with the SNP site centered.

In comparison, the sensitivity of high-resolution melt-
ing analysis was 98% for a data set that included PCR
products up to 1000 bp with the SNP centered. All of the
errors were made with PCR products 400 bp or larger,
suggesting a dependence on product length. As the prod-
uct length increases, the difference between wild-type and
heterozygote curves became smaller, and the calls seemed
to become harder to make. However, the error rate did
not consistently increase with lengths above 400 bp.
Indeed, the highest error rate occurred at 400 bp (Fig. 4).
Errors decreased at 500 bp and were absent at 600 and 700
bp, followed by an increase at 800 and 1000 bp. An
interesting observation is that up to 400 bp, the melting
curves usually had a single melting transition or domain.
At 500–700 bp, most PCR products showed biphasic
behavior, similar to the 600-bp product in Fig. 2. Biphasic
melting curves are easier to analyze because one domain
is usually not affected by the sequence variation, and
overlay of the constant domains allows precise compari-
son of the curve shape in the variable domain. For
products 800 bp and above, multiple domains may blur
together, producing a complex melting curve. Errors
occurred in PCR products with sharp single domains

[M13 (400 bp; Fig. 6C); � (400 bp)] and long products with
complex melting curves [M13 (1000 bp); lambda (800 bp)].

Similar to SSCP and heteroduplex analysis, the SNP
sensitivity of high-resolution melting did not appear to
depend on the SNP position within the PCR product.
SNPs near the primers usually altered the low tempera-
ture region of the curve, making overlay across this region
most effective in showing shape differences (Fig. 6, A and
E). Not surprisingly, high-resolution melting resembled
heteroduplex analysis more than SSCP analysis in that
sensitivity depended on the mismatch type but not the
GC content.

Fig. 5. Effect of SNP position on the sensitivity and specificity of
heterozygote scanning by high-resolution melting.
Starting with the PCR product having the highest error rate [M13 (400 bp); Fig.
4 and Fig. 6C], the positions of the primers relative to the SNP were varied,
keeping the length of the product approximately constant. Eight primer pairs were
used in addition to the centered pair, testing nine positions approximately
equally spaced. Twenty-two amplifications were performed with each primer
pair, and the samples were grouped to simulate scanning experiments in which
48 decisions of wild type or heterozygous were made by a blinded investigator.
The experimental design is detailed in the online Data Supplement. Represen-
tative melting curves for five of the PCR products (A, B, C, D, and E) are shown
in Fig. 6.

Fig. 6. Normalized, overlaid melting curves for five of the PCR products
in the SNP position study (A, B, C, D, and E in Fig. 5).
The position of the SNP is varied from one end (A), through the center (C) to the
other end (E) of the PCR product (see Fig. 5). For all products, the curves were
overlaid [temperature shifted; see Ref. (16)] between 94% and 97% fluores-
cence. For each PCR product, four wild-type AA samples are shown in black. AC,
AG, and AT heterozygotes are shown in gray (one sample each). The insets are
magnifications of one region of each melting curve. One of the heterozygotes in
C is not distinguishable from the wild-type samples.
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SSCP and heteroduplex analysis and high-resolution
melting are the only scanning techniques that have been
systematically evaluated with the DNA Toolbox. The
sensitivities of other common scanning techniques, such
as denaturing gradient gel electrophoresis, denaturing
HPLC, and temperature gradient capillary electrophore-
sis, have been estimated on specific genes and can exceed
90% when optimally performed. Proponents of particular
methods and commercial interests make objective com-
parisons difficult.

Sequencing is generally regarded as the gold standard
for assessing sequence variation, with accuracy approach-
ing 99.9% for homozygous substitutions (18 ). However,
the sequencing accuracy of SNP heterozygote detection is
lower. Furthermore, sequencing accuracy is per base, in
contrast to scanning sensitivity, which is per PCR prod-
uct. For example, a 98% SNP scanning sensitivity for a
200-base fragment (exclusive of primers) is equivalent to a
99.99% sequencing accuracy. Although bidirectional se-
quencing may achieve this accuracy, the simplicity of
scanning methods for ruling out heterozygotes is attrac-
tive.

In general, homozygous changes are better determined
by sequencing rather than scanning methods. However,
any scanning method can detect homozygous sequence
variants if the variant is mixed with wild-type DNA.
High-resolution melting is unusual among the scanning
techniques in that most homozygous changes can be
detected without mixing (11 ). Homozygous changes de-
tected by high-resolution melting have been reported in
products �500 bp (10 ). The sensitivity of detecting ho-
mozygous SNP changes could also be studied with use of
the DNA Toolbox but was not an objective of the present
study.

The use of engineered plasmids for determining scan-
ning error rates has advantages and disadvantages. The
ability to systematically study all base changes within
several sequence contexts is a distinct advantage. Use of
simple plasmids focuses the study on inherent limitations
of the scanning techniques rather than on PCR optimiza-
tion, which is more of a concern with complex genomic
DNA. In all cases, scanning techniques are only as good as
the PCR amplifications. As a result, the scanning sensitiv-
ity on some DNA targets may be less than reported here.
Longer products are more difficult to amplify, particu-
larly from complex genomic templates. Until automated
analysis methods are developed, the sensitivity of scan-
ning by high-resolution melting will also depend on the
experience of the investigator.

Of all available scanning techniques, high-resolution
melting is the only method that can be performed in the
same container that was used for PCR amplification. Such
a closed-tube method requires no processing or automa-
tion and is immediately available after scanning for
genotyping or sequencing if necessary. When PCR prod-
ucts are not exposed to the environment, contamination
concerns are eliminated. Furthermore, high-resolution

melting can be performed in �2 min and appears to have
sensitivity comparable or superior to other available scan-
ning techniques.

SNP scanning by melting requires high-resolution
analysis to detect the minor melting curve effects of
heteroduplexes (10 ). Real-time PCR instruments are not
required and generally lack the necessary resolution for
high-sensitivity scanning. Similar to SSCP analysis, muta-
tion scanning by melting requires that unknowns are
compared with known wild-type samples. Conveniently,
wild-type samples are in abundant supply in most scan-
ning applications.
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