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ABSTRACT
High-throughput methods for assaying
DNA variation require two important steps:
(i) discriminating the variation and (ii) detecting the signal. In this report, we describe
a novel SNP genotyping method that we refer to as melting curve analysis of SNPs
(McSNP). McSNP combines a classic approach for discriminating alleles, restriction
enzyme digestion, with a more recent
method for detecting DNA fragments, melting curve analysis. Melting curve analysis is
performed by slowly heating DNA fragments in the presence of the dsDNA-specific
fluorescent dye SYBR Green I. As the sample is heated, fluorescence rapidly decreases when the melting temperature of a particular fragment is reached. We show that it is
possible to determine the composition of
simple mixtures of DNA fragments, such as
those that result from restriction enzyme digestions of short PCR products. McSNP is
well suited for high-throughput genotyping
because 96 samples can be analyzed and
automatically scored in 20 min. Our results
clearly demonstrate that McSNP is a simple,
inexpensive, and accurate means of genotyping SNP variation.
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INTRODUCTION
The third-generation genetic map
comprised of single nucleotide polymorphisms (SNPs) is being expeditiously developed (24). SNPs are the most
abundant type of sequence variation in
the human genome and will be useful
tools in many diverse applications that
include disease gene mapping, evolution, pharmacogenetics, and forensics
(3,11). An impressive SNP resource already exists as nearly 300 000 have been
deposited into publicly accessible databases (see http://www.ncbi.nlm.nih.gov/
SNP/, http://snp.cshl.org/, and http://hgbase.cgr.ki.se/). However, without parallel progress in SNP genotyping technology, their true power and inherent
benefits will not come to fruition.
Novel genotyping methods amenable to high-throughput analysis should
ideally be gel-free, robust, inexpensive,
and simple to perform. To this end,
these requirements have inspired the
development of a variety of genotyping
assays, including the oligonucleotide
ligation assay (OLA) (12), genetic bit
analysis (GBA) (15), mass spectroscopy (8), “chip” technology (24), TaqMan  (14), and dynamic allele specific
hybridization (DASH) (10). Although
many SNP genotyping methods have
been developed, no single technology
has emerged as being clearly superior
because of limitations such as cost,
complexity, and accuracy.
Recently, the principles underlying
kinetic PCR (9), which is predicated on
monitoring the fluorescence of a diag-

nostic probe once per PCR cycle (25),
have been applied to SNP genotyping
methods (6,10,14). The dsDNA-specific dye SYBR Green I (Moleclar
Probes, Eugene, OR, USA) has been
used to analyze the melting curves of
PCR products, which are characterized
by a rapid loss of fluorescence as the
temperature is raised through the samples’ melting temperature (Tm) (17).
Since the T m is a function of product
length, sequence composition, and GC
content, it should be possible to distinguish DNA fragments that differ with
respect to these parameters by melting
curve analysis (MCA). The general
principles of MCA were used to develop Tm-shift genotyping, an SNP genotyping assay based on allele-specific
PCR (6). While this represents an important advance in MCA applied to SNP
genotyping, it is subject to the inherent
limitations of allele-specific PCR, such
as difficulty in reaction optimization.
In the burgeoning field of SNP genotyping technology, it is easy to forget the
elegantly simple and accurate approach
of assaying SNP variation by digesting
PCR products with restriction enzymes
[i.e., PCR-restriction fragment length
polymorphism (RFLP) typing]. In this
report, we describe how MCA can be
applied to classical PCR-RFLP methods. Specifically, a simple, inexpensive,
and high-throughput assay for SNP
genotyping that we refer to as MCA of
SNPs (McSNP) is presented in which
the melting profiles of restriction enzyme-digested PCR products are analyzed. In total, we present data on seven
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SNPs, clearly demonstrating that this
method is a practical, robust, and sensitive approach to assaying SNP variation.
MATERIALS AND METHODS
PCR
SNPs were amplified by PCR, and
most reactions were conducted under a
standard set of conditions. PCR was
performed in either a Hybaid MultiBlock System (Hybaid, Franklin, MA,
USA) or a GeneAmp  9700 (Applied
Biosystems, Foster City, CA, USA) and
consisted of the following thermocycles: 95 °C for 5 min, followed by 30
cycles of 95° C for 30 s, 55 ° C for 30 s,
72 °C for 30 s, and a final extension at
72 °C for 5 min. PCRs were performed
in 25-µL reactions consisting of 25 ng
genomic DNA, 1.5 mM MgCl 2, 2.5 µL
10× PCR buffer (Life Technologies,
Rockville, MD, USA), 0.1 mM dNTPs,
0.04 µM each primer, and 2.5 U Taq
DNA polymerase (Life Technologies).
The exception to these conditions was
marker Fy-null, in which the final
MgCl 2 was 2.0 mM. Primer sequences
were as follows: CKMM (5′-GCAGGCGCCTACTTCTGG-3′ and 5′-AGCTCATGGTGGAAATGGAG-3′), 4019
(5′-CAGGCCAAGAGCGTCCTA-3′
and 5′-TGCCACTCTGTGAACAGCAA-3’), 14319 (5′-CATCTGAGTGCAAGATAAAAAGGA-3′ and 5′-CCCACCCCCAAATCATCTAT-3′), FYnull (5′-GCCCAGAACCTGATGGCCCTCATTAGTGCT-3′ and 5′-CTGTCAGCGCCTGTGCTT-3′), 14867(5′-GGCAGGACATTCCAAGGCTCTC-3′
and 5′-CACCCTGGGTTAACACATTCA-3′), LPL (5′-TGCAAGGGTTTTGCTTAATTCT-3′ and 5′-CAACAACAAAACCCCACAGC-3′), and M89
(5′-ACAGAAGGATGCTGCTCAGCTT-3′ and 5′-GCAACTCAGGCAAAGTGAGACAT-3′), in which the bold
denotes the mismatched base to create
the putative NlaIII restriction site (see
Results section). SNP markers WI4019 (dbSNP ID: 2420), WI-14319,
and WI-14867 were identified by
querying the Whitehead Institute
Genome Center SNP database (http://
www-genome.wi.mit.edu/). SNP markers LPL, CKMM (dbSNP ID: 5318),
and FY-null were obtained from ReferVol. 30, No. 2 (2001)

ences 7, 5, and 22, respectively. Marker
M89 was obtained from Reference 21.
The samples used in this study represent a subset of samples that we are using in other studies and are comprised
of African-American, European-American, and Hispanic populations. More
specific details can be found elsewhere
(16,20). Informed consent from each
subject was obtained for participation
in this study.
Restriction Enzyme Digestion
Restriction enzyme digestions were
performed in a final volume of 25 µL,
which consisted of 10 µL PCR product,
1 U appropriate restriction enzyme, 1×
reaction buffer supplied with the restriction enzyme, and, when recommended by the supplier, 1× bovine
serum albumin (BSA). In particular,
markers 4019, M89, and 14867 were
digested by the restriction enzyme
NlaIII, while markers CKMM, 14319,
FY-null, and LPL were digested by the
restriction enzymes TaqI, RsaI, StyI,
and PvuII, respectively. We did not find
it necessary to purify the PCR products
before restriction enzyme digestions,
which were performed as recommended by the suppliers for a period of 4–24
h. All restriction enzymes were purchased from New England Biolabs
(Beverly, MA, USA).
MCA
Melting profile reactions were analyzed in a final volume of 50 µL. All reactions contained 5 µL restriction enzyme product, 5 µL 10× SYBR Green I
(which comes as a 10 000× stock supplied by Molecular Probes), and were
brought to a final volume of 50 µL in
double-distilled water. Various destabilizing agents were added to these reactions including formamide, dimethyl
sulfoxide (DMSO), and urea (all from
Fisher Biotech, Fair Lawn, NJ, USA).
Here, we provide the details of only
those additives that had an enhancing
effect on MCA. The optimal final concentrations of these additives were either 10% formamide or 10% DMSO.
All reactions were performed in polycarbonate 96-well plates (Hybaid).
Real-time fluorescent monitoring was
performed with the DASH machine

(Hybaid). Other instruments that may
be suitable for MCA include the GeneAmp 5700 and ABI Prism 7700 Sequence Detection Systems (Applied
Biosystems), the LightCycler (Roche
Molecular Biochemicals, Indianapolis,
IN, USA), the iCycler (Bio-Rad Laboratories, Hercules, CA, USA), the
Smart Cycler (Cephied, Sunnyvale,
CA, USA), and the Sentinel (Stratagene, La Jolla, CA, USA). However,
we have not explored the general accuracy, robustness, and scoring software
associated with these machines, which
may differ substantially. Melting curves
are acquired by ramping the temperature from 35°C to 90°C at a rate of
0.04°C/s and monitoring the change in
fluorescence of SYBR Green I at 520
nm. The total run time is approximately
22 min, which can be generally cut in
half once the Tm is determined and the
thermal range adjusted accordingly. It
is during the slow ramp to 90°C that the
fluorescence is captured. The raw data
are first converted to relative fluorescence by dividing each point by the initial fluorescence (i.e., 35°C) (6). Final
melting curves are reported as the
three-point smoothed negative first derivative of fluorescence, with respect to
temperature versus temperature with a
baseline subtraction. The baseline correction for each data point is calculated
by subtracting the slope from a linear
regression line of the first nine data
points. All genotypes were confirmed
by agarose gel electrophoresis. Specifically, samples were amplified by a second set of PCR primers to produce larger products more suitable for scoring
by agarose gel electrophoresis. These
samples were then independently digested and scored by agarose gels.
RESULTS
Restriction Enzyme MCA Profiles
The experimental protocol of McSNP is very simple and is outlined in
Figure 1. Figure 2 illustrates typical McSNP genotype profiles for six autosomal
SNP loci. The peak of a melting curve
denotes the Tm of a particular DNA
fragment, which is defined as the temperature at which half of the fragments
in solution have denatured. As expected,
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the observed Tm values of undigested
SNP alleles are higher compared to the
digested alleles. Note the clear distinction between homozygous and heterozygous individuals, in which heterozygous
melting curves are composites of the
two homozygous melting curves.
More specifically, Figure 2, panel A,
consists of homozygous undigested
genotypes, and, thus, only one Tm peak
is observed. Figure 2, panel B, contains
examples of heterozygous genotypes in
which one allele is digested and the
other is undigested. In general, we detected two distinct types of heterozygous melting curves, in which heterozygotes formed either two (i.e.,
marker CKMM) or three (i.e., marker
4019, FY-null, and 14319) resolvable
peaks. In three-peak heterozygotes, one
high-temperature peak corresponds to
the undigested allele, while the other
two lower-temperature peaks result
from the two fragments produced by
endonuclease cleavage of the digested
allele (Figure 1). Conversely, in twopeak heterozygotes, the two resulting
DNA fragments from endonuclease
cleavage of the digested allele have
similar Tm values and melt simultaneously. Thus, the difference between
two- and three-peak heterozygotes is
whether the digested allele gives rise to
DNA fragments with the same or different Tm . Note that LPL and 14867 are
actually three-peak heterozygotes, but,
for presentation purposes, the lowest
Tm peak was not included in the figure
(Table 1). Finally, Figure 2, panel C,
demonstrates homozygous digested
genotypes. Two possible patterns of homozygous digested melting curves are
possible, depending on whether the di-

gested allele results in two fragments
with the same or different Tm.
Engineering a Restriction Site
In many instances, an SNP will not
cause a restriction enzyme site difference. In these cases, a digestion site for
one of the SNP alleles can be introduced
by designing one of the PCR primers
with a mismatch near the 3′ end (13).
For instance, the Y-chromosome SNP,
M89, was genotyped with McSNP by
using a primer with a mismatched C 3
bp upstream of the 3′ end, thus creating
a NlaIII restriction site in one of the alleles. Individuals with the M89*T allele
will be undigested and produce an 87-bp
fragment, whereas those with the
M89*C allele will be digested resulting
in fragments of 20 and 67 bp, as seen in
Table 1. Although a mismatched primer
theoretically reduces the efficiency of
PCR, these primers are not difficult to
work with in practice and often do not
require optimizations over that of a standard PCR. For more specific details, see
References 1, 4, and 13.
Major Parameters Affecting McSNP
Profiles
Critical factors in McSNP include
the size and sequence of PCR products
as well as additives, which destabilize
the DNA duplex and lower the T m. In
particular, there is a greater difference
in the Tm between smaller DNA fragments than there is for larger DNA
fragments. Theoretical and empirical
studies of DNA denaturation have
shown that, as the size of DNA fragments increases, the difference in Tm

between them decreases. Our laboratory has had success using fragments in
the range of 50–150 bp.
Moreover, it is necessary to add a
destabilizing agent to ensure that the Tm
of a fragment is reached during the experiment (i.e., Tm <100°C). We have
tested formamide, DMSO, and urea for
their effects on melting curve profiles.
The overall effects of these additives are
similar in that they destabilize dsDNA to
varying degrees and thus lower the Tm.
However, they have different influences
on the shape of melting curves. For example, the addition of urea resulted in
broadening of peaks and decreasing the
fluorescence of the sample (data not
shown). The effects of DMSO and formamide were found to be superior
because they resulted in more sharply
defined peaks. Thus, DMSO and formamide have relatively equivalent effects
on melting curve characteristics. Although we chose to use formamide, one
could also use DMSO to lower the Tm .
Tm Estimation
Theoretical prediction of the Tm of a
DNA molecule is complex and has been
the subject of numerous studies (reviewed in Reference 23). We have investigated the empirical relationship between the observed and predicted Tm
because it is important to have some a
priori information regarding the expected resolution of digested and undigested
DNA fragments. The two methods used
for predicting Tm were a simple salt-adjusted formula (http://www.biotechlab.
nwu.edu/OligoCalc.html) (18,19) and a
nearest-neighbor algorithm (http://alces.
med.umn.edu/rawtm.html) (2).

Figure 1. The experimental protocol of McSNP. The SNP is amplified by PCR and then subjected to restriction enzyme digestion. The identity of each DNA
fragment is determined by the unique pattern of melting curve peaks acquired by analyzing the change in fluorescence of the dsDNA-specific dye SYBR Green
I as the sample is heated. In this example, the individual is scored as a heterozygote having one undigested and one digested allele (alleles 1 and 2, respectively).
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Figure 2. Typical McSNP profiles of the six autosomal SNPs investigated (4019, FY-null, CKMM, 14319, 14867, and LPL). Panels A, B, and C denote homozygous undigested, heterozygous, and homozygous digested genotypes, respectively. Note the clear resolution of homozygous and heterozygous genotypes.
No template negative controls showed below background levels of fluorescence and are therefore not included in the figure.
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Table 1 presents the average observed and predicted Tm for all DNA
fragments of the seven SNPs investigated based on the nearest-neighbor algorithm. Similar results were obtained for
the alternative formula described above
(data not shown). The observed Tm is
the average over one or two 96-well
sample plates. There is a high concordance between the observed and predicted Tm levels for the DNA fragments
(r2 = 0.94) shown in Table 1 (Figure 3).
Note the CKMM digested fragments
(labeled 2a and 2b), which, despite a
14-bp difference in size, have predicted
and observed Tm points that differ by
only 0.2°C and 0°C, respectively. As indicated in Figure 2, these two fragments
melt together in a single peak. These
observations have important implications for the design of McSNP experiments because they suggest that the various Tm prediction formula can be used
as an accurate tool to estimate a priori
whether or not there will be a resolvable
difference in Tm between two DNA
fragments. We suggest that, as a rough
approximation, two DNA fragments
can be resolved if their predicted Tm
difference is at least 3°C.
Automated Scoring
To investigate the utility and robustness of McSNP on a larger scale, we
genotyped 853 individuals for marker
CKMM. We used the automatic scoring
feature of the DASH software (version
2.14), which allows genotypes to be
“called” automatically after an experiment is complete. Of the 853 samples,
37 failed to amplify (i.e., PCR failures).
Of the remaining 816 samples, 807
were correctly genotyped and scored
(98.9%). Thus, only 1.1% (nine individuals) of the reactions that were amplified and automatically scored with
the DASH software were repeated because of inconsistencies with the observed melting curve pattern. These
problems can be classified into two categories. First, unusual patterns in the
relative size of the melting curves
(0.7%) are likely due to partial digestion of the PCR products, and after subsequent amplification and digestion
with increased amounts of enzyme
and/or fewer PCR cycles, the samples
show the expected melting profiles.
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Second, unusual peaks in the scoring
range (0.4%) disappeared when the
same samples were amplified, digested,
and scored again with the DASH software. These problems are attributable
to artifacts in the amplification or monitoring of the Tm profile. Overall, the
automatic scoring feature of the DASH
software allows a fast and accurate
classification of genotypes. However, a
careful inspection of the automatic
scores is recommended to detect and
correct possible errors caused by PCR
artifacts or partial digestion.
DISCUSSION
In this report, we have investigated
how the general approach of MCA,
which is based on the natural phenomenon of T m differences between DNA
fragments that differ in sequence and
size, can be used for genotyping.
Specifically, we have developed McSNP, a simple, high-throughput, and inexpensive SNP genotyping assay. Furthermore, we have established the
general robustness of McSNP by genotyping larger numbers of individuals
and using the genotyping software of
the DASH machine to automatically
score genotypes.
While restriction enzymes may seem
archaic compared to some of the recent
technologies developed for SNP genotyping (8,24), it should be noted that
they are very accurate, as they rely on

tools that have evolved in nature to recognize SNPs. The two main disadvantages of “classic” PCR-RFLP typing are
(i) limited throughput and (ii) partial digestion of PCR products, which decreases accuracy. However, both of
these concerns are addressed by analyzing digestion products by McSNP
rather than agarose gel electrophoresis.
First, throughput of gel-based methods is limited because it requires substantial time and labor to pour, load,
stain, and interpret gels. On the other
hand, McSNP reactions are self-contained because it is possible to conduct
PCR, restriction enzyme digestion, and
MCA in the same 96-well plate, with the
analysis step requiring less than 20 min.
Second, partial digestion is a potential problem in any method using restriction enzymes and originates primarily from either too many PCR
cycles or decreased efficiency of the restriction enzyme digestion because of
the PCR components (e.g., Triton X100). Simple solutions to these problems include performing fewer PCR
cycles and diluting the PCR product in
a larger volume before restriction enzyme digestion. Both methods are more
feasible for McSNP typing because the
sensitivity of MCA is considerably
higher than gel-based detection (data
not shown). So far, we have seen little
evidence for partial digestion (<1%; see
Automated Scoring section of Results)
and do not anticipate this to be an obstacle for most McSNP experiments.

Figure 3. Relationship between observed and expected Tm points. We found a high correlation between observed and predicted Tm points. The predicted Tm is based on a salt adjusted nearest-neighbor
algorithm described in the text (2), and the plotted data are from Table 1.
Vol. 30, No. 2 (2001)

An important requirement of the McSNP assay is the presence of a restriction site generated by the SNP. However,
it has been estimated that SNPs only occur in natural restriction sites 50% of the
time (12). Thus, the ability to create artificial restriction sites during PCR is critical to the general applicability of McSNP. To this end, computer simulations
have been performed, and it is estimated
that 98% of all polymorphisms occur in
either natural or artificial restriction sites
for the commercially available four-base
cutters (13). Hence, McSNP will be able
to genotype the preponderance of identified SNPs.
It is also important to consider the
cost of a genotyping assay. The reagent
and consumable costs of a McSNP experiment are very low. The post-PCR
cost per genotype can be broken down
as follows: $0.06 for the restriction enzyme (an average of 15 commonly used
enzymes), $0.001 for SYBR Green I,
$0.0003 for formamide, and $0.06 for
the polycarbonate plates (which can be
used in the PCR step, further reducing
costs). Thus, the cost of a McSNP experiment is approximately $0.12 beyond that of a PCR, making it one of
the least expensive SNP genotyping
methods available.
Finally, a realistic estimate of sample
throughput is 2400 genotypes/day/instrument (96 samples × 25 runs/day, assuming each run requires 15 min),
which translates into 576 000 genotypes/
year (assuming 48 working weeks). The
primary bottleneck of the McSNP protocol is the PCR step. Therefore, multiplexing McSNP experiments would be
advantageous. In principle, it should be
straightforward to multiplex two loci.
However, solutions containing three or
more loci would likely result in complex
melting curve patterns that may substantially overlap. We are exploring the potential of multiplex McSNP experiments
and are adapting McSNP to a microarray-based format. In conclusion, McSNP allows SNPs to be genotyped in a
gel-free high-throughput manner and is
a useful addition to the geneticist’s
genotyping toolbox.
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