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High-resolution melting (HRM) analysis exploits the re-
duced thermal stability of DNA fragments that contain
base mismatches to detect single nucleotide polymor-
phisms (SNPs). However, the capacity of HRM to reveal
other features of DNA chemistry remains unexplored.
DNA methylation plays a key role in regulating gene
expression and is essential for normal development in
many higher organisms. The presence of methylated bases
perturbs the double-stranded DNA structure, although its
effect on DNA thermal stability is largely unknown. Here,
we reveal that methylated DNA has enhanced thermal
stability and is sufficiently divergent from nonmethylated
DNA to allow detection and quantification by HRM analy-
sis. This approach reliably distinguishes between sequence-
identical DNA differing only in the methylation of one
base. The method also provides accurate discrimination
between mixes of methylated and nonmethylated DNAs,
allowing discrimination between DNA that is 1% and 0%
methylated and also between 97.5% and 100% methy-
lated. Thus, the method provides a new means of adjust-
ing thermal optima for DNA hybridization and PCR-based
techniques and to empirically measure the impact of DNA
methylation marks on the thermostability of regulatory
regions. In the longer term, it could enable the develop-
ment of new techniques to quantify methylated DNA.

DNA methylation is widespread across many distinct eukary-
otic phyla, including plants, mammals, birds, and invertebrates.1-4

DNA methylation usually involves the incorporation of a methyl
group to carbon 5 of the cytosine pyrimidine ring to form
5-methylcytosine. Methylcytosine has attracted particular interest
among molecular biologists because of its confirmed role in gene
regulation.

In plants, cytosines are methylated in cytosine-guanine (CpG)
dinucleotides or in the CpHpG and CpHpH contexts, where H
can be any nucleotide but guanine. DNA methylation has also
been implicated in the regulation of development and differentia-

tion of cell type.5 The presence of methylcytosine is often linked
with gene silencing. For example, in Arabidopsis thaliana L.
hypermethylated alleles of genes SUPERMAN (SUP), PHOSPHO-
RIBOSYLANTHRANILATE ISOMERASE (PAI) and AGAMOUS
(AG)6-8 show significantly reduced expression, as do hyperm-
ethylated forms of CYCLOIDEA (LCYC) in Linaria.9 Conversely,
hypomethylated alleles of APETALA3 (AP3) and FWA in A.
thaliana exhibit ectopic expression.10 Aberrant methylation has
also been shown in plants affecting ecologically important traits,
including floral symmetry,9 plant and seed pigmentation levels,11

and pathogen resistance.12 Phenotypes produced by such epial-
leles could theoretically have substantial fitness implications if
observed in the wild, although such effects are currently unre-
ported. There is nevertheless evidence that epialleles can impact
on agronomically important traits of crop plants. For example,
COLORLESS NON-RIPENING (CNR) is a naturally occurring
epimutation in tomato that inhibits normal ripening and produces
a severe phenotype where fruit develop a colorless, mealy
pericarp.13

DNA methylation is similarly known to play a role in the
epigenetic control of gene expression in many mammalian species,
including humans, and is essential for normal embryonic develop-
ment, genomic imprinting, and X-chromosome inactivation.14 In
mammals, 5-methylcytosine is found almost exclusively in the CpG
context. Among the earliest and most common genetic alterations
observed in human malignancies is the aberrant methylation of
so-called “CpG islands” that are located within the 5′ regulatory
regions of genes, causing alterations to gene expression.14 For
instance, MYOGENIC FACTOR 3 (MYF3) is normally hypom-
ethylated in nonmalignant tissue but can be dramatically hyper-
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methylated in many types of cancerous tissue.15 Thus, interest in
methods to detect and quantify DNA methylation is growing as
research and clinical interest in the importance of the phenomenon
intensifies.

Several techniques have been developed for the detection and
localization of DNA methylation, but all have limitations. Early
methods relied on the differential ability of methylation sensitive
restriction enzymes to digest methylated and nonmethylated DNA
templates16-20 and typically featured restriction of genomic DNA
followed by Southern analysis or PCR amplification. Here,
problems arise due to the limited number or inappropriate location
of restriction sites, incomplete DNA digestion for reasons other
than the presence of methylated DNA (e.g., insufficient incubation
time, excess template, suboptimal buffer chemistry, or the pres-
ence of endogenous chemical agents that denature or deactivate
the restriction enzymes), and, for hybridization-based systems,
the requirement for substantive quantities of clean template DNA.
Many of the more recent DNA methylation detection techniques
are based on the prior application of sodium bisulfite to the
genomic DNA. This treatment converts nonmethylated cytosines
to uracils but leaves methylated cytosines unaffected. In subse-
quent amplification by PCR, uracils are converted to thymidines
while methylated cytosines remain unchanged.21 Methylation
status can then be determined most directly using various forms
of DNA sequencing22-24 or inferred indirectly, such as by
competitive PCR approaches in which amplification is either
enhanced or impeded by the presence of sites carrying bisulfite
conversions18,19 or converted single-nucleotide polymorphism
(SNP) detection via high-resolution melting (HRM) analysis.25,26

The main issue with all methods based on bisulfite-mediated
conversion lay with the need to ensure complete base conver-
sion.27 Other techniques focus on the analysis of the global levels
of DNA methylation in complete genomes.28 This approach
combines capillary electrophoresis and immunocapture of meth-
ylated DNA to deliver a quick assay that needs small amounts of
initial genomic DNA but lacks single base resolution. Recently,
another issue emerged. It was reported that methyl-sensitive
enzymes and bisulfite modification of the DNA cannot distinguish
between methylated cytosines and other DNA modifications, such
as cytosine hydroxymethylation.29

Cytosine methylation is known to slightly change the fine
structure of DNA30 and to change the conformation of repeat
arrays.31-33 However, the effect on the fine-scale thermostability
of oligonucleotides or short sections of genomic DNA is unre-
ported. HRM analysis offers a highly sensitive means of detecting
subtle changes to DNA thermostability and has been widely used
for SNP genotyping,34,35 distinguishing homozygous and het-
erozygous sequence variants,36 and to characterize microsatellites
and sequence-characterized amplified product markers.37 To date,
its use for the detection of methylcytosine has been limited to
indirect analysis of PCR amplicons generated from bisulfite-
converted template DNA.18,38 Recent developments in fluorescent-
detection instruments and the use of fully saturating intercalating
dyes have made HRM analysis considerably more sensitive and
accurate,38-41 perhaps creating the opportunity to apply the
technique to study slight changes in thermostability afforded by
DNA methylation. Specifically, fluorescent melt data can now be
acquired at a rate of 0.1 °C s-1, allowing for rapid, high-
throughput, and high-resolution analysis of DNA. Multivalent
cations (such as Mg2+), small proteins such as spermidine, or
peptides containing alternating lysine bases stabilize differen-
tially methylated and nonmethylated DNA by cooperative
shielding of phosphate backbones of helical DNA.42,43 How they
affect HRM profiles is yet to be evaluated. In this study, we
investigated the feasibility of using HRM technology to detect
changes to the methylation status of DNA.

EXPERIMENTAL SECTION
Target DNA. HPLC-purified methylated and nonmethylated

DNA fragments representing three oligonucleotide sequences
were synthesized by Sigma Aldrich (UK) (Table S-1, Supporting
Information). The first fragment was a 77 base long oligonucle-
otide and contained seven CpG sites, hereafter denoted as
hypothetical gene (Table S-1a, Supporting Information). In the
methylated version, seven cytosines within the CpG dinucleotides
were replaced by 5-methylcytosines on both strands, but the
remaining bases were unchanged. The second sequence was
representative of a 32 base section of the human MYF3 gene, again
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containing seven CpG sites (Table S-1b, Supporting Information).
In the methylated version seven cytosines were replaced by
5-methylcytosines on each strand, but the remaining bases were
unaltered. The final oligonucleotide was an 85 base sequence
taken from the tomato CNR gene (Table S-1c, Supporting Informa-
tion). The oligonucleotides contained three CpG sites and one
CpHpG site. In the methylated versions, one, two, three, or four
cytosines within the four possible sites were synthesized with
5-methylcytosines on both strands. In all cases, double-stranded
(ds) DNA fragments were created by mixing complementary
oligonucleotides in equal proportions as described in Table S-2
(Supporting Information), heating to 95 °C for 5 min, and allowing
the reaction mix to cool slowly to room temperature for at least
15 min to ensure complete reannealling.

HRM Reaction Mix. dsDNA (typically 0.2 µM but see below)
was added to a reaction mixture containing 0-3.0 mM MgCl2 or
0.1-2.0 µM spermidine, 1.6 mM (NH4)SO4, 6.7 mM Tris-HCl
(pH 8.8 at 25 °C), and 0.001% Tween-20. The intercalating
fluorescent DNA dye SYTO 09 (Invitrogen, UK) was added to
a final concentration of 0.5 µM. All melts were performed in
20 µL volumes.

HRM Conditions. Melting curve analysis was conducted on
the Rotor-Gene 6000 (software version 1.7, Qiagen, UK) using the
Cycling A-Green channel. During the melt, temperature was
increased from 50 to 90 °C in 0.1 °C incremental steps, with each
step held for 2s.

Using Rotor-Gene 6000 software, the melting curves were
normalized by calculation of the “line of best fit” between two
normalization regions selected before and after the major decrease
in fluorescence (representing the “fragment melt”). Comparisons
were made between methylated and nonmethylated DNA in terms
of Tm or in a combination of Tm and altered curve shape.

Effect of Methylated DNA/Nonmethylated DNA Mixes on
HRM. The ability of HRM to provide a quantitative measure of
methylation was assessed using 17 mixes of methylated and
nonmethylated DNA (comprising 0, 1, 2.5, 5, 10, 20, 35, 45, 50,
55, 60, 65, 75, 85, 90, 95, and 100% methylated DNA) for a 77 base
long oligonucleotide, representing a hypothetical region of a
typical eukaryotic gene, which when methylated had seven
methylated cytosines on each strand, and an 85 base long
oligonucleotide from the tomato CNR gene, which when methy-
lated had one or three methylated cytosines on each strand (Table
S-1, Supporting Information). Five replicates were created for each
reaction mixture and then subjected to HRM analysis as above.

Optimization of Salt and Spermidine Concentration on
HRM. HRM reaction mixtures were assembled using DNA mixes
containing 97.5 or 100% methylated DNA but with 0.1, 0.2, 0.5,
1.0, 1.5, or 2.0 µM spermidine and 0, 1, 1.5, 2.5, 2.75, or 3 mM
MgCl2. Five replicates were created for each reaction mixture
and then subjected to HRM analysis as above.

Sensitivity of Detection. To test the ability of HRM to
distinguish between variable numbers of methylated sites in the
same fragment, CNR oligonucleotides containing zero to four
methylated cytosine residues were subjected to HRM using the
conditions described above. Eight replicates were created for each
reaction mixture and then subjected to HRM analysis as above.

Effect of Fragment Concentration. In order to determine
the current threshold of HRM for the detection of methylated DNA

needed for an optimal detection of the denaturation profiles, we
compiled a dilution series of DNA mixes ranging from 0.2 mM to
0.2 nM. Three mixes were used in this experiment (0, 50, and
100% methylated DNA).

Efficacy of HRM on Total Genomic DNA. We next tested
the capacity of HRM to detect global differences in the methylation
status of genomic DNA. Here, we extracted genomic DNA from
two A. thaliana genotypes: Columbia (Col-0 ref N1092) and a
methylation maintenance mutant met1 (Decreased Methylation
2DNA, met1 ref N854300) using the DNeasy 96 Plant Kit (Qiagen,
UK) and the Mixer Mill MM 300 (Retsch, Haan, Germany)
according to the manufacturers’ instructions. Isolated DNA was
diluted in nanopure water to produce working stocks of 30 ng
µL-1. The isolated DNA was then sonicated at 120 W for 3 min
to obtain fragments in the 100-600 bp size range. We then
subjected 500 ng of these fragmented DNAs to HRM as
described above.

Statistical Analysis. The significance of observed differences
between treatments in Tm and altered curve shape was calculated
by principal component analysis (PCA) and sample cluster
analysis (SCA) using Rotor-Gene ScreenClust HRM Software
(Qiagen).44 The software calculates the optimal number of
clusters and allocates each sample into the most appropriate
cluster, indicating, in this case, which methylation contents and
reagent concentrations generates significantly different HRM
curves. The software also provides the probability that each
sample belongs to the assigned (and others) cluster(s) and
the typicality of samples within its allocated cluster (indicates
how well the sample fits within its allocated cluster).44

To maximize the discriminatory power, a preliminary analysis
was run for all experiments by fixing the maximum number of
possible clusters for each specific experiment and then comparing
to the optimal number of clusters generated automatically by the
software. Only groups of samples separated by both types of
analysis and with probabilities (P) >0.999 and typicalities (T) >0.05
were deemed statistically different.

RESULTS AND DISCUSSION
Methylation and DNA Thermostability. Here we explored

the capacity of HRM to directly detect and quantify DNA
methylation, with a longer term view toward developing new
methods. HRM has already been successfully employed for the
detection of epigenetic differences in DNA fragments following
bisulfite treatment.25,34 However, since there are weaknesses
associated with the efficacy of bisulfite-modified DNA,45 we
decided to employ HRM with artificially synthesized oligonucle-
otides, thereby circumventing the bisulfite-treatment step. To
maximize biological relevance, we elected to use DNA sequences
corresponding to a section of the 5′ regulatory region of the human
MYF3 gene and the tomato CNR gene, which can both show
aberrant methylation in real biological samples.13,15 However, we
also included an arbitrary sequence of DNA to avoid limiting the
study and to circumvent the possibility that structural features
may emerge as being characteristic of methylation-controlled
genes such as MYF3 and CNR.

(44) Reja, V.; Kwok, A.; Stone, G.; Yang, L.; Missel, A.; Menzela, C.; Bassam, B.
Methods 2010, 504, S10–S14.

(45) Grunau, C.; Clark, S. J.; Rosenthal, A. Nucleic Acids Res. 2001, 29, E65-
65.
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The three nonmethylated DNA templates (i.e., hypothetical,
MYF3, and CNR) differed both in the shape of their melting
profiles and Tm values, and the replicates of each template were
highly conserved (Figure 1; see also Figures S-1 and S-2,
Supporting Information). More surprising was the presence and
nature of variation between methylated, hemimethylated, and
nonmethylated templates sharing the same nucleotide sequence.
For templates carrying cytosine methylation, the shape of the
melting curves was largely unaffected by methylation status
(Figure 1; see also Figures S-1 and S-2, Supporting Information),
although Tm values were invariably increased by the presence
of methylated cytosines. Moreover, Tm values of nonmethylated
DNA increased significantly when either strand incorporated
the methylated cytosines (hemimethylated DNA), with a
further increase of a similar scale being apparent when both
strands were cytosine methylated. Reproducible melting curves
were observed for each locus and each exhibited reliable Tm

discrimination between methylated, hemimethylated, and non-
methylated fragments. Thus, for all three loci it was possible
to differentiate between samples that were nonmethylated,
hemimethylated, and methylated (Figure 1; see also Figures
S-1 and S-2, Supporting Information). Both hemimethylated
fragments showed intermediate Tm values. However, subtle
differences in Tm were also noted between alternate forms of
hemimethylated DNA (e.g., Figure 1; see also Figures S-1 and
S-2, Supporting Information). The normalized fluorescence values
of these fragments, at the point of melting, are shown in Table

S-3 (Supporting Information). PCA and SCA showed that differ-
ences in methylation content generate significantly different
melting patterns, with samples clustering according to their
methylation status (Figure 1). Analysis also showed high prob-
abilities (P) and typicalities (T) of samples belonging to the
assigned cluster (P > 0.999; T > 0.475) (See Table S-4, Supporting
Information). Previous reports have shown that cytosine methy-
lation changes DNA structure in solution and affects its stability.31

There are many plausible explanations for the change in Tm

associated with cytosine methylation. For instance, it is feasible
that the transition from the B to the Z DNA conformation
induced by cytosine methylation may reduce the destabilizing
effect of the hydrophobic repulsions of the solvent in the DNA
grooves and thereby increase thermostability.

The most accurate prediction of Tm for oligonucleotide DNA
uses the thermodynamic nearest-neighbor model.46 This as-
sumes that the stability of a dsDNA fragment is calculated on
the basis of sequence identity and fragment length rather than
methylation status of the constituent bases.35

Effect of Methylated DNA/Nonmethylated DNA Mixes.
With successful thermal denaturation profile differences observed
for methylated, hemimethylated, and nonmethylated fragments
(Figure 1), we next tested the feasibility of distinguishing between
different proportions of methylated and nonmethylated strands
of DNA. Melting profiles from various DNA mixes reveal clear

(46) SantaLucia, J. Proc. Natl. Acad. Sci. U.S.A. 1998, 95, 1460–1465.

Figure 1. Effect of DNA methylation on fragment thermostability. Normalized melting profiles representing five replicates using the software
incorporated on the Corbett Rotor-Gene 6000 of a 77 base long oligonucleotide containing seven CpG sites. Inset, PCA plot and SCA of the
same samples using Rotor-Gene ScreenClust HRM Software. The melting curves were normalized by calculation of the line of best fit between
normalization regions before and after the major fluorescence decrease using the Rotor-Gene 6000 software provided. For fragment sequences,
see Table S-1 (Supporting Information).
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separation between mix compositions (Figure 2; Table S-5,
Supporting Information). Moreover, small but significant differ-
ences in the HRM profiles were observed even between 0 and 1%
of methylated DNA and between 97.5 and 100% of methylated
DNA for all fragments. PCA clearly separated replicate samples
into the appropriate assigned mix groups, and SCA showed that
these differences were significant (Figure 2). SCA indicated high
probabilities and typicalities of samples belonging to the assigned
cluster (P > 0.999; T > 0.458) (see Table S-6, Supporting
Information). When the CNR locus was used using templates
methylated at zero, one, and three sites, we again found quanti-
fication was possible (Figure S-3, Supporting Information). Not
surprisingly, the degree of separation reduced when fewer
methylation sites were included. Nevertheless, even when only
one site was methylated, we were still able to distinguish mixes
between 0 and 10% and between 90 and 100%. Thus, these
observations demonstrate the strong discrimination power of HRM
for distinguishing different mix compositions. Furthermore, when
this analysis was replicated using different Rotor-Gene 6000
machines, the results were found to be highly reproducible
(Figure S-4, Supporting Information).

We then tested whether the curves generated could be used
to quantify the methylation percentage of an unknown sample.
We elected to deploy a regression-based approach coupled with
a “leave one out” strategy to test the accuracy of predictions made.
First, we selected the most linear part of the melting curves (i.e.,

84-86 °C) and calculated their regression equations using the
normalized fluorescence values seen for each DNA mix melting
profile (all R2 > 0.9999) (Figure S-5A, Supporting Information).
We selected three arbitrary points along these regressions
(representing intercepts at 26.5, 27, and 27.5 normalized fluores-
cence units) and fitted these values to three polynomial regres-
sions (all R2 > 0.9976), omitting one DNA mix from the
calibration (5% or 75%) (Figure S-5B, Supporting Information).
These were used to estimate the percentage methylation of the
omitted samples. In both cases, there was strong congruence
between average estimated and expected values with <2% deviation
(e.g., 4.84 and 73.25 for the 5 and 75% samples, respectively).

Optimization of Salt and Spermidine Concentration. In-
crease of Mg2+ in a solution containing dsDNA causes melt
temperature to increase to a maximum, after which further
increases in concentration destabilize the dsDNA slightly.47

Also, the addition of spermidine differentially affects the
structure of methylated and nonmethylated DNA.42,43 We
therefore sought to empirically optimize the concentrations of
Mg2+ and spermidine to maximize the discriminatory power
of HRM. We found that the addition of 2.5 mM MgCl2 and 0.2
µM spermidine into the HRM mix improved the discrimination
between the most problematic DNA mix combinations (97.5

(47) Owczarzy, R.; Moreira, B. G.; You, Y.; Behlke, M. A.; Walder, J. A.
Biochemistry. 2008, 47, 5336–5353.

Figure 2. Effect of varying proportions of methylated DNA on denaturation profiles. Normalized denaturation profiles of different proportions
of methylated DNA and nonmethylated DNA fragments in the same mixture using the software incorporated on the Corbett Rotor-Gene
6000 (larger graphic), and PCA and SCA using Rotor-Gene ScreenClust HRM Software from the previous HRM profiles (inset). Each
color represents five replicates (at a final concentration of 0.2 µM) of a 77 base long oligonucleotide, representing a hypothetical region
of a typical eukaryotic gene, which when methylated had seven methylated cytosines on each strand. For fragment sequences, see Table
S-1, Supporting Information.
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and 100% methylated DNA) (Figure 3). Accordingly, these
reaction mixes were used for all subsequent experiments.

Effect of Fragment Concentration. We investigated whether
the discrimination between the thermal denaturation profiles of
methylated and nonmethylated DNA fragments could be repli-
cated at DNA concentrations lower than the 0.2 µM used above
(Figure 1). Clear and reproducible differences in Tm were
obtained down to 2 nM (Figure 4A, D) but not at 0.2 nM (Figure
4G and Table S-7, Supporting Information). Nevertheless, both
PCA and SCA indicated that even at the lowest concentration the
analyzed profiles were significantly different (P > 0.995; T > 0.490)
(Figure 4; Table S-8, Supporting Information).

Sensitivity of 5-Methylcytosine Detection. We next tested
the capability of HRM to distinguish between methylated and
nonmethylated DNA fragments carrying different numbers of
methylated cytosine bases by melting the CNR fragment with zero
to four methylated cytosine residues per strand (Table S-1,
Supporting Information). Melting profiles differed between the
nonmethylated DNA and at all four levels of methylation (Figure
5; Table S-9, Supporting Information). Tm values increased
progressively as the number of methyl cytosines increased from
zero to three bases, with only subtle changes to melting curve
profiles (Figure 5; Table S-9, Supporting Information). However,
when the fragment carried four methylated cytosine residues per
strand, the melting curve shape was significantly perturbed and
Tm actually reduced (Figure 5). Perhaps the most plausible
explanation of this observation was that the collective effect of
four clustered methyl cytosines in a short sequence read (70
bases) was sufficient to change the secondary structure in a
manner that destabilized the dsDNA and so lowered Tm. Certainly,
other authors have noted that single and clusters of methylated

cytosines can profoundly change the secondary structure of
the DNA32,48,49 and have implied that a relationship exists
between such changes and access of promoter regions and exons
for transcription.49,50 If this observation applies generally, it is
likely to be idiosyncratic and sensitive to both the number of
methylated bases and their relative positioning. In one respect,
this feature limits the utility of HRM as a means of measuring
methylation status for previously uncharacterized loci, since site
interactions (although likely to yield distinct multivariate profiles)
are also likely to be difficult to interpret without the use of known
reference samples as were deployed here. For well-characterized
loci, however, this difficulty may be overcome by breaking the
region into sites containing only one or a few methylation sites
or through the calibration of melting profiles generated by each
methylation haplotype using synthesized fragments. Viewed from
another perspective, however, this feature may open the possibility
of using the HRM approach to conduct further empirical studies
to test the relative importance of methylation mark interactions
on the thermostability (and by implication access for transcription)
of loci known to be under direct methylation control.

Efficacy of HRM on Total Genomic DNA. HRM can thus
detect small differences in Tm associated with the presence of
methylated cytosines in de novo synthesized DNA samples but
at relatively elevated concentrations. We therefore tested
whether the approach could be used to detect differences in
methylation in genomic DNA samples. For this, we compared
global melting profiles from total genomic DNA isolated from
wild type A. thaliana Columbia with that from the isogenic
mutant for the gene responsible for maintenance of cytosine
methylation (MET1). Clear and consistent differences were
observed between samples, with the met1 mutant exhibiting a
lower Tm (Figure 6). Furthermore, when samples from both A.
thaliana genotypes were run independently, the differences
described above were still apparent (Figure S-6, Supporting
Information).

Breakdown of Sample Diagnosis by Multivariate Analysis.
While the ScreenClust software does not provide breakdown
information relating to the loadings that influence each PCA axis,
we note that rank order of samples in terms of Tm (interpreted
here as temperature at which 50% of initial fluorescence is lost)
is invariably conserved along PC1 (Figures 2, 4, and 5). This
leads us to infer that Tm contributes significantly to PC1. This
tenet was supported by additional empirical evidence where
we deliberately manipulated Tm by changing salt buffer
concentrations and found clear separation of samples according
to salt concentration (and Tm) along PC1 (Figure S-7, Support-
ing Information). The consistency of group identification through-
out all experiments therefore gives cause for optimism that the
approach does have potential as a diagnostic tool.

CONCLUSIONS
We have shown that it is possible to use HRM to distinguish

between methylated and nonmethylated dsDNA down to a single
methylated cytosine (Figure 5) and that the same approach can
reliably distinguish between total genomic DNA from genotypes

(48) Nathan, D.; Crothers, D. M. J. Mol. Biol. 2002, 316, 7–17.
(49) Davey, C. S.; Pennings, S.; Reilly, C.; Meehan, R. R.; Allan, J. Nucleic Acids

Res. 2004, 32, 4322–4331.
(50) Weber, M.; Hellmann, I.; Stadler, M. B.; Ramos, L.; Pääbo, S.; Rebhan, M.;

Schübeler, D. Nat. Genet. 2007, 394, 457–466.

Figure 3. Effect of MgCl2 and spermidine on methylation discrimina-
tion. An exemplar of a PCA and SCA using Rotor-Gene ScreenClust
HRM Software from the five replicated denaturation profiles of two
77 base long oligonucleotides containing seven CpG sites using
different MgCl2 [0 mM (black and red), 1 mM (green and purple), 1.5
mM (brown and light purple), 2.5 mM (pink and light blue), 2.75 mM
(olive and dark blue), and 3 mM (orange and purple)] concentrations.
For fragment sequences, see Table S-1, Supporting Information.
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known to differ in their methylation profiles.51 In addition to
providing a simple screen for mutants involved in maintenance
of methylation for species other than the well-characterized A.
thaliana, this cheap and rapid method for surveying global
methylation differences may also help to uncover new species that
operate a methylation-based expression control system (perhaps
using 5-azacytidine-treated samples as the comparator) or to
establish whether developmental progression or exposure to
external agents or stress impacts on the global methylome of a
nonmodel species. The possibility that HRM may ultimately prove
useful for the detection of DNA methylation at a specified locus
needs more development. First, it is important to be able to
distinguish between melting profile changes caused by methyla-
tion differences and those that arise from SNPs. Here, there is
an opportunity to exploit the observation that SNP-based mis-
matches (heteroduplexes created through the addition of refer-
ence samples) characteristically yield HRM profiles with a
distinctive “double melt” shape.37 This feature does not apply to
hemimethylated DNA samples and so allows for clear discrimina-

tion between these two types of change by multivariate analysis.
This issue applies equally to the different contexts of DNA
methylation (CG, CHG, and CHH). Second, there is a need to
detect methylation-induced melting profile changes using genomic
DNA, where only small quantities of template are present.
Certainly, provided enough of the target locus could be isolated
and that the sensitivity of detection could be enhanced, it is
tempting to speculate that the significant shift in melting profiles
of methylated dsDNA seen here means that HRM may eventually
have value for the direct detection of methylation in vivo. There
are some grounds for optimism in this respect. Moreover, recent
technical advances52 have enabled 3-fold improvement in the
isolation of target genomic DNAs such that templates at concen-
tration of <4 pM can be detected directly. This would have special
biological significance for samples likely to contain a mixture of
cell types with varying proportions of methylated and nonmethy-
lated DNA. In this study, we were able to detect as little as 1%
methylated DNA in a background of nonmethylated DNA (Figure
3). Although this is lower than the 0.1% possible following bisulfite
treatment and q-PCR53 and requires substantially higher quantities

(51) Kankel, M. W.; Ramsey, D. E.; Stokes, T. L.; Flowers, S. K.; Haag, J. R.;
Jeddeloh, J. A.; Riddle, N. C.; Verbsky, M. L.; Richards, E. J. Genetics 2003,
163, 1109–1122.

(52) Du, X. L.; Duan, D. M.; Cao, R.; Jin, G.; Li, J. O. Anal. Lett. 2010, 43,
1525–1533.

Figure 4. Effect of DNA concentration on denaturation profiles. Exemplars of normalized denaturation profiles using the software incorporated
on the Corbett Rotor-Gene 6000, and PCA and SCA using Rotor-Gene ScreenClust HRM Software of eight replicates of a 77 bp long fragment
representing a hypothetical region of a typical eukaryotic gene, which when methylated had seven methylated cytosines on each strand, at final
concentrations of (A-C) 0.02 µM, (D-F) 0.002 µM, and (G-I) 0.2 nM. Target DNA mixes contained 100% methylated DNA (purple), 50-50%
methylated/nonmethylated DNA (orange), and 0% methylated DNA (blue). The melting curves were normalized by calculation of the line of best
fit between normalization regions before and after the major fluorescence decrease using the Rotor-Gene 6000 software provided. For fragment
sequences, see Table S-1, Supporting Information.
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of template DNA, there is, nevertheless, considerable scope for
further optimization of the technique. Moreover, the protocol, in
its current form, is probably insufficiently sensitive to have
immediate utility to address most biological questions relating to
DNA methylation (except perhaps for those few instances where
tissue availability is not limiting). Nevertheless, there are several

strategies that may be taken to address this problem. These
include further optimization of cofactors, the use of more sensitive
fluorescent dyes and detection systems, and possibly partial PCR
amplification in the presence of a methyltransferase to retain
methylation status of amplicons.54 It is the last of these options
that offers the route with widest appeal. However, any PCR-based

Figure 5. Sensitivity of 5-methylcytosine detection. Normalized denaturation profiles of DNA fragments carrying zero, one, two, three, or four
methylated bases per strand using the software incorporated on the Corbett Rotor-Gene 6000 (larger graphic), and PCA and SCA using Rotor-
Gene ScreenClust HRM Software from the previous HRM profiles. Each color represents eight replicates (at a final concentration of 0.2 µM) of
an 85 base long oligonucleotide from the tomato CNR gene. For fragment sequences, see Table S-1, Supporting Information.

Figure 6. HRM of sonicated genomic DNA from genotypes with different methylation profiles. Normalized denaturation profiles of sonicated
genomic DNA containing different levels of DNA methylation, normally methylated A. thaliana genome (Columbia 0), and undermethylated A.
thaliana genome (Met 1), using the software incorporated on the Corbett Rotor-Gene 6000. Each color represents three replicates (at a final
concentration of 0.2 µM).
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strategy for signal amplification must clearly be coupled with a
high-fidelity methyltransferase activity to conserve methylation
status during the amplification process. Furthermore, the ap-
proach requires the isolation of a thermostable methyltransferase
before a reliable PCR-HRM based protocol could be developed.

The discovery that cytosine methylation has a consistent
stabilizing effect on dsDNA has broader implications beyond the
development of a new protocol for the detection of cytosine
methylation. For instance, the differential melting characteristics
of hemimethylated and nonmethylated dsDNA imply that PCR
primer binding properties may vary according to whether the
template DNA is methylated or nonmethylated. Theoretically, this
could lead to differential amplification between tissues or individu-
als exhibiting differential methylation at the intended primer
binding site. Although we have not examined the effect of 5hmC
on the thermostability of dsDNA, there are grounds for reasoning
that the effects may well be different from those described here
for 5mC. Moreover, previous reports have shown that anti-5mC
antibodies and methyl-CpG-binding proteins are both DNA
conformation specific and do not recognize 5hmC.55 Therefore a
different effect on DNA structure could be expected to yield a
different melting profile. Moreover, the consistent increase in
dsDNA thermostability associated with cytosine methylation
observed here throws open the possibility of deliberately manipu-
lating the methylation status of target DNA in molecular proce-
dures that depend on DNA-DNA hybridization. For instance, it
may be possible to use selective methylation to deliberately
harmonize the hybridization characteristics of DNA targets or

probes in microarray experiments. For this to be realized, further
work is needed to conceive and formalize the mathematical rules
to accurately predetermine methylation-associated Tm shifts.
Looking forward, we hope that the observed changes to Tm

will spawn a wide number of applications associated with DNA
methylation (including diagnosis and prediction of epigenetic
disease, epigenetic research, cell line monitoring, and plant
development) and other molecular techniques used in genetic
analyses. That is, as buffer chemistry more closely mimic those
encountered in vivo, it would be worth exploring how dsDNA
melt behavior fluctuates with subtle changes to internal cellular
chemistries encountered in living cells. From a biological
perspective, perhaps the most intriguing possibility arising from
this work is the scope to perform empirical experiments to
develop and test rules that predict the effect of methylation at
specific loci on the thermostability of the dsDNA.
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Table S-1 Sequences of the Hypothetical, MYOGENIC FACTOR 3 (MYF3) and COLOURLESS NON-

RIPENING (CNR) methylated, hemi-methylated, and non-methylated oligonucleotides. Where “O” stands for 5-

methylcytosine 

(A) Hypothetical fragment 

Hypothetical 5’ AGGACATGGAGTGGAACGAGGAGCTGCAGGCGTTCA 

CGTACCCGTGTCCCTGCGGCGACCTGTTCCAGATCACGAGG 3’ 

Reverse complement 

hypothetical 
5’ CCTCGTGATCTGGAACAGGTCGCCGCAGGGACA 

CGGGTACGTGAACGCCTGCAGCTCCTCGTTCCACTCCATGTCCT 3’ 

Hypothetical (7 CH3) 
5’ AGGACATGGAGTGGAAOGAGGAGCTGCAGGOGTTCA 

OGTACCOGTGTCCCTGOGGOGACCTGTTCCAGATCAOGAGG 3’ 

Reverse complement 

hypothetical (7 CH3) 

5’ CCTOGTGATCTGGAACAGGTOGCOGCAGGGACAOGGG 

TAOGTGAAOGCCTGCAGCTCCTOGTTCCACTCCATGTCCT3’ 

(B) MYOGENIC FACTOR 3 (MYF3) 

MYF3 5’ GCGGCGACTCCGACGCGTCCAGCCCGCGCTCC 3’ 

Reverse complement MYF3 5’ GGAGCGCGGGCTGGACGCGTCGGAGTCGCCGC 3’ 

MYF3 (7 CH3) 5’ GOGGOGACTCOGAOGOGTCCAGCCOGOGCTCC 3’ 

Reverse complement MYF3 

(7 CH3) 
5’ GGAGOGOGGGCTGGAOGOGTOGGAGTOGCOGC 3’ 

(3) COLOURLESS NON-RIPENING (CNR) 

CNR 
5’ GAATTACCCGTTGTTTCAATTGATGAAGTGTTTTAATCTGA 

CACTTCCGGTTCGTTGTTATTCCTATACTAGATTGTTAAGTTAA 3’ 

Reverse complement CNR 
5’ TTAACTTAACAATCTAGTATAGGAATAACAACGAACCGGA 

AGTGTCAGATTAAAACACTTCATCAATTGAAACAACGGGTAATTC3’ 

CNR (4 CH3) 
5’ GAATTACCOGTTGTTTCAATTGATGAAGTGTTTTAATOTGA 

CACTTCOGGTTOGTTGTTATTCCTATACTAGATTGTTAAGTTAA 3’ 

Reverse complement CNR (4 

CH3) 

5’ TTAACTTAACAATCTAGTATAGGAATAACAAOGAACOGGA 

AGTGTOAGATTAAAACACTTCATCAATTGAAACAAOGGGTAATTC3 

CNR (3 CH3) 
5’ GAATTACCCGTTGTTTCAATTGATGAAGTGTTTTAATOTGA 

CACTTCOGGTTOGTTGTTATTCCTATACTAGATTGTTAAGTTAA 3’ 

Reverse complement CNR (3 

CH3) 

5’ TTAACTTAACAATCTAGTATAGGAATAACAAOGAACOGGA 

AGTGTOAGATTAAAACACTTCATCAATTGAAACAACGGGTAATTC3’ 

CNR (2 CH3) 
5’ GAATTACCCGTTGTTTCAATTGATGAAGTGTTTTAATCTGA 

CACTTCOGGTTOGTTGTTATTCCTATACTAGATTGTTAAGTTAA 3’ 

Reverse complement CNR (2 

CH3) 

5’ TTAACTTAACAATCTAGTATAGGAATAACAAOGAACOGGA 

AGTGTCAGATTAAAACACTTCATCAATTGAAACAACGGGTAATTC3’ 

CNR (1 CH3) 
5’ GAATTACCCGTTGTTTCAATTGATGAAGTGTTTTAATCTGA 

CACTTCCGGTTOGTTGTTATTCCTATACTAGATTGTTAAGTTAA 3’ 

Reverse complement CNR (1 

CH3) 

5’ TTAACTTAACAATCTAGTATAGGAATAACAAOGAACCGGAA 

GTGTCAGATTAAAACACTTCATCAATTGAAACAACGGGTAATTC 3’ 
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Table S-2. Oligonucleotide combinations used 

(A) Hypothetical fragment 

5’-3’ strand 3’-5’ strand Methylation status 

Hypothetical Reverse complement hypothetical Non-methylated 

Hypothetical 7 CH3 Reverse complement hypothetical 7 CH3 Methylated 

Hypothetical 7 CH3 Reverse complement hypothetical Hemi- methylated forward 

Hypothetical Reverse complement Hypothetical 7 CH3 Hemi- methylated complement 

(B) MYOGENIC FACTOR 3 (MYF3) 

5’-3’ strand 3’-5’ strand Methylation status 

MYF3 Reverse complement MYF3 Non-methylated 

MYF3 (7 CH3) Reverse complement MYF3 (7 CH3) Methylated 

MYF3 (7 CH3) Reverse complement MYF3 Hemi- methylated forward 

MYF3 Reverse complement MYF3 (7 CH3) Hemi- methylated complement 

3) COLOURLESS NON-RIPENING (CNR) 

5’-3’ strand 3’-5’ strand Methylation status 

CNR Reverse complement CNR Non-methylated 

CNR (4 CH3) Reverse complement CNR (4 CH3) Methylated (4 CH3) 

CNR (4 CH3) Reverse complement CNR Hemi- methylated forward 

CNR Reverse complement CNR (4 CH3) Hemi- methylated complement 

CNR (3 CH3) Reverse complement CNR (3CH3) Methylated (3 CH3) 

CNR (2 CH3) Reverse complement CNR (2 CH3) Methylated (2 CH3) 

CNR (1 CH3) Reverse complement CNR (1 CH3) Methylated (1 CH3) 
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Table S-3 Effect of DNA methylation of fragment thermostability. Normalized fluorescence values from the 

different methylated, hemi-methylated and non-methylated DNA fragments (described in Table S-1) performed 

using the software incorporated on the Corbett Rotor-Gene 6000 real-time rotary analyzer. The melting curves 

were normalized by calculation of the ‘line of best fit’ in between two normalization regions before and after the 

major fluorescence decrease using the Rotor-Gene 6000 software. There were eight replicates of each fragment 

type and each methylation status at a concentration of 0.2 µM. Between parenthesis are indicated the calculated 

standard deviations from the mean fluorescence. (A) 77 base long oligonucleotide, representing a hypothetical 

region of a typical eukaryotic gene, which when methylated had seven 5-methylcytosines on both strands; (B) a 

32 base DNA fragment from the human MYOGENIC FACTOR 3 (MYF3) gene, which when methylated had 

seven 5-methylcytosines on both strands; (C) an 85 base fragment from the tomato COLOURLESS NON-

RIPENING (CNR) gene, which when methylated had four 5-methylcytosines on both strands. For fragment 

sequences see Table S-1 

 

(A) Hypothetical fragment 

Normalized Fluorescence 
Temperature 

(◦C) Non-methylated 

DNA 

Hemi-methylated 

DNA 

Reverse hemi-

methylated DNA 
Methylated DNA 

84.40 22.53 (0.19) 29.94 (0.26) 31.97 (0.27) 32.13 (0.23) 

86.00 6.39 (0.11) 14.67 (0.26) 17.62 (0.21) 21.37 (0.16) 

87.00 2.06 (0.24) 5.07 (0.16) 7.06 (0.18) 13.56 (0.13) 

(B) MYOGENIC FACTOR 3 (MYF3) 

Normalized Fluorescence 
Temperature 

(◦C) Non-methylated 

DNA 

Hemi-methylated 

DNA 

Reverse hemi-

methylated DNA 
Methylated DNA 

80.54 37.68 (0.51) 47.97(0.85) 52.37(0.72) 57.41 (0.30) 

82.54 21.77(0.45) 32.13 (0.79) 36.55 (1.00) 43.34 (0.46) 

84.54 8.96 (0.66) 17.73 (0.67) 21.10 (0.93) 29.92 (0.60) 

C) COLOURLESS NON RIPENING (CNR) 

Normalized Fluorescence 
Temperature 

(◦C) Non-methylated 

DNA 

Hemi-methylated 

DNA 

Reverse hemi-

methylated DNA 
Methylated DNA 

75.73 42.44 (2.00) 51.22 (1.68) 55.78 (0.51) 60.32 (0.52) 

76. 73 7.60 (0.54) 13.48 (2.06) 19.63 (0.71) 29.60 (1.68) 

77. 73 4.37 (0.05) 4.49 (0.09) 5.06 (0.08) 6.71 (0.44) 
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Table S-4 Effect of DNA methylation of fragment thermostability. Average Typicalities and Probabilities 

obtained from the PCA and cluster analysis of the normalized denaturation profiles of a 77 base long 

oligonucleotide containing 7 CpG sites using the Rotor-Gene ScreenClust HRM Software. Target DNA 

fragments (eight replicates) were methylated, hemi-methylated on the forward (f) and the reverse (rc) strands 

and non-methylated. Melting curves were normalized by calculation of the ‘line of best fit’ between 

normalization regions before and after the major fluorescence decrease using the Rotor-Gene 6000 software 

provided. Column 2 indicates the average typicality of the eight replicates and columns 3 to 6 indicate the 

average probability of each type of sample to belong to each of the generated clusters. For fragment sequences 

see Table S-1.   

 

 

 

 

Methylation Typicality Prob. C. 1 Prob. C. 2 Prob. C. 3 Prob. C. 4 

Methylated 0. 509 1 0 0 0 

Non-methylated 0.506 0 1 0 0 

Hemimethylated f 0.475 0 0 1 0 

Hemimethylated rc 0.510 0 0 0 1 
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Table S-5 Effect of varying proportions of methylated DNA on denaturation profiles. Normalized 

fluorescence values from different proportions of methylated DNA and non-methylated DNA fragments in the 

same mixture. Each tabulated value represents the mean of five replicates and the values between parenthesis 

the calculated standard deviations (at a final concentration of 0.2 µM) of: 0% methylated DNA (i.e. 100% non-

methylated DNA fragments of the same sequence); a mix containing 5% methylated DNA fragments (and 95% 

non-methylated DNA); a mix containing 25% methylated DNA fragments (and 75% non-methylated DNA); a 

mix containing 50% methylated DNA fragments (and 50% non-methylated DNA); a mix containing 75% 

methylated DNA fragments (and 25% non-methylated DNA); and 100% methylated DNA fragments. Between 

parenthesis are indicated the calculated standard error from the mean fluorescence. (A) 77 base long 

oligonucleotide, representing a hypothetical region of a typical eukaryotic gene, which when methylated had 

seven 5-methylcytosines on both strands; (B) a 32 base DNA fragment from the human MYOGENIC FACTOR 3 

(MYF3) gene, which when methylated had seven 5-methylcytosines on both strands; (C) an 85 base fragment 

from the tomato COLOURLESS NON-RIPENING (CNR) gene, which when methylated had four 5-

methylcytosines on both strands. For fragment sequences see Table S-1. 

(A) Hypothetical fragment 

Normalized Fluorescence 

Temperature 

(◦C) 
0% 

methylated 

DNA 

5% 

methylated 

DNA 

25% 

methylated 

DNA 

50% 

methylated 

DNA 

75% 

methylated 

DNA 

100% 

methylated 

DNA 

82.52 63.95 (0.12) 64.83 (0.11) 65.70 (0.11) 69.92 (0.08) 70.50 (0.08) 71.12 (0.06) 

85.02 27.75 (0.13) 29.94 (0.14) 32.00 (0.15) 43.50 (0.14) 47.22 (0.10) 48.81 (0.07) 

86.02 13.31 (0.07) 15.64 (0.10) 17.86 (0.10) 30.04 (0.16) 34.93 (0.11) 37.20 (0.09) 

(B) MYOGENIC FACTOR 3 (MYF3)  

Normalized Fluorescence 

Temperature 

(◦C) 
0% 

methylated 

DNA 

5% 

methylated 

DNA 

25% 

methylated 

DNA 

50% 

methylated 

DNA 

75% 

methylated 

DNA 

100% 

methylated 

DNA 

80.54 38.88 (1.00) 42.48 (0.32) 47.95 (0.32) 55.74 (0.33) 59.10 (1.00) 62.74 (0.37) 

82.54 18.39 (1.67) 24.12 (0.27) 31.30 (0.4) 40.87 (1.33) 44.79 (0.43) 49.23 (0.44) 

84.54 6.90 (0.64) 10.61 (0.37) 17.10 (0.25) 29.96 (1.06) 31.51 (0.45) 37.10 (0.53) 

C) COLOURLESS NON RIPENING (CNR) 

Normalized Fluorescence 

Temperature 

(◦C) 
0% 

methylated 

DNA 

5% 

methylated 

DNA 

25% 

methylated 

DNA 

50% 

methylated 

DNA 

75% 

methylated 

DNA 

100% 

methylated 

DNA 

75.73 54.87(0.55) 58.36(0.30) 60.64(0.60) 62.28(0.75) 64.59(0.65) 67.23(0.67) 

76. 73 19.26(0.80) 25.94(0.37) 31.10(0.19) 35.11(0.81) 39.62(0.94) 44.37(0.93) 

77. 73 6.43(0.35) 7.53(0.14) 9.69(0.07) 12.29(0.45) 15.65(1.03) 20.63(0.37) 
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Table S-6 Effect of varying proportions of methylated DNA on denaturation profiles. Average Typicalities 

and Probabilities obtained from the PCA and cluster analysis of the normalized denaturation profiles of a 77 

base long oligonucleotide containing, which when methylated had 7 methylated cytosines on each strand, using 

the Rotor-Gene ScreenClust HRM Software. Target Methylated/non-methylated DNA mixes (five replicates) 

included 0, 1, 2.5, 5, 25, 50, 75, 97.5, and 100% methylated DNA. Melting curves were normalized by 

calculation of the ‘line of best fit’ between normalization regions before and after the major fluorescence 

decrease using the Rotor-Gene 6000 software provided. Column 2 indicates the average typicality of the five 

replicates and columns 3 to 11 indicate the average probability of each type of sample to belong to each of the 

generated 

clusters. 

For 

fragment 

sequence

s see 

Table S-

1. 

 

% 

methylated 

DNA 

Typicality 

Prob. - 

Cluster 

1 

Prob. - 

Cluster 

2 

Prob. - 

Cluster 

3 

Prob. - 

Cluster 

4 

Prob. - 

Cluster 

5 

Prob. - 

Cluster 

6 

Prob. - 

Cluster 

7 

Prob. - 

Cluster 

8 

Prob. - 

Cluster 

9 

0 0.4849382 0 0 0 0 0 0 0 1 0 

1 0.478914 1 0 0 0 0 0 0 0 0 

2.5 0.5464412 0 0 0 0 0 0 1 0 0 

5 0.4583547 0 0 0 1 0 0 0 0 0 

25 0.5204898 0 0 1 0 0 0 0 0 0 

50 0.5215894 0 1 0 0 0 0 0 0 0 

75 0.4648983 0 0 0 0 1 0 0 0 0 

97.5 0.4768842 0 0 0 0 0 0.99928 0 0 0.00072 

100 0.4805589 0 0 0 0 0 0.00016 0 0 0.99984 
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Table S-7 Effect of DNA concentration on denaturation profiles. Normalized fluorescence values from 

different concentrations final of methylated DNA and non-methylated DNA fragments. The fragment employed 

was a 77bp long fragment representing a hypothetical region of a typical eukaryotic gene, which when 

methylated had seven 5-methylcytosines on both strands. Each tabulated value represents the mean of eight 

replicates of 100% non-methylated DNA fragment; a mix containing 50% methylated DNA fragments and 50% 

non-methylated DNA; and 100% methylated DNA fragments, the values between parenthesis show the 

calculated standard deviation. (A) a final DNA concentration of 0.02µM; (B) a final DNA concentration of 

0.002µM; (C) a final DNA concentration of 0.2 nM. For fragment sequences see Table S-1. 

 

 

(A) 0.02µM 

 

Normalized Fluorescence 

Temperature (◦C) non-methylated DNA 
50% methylated DNA: 50% 

non-methylated DNA 
methylated DNA 

81 54.18 (0.38) 55.53 (0.14) 55.96 (0.09) 

83 33.96 (0.51) 39.69 (0.17) 41.92 (0.11) 

85 11.85 (0.40) 21.69 (0.22) 25.94 0.15) 

(B) 0.002µM 

Normalized Fluorescence 

Temperature (◦C) non-methylated DNA 
50% methylated DNA: 50% 

non-methylated DNA 
methylated DNA 

81 51.72 (0.22) 51.78 (0.04) 52.17 (0.08) 

83 32.85 (0.14) 35.78 (0.06) 37.54 (0.08) 

85 13.26 (0.07) 19.07 (0.11) 22.04 0.08) 

(C) 0.2nM 

Normalized Fluorescence 

Temperature (◦C) non-methylated DNA 
50% methylated DNA: 50% 

non-methylated DNA 
methylated DNA 

81 45.98 (0.28) 47.01 (0.13) 47.16 (0.25) 

83 29.65 (0.14) 31.53 (0.20) 32.30 (0.20) 

85 16.08 (0.16) 17.50 (0.11) 18.87 (0.11) 
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Table S-8 Effect of DNA concentration on denaturation profiles. Average Typicalities and Probabilities 

obtained from the PCA and cluster analysis of the normalized denaturation profiles of a 77 base long 

oligonucleotide, which when methylated had 7 methylated cytosines on each strand, at different concentrations 

(0.02µM, 0.002µM and, 0.2nM) using the Rotor-Gene ScreenClust HRM Software. Target Methylated/non-

methylated DNA mixes (eight replicates) included 0, 50 and, 100% methylated DNA. Melting curves were 

normalized by calculation of the ‘line of best fit’ between normalization regions before and after the major 

fluorescence decrease using the Rotor-Gene 6000 software provided. Column 2 indicates the average typicality 

of the five replicates and columns 3 to 5 indicate the average probability of each type of sample to belong to 

each of the generated clusters. For fragment sequences see Table S-1. 

 

 

 

DNA Concentration 

0.02µM 

%Methylated DNA Typicality Prob C. 1 Prob C. 2 Prob C. 3 

0 0.511 0 1 0 

50 0.628 0 0 1 

100 0.496 1 0 0 

0.002µM 

0 0.522 1 0 0 

50 0.490 0 0.997 0.003 

50 0.542 0 0.005 0.995 

0.2nM 

0 0.494 0 0 1 

50 0.493 0 >0.999 <0.001 

100 0.510 >0.999 0 <0.001 
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Table S-9 Sensitivity of 5-Methylcytosine Detection. Normalized fluorescence values of an 85 base fragment 

from the tomato COLOURLESS NON-RIPENING (CNR) gene, with 0, 1, 2, and 3 methylated cytosines per 

strand. Each tabulated value represents the mean of eight replicates and the values between parenthesis the 

calculated standard deviation (at a final concentration of 0.2 µM). 

 

 
Normalized Fluorescence 

Temperature 

(◦C) 0 methylated 

cytosines 

1 methylated 

cytosine 

2 methylated 

cytosines 

3 methylated 

cytosines 

4 methylated 

cytosines 

76.03 39.60 (1.07) 51.76 (0.77) 56.93 (0.92) 62.56 (0.70)  58.74 (0.87) 

76.53 20.21 (0.80) 34.52 (0.98) 42.30 (1.11) 51.68 (1.07) 48.99 (0.99) 

77.03 9.77 (0.42) 17.69 (0.73) 25.02 (1.06) 38.16 (1.30) 33.59 (1.01) 
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Table S-10 Sensitivity of 5-Methylcytosine Detection. Average Typicalities and Probabilities obtained from 

the PCA and cluster analysis of the normalized denaturation profiles of 85 base fragment from the tomato 

COLOURLESS NON-RIPENING (CNR) gene, with 0, 1, 2, 3, or 4 methylated cytosines per strand using the 

Rotor-Gene ScreenClust HRM Software. Melting curves were normalized by calculation of the ‘line of best fit’ 

between normalization regions before and after the major fluorescence decrease using the Rotor-Gene 6000 

software provided. Column 2 indicates the average typicality of the five replicates and columns 3 to 7 indicate 

the average probability of each type of sample to belong to each of the generated clusters. For fragment 

sequences see Table S-1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Methylated 

cytosines 
Typicality 

Prob. - 

Cluster 

1 

Prob. - 

Cluster 

2 

Prob. - 

Cluster 

3 

Prob. - 

Cluster 

4 

Prob. - 

Cluster 

5 

0 0.507 0 0 0 0 1 

 1 0.461 0 0 1 0 0 

2 0.518 0 1 0 0 0 

3 0.486 1 0 0 0 0 

4 0.486 0 0 0 1 0 
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Figure S-1 Effect of DNA methylation of fragment thermostability. Normalized melting profiles 

representing 3 replicates using the software incorporated on the Corbett Rotor-Gene 6000 of  a 32 base segment 

from the human MYF3 gene containing 7 CpG sites. Inset, PCA plot and cluster analysis of the same samples 

using Rotor-Gene ScreenClust HRM Software. The melting curves were normalized by calculation of the ‘line 

of best fit’ between normalization regions before and after the major fluorescence decrease using the Rotor-

Gene 6000 software provided. For fragment sequences see Table S-1. 
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Figure S-2 Effect of DNA methylation of fragment thermostability. Normalized melting profiles 

representing 3 replicates using the software incorporated on the Corbett Rotor-Gene 6000 of an 85 base 

fragment from the tomato CNR gene containing 3 CpG sites. Inset, PCA plot and cluster analysis of the same 

samples using Rotor-Gene ScreenClust HRM Software. The melting curves were normalized by calculation of 

the ‘line of best fit’ between normalization regions before and after the major fluorescence decrease using the 

Rotor-Gene 6000 software provided. For fragment sequences see Table S-1. 
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Fig S-3 Effect of varying proportions of methylated DNA on denaturation profiles. Normalized 

denaturation profiles of different proportions of methylated DNA and non-methylated DNA fragments in the 

same mixture using the software incorporated on the Corbett Rotor-Gene 6000 values. Each colour represents 5 

replicates (at a final concentration of 0.2 µM) of an 85 base long oligonucleotide from the tomato 

COLOURLESS NON-RIPENING (CNR) gene, which when methylated had 3 (A) or 1 (B) methylated cytosines 

on each strand. For fragment sequences see Table S-1.
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Figure S-4  Interassay replicability on the effect of varying proportions of methylated DNA on 

denaturation profiles. Two replicated normalized denaturation profiles of different proportions of methylated 

DNA and non-methylated DNA fragments in the same mixture using the software incorporated on the Corbett 

Rotor-Gene 6000 values. Each colour represents 5 replicates (at a final concentration of 0.2 µM) of a 77 base 

long oligonucleotide, representing a hypothetical region of a typical eukaryotic gene, which when methylated 

had 7 methylated cytosines on each strand. For fragment sequences see Table S-1. 
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Figure S-5. Standard curve generation for the quantification of the percentage of methylated fragments 

in an unknown DNA sample.  A Graph shows loss of the fluorescence as temperature increases from 84 to 

86°C during HRM. Trend lines for each of the DNA mixes containing different proportions of methylated DNA 

were generated by calculating the polynomial regressions (shown on inset table) using the temperature 

(horizontal axis)/fluorescence ratios (vertical axis). B-C Graphs show three calibration curves obtained from 

plotting the expected temperature at three different relative fluorescences (26.5, 27.0 and 27.5) calculated using 

the linear regressions shown on A. One DNA mix was left out on each case (B 5% methylated DNA and C 75% 

methylated DNA). Trend lines for each of relative fluorescence were generated by calculating a second order 

polynomial regression (shown on inset table) using the fluorescence (vertical axis)/percentage of methylated 

DNA (horizontal axis) ratios. 
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Figure S-6 Interassay replicability on HRM of sonicated genomic DNA from genotypes containing 

different methylation levels. Insets show independently run denaturation profiles of sonicated genomic DNA 

containing different levels of DNA methylation, normally methylated A. thaliana Columbia 0 (Col 0) genome 

and an under methylated A. thaliana genome (Met 1) normalized using the software incorporated on the Corbett 

Rotor-Gene 6000 values. Larger graphic shows the plotting of the two previous profiles after exporting both 

data sets to Microsof Excel. Error bars indicated the standard deviation of the three replicates calculated for each 

temperature point. 
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Figure S-7 Effect of DNA methylation and varying MgCl2 concentrations on denaturation profiles. 

Normalized denaturation profiles of methylated DNA and non-methylated DNA fragments under different 

MgCl2 concentrations (0.5, 5 and 10µM) using the software incorporated on the Corbett Rotor-Gene 6000 

(Large graph) and PCA and SCA using Rotor-Gene ScreenClust HRM Software from the previous HRM 

profiles (inset). PCA and SCA grouping the samples into two clusters (broken lines group samples into 

methylated and non-methylated) and into six (continous lines separate samples depending on their methylation 

status and MgCl2 concentration). Each colour represents 3 replicates (at a final concentration of 0.2 µM) of an 

85 base long oligonucleotide from the tomato COLOURLESS NON-RIPENING (CNR) gene, which when 

methylated had 3 methylated cytosines on each strand. For fragment sequences see Table S-1. 


