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Background: DNA melting analysis for genotyping and
mutation scanning of PCR products by use of high-
resolution instruments with special “saturation” dyes
has recently been reported. The comparative perfor-
mance of other instruments and dyes has not been
evaluated.
Methods: A 110-bp fragment of the �-globin gene
including the sickle cell anemia locus (A17T) was am-
plified by PCR in the presence of either the saturating
DNA dye, LCGreen Plus, or SYBR Green I. Amplicons
of 3 different genotypes (wild-type, heterozygous, and
homozygous mutants) were melted on 9 different in-
struments (ABI 7000 and 7900HT, Bio-Rad iCycler, Ce-
pheid SmartCycler, Corbett Rotor-Gene 3000, Idaho
Technology HR-1 and LightScanner, and the Roche
LightCycler 1.2 and LightCycler 2.0) at a rate of 0.1 °C/s
or as recommended by the manufacturer. The ability of
each instrument/dye combination to genotype by melt-
ing temperature (Tm) and to scan for heterozygotes by
curve shape was evaluated.
Results: Resolution varied greatly among instruments
with a 15-fold difference in Tm SD (0.018 to 0.274 °C) and
a 19-fold (LCGreen Plus) or 33-fold (SYBR Green I)
difference in the signal-to-noise ratio. These factors
limit the ability of most instruments to accurately geno-
type single-nucleotide polymorphisms by amplicon
melting. Plate instruments (96-well) showed the greatest

variance with spatial differences across the plates. Ei-
ther SYBR Green I or LCGreen Plus could be used for
genotyping by Tm, but only LCGreen Plus was useful
for heterozygote scanning. However, LCGreen Plus
could not be used on instruments with an argon laser
because of spectral mismatch. All instruments compat-
ible with LCGreen Plus were able to detect heterozy-
gotes by altered melting curve shape. However, instru-
ments specifically designed for high-resolution melting
displayed the least variation, suggesting better scanning
sensitivity and specificity.
Conclusion: Different instruments and dyes vary
widely in their ability to genotype homozygous variants
and scan for heterozygotes by whole-amplicon melting
analysis.
© 2006 American Association for Clinical Chemistry

Fluorescent melting analysis of PCR products in conjunc-
tion with real-time PCR was introduced on the LightCy-
cler® approximately 9 years ago (1–3). Many melting
techniques use fluorescently labeled oligonucleotide
probes to genotype short segments of the PCR product
(4–7). Melting curves are usually converted to negative
first-derivative melting plots that reveal melting transi-
tions of the probe-target hybrids as peaks. Samples with
single peaks indicate a homozygous genotype, and those
with 2 peaks indicate a heterozygous genotype. The
higher temperature peak corresponds to the allele per-
fectly matched to the probe, and the lower temperature
peak corresponds to the mismatched allele. Although
accurate, these methods require expensive fluorescently
labeled oligonucleotide probes and provide information
only if the sequence variant is under the probe.

In contrast to probe methods, entire PCR products can
be melted in the presence of DNA-binding dyes such as
SYBR® Green I that differentiate double-stranded from
single-stranded DNA by a change in fluorescence inten-
sity. Sequence variants are inferred from changes in the
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melting transition of the PCR product. Different PCR
products generally have different melting temperatures
(Tms), depending on their GC content, length, and se-
quence (3 ). Temperature resolution is limited, however,
and small sequence differences, such as single-nucleotide
polymorphisms (SNPs), may be difficult to identify. Sev-
eral reports involving genotyping and scanning for minor
sequence variants with SYBR Green I have appeared
(8–13), but the reliability of the methods has been ques-
tioned (14, 15). Amplicon melting is most often used as a
low-resolution tool for confirming the identity of PCR
products on real-time PCR instruments.

Recently, techniques for high-resolution amplicon
melting have appeared along with the introduction of a
new family of LCGreen® dyes (16, 17). These reports
claim accurate SNP genotyping and heterozygote scan-
ning in products up to 1 kb in length (18 ). Most homozy-
gous sequence changes produce a Tm shift compared with
the wild type (19, 20). In contrast, heterozygous samples
are identified not by product Tm, but by differences in
melting curve shape (21 ). PCR products of heterozygous
loci include destabilized heteroduplexes that form by the
annealing of one wild-type and one variant strand. The
resulting melting curve is a composite of both heterodu-
plex and homoduplex components. Homozygous sam-
ples typically have sharp, symmetric melting transitions,
whereas heterozygotes show a more gradual, complex
transition resulting from the different homo- and hetero-
duplex species present. In general, different genotypes
show unique transitions that are revealed by high-resolu-
tion melting, shape comparison, and difference plots of
the melting curves (16, 21).

There is growing interest and use of melting analysis in
clinical diagnosis. However, no study has evaluated the
melting performance of commercially available instru-
ments. Although melting analysis with labeled probes is
well documented on many platforms, a comparative
analysis of amplicon genotyping and heterozygote scan-
ning on different platforms is lacking. In the current
study, we perform a systematic comparison of melting
analysis on 9 instruments from 6 vendors. These instru-
ments vary in sample format from single glass capillary
tubes to multiwell plates and use a variety of heat transfer
methods. As a model analytical target, the sickle cell
mutation was chosen. The sickle cell mutation in the
�-globin gene is an A�T transversion in the second
nucleotide of codon 6. A 110-bp PCR product including
this mutation with a predicted Tm difference (22 ) between
homozygotes (AA and TT) of 0.09 °C provides a stringent
test for differentiation. Furthermore, the heterozygous AT
genotype provides a convenient sample to assess the
quality of mutation scanning by melting. Both homozy-
gote resolution (AA vs TT) and heterozygote scanning
(AA vs AT) were studied with either SYBR Green I or
LCGreen Plus as fluorescent indicators of DNA melting.

Materials and Methods
instrumentation
Nine instruments (representing 6 vendors) capable of
melting analysis were available for comparison in our
laboratory: the Prism® 7000 SDS and 7900HT (Applied
Biosystems), iCycler iQ (Bio-Rad), SmartCycler® II (Ce-
pheid), Rotor-GeneTM 3000 (Corbett Research), LightScan-
ner® (Idaho Technology), HR-1TM (Idaho Technology),
and the LightCycler 1.2 and LightCycler 2.0 (Roche). All
instruments except the HR-1 and the LightScanner also
provide temperature cycling for PCR. The sample for-
mats, heating and cooling methods, and excitation and
emission wavelengths for each instrument are shown in
Table 1.

When LCGreen Plus was monitored in the iCycler,
dye-specific excitation (438/24) and emission (485/20)
filters (center wavelength/bandpass at half height; Sem-
rock) were used. In this case, a pure dye calibration was
performed on the iCycler with 50 pg/�L genomic DNA in
50 mmol/L Tris, pH 8.5 (25 °C) with 0.3� LCGreen Plus.
LCGreen Plus was observed in the SYBR Green I Channel
on all other instruments.

fluorescence spectra
Spectra were obtained for both SYBR Green I (Invitrogen)
and LCGreen Plus (Idaho Technology) by use of a scan-
ning fluorometer and associated FeliX software (Photon
Technology International) in a 60-�L cuvette containing 5
ng/�L human genomic DNA, 50 mmol/L Tris (pH 8.5 at
25 °C), and either a 1:3000 dilution of SYBR Green I or 1�
LCGreen Plus. The emission spectrum for SYBR Green I
was obtained by exciting at 485 nm and scanning the
fluorescence from 490 to 650 nm, whereas LCGreen Plus
was excited at 420 nm with scanning from 430 to 530 nm.
The excitation spectrum for SYBR Green I was measured
from 440 to 520 nm, with fluorescence monitored at 525
nm, whereas LCGreen Plus was measured from 380 to 480
nm with monitoring at 500 nm.

pcr
Exon 1 of the �-globin gene (GenBank accession no.
U01317) was amplified by use of primers PCO3 (position
62150) and PCO4 (position 62259) (23 ). EDTA-anticoagu-
lated whole-blood samples were obtained from residual,
deidentified clinical samples that had been submitted for
hemoglobin evaluation, and DNA was extracted by use of
a QIAamp DNA Blood Mini Kit (Qiagen). Samples were
handled according to a global ARUP protocol under
Institutional Review Board #7275. These samples were
sequenced to identify those that were identical to the
�-globin consensus sequence except at the base producing
the hemoglobin S mutation. A single patient sample of
each genotype was used; wild-type (AA), homozygous
mutant (TT), and heterozygous (AT). Nearest-neighbor
thermodynamic calculations predicted Tms of 85.80 °C for
the wild type and 85.89 °C for the homozygous mutant.
Thermodynamic calculations used values of 0.2 �mol/L
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target (40% amplification efficiency), 20 mmol/L Na�

equivalents from monovalent cations, and 133 Na� equiv-
alents from Mg2� (3 mmol/L Mg2� reduced by 1.2
mmol/L deoxynucleoside triphosphates � 74 for the
influence of divalent cations) (19, 22).

A single 96-well plate PCR amplification for each dye
was performed on a GeneAmp 9700 (Applied Biosystems)
with each well containing 50 �L of 50 mmol/L Tris (pH
8.5 at 25 °C); 3 mmol/L MgCl2; 0.5 �mol/L each primer;
250 mg/L bovine serum albumin; 0.2 mmol/L dATP,
dGTP, and dCTP; 0.6 mmol/L dUTP; 1 U of heat-labile
Uracil DNA glycosylase; 0.04 U/�L Taq polymerase; and
250 ng of human genomic DNA containing either a
1:30 000 dilution of SYBR Green I or 1� LCGreen Plus.
The samples were thermally cycled with maximum tem-
perature ramping under the following conditions: initial
holds at 30 °C for 10 min and 95 °C for 10 min, followed
by cycling for 35 cycles at 95 °C for 15 s, 65 °C for 20 s, and
72 °C for 1 s. After cycling, a 7-min hold at 72 °C was
performed with subsequent rapid cooling to 4 °C. The
individual samples were pooled by genotype and briefly
centrifuged to remove any bovine serum albumin precip-
itate.

melting acquisition
Samples on each instrument were run at the manufactur-
er’s recommended volume, ranging from 10 to 25 �L
(Table 1). Triplicate samples for each of the 3 genotypes
for each dye were prepared for each instrument (3 � 3 �
2 � 9) and stored in the dark at 4 °C before melting (�8 h).
Samples positions in instruments with 96-well heat blocks
were assigned randomly, and the residual wells were
filled with water.

In separate runs to more accurately assess the Tm SD
and signal-to-noise ratio on each instrument, only the
wild-type genotype was analyzed in 96 (ABI 7000, ABI
7900, iCycler, and LightScanner), 72 (Rotor-Gene), or 32
(LightCycler 1.2, LightCycler 2.0, SmartCycler, and HR-1)
replicates. The sample capacity of each instrument dic-
tated whether the replicates were intrarun (ABI 7000, ABI
7900, iCycler, LightScanner, and Rotor-Gene), interrun
(HR-1), or mixed (SmartCycler: 2 runs of 16 samples).

Unless otherwise specified, after an initial hold at 60 °C
for 30 s, the samples were melted by increasing the
temperature to 95 °C at a programmed rate of 0.1 °C/s.
However, the ABI 7900 had a mandatory premelting cycle
of 95 °C for 15 s followed by 60 °C for 15 s. The ABI 7000,
LightScanner, and HR-1 had no temperature hold before
melting. Furthermore, different instruments had different
methods of acquiring fluorescence during melting. One
method was “continuous”, in which the melting rate is
held constant and the fluorescence is acquired as fast as
possible. In contrast, some instruments used a “step”
mode, in which the instrument acquires fluorescence in
fixed temperature steps, ensuring a constant number of
data points per 1 °C but at a much slower temperature

Ta
bl

e
1
.

In
st

ru
m

en
t

an
d

sa
m

pl
e

ch
ar

ac
te

ri
st

ic
s.

In
st

ru
m

en
t

V
ol

um
e,

�
L

Fo
rm

at
H

ea
ti

ng
/

C
oo

lin
g

Ex
ci

ta
ti

on
,

nm
Em

is
si

on
,

nm
A

cq
ui

si
ti

on
m

od
e

D
at

a
po

in
ts

/
°C

M
el

ti
ng

ra
te

,a
°C

/
s

M
el

ti
ng

ti
m

e,
m

in

AB
I:

7
0

0
0

2
5

9
6

-W
el

lp
la

te
Pe

lti
er

�
b

�
b

C
on

tin
uo

us
3
.1

0
.0

2
2

2
7

AB
I:

7
9

0
0

H
T

2
5

9
6

-W
el

lp
la

te
Pe

lti
er

4
8
8

�
b

C
on

tin
uo

us
4
.2

0
.0

1
4

4
2

B
io

-R
ad

:
iC

yc
le

r
2

5
9

6
-W

el
lp

la
te

Pe
lti

er
4
8
0
–5

0
0

c
5
1
5
–5

4
5

c
S

te
p

1
0

0
.0

0
9

6
5

4
2
3
–4

4
7

d
4
7
5
–4

9
5

d

C
ep

he
id

:
S

m
ar

tC
yc

le
r

2
5

1
6

In
di

vi
du

al
ca

ss
et

te
s

Th
er

m
oe

le
ct

ric
/A

ir
4
5
0
–4

9
0

5
1
0
–5

2
7

C
on

tin
uo

us
1
0

0
.1

5
.8

C
or

be
tt

:
R

ot
or

-G
en

e
3

0
0

0
2

0
7

2
Po

ly
pr

op
yl

en
e

tu
be

s
C

irc
ul

at
in

g
ai

r
4
7
0

5
1
0

S
te

p
1
0

0
.0

0
8

7
3

Id
ah

o
Te

ch
no

lo
gy

:
H

R
-1

1
0

G
la

ss
ca

pi
lla

ry
Th

er
m

oe
le

ct
ric

4
5
5

4
9
0

LP
e

C
on

tin
uo

us
2
0
0

0
.1

5
.8

Id
ah

o
Te

ch
no

lo
gy

:
Li

gh
tS

ca
nn

er
1

0
9

6
-W

el
lp

la
te

Th
er

m
oe

le
ct

ric
/a

ir
4
7
0

5
1
0

LP
e

C
on

tin
uo

us
1
4

0
.1

5
.8

R
oc

he
:

Li
gh

tC
yc

le
r

1
.2

1
0

3
2

G
la

ss
ca

pi
lla

rie
s

C
irc

ul
at

in
g

ai
r

4
7
0

5
2
0
–5

4
0

S
te

p
1
9

0
.0

2
3

2
5

C
on

tin
uo

us
5
.2

/1
.9

f
0
.1

5
.9

R
oc

he
:

Li
gh

tC
yc

le
r

2
.0

1
0

3
2

G
la

ss
ca

pi
lla

rie
s

C
irc

ul
at

in
g

ai
r

4
7
0

5
2
0
–5

4
0

S
te

p
1
1

0
.0

4
0

1
5

C
on

tin
uo

us
4
.1

/1
.9

f
0
.1

6
.5

a
O

bs
er

ve
d

m
el

tin
g

ra
te

s
(p

ro
gr

am
m

ed
at

0
.1

°C
/s

w
he

n
po

ss
ib

le
).

b
Pr

op
rie

ta
ry

.
c

Fi
lte

r
ba

nd
pa

ss
fo

r
S

YB
R

G
re

en
I.

d
Fi

lte
r

ba
nd

pa
ss

fo
r

LC
G

re
en

Pl
us

.
e

LP
,

lo
ng

pa
ss

fil
te

r.
f
9

sa
m

pl
es

/3
2

sa
m

pl
es

.

496 Herrmann et al.: Amplicon Melting Analysis Comparison



ramp rate. The iCycler and Rotor-Gene both used 10-s
holds at each step for temperature equilibration before
fluorescence acquisition. On the ABI 7900HT, the melting
rate was expressed as “% heating rate”, and was run at the
company-suggested 2%. On the ABI 7000, only one preset
melting protocol was available. On the LightCyclers, both
continuous and step modes were available. Preliminary
experiments showed that although step mode provided
more data points, the continuous mode was preferable
because of less noise. The data density, observed melting
rates, and times required for melting on all instruments
are shown in Table 1.

melting analysis
Original temperature and fluorescence data were ex-
tracted from each instrument, arranged in Microsoft Ex-
cel, and analyzed by custom software written in Lab-
VIEW, which is designed for high-resolution melting
analysis as described previously (16, 24). All operations
were strictly arithmetic without smoothing or manipula-

tion of the data. Data from the “component fluorescence”
file were used from the 2 ABI instruments. A reference
dye was not used on the ABI instruments because all data
were normalized between 0% and 100% fluorescence
during analysis. Because temperature data are not associ-
ated with component fluorescence data on the ABI 7000,
temperatures were inferred by dividing the total number
of acquisitions (n � 109) by the temperature differential
(35 °C), offset to the starting temperature (60 °C).

For genotyping, melting curves were normalized by
selecting linear regions before and after the melting
transition. These regions defined 2 lines for each curve: an
upper (100%) fluorescence line and a lower (0%) baseline.
The percentage fluorescence within the transition (be-
tween the 2 linear regions) was calculated at each temper-
ature as the distance from the experimental data to the
lower line compared with the distance between the ex-
trapolated upper and lower lines. Tms were interpolated
from the normalized data as the temperature at 50%
fluorescence. Signal-to-noise ratios were obtained by di-
viding the signal (the difference between the upper and
lower baselines at the Tm) by the noise (the average SD of
the points defining the upper baseline about their best-fit
second-degree polynomial).

For heteroduplex scanning, melting curve shapes were
compared by superimposing the normalized curves at
low fluorescence. Typically a region at �5% fluorescence
was selected, although lower data quality from some
instruments required extending the upper bound of this
interval up to 20%. Temperature shifting was not possible
on the 96-well run of the ABI 7900 (high noise) or on the
32-sample run of the LightCycler (low data density on
continuous mode). Temperature shifting eliminates slight
temperature offsets between samples so that heterodu-
plexes can be easily identified.

Results
The spectral excitation and emission curves for SYBR
Green I and LCGreen Plus in the presence of DNA and

Fig. 1. Fluorescence spectra of LCGreen Plus and SYBR Green I.
The excitation (460 nm) and emission (475 nm) maxima of LCGreen Plus are
blue-shifted compared with the excitation (495 nm) and emission (521 nm)
maxima of SYBR Green I. Spectra were obtained in the presence of DNA and PCR
buffer.

Fig. 2. Melting curves of a 110-bp amplicon including
the sickle cell SNP in the presence of SYBR Green I.
Each genotype was melted and displayed in triplicate on 4
representative instruments. Wild-type (AA) samples are
shown in green, heterozygotes (AT) in blue, and the homozy-
gous mutants (TT) in red. The heterozygous genotype can-
not be distinguished from the homozygous genotypes.
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Fig. 3. Melting curves of a 110-bp amplicon including the sickle cell SNP in the presence of LCGreen Plus.
Each genotype was melted and displayed in triplicate on 8 different instruments. Wild-type (AA) samples are shown in green, heterozygotes (AT) in blue, and the
homozygous mutants (TT) in red. (A), normalized melting curves for genotyping; (B), temperature-shifted curves for heterozygote scanning. In contrast to SYBR Green
I (Fig. 2), heterozygous samples are easily identified by the presence of a lower temperature heteroduplex transition in addition to a higher temperature homoduplex
transition.
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PCR buffer are shown in Fig. 1. The maximum absorbance
and fluorescence for SYBR Green I were similar to pub-
lished values at 495 nm and 521 nm, respectively (25 ).
Compared with SYBR Green I, the spectrum of LCGreen
Plus was blue-shifted with peak absorbance at 460 nm
and peak fluorescence emission at 475 nm.

SYBR Green I was compatible with all instruments. The
means (SD) of the average Tms across instruments were
85.36 (0.43) °C for the AA and 85.42 (0.49) °C for the TT
genotypes. These values are, on average, only �0.46 °C
off from the nearest-neighbor predicted values. The mean
Tm difference between homozygous genotypes (TT � AA)
across instruments was 0.06 (0.11) °C. This mean is very
close to that predicted from nearest-neighbor parameters,
although the magnitude of the SD suggests that genotyp-
ing of individual samples may be difficult. This is dem-
onstrated in Fig. 2, in which SYBR Green I melting curves
for 4 of the 9 instruments are shown. In general, variations
between samples of the same genotype preclude accurate
genotyping. An exception may be the HR-1 instrument,
for which the AA genotype appeared to the left of the AT
and TT genotypes. However, on all instruments, the
heterozygous AT genotype was not distinct from the
homozygous genotypes when SYBR Green I was used.

In contrast to SYBR Green I, 2 of the instruments as
supplied by the manufacturer were not compatible with
LCGreen Plus. The standard iCycler filter set for fluores-
cein/SYBR Green I was too narrow to include LCGreen
Plus. Because the iCycler excitation source is broadband
and filter sets are exchangeable, a custom filter set
matched to LCGreen Plus allowed evaluation. However,
the excitation source of the ABI 7900HT is an argon ion
laser, and the optics could not be modified to allow
evaluation of LCGreen Plus.

The mean (SD) of the average Tm across instruments
using LCGreen Plus was 85.40 (0.40) °C for the AA and
85.59 (0.47) °C for the TT genotypes with a Tm difference
(TT � AA) of 0.19 (0.14) °C. Very similar Tms were ob-

tained irrespective of whether the dye was LCGreen Plus
or SYBR Green I. Normalized melting curves using
LCGreen Plus on all instruments compatible with the dye
are shown in Fig. 3A. When the melting curves were
temperature-shifted (Fig. 3B), heterozygotes could be
identified on all instruments. The amount of noise on
different instruments varied widely.

With only 3 samples per genotype, the different ho-
mozygotes appeared to separate on some instruments
(Fig. 3A). To more accurately assess the ability to differ-
entiate homozygotes for genotyping, we determined the
SD of the Tm on each instrument by analyzing 32 to 96
wild-type samples (Table 2). The 9 different instruments
varied by �15-fold in the SD of replicate samples. The SDs
of the four 96-well plate instruments (0.092 to 0.274 °C)
were greater than instruments based on circulating air
(0.045–0.047 °C) or individually controlled samples (0.018
and 0.065 °C). The dynamic thermal uniformity of the
96-well instruments based on amplicon Tm is shown in
Fig. 4. The LightScanner had the smallest Tm range at
0.35 °C across the plate, with the ABI 7000 at 0.66 °C, the
iCycler at 1.10 °C, and the ABI 7900 at 1.24 °C.

Because homozygous melting curves differ predomi-
nately in position (Tm) rather than shape, the ability of
each instrument to distinguish homozygous genotypes
depends only on the SD of the measured Tm (Table 2) and
the actual Tm difference between genotypes. The esti-
mated error rates (assuming gaussian distributions) for
the 9 instruments at Tm differences of 1.0, 0.5, 0.25, and
0.09 °C are shown in Table 3.

For heterozygote detection, absolute Tm is irrelevant
and curve shape is paramount. Resolution can be assessed
by curve variation after temperature shifting and by
signal-to-noise ratios. Temperature shifting reduces the
variation within a genotype (Fig. 3), giving SDs at 50%
fluorescence (Tm SD for scanning in Table 2) from 0.012 to
0.065 °C. Temperature shifting was particularly effective
in reducing curve shape variance in the iCycler and the

Table 2. Temperature variance and signal-to-noise ratios for the melting instruments studied.

Instrument n

Tm SD, °C S/Nc

Genotypinga Scanningb LCGreen Plus SYBR Green I

ABI: 7000 96 0.117 0.065 560 530
ABI: 7900 HT 96 0.274 �d �e 180
Bio-Rad: iCycler 96 0.173 0.064 410 170
Cepheid: SmartCycler 32 0.065 0.051 310 120
Corbett: Rotor-Gene 3000 72 0.045 0.051 180 60
Idaho Technology: HR-1 32 0.018 0.012 3500 1600
Idaho Technology: LightScanner 96 0.092 0.013 1800 2000
Roche: LightCycler 1.2 32 0.045 �d 260 140
Roche: LightCycler 2.0 32 0.047 �d 490 770

a SD of the absolute Tm within a genotype (relevant to genotyping homozygotes).
b SD of the Tm within a genotype after temperature shifting (relevant to heterozygote scanning).
c S/N, signal-to-noise ratio (see Materials and Methods for description).
d Calculation not possible (see Materials and Methods).
e No LCGreen Plus signal detected.
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LightScanner. The signal-to-noise ratios of the different
instruments varied �19-fold with LCGreen Plus and
33-fold with SYBR Green I. The dedicated melting instru-
ments had, on average, �10-fold greater signal-to-noise
ratios than conventional real-time instruments.

Discussion
DNA dyes allow for rapid, inexpensive interrogation of
PCR products without exposure of amplicon to the envi-
ronment. Although many DNA binding dyes can monitor
PCR in real time, the adequacy of results depends on the
dye (26 ), the instrument used (this study), the specific
sequence difference, and whether genotyping or hetero-
zygote scanning is desired. For genotyping assays by Tm

(homozygote differentiation), either SYBR Green I or
LCGreen Plus can be used. However, only LCGreen Plus
appears to detect heteroduplexes and is useful for muta-
tion scanning (Figs. 2 and 3).

SYBR Green I is used routinely on many instruments
for real-time product confirmation (3 ) and quantitative
PCR assays (27 ). The product Tm is usually used for

amplicon identification, and its SD is the appropriate
metric to assess temperature precision for genotyping.
Limitations of genotyping small sequence variants by
amplicon Tm (14 ) include concerns over Tm resolution and
theoretical predictions that some variants will not be
detected. Indeed, complete genotyping of the H63D HFE
mutation by SYBR Green I amplicon melting has been
reported (8 ). However, both on theoretical grounds of
nearest-neighbor symmetry (20 ) and empirical results
with high-resolution instrumentation (19 ), the H63D mu-
tant and wild-type homozygotes are not distinguishable
by melting. This suggests that genotyping by amplicon
melting can indeed be error prone and dependent on
instrument resolution.

The first report of PCR product melting in 1997 (3 )
claimed differentiation of PCR products with a Tm sepa-
ration of 2 °C. Today’s instruments do much better; 7 of 9
instruments in this study had a predicted genotyping
error rate of �0.01% for products that differed in Tm by
only 1.0 °C (Table 3). Most human SNPs (84%) are class 1
or class 2 SNPs (19 ) with a mean Tm difference of 1.0 °C

Fig. 4. Dynamic thermal profiles of the four 96-well instruments studied based on the apparent Tm of the wild-type amplicon.
The absolute temperature difference about the mean of each instrument is shown in false color as indicated in the key to the right.
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between homozygotes in short amplicons. This suggests
that many homozygous single-base changes can be geno-
typed by simple amplicon melting on most instruments.
However, the error rate was �1% on 3 of the 9 instru-
ments when the Tm difference was decreased to 0.5 °C, a
temperature separation that includes nearly all class 1 and
class 2 SNPs (19 ). The remaining 16% of human SNPs are
class 3 or class 4 with Tm differences clustering near either
0.25 °C or 0.0 °C. At a 0.25 °C difference (�10% of human
SNPs), the error rate was �8% on 4 instruments, �3% on
1 instrument, between 0.2% and 0.5% on 3 instruments,
and �0.01% on only 1 instrument. Our genotyping study
was performed on an SNP having a very small Tm

difference (0.09 °C). At such a small Tm difference, only
the HR-1 instrument reliably genotyped (�1% error rate),
a conclusion supported by Figs. 2 and 3. Approximately
4% of SNPs are class 3 or class 4 with nearest-neighbor
symmetry, and the wild type and mutant homozygotes
cannot be distinguished by Tm. In these cases, there are 2
options to retain the simplicity of closed-tube genotyping
with a dye: (a) wild-type DNA can be added to all samples
and quantitative heteroduplex analysis performed (20 ); or
(b) an unlabeled probe can be included in the PCR to
differentiate the homozygotes (28 ).

Mutation scanning for heterozygote detection (as op-
posed to complete genotyping) is another application of
amplicon melting analysis. Although heterozygote detec-
tion with SYBR Green I has been reported (10 ), the dye
was added after PCR at concentrations that inhibited
amplification. When added before PCR at noninhibitory
concentrations, heteroduplexes could not be detected (Fig.
2). SYBR Green I preferentially detected high Tm products,

which is possibly explained by dye redistribution or
product reassociation during melting (16, 29 ). In Fig. 2B,
the melting curve of the heterozygote appears to be
superimposed on the highest Tm product.

In contrast to SYBR Green I, LCGreen Plus is a dye that
does not inhibit PCR at concentrations that saturate the
PCR product produced. LCGreen Plus readily detected
heteroduplexes in all instruments tested by a change in
the melting curve shape (Fig. 3). This provides a homo-
geneous scanning method that does not require any
processing or separations after PCR, such as those re-
quired by denaturing HPLC or temperature gradient
capillary electrophoresis. On the HR-1 instrument, the
accuracy of heterozygous SNP detection approached
100% for amplicons �400 bp in length. For longer PCR
products (400–1000 bp), the sensitivity was 96.1% and the
specificity was 99.4% (18 ). The accuracy of scanning by
melting compares favorably with denaturing HPLC (30 ).
The HR-1 instrument had the highest signal-to-noise of all
the instruments tested, and the scanning accuracy of other
instruments would be lower. This is suggested by the
temperature-shifted curves in Fig. 3B, in which significant
variation in most of the instruments contrasted to the
precise traces of the HR-1 and LightScanner, instruments
that were specifically designed for high-resolution scan-
ning. Furthermore, the scanning target evaluated was
only 110 bp in length; as the amplicon length increases,
the difference between wild-type and heterozygous
curves becomes smaller. Any variation introduced by the
instrument will lower scanning accuracy, particularly in
longer amplicons.

The power of DNA melting analysis depends directly
on the resolution of the melting instrument. Melting
resolution depends on temperature control, temperature
measurement, and fluorescence measurement. Tempera-
ture control determines both intra- and intersample vari-
ations. Melting rate, sample volume, and sample geome-
try affect temperature variations within a sample. For
example, slower melting rates, smaller sample volumes,
and greater surface-to-volume ratios limit temperature
gradients within a sample. Intersample variation can be
either spatial or temporal. Perhaps surprisingly, spatial
variation appears more difficult to control than temporal
variation. Fixed, 96-well instruments showed the greatest
sample variation, whereas the single-sample instrument
had the least, although sequential measurements over
time were required. The resolution of temperature and
fluorescence measurement depends on sensor and elec-
tronic noise, signal intensity, integration time, and the bit
depth of analog-to-digital conversion. Overall measure-
ment resolution is also determined by melting rate, extent
of data averaging, and the resulting data density.

Although we tried to extract all data before any pro-
cessing, integration times and data averaging on the
instruments were not under our control. Furthermore,
only 5 of the 9 instruments could be set to a melting rate
of 0.1 °C/s (Table 1), requiring �6 min for data acquisi-

Table 3. Estimated error rate for genotyping homozygotes
as a function of their Tm difference.

Instrument

Error ratea (%) at an absolute value of
the Tm difference between homozygous

genotypes of

1.0 °Cb 0.5 °Cc 0.25 °Cd 0.09 °Ce

ABI: 7000 �0.01 1.6 14 35
ABI: 7900 HT 3.4 18 32 44
Bio-Rad: iCycler 0.19 7.4 24 40
Cepheid: SmartCycler �0.01 �0.01 2.7 25
Corbett: Rotor-Gene 3000 �0.01 �0.01 0.27 16
Idaho Technology: HR-1 �0.01 �0.01 �0.01 0.59
Idaho Technology: LightScanner �0.01 0.33 8.7 31
Roche: LightCycler 1.2 �0.01 �0.01 0.27 16
Roche: LightCycler 2.0 �0.01 �0.01 0.45 17

a The error rate is estimated from the genotyping SDs calculated in Table 2
and the tail area of gaussian distributions, taken from standard tables (31).

b Average Tm difference between homozygotes in small amplicons of class 1
and class 2 SNPs (19), which account for 84% of human SNPs.

c Nearly all class 1 and 2 SNPs have a Tm difference �0.5 °C between
homozygotes in small amplicons (19).

d Approximately 10% of human SNPs have a Tm difference between homozy-
gotes averaging 0.25 °C in small amplicons. These consist of class 3 and 4
SNPs that are not nearest-neighbor symmetric (19).

e The Tm difference between homozygotes of the SNP in this study.
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tion. The other 4 instruments required between 27 and
73 min for melting. These instruments appear to achieve
acceptable melting resolution by slow melting rates, long
integration times, and/or data averaging. When turn-
around time is important, both PCR (26 ) and melting
analysis can be rapid. For example, scanning on the HR-1
is usually performed at 0.3 °C/s, requiring �2 min for
melting. When high-throughput mutation scanning is
desired, the 96/384-well LightScanner has 5 times the
resolution of other plate-based instruments while running
at speeds 5–11 times faster than the other instruments.

There are several limitations to the current study. Only
those melting instruments available to us at the time were
evaluated. Some have since been updated with more
recent models. Only 1 instrument of each type was tested
and assumed to be representative. Only the HR-1 instru-
ment was designed for genotyping by high-resolution
melting, and only the HR-1 and the LightScanner were
designed for mutation scanning. Real-time PCR instru-
ments are not primarily intended for melting. In contrast
to the static temperature variation considered important
in conventional PCR, we studied dynamic temperature
measurements (Tms) during melting. High-resolution
melting is a new technique, and the limited genotyping
performance of most instruments should not be discour-
aging. Better differentiation of homozygotes may be pos-
sible by inclusion of synthetic duplexes as internal tem-
perature controls, allowing temperature correction
between samples. Finally, although all LCGreen Plus–
compatible instruments could detect a single-nucleotide
heterozygote within the 110-bp amplicon studied, scan-
ning sensitivity and specificity will depend on instrument
resolution and amplicon size. Scanning accuracy (with the
possible exception of the LightScanner) will not be as
good as for the HR-1 (18 ).

Simple solutions for genotyping (19, 28) and scanning
(18 ) are available that do not require expensive probes,
multicolor analysis, real-time PCR, or complex separa-
tions. Scanning and genotyping can even be performed
simultaneously in the same reaction (17 ). As the resolu-
tion of DNA melting instruments improves, the speed
and accuracy of genotyping and scanning by amplicon
melting will also improve.

We extend our appreciation to Dr. June Pounder for
technical assistance on the SmartCycler and Rotor-Gene
instruments, to Dr. Jeff Stephenson for technical assis-
tance on the 7000 and 7900HT, and to Dr. Noriko
Kusukawa for manuscript review. Aspects of melting
analysis are covered by issued and pending patents
owned by the University of Utah and licensed to Idaho
Technology. C.T.W. holds equity interest in Idaho Tech-
nology.
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