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INTRODUCTION

During recent years, the use of real-
time PCR to quantify nucleic acids has 
grown extensively. It is currently the 
most sensitive method to determine the 
amount of specific DNA sequences in 
complex biological samples and has 
been applied in such different areas 
as cancer diagnostics (1,2), food and 
veterinary diagnostics (3,4), and basic 
genomic research (5). Detection can be 
performed by using sequence-specific 
probes such as TaqMan® probes 
(6), molecular beacons (7), hybrid-
ization probes (8), locked nucleic acid 
(LNA) probes (www.biotechniques.
com/article.asp?id=91200423), and 
LightUp® probes (9). Alternatively, 
free dyes that bind to double-stranded 
DNA (dsDNA) such as SYBR® Green 
I (10) and BEBO (11) can be used. 
When using sequence-specific probes, 
only the targeted product is detected, 
while all dsDNA contributes to the 
fluorescence signal of DNA binding 
dyes. In addition to the correct PCR 
product, this includes primer-dimers 
and other nonspecific amplification 

products. Primer-dimer formation is 
a major problem when quantifying 
low amounts of DNA due to compe-
tition between the two amplification 
reactions, which often results in a 
reduced sensitivity of the assay. DNA 
binding dyes reflect formation of both 
the correct product and the primer-
dimers and may overestimate the target 
DNA concentration. When sequence-
specific probes are used, primer-dimer 
products are not seen, but they may still 
form and interfere with the amplifi-
cation reaction of the targeted product. 
An advantage of DNA binding dyes 
is that melting curve analysis can be 
performed after the amplification in a 
closed-tube format to identify the PCR 
products that have been formed (12). 
This is not possible when only using 
sequence-specific probes. In melting 
curve analysis, the temperature is 
gradually increased while monitoring 
the fluorescence. When the temperature 
is reached that melts the dsDNA, the 
dye is released, and its fluorescence 
decreases. The melting temperature 
depends on the sequence of the DNA, 
but most importantly, on the length of 

the dsDNA product. Hence, different 
PCR products may be distinguished by 
melting curve analysis.

The most common fluorophore used 
in probes is FAM, which is a deriv-
ative of fluorescein (13). FAM has an 
excitation maximum at 493 nm and an 
emission maximum at 525 nm. SYBR 
Green I, which is the most popular 
DNA binding dye for real-time PCR, 
has almost identical maxima, 497 and 
521 nm, respectively, and the FAM and 
SYBR Green I spectra overlap exten-
sively. Their responses are measured in 
the same detection channel or using the 
same filter settings in the real-time PCR 
instruments (14), making it impossible 
to distinguish the signals from these 
dyes. A new dsDNA binding dye, 
BOXTO, was recently developed (15). 
BOXTO is an asymmetrical cyanine 
dye that is similar to SYBR Green I 
(16), but with an excitation maximum 
at 515 nm and an emission maximum 
at 552 nm. These spectral properties are 
distinct from FAM, and BOXTO can 
be used in the same reaction as FAM 
without interfering spectroscopically 
with it by using appropriate detection 
channels or filters.

In this work, we demonstrate the 
novel strategy of combining a nonspe-
cific dsDNA  binding dye (BOXTO) 
with either a TaqMan or an LNA probe 
in the same reaction. The sequence-
specific probe is used to quantify target 
DNA molecules, while the nonspe-
cific BOXTO is used for melting 
curve analysis to reveal formation of 
nonspecific PCR products. The whole 
process is performed in a homogenous 
solution in closed reaction containers. 
The approach is demonstrated on three 
PCR systems with varying amounts 
of primer-dimers and erroneous PCR 
products. One assay was designed for 
the amyloid β (A4) precursor protein 
gene (amyloid assay), one for the 
Escherichia coli β-glucoronidase gene 
(gusA assay), and one for the nanog 
gene (nanog assay).

MATERIALS AND METHODS

Primers, Probes, and Template

Primer sequences for the amyloid 
assay were 5′-ATGGGTTGGCCGCT-
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TCTTTG-3′ and 5′-GCTTGTT-
GAGACAGCAAAACCTC-3′, 
which produce a 133-bp product. 
The TaqMan probe sequence was 
5′-CCTGCGCCTTGCTCCTTT-
GGTTCG-3′ and was labeled 
with FAM at the 5′ end and Black 
Hole Quencher™ 1 (Biosearch 
Techniologies, Novato CA, USA) 
at the 3′ end. Primer sequences 
for the gusA and nanog assays 
were 5′-CTCTTTGATGTGCT-
GTGCCT-3′ (gusA forward) 
and 5′-ACATATCCAGCCATG-
CACAC-3′ (gusA reverse), which 
produce a 223-bp product. The 
nanog assay was run as previ-
ously described (17). Sequence 
matching LNA probes (number 
51 for gusA and number 69 for 
nanog) from the Human ProbeLi-
brary™ (Exiqon Vedbaek, 
Denmark) were used. The probes 
were labeled with fluorescein 
and a nonfluorescent quencher 
according to the manufacturer. 
All measurements for amyloid 
and gusA were performed 
using purified PCR products as 
a template, while cDNA from 
human stem cells was used for 
the nanog assay, as described 
elsewhere (17).

Real-Time PCR Conditions

Real-time PCRs for the 
amyloid system contained 
75 mM Tris, pH 8.8, 20 mM 
(NH4)2SO4, 0.1% Tween® 20, 
4 mM MgCl2 (Sigma-Aldrich, 
Stockholm, Sweden), 0.2 mM 
of each dNTP (Sigma-Aldrich), 
0.3 μM of each primer (MWG-
Biotech, Ebersberg, Germany), 1 
U Taq DNA polymerase (Sigma-
Aldrich), 0.2 μM TaqMan probe 
(Eurogentec, Liege, Belgium), 
and/or 0.3 μM BOXTO (TATAA 
Biocenter, Gothenburg, Sweden). 
For the gusA assay, the reactions 
contained 10 mM Tris-HCl, pH 
8.3, and 50 mM KCl, 3.5 mM 
MgCl2, 0.2 mM of each dNTP, 
0.3 μM of each primer, 1 U Taq 
DNA polymerase, 0.1 μM LNA 
probe, and/or 0.6 μM BOXTO. 
For the nanog assay, the reactions 
contained 10 mM Tris-HCl, pH 

Figure 1. Standard curves, gene 
expression profiling, and melt-
ing curves using sequence-spe-
cific probes in combination with 
BOXTO. Standard curves were 
constructed from experiments 
with only probe (triangles) and ex-
periments with probe and BOXTO 
in the same reaction tube [cycle 
threshold (CT) values from the 
probe channel are shown as circles 
and those from the BOXTO chan-
nel as squares]. Standard curves of 
(A) TaqMan-probed amyloid assay 
and (B) locked nucleic acid (LNA)-
probed gusA assay are shown. The 
part of the standard curves where 
samples contain mostly the targeted 
PCR product are shown with solid 
line in blue, while the part of the 
standard curve suffering from in-
terference by primer-dimer forma-
tion is shown with dashed lines in 
red. Samples with CT values of 40 
or higher were considered negative. 
These are shown in the top of the 
graphs and were not considered 
when drawing the standard curves. 
The amyloid and gusA PCR assays 
were run with regular (not hot start) 
Taq DNA polymerase, and they pro-
duced significant amounts of prim-
er-dimers. The insets show melting 
curves of three selected samples 
from the reaction monitored with 
both probe and BOXTO. They were 
selected to contain targeted PCR 
product only (blue), a mixture of 
targeted PCR product and primer-
dimers (black), and primer-dimers 
only (red). Note that samples of 
the standard curves marked red in 
panels A and B contain both sam-
ples with primer-dimers only (red 
melting curve) and samples with 
a mixture of target PCR product 
and primer-dimers (black melt-
ing curve). (C) The expression 
of nanog measured by the probe 
signal is shown. Positive samples 
are shown in blue. The nanog ex-
pression decreases with time as 
reflected by increasing CT values. 
Melting curve analysis based on 
the BOXTO signal revealed forma-
tion of an aberrant PCR product, 
with a higher melting temperature 
(approximately 90°C) than the 
targeted product (approximately 
87°C), in the biological negative 
control (green melting curve). This 
RNA was extracted from mouse. 
The no template control (NTC) 
samples, shown in red, contained 
only primer-dimers. The melting 
temperatures of the full-length PCR 
products were significantly higher 
than that of the corresponding prim-
er-dimers (approximately 80°C) 
for all three assays studied. hESC, 
human embryonic stem cells.
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signal. In any case, the shifts do not 
affect quantification, since the slopes of 
the standard curves are the same in the 
presence and absence of BOXTO, and 
any differences in CT values between 
samples remain the same.

To demonstrate the advantage of 
combining a sequence-specific probe 
with a nonspecific dye in the same 
reaction, we tested the approach 
with amyloid and gusA assays that 
were not fully optimized and experi-
enced primer-dimer formation. This 
was done by using regular Taq DNA 
polymerase instead of hot start Taq 
DNA polymerase. Standard curves 
based on the BOXTO signal level off 
at low DNA concentration, revealing 
formation of side products (dashed 
lines in Figure 1, A and B). From 
melting curve analysis of the BOXTO 
signal, the side product is seen to have 
a lower melting temperature than the 
targeted product, suggesting it repre-
sents primer-dimers. The amount of 
primer-dimers formed increases with 
decreasing DNA template concen-
tration. The formation of primer-dimers 
also affects the reactions containing 
only probes as reporters. It consumes 
PCR reagents, whose concentrations 
eventually become so low that ampli-
fication efficiency is reduced, shifting 
the probe CT to higher values. This is 
evident in the serial dilution shown 
in Figure 1B. The sample indicated 
by “1” produces significant amounts 
of primer-dimers, and its probe CT is 
higher than would be expected without 
this interference, resulting in erroneous 
quantification. In the BOXTO channel, 
a lower CT is observed than expected 
in absence of primer-dimers, because 
BOXTO binds also to the primer-dimer 
products. The formation of primer-
dimers is evident from the melting 
curve analysis, where sample 1 has a 
large primer-dimer peak and a small 
product peak. It is noteworthy that the 
other two replicates of the sample do 
not produce significant amounts of 
primer-dimers (data not shown) and 
exhibit normal CT values. Primer-
dimer formation in real-time PCR is 
not very reproducible for the amyloid 
and gusA assays. In samples with 
even lower initial amounts of DNA, 
amplification of the targeted product is 
totally repressed, and no probe signal 

found to have negligible fluorescence 
in the FAM channel of the Rotor-Gene 
3000, thus being fully compatible with 
FAM-labeled probes.

Dilution series were performed for 
both amyloid and gusA assays, using 
probe, BOXTO, and a mixture of probe 
and BOXTO as detection chemistry 
reporters. For the reactions run with 
both probe and BOXTO as reporters, 
standard curves were constructed from 
both the FAM channel (probe) and 
JOE channel (BOXTO) signals. The 
standard curves are shown in Figure 1, 
A and B (data from reactions containing 
only BOXTO are not shown). The 
PCR efficiencies calculated from the 
standard curves based on the FAM 
signal were the same in the absence and 
presence of BOXTO, demonstrating 
that the presence of BOXTO does not 
inhibit the PCR (Table 1). The PCR 
efficiency was 96% for the amyloid 
assay and about 93% for the gusA 
assay. The PCR efficiencies calculated 
from standard curves based on the 
BOXTO signal were independent of 
the presence of probe (Table 1). The 
probe cycle threshold (CT) values were, 
however, somewhat different in the 
presence of BOXTO. With the TaqMan 
probe (the amyloid assay), the probe 
signal appeared about half a cycle 
earlier when BOXTO was present. 
The opposite was found with the LNA 
probe (the gusA assay). The reason 
for this shift of CT values is unclear. A 
possibility is that the probes and bound 
BOXTO interact spectrally, resulting 
in small enhancement and small 
quenching, respectively, of the probe 

8.3, and 50 mM KCl, 3 mM MgCl2, 
0.3 mM of each dNTP, 0.4 μM of each 
primer, 1 U JumpStart™ polymerase 
(Sigma-Aldrich), 0.1 μM LNA probe, 
and 0.5 μM BOXTO. Samples were run 
as triplicates (gusA and amyloid) and 
duplicates (nanog) in 20-μL reactions 
using the Rotor-Gene™ 3000 (Corbett 
Research, Sydney, Australia). Cycling 
conditions for all systems were prein-
cubation at 95°C for 3 min, followed 
by 40 cycles of 95°C for 15 s and 60°C 
for 60 s. Fluorescence was measured 
after each 60°C step on both the FAM 
channel (excitation wavelength 470 
nm, detection wavelength 510 nm) and 
the JOE channel (excitation wavelength 
530 nm, detection wavelength 555 nm).  
Melting curves were recorded after the  
run by stepwise temperature increase 
(1°C/5s) from 65° to 95°C, measuring  
the fluorescence on the JOE channel.  
Formation of expected PCR products was 
verified by agarose gel electrophoresis.

RESULTS AND DISCUSSION

We have tested the performance of 
three probe-based real-time PCR assays 
in the presence of the DNA binding 
dye BOXTO as an internal control 
for nonspecific product formation by 
melting curve analysis. One assay was 
based on a TaqMan probe, and the 
other two were based on LNA probes. 
The probes were labeled with FAM, 
and their fluorescence was measured 
on the instrument FAM channel, while 
BOXTO fluorescence was measured 
using the JOE channel. BOXTO was 

Table 1. Detection Chemistry Combinations and PCR Efficiencies

Target Detection Chemistry Detection Channel PCR Efficiency
(%)

amyloid TaqMan probe FAM 96

amyloid TaqMan probe, BOXTO FAM 96

amyloid BOXTO JOE 98

amyloid TaqMan probe, BOXTO JOE 100

gusA LNA probe FAM 94

gusA LNA probe, BOXTO FAM 93

gusA BOXTO JOE 103

gusA LNA probe, BOXTO JOE 100

Nanog LNA probe, BOXTO FAM/JOE —

LNA, locked nucleic acid.
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is detected (Figure 1, top of the graph). 
The advantage of using BOXTO in 
combination with sequence-specific 
probes is that more information about 
the reactions is obtained. In particular, 
the BOXTO signal reveals the formation 
of any primer-dimer products that may 
have interfered with the amplification 
of target product.

To further demonstrate the 
usefulness of combining probes and 
dyes in the same reaction, we studied 
the expression of nanog in human stem 
cell cultures at different degrees of 
differentiation (17). The nanog assay 
was highly optimized, generating very 
few primer-dimers when using hot 
start polymerase. However, even in this 
setup, the addition of BOXTO revealed 
more and interesting information that 
had not been observed using only probe. 
The expression of nanog over time is 
shown in Figure 1C. The melting curve 
analysis showed that nonspecific PCR 
products were formed in the samples 
with negligible nanog expression. The 
no template control was found to have 
products melting at lower temperature 
than the target PCR product (i.e., 
primer-dimers). Even though none of 
the positive samples showed signs of 
containing primer-dimers, samples 
with lower nanog concentrations could 
be affected by primer-dimers, and one 
should be aware that this data could 
be somewhat biased. The biological 
negative control had products with a 
higher melting temperature than the 
positive samples. This indicates that 
another product, not primer-dimers, 
has been formed (verified by gel 
electrophoresis, data not shown). Such 
a product formation could of course 
also affect the amplification of the 
correct product, especially if the latter 
is present at a low concentration.

In summary, we have shown that 
the nonspecific dsDNA binding dye 
BOXTO can be used in combination 
with sequence-specific FAM-based 
probes to monitor real-time PCR 
product formation. This combined 
system is advantageous to traditional 
probe- and dye-based assays by 
detecting both the formation of the 
targeted product and the interfering 
nonspecific products in a closed tube 
format. With this approach, samples 
exhibiting erroneous probe CT values 

due to competition with primer-dimer 
formation are readily identified. 
For critical measurements, this new 
approach offers most valuable quality 
assurance in real-time PCR-based 
analysis.
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