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Introduction 
Real-time PCR enables continuous 
monitoring of fluorophore fluorescence 
during the generation of PCR products in 
a closed tube format. Currently, available 
methods utilize either labeled probes or 
DNA intercalating dye to monitor the 
amplification of PCR product. The TaqMan 
probe is a single-stranded oligonucleotide 
containing a fluorophore and quencher 
placed 10–30 bases apart. The TaqMan 
probe is hydrolyzed during the amplification 
due to the 5′–3′ double-strand–specific 
exonuclease activity of the Taq polymerase 
that separates the fluorophore from the 
quencher, resulting in fluorescence increase. 
Real-time PCR instruments are equipped 
with fluorescence detectors and software 
capable of estimating the cycle threshold 
(Ct), the cycle at which fluorescence is 
greater than background fluorescence, for 
positive reactions. However, the technique 

cannot differentiate a true negative result 
from a false negative when PCR is affected 
by amplification inhibitors. After nucleic 
acid extraction, it is reported that inhibitors 
may still be present from clinical samples 
(e.g., hemoglobin), environmental samples 
(e.g., humic and fulvic acids), and chemicals 
employed during nucleic acid extraction 
(e.g., ethanol, detergents, or chaotropic 
agents). The reliability of diagnostic assays 
is increased by the inclusion of an internal 
control nucleic acid that can indicate the 
presence and impact of PCR inhibitors 
(1,2). An internal positive control (IPC) is 
amplified simultaneously in the presence of 
a target sequence using a labeled fluorophore 
that emits light at a different wavelength 
than the fluorophore used for the target 
sequence assay, with the two fluorophores 
detected in different channels by the 
real-time PCR instrument. The commonly 
used internal control for PCR is a plasmid 
that contains a sequence similar to that of 

the assay target except for probe region. A 
limited number of IPC molecules are added 
to individual assay target and co-amplified 
with the target nucleic acid; thus, a positive 
IPC signal is evidence that the amplifi-
cation reaction proceeded sufficiently to 
generate a positive signal from very small 
quantities of target nucleic acid. This feature 
is important to ensure equivalent amplifi-
cation of the IPC and the target nucleic acid 
(3–9). However, some devices—such as the 
LightCycler 1.2 and LightCycler 2 (Roche 
Applied Science, Indianapolis, IN, USA), 
the Ruggedized Advanced Pathogen Identi-
fication Device (R.A.P.I.D.) instrument 
(Idaho Technology, Salt Lake City, UT, 
USA), and handheld real-time PCR instru-
ments—are only equipped with one light 
source and associated emission channel. 
Multiplexing on these types of instruments 
requires the use of multi-labeled oligonu-
cleotides and the fluorescence resonance 
energy transfer (FRET) concept. However, 
FRET probes can be challenging to design 
and may lack robustness in hypervariable 
regions and when non-optimal amplifi-
cation conditions are present. The use of 
FRET probes requires the identification 
of two regions for two probes. The FRET 
probe system relies on adjacent hybrid-
ization of oligonucleotides of the two single-
labeled probes in such a way the fluorescence 
of the acceptor dye is detected through the 
excitation of the fluorophore attached to 
the second probe. A major disadvantage 
of the FRET probe is the requirement of 
a larger sequence area necessary to accom-
modate two adjacent probes with a gap 
of 2–5 nucleotides. The possibility exists 
for multiplexing with other label systems, 
such as MegaStokes dye (DYXL; Dyomics, 
Jena, Germany) and Pulsar 650 (Biosearch 
Technologies, Inc., Novato, CA, USA), but 
these labeling systems require spectral infor-
mation to compensate for channel crosstalk 
and are not widely available. The FRET-
TaqMan probe developed in this study, 
however, does not require color compen-
sation software and uses fluorophores 
(FAM, Cy5.5) that are widely available. The 
present report focuses on the design of a 
triple-labeled probe to enable multiplexing 
in instruments equipped with only one 
blue light emitting diode (LED) excitation 
source (470 nm) and associated three corre-
sponding detection channels (e.g., 530 nm, 
640 nm, and 705 nm).

Materials and methods
Probe design principle
All experiments were performed on Idaho 
Technology’s R.A.P.I.D. system, a 32-sample 
portable real-time PCR instrument 
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equipped with a blue LED for excitation 
(470 nm) and associated three fluorescence 
detection channels that measure fluores-
cence at 530, 640, and 705 nm for mono- 
and dual-color assays. Primers JVAF and 
JVAR (10) and probe 5′-FAM/BHQ-1 
were synthesized at the CDC Biotech-
nology Core Facility (Atlanta, GA, USA) 
and probe 5′FAM-Cy5.5/3′BHQ-3 was 
synthesized at Idaho Technology. To enable 
duplex TaqMan PCR, one probe was labeled 
with 5′-FAM/BHQ-1 (520-nm fluores-
cence wavelength) and another one with 
5′FAM-Cy5.5/3′BHQ-3 (705-nm fluores-
cence wavelength). In solution, the probe 
labeled with 5′FAM-Cy5.5/3′BHQ-3 
remains quenched upon hybridization to a 
sequence, and upon subsequent cleavage of 
the probe by enzymatic primer extension, 
the quencher is eliminated. This results 
in FRET through the excitation of FAM 
by the light source of the R.A.P.I.D. 
instrument. The excitation energy is trans-
ferred to the acceptor fluorophore, Cy5.5, 
and the emitted fluorescence is measured in 
a second fluorescence channel (fluorescence 
channel F3 for the R.A.P.I.D. instrument). 
The emission of Cy5.5 fluorescence is the 
result of the combination of FRET and 
TaqMan probe techniques, so these triple-
labeled probes can be referred to as “FRET-
TaqMan” probes.

Primers, probes, and plasmid
To demonstrate the multiplexing capabil-
ities of the FRET-TaqMan design, we 
used a genus-specific Cryptosporidium 
real-time PCR assay to amplify a 159-bp 
portion of the 18S rRNA gene (10). The 
forward primer (JVAF) was 5′-ATGACG-
GGTAACGGGGAAT-3′, reverse primer 
(JVAR) was 5′-CCAATTACAAAAC-
CAAAAAGTCC-3′, and TaqMan probe 
(JVAP) was 5′-FAM-CGCGCCTGCT-
GCCT TCCT TAGATG-BHQ1–3 ′, 
corresponding to nucleotides 100–118, 
258–236, and 184–161, respectively, of 

Figure 1. Mechanism of wavelength-shifting 
FRET-TaqMan probe. The FRET-TaqMan probe 
contains three labels: a black hole quencher 
moiety at the end of the 3′ arm, an emitter 
fluorophore (Cy5.5), and a harvester fluoro-
phore (FAM) joined together at the end of its 5′ 
arm. The FAM efficiently absorbs energy from 
blue LED as a light source. In the absence of 
targets, the probe is dark because the energy 
absorbed by the FAM is transferred to Cy5.5 
and in turn, the energy released from Cy5.5 
is transferred to the quencher and is lost as 
heat energy. In the presence of targets, the 
TaqMan probe is cleaved by the activity of Taq 
polymerase and quencher is released and the 
energy absorbed by the FAM is transferred to 
Cy5.5 through FRET mechanism to emit fluo-
rescence at 705 nm.
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GenBank accession no. AY458612. Primers 
for the construction of the Cryptospo-
ridium IPC contained the same set of primer 
sequences reported for amplification of 
Cryptosporidium spp., except for the probe-
binding region of the target DNA, which 
was replaced with the artificial sequence 
5′-TTGTGCTCGTAGTCGCCTCT-
GTCTCT-3′ (JPIPC). This probe sequence 
had an annealing temperature of 69°C and 
was designed to have no secondary structure. 
Theoretical specificity for internal probe 
was ascertained by a BLAST (11) search of 
the probe and primer sequences in which no 
exact match was found with any Cryptospo-
ridium sequence. The IPC fragment was 
synthesized and cloned into a plasmid by 
Integrated DNA Technologies (Coral-
ville, IA, USA). A known concentration 
of plasmid DNA (100 copies/reaction) was 
added into the master mix of all reactions 
except in negative control. A triple-labeled 
probe (JPIPC) specific to the IPC was 
synthesized by Idaho Technology, as shown 
in Figure 1. The FAM/Cy5.5/BHQ3 oligo-
nucleotide probe was synthesized starting 
on the 3′ end with non-fluorescent Black 

Hole Quencher (BHQ-3) controlled pore 
glass (CPG). The 5′ end was then conjugated 
with a Cy5.5 phosporamidite followed by a 
terminal 5′ fluorescein (6-FAM) phospora-
midite.

Real-time PCR assay
Flow cytometry sorted Cryptosporidium 
parvum oocysts (200 oocysts per tube) 
obtained from the University of Wiscon-
sin’s State Laboratory of Hygiene (Madison, 
WI, USA). DNA from C. parvum oocysts 
was extracted using a protocol described by 
Hill et al. (12) and suspended in 80 µL Tris 
EDTA (TE, pH 8.0) buffer. Two micro-
liters of DNA were added per reaction, 
which corresponded to 5 oocysts (equiv-
alent to 100 copies of target DNA). The 
amplification reaction mixture consisted of 
Quantifast Probe PCR + ROX kit reaction 
mixture (Cat. no. 204354; Qiagen) with 
no ROX added, JVAF, JVAR primers (0.4 
µM each), JVAP probe (0.2 µM), JPIPC 
probe (0.2 µM), and 100 copies of the IPC. 
An aliquot (2 µL) of the extracted DNA 
sample was added to the reaction capillary 
(Roche Diagnostics, Indianapolis, IN, 

USA) containing 18 µL reaction mixture. A 
C. parvum genomic DNA positive control 
(Figure 2, plot 1), the plasmid IPC (Figure 2, 
plot 2), a mixture of the C. parvum positive 
control and the IPC (Figure 2, plot 3), and 
a no-template control (NTC) consisting 
of nuclease-free water (Cat. no. AM9932; 
Ambion, Foster City, CA, USA) instead of 
the DNA (Figure 2, plot 4) were included 
in each experiment. The protocol took ∼30 
min to complete with the following PCR 
conditions: hot-start denaturation step at 
95°C for 3 min, followed by 45 cycles with a 
95°C denaturation for 5 s, 60°C annealing 
for 30 s with single fluorescence acquisition 
(with a temperature ramp rate of 20°C/s). 
A positive result was recorded for FAM 
in channel F1 (530 nm) and for Cy5.5 
in channel F3 (705 nm). Amplification 
reactions were carried out in triplicate. 
Amplicons (159 bp) were visualized by 
agarose gel electrophoresis and Glow-Green 
nucleic acid staining (eEnzyme, Gaith-
ersburg, MD, USA) to confirm the speci-
ficity of the PCR product.

Results and discussion
Real-time PCR fluorescence signals 
reflecting amplification of the C. parvum 
genomic DNA was detected in the F1 
channel (Figure 2A) due to FAM labeling 
of the TaqMan probe. Fluorescence signal 
reflecting amplification of the IPC was 
detected in the F3 channel (Figure 2B) 
due to FAM/Cy5.5 labeling of the IPC 
TaqMan probe. This probe produced an 
increase in Cy5.5 in the F3 channel (Cy5.5), 
but no increase in FAM in the F1 channel 
(FAM) when BHQ3 is separated from 
the FAM/Cy5.5 due to nuclease activity, 

Figure 2. Real-time monitoring profiles using two different probe combinations. An equimolar mixture of a FAM/BHQ1 and a FAM/Cy5.5/BHQ3 was added 
in all PCR reaction mixtures. (A) Channel F1 monitors increase in FAM fluorescence for the presence of C. parvum. Plot 1 (channel F1 primarily collects 
FAM signal) containing only C. parvum DNA revealed Cryptosporidium-specific FAM signal in the PCR. Plot 2 contained only plasmid DNA and no FAM 
signal from FAM/Cy5.5/BHQ3 probe. Plot 3 contained both C. parvum and plasmid DNA but produced only C. parvum–specific FAM signal. Plot 4 was 
a negative sample containing only nuclease-free water in place of any template DNA; no fluorescence was observed from the probes. (B) Channel F3 
monitors increase in Cy5.5 for the presence of internal control plasmid DNA. Plot 1 contained only C. parvum DNA and no fluorescence signal from FAM/
BHQ1 probe. Plot 2 (channel F3 primarily collects Cy5.5 signal) containing only plasmid DNA revealed internal plasmid control (IPC)–specific Cy5.5 
signal in the PCR. Plot 3 contained both C. parvum and plasmid DNA but produced only IPC-specific Cy5.5 signal. Plot 4 was a negative sample contain-
ing only nuclease free water in place of any template DNA; no fluorescence was observed from the probes.
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because energy was transferred from FAM 
to Cy5.5. Similarly, in the duplex reaction, 
the C. parvum genomic DNA amplifi-
cation was detected in the F1 channel, 
while the IPC amplification was simul-
taneously detected in the F3 channel. 
FAM has an excitation at 495 nm and an 
emission at 520 nm. Cy5.5 has a 690-nm 
excitation and a 705-nm emission. With 
such close proximity between Cy5.5 and 
FAM on the triple-labeled IPC probe, the 
Cy5.5 fluorophore emits fluorescence due 
to the complete transfer of energy from the 
FAM fluorophore, resulting in no fluores-
cence emission of FAM in the F1 channel 
(Figure 2A). Negative control reactions did 
not show an increase in fluorescence due to 
FAM or Cy5.5. These results also demon-
strate that a single blue (470 nm) LED 
source is sufficient to monitor dual fluores-
cence emissions through F1 (530 nm) and 
F3 (705 nm) channels without any spectral 
overlap in the respective monitoring 
channels for FAM and Cy5.5. The FRET-
TaqMan technique was also tested using 
a panel of 12 DNA extracts from stool 
specimens (8 from specimens previously 
determined to be positive for Cryptospo-
ridium spp. and four specimens that were 
negative for Cryptosporidium spp.). The 
18S rRNA assay was able to detect all eight 
Cryptosporidium spp. The IPC TaqMan 
assay was found to amplify only the IPC 
plasmid DNA. The IPC assay resulted in 
Ct values of 32–37, which indicated up to 5 
Ct values of PCR inhibition for some stool 
specimens (32 was the expected Ct value for 
no-inhibition reactions).

The present technique differs from 
traditionally used FRET in that one fluores-
cently labeled oligonucleotide probe is used 
(FRET-TaqMan probe) instead of two 
probes (FRET probes) in which one probe 
contains the donor fluorophore and the 
other probe contains the acceptor fluoro-
phore (13,14). The FRET-TaqMan probe is 
labeled at the 5′ end with two fluorophores 
of donor (FAM) and acceptor (Cy5.5) 
fluorophores and at the 3′ end with a BHQ-3 
quencher like a TaqMan probe. The unique 
probe-binding region is selected to differen-
tiate from the target DNA so as to monitor 
two different fluorescence measurements 
in two different detection channels (530 
nm in F1 and 705 nm in F3) from the same 
amplification reaction without the need to 
include color compensation software. The 
target DNA and IPC had the same primer 
binding sites but a different probe sequence. 
This ensures that the use of the same 
primers for both DNA targets to minimize 
primer-dimer formation or interaction 
between primer sets. When FAM/Cy5.5 
fluorophores are placed closely at the 5′ end, 

resonance energy transfer takes place with 
an increase in fluorescence emission of the 
Cy5.5 fluorophore. However, use of BHQ3, 
a non-fluorescence acceptor for Cy5.5, 
decreases potential background fluores-
cence, which results in a higher signal-to-
noise ratio. It was found that addition of 100 
copies of the IPC to a reaction containing 
∼100 copies of genomic C. parvum DNA 
resulted in similar Ct values (Ct = 32) 
when the Cryptosporidium TaqMan assay 
was performed as a singleplex assay and as 
a duplex assay with the IPC TaqMan assay. 
When applied to a panel of Cryptosporidium-
positive DNA specimens, the IPC indicated 
that some specimens did not contain PCR 
inhibitors (based on expected Ct values of 
32), but other specimens were associated 
with inhibition of up to 5 Ct values.

The newly developed internal PCR 
positive control proved to be sensitive 
and specific for simultaneous detection 
of two targets in the same reaction due to 
the labeling with the FAM/Cy5.5-BHQ3 
and FAM/BHQ1 for the respective IPC 
and 18S rRNA target gene in a dual-
color multiplex PCR for monitoring in 
F1 and F3 fluorescence channels of the 
R.A.P.I.D instrument. The use of the 
5′FAM-Cy5.5/3′BHQ-3–labeled probe 
as the second reporter is advantageous 
because the emission maxima of the two 
probes were well-spaced from each other. 
The FRET-TaqMan triple-labeled probe 
design could have applications in devel-
oping an inexpensive, disposable “lab-on-
a-chip” device with optics consisting of 
one blue LED excitation and two emission 
sources of 530 nm and 705 nm, with appro-
priate optical filters to detect FAM in one 
channel and Cy5.5 in the other. This combi-
nation would not require two high-powered 
fluorescence source and detection systems.
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