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Abstract

Large-scale screening for known polymorphisms will require techniques with few steps and the ability to automate each of these
steps. In this regard, the 5% nuclease, or TaqMan, PCR assay is especially attractive. A fluorogenic probe, consisting of an
oligonucleotide labeled with both a fluorescent reporter dye and a quencher dye, is included in a typical PCR. Amplification of
the probe-specific product causes cleavage of the probe, generating an increase in reporter fluorescence. By using different reporter
dyes, cleavage of allele-specific probes can be detected in a single PCR. The 5% nuclease assay has been successfully used to
discriminate alleles that differ by a single base substitution. Guidelines have been developed so that an assay for any single
nucleotide polymorphism (SNP) can be quickly designed and implemented. All assays are performed using a single reaction buffer
and single thermocycling protocol. Furthermore, a standard method of analysis has been developed that enables automated
genotype determination. Applications of this assay have included typing a number of polymorphisms in human drug metabolism
genes. © 1999 Published by Elsevier Science B.V. All rights reserved.
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1. The 5% nuclease assay

The use of fluorogenic probes in the 5% nuclease assay
(Fig. 1) combines PCR amplification and detection into
a single step. In the 5% nuclease assay [1,2], an oligonu-
cleotide probe is included in the PCR amplification
reaction along with the forward and reverse primers. If
the target sequence of the probe is amplified in the
reaction, then the probe will hybridize to this target
sequence during the annealing/extension step of PCR.
When Taq DNA polymerase encounters the hybridized
probe, the probe is cleaved by the 5% nuclease activity of
Taq polymerase. It is important to note that this cleav-
age occurs only if the probe is specifically hybridized to
its target sequence. By using a fluorogenic probe [3,4],
cleavage of the probe can be detected without post-
PCR processing. The fluorogenic probe consists of an
oligonucleotide labeled with both a fluorescent reporter

dye and a quencher dye. In the intact probe, proximity
of the quencher reduces the fluorescence signal ob-
served from the reporter dye. Cleavage of the fluoro-
genic probe during the PCR-assay liberates the reporter
dye, causing an increase in its fluorescence intensity.
Thus, an increase in reporter fluorescence indicates that
the probe-specific target has been amplified.

2. Detection of alleles

Fig. 2 shows how fluorogenic probes and the 5%
nuclease assay can be used for allelic discrimination [5].
For a bi-allelic system, probes specific for each allele
are included in the PCR assay. The probes can be
distinguished because they are labeled with different
fluorescent reporter dyes (FAM and TET in Fig. 2). A
mismatch between probe and target greatly reduces the
efficiency of probe hybridization and cleavage. Thus,
substantial increase in FAM or TET fluorescent signal
indicates homozygosity for the FAM- or TET-specific
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allele. An increase in both signals indicates
heterozygosity.

Genotyping with fluorogenic probes requires that
fluorescence measurements be made after PCR is com-
pleted. This is conveniently done on the ABI PRISM®

7200 or 7700 Sequence Detection System. This system
measures a complete fluorescence spectrum from ca.
500–650 nm directly in PCR reaction tubes. The Se-
quence Detection System software automatically pro-
cesses the fluorescence data to make genotype calls.
Fig. 3 shows a plot of the processed data that is
generated by the software. Each point represents a
different sample. Four distinct clusters of samples are
observed—Allele 1 Homozygotes, Allele 2 Ho-

mozygotes, Heterozygotes, and samples where no am-
plification is observed (No Amp). In order to obtain the
results shown in Fig. 3, the software makes three sepa-
rate calculations. First, using multicomponent analysis,
the software determines the contribution of each com-
ponent dye to the observed fluorescence spectrum. Sec-
ond, these dye component results are normalized based
on control reactions run on the same plate that contain
no template, known Allele 1 template, or known Allele
2 template. For each sample, an Allele 1 score (on a
scale of 0–1) and an Allele 2 score are calculated.
Finally, based on the results of the no template con-
trols, the Allele 1 and 2 scores are normalized for extent
of reaction.

Fig. 1. Stepwise representation of the forklike-structure-dependent, polymerization-associated, 5% to 3’ nuclease activity of Taq DNA polymerase
acting on a fluorogenic probe during one extension phase of PCR. Two dyes, a fluorescent reporter (R) and a quencher (Q), are attached to the
fluorogenic probe. When both dyes are attached to the probe, reporter dye emission is quenched. During each extension cycle, the Taq DNA
polymerase cleaves the reporter dye from the probe. Once separated from the quencher, the reporter dye emits its characteristic fluorescence.
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Fig. 2. Allelic discrimination assay design strategy with fluorogenic probes in the 5% nuclease assay. The presence of a mismatch between probe
and target reduces the efficiency of probe cleavage.

Fig. 3. Allelic discrimination results with fluorogenic probes in the 5% nuclease assay. A segment of exon 6 of the human ligase I gene (LIG1) was
amplified. This segment contains an A/C single nucleotide polymorphism. The PCR reactions included a FAM-labeled probe for the A allele
(Allele 1), and a TET-labeled probe for the C allele (Allele 2). After PCR amplification, an endpoint fluorescence reading was made on the ABI
PRISM 7700. As explained in the text, the fluorescence spectra were analyzed to generate a normalized Allele 1 value and a normalized Allele 2
value for each sample. Results are shown for the analysis of duplicate samples for 43 individuals. Three No Template controls, three known Allele
1 controls, and three known Allele 2 controls were also analyzed on this plate.

3. Why does the assay work

The results shown in Fig. 3 are for the analysis of a
single C/A base difference found in exon 6 of the
human ligase I gene (LIG1). It is remarkable that a
single base mismatch in probes that are 20–30 nucle-
otides long can lead to such distinct clustering. There
are a number of factors that contribute to this discrim-
ination based on a single mismatch. First, there is the
thermodynamic contribution caused by the disruptive
effect of a mismatch on hybridization. A mismatched
probe will have a lower melting temperature (Tm) than
a perfectly matched probe. Proper choice of an anneal-
ing/extension temperature in the PCR will favor hy-
bridization of an exact-match probe over a mismatched

probe. Second, the assay is performed under competi-
tive conditions, that is, both probes are present in the
same reaction tube. Therefore, part of the discrimina-
tion against a mismatch is that it is prevented from
binding because stable binding of an exact-match probe
blocks hybridization. Third, the 5% end of the probe
must start to be displaced before cleavage occurs. The
5% nuclease activity of Taq DNA polymerase actually
recognizes a forked structure with a displaced 5% strand
of at least 1–3 nucleotides [6]. Once a probe starts to be
displaced, complete dissociation occurs faster with a
mismatch than with an exact match. This means there
is less time for cleavage to occur with a mismatched
probe. In other words, the presence of a mismatch
promotes displacement of the probe rather than cleav-
age of the probe.
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The final factor affecting allelic discrimination with
the 5% nuclease assay is that reliable genotyping does
not require perfect discrimination between mismatch
and exact-match probes. Fig. 4 shows PCR amplifica-
tion results for each of the allele-specific LIG1 probes
on each of the two allele-specific templates. It can be
seen that the A-specific probe shows some reaction with
the C Allele template; and, conversely, the C-specific
probe shows some reaction with the A Allele template.
In spite of this cross-reactivity, the distinct clusters
shown in Fig. 3 are still observed for LIG1 genotypes.
What is critical for robust genotyping is not the com-
plete absence of cross-reactivity, but that the fraction of
cross-reactivity is highly reproducible. As long as the

signal from each allele is consistent well-to-well, it is
easy to use an algorithm to compensate for cross-reac-
tivity of probes. Fig. 5 shows fluorescence spectra for
the reaction of the LIG1 allele-specific probes with
various templates. It can be seen that each of the three
possible genotypes has a spectrum distinct from each
other and from the spectrum of unreacted probe (no
DNA). The calculation that converts dye component
data into Allele 1 and 2 scores uses the characteristic
spectra of known Allele 1 and Allele 2 samples in order
to analyze unknown samples. If there is any cross-reac-
tivity of probes, this is reflected in the Allele 1 and
Allele 2 reference spectra. It is this use of empirically
determined reference spectra that makes the genotyping

Fig. 4. Amplification plots for two alleles of the human LIG1 gene. As in Fig. 3, a segment of LIG1 exon 6 was amplified. Templates were a known
homozygote for the A allele and a known homozygote for the C allele. In this case, fluorescence was monitored during the thermal cycling of PCR
on the ABI PRISM 7700 and analyzed using the Sequence Detection System software. Results are plotted as the change in normalized reporter
fluorescence (DRn) versus cycle number. Panel a shows the results for the FAM-labeled A-specific probe; and panel b shows the results for the
TET-labeled C-specific probe.
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Fig. 5. Fluorescence spectra from an allelic discrimination experiment with fluorogenic probes in the 5% nuclease assay. ABI PRISM 7700 results
of triplicate reactions are shown after amplification of a segment of LIG1 exon 6 that contains an A/C polymorphism. The templates were genomic
DNA from individuals of known genotype. ‘1/1’ and ‘2/2’ Homozygotes refer to individuals homozygous for the A and C alleles, respectively. The
detector of the ABI PRISM 7700 is a CCD camera. The output of the CCD is pooled into 32 bins corresponding to ca. 500–650 nm. In order
to determine the normalized fluorescence values plotted on the y axis, the raw fluorescence value for each bin is divided by the sum of the
fluorescence values for all 32 bins. The three possible genotypes have spectra distinct from each other and from the spectrum of unreacted probe
(no DNA sample). These spectra were generated from reactions containing a mixture of FAM- and TET-labeled probes. Two distinct reporter
peaks are not seen in the region of bin 4–12 because of the spectral overlap between the dyes FAM and TET. Nevertheless, the algorithm used
to deconvolute these compound spectra can distinguish the contribution of the two reporter dyes.

robust to modest amounts of ‘improper’ probe cleav-
age, e.g. cleavage of an Allele 1-specific probe when
hybridized to an Allele 2 target.

4. Guidelines for assay development

In the process of creating a number of successful
tests, guidelines have been developed for the stream-
lined design and implementation of allelic discrimina-
tion assays. The use of these guidelines should make it
easy to apply the fluorogenic 5% nuclease assay to
virtually any allelic discrimination system. The strategy
begins with the explicit guidelines shown in Fig. 6 for
designing the primers and probes. The most radical
aspect of these guidelines is the use of only very small
amplicons (75–150 bp). This does not mean larger
amplicons will fail, but rather that larger amplicons
might require more extensive optimization.

By limiting the parameters on amplicon design, it is
possible to run all reactions with a single reaction
buffer—the TaqMan® Universal PCR Master Mix.
This Master Mix is a convenient premix of all the
components, except primers and probes, necessary to

perform a fluorogenic 5% nuclease assay. One important
feature of this generic reaction mix is the use of Ampli-
Taq Gold™ DNA polymerase. This enzyme is active
only after incubation at elevated temperatures. Using
this enzyme provides an invisible Hot Start to any

Fig. 6. Design guidelines for selecting probes and primers to be used
for allelic discrimination with the fluorogenic 5% nuclease assay.
Probes and primers designed according to these guidelines will work
well when reactions are performed using the TaqMan® Universal
PCR Master Mix (PE Applied Biosystems P/N 4304437) and the
thermal cycling protocol of 50°C, 2 min; 95°C, 10 min; and 40 cycles
of 95°C, 15 s followed by 62°C, 1 min.
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Fig. 7. Results for the analysis of the 1934G�A mutation in the gene CYP2D6. Primers and probes were designed and used according to the
guidelines of Fig. 6. A TET-labeled probe was used to detect the normal G allele (Allele 1), and a FAM-labeled probe was used to detect the
mutant A allele (Allele 2). Genomic DNA samples from 72 individuals were analyzed. Eight No Template controls, eight known Allele 1 controls,
and eight known Allele 2 controls were also analyzed on this plate. The figure is a screen capture from the Sequence Detection System software.

amplification reaction. This reduces the requirements
on primer design because artifacts such as primer dimer
are much less of a problem when a Hot Start is used in
PCR. Thus, by using AmpliTaq Gold, it is easier to get
primers that are going to work the first time. In keeping
with the streamlined nature of this process, all reactions
are performed using a generic thermal cycling protocol.

5. Detection of drug metabolism mutations

Following the procedures described above, the
fluorogenic 5% nuclease assay has been successfully ap-
plied to test for polymorphisms in drug metabolism
genes. The debrisoquine 4-hydroxylase gene (CYP2D6)
is one of the most extensively studied genes where
genetic defects eliminate or reduce oxidative drug
metabolism [7]. The most common mutant allele associ-
ated with the absence of enzyme activity contains the
mutation 1934G-A. This mutation accounts for about

70% of mutant alleles in Caucasians. Fig. 7 shows the
results for the genotyping of 72 individuals. In this
group, there are 53 Allele 1 (normal) Homozygotes, 17
Heterozygotes, and 2 Allele 2 (mutant) Homozygotes.
Fluorogenic 5% nuclease assays have also been devel-
oped for the 191G�A, 282C�T, and 341T�C muta-
tions in the N-acetyltransferase gene (NAT2); the
609C�T mutation in the NAD(P)H:quinone oxidore-
ductase gene (NQO1); the +7668T�A mutation in
the ethanol-inducible cytochrome P450 gene (CYP2EI);
and the 719A�G mutation in the thiopurine S-methyl-
transferase gene (TPMT)

6. Conclusions

The important features of the 5% nuclease assay are:
(1) it is a closed tube, completely homogeneous assay;
(2) the use of fluorogenic probes means that only
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specific signal is detected; (3) there are no post-PCR-
processing steps and (4) the instrumentation and soft-
ware provides automated data collection and analysis.
When applied to allelic discrimination, this technology
provides the increased throughput required for large-
scale screening of known polymorphisms and muta-
tions. By eliminating post-PCR processing, allelic
discrimination with fluorogenic probes reduces the time
of analysis, eliminates the labor and supply costs of
post-PCR steps, reduces the risk of crossover contami-
nation, and minimizes sources of error. Throughput is
further enhanced by the 96-well format and the inte-
grated software that analyzes the fluorescence data and
automatically makes genotyping calls. The guidelines
for streamlined assay development discussed here make
it possible to quickly apply fluorogenic probe technol-

ogy to any allelic discrimination application where high
throughput is of paramount concern.
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