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PCR-based detection techniques
enables reliable and sensitive nucleic
acid target detection. However, quantitative determination methods often fail
to control for the efficiency of nucleic
acid extraction, reverse transcription,
and PCR amplification. This problem
is even more prominent when working
with clinical samples due to target
sequence loss during nucleic acid
processing or the co-purification of PCR
inhibitors (1,2). Handling processes
are often assumed to approach 100%
efficiency in the laboratory, even if
practical experience shows that this
efficiency can be much lower. This
inability to ensure accuracy can lead to
significant error in uncalibrated DNA
sample quantitation. The additional
need for reverse transcription of RNA
may further increase the quantitative
error rate, as yet another enzymatic
process is involved.
Nucleic acid controls have
been developed based upon known
sequences to calibrate either DNA or
RNA handling; DNA calibrators have
been used to control for the amplification of target sequences using realtime PCR methods (3–8), while RNA
calibrators have been developed to test
reverse transcription and amplification
efficiencies (9–11). A nonpathogenic
viral particle carrying a sequence for
use as an external positive control of
extraction and amplification has also
been described (12). Unfortunately,
most of the established processing
controls are only suitable for limited
applications (i.e., either DNA or RNA
detection). Cross-contamination of
biological samples or minute detection
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from natural sources reveals the need
for completely synthetic sequences,
with no homology to sequences
in the nucleic acid databases. It is,
therefore, beneficial to design an
internal, synthetic calibration system
that can control for both DNA and

RNA processing steps in a single
tube. This set includes both RNA and
DNA targets with identical primer
binding sites and, thus, primer binding
efficiency, but easily distinguishable
sequence characteristics, allowing
for simultaneous detection, quantitation, and calibration of nucleic acid
processing efficiency.
A 150-bp randomly generated
nucleic acid sequence was developed
for use as a short control (SC). A GCrich 75-bp sequence was inserted in
the middle of the 150-bp sequence
to generate a 225-bp sequence, long
control (LC). Besides size, the two
sequences were designed to have easily
distinguishable probe binding sites with
a predicted product melting temperature difference of 4°C. Calibrator
sequences have been published as
GenBank® accession nos. EF143258
(DNA control, LC) and EF143257
(RNA control, SC).
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Figure 1. The nucleic acid control set in four different amplification systems. (A) The amplification
of the controls by a normal PCR shows that the 75 bp difference is readily resolved on a 2% agarose gel.
(B) The predicted 4°C difference of the product melting temperature for the two controls can be seen
using SYBR real-time PCR. (C and D) Hydrolysis probe real-time PCR is specific for each control, with
each duplicate showing a high level of precision in the assay. (E and F) Hybridization probe real-time
PCR is also
specific
for eachet
control
Figure
1. Bartolini
al. (shown in blue), with a corresponding sample derived from a clinical specimen (shown in red) compared with the calibration control. SC, short control; LC, long control.
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The synthetic sequences were
constructed using a modified
asymmetric PCR method (13). A more
detailed description of the construction
can be found in the supplementary
material available online at www.
BioTechniques.com. The final PCR
products for both constructs were
gel-purified and cloned into pCR®4
using the TOPO®-TA cloning system
(Invitrogen, Carlsbad, CA, USA).
Sequences were confirmed using
BigDye™ chemistry on the ABI
Prism® 310 Genetic Analyzer (Applied
Biosystems, Foster City, CA, USA).
Plasmid DNA was prepared for the
LC clone, a 10-fold dilution series
was generated, and these aliquots
were stored at -20°C. For the in vitro
transcription reaction, SC plasmid
DNA was prepared by restriction
enzyme digestion using AflIII, the
linear product (600 nucleotides) was
resolved on an agarose gel, and then
purified using the DNA gel extraction
kit (Qiagen, Valencia, CA, USA). RNA
was produced by transcription using
the MEGAscript® T7 kit (Ambion,
Austin, TX, USA) with 100 ng linear
SC plasmid DNA input. At the termination of the incubation, 5 U DNase I
(Ambion) were added to the reaction to
limit plasmid DNA contamination. The
RNA was purified using the RNeasy®
RNA purification kit (Qiagen) with the
supplemental kit for on-column RNasefree, DNase digestion. Dilutions and
aliquots were stored at -80°C.
The DNA (LC) and RNA (SC)
control set was tested using four
different detection systems used by our
molecular diagnostic laboratory. As
shown in Figure 1A, the size difference
between the two calibrators was evident
even when performing PCR in a single
tube containing both the LC and the SC
cDNA. The 75-bp difference was easily
resolved on a 2% agarose gel. The
assay was sensitive to approximately
50 copies for both targets individually.
This system could be used in end point
assays such as traditional PCR or
reverse transcription PCR (RT-PCR) as
a qualitative control to eliminate false
negative results.
SYBR® real-time PCR analysis
yielded results with two distinct
product melting temperature curves, as
shown in Figure 1B. The control set had
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Figure 2. Various clinical sample extraction efficiencies compared with
the calibration control
set. The efficiencies are
calibrated compared with
the positive control set after automated extraction of
nucleic acids by BioRobot®
MDx Workstation (Qiagen)
and amplification using the
probe hybridization set.
The overall average for the
efficiency using this system was 79% for the DNA
and 61% for the RNA in
this clinical sample set.
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an actual difference in product melting
temperature of 4.15°C, comparing
favorably to the predicted difference
of 4.0°C. Multiple target analysis is
impractical in the SYBR system, since
simultaneous detection is only possible
when internal controls and unknowns
are at similar levels. However, with this
Figure 2. Bartolini et al.
4°C difference, it is possible to verify
the specific detection of each control
target as a distinct external control.
The control set could be readily
detected using a pair of hydrolysis
probes in a single tube. As shown
in Figure 1C, the SC cDNA that was
produced from the RNA control could
be detected using the 6-FAM probe
without cross-reaction with the DNA
control. This probe binds across the
junction site of the two conserved ends.
Figure 1D shows that the LC probe
with the VIC fluorophore is specific
for the inserted 75-bp fragment that
is only present in LC. The ability to
use these probes is valuable, as this
system works on plates, allowing
high-throughput assays by automated
robotic systems.
The hybridization probe technique
(LightCycler®; Roche Applied Science,
Indianapolis, IN, USA) was specific in
control detection using two probes for
each target. The system included the
universal probe 1 (shown in the supplementary material) and a specific probe
2 with a unique fluorophore for each
control, allowing the specific detection
of the controls with the corresponding
probe 2. Although the probe 2 binding
site for SC is also present in LC, there
are too many bases between the two
probes to allow cross-reactivity. In

fact, as shown in Figure 1E, the RNA
control SC could be detected only
when using the SC probe 2 (710 nm)
and the One-Step RT-PCR kit (Roche
Applied Science). Figure 1F shows that
the DNA control was detected only in
the LC probe 2 channel (610 nm), and
the reverse transcription reaction failed
to alter the results.
A series of clinical samples (whole
blood, urine, and feces) were submitted
to nucleic acid extraction with the
control set added to the lysis mixture.
The control set (40,000 copies of SC
RNA and 20,000 copies of LC DNA)
was added to each individual sample
at the lysis step. The samples were
analyzed using the LightCycler hybridization probes, and individual samples
were compared with the positive
control based upon the change in cycle
threshold (ΔCT) to derive the extraction
efficiency. Figure 1, panels E and F,
shows a representative set from the
manual extraction, with a duplicate
of the positive (unprocessed, in red)
control set compared with a duplicate
of an extracted sample (in blue).
Since dilution analysis showed this
reaction was linear across 5 orders of
magnitude, 100% PCR efficiency was
assumed in the relative calculations.
Figure 2 shows an average extraction
efficiency of 61% for RNA and 79%
for DNA in experiments performed on
three sample matrices (blood, urine,
and feces). It is important to note that
extraction efficiency varies according
to sample type; therefore, for quality
control assurance, each individual
sample type must be calibrated.
Vol. 42 ı No. 4 ı 2007

Benchmarks
Finally, the strategy described
here may be easily adapted to design
further nucleic acid processing control
sets suitable for monitoring multiple
steps of nucleic acid handling, such as
extraction, reverse transcription, and
amplification, with different molecular
amplification platforms.
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