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REAL-TIME PCR
where we are and where are we heading
Quantitative real-time PCR is becoming mature technology for the quantification
of nucleic acids. It is spreading wide outside its original use in the research
laboratories, becoming preferred technology for a range of applications, many
that require specialised solutions and adaptations. Integration with pre-analytical
steps and post-processing operations are becoming key challenges.

T

he idea of the polymerase chain reaction
(PCR) was born in 1983 when Kary Mullis
was taking a ride in the mountain range in
California1,2. It is as simple as brilliant. Based on
the natural ability of the polymerase enzyme to
copy nucleic acids, Kary Mullis reasoned that using
a heat stable polymerase it should be possible to
automate the reaction to perform multiple copying
events by cycling the temperature. The double
stranded DNA molecule is strand separated by
heating to 95°C, then the temperature is lowered
to allow short synthetic DNA oligonucleotide
primers to anneal to complementary sequence in
the DNA template, and finally the temperature is
set to 72°C, at which the heat stable Thermus
aquaticus (Taq) polymerase extends the primers
into full length copies. Since both strands are
copied, the number of DNA molecules is doubled
in each cycle. Using PCR, virtually any DNA can
be amplified starting from a single copy to a large
number of molecules that can readily be analysed
or used for engineering. Development of PCR was
a major breakthrough as a qualitative analytical
tool, but it was not quantitative. The amount of
PCR product produced depended on the amount of
reagents added rather than on the amount of starting material.
In the beginning of the 90s Russell Higuchi discovered that PCR can be performed in the presence of nucleic acid stains that become fluorescent
upon binding the DNA. The fluorescence from the
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dyes could be measured throughout the reaction,
making it possible to monitor the accumulation of
the PCR product in real time. By registering the
number of PCR amplification cycles required to
obtain a particular amount of product characterised by certain dye fluorescence, it was possible
to calculate the number of target molecules the
sample contained initially. The approach was
named quantitative real-time PCR or qPCR for
short. The analytical sensitivity of qPCR was only
limited by sampling effects, since a single molecule
was sufficient to generate product, and its dynamic range was virtually unlimited. Reproducibility
was also impressive, considering the technique
gives exponential response.
A year ago I summarised in DDW the emerging
qPCR applications and in this news story I follow
up on those and other important happenings in the
qPCR field during the past year.

By Dr Mikael Kubista

Closed, automated systems for
infectious disease testing
2009 was the year of the Swine flu outbreak. First
detected in April in Veracruz, Mexico, the new
virus with combination of genes from swine, avian,
and human influenza viruses, spread quickly
around the world and was in June declared pandemic by the World Health Organization (WHO)
and the US Centers for Disease Control (CDC).
The CDC recommended qPCR for the new virus as
other tests were unable to differentiate between
59
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Figure 1
New reporter dye.
Comparison of qPCR signals
from SYBR Green I and the
new Chromofy dye from
TATAA Biocenter run on the
BIOMARK high throughput
platform from Fluidigm.
Data courtesy of David Svec
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pandemic H1N1/09 and regular seasonal flu3.
Rapid influenza diagnostic tests (RIDTs) based on
the detection of the influenza viral nucleoprotein
antigen, for example, show only 10-70% sensitivity compared to the qPCR test for the novel virus4.
So far only qPCR-based diagnostic tests have
gained FDA approval. This total dominance of
qPCR as primary test for the new pathogen reflects
its emerging status as gold standard for pathogen
detection in diagnostics.
Although influenza testing has dominated the
news in the past year, the most common molecular
diagnostic tests are HCV, HBV and HIV, which
account for some 85% of the testing. In the US
more than 2 million quantitative HIV tests are performed annually. Currently a handful of large companies compete for this market. All use qPCR on
license from Roche, apart from bioMerieux which
uses NASBA and Chiron/Bayer which uses branch
DNA technology – these are the only other FDA
approved quantitative tests. This picture is expected to change rapidly as the qPCR patents expire
within the next few years as many more kit suppliers will be able to enter. Currently, only few qPCR
instruments are licensed for diagnostics and
approved for in vitro diagnostics (IVD). This will
also change when patents expire and will make it
easier for kit manufacturers to sell their products,
since many of the new instruments will be open
platforms that are compatible with qPCR kits from
most suppliers. These open platforms will mainly
be attractive for smaller hospitals and laboratories,
where cost savings and flexibility are important.
For high throughput laboratories that perform
large number of routine tests, fully automatic systems such as the COBAS® AmpliPrep/COBAS®
TaqMan® from Roche5, the m2000 RealTime
System from Abbott6 and the RotorgeneQ-based
system from Qiagen7 are the most attractive. These
systems are almost fully automated but they are

voluminous, occupying large bench space. The
next generation of integrated systems based on
microtechnology will be exciting. These primarily
target small laboratories, the doctor’s office, and
may ultimately be available for point-of-care testing. First system on the market is the qPCR instrument from Enigma Diagnostics8. Enigma FL is
completely self-contained. The entire process from
collection of the raw sample to delivery of an end
result takes less than 30 minutes. The system operates with ambient stored reagents in a single disposable cartridge and meets the need for diagnostic systems that are portable and easy to use with
minimal operator training and expertise. The
Enigma ML is suited to settings where usage is
lower and space is a premium, eg in the doctor’s
office, pharmacy or intensive care unit. It incorporates a disposable cartridge that accommodates
either liquid or swab samples without requirements for manual processing. All reagents and
sample preparation tools are held on the self-contained cartridge and all steps are automated.
Another exciting system is the GeneDisc Cycler
from Gene Systems, a part of Pall Life Sciences9. It
is an automated, miniaturised qPCR system that
performs gene amplification in a disposable
GeneDisc preloaded with reagents. It will be combined with Genextract HD for the standardised
extraction of 48 parallel samples. Currently the
GeneDisc is only available for food pathogen testing. The global molecular diagnostic market was
$2.9 billion in 2008 with a CAGR of 7.8%, out of
which infectious disease testing accounted for USD
$1.9 billion with a CAGR of 6.5%.

High-throughput instruments
It is not correct to refer to the high-throughput
instruments as next generation qPCR; they will not
replace the by now traditional 96/384-well instruments, which are most suited for the small research
lab where most operations such as sample preparation and loading are done manually. But they do
constitute a new generation of qPCR instruments
that open for applications that are either not practical or cost-efficient on the conventional instruments. The new generation high throughput qPCR
instruments are represented by the OpenArray
from Life Technologies10, the BIOMARK from
Fluidigm11, the LC1536 from Roche12, and soon
also the SmartChip from Wafergen13. They are all
built on different platforms. The BIOMARK is a
microfluidic system based on the company’s proprietary valves. The dynamic array for expression
profiling loads 96 assays on one side and 96 samples on the other side, which are then mixed into
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96 × 96 = 9,216 reaction chambers for parallel
qPCR analysis. The BIOMARK platform is not
compatible with the popular dye reporter
SYBRGreen I, which adsorbs to the particular
material of the micro channels. However, recently
this was solved with the introduction of Chromofy
dye (Figure 1)14. The OpenArray uses a chip with
3,072 33-nanolitre reaction volumes in a footprint
the size of microscope slide. The assays are loaded
using proprietary robotics, dried-down and sent to
the users who add sample and master mix15.
LC1536 is the big brother of Roche’s very successful LC480, running a 1536-well plate that requires
as little as 0.5µl reaction volumes. In the second
half of 2010 Wafergen plans to launch its
SmartChip, which has 72 × 72 = 5,184 nanowells.
Today these instruments are for research use only.
Considering the fast development in multimarker
diagnostics of complex diseases, we expect this will
change and they will become platforms for multimarker diagnostics, prognostics and theranostics,
where some 20-100 markers are expected to be
sufficient and often optimum to give the most reliable indications.

Miniaturised and lab-on-chip platforms
Exciting developments of Micro-ElectroMechanical Systems (MEMS) technology has
recently allowed the migration of qPCR machines
to lab-on-a-chip systems and holds promise to
eventually bring qPCR to the doctor’s office. The
main advantage of miniaturised systems is their
speed. The reduced heat capacity of the much
smaller reaction volumes allow for shorter cycles,
since temperature equilibria are attained faster.
The chip designed by Neuzil, for example, performs 40 cycles within six minutes with excellent
amplification performance16. Analytical sensitivity
is generally sufficient to detect a single molecule if
it is present, and high reproducibility can be
achieved. Limitation is the very high sensitivity of
PCR to inhibitors, which makes it impossible to
analyse crude test samples. Another limitation is
the small reaction volume, which requires the sample to be concentrated. For field applications the
miniaturised PCR systems must be interfaced,
preferably integrated with sample preparation and
concentration units17,18.

Digital PCR
The exponential nature of PCR is its key strength
that contributes to its high sensitivity and wide
dynamic range, but it is also the Achilles’ heel,
since it limits precision. Although replicate qPCR
response curves show excellent reproducibility the

exponential increase in the amount of template
limits the precision to detect a difference between
samples to about 50% when expressed in copy
numbers. Analysing gene copy number variations
this is the difference between a normal diploid
genome and a trisomy. In expression analysis measurement precision is even lower, since additional
pre-processing steps add confounding variation.
At about the same time Russ Higuchi was developing qPCR, the idea of quantifying target numbers by PCR using limiting dilution was conceived
by Sykes et al19. Diluting a sample to such an
extent that it contains a very small number of target molecules, the sample can be aliquoted into
reaction containers that each initially is either
blank or contains a single template molecule only.
When amplified by PCR the number of target molecules in the initial sample will correspond to the
number of positive PCRs20. In 1999 Bert
Vogelstein named the technique digital PCR and
used it to quantify K-ras mutations in stool DNA
from colorectal cancer patients21. However, as
long as PCR was performed mainly by manual dispensing in 96 or 384-well plates, digital PCR
remained esoteric with few applications. This will
change rapidly with the advent of the high
throughput platforms presented above. Since digital PCR is conceptually an end-point PCR technique rather than real-time PCR, it opens the arena
also for other PCR platforms, such as the innovative RainStorm™ microdroplet-based technology
developed at RainDance Technologies22, that produces picolitre-volume droplets at a rate of 10 million per hour. Each droplet is the functional equivalent of a reaction chamber with encapsulated PCR
reagents, reporter molecules and, under limiting
dilution conditions, either none or one template
molecule23. The droplets are carried in a continuous oil flow through alternating denaturation and
annealing zones, resulting in rapid (55 second
cycles) and efficient PCR amplification. The formation of product evidencing presence of template
molecules in the individual droplets is measured as
fluorescence within the microfluidic chip.
Digital PCR enhances our ability to discriminate
between copy numbers. Four from five copies can
be distinguished using some 1,200 chambers, while
with 8,000 chambers 11 from 10 copies can be separated24,25. Critical with these new platforms is
that they allow for automatic distribution of a sample into a very large number of reaction containers
for qPCR analysis, which is prerequisite for any
biological and medical studies and eventually for
clinical applications. The important digital PCR
applications we foresee to become popularised
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Figure 2: Digital PCR. A sample collected from a primary breast tumour was extensively diluted and analysed by
triplex digital PCR for HER2, GAPDH and gastrin genomic copies in the digital array of the BIOMARK platform. The
objective was to assess HER2 gene and chromosome 17 amplification by comparing the copy numbers of HER2 and
gastrin, which both are located on chromosome 17, and with GAPDH, which is located on chromosome 12. The top
graph identifies positive samples by the Cq, while the bottom graph distinguishes between the products by melt curve
analysis, taking advantage of the three amplicons having different lengths. In the graph the three Tms are shown in
different colours. In this particular sample neither HER2 nor chromosome 17 was amplified.
Data courtesy of Vendula Rusnaková

within near future include early detection of mutations16, detection of non-cultivatable pathogens
against excessive backgrounds26, copy number
variations (Figure 2), analysis of fetal DNA in plasma27 and qPCR tomography28.

Pre-analytics, experimental design and
publication guidelines
qPCR is the final analytical step in a process of
quantifying target nucleic acids that typically
involves several upstream steps starting with sampling followed by extraction and in the case of
RNA analysis also reverse transcription to produce cDNA. Frequently additional steps such as
storage, freezing/thawing, fixation, transportation
etc, are required. All these steps contribute to the
variation in the analytical process of quantifying
the amount of target nucleic acid in a test sample
and must be considered.
For studies within one laboratory, the best
approach is to perform a small fully nested pilot
study, from which results the variance contributions
from the different pre-processing steps can be estimated29. The following study can then be costoptimised for performance in terms of using optimum replicates at the different levels and also sufficient biological subjects to achieve a required
power. The approach can also be used to compare
different protocols, kits and approaches. MultiD
Analysis offers software GenEx for this planning30.
Results published so far suggest that most variance

is contributed from the natural variation among
studied subject, sampling for tissue samples and in
a few cases from the reverse transcription. The
qPCR step does not contribute appreciably. Clearly,
future efforts should be on improving the pre-analytical steps, rather than fine-tuning the qPCR. In
Europe the project SPIDIA co-ordinated by QIAGEN has been launched to tackle the standardisation and improvement of pre-analytical procedures
for in vitro diagnostics31. The activities cover all
steps from the creation of evidence-based guidelines
and tools for the pre-analytical phase to the testing
and optimisation of these tools through the development of novel assays and biomarkers. The biomarkers shall be suitable to control for the natural
degradation that occurs when nucleases are
released as cells are damaged, the physical and
chemical degradation that occurs when samples are
preserved and, most importantly, the activation of
many genes that occurs due to the stress and
changed environment when samples are collected.
Improved methods and procedures to control the
quality and integrity of the sampled material are
very much needed, as are standardised procedures
to minimise variability between measurements in
different laboratories and among independent studies. Guidelines are requisite for the maturing of
qPCR into a robust, accurate and reliable nucleic
acid quantification technology. As described and
exemplified by Bustin, ill-assorted pre-assay conditions, poor assay design and inappropriate data
Drug Discovery World Spring 2010
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analysis methodologies have resulted in the recurrent publication of data that are at best inconsistent
and at worst irrelevant and even misleading32. A
step in that direction was taken by the set of guidelines that propose a minimum standard for the provision of information for qPCR experiments
(‘MIQE’)33. MIQE aims to restructure to-day’s
free-for-all qPCR methods into a more consistent
format that will encourage detailed auditing of
experimental detail, data analysis and reporting
principles. Key points of the MIQE guidelines are to
present the design of the experiment, describe the
sample and how it is collected, describe the extraction process of the nucleic acids and test the integrity of the DNA, which can be done using microfluidic analysis on the Agilent Bioanalyzer34 or on the
Bio-Rad Experion35, alternatively with differential
assays such as the 3’/5’ approach, specify the
reverse transcription conditions, describe the qPCR
target, describe the qPCR oligonucleotides used and
the detailed qPCR protocol, the validation of any
standards and reference genes used, and details of
the qPCR data analysis that was performed.

Data mining
Learning more about the complexity of the overall
process of collecting, preparing and analysing samples for their nucleic acid content and about the
underlying biological variation due to natural
diversity, we are facing the challenge of separating
the noise caused by these factors that overlays the
relevant effect on gene expression caused by the
environmental influence or drug that we are studying. Adequately-designed studies have many subjects, often multiple samples collected from each
subject, levels of technical replicates that are
analysed for multiple genes of interest combined
with validated genes for normalisation, and various controls. The studies are often run over multiple plates, occasionally over long periods of time.
Analysing these kinds of data with general tools
such as Microsoft Excel is not an option; the risk is
too large to make errors or miss accounting for
some of the variability. The instrument softwares
do not offer appropriate analytical tools either.
There is, however, no need to reinvent the wheel.
The statistical methods to pre-process and then
analyse these kind of measurement data are
known, and since recently are being made available
to the qPCR community in user-friendly softwares
dedicated to the challenge of processing and mining qPCR data. Market-leading GenEx from
MultiD Analysis supports all important qPCR
platforms on the market, handles multiplate/multicentre/multilevel studies, with appropriDrug Discovery World Spring 2010

ate controls, and in addition of performing all
basic comparisons, such as absolute quantification
with standard curves and relative quantification
with appropriate univariate tests, GenEx offers
powerful classification methods for expression
profiling and multimarker diagnostics25. Another
option is the StatMiner from Integromics, which
also offers user-friendly and advanced analysis of
qPCR data36.

Summary
It is obvious qPCR is developing into niches that
have distinct customer bases. Dominant are the
infectious disease applications, which are targeted
by IVD-approved instruments that preferably are
fully automated for whichever FDA/CE-approved
kits are available, and small research laboratories
that require open, flexible systems. Upcoming new
niches are the high throughput platforms that
require special loading systems, but reduce substantially cost per run and open for novel applications such as digital PCR. They will also be suitable for multimarker diagnostics of complex diseases. Forthcoming niches are closed miniaturised,
or at least smaller systems with integrated sample
preparation that will target small diagnostic laboratories and the doctor’s office. Major focus is on
the pre-analytical steps, where there is plenty of
room for improvement of product yield and quality, and where guidelines are needed for diagnostic
applications, and on experimental design and postprocessing of information to retrieve as valid and
valuable biological information as possible from a
study. There is also a need to improve the quality
DDW
of published data.
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