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We describe a simple, quantitative assay for any amplifiable DNA sequence that uses a video camera to
monitor multiple polymerase chain reactions (PCRs) simultaneously over the course of thermocycling.
The video camera detects the accumulation of double-stranded DNA (dsDNA) in each PCR using the
increase in the fluorescence of ethidium bromide (EtBr) that results from its binding duplex DNA. The
kinetics of fluorescence accumulation during thermocycling are directly related to the starting number of
DNA copies. The fewer cycles necessary to produce a detectable fluorescence, the greater the number of
target sequences. Results obtained with this approach indicate that a kinetic approach to PCR analysis can
quantitate DNA sensitively, selectively and over a large dynamic range. This approach also provides a
means of determining the effect of different reaction conditions on the efficacy of the amplification and so
can provide insight into fundamental PCR processes.
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o facilitate its automation, any assay intended for
large-scale use should be simplified as much as possi-
ble. One such simplification, a homogenous (i.e.,
“one-tube’™) approach to sequence-specific DNA
detection using a fluorescent, DNA-binding dye
directly in a polymerase chain reaction (PCR)'* has
previously been described’. This approach depends
on the fluorescence enhancement produced when a dye such as
ethidium bromide (EtBr) binds dsDNA. Since PCR produces
dsDNA as the reaction proceeds, the presence of EtBr results in
a net increase in fluorescence with increasing cycles of amplifi-
cation. In our previous paper®, such fluorescence increases were
primarily monitored after completion of thermocycling. Such an
“endpoint™ analysis, as is typically done using PCR, reveals the
presence or absence of target DNA but does not provide a good
measure of the starting number of DNA targets. In this paper,
we show that a kinetic analysis mode, in which the level of
amplified DNA is continuously monitored over the course of
amplification, can provide this quantitative information as well
as provide information about the amplification process itself,
Previously®, we used a bifurcated optical fiber to bring exci-
tation illumination from a spectrofluorometer to a single PCR
and to return fluorescence for measurement. In order to monitor
many amplifications simultaneously, we now use a video camera
to capture fluorescence images of an array of PCRs in the
sample block of a thermocycler. This configuration is dia-
grammed in Figure 1. A computer-controlled, cooled CCD
camera, as described in Sutherland et al.?, is mounted on a copy
stand with its lens focused on the surface of the thermocycler
block. UV lights (302 nm) are mounted flanking the camera and
directed at the block. To reduce parallax effects, the camera and
light assembly is placed as far as is practical from the block. A
600 nm interference filter is placed in front of the lens to limit
detection to the desired wavelength. The camera is connected to
a “frame-grabber™ in a desk-top computer that allows the digi-
tized images to be saved for later manipulation.
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A kinetic PCR analysis is performed by taking and saving a
video image of the PCRs during each annealing/extension
phase. Figure 2 shows three of many images taken during the
course of six simultaneous PCRs. At the end of the run, the
images are recalled and, using image-analysis software, the
average intensity of emitted light from each PCR tube is deter-
mined. These fluorescence values are saved to a computer
spreadsheet for analysis and graphing. A more complete
description of the instrumentation and software used is being
prepared (R. Watson).

Results

Continuous monitoring using a video camera. Figure 3A
shows the fluorescence measured from eight amplifications
monitored simultaneously during thermocycling for fifty-five
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FIGURE 1. Block diagram of video camera system used to
monitor amplifications in thermocycler. See Experimental
Protocol for more details.
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FIGURE 2. Composite of portions of video images taken using
the set-up shown in Figure 1. These images are of EtBr-con-
taining PCRs in the thermocycler block (Perkin-Eimer Model
480) and are taken looking down through the tube caps under
UV (302 nm) illumination. The three images were of the same
six PCRs held at the annealing/extension temperature before
beginning thermocycling (cycle 0), and during the annealing/
extension phase of cycles 14 and 20. Only one row of sam-
ples in the image is shown; a full block of 48 samples in a
TC 480 or 96 samples in a TC 9600 can be imaged. The PCRs
were initiated using a dilution series of target DNA (a 242 bp
segment of HLA DQa gene'®) at the indicated relative levels
(192x = 3x 10'° target molecules <8 ng DNA). These images
demonstrate the general principle that the higher the starting
amount of target DNA, the earlier the cycle at which increased
fluorescence is detectable.

cycles. To assess the quantitative performance of this assay, the
amplifications were initiated using a dilution series of single-
stranded, HIV template DNA (see Experimental Protocol).
Starting with 10° templates, 10-fold dilutions were made down to
107 templates and used with HIV-specific primers to make a
142 bp PCR product, A control amplification with no added
template was also monitored. To simulate a PCR-based screen of
lymphocyte DNA for integrated HIV genomes®, all reactions
contained 300 ng (40,000 cell equivalents) of human genomic
DNA. Each video image was taken 20 seconds after the anneal-
ing/extension temperature was reached during the 30 second
hold. The fluorescence values plotted are the average of the pixel
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values in the video image of each amplification tube.

As expected, the fluorescence from each reaction changes
little in initial thermocycles and then rises as detectable amounts
of PCR product are generated. The more starting template
copies in the reaction, the earlier such a rise in fluorescence
occurs, There is a considerable variance in the initial fluores-
cence values obtained from the different amplifications even
though it is expected that these initial values should be the same
(the varying amounts of single-stranded template DNA are so
small that they have a negligible effect on the total fluorescence).
The sources of this variation are apparently inhomogeneity of
illumination, parallax, and variable attenuation of the fluores-
cence due to the tube caps. We have found that viewing amplifi-
cations without caps but through a vapor barrier of mineral oil or
Ampliwax™ reduces, but does not eliminate, this variation.

This variation can also be seen in Figure 4, a plot of
fluorescence vs. DNA concentration for known amounts of
phage A DNA. The DNA was in PCR buffer with primers and
with 4 pg/ml EtBr and the measurements were made at 68°C.
Each tube was imaged without its cap and through melted
Ampliwax™. Fluorescence was measured for five replicate sam-
ples of each DNA concentration. The standard deviation was, on
average, +4% (as compared to + 11% for the initial values in
Fig. 3A). Comparison of Figure 4 with Figure 3A also shows
that it takes the fluorescence of ~ 50 ng of dsDNA to exceed the
fluctuation in fluorescence during early cycles, suggesting that
this amount of amplified DNA is the lower limit of detection of
amplified DNA. Also, it is apparent that fluorescence detected
in these amplifications is linearly related to the concentration of
dsDNA, and that up to 4 pg of dsDNA are being made in the
amplifications.

Fluorescence normalization and quantitative analysis. To
compensate for measurement variation, a normalization factor
for each amplification was derived which is the ratio of the
average initial fluorescence of all reactions to the observed initial
fluorescence of each reaction. All fluorescence values for each
amplification were multiplied by this factor. This normalization
(the result of which is shown in Fig. 3B) is derived from the
assumption that the source of the image variation attenuates or
enhances the fluorescence signal proportionately over the entire
range of signal intensities. All reactions now begin at the same
fluorescence and most of the reaction profiles have a regular
spacing consistent with the dilution series performed. The pro-
files are very similar in shape and nearly parallel. The early or
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FIGURE 3. (A) “Raw data” fluorescence profiles of eignht EtBr-
containing PCRs that were identical except for the indicated
number of HIV template molecules they contained prior to
amplification. (B) Normalized fluorescence profiles of the
same PCRs shown in A. (C) "‘Nu-Sieve’” agarose gel electro-
phoresis of the final amplification products of the experiment

in (A & B). The expected mobility of the HIV-specific amplifica-
tion product (142 bp) is indicated. The marker (m) lane con-
tains a Hae lll restriction enzyme digest of ®X 174 DNA. The
DNA in the gel is stained with EtBr and photographed under
ultraviolet light. The amount of initial target DNA is indicated
for each lane.
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logarithmic phase of an efficient PCR involves a doubling of the
DNA copy number every cycle’. It is predicted that each 10-fold
ditlution in starting template would require 3.32 additional cycles
to bring the yield of PCR product up to a given concentration.
For much of the range of fluorescence levels, it can be seen by
examination of Figure 3B that there are close to three cycles
separating each of the dilutions except for those starting with 1(?
copies and 0 copies. It is apparent that this cycle-number-offset
is persisting past the logarithmic phase of the PCRs. In contrast,
the number of cycles separating the dilutions in the unnorma-
lized data of Figure 3A vary widely.

Using the normalized data, the quantitative performance of
this assay can be assessed. Figure 5 shows the linear relationship
between the log of the starting number of template copies and the
number of cycles it takes for the amplifications in Figure 3B to
reach the arbitrarily chosen fluorescence level of 190. The line
shown is regression fitted to the data points from 10% to 10° initial
copies (r*>.99). The data point corresponding to 10° initial
copies has a statistically significant deviation from this line (zero
copies cannot be placed on a logarithmic plat). Besides the data
point at 10 copies, the data point most deviant from the regres-
sion line is at 10°, which, using the equation of the fitted line,
predicts a value 13% lower than the known initial number of
copies. Similar results are obtained if the fluorescence level
chosen is anywhere from 125-225.

The reason for the deviation from linearity at the data point at
10* copies is shown by the gel electrophoresis analysis of the
amplification products in Figure 3C. The specificity of the
amplification is such that, starting with 10° down to 10° copies of
template, the only visible product is that of the expected size.
When 10F starting copies were used, a smaller, non-specific
amplification product becomes barely visible. This product is
more prominent when 10¢ copies are used, and when 10? copies
are used, an equal amount of non-specific product and HIV-
specific product are made. Only non-specific product is made in
the control with no added template. Since fluorescence due to
specific product is indistinguishable from that of non-specific
product, the “baseline” of sensitivity of this assay is at the cycle
number by which so much of non-specific product is being
synthesized that any additional synthesis of specific product has
little effect on the reaction profile. As long as concentration
determinations are based on interpolation from a set of stan-
dards, this baseline could be at significantly more cycles than at
the cycle number at which the deviation from linearity begins.
In practice we have seen that sample-to-sample variation of the
reaction profile at less than 10° templates complicates reproduc-
ible quantitation below this level (data not shown).

Effect of reaction conditions on PCR kinetics, Another
application of this assay is monitoring the effect of different
reaction conditions on a PCR. For example, Figure 6A shows a
titration of Tag DNA polymerase. Nine replicate PCRs contain-
ing 10° target HIV templates were initiated using a range of Tag
polymerase levels as indicated in the figure. For enzyme
amounts between 1 and 10 units per reaction, fluorescence
begins to be detectable in all reactions by about the same cycle.
This indicates that these differences in enzyme level are having
little effect on the efficiency of amplification in early cycles.
Differences in the level of PCR product become apparent jn later
cycles, however. By cycle 50 almost twice as much DNA has
been made using 10 units as compared to 1 unit. By gel electro-
phoresis (not shown), there is no evidence of the production of
non-specific, non-HIV PCR product in these reactions. Using
only 0.5 unit of Taq polymerase, there is a sudden absence of
detectable product. Since PCR is a process in which DNA
increases in concentration exponentially, it is perhaps not
surprising that there is a threshold level of enzyme below which
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FIGURE 4. The fluorescence of ADNA solutions at different
concentrations measured using the video-camera set-up in
Figure 1. Five replicate samples at each concentration of DNA
in PCR buffer (see Experimental Protocol) containing 4 ug/ml
of EtBr, HIV specific primers (1 um each), and no target DNA
were measured at 68°C in the thermocycler. + One standard
deviation is indicated for each concentration.
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FIGURE 5. Based on the data in Figure 3B, a plot of the log of
the initial template copy number vs. number of cycles it took to
reach a fluorescence level =190. The numbers of cycles can
be fractional and were calculated based on a regression line
fitted to the eight data points surrounding 190 in each fluores-
cence trace, The line in this figure is a linear regression fit to
the data points from 10° to 103 copies (r2:>.99).

amplification is an apparent failure,

We have also monitored the effect of changing primer con-
centrations on the kinetics of amplification. Figure 6B shows
profiles of PCRs detecting HIV templates (10° initial ssDNA
copies) using primer levels from 2 uM (each primer) down to
0.05 uM. A constant level of enzyme (2.5 U) was used in each
PCR. Note that from 0.05 to 0.4 uM in primer concentration,
the DNA level in the reaction rises to a certain level and remains
constant. If these final product levels are estimated using the
data in Figure 4 and assuming 10.6 pmole/pg of 142 bp PCR
product, we see that for 0.05, 0.10, and 0.20 M primer, 0.05,
0.10, and 0.20 pM product respectively, is made. At these
levels, primer concentration is apparently the limiting factor on
yield of product DNA. In contrast, at 0.8 uM primer concentra-
tion and above, the DNA level is continuing to rise with each



thermocycle, as in Figure 6A, and increasing amounts of primer
have little effect on the profile. By comparison with the data in
Figure 6A, one would conclude that these reactions are now
enzyme, and not primer, limited.

The result of varying KCl concentration using the same HIV
test system with 1 M primers and 2.5 U of enzyme per 100 pl
reaction are shown in Figure 6C. Tag DNA polymerase activity
is greatly inhibited by high concentrations of KCI*. Consistent
with this, at concentrations of KCl of 125 mM or greater there is
no detectable PCR product. With activated salmon sperm DNA
as template there is an optimum in Tag DNA polymerase activ-
ity at 50-90 mM KCF. Figure 6C shows that product yield is
highest at 50, 75 and 100 mM KCI1 with only about half as much
being made at 0 mM KCL. It is possible that this difference in
yield is due to low ionic strength destabilizing primer annealing,
although this explanation is not consistent with the fact that the
efficiency of amplification using 0 mM KCl is nearly the same as
those at 50-100 mM KCI until about cycle 20. Only in later
cycles does product yield falls off, similar to the results obtained
with less polymerase in Figure 6A. If primer annealing were
destabilized, one would expect that amplification efficiency
would be diminished for all cycles.

Lastly, a known inhibitor of PCR, hematin’, was added to
PCRs at various concentrations. Hematin was added to the same
HIV test system used before, except that a primer concentration
of 0.2 uM was used. As shown in Figure 6D, at hematin
concentrations of 0.2 upM and greater, no detectable DNA prod-
uct is obtained. At 0.1 pM, the detection of product is delayed by
3-4 cycles, suggesting that, in contrast with the results obtained
with 0 mM KCI or reduced enzyme, the efficiency of ampli-
fication is being detrimentally affected both in early and late
amplification cycles. This difference in reaction profiles sug-
gests that partially inhibited PCRs can be distinguished from
uninhibited reactions.

Discussion

Kinetic PCR analysis permits the sensitive, quantitative
detection of specific DNA sequences over a wide dynamic
range. This detection is “homogeneous™ in that, once amplifica-
tion is begun, tubes need not be opened for sampling. This
reduces the amount of labor required, simplifies the process
and reduces the risk of PCR product “carryover” contamina-
tion® into subsequent reactions. Kinetic PCR analysis also pro-
vides a simple means of monitoring the effect of different PCR
conditions.

A number of other assays have been described which quanti-
tate the number of starting DNA templates in a PCR*"'. Some
involve the measurement of PCR product at the end of thermo-
cycling and relating this level to the starting DNA concentration.
Others involve the use of a competitor amplification product
whose template is added at known concentration to the reaction
mixture before thermocycling. In competitor-product protocols,
an aliquot of the amplification is examined by gel- electrophore-
sis. The relative amount of target-specific and competitor PCR
product is measured; this ratio is used to calculate the starting
number of target templates. The larger the ratio of target-specific
product to competitor-specific product, the higher the starting
DNA concentration.

In addition to requiring “downstream’ processing, such as
hybridization or gel electrophoresis, these other assays are more
limited in dynamic range. In competitor assays, the sensitivity to
template concentration differences is compromised when either
the target or added competitor DNA is greatly in excess. The
dynamic range of assays that measure the amount of end product
can also be limited in that, at the chosen number of cycles, some
reactions may have reached a “plateau’ level of product. Differ-
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FIGURE 6. (A) Effect of polymerase concentration. Fluores-
cence profiles of nine PCRs, each begun with 108 copies of HIV,
ssDNA template but differing only in the amount of Taq DNA
polymerase. HIV-specific primers were at 1.0 pM and KCl was at
50 mM. (B) Effect of primer concentration. Similar to (A), but all
PCRs had 2.5 U of Taqg DNA polymerase and 50 mM KCI and
differed only in the concentration of HIV-specific primers used.
(C) Effect of KCI concentration. Similar to (A and B), but all
PCRs had 2.5 U of polymerase and 1.0 pM HiV-specific primers
but differed only in the concentration of KCl used. (D) Effect of
a known inhibitor. Hematin was added at the indicated levels to
PCRs similar to those in (A-C). Taq polymerase (2.5 U), 0.2 pM
primers, and 50 mM KCI| were used in all reactions.
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ences in starting template levels in these reactions are therefore
not well reflected. Furthermore, small differences in the mea-
sured amount of product due to variable reaction conditions,
variations in sampling, or the presence of inhibitors, result in
widely varying estimates of the starting template concentration.

The ability to monitor in real-time the level of dsDNA being
made can help circumvent these problems. As shown in this
paper, a dynamic range of at least six orders of magnitude is
possible with kinetic PCR analysis, simultaneous with sensitiv-
ity to as few as 100 ssDNA templates in the background of
40,000 cell-equivalents of complex genomic DNA.. Also, in our
experience, template quantitation using kinetic PCR analysis is
less sensitive to measurement variations than quantitation based
upon of product level at the end of thermocycling. Furthermore,
as shown in Figure 6D, instances of partial inhibition of PCR,
which can very adversely affect accurate quantitation, may be
detected by examination of the reaction profile, so that these
samples can be repurified and tested again. Instances of total
inhibition can also be distinguished from truly negative samples
since given enough cycles, even PCRs without target DNA will
produce fluorescence that is due to non-specific amplification
products. If such products are not seen by the expected cycle, the
presence of inhibitors can be inferred.

Optimization of PCR conditions has been done previously by
measuring the effect of different conditions on the final yield and
specificity of PCR product. In order to obtain information
throughout amplification, many replicate samples would need to
be removed from the thermocycler and analyzed by gel electro-
phoresis as a function of cycle number. Using real-time monitor-
ing, one amplification suffices to provide data points at all cycles
at which product is detectable. As shown here, this data can help
ascertain when in amplification the change in condition is exert-
ing its effect. Such information will help to further optimize the
yield and efficiency of amplification for specific applications.

We are working to improve kinetic PCR analysis through
improvements in instrumentation, signal generation® and by
increasing the specificity and reproducibility of PCR. For exam-
ple, we are automating the collection of the sample images and
their quantitation. And although the normalization procedure
we have described here can compensate, we wish to further
minimize sample-to-sample fluorescence variation. This may
involve the use of alternative illumination and/or detection for-
mats as well changes in the composition and/or structure of the
amplification vessel. We are also testing alternative dyes and
intercalators' and alternative strategies of detection using opti-
cally active probes based on the 5° — 3’ exonuclease activity of
Taqg DNA polymerase'®. We are working on procedures that may
help increase the specificity of a PCR, including a one-tube,
nested-primer approach (Higuchi and Erlich, manuseript in
prep.). Lastly, we are trying to reduce the *“primer-dimer”
artifact”, which may improve reproducibility of the reaction
profile at extremely low levels of target DNA.

Experimental Protocol

HIV kinetic PCR analysis of sequences. PCRs were set up in 100 pl
volumes containing 10 mM Tris-HCI, pH 8.3: 50 mM KCl; 3 mM MgCl.;
2.5 U of Tag DNA polymerase (Perkin-Elmer, Norwalk, CT); 100 uM
each ANTP (Promega Corp., Madison, WI); 4 pg/ml of Ethidium Bro-
mide (Bio Rad, Richmond, CA); 100 pmole each of HIV specific (gag
region) oligonucleotide primers SK145 and SK431'5.1¢ (Perkin Elmer,
Norwalk, CT) and 300 ng of human placental DNA (Sigma, St. Louis,
MO). A M13 subclone of the HIV gag region!” was used as template at the
copy-numbers indicated in Figure 3. When caps were not used, either
mineral oil or Ampliwax™ (Perkin-Elmer, Norwalk, CT) was used as a
vapor barrier. Thermocycling proceeded for 55 cycles in a GeneAmp PCR
System 9600 thermocycler (Perkin-Elmer, Norwalk, CT) with a 2 temper-
ature program of 94°C for 15 sec. denaturing and 68°C for 30 sec.
annealing/extension. To provide a “hot-start™ 4 an initial hold at 75°C was
used during which the MgCl, was added (in a 12 ul volume) after the
samples had reached this temperature, Video images for each thermocycle
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were taken 20 sec. into the 30 sec. hold at the annealing temperature. To
allow imaging, the heated block cover was not used. For the analysis of
different PCR conditions, HIV-specific PCRs were set up as described
above, except without human genomic DNA and with 10f copies of the
cloned M13 HIV template. The conditions were varied as described in
Figure 6.

Instrumentation and software. The video camera used is a STARI
system from Photometrics (Tuscon, Arizona). It uses a thermoelectrically
cooled 384 x 560 CCD array with a 12 bit A/D controller. Exposure times
can be varied to change sensitivity to the fluorescence being detected.
Typically exposures of | sec. were used with virtually no thermal or
random noise. Illumination is provided by two Chroma-Vue, 302 nm, mid-
range UV. lamps from U.V. products (San Gabriel, CA). A PC Vision Plus
frame grabber board (Imaging Technology, Inc., Woburn, Mass.) and
Jandel Scientific’s (San Raphael, CA) JAVA image analysis software was
used to quantitate areas of interest in the captured image. Bernoulli 90 MB
removable disks from IOMEGA Corp. were used for image storage and as
a means of providing unlimited storage. Data analysis was done using
Microsoft Excel 4.0.
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