


Taking It to the Extreme:
PCR at Wittwerspeed

John F. Mackay*

If the start times of PCR thermal cycling were plotted
relative to frequency, we could expect to easily see sharp
peaks of start times immediately before morning/after-
noon coffee breaks, lunch times, and end of day, by op-
erators safe in the knowledge that the amplification
would take 1–2 hours to complete. Perhaps it is a little
faster in many, but not most, diagnostic laboratories.
Indeed, careful experimental planning when I was a stu-
dent allowed leisure activities at opportune times “while
the PCR was running.” At the time, these PCRs were
typically 50–100 �L in volume and used relatively thick
0.5-mL tubes.

In the late 1990s, the Guinness Book of World Re-
cords held an entry for “fastest DNA fingerprint” of ap-
proximately 11 min (essentially rapid real-time PCR de-
tection). Further demonstrating that faster amplification
concepts are not new, the term “rapid-cycle PCR” was
coined in the early 1990s to define a thermal cycling
program performed in 10–30 min (1 ). The Guinness
entry and rapid-cycle PCR have a common denominator:
the world record was held by the original capillary-based
LightCycler, and similar capillaries were used for the
rapid-cycle PCR—both in the hands of Carl Wittwer
from the University of Utah.

The work of Professor Wittwer and his team is no
stranger to these pages, as they previously published real-
time PCR applications on the LightCycler (2) as well as
early papers on the now well-adopted genotyping and vari-
ant scanning methodology of high-resolution melting anal-
ysis (HRMA) developed in his laboratory (3, 4)—work that
more than justified Wittwer as the subject of an “Inquiring
Minds” article, also in Clinical Chemistry (5). Since these
developments, he has returned to his first molecular interest:
increasing the speed of PCR.

Total PCR analysis time has decreased largely because
of the advent of real-time PCR and now digital droplet
PCR, in which gel electrophoresis bands have been replaced
with amplification curves and scatter plots. Yet the major
time component in the PCR itself is the thermal cycling

time. Recent efforts to decrease these times have used chip-
based reactions using microvolume reactions in �6 min (6)
or a rapid-cycling instrument with high convective heat
transfer in �3 min (7). New companies are heating the
reactions on particles (rather than heating reaction volumes)
as a means to increasing ramp rates (the speed at which
reactions heat and cool among the various temperature cy-
cles) (8). Despite these newer methods, most have yet to
reach the commercial market, and none have come close to
penetrating the dominance of the slower Peltier-based
technology.

Recent work in Wittwer’s laboratory has character-
ized the effect of PCR buffer and additive components on
DNA polymerase activity using a novel nonradioactive
assay (9 ), thus paving the way for further improvements
in PCR. In this issue of Clinical Chemistry, Farrar and
Wittwer return to these original reaction capillaries (thin-
ner than the current LightCycler capillaries and thus al-
lowing faster heat transfer to the reaction volumes) and
describe their concept of Extreme PCR, pushing down
the time of amplification to �15 s—as little as 14.7 s for
35 cycles, in fact (10 ). Such short times demand better
accuracy.

Having frequently challenged the dogmas that ex-
isted in PCR and DNA melting kinetics, Wittwer’s lab-
oratory has overturned the belief that higher primer and
enzyme concentrations always lead to nonspecific ampli-
fications. That belief is true if typical thermal cycling
rates are used; but under extreme PCR conditions, the
amplifications result in sharp specific bands (and melting
peaks), presumably because of a lack of time for off-target
products to be generated. This increased specificity was
also observed for certain targets in the original rapid-cycle
PCR of 10–30 min compared with thermal cycling of
2–3 h (1 ). Extreme PCR has also used existing enzymes
successfully, as well as newer-generation highly proces-
sive systems. These current enzyme systems have been
successfully used previously in reactions of �3 min (7 ).

Thus the extreme PCR technique requires 3 main
parameters to ensure the robust, efficient, and sensitive
amplifications we typically enjoy: rapid temperature cy-
cling (very rapid!), higher primer concentrations (typi-
cally 20-fold higher than what would be considered
usual), and higher enzyme concentrations (approxi-
mately 15-fold higher). Standard enzymes are less expen-
sive now due to expiration of the Taq patents, and thus the
chemistry modifications of extreme PCR look to have little
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effect on reagent costs. Interestingly, the reactions do not use
any hot-start chemistry, noting the limitations of antibody
amounts required and chemical modification activation
times. Reaction setup on ice would be of limited practical
use in the field, and instantaneous technologies such as ap-
tamers would appear to be an attractive means of obtaining
hot-start activation (11).

Amplification (and concurrent real-time fluorescent
detection) in less than a minute highlights the consider-
able future potential of PCR. Although it is a mature
technology, the wider prospect of field-based PCR is only
starting to emerge in small field-based instruments (some
field instruments having been made available previously
to military or specialized agencies). However, the
throughput vs time-to-result considerations of current
instruments may limit their utility with relatively low
sample size and run times of 30–60 min. The ability to
perform extreme PCR on a field-based instrument will
obviate the need for high-sample-number capacity. Such
an instrument could be rapidly deployed in biosecurity
cases for dangerous diseases or organisms where suspect
samples may preferably be quarantined and prevented
from travel to a testing laboratory. Extreme PCR run
times further demonstrate the potential for point-of-care
diagnostics in areas ranging from rapid viral diagnostics
(such as in the 2014 Ebola outbreak) to testing and im-
mediate treatment for sexual health patients with C. tra-
chomatis infections—patients who often miss treatment
due to time delays between samples taken and test results
being made available. The rapid implementation of
HRMA for genotyping could allow a patient to be tested
for a susceptibility variant immediately before receiving a
medication, to ensure appropriate efficacy.

The demonstration in this issue’s report shows the
speed at which amplification can occur, traditional
speeds once again being limited by instrumentation. It
uses rapid switching between 2 water baths (once more,
harking back to the early days of PCR). It will be of great
interest to observe the instrumentation developed that
exploits this new technique: whether samples will indeed
switch between steady temperatures or whether the sam-
ple can remain in a static position, as with most current
instrumentation, and yet be rapidly heated and cooled in
a reliable fashion using, for example, lasers (8 ), infrared
light (12 ), or induction.

Although the time for testing of nucleic acid samples
has decreased because of real-time PCR, and now vastly
shortened cycling conditions have been shown with ex-
treme PCR, the effort and time in nucleic acid extraction
becomes further highlighted. A number of rapid extrac-
tion methods exist, using novel enzymes now commer-
cially available (13 ) or high-efficacy 1-tube extraction

buffers (14 ). However, many of these systems have not
been characterized for applications such the high-
sensitivity requirements of pathogen detection. Other
options—again, for applications in which targets are in
abundance—may be the “direct PCR” enzyme and buf-
fer systems that work directly with the sample material,
removing the need for nucleic acid extraction altogether.
However, whether these system enzymes and buffers
have the processivity for extreme PCR remains to be seen.

So we now look forward to the meeting of extreme
PCR with superlative sample extraction. The days of the
coffee break (or paragliding stint) while the PCR thermal
cycling runs may soon be over. But in the time it took to
read these words, your nucleic acids results are in and a
patient is already being treated.
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Extreme PCR:
Efficient and Specific DNA Amplification in

15–60 Seconds
Jared S. Farrar1,2 and Carl T. Wittwer1*

BACKGROUND: PCR is a key technology in molecular bi-
ology and diagnostics that typically amplifies and quan-
tifies specific DNA fragments in about an hour. How-
ever, the kinetic limits of PCR are unknown.

METHODS: We developed prototype instruments to tem-
perature cycle 1- to 5-�L samples in 0.4–2.0 s at anneal-
ing/extension temperatures of 62 °C–76 °C and denatur-
ation temperatures of 85 °C–92 °C. Primer and polymerase
concentrations were increased 10- to 20-fold above typical
concentrations to match the kinetics of primer annealing
and polymerase extension to the faster temperature cycling.
We assessed analytical specificity and yield on agarose gels
and by high-resolution melting analysis. Amplification effi-
ciency and analytical sensitivity were demonstrated by real-
time optical monitoring.

RESULTS: Using single-copy genes from human geno-
mic DNA, we amplified 45- to 102-bp targets in 15–60
s. Agarose gels showed bright single bands at the expected
size, and high-resolution melting curves revealed single
products without using any “hot start” technique. Am-
plification efficiencies were 91.7%–95.8% by use of 0.8-
to 1.9-s cycles with single-molecule sensitivity. A 60-bp
genomic target was amplified in 14.7 s by use of 35 cycles.

CONCLUSIONS: The time required for PCR is inversely re-
lated to the concentration of critical reactants. By increasing
primer and polymerase concentrations 10- to 20-fold with
temperature cycles of 0.4–2.0 s, efficient (�90%), specific,
high-yield PCR from human DNA is possible in �15 s.
Extreme PCR demonstrates the feasibility of while-you-wait
testing for infectious disease, forensics, and any application
where immediate results may be critical.
© 2014 American Association for Clinical Chemistry

PCR is now fundamental to molecular biology and diag-
nostics (1, 2 ). Temperature cycling triggers 3 distinct but
overlapping in vitro events—DNA denaturation, primer
annealing, and polymerase extension—that result in ex-
ponential DNA amplification (3 ). Despite its origin 30
years ago, details of the kinetics of PCR are not well
understood. Initially PCR took hours to perform, but
research in the early 1990s reduced times to 10 –30
min (20 – 60 s/cycle) and sought to define its kinetic
requirements (4, 5 ). These early rapid-cycle PCR in-
vestigations suggested that the time required for PCR
was limited by instrumentation and not biochemistry.

In the last 20 years, many groups have tried to reduce
PCR times to �5 min (10 s/cycle) (6, 7 ). Recently, sys-
tems using hot and cool water for heat transfer through
metal blocks have achieved 5.25- and 4.6-s cycles
(8, 9 ). Infrared-mediated temperature cycling demon-
strated 3-s cycles (10 ); vapor pressure–augmented,
continuous-flow PCR, 3-s cycles (11 ); and PCR within
glass capillaries submerged in heated and cooled liquid
gallium, 2.7-s cycles (12 ). However, all of these attempts
to increase the speed of PCR led to compromises in
efficiency and yield. As PCR cycle times were reduced
from 20 to 2 s, efficiency and yield were compromised
and then PCR typically failed entirely (12–14 ). Previ-
ous investigators also focused on simple targets (previ-
ously amplified PCR products, plasmids, viruses, bac-
teria) at high initial template concentrations (7 ).
Practical PCR amplification in �5 min from complex
human genomic DNA has been elusive.

We reasoned that shorter cycling times might re-
quire increased concentrations of critical reagents to
maintain PCR efficiency. To test this proposition, we
first prototyped instruments to cycle at extreme speeds
from 0.4 to 2.0 s/cycle (hence the name extreme PCR),
and then increased the rates of primer annealing and
polymerase extension by increasing primer and poly-
merase concentrations to match the cycling speed.
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Methods

EXTREME PCR PROTOTYPES

We used a hot water bath of 95.5 °C (the temperature of
boiling water in Salt Lake City, UT) and cool water baths
of 25 °C–74 °C to change the temperature of reaction
containers (see Supplemental Fig. 1, which accompanies
the online version of this article at http://www.
clinchem.org/content/vol61/issue1). The water baths
(4.5-quart stainless steel dressing jars, Laboratory Safety
Supply) were heated on electric hotplates with magnetic
stirring and programmable temperature control (Digital
Hotplates, Fisher Scientific). A stepper motor (Applied
Motion Products) rotated samples between each water
bath in �0.1 s. The stepper motor was powered and
controlled with commercial hardware driven by custom
LabView software (based on NI-Motion, National
Instruments).

We used a thermocouple (Omega type T precision
fine wire thermocouple, 0.003-inch diameter with Tef-
lon insulation) centered in a dedicated control tube to
measure temperature. Thermocouple amplification and
linearization was performed with an Analog Devices
AD595 chip. The thermocouple voltage was first cal-
culated from the AD595 output as type T voltage �
(AD595 output/247.3) � 11 �V. The thermocouple
voltage was then converted to temperature by use of Na-
tional Institute of Standards and Technology coefficients
for the voltage/temperature correlation of type T thermo-
couples. The analog signal was digitized and processed by
LabView software (National Instruments). Stepper mo-
tion was triggered at 85 °C–92 °C for denaturation and
62 °C–70 °C for annealing/extension to obtain desired
temperature cycling profiles. Alternatively, stepper mo-
tion was triggered after a programmed hold time after
reaching position in each water bath.

Sample containers for PCR were composite glass/
plastic LC24 capillary reaction tubes (0.8-mm inner di-
ameter and 1.0-mm outer diameter, BioFire Diagnostics)
or 19-gauge hypodermic needles (0.042-inch inner di-
ameter, 0.075-inch outer diameter, Becton Dickinson).
We sealed the open end of the metal tubing by heating to
a red-white color with a gas flame and compressing in a
vise. Samples were spun down to the bottom of each tube
by brief centrifugation and sealed with clay capillary tube
sealant.

For real-time PCR, epifluorescent illumination of
the glass capillary was accomplished with a fiber optic
cable (600-�m fiber core diameter, Ocean Optics)
placed 1–2 mm distant from and inline with the sample
capillary, when positioned in the cooler water bath (see
online Supplemental Fig. 2). The fiber optic cable en-
tered the water bath through a port in the side of the

container. Light from a light-emitting diode (LED)3

light source (Ocean Optics) was guided by another fiber
optic cable into an optics block with a 440 � 20–nm
excitation interference filter, a beam-splitting 458-nm
dichroic, and a 490 � 5–nm emission filter (Semrock).
Emission detection was with a photomultiplier tube
(PMT) module (Hamamatsu). The analog signal from
the PMT module was digitized and processed by
LabView software. A custom LabView program recorded
fluorescence and temperature measurements and con-
trolled stepper motion to obtain desired temperature cy-
cling profiles. Fluorescence was averaged during cooling
each cycle and plotted against cycle number to generate
real-time PCR amplification plots.

POLYMERASE QUANTIFICATION

We obtained Klentaq1™ DNA polymerase from either
AB Peptides or Wayne Barnes (Washington University,
St. Louis, MO). KlenTaq has a molecular weight of 62.1
kDa and an absorptivity at 280 nm of 69130 mol/
L�1cm�1, as calculated from the sequence (US Patent
No. 5436149). Mass spectrometry confirmed a predom-
inant molecular weight of 62 kDa, and denaturing poly-
acrylamide gels showed that the major band was �80%
pure by integration. Using the absorbance and purity to
calculate the concentration indicated an 80-�mol/L
stock in 10% glycerol (Wayne Barnes) or 40-�mol/L
stock in 50% glycerol (AB Peptides). One micromole per
liter KlenTaq is equivalent to 3.8 U/�L, with a unit
defined by the manufacturer as the amount of enzyme
required to catalyze the incorporation of 10 nmol dNTP
into acid-insoluble material in 30 min at 72 °C (pH 9.1)
by use of activated salmon sperm DNA as the template.
We used Klentaq1 in all experiments except when
KAPA2G™ Fast DNA polymerase was used, a gift from
Kapa Biosystems as a 44-�mol/L stock in 37.5% glyc-
erol. One micromole per liter KAPA2G Fast is equivalent
to 4.5 U/�L.

PCR PROTOCOLS

Unless otherwise indicated, we performed PCR in 5-�L
reaction volumes containing 50 mmol/L Tris (pH, 8.3),
3 mmol/L MgCl2, 200 �mol/L of each dNTP (dATP,
dCTP, dGTP, dTTP), 500 �g/mL nonacetylated BSA
(Sigma), 2% (vol/vol) glycerol (Sigma), 50 ng purified
human genomic DNA, and 1� LCGreen® Plus
(BioFire Diagnostics). Because of the high concentra-
tions of polymerase and primers, reactions were prepared
on ice, quickly transferred to the instrument, and imme-
diately amplified without delay. The concentration of the

3 Nonstandard abbreviations: LED, light emitting diode; PMT, photomultiplier tube; Tm,
melting temperature; Cq, quantification cycle.
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primers and the polymerase varied according to the spe-
cific experimental protocols. Final polymerase concen-
trations were between 0.064 and 16 �mol/L. Primers
were synthesized by the University of Utah Core Facility
and desalted, and concentrations were determined by ab-
sorbance at 260 nm. The final concentrations of each
primer varied from 0.5 to 20 �mol/L. Standard real-time
PCR on the LightCycler (Roche Applied Science) or
LS32 (BioFire Diagnostics) used final concentrations of
0.064 �mol/L KlenTaq1 polymerase, 0.5 �mol/L of
each primer, and 0.1% (vol/vol) glycerol. Reactions using
KAPA2G Fast DNA polymerase substituted 1�
KAPA2G Buffer A instead of 50 mmol/L Tris (pH 8.3 at
25 °C) and had a final glycerol concentration of 1.3%
(vol/vol).

We obtained synthetic DNA templates from Inte-
grated DNA Technologies as either standard desalted oligo-
nucleotides (100-bp template) or duplex gBlocks™ (200-
to 500-bp templates). Synthetic template sizes were
verified by agarose gel electrophoresis. The synthetic
templates were serially diluted in 10 mmol/L Tris, 0.1
mmol/L EDTA, pH 8.0 (at 25 °C), and quantified by
absorbance at 260 nm and standard real-time PCR on an
LS32 thermal cycler (Biofire). For primer and product
sequences, see Methods in the online Supplemental
Data.

EXTREME PCR EFFICIENCY

Human genomic DNA samples at a stock concentration
of 50 ng/�L were serially diluted in 10 mmol/L Tris, 0.1
mmol/L EDTA, pH 8.0 (at 25 °C), to obtain template
concentrations across 4 orders of magnitude. For each
dilution, samples were run in quadruplicate (NQO1) or
quintuplicate (KCNE1),4 and quantification cycles (Cq)
were determined by use of a custom LabView program.
The program determined Cq for each curve by (a) arith-
metically normalizing fluorescence by subtracting the
minimum fluorescence from each point on the curve; (b)
adding back a residual fluorescence to all points so that
the logarithm could be taken (typically 0.1%–1% of the
fluorescence range); (c) displaying the data on a plot of
log fluorescence vs cycle number; (d ) providing cursors
so that a range of points could be dynamically selected by
the user that are log-linear by observing the best-fit log-
linear line between the cursors while (e) maximizing the
slope of the best fit log-linear line; ( f ) calculating the fluo-
rescence mean of the log-linear upper and lower bound
points included in the selected range; and (g) determining
the fractional cycle number from the fluorescence mean by

interpolation along the log-linear line. From multiple curves
with varied initial template copies, Cq was plotted against
log10 (initial template copies), and the amplification effi-
ciency was calculated as a percentage, E � (10(�1/slope) �
1) � 100, with the slope determined by linear regression.
Because of higher variation at very low template concentra-
tions, the 1.5 copy/reaction tubes were not included in the
efficiency calculations.

PRODUCT VERIFICATION

High-resolution melting curves were generated immedi-
ately after PCR by use of an HR-1 instrument (BioFire
Diagnostics) modified to accept LC24 capillaries. High-
resolution melting data were analyzed with custom soft-
ware written in LabView and viewed as derivative melt-
ing curves (15 ). Fluorescence was corrected for excitation
power before analysis. PCR products and no-template
controls were also separated on 4% NuSieve 3:1 or 2%
SeaKem LE agarose gels and imaged after ethidium bro-
mide staining.

Results

We constructed a prototype instrument to temperature
cycle 1- to 5-�L samples in 0.4–2.0 s by heat transfer
from hot or cold water (see online Supplemental Fig. 1).
Samples in thin capillary tubes or steel needles were me-
chanically flipped between water baths to obtain the de-
sired temperature cycling profile. The PCR solution tem-
perature was measured by a fine wire thermocouple in a
parallel control tube.

A 45-bp fragment of the single-copy gene KCNE1
(potassium voltage-gated channel, Isk-related family,
member 1) was amplified from human genomic DNA by
either extreme PCR or conventional rapid-cycle PCR on
a carousel LightCycler® instrument (Fig. 1). Thirty-five
cycles of extreme PCR required 28 s (0.8 s/cycle),
whereas rapid-cycle PCR was completed in 12 min (20.6
s/cycle). Extreme PCR was finished before 2 cycles could
be completed on the rapid-cycle instrument (Fig. 1A).
Both methods produced amplicons with similar melting
curves and strong, specific bands on gel electrophoresis,
although extreme PCR showed greater yield than rapid-
cycle PCR (Fig. 1, B and C). The reaction components
for extreme and rapid-cycle PCR were identical except
for the amount of polymerase and primers. Robust PCR
using 0.8-s cycles required primer concentrations �10
�mol/L and a polymerase concentration �1 �mol/L.
High polymerase and primer concentrations have been
reported to increase yield in rapid-cycle and real-time
PCR (4, 16 ). Despite high polymerase and primer con-
centrations, extreme PCR generated only the specific
product. Low molecular weight primer bands were vis-
ible in both reactions with and without template.
When evaluated every 10 cycles, product was first vis-

4 Human genes: KCNE1, potassium voltage-gated channel, Isk-related family, member 1;
IL10RB, interleukin-10 receptor, �; NQO1, NAD(P)H dehydrogenase, quinone 1;
AKAP10, A kinase (PRKA) anchor protein 10.
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ible at 30 cycles, plateauing at 40 – 60 cycles (Fig. 1D).
At the genomic template concentrations used, Cq val-
ues at high efficiency are usually in the low 20s, so we
would expect that gel bands might be absent at 20
cycles, especially with dye detection of a small 45-bp
product.

The effect of polymerase and primer concentrations
in PCR with �1-s cycles was studied by use of a 49-bp
fragment of IL10RB (interleukin-10 receptor, �), shown
as both 2-dimensional (Fig. 2A) and 1-dimensional (Fig.
2, B and C) data. Product yield was determined after 35
cycles, with a mean cycle time of 0.73 s between 92 °C
and 63 °C. Only with primer concentrations �5 �mol/L
and polymerase concentrations �1 �mol/L were PCR

products detected. Using 19-gauge hypodermic needles
as reaction containers, 20 �mol/L primers, and 8
�mol/L polymerase, the time to amplify the 49-bp frag-
ment was reduced further to 16 s using 35 cycles between
92 °C and 65 °C (Fig. 2D). Furthermore, genotyping by
high-resolution melting was successful on a 58-bp seg-
ment of IL10RB flanking an A�G variant after a 38-s
PCR with 10 �mol/L primers and 2 �mol/L polymerase
(see online Supplemental Fig. 3).

Optimal polymerase and primer concentrations
were also studied with a 102-bp fragment of NQO1 using
1.93-s cycles between 92 °C and 72 °C (see online Sup-
plemental Fig. 4). Similar to the 49-bp IL10RB target,
amplification required both increased primers (�2
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Fig. 1. DNA amplification of a 45-bp segment of KCNE1 by 35 cycles of extreme PCR (<30 s) and conventional rapid-cycle PCR (12
min); a 20-fold increase in [primer] (10 vs 0.5 μmol/L) and a 16-fold increase in [polymerase] (1.0 vs 0.064 μmol/L) allowed a 26-fold
reduction in amplification time.
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�mol/L) and polymerase (�0.5 �mol/L). However, as
the fragment size increases, longer annealing/extension
times are needed for complete extension, and lower re-
agent concentrations can be used.

The extreme PCR prototype was further modified to
include optics for real-time monitoring (see online Sup-
plemental Fig. 2 and Supplemental Video). The quanti-
tative performance of extreme PCR for the 102-bp frag-
ment of NQO1 [NAD(P)H dehydrogenase, quinone 1]
(Fig. 3) and the 45-bp fragment of KCNE1 (see online
Supplemental Fig. 5) was assessed by use of a dilution
series of human genomic DNA. With a dynamic range of
at least 4 logs, the amplification efficiencies calculated
from the calibration curves were 95.8% for NQO1 and
91.7% for KCNE1, similar to conventional PCR. Con-
trol reactions without template did not amplify after 50
cycles. Single-copy replicates (mean copy number of 1.5
copies per reaction) were similar in amplification curve
shape and intensity to higher concentrations (Fig. 3 and

online Supplemental Fig. 5). At a mean copy number of
0.15 copies/reaction, 2 reactions were positive out of 17
(combining both NQO1 and KCNE1 trials), with a cal-
culated expectation of 0.13 copies/reaction by binomial
expansion (uCount for digital PCR, https://dna.utah.
edu/ucount/uc.php; accessed May 7, 2014).

We also examined the extension time required for
different product lengths by use of real-time PCR (Fig.
4). To avoid possible confounding effects of different
primers, synthetic templates of 100–500 bp with com-
mon high melting temperature (Tm, 77 °C) primers were
used. Optimal concentrations of primers and polymerase
were first determined for the 300-bp product by use of a
4-s combined annealing/extension segment with 4.9-s
cycles (Fig. 4A). Identical primer (4 �mol/L) and poly-
merase (2 �mol/L) concentrations were then used for all
product lengths, and minimum extension times were de-
termined (see online Supplemental Fig. 6). For each
product length, increased annealing/extension times re-
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sulted in decreased fractional Cq values until no further
change was observed, reflecting the minimum extension
time required for efficient PCR. For example, amplifica-
tion curves by use of the KAPA2G FAST polymerase for the
500-bp product are shown in Fig. 4B. The minimum ex-
tension time by use of KAPA2G FAST polymerase was 3 s,
compared to 7 s by use of KlenTaq1 (a deletion mutant
of Taq polymerase). Longer products required longer
extension times (Fig. 4C). For KlenTaq1 polymerase,
about 1 s is required for each 60 bps, whereas for
KAPA2G FAST, 1 s is required for each 158 bps.

High Mg2� concentrations facilitate extreme PCR.
When a 60-bp fragment of AKAP10 [A kinase (PRKA)
anchor protein 10] was amplified for 35 cycles with 20
�mol/L primers and 8 �mol/L polymerase, no product
was observed on gels at 2–3 mmol/L, minimal product at
4 mmol/L, and a large amount of specific product at 5–7
mmol/L MgCl2 (see online Supplemental Fig. 7). At 5
mmol/L MgCl2, the minimum cycle time for efficient
amplification was 0.42 s (see online Supplemental Fig.
7), demonstrating that specific, high-yield 60-bp product
can be obtained in �15 s from human genomic DNA
(35 cycles in 14.7 s).

Discussion

Great progress in the throughput of molecular testing has
occurred over the last several years. Throughput can be
increased by larger batch size or faster turnaround time.
Batch size improves as we move from handling individual
tubes to arrays of 96, 384, or even 1536. Processing is
easier when either the sample number or assay number

can be limited or standardized; for example, microfluidic
handling of 96 samples with 96 assays can produce 9216
results. Furthermore, microchips produce millions of re-
sults on single samples, and massively parallel sequencing
with sequence barcoding on tens of samples can produce
billions of results. Research studies and clinical laborato-
ries thrive on high numbers.

The importance of turnaround time often gets lost
in the race for higher and higher numbers of results.
Individual patients care only about their own test results
and how quickly they can be returned. Although point-
of-care testing is recognized as an important trend, prog-
ress in molecular testing has been slow because of its
complexity. Recently, rapid sample-to-answer systems
have appeared that can return results in about an hour,
ranging from single assays to multiplexed assays focused
on patient syndromes (17, 18 ). Further improvements in
turnaround time on these systems primarily depend on
reducing PCR times. By increasing the concentration of
critical reagents, we have been able to reduce PCR times
to less than a minute. The critical reagents that limit PCR
speed are the polymerase and the primers. Successful
completion of both primer annealing and polymerase
extension must occur during the combined annealing/
extension segment used in extreme PCR.

When annealing times are reduced, primer hybrid-
ization can become rate-limiting. Primer annealing to
template DNA is a second-order process, with a rate de-
termined by both primer and template DNA concentra-
tion (19 ). However, during most of PCR, the primer
concentration is much greater than the template DNA,
and the extent of annealing completion each step is di-
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rectly proportional to the primer concentration in a
pseudo-first-order reaction. For every doubling of the
primer concentration, the time required for an equivalent
percentage of product to anneal to primer is reduced by a
factor of 2. The specificity advantage of short annealing
times has been known for many years (5, 20, 21 ).

When extension times are reduced, the amount
and/or speed of the polymerase can become rate limiting.
The time required for polymerase extension depends on
many factors, including the length of the amplified prod-
uct, temperature, and the polymerase used for extension.
Recent estimates for KlenTaq1 and KAPA2G at 75 °C
are 101 and 155 nucleotides/s, respectively (22 ), al-
though rates are strongly dependent on pH and the
Mg2�, monovalent cation, dye, and Tm depressor con-
centrations (23 ). During typical PCR, the amount of
polymerase starts in great excess to template but ends up
limiting (24 ), requiring each polymerase molecule to re-
cycle and extend many templates each cycle. In extreme
PCR, increasing the polymerase concentration allows the
simultaneous extension of more primed templates later
into the PCR, resulting in lengthening the exponential
phase and increasing the yield of product. However, in
some cases (Fig. 2), high polymerase concentrations ap-
pear to inhibit product yield, an effect we have yet to
explain.

Hot start methods are difficult to apply to extreme
PCR and were not used here. High polymerase concen-
trations make the use of anti-Taq antibodies impractical,
and chemical hot starts require too much time. Perhaps
the best solution is an integrated microfluidic system
where automatic mixing of reagents occurs at high tem-
perature for a true hot start, and small sample volumes
can be used to reduce cycling times, similar to some in-
tegrated systems (18 ). Accurate measurement of sample
temperature is perhaps the most difficult problem, one
that might be solved by monitoring temperature with
fluorescence (25 ).

In summary, efficient PCR from human genomic
DNA can be completed in 15–60 s. When paired with
high-resolution melting analysis (26 ), DNA variants can
be amplified and genotyped in less than a minute. Ex-
tremely fast amplification and analysis has obvious ad-
vantages for any application where time to result is
critical. We hope that the demonstrated feasibility of
extreme PCR will encourage further work on practical
implementation that may lead to commercial devices
that improve the turnaround time for molecular test-
ing, leading to better patient satisfaction and care.
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