








melting was successful on a 58-bp segment 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
Supplemental Fig. 4). Similar to the 49-bp IL10RB tar-
get, amplification required both increased primers (�2
�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
reagent concentrations can be used.

The extreme PCR prototype was further modified
to include optics for real-time monitoring (see online
Supplemental Fig. 2 and Supplemental Video). The
quantitative performance of extreme PCR for the
102-bp fragment 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 dy-
namic range of at least 4 logs, the amplification effi-
ciencies calculated from the calibration curves were
95.8% for NQO1 and 91.7% for KCNE1, similar to
conventional PCR. Control 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 calculated expecta-
tion 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
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Fig. 2. Extreme PCR amplification of a 49-bp segment of IL10RB.

(A), Polymerase and primer optimization for product yield after 35 cycles of 0.73 s each. PCR product yield was measured as
the peak of derivative melting curve plots. (B), Derivative melting curves demonstrate the effect of primer concentration on
product yield when using 4 �mol/L polymerase. (C), Agarose gel showing the effect of polymerase concentration on
amplification yield using 10 �mol/L of each primer. (D), Sixteen-second amplification of the 49-bp segment of IL10RB (35 cycles,
0.45 s/cycle) using 19-gauge hypodermic needles as reaction containers with 20 �mol/L of each primer and 8 �mol/L
polymerase. NTC, no-template control.
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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 prod-
uct by use of a 4-s combined annealing/extension seg-
ment with 4.9-s cycles (Fig. 4A). Identical primer (4
�mol/L) and polymerase (2 �mol/L) concentrations
were then used for all product lengths, and minimum
extension times were determined (see online Supple-
mental Fig. 6). For each product length, increased an-
nealing/extension times resulted in decreased frac-
tional Cq values until no further change was observed,
reflecting the minimum extension time required for
efficient PCR. For example, amplification curves by use
of the KAPA2G FAST polymerase (Kapa Biosystems) for
the 500-bp product are shown in Fig. 4B. The minimum
extension 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 re-
quired 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 effi-
cient 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 turn-
around 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 num-
ber or assay number can be limited or standardized; for
example, microfluidic handling of 96 samples with 96
assays can produce 9216 results. Furthermore, micro-
chips produce millions of results on single samples, and
massively parallel sequencing with sequence barcoding
on tens of samples can produce billions of results. Re-
search studies and clinical laboratories 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 re-
sults and how quickly they can be returned. Although
point-of-care testing is recognized as an important
trend, progress in molecular testing has been slow be-
cause of its complexity. Recently, rapid sample-to-
answer systems have appeared that can return results in
about an hour, ranging from single assays to multi-
plexed assays focused on patient syndromes (17, 18 ).
Further improvements in turnaround time on these
systems primarily depend on reducing PCR times. By
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Fig. 3. Efficiency and sensitivity are not compromised by extreme PCR.

(A), Fluorescence versus cycle number. (B), Cq versus log10 (initial template copies) plots for amplification of a 102-bp fragment
of NQO1 (50 cycles, 1.93 s/cycle). Reactions were performed in quadruplicate with 2 �mol/L polymerase and 8 �mol/L of each
primer. The calculated efficiency was 95.8%.
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Fig. 4. Required extension times depend on PCR product length and the type of polymerase used for amplification.

(A), Polymerase and primer optimization for the amplification of a 300-bp synthetic template (20 cycles, 4.9 s/cycle). A combined
annealing/extension step of 4 s at 76 °C was used for amplification. (B), Fluorescence vs cycle number plots for PCR
amplification of a 500-bp synthetic template using KAPA2G FAST polymerase and 1- to 5-s extension times. (C), Minimum
observed extension times required for efficient amplification of 100- to 500-bp synthetic templates using 2 �mol/L polymerase
and 4 �mol/L of each primer. The extension lengths are smaller than the product lengths to account for the primers. An
approximate equation that relates product size (p) in base pairs to the predicted minimal extension time (t) in s is t � 0.016p �
0.2 with 2 �mol/L KlenTaq polymerase and 4 �mol/L of each primer at 76 °C.
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increasing the concentration of critical reagents, we
have been able to reduce PCR times to less than a min-
ute. 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 seg-
ment used in extreme PCR.

When annealing times are reduced, primer hy-
bridization can become rate-limiting. Primer anneal-
ing to template DNA is a second-order process, with a
rate determined by both primer and template DNA
concentration (19 ). However, during most of PCR, the
primer concentration is much greater than the tem-
plate DNA, and the extent of annealing completion
each step is directly proportional to the primer concen-
tration in a pseudo-first-order reaction. For every dou-
bling 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 ad-
vantage 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 limit-
ing. The time required for polymerase extension de-
pends on many factors, including the length of the am-
plified product, temperature, and the polymerase used
for extension. Recent estimates for KlenTaq1 and
KAPA2G at 75 °C are 101 and 155 nucleotides/s, re-
spectively (22 ), although rates are strongly dependent
on pH and the Mg2�, monovalent cation, dye, and Tm

depressor concentrations (23 ). During typical PCR,
the amount of polymerase starts in great excess to tem-
plate but ends up limiting (24 ), requiring each poly-
merase molecule to recycle 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 appear 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 impracti-
cal, 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 temperature for a true hot start, and small sample
volumes can be used to reduce cycling times, similar to
some integrated systems (18 ). Accurate measurement
of sample temperature is perhaps the most difficult
problem, one that might be solved by monitoring tem-
perature 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.
Extremely fast amplification and analysis has obvi-
ous advantages for any application where time to
result is critical. We hope that the demonstrated fea-
sibility of extreme PCR will encourage further work
on practical implementation that may lead to com-
mercial devices that improve the turnaround time
for molecular testing, leading to better patient satis-
faction and care.
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