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Abstract

Nucleic acid testing (NAT) is important for the identification and quantification of specific nucleic acid targets, both DNA
and RNA, in life sciences and clinical diagnostics. Nucleic acid amplification can be a time-consuming step in NAT using the
polymerase chain reaction (PCR) assay. Therefore, this study aimed to develop a simple method to reduce the amplification
time while maintaining the PCR system. The three-step process of a general gPCR was reduced to a two-step process. The
annealing/extension temperatures were increased to minimize the differences between the denaturation temperature and the
annealing/extension temperatures. Subsequently, the time for each of these steps was reduced and, finally, the denaturation
temperature was lowered. Taq polymerase was replaced with SD polymerase because it has strand displacement activity and
is efficient in amplifying partial dsDNA at lower denaturation temperatures. In the two-step qPCR of genomic DNA using
SD polymerase, the final conditions included an initial denaturation at 92 °C for 2 min, and 1 s at each cycling step with
a denaturation temperature of 87 °C and an annealing/extension temperature of 72 °C. Amplification of the nucleocapsid
(N) gene of SARS-CoV-2 RNA virus was evaluated at a template concentration as low as 10 copies. This method, named
SF-qPCR (strand displacement-based fast quantitative polymerase chain reaction), can stably detect less than 10 copies of
DNA and RNA within 25-40 min. This new protocol allows for sensitive and rapid detection of important DNA and RNA
targets in clinical diagnosis.
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1 Introduction as well as severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) [11], first identified in December 2019. The

Nucleic acid testing (NAT) is an important tool for the iden-  outbreak of each of these viruses caused an international

tification and quantification of specific nucleic acid targets
in the life sciences and clinical diagnostics [1, 2]. Nucleic
acid targets are broadly divided into DNA and RNA. DNA
targets are mainly used for cancer diagnosis, such as the
BRCAI and BRCA?2 genes, which are associated with breast,
ovarian, pancreatic, and prostate cancers [3, 4]. Accurate
BRCA testing is essential for early detection, identifying
gene mutations, and selection of treatments [5, 6]. RNA
viruses include Zika [7], Ebola [8], and influenza [9, 10],
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public health emergency due to its large spread. Rapid and
accurate diagnosis of RNA viruses allows the identification
of patients infected with the virus at an early stage, thereby
preventing the spread of infection.

One of the important elements of NAT is amplification;
polymerase chain reaction (PCR) and quantitative polymer-
ase chain reaction (QPCR) are the gold standards for expo-
nentially amplifying trace amounts of nucleic acid targets.
However, conventional PCR/qPCR has limitations. The first
limitation is sensitivity. The commonly used Taq polymerase
has limitations in amplifying GC-rich sequences or complex
structures such as stem-loop (hairpin) structures [12—-14].
These structures may prematurely terminate polymerase
extension and may lead to inaccurate amplification owing to
mispriming and misannealing between the template and the
complementary strand [15, 16]. This may reduce the sensi-
tivity of the diagnosis. Taq polymerase can be replaced with
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SD polymerase, which successfully and efficiently amplifies
templates with a wide range of secondary structures. SD pol-
ymerase is a novel, mutant Taq polymerase with high ther-
mal stability and strand displacement activity. The strong
strand displacement activity of SD polymerase results in a
higher product yield than that using Taq polymerase in the
amplification of templates that are GC-rich or have complex
secondary structures. The strong polymerase activity ena-
bles high-efficiency PCR and long-range PCR (LR PCR),
and significantly improves the sensitivity and efficiency in
polymerase chain displacement reaction (PCDR) and real-
time quantitative polymerase chain displacement reaction
(qPCDR) [17, 18].

The second limitation of conventional PCR/qPCR is the
time taken. PCR/qPCR takes 1.5-2 h, which is relatively
long; therefore, it is not suitable for situations that require
rapid diagnosis of a large number of samples, such as SARS-
CoV-2 detection at an airport or point-of-care (POC) testing.
SARS-CoV-2 detection using RT-qPCR takes 3—4 h from
sampling to diagnosis [19]. This could lead to high chances
of quarantine breach. Therefore, minimizing the diagnosis
time is important for establishing a quarantine system. The
time required for PCR/qPCR could be reduced by improving
heat transfer and thermal equilibrium by lowering the PCR
reaction volume to a nanoliter level or supplementing the
thermal cycler to speed up temperature changes [20-24].
However, these are difficult to establish in routine laborato-
ries and are proposals that deviate from the existing estab-
lished PCR system.

Fig. 1 Mechanism of Taq poly-
merase and SD polymerase

Taq polymerase

This study aimed to develop a simple method that can
reduce the time for NAT while maintaining the PCR sys-
tem as much as possible. First, the three-step process of
a general qPCR was reduced to a two-step process. The
annealing/extension temperatures were increased to mini-
mize differences between the denaturation temperature and
the annealing/extension temperatures. Subsequently, the
time for the denaturation step and the annealing/extension
steps was reduced and, finally, the denaturation tempera-
ture was lowered. It is difficult to implement all of these
strategies successfully using conventional Taq polymer-
ase. Nevertheless, it is possible to reduce the three-step
process to a two-step process using Taq polymerase. If
the time within the denaturation and annealing/extension
step is reduced, it is not possible to know exactly when
hybridization and extension of the primers occur. For suc-
cessful amplification, the time lost in each step must be
made up during extension, even when the temperature is
not ideal. Amplification should be possible even with par-
tially formed dsDNA, but Taq polymerase without strand
displacement activity may not be suitable (Fig. 1). Thus,
a polymerase with strand displacement activity is required
because partial dSSDNA can be formed at lowered denatura-
tion temperatures. Therefore, SD polymerase was intro-
duced to implement the proposed strategy successfully.
This strategy maintained sensitivity even at a low start-
ing copy number of fewer than 10 copies and shortened
the total detection time from 1.5-2 h to 25-40 min, when
applied to the detection of BRCA and the SARS-CoV 2
RNA virus. Therefore, this method allows for the rapid
detection of genomic DNA and RNA.
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2 Materials and Methods
2.1 Enzymes and Reagents

SD HotStart DNA polymerase (10 U/mL), 10X SD polymer-
ase reaction buffer, and MgCl, were purchased from Bioron
GmbH (Romerberg, Germany). dNTPs (10 mM each) were
purchased from New England BioLabs (NEB; Ipswitch, MA,
USA). Syto82 was purchased from Thermo Fisher Scientific
(Waltham, MA, USA). The LunaScript® RT SuperMix Kit
was purchased from New England BioLabs. Genomic DNA
was purchased from Novagen. Quantitative synthetic SARS-
CoV-2 RNA ORF, E, and N were purchased from ATCC.
Primers were designed using the NCBI primer-BLAST pro-
gram and synthesized by Integrated DNA Technology (IDT;
Coralville, IA, USA). Real-time PCR reactions were carried
out using the CFX96-IVD real-time PCR detection system
(Bio-Rad Laboratories, Inc.).

2.2 Three-Step qPCR Assay

The genomic DNA template was amplified using SD Hot-
Start DNA polymerase (2 U) in a reaction mixture consisting
of 1 X SD polymerase reaction buffer, 3 mM MgCl,, 0.2 mM
of each dNTP, 0.1 ng template DNA, 0.2 mM each of the
primers F1 and R1, and 1 pM syto82 dye, and the volume
was made up to 25 pl with distilled water. The reaction
mixture without template was used as the negative control.
The thermocycling conditions were as follows: preheating
at 92 °C for 2 min, followed by 50 cycles at 92 °C for 30 s,
60 °C for 30 s, and 68 °C for 30 s.

2.3 Two-Step qPCR Assay

The genomic DNA template was amplified using SD Hot-
Start DNA polymerase (2 U) in a reaction mixture consisting
of 1 X SD polymerase reaction buffer, 3 mM MgCl,, 0.2 mM
of each dNTP, 0.1 ng template DNA, 0.2mM each of the
primers F1 and R1, and 1 pM syto82 dye, and the volume
was made up to 25 pl with distilled water. The reaction
mixture without template was used as the negative control.
The thermocycling conditions were as follows: preheating
at 92 °C for 2 min, followed by 50 cycles at 92 °C for 30 s
and 60 °C for 30 s.

2.4 SARS-CoV-2 RNA Virus RT-qPCR Assay

The LunaScript RT SuperMix was used for the RT reac-
tion. The RT reaction mixture (10 pl) contained 2 pl of
1 X LunaScript RT SuperMix, 1 pl of RNA template, and
7 ul of nuclease-free water. The thermocycling conditions

were as follows: primer annealing at 25 °C for 2 min, cDNA
synthesis at 55 °C for 10 min, and heat inactivation at 95 °C
for 1 min.

The qPCR mixture consisted of SD HotStart DNA pol-
ymerase (2 U), 1 X SD polymerase reaction buffer, 3 mM
MgCl,, 0.2 mM of each dNTP, cDNA (5 ul), 0.2mM each
of the primers F1 and R1, and 1 pM syto82 dye, and the vol-
ume was made up to 25 pl with distilled water. The reaction
mixture without template was used as the negative control.
The thermocycling conditions were as follows: preheating
at 92 °C for 2 min, followed by 50 cycles at 89 °C for 1 s
and 72 °C for 1 s.

3 Results and Discussion

3.1 Reducing a Three-Step qPCR to a Two-Step
qPCR

General PCR and qPCR using Taq polymerase consist of
three steps: denaturation, annealing, and extension, which
together take approximately 1.5-2 h. Two-step qPCR using
Taq polymerase is a well-known approach [25, 26]; there-
fore, for better time management, the three-step process was
modified into a two-step process (Fig. 2A).

To show that two-step PCR is possible with SD poly-
merase, we used human genomic DNA as the template and
a primer set that amplified a BRCA-related gene (Online
Resource Table 1) [5]. To compare the sensitivity of the
three-step qPCR and two-step qPCR processes, serial dilu-
tions of the DNA template with 300, 30, 3, and O copies
were tested in duplicate assays. The uniformly increasing Ct
value with a decrease in the target amount enabled quantifi-
cation; the results were obtained two to three cycles earlier
in the two-step PCR, compared with that in the three-step
PCR, at the same concentration (Fig. 2B; Online Resources
Fig. S1 and S2). The sensitivity was maintained even at a
low starting copy number of three, despite the reduction to
a two-step process. The total detection time was reduced by
23 min when the three-step PCR was reduced to a two-step
qPCR.

3.2 Optimization of Annealing/Extension
Temperature

Minimizing the difference in temperature between the dena-
turation step and the annealing/extension steps decreases the
time consumed for temperature changes, thereby reducing
the total detection time. To reduce the difference between
denaturation and annealing/extension temperature, higher
annealing/extension temperatures were optimized (Fig. 3A).
Two-step qPCR was performed using two types of prim-
ers with different melting temperatures (7},). In the case
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A
Three-step qPCR Two-step qPCR
92°C 92°C
30s | 30s :
| 68 °C
: | 30s :
! 60°c ! | 60 °C
30s 30s
Denaturation Annealing Extension Denaturation Anneali_ng /
Extension
B
qPCR DNA copy number Detection time (hh:mm:ss)
300 01:12:56
30 01:19:30
Three-step
3 01:28:22
0 Not detected
300 00:51:43
30 01:00:15
Two-step
01:05:22
0 Not detected

Fig.2 Comparison of three- and two-step qPCR. A Scheme for reducing the three-step qPCR to two-step qPCR. B Detection time of the three-

and two-step qPCR processes

of the primer with a T, of 65 °C, amplification was pos-
sible up to annealing/extension temperatures of 66 °C. To
assess amplification at a higher temperature, a primer with
a T, of 70 °C was designed (Online Resource Table 1); the
annealing/extension temperatures were increased to 68, 70,
72, and 74 °C. Amplification was observed at all tempera-
tures (Fig. 3B; Online Resource Figs. S3 and S4). We chose
72 °C, within a Ct value of 40, as the annealing/extension
temperature, and showed that the detection time was short-
ened by approximately 5 min.

3.3 Optimization of Time for Each Step

We assessed the possibility of reducing the reaction time
in the denaturation step and the annealing/extension steps
(Fig. 4A). Sensitivity was examined by reducing the time
to 15, 5, and 1 s for the conditions of denaturation at 92 °C
and annealing/extension at 72 °C, respectively. To optimize
the conditions for maintaining sensitivity, qPCR was per-
formed using 3 and O copies of template DNA. Sufficient
amplification was observed at 15, 5, and 1 s; the shortest
time among them, 1 s, was selected because the Ct value fell
within 40 (Fig. 4B and Online Resource Fig. S5). Through
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these optimization steps, the time taken for the PCR was
shortened by approximately 35 min when compared to that
using the conventional standard condition of 30 s.

3.4 Optimization of the Denaturation Conditions

The time taken per cycle was reduced by minimizing the
difference in temperature between steps by lowering the
temperature of the denaturation step (Fig. 5A). The previ-
ously established conditions (two-step, annealing/extension
temperature: 72 °C, duration of each step: 1 s) were modi-
fied to lower the denaturation temperature from 91 to 85 °C.
Amplification was performed within 40 cycles at a dena-
turation temperature of 86 °C. However, the denaturation
temperature was optimized at 87 °C, because it was more
stable than 86 °C (Online Resource Fig. S6); the time was
reduced by approximately 3 min (Fig. 5B).

3.5 Comparison of SD Polymerase and Taq
Polymerase

In the two-step qPCR of genomic DNA using SD polymer-
ase, the final conditions were an initial denaturation at 92 °C
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A Primer T, : 65 °C Primer T, :70 °C
92 °C 92 °C
30s : 30s :
X | 72 °C
| . 30s
! 60 °C
30s
Denaturation Anneali.ng/ Denaturation Anneali.ng/
Extension Extension
B
Primer T, (°C) Annealing/Extension temperature (°C) Detection time (hh:mm:ss)
62 01:07:41
64 01:08:05
65
66 01:18:27
68 Not detected
68 01:01:11
70 01:00:09
70
72 01:00:38
74 01:08:37

Fig.3 Optimization of annealing/extension temperatures for the two-step qPCR. A Optimization scheme. B Detection time of the two-step

qPCR for a primer with a T, of 65 °C and a primer with a T, of 70 °C

Each step time : 1s

92 °C
1s

72 °C
1s

Annealing /

Denaturation )
Extension

Detection time (hh:mm:ss)

A Each step time : 30 s
92 °C
30s |
| 72°C
30s
Denaturation Anneali.ng/
Extension
B
Each step time (s)
15
5

00:42:41
00:28:58
00:25:37

Fig.4 Optimization of time for each step of the two-step qPCR. A Optimization scheme. B Detection time at each step time (15, 5, and 1 s)
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Denaturation : 87 °C

87 °C

1s :
|
l
|
| 72 °C

ls
Denaturation Anneall.ng /
Extension

Detection time (hh:mm:ss)

46
A Denaturation : 92 °C
92 °C
1s E
72°C
1s
Denaturation Annealing {
B
Denaturation temperature (°C)
91
90
89
88
87
86
85

00:22:53
00:24:00
00:23:57
00:23:24
00:22:49
00:22:16
00:24:01

Fig.5 Optimization of denaturation conditions for the two-step qPCR. A Optimization scheme. B Detection time of the denaturation tempera-

ture range of 91-85 °C

for 2 min, and 1 s at each cycling step with a denaturation
temperature of 87 °C and an annealing/extension tempera-
ture of 72 °C. This method was named strand displacement-
based fast quantitative polymerase chain reaction (SF-
gPCR), and the total detection time using these conditions
was approximately 23 min, which was significantly shorter
than that of the conventional protocol (88 min).

We evaluated the use of Taq polymerase in the SF-qPCR
process. The template and primers used were the same as
that used with SD polymerase. The three-step qPCR condi-
tions with Taq polymerase were as follows: preheating at
95 °C for 2 min, followed by 50 cycles at 95 °C for 30 s,
60 °C for 30 s, and 68 °C for 1 min, final extension at 68 °C
for 5 min. The two-step qPCR conditions were as follows:
preheating at 95 °C for 2 min, followed by 50 cycles at 95 °C
for 30 s and 60 °C for 30 s. To compare the sensitivity of
the three-step qPCR and two-step qPCR processes, serial
dilutions of the DNA template with 30, 3, and O copies were
tested in duplicate assays. When reducing from the three-
step to two-step process using a primer with a T, of 65 °C,
dimer formation was observed in the two-step process; there-
fore, accurate comparison was difficult (Online Resource
Fig. 7, 8). The two-step process was further optimized to
increase the annealing/extension temperature, using a primer
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with a T, of 70 °C; stable amplification was possible up
to an annealing/extension temperature of 74 °C (Online
Resource Fig. 9). However, in the experiments for reduc-
ing the reaction time within the denaturation step and the
annealing/extension step to 15 s, 5 s, and 1 s; the process
using 5 s lacked sensitivity because of a large delay in Ct
value; there was no amplification at 1 s (Online Resource
Fig. 10). Therefore, it is possible to reduce the three-step
process to a two-step process using Taq polymerase; how-
ever, reducing the time taken for each step compromises the
sensitivity, making it difficult to realize this strategy with
Taq polymerase.

3.6 Diagnosis of SARS-CoV-2 RNA Virus via SF-qPCR

To verify that the amplified protocol optimized using SD
polymerase applies equally to DNA as well as RNA tem-
plates, N gene of SARS-CoV-2 RNA virus was selected as
the target. The entire reaction was performed in the step
of generating cDNA through reverse transcription and the
step of SF-qPCR (Fig. 6A). The cDNA synthesis was car-
ried out as per the kit guidelines. The SF-qPCR was opti-
mized for the SARS-CoV-2N gene cDNA clone; the two-
step qPCR was performed using denaturation at 92 °C and
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A
89 °C
1s 2
SARS-Cov-2 — = ! &
RNA cDNA ﬂ
1 S Cycles
Virus sample Reverse transcription(RT) SF-qPCR
B C
300
RNA copy number Total detection time (min) 1
1000 14 (RT)+ 22 (SF-qPCR) = 36 5 200
&
100 14 (RT) + 24 (SF-qPCR) = 38 100]
10 14 (RT) + 26 (SF-qPCR) = 40 ]
0 Not detected 0 omo
Cycles

Fig.6 Diagnosis of SARS-CoV-2 RNA virus using SF-qPCR. A
Diagnostic scheme using two-step qPCR. B Detection time of ampli-
fication of the SARS-CoV-2 RNA viral template. C Real-time fluo-

an annealing/extension temperature of 68, 70, 72, or 74 °C,
and the template concentration was 6 X 10° copies; the opti-
mal annealing/extension temperature was determined to be
72 °C (Online Resource Fig. S11). The two-step qPCR was
performed at template concentrations of 6000, 600, 60, or 6
copies with denaturation at 92 °C and annealing/extension at
72 °C; amplification was positive at a template concentration
as low as 6 copies (Online Resource Fig. S12). The two-step
gPCR was evaluated by lowering the denaturation tempera-
ture using temperatures from 91 to 86 °C; the denaturation
temperature was optimized to 89 °C (Online Resource Fig.
S13). Using the protocol determined through the optimiza-
tion process, the RNA template was serially diluted to 1000,
100, 10, and O copies; amplification was observed even when
using as low as 10 copies (Online Resource Fig. S14). The
total detection time was approximately 40 min, including
the reverse transcription process (Fig. 6B); this is shorter,
considering the time taken for other processes. However,
combining the RT and SF-qPCR steps would enable further
reduction in the process time.

4 Conclusion

To reduce the time required for qPCR, three strategies were
established using SD polymerase, which has thermal sta-
bility and strand displacement activity. The total detection

rescence curve of the amplification of SARS-CoV-2 RNA virus at
template concentrations of 1000 (violet), 100 (red), 10 (yellow), and
0 (black) copies

time was reduced, while maintaining high sensitivity; the
three-step process of general gPCR was reduced to a two-
step process, the difference in temperature between the
steps was minimized, and the reaction time of each step was
minimized. This method, named SF-qPCR, can stably detect
less than 10 copies of DNA and RNA within 2540 min.
This new protocol allows for sensitive and rapid detection
of important DNA and RNA targets in clinical diagnosis.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13206-021-00044-x.
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