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Abstract

Drug-metabolizing enzymes play an important role in the metabolism of drugs in vivo. Their activity is an important factor

affecting the rate of drug metabolism, which directly determines the intensity and persistence of drug action. Patients tak-

ing medication can be divided into different metabolic types through detection of CYP2C19 drug-metabolizing enzyme gene

polymorphisms, which can then be used for medication guidance for clopidogrel. Here, we describe a detection method based

on real-time polymerase chain reaction. This method uses multicolor melting curve analysis to accurately identify different

mutation sites and genotypes of CYP2C19 * 2, CYP2C19 * 3, and CYP2C19 * 17. The detection limit of plasmid samples was

1 copies/μl; that of genomic samples was 0.1 ng/μl. The system can detect nine types of CYP2C19 * 2/3/17 at three sites in

one tube, quickly achieving detection within 1 h. Combined with the sample release agent, sample extraction was completed

in 5 s, achieving rapid diagnosis without extraction for timely diagnosis and treatment. Furthermore, the system is not limited

to blood samples and can also be applied to oropharyngeal and saliva samples, increasing sampling diversity and convenience.

When using clinical blood samples (n=93), the detection system we established was able to quickly and accurately identify

different genotypes, and the accuracy and effectiveness of the detection were confirmed by Sanger sequencing.

Introduction

Clopidogrel is an antiplatelet drug widely used in patients with acute coronary syndrome (ACS), including
those with non-ST-segment elevation ACS (unstable angina UA or non-Q wave myocardial infarction) and
ST-segment elevation myocardial infarction (NSTEMI)(1-3). Specifically, non-ST-segment elevation ACS
includes patients with stent implantation after percutaneous coronary intervention, patients with peripheral
arterial disease, and patients with recent myocardial infarction or recent ischemic stroke(4-6). Clopidogrel, a
prodrug, has no pharmacological activity(7, 8), but active metabolites are mainly produced by the cation of
the CYP2C19 enzyme(9-11). The active metabolites produced irreversibly bind to the P2Y12 receptor on the
surface of platelets, inhibiting their aggregation and interfering with ADP-mediated platelet activation for an
overall antiplatelet effect(12, 13). Genetic variation of the CYP2C19 gene leads to individual differences in
CYP2C19 enzyme activity, resulting in four phenotypes: ultrafast metabolizer (UM), fast metabolizer (EM),
intermediate metabolizer (IM) and slow metabolizer (PM)(14). CYP2C19 UM patients treated with conven-
tional doses of clopidogrel generate increased levels of active metabolites, with increased platelet inhibition,
enhanced antiplatelet function, and increased risk of bleeding(15). Treatment of CYP2C19 PM patients with
conventional doses of clopidogrel results in decreased inhibition of platelets, decreased antiplatelet function,
and increased risk of thrombosis(16). CYP2C19 * 2 (rs4244285, c.681G > A) and CYP2C19 * 3 (rs4986893,
c.636G > A) are two major alleles in the Chinese population(17) with frequencies of 23.1% -35% and 2%
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-7%, respectively. The CYP2C19 * 17 (rs12248560, c.-806C > T)-encoded CYP2C19 enzyme displays in-
creased activity, and the frequency of occurrence in the Chinese population is approximately 0.5%-4%(18).
In general, methods that detect and distinguish CYP2C19 genotypes should be reliable and rapid, especially
when the purpose is for clinical medication guidance, which is related to safety and treatment costs.

Several methods have been developed to detect CYP2C19 gene polymorphisms. However, these methods
are almost all performed by highly skilled technicians in well-equipped referral hospitals, and the process
is complex and time-consuming. This approach may exclude those who need the medication, which is not
helpful for rapid guidance clinically.

Sanger sequencing (referred to as polymerase chain reaction-Sanger sequencing) of PCR-amplified fragments
from patient samples is the current ’gold standard’ method for detecting CYP2C19 genotypes(19, 20). It
facilitates accurate detection of all nucleotide mutations, including new mutations not previously reported.
Nonetheless, Sanger sequencing instrumentation is often unaffordable for most local hospitals. In addition,
the sequencing process is complex and time-consuming, requiring very careful operation to avoid contami-
nation by PCR amplification. This is also true for other sequencing-based analyses, such as pyrosequencing
and next-generation sequencing, as well as analyses based on high-end instruments, such as DNA microchips
and mass spectrometry(21). Several simpler and more cost-effective methods have been developed to detect
CYP2C19 genotypes(22). Real-time fluorescent quantitative polymerase chain reaction is a good platform
for clinical diagnosis because its closed detection format makes it easy to use and fast and reduces the
contamination of amplification products(23, 24), and a real-time amplification polymerase chain reaction
(PCR) method to detect CYP2C19 genotype polymorphisms has been established(25, 26). However, due to
the limited coverage of multiple detection of mutation sites, it is far from practical.

In this study, we developed a detection strategy based on PCR amplification combined with melting curve
analysis that uses a combination of adjacent probes and TaqMan probes for amplification. This strategy
can detect 9 genotypes of CYP2C19 in a single tube. Here, we describe a new rapid PCR combined with
melting curve analysis method for rapid (within 1 h) detection of CYP2C19 * 2/3/17 sites in one tube. We
named this method Rapid PCR Melting Curve Method (RPCR-MC). We systematically evaluated its ana-
lytical performance, including mutation detection accuracy, analytical sensitivity, specificity and detection,
in clinical samples. We tested the RPCR-MC method by analyzing samples from 93 patients with a high
risk of thrombosis after percutaneous coronary intervention(PCI) and compared the results with those of
Sanger sequencing.

Materials and methods

Construction of plasmid DNA

Gene sequences for CYP2C19*2, CYP2C19*3, and CYP2C19*17 were searched at
https://www.ncbi.nlm.nih.gov/SNP and downloaded; the 621-bp CYP2C19 * 2 (rs4244285, c.681G >
A) nucleic acid sequence was found, and the mutation site is G - A. Similarly, an 897-bp CYP2C19 * 3
(rs4986893, c.636G > A) nucleic acid sequence was found, with the mutation site G - A. The 897 -CYP2C19
* 17 (rs12248560, c.-806C > T) nucleic acid sequence has the mutation site C - T. Additional sequences,
CYP2C9 (rs1057910), CYP2C19 * 4 (rs28399504), CYP2C19 * 5 (rs56337013), CYP2C19 * 6 (rs72552267),
CYP2C19 * 7 (rs72558186), and CYP2C19 * 8 (rs41291556), were designed for specific detection. The
designed CYP2C19 * 2, CYP2C19 *3, CYP2C19 *17 wild-type and mutant sequences were synthesized by
General Biology; the designed specific sequences were synthesized by Tsingke Biotechnology. The PUC-57
vector with ampicillin resistance was used (see Table S1 for sequence).

Plasmids were diluted in 1X TE (pH 8.0), and the CYP2C19 * 2 wild-type and CYP2C19 * 2 mutant
plasmids were mixed together with 1:1 to prepare a CYP2C19 * 2 heterozygous type; the heterozygous
plasmids were mixed together with 1:1 to prepare CYP2C19 * 2/3 heterozygous and CYP2C19 * 2/17
heterozygous, CYP2C19 * 3/17 heterozygous and CYP2C19 * 2/3/17 heterozygous plasmids.

Clinical samples

2
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A total of 93 blood samples were collected from patients with acute coronary syndrome (ACS/PCI), a high
risk of ischemia or a high risk of bleeding at Affiliated Hospital of Xiamen University and store at -20 °C. As
controls, oropharyngeal swab samples from 5 healthy individuals and saliva samples of 5 healthy individuals
were used.

DNA was extracted from the blood samples, oropharyngeal swab samples and saliva samples using a sample
release agent produced by BioDetect (Xiamen) Biotechnology Co., Ltd. For blood, the sample and release
agent are used at a ratio of 1:30; for oropharyngeal and saliva, the samples are mixed with the release agent
at a ratio of 1:1. The extraction was completed by mixing and shaking for 5 s, and the DNA extracted was
used for RPCR-MC, with verification by PCR-Sanger sequencing.

The RPCR-MC method

Each RPCR-MC analysis reaction mixture contained 1.25 μl 5 U/μl D-Taq enzyme, 1 μl dNTP Mix (10
mM), 5 μl 5XPCR Buffer, 0.3 μl 2C19 * 3-F1 (10 μM), 1.2 μl 2C19 * 3-R2 (100 μM), 1.2 μl 2C19 * 3-P5
(100 μM), 0.25 μl 2C19 * 17-F1 (5 μM), 0.1 μl 2C19 * 17-R1 (50 μM). 0.1 μl 2C19 * 17-P1 (50 μM), 0.1 μl
2C19 * 17-P2 (50 μM), 0.3 μl 2C19 * 2-F2 (10 μM), 0.12 μl 2C19 * 2-R1 (100 μM), 0.12 μl 2C19 * 2-P1 (100
μM), 0.12 μl 2C19 * 2-P2 (100 μM) mixture, 9.84 μl deionized water and 4 μl DNA template. 2C19 * 3 was
designed as a TaqMan probe, whereas 2C19 * 2 and 2C19 * 17 were designed as adjacent probes. The PCR
and melting curve analysis were performed using a SLAN-96S (Shanghai Hongshi) PCR instrument. The
PCR involved denaturation at 95°C for 30 s, 45 cycles of 95°C for 2 s and 60°C for 5 s, followed by 72°C for
1 min,90°C for 1 min,37°C for 1 min, melting curve analysis was from 45°C to 80°C for 0.06 °C/s.

Polymerase chain reaction-Sanger sequencing

Each 25-μl PCR mixture was prepared as follows: 0.5 μl 5 U/μl D-Taq enzyme, 1 μl dNTP Mix (10 mM), 5
μl 5XPCR Buffer, 1 μl 2C19 * 2-F2 (10 μM), 1 μl 2C19 * 2-R1 (10 μM), 1 μl 2C19 * 3-F1 (10 μM), 1 μl 2C19
* 3-R2 (10 μM), 1 μl 2C19 * 17-F1 (10 μM). 1 μl 2C19 * 17-R1 (10 μM), mixture, 10.5 μl deionized water and
2 μl DNA template. Conventional PCR was carried out using the SLAN-96S instrument (Shanghai Hongshi)
with denaturation at 95°C for 30 s, 45 cycles of 95°C for 2 s and 60°C for 5 s, followed by 72°C for 10 min.

In short, 2 μl DNA template was added to a D-Taq enzyme containing 0.5 μl 5 U/μl, 1 μl dNTP Mix (10
mM), 5 μl 5XPCR Buffer, 1 μl 2C19 * 2-F2 (10 μM), 1 μl 2C19 * 2-R1 (10 μM), 1 μl 2C19 * 3-F1 (10 μM),
1 μl 2C19 * 3-R2 (10 μM), 1 μl 2C19 * 17-F1 (10 μM), 1 μl 2C19 * 17-R1 (10 μM) and 10.5 μl in deionized
water. The amplification conditions were as follows: denaturation at 95°C for 30 s, 45 cycles of 95°C for
2 s 60°C for 5 s, followed by 72°C for 10 min. The amplified products were sent for bidirectional Sanger
sequencing.

Results

Detection principle flow chart

Through continuous attempts, we finally established a method for rapid detection of 9 genotypes of 3 poly-
morphic loci in one tube without extraction, which we named RPCR-MC. As shown in Figure 1, the first
step is to add the sample to be extracted to the extraction-free reagent at a ratio of 1:30 and simple shock
mixing. The whole sample extraction process is simple and fast, requiring only 5 s to complete. Next, the
amplification reaction solution is prepared, and the extracted samples are added to the reaction solution
for detection. We used asymmetric amplification to amplify the initial template. The ratio of upstream and
downstream primers was 1:4. The excess downstream primers will bind with the probe in the melting stage.
The designed probe involves two adjacent probes. The 3’ end of the first CYP2C19 * 2 probe is modified
with the FAM fluorescent group, the 5’ end of the second probe of the adjacent interval 1 base is modified
with the BHQ1 quenching group, and the 3’ end is modified with phosphate group P to block the extension.
Similarly, the fluorophore of the first probe of CYP2C19 * 17 is ROX, and the quenching group of the
second probe is BHQ2. During the study, it was found that the presence of multiple adjacent probes in one
tube leads to mutual interference between the primers and probes. However, the method of adjacent probe
detection can finally accommodate two polymorphic sites in one tube. Therefore, we combined the Taqman
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probe with the adjacent probe. CYP2C19 * 3 is designed as a TaqMan probe: the 5’ end is modified by the
HEX fluorophore, and the 3’ end carries the BHQ1 quenching group. In the melting heating stage, which
is conducted originally under low temperature conditions because the two adjacent probes are close to each
other, the fluorescent group and the quenching group interact with each other and do not emit fluorescence.
With the gradual increase in temperature, the adjacent probes gradually become separated such that the
fluorescent group and the quenching group are separated. For adjacent probes, during the dissolution phase,
as the temperature increases, the adjacent fluorophore and quencher separate, thereby releasing fluorescence;
For Taqman probes, during the dissolution phase, as the temperature increases, the ability of the probe and
template to combine decreases, and gradually falls off the template, that is, from the state of stretching
and straightening gradually to the curled state, and the fluorescence intensity changes. As the binding force
of the probe and the template chain is reduced with the increase in temperature, a melting peak occurs.
Similarly, due to the difference of a base between the homozygous wild-type and mutant samples, the Tm
value is different in the melting stage, and the final test results show different Tm values.

Establishment of the detection system

We used the wild-type CYP2C19 * 2/3/17 plasmid and mutant CYP2C19 * 2/3/17 plasmid as real samples to
simulate wild-type and mutant CYP2C19 * 2/3/17 genomic sequences, respectively. A primer probe sequence
for CYP2C19 * 2/3/17 type was designed, as shown in Table S2; CYP2C19 * 3 was designed in the form of a
Taqman probe, and CYP2C19 * 2 and CYP2C19 * 17 were designed in the form of two adjacent probes. PCR
amplification was performed by asymmetric amplification of the upstream and downstream primers. Finally,
the optimal detection reaction system was determined, and the detection time was within 1 h. The established
reaction system accurately identified and distinguished different sites and genotypes: CYP2C19 * 2 wild-type
and mutant (Figure 2A), CYP2C19 * 3 wild-type and mutant (Figure 2C), CYP2C19 * 17 wild-type and
mutant (Figure 2E), CYP2C19 * 2/3 heterozygous (Figure 2B), CYP2C19 * 2/17 heterozygous (Figure 2D),
CYP2C19 * 3/17 heterozygous (Figure 2F) and CYP2C19 * 2/3/17 heterozygous (Figure 2G). Based on the
experimental results, the system can accurately distinguish different sites and genotypes. Then, we designed
sequencing primers, as shown in Table S2, and polymorphic sites were amplified by PCR and sent for Sanger
sequencing. The sequencing results are shown in Figure 3: wild-type, mutant and heterozygous CYP2C19 *
2, respectively, in Figure 3A-C; wild-type, mutant and heterozygous CYP2C19 * 3, respectively, in Figure
3D-F; and wild-type, mutant and heterozygous CYP2C19 * 17, respectively, in Figure 3G-I. The sequencing
results for the different genotypes of CYP2C19 * 2/3/17 were consistent with those of RPCR-MC.

Detection of plasmid sensitivity

After distinguishing multiple sites of CYP2C19 * 2/3/17 in one tube, we detected the sensitivity of hetero-
zygous samples. First, we prepared CYP2C19 * 2, CYP2C19 * 3, CYP2C19 * 17, and CYP2C19 * 2/3/17
heterozygous samples and diluted them from 106 copies/μl to 100 copies/μl in a 10-fold dilution of 1X TE
solution. As depicted in Figure 4A, the detection limit of the CYP2C19 * 2/3 heterozygous sample was
a single copy. Similarly, a single copy was detected for CP2C19 * 3 heterozygous samples, CP2C19 * 17
heterozygous samples, and CP2C19 * 2/3/17 heterozygous samples (Figure 4B-D). Furthermore, we tested
the CYP2C19 * 2/3/17 heterozygous plasmids at 10 copies/μl and 1 copy/μl in a tube to determine the
minimum detection limit, as shown in Figure 4E and F. The unique melting temperature Tm value was
obtained as shown in Figure 5. The CYP2C19 * 2/3/17 hybrid plasmid with 10 copies/μl and 1 copy/μl
concentrations was repeatedly detected 9 times, and the average TM and standard deviation (SD) of each
site were obtained. As indicated in Table S3, the Tm value of the CYP2C19 * 2 mutant was 5.6°C higher
than that of wild-type, and the Tm value of the CYP2C19 * 3 mutant was 4.1°C lower than that of wild-type.
The Tm value of the CYP2C19 * 17 mutant plasmid was 8.6°C lower than that of wild-type. The results
showed that the detection limit of RPCR-MC is 1 copy/μl (or 4 copies per reaction).

Detection of plasmid specificity

We synthesized mutant plasmids of CYP2C19*4, CYP2C19*5, CYP2C19*6, CYP2C19 *7, CYP2C19 *8
and CYP2C9, as shown in Figure 6. The red marker indicates the SNP site of the gene, and the plasmid
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was diluted with 1X TE solution to a concentration of 103 copies/μl. The results were analyzed by the
RPCR-MC detection system. Only CYP2C19 * 2/3/17 heterozygous mutant samples were detected, and
each site had a single correct Tm value; Conversely, the other types of samples were not detected, showing
that the detection system we established has good specificity.

Determination of blood sample sensitivity

We extracted human blood samples 1 and 2 using a commercial blood magnetic bead extraction kit produced
by BioDetect (Xiamen) Biotechnology Co., Ltd. and diluted them with a 10-fold gradient of 1X TE to
obtain 1 ng/μl and 0.1 ng/μl samples. Each sample was independently tested five times, and the minimum
detection limit of the blood sample genome was 0.1 ng/μl, as shown in Figure 7A-F. Among them, CYP2C19
* 2 in blood 1 sample was homozygous wild-type, CYP2C19 * 3 was heterozygous, and CYP2C19 * 17 was
homozygous wild-type; in blood 2 sample, CYP2C19 * 2 was heterozygous, CYP2C19 * 3 was homozygous,
and CYP2C19 * 17 was homozygous. We also detected 5 oropharyngeal samples and 5 saliva samples. For
the oropharyngeal swabs, both sides of the mouth were gently sampled. The swabs with exfoliated oral cells
were placed in the sample release agent, and the samples were shaken and mixed. For saliva, a collection
tube was used; the sample was mixed with the release agent in equal proportion and shaken evenly for
detection. The results for the oropharyngeal samples are shown in Figure S1A. Three cases of CYP2C19 *
2 heterozygosity, one case of CYP2C19 * 2 homozygous wild-type, one case of CYP2C19 * 2 homozygous
mutation, five cases of CYP2C19 * 3 homozygous wild-type and five cases of CYP2C19 * 17 homozygous
wild-type were successfully detected. The results for the saliva samples are shown in Figure S1B. Three
cases of CYP2C19 * 2 heterozygosity, 2 cases of CYP2C19 * 2 homozygous wild-type, 1 case of CYP2C19 *
3 heterozygosity, 4 cases of CYP2C19 * 3 homozygous wild-type and 5 cases of CYP2C19 * 17 homozygous
wild-type were successfully detected. Specific single peaks at each site were accurately observed.

Detection of clinical samples

A total of 93 blood samples were collected from the First Affiliated Hospital of Xiamen University. All
samples were detected by RPCR-MC in an extraction-free manner. The results were consistent with the
results of Sanger sequencing, as shown in Table S4. Figure 8 illustrates that CYP2C19 * 2 heterozygosity
and wild-type account for a relatively high proportion of the Chinese population, with homozygous mutation
being relatively rare. CYP2C19 * 3 wild-type accounts for a relatively high proportion of the population
tested, heterozygosity was less common, and mutation was the least common. CYP2C19 * 17 mostly
comprised wild-type, with mutant and heterozygosity being almost absent. These results indicate that the
polymorphism ratio of each locus in the Chinese population is roughly consistent with previous research
results.

Discussion

We developed a method for rapid identification of CYP2C19 * 2/3/17 polymorphisms and named it RPCR-
MC. With the continuous progress medical science development, many drugs are reported in the world but
later removed from research because of adverse reactions(27). In general, drug efficacy and adverse reactions
are related to ethnic and individual differences associated with genetic differences between people(28). Single-
nucleotide polymorphism involves a difference in one base(29). There are several kinds of genome sequence
differences, with SNPs being the most common, which is of great clinical significance. When patients with the
same disease take the same drugs, some may have different reactions, and drugs are divided into significantly
effective, effective, and ineffective. In clinical treatment, doctors usually cannot determine which drugs are
most effective according to the patient’s symptoms and must rely on average statistical results of clinical
research data and personal experience for decision-making. Moreover, patients with the same symptom or
disease may have different treatment outcomes, even with the same drug, and this difference can be predicted
by SNP detection. An SNP may alter the amino acid sequence of the expressed protein, which may change
the target site of a drug, with decreases in or lack of affinity. Therefore, SNP analysis can help to achieve
correct diagnosis and effective treatment. As a detection system for CYP2C19 * 2/3/17, an important gene
for guiding clopidogrel use, RPCR-MC can accurately distinguish different CYP2C19 * 2, CYP2C19 * 3

5



P
os

te
d

on
9

M
ay

20
23

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
68

36
41

00
.0

92
31

50
5/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

and CYP2C19 * 17 types. Based on detection of different sample concentrations, the detection limit of
the method was determined to be 1 copy/μl, and the detection limit for the blood genome was 0.1 ng/μl,
indicating high detection sensitivity.

Some traditional methods for detecting SNPs, such as dideoxy sequencing, pyrosequencing, and whole-
genome sequencing, can reveal important features required for SNP typing, such as the type of SNP and
its accurate location. However, this method is cumbersome, expensive, and not suitable for general use.
In addition, SSCP occurs when single-stranded DNA forms a secondary structure under neutral conditions,
and different secondary structures exhibit different mobilities by electrophoresis. The disadvantage of this
method is that the mutation type and specific location cannot be determined. Hybridization sequencing-chip
sequencing technology is based on imprinting hybridization or nucleic acid in situ hybridization, in which an
oligonucleotide probe hybridizes with the target DNA; the fluorescent group carried by the oligonucleotide
probe marks the DNA and identifies the specific sequence. Nevertheless, there are some issues with this
kind of technology: as it is difficult to identify nonspecific signals through only a single hybridization, it
may lead to sequence misreading due to some nonspecific hybridization. In addition, the chip is expensive,
as is the equipment required, which is not conducive to universal application. According to the Tm value
analysis system established in this study, which recognizes the target sequence using specific primers and
probes for PCR amplification and then analyzes the Tm value through melting curve analysis, our system has
high specificity and can accurately identify a single-base mutation in the target gene in a complex mixture.
Furthermore, RPCR-MC is easy to operate, and the sample release agent is used for biological samples
without extraction, reducing the cumbersome process of extracting sample nucleic acids. The detection time
is also short and completed within 1 h, and it has high-throughput multiple detection capabilities. Indeed,
RPCR-MC can detect 9 genotypes of 3 sites in a single tube.

Recent studies have shown that the determination of SNPs between different population groups can effectively
identify the target molecules of new drugs. Due to SNP differences between patients, such findings can be
used to reduce adverse reactions to known drugs and clinical trial drugs as well as improve their efficacy. In
addition, beneficial drugs that have been eliminated due to adverse reactions may be revisited; as long as
the associated SNP is found, such effective drugs can be used in clinical practice. Therefore, quickly and
accurately identifying a single-base mutation is particularly important. In view of the rapid and convenient,
high sensitivity and good specificity of the RPCR-MC detection system, this method will improve detection
efficiency by medical staff, reduce workloads, and play an important role in the early recovery of patient
health. Regardless of the time cost or test reagent cost, our detection system is the best choice.

In conclusion, we have developed a method for identifying the CYP2C19 * 2/3/17 locus, which is helpful for
guiding the use of clopidogrel.
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FIG 1 RPCR-MC detection principle flow chart. From left to right, the sample was first extracted,
and the sample and release agent were combined and mixed well. In the amplification stage, the initial
sample is amplified by asymmetric amplification using upstream and downstream primers. Then, with the
increase in temperature in the melting stage, the fluorescent groups and quenching groups of the probe
become separated, and the binding ability of the probe to the template is reduced, resulting in a specific Tm
value and forming a melting peak diagram. WT, wild-type; MT, mutant; W+M, heterozygosity.
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FIG 2 Identification of CYP2C19 * 2/3/17 polymorphism loci. A. CYP2C19 * 2 wild-type and
mutant. B. CYP2C19 * 2/3 heterozygosity. C. CYP2C19 * 3 wild-type and mutant. D. CYP2C19 *
2/17 heterozygosity. E. CYP2C19 * 17 wild-type and mutant. F. CYP2C19 * 3/17 heterozygosity. G.
CYP2C19 * 2/3/17 heterozygosity. W, wild-type; M, mutant; -dF/dt, negative derivative of fluorescence
over temperature; NTC, negative control.
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FIG 3 Sanger sequencing results for CYP2C19 * 2/3/17 polymorphism. A-C. CYP2C19 * 2 wild-
type, mutant and heterozygosity. D-F. CYP2C19 * 3 wild-type, mutant and heterozygosity. G-I. CYP2C19
* 17 wild-type, mutant and heterozygosity.

11



P
os

te
d

on
9

M
ay

20
23

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
68

36
41

00
.0

92
31

50
5/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

FIG 4 Plasmid detection limits for CYP2C19 * 2/3/17 polymorphisms. A. The detection limit
of CYP2C19 * 2 heterozygosity is 1 copy/μl. B. The detection limit of CYP2C19 * 17 heterozygosity is
1 copy/μl. C. The detection limit of CYP2C19 * 3 heterozygosity is 1 copy/μl. D. The detection limit of
CYP2C19 * 2/3/17 heterozygosity is 1 copies/μl. E. CYP2C19 * 2/3/17 heterozygous plasmid 10 copies/μl
independent repeat 5 groups (n = 5). F. CYP2C19 * 2/3/17 heterozygous plasmid 1 copies/μl independently
repeated 5 groups (n = 5). W, wild-type; M, mutant; W+M, heterozygosity. -dF/dt, negative derivative of
fluorescence over temperature; NTC, negative control.
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FIG 5 Tm values for CYP2C19 * 2/3/17 polymorphisms. CYP2C19 * 2, CYP2C19 * 3, CYP2C19
* 17 wild-type and mutant all had unique Tm values in 9 independent repeated tests of 10 copies/μl and 1
copies/μl plasmid samples, n=9, P<0.0001. WT, wild-type; MT, mutant.

FIG 6 Specificity of the RPCR-MC system. CYP2C19 * 4-8, CYP2C9-related specific sequences
synthesized are on the left, red-labeled bases represent the mutation site of the sequence, the right side is
the melting curve analysis results, MT, mutant. NTC, negative control.
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FIG 7 Detection limit for blood genomic samples. A, B are 1 ng/μl blood 1 and blood 2 samples,
respectively, tested 5 times independently (n = 5). C, D. 0.1 ng/μl of blood 1 and blood 2 samples, respec-
tively, independently repeated 5 times (n = 5). E, F. Repeated test difference analysis of Tm values for
blood 1 and blood 2 samples, respectively. WT, wild-type; MT, mutant. NTC, negative control.

FIG 8 Detection of clinical samples with the RPCR-MC system. A. CYP2C19 * 2 detection,
41 wild-type samples, 12 mutant samples, and 40 heterozygous samples. B. CYP2C19 * 3 detection, 77
wild-type samples, 0 mutant samples, 16 heterozygous samples. C. CYP2C19 * 17 detection, 92 wild-type
samples, 0 mutant samples, and 1 heterozygous sample. (total number, 93).

Figure S1. Oropharyngeal and saliva samples were detected by the RPCR-MC system. A.
Oropharyngeal swab samples were prepared by the extraction-free method, and 5 oropharyngeal swab samples
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were randomly detected to detect the CYP2C19 * 2/3/17 sites. B. Saliva samples were prepared by the
extraction-free method, and 5 saliva samples were randomly processed to detect CYP2C19 * 2/3/17 sites.
-dF/dt, negative derivative of fluorescence over temperature.

Table S1. The Sequences of CYP2C19*2/3/17 ,CYP2C9 and CYP2C19*4-8 Used in Different Experiments

Gene name Target length Target sequence Target vector Vector resistance

CYP2C19*2(rs4244285,c.681G>A) WT CYP2C19*2(rs4244285,c.681G>A) MT CYP2C19*3(rs4986893,c.636G>A)WT CYP2C19*3(rs4986893,c.636G>A)MT CYP2C19*17(rs12248560,c.-806C>T)WT CYP2C19*17(rs12248560,c.-806C>T)MT CYP2C9 (rs1057910 ,A>C) MT CYP2C19*4 (rs28399504 ,A>G) MT CYP2C19*5 (rs56337013 ,C>T) MT CYP2C19*6 (rs72552267 ,G>A) MT CYP2C19*7 (rs72558186 ,T>A) MT CYP2C19*8 (rs41291556 ,T>C) MT 621bp 621bp 897bp 897bp 897bp 897bp 145bp 150bp 146bp 150bp 150bp 150bp TATCAAAAGCAGGTATAAGTCTAGGAAATGATTATCATCTTTGATTCTCTTGTCAGAATTTTCTTTCTCAAATCTTGTATAATCAGAGAATTACTACACATGTACAATAAAAATTTCCCCATCAAGATATACAATATATTTTATTTATATTTATAGTTTTAAATTACAACCAGAGCTTGGCATATTGTATCTATACCTTTATTAAATGCTTTTAATTTAATAAATTATTGTTTTCTCTTAGATATGCAATAATTTTCCCACTATCATTGATTATTTCCCGGGAACCCATAACAAATTACTTAAAAACCTTGCTTTTATGGAAAGTGATATTTTGGAGAAAGTAAAAGAACACCAAGAATCGATGGACATCAACAACCCTCGGGACTTTATTGATTGCTTCCTGATCAAAATGGAGAAGGTAAAATGTTAACAAAAGCTTAGTTATGTGACTGCTTGCGTATTTGTGATTCATTGACTAGTTTTGTGTTTACTACGGATGTTTAACAGGTCAAGGAGTAATGCTTGAGAAGCATATTTAAGTTTTTATTGTATGCATGAATATCCAGTAAGCATCATAGAAAATGTAAAATTAAATTGTTAAATAATTAGAATACATAGAAG TATCAAAAGCAGGTATAAGTCTAGGAAATGATTATCATCTTTGATTCTCTTGTCAGAATTTTCTTTCTCAAATCTTGTATAATCAGAGAATTACTACACATGTACAATAAAAATTTCCCCATCAAGATATACAATATATTTTATTTATATTTATAGTTTTAAATTACAACCAGAGCTTGGCATATTGTATCTATACCTTTATTAAATGCTTTTAATTTAATAAATTATTGTTTTCTCTTAGATATGCAATAATTTTCCCACTATCATTGATTATTTCCCAGGAACCCATAACAAATTACTTAAAAACCTTGCTTTTATGGAAAGTGATATTTTGGAGAAAGTAAAAGAACACCAAGAATCGATGGACATCAACAACCCTCGGGACTTTATTGATTGCTTCCTGATCAAAATGGAGAAGGTAAAATGTTAACAAAAGCTTAGTTATGTGACTGCTTGCGTATTTGTGATTCATTGACTAGTTTTGTGTTTACTACGGATGTTTAACAGGTCAAGGAGTAATGCTTGAGAAGCATATTTAAGTTTTTATTGTATGCATGAATATCCAGTAAGCATCATAGAAAATGTAAAATTAAATTGTTAAATAATTAGAATACATAGAAG AAAAGTCTCTTTTTTTCTTTCCAAAGTAAAAGACAAATAGGCCGGGAATGTAAATTTAGCATTTGAGCAACCATTATTTAACCAGCTAGGCTGTAATTGTTAATTCGAGATTAATGTAAAAGTGATGTGTTGATTTTATGCATGCCAAACTCTTTTTTGCTTTTAAGGGAATTCATAGGTAAGATATTACTTAAAATTTCTAAACTATTATTATCTGTTAACAAATATGAAGTGTTTTATATCTAATGTTTACTCATATTTTAAAATTGTTTCCAATCATTTAGCTTCACCCTGTGATCCCACTTTCATCCTGGGCTGTGCTCCCTGCAATGTGATCTGCTCCATTATTTTCCAGAAACGTTTCGATTATAAAGATCAGCAATTTCTTAACTTGATGGAAAAATTGAATGAAAACATCAGGATTGTAAGCACCCCCTGGATCCAGGTAAGGCCAAGTTTTTTGCTTCCTGAGAAACCACTTACAGTCTTTTTTTCTGGGAAATCCAAAATTCTATATTGACCAAGCCCTGAAGTACATTTTTGAATACTACAGTCTTGCCTAGACAGCCATGGGGTGAATATCTGGAAAAGATGGCAAAGTTCTTTATTTTATGCACAGGAAATGAATATCCCAATATAGATCAGGCTTCTAAGCCCATTAGCTCCCTGATCAGTGTTTTTTCCACTAAACTCCAAAGCCCTGTTTCTATAAAGTACTTTGGTGACAGCCCCAAAGCGTGCTTATATCACTCCATGGACATCCAGGCACTTTGGAGTCTTCCATTACTCACAAGGCTTGTCCTTCAATTCACACTTTGTCATATTGTGTGACAGAAATATCCTAATCTAAAAGACATTATCTCCTTCAAGGACAGAGAATATTTGGAACCACAGAAG AAAAGTCTCTTTTTTTCTTTCCAAAGTAAAAGACAAATAGGCCGGGAATGTAAATTTAGCATTTGAGCAACCATTATTTAACCAGCTAGGCTGTAATTGTTAATTCGAGATTAATGTAAAAGTGATGTGTTGATTTTATGCATGCCAAACTCTTTTTTGCTTTTAAGGGAATTCATAGGTAAGATATTACTTAAAATTTCTAAACTATTATTATCTGTTAACAAATATGAAGTGTTTTATATCTAATGTTTACTCATATTTTAAAATTGTTTCCAATCATTTAGCTTCACCCTGTGATCCCACTTTCATCCTGGGCTGTGCTCCCTGCAATGTGATCTGCTCCATTATTTTCCAGAAACGTTTCGATTATAAAGATCAGCAATTTCTTAACTTGATGGAAAAATTGAATGAAAACATCAGGATTGTAAGCACCCCCTGAATCCAGGTAAGGCCAAGTTTTTTGCTTCCTGAGAAACCACTTACAGTCTTTTTTTCTGGGAAATCCAAAATTCTATATTGACCAAGCCCTGAAGTACATTTTTGAATACTACAGTCTTGCCTAGACAGCCATGGGGTGAATATCTGGAAAAGATGGCAAAGTTCTTTATTTTATGCACAGGAAATGAATATCCCAATATAGATCAGGCTTCTAAGCCCATTAGCTCCCTGATCAGTGTTTTTTCCACTAAACTCCAAAGCCCTGTTTCTATAAAGTACTTTGGTGACAGCCCCAAAGCGTGCTTATATCACTCCATGGACATCCAGGCACTTTGGAGTCTTCCATTACTCACAAGGCTTGTCCTTCAATTCACACTTTGTCATATTGTGTGACAGAAATATCCTAATCTAAAAGACATTATCTCCTTCAAGGACAGAGAATATTTGGAACCACAGAAG CTCCCATCCTCTATTAGATTCACAACTGTTGTTCTGCCCATAATTTCCTATGCTTGCTTTGCATTGTTACATTTTTTTTTGAAAATCAGAAAGCAAAATCAATATAAAGCAGCCATGTCTGGAGGAGACCAGGAGGTCAAGAAGCCTTAGTTTCTCAAGCCCTTAGCA CCAAATTCTCTGAGATCAGCTCTTCCTTCAGTTACACTGAGCGTTTCCCCTCTGCAGTGATGGAGAAGGGAGAACTCTTATTTTTTCTCATGAGCATCTCTGGGGCTGTTTTCCTTAGATAAATAAGTGGTTCTATTTAATGTGAAGCCTGTTTTATGAACAGGATGAATGTGGTATATATTCAGAATAACTAATGTTTGGAAGTTGTTTTGTTTTGCTAAAACAAAGTTTTAGCAAACGATTTTTTTTTTCAAATTTGTGTCTTCTGTTCTCAAAGCATCTCTGATGTAAGAGATAATGCGCCACGATGGGCATCAGAAGACCTCAGCTCAAATCCCAGTTCTGCCAGCTATGAGCTGTGTGGCACCAACAGGTGTCCTGTTCTCCCAGGGTCTCCCTTTTCCCATTTGAAATATAAAAAATAACAATTCCTGCCTTCACGTGTTTTTTTAGGGGGTTAAATGGTAAAGGTGTTTATATCTGCTAAGGTAATTTACTTGATATATGTTTGGTTATTGAAGATATATGAGTTATGTTAGCTATTTCATGTTTAGGCTGCTGTATTTTTAGTAGGCTATATTAAATAGAGGATTTCATTATAAAGGACAAAGTCTCCTAATCTTCGATATAGGATTGACATACTTTTTAAATATACAAGGCATAGAATATGGCCATTTCCGTTAAATCATAAATTCCCAACTGGTTATTAATCTAAGAATTCAGAATTTT CTCCCATCCTCTATTAGATTCACAACTGTTGTTCTGCCCATAATTTCCTATGCTTGCTTTGCATTGTTACATTTTTTTTTGAAAATCAGAAAGCAAAATCAATATAAAGCAGCCATGTCTGGAGGAGACCAGGAGGTCAAGAAGCCTTAGTTTCTCAAGCCCTTAGCACCAAATTCTCTGAGATCAGCTCTTCCTTCAGTTACACTGAGCGTTTCCCCTCTGCAGTGATGGAGAAGGGAGAACTCTTATTTTTTCTCATGAGCATCTCTGGGGCTGTTTTCCTTAGATAAATAAGTGGTTCTATTTAATGTGAAGCCTGTTTTATGAACAGGATGAATGTGGTATATATTCAGAATAACTAATGTTTGGAAGTTGTTTTGTTTTGCTAAAACAAAGTTTTAGCAAACGATTTTTTTTTTCAAATTTGTGTCTTCTGTTCTCAAAGTATCTCTGATGTAAGAGATAATGCGCCACGATGGGCATCAGAAGACCTCAGCTCAAATCCCAGTTCTGCCAGCTATGAGCTGTGTGGCACCAACAGGTGTCCTGTTCTCCCAGGGTCTCCCTTTTCCCATTTGAAATATAAAAAATAACAATTCCTGCCTTCACGTGTTTTTTTAGGGGGTTAAATGGTAAAGGTGTTTATATCTGCTAAGGTAATTTACTTGATATATGTTTGGTTATTGAAGATATATGAGTTATGTTAGCTATTTCATGTTTAGGCTGCTGTATTTTTAGTAGGCTATATTAAATAGAGGATTTCATTATAAAGGACAAAGTCTCCTAATCTTCGATATAGGATTGACATACTTTTTAAATATACAAGGCATAGAATATGGCCATTTCCGTTAAATCATAAATTCCCAACTGGTTATTAATCTAAGAATTCAGAATTTT GGAGCCCCTGCATGCAAGACAGGAGCCACATGCCCTACACAGATGCTGTGGTGCACGAGGTCCAGAGATACCTTGACCTTCTCCCCACCAGCCTGCCCCATGCAGTGACCTGTGACATTAAATTCAGAAACTATCTCATTCCCAA ACTTAATTAGCATGGAGTGTTATAAAAAGCTTGGAGTGCAAGCTCACGGTTGTCTTAACAAGAGGAGAAGGCTTCAGTGGATCCTTTTGTGGTCCTTGTGCTCTGTCTCTCATGTTTGCTTCTCCTTTCAATCTGGAGACAGAGCTCTGG AGTGTTTGTCACTCTCACAGTTACACATGAGGAGTAACTTCTCCCTATGTTTGTTATTTTCAGGAAAATGGATTTGTGTGGGAGAGGGCCTGGCCCGCATGGAGCTGTTTTTATTCCTGACCTTCATTTTACAGAACTTTAACCTG TGTTAGGAATCGTTTTCAGCAATGGAAAGAGATGGAAGGAGATCCGGCGTTTCTCCCTCATGACGCTGCAGAATTTTGGGATGGGGAAGAGGAGCATTGAGGACCGTGTTCAAGAGGAAGCCCGCTGCCTTGTGGAGGAGTTGAGAAAAA AAGAACACCAAGAATCGATGGACATCAACAACCCTCGGGACTTTATTGATTGCTTCCTGATCAAAATGGAGAAGGAAAAATGTTAACAAAAGCTTAGTTATGTGACTGCTTGCGTATTTGTGATTCATTGACTAGTTTTGTGTTTACTAC TCTTTCTTGCCTGGGATCTCCCTCCTAGTTTCGTTTCTCTTCCTGTTAGGAATCGTTTTCAGCAATGGAAAGAGACGGAAGGAGATCCGGCGTTTCTCCCTCATGACGCTGCGGAATTTTGGGATGGGGAAGAGGAGCATTGAGGACCGTpuc-57 puc-57 puc-57 puc-57 puc-57 puc-57 puc-57 puc-57 puc-57 puc-57 puc-57 puc-57 Amp+ Amp+ Amp+ Amp+ Amp+ Amp+ Amp+ Amp+ Amp+ Amp+ Amp+ Amp+

WT, wild type.

MT, mutant type.

Red markers indicate mutation sites.

Table S2. The Sequences of Primers and Probes Used in Different Methods

SNPs Methods Sequences Size ( bp ) Annealing temperature ( )

rs4244285 rs4986893 rs12248560 Adjacent probe Forward primer Reverse primer Probe1 Probe2 Sequencing Forward primer Reverse primer TaqMan Forward primer Reverse primer Probe1 Sequencing Forward primer Reverse primer Adjacent probe Forward primer Reverse primer Probe1 Probe2 Sequencing Forward primer Reverse primer 5’-TGTTTTCTCTTAGATATGCAATAATTTTCCCAC-3’ 5’-CGATTCTTGGTGTTCTTTTACTTTCTCC-3’ 5’-ATTATTTCCCGGGAACCCATA-FAM-3’ 5’-BHQ1-CAAATTACTTAAAAACCTTGCTTTTATGGAAAG-P-3’ 5’-AAGCAGGTATAAGTCTAGGAAATGA-3’ 5’-CAAGCATTACTCCTTGACCTGTT-3’ 5’-ATCTGCTCCATTATTTTCCAGAAACG-3’ 5’-CTTCAGGGCTTGGTCAATATAGAATTTTGGAT-3’ 5’-HEX-AAGCACCCCCTGGATCCAGGTAAGG-BHQ1-3’ 5’-AACCAGCTAGGCTGTAATTGT-3’ 5’-TATAAGCACGCTTTGGGGCT-3’ 5’-AGCAAACGATTTTTTTTTTCAAATTTGTGTCT-3’ 5’-GGATTTGAGCTGAGGTCTTCTGATG-3’ 5’-TCTGTTCTCAAAGCATCTCTGATGT-ROX-3’ 5’-BHQ1-AGAGATAATGCGCCACGATGGG-P-3’ 5’-GACCAGGAGGTCAAGAAGCC-3’ 5’-ACAGCAGCCTAAACATGAAATAGC-3’ 133 355 195 454 104 379 58 59 55 59 58 60 56 60 59 59 58 59

FAM, 6-carboxyfluorescein; HEX, hexachloro-6-carboxyfluorescein; ROX,6-Carboxy-X-rhodamine

Table S3. Tm for each plasmid and [?]Tm between wild-type plasmid and mutant plasmid

SNPs Mutation site Tm±2SDs () Tm±2SDs () [?]Tmc±2SDs () (n =9)

WT(n =9) MT(n =9) WT(n =9) MT(n =9)
rs4244285 rs4986893 rs12248560 G>A A T 60.6±0.16 67.9±0.24 68.2±0.5 55.0±0.2 72.0±0.12 59.6±0.48 5.6±0.1 -4.1±0.32 8.6±0.58

WT, wild type.

MT, mutant type.

[?]Tmc Tm for wild type - Tm for mutant type.

Table S4. Mutations detected by RPCR-MC and PCR Sanger sequencing in 93 clinical samples from popu-
lation in China

SNPs Mutation site Detected by: Detected by:

RPCR-MC Sequencing WT MT HT WT MT HT RPCR-MC Sequencing WT MT HT WT MT HT
rs4244285 rs4986893 rs12248560 G>A G>A C>T 41 12 40 77 0 16 92 0 1 41 12 40 77 0 16 92 0 1

WT, wild type.

MT, mutant type.

HT, heterozygous type.
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