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Abstract

Background: The detection and identification of single nucleotide polymorphism (SNP) is essential for determining
patient disease susceptibility and the delivery of medicines targeted to the individual. At present, SNP genotyping
technology includes Sanger sequencing, TaqMan-probe quantitative polymerase chain reaction (qPCR),
amplification-refractory mutation system (ARMS)-PCR, and Kompetitive Allele-Specific PCR (KASP). However, these
technologies have some disadvantages: the high cost of development and detection, long and time consuming
protocols, and high false positive rates. Focusing on these limitations, we proposed a new SNP detection method
named universal probe-based intermediate primer-triggered qPCR (UPIP-qPCR). In this method, only two types of
fluorescence-labeled probes were used for SNP genotyping, thus greatly reducing the cost of development and
detection for SNP genotyping.

Results: In the amplification process of UPIP-qPCR, unlabeled intermediate primers with template-specific
recognition functions could trigger probe hydrolysis and specific signal release. UPIP-qPCR can be used successfully
and widely for SNP genotyping. The sensitivity of UPIP-qPCR in SNP genotyping was 0.01 ng, the call rate was more
than 99.1%, and the accuracy was more than 99.9%. High-throughput DNA microarrays based on intermediate
primers can be used for SNP genotyping.

Conclusion: This novel approach is both cost effective and highly accurate; it is a reliable SNP genotyping method
that would serve the needs of the clinician in the provision of targeted medicine.
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Background
In a clinical setting, single nucleotide polymorphism
(SNP) genotyping provides a door into recognizing indi-
vidual susceptibility to disease and underpins the pro-
spect of targeted medicine [1–4]. Currently, SNP

genotyping technology mainly includes first-generation
sequencing, TaqMan probe quantitative polymerase
chain reaction (qPCR), amplification-refractory mutation
system (ARMS)-PCR, and Kompetitive Allele-Specific
PCR (KASP [5–7]. However, these technologies have
limitations such as high cost of development and detec-
tion, long and time consuming protocols, and high false
positive rates [5, 8].
Sanger sequencing is very accurate and could be con-

sidered the gold standard for the identification and de-
tection of SNPs [9, 10]. However, Sanger sequencing
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requires expensive equipment, running costs (for ex-
ample reagent costs) are high, and workflows are labori-
ous and slow; consequently, Sanger sequencing is not
well suited to a clinical setting. TaqMan probe-based
qPCR, the most widely used SNP detection method in
clinical diagnostics, is rapid, highly accurate and has a
low cost per assay. However, probe optimization is a
complex and slow process, making marker development
expensive. This has limited its application in large-scale
SNP genotyping [11–15].
ARMS-PCR is an amplification-refractory mutation

system [16, 17]. ARMS-PCR has a tendency to produce
false positives when the number of cycles of amplifica-
tion is high, thus significantly limiting the application of
this method in clinical detections [18].
Universal template probe assays based on qPCR [19]

and KASP [20], unlike TaqMan, lack specific-sequence
primers and usually result in false-positive results, which
makes them difficult to use for clinical examinations
[21]. SNP arrays are able to detect large numbers of
SNPs in a single assay but they are expensive and proto-
cols are long and laborious, which making it unsuitable
for clinical individualized SNP genotyping [5, 22].
In view of the limitations of the above technologies

and the actual needs of clinical SNP detection, we estab-
lished a new and improved SNP detection method,
named universal probe-based intermediate primer-
triggered qPCR (UPIP-qPCR). In the development of any
type of SNP genotyping kit based on this method, two
types of universal fluorescence probes are used, and
intermediate primers are introduced to guarantee speci-
ficity, so that the cost and duration of research and de-
velopment for genotyping kits are significantly reduced,
and UPIP-qPCR gives rise to the need for low cost and
high accuracy of clinical SNP genotyping.

Results
Feasibility verification of UPIP-qPCR in SNP genotyping
Universal probe-based and intermediate primer-
triggered qPCR (UPIP-qPCR) is a two-step process. The
first step, a standard PCR reaction, takes c. 30 mins. The
second step, the qPCR reaction which uses the product
of the first step, takes c. 60 mins, to obtain the corre-
sponding fluorescence signals of the alleles (Fig. 1a and
Fig. S1a).
We used rs671 and rs2031920 loci as candidate SNPs

to verify the feasibility of UPIP-qPCR and optimize this
technology. Following the reaction, the corresponding
genotypes were identified according to the final fluores-
cence category and intensity (relative fluorescence units,
RFU). The results showed a typical S-type amplification
curve with exponential growth and the amplification sig-
nals of the three positive DNA standards were specific.
The amplification signals of the GG genotype were only

FAM-positive, the GA genotype was both FAM- and
HEX- positive, the AA genotype was only HEX-positive,
and the no-template control group (NTC) had no false-
positive signals, indicating the accuracy of the genotyp-
ing results (Fig. 1b and Fig. S1b). These results indicate
that UPIP-qPCR is feasible for SNPs genotyping. As a
new genotyping method, its time and cost consumption
are less than those of TaqMan probe-qPCR and Sanger
sequencing, and its operation complexity is moderate
(Table 1). Thermal cycles, primer concentrations and
products dilution ratios of the first stage play important
roles in the UPIP-qPCR, and the PCR products should
be diluted 10 times before used in the second stage (Fig.
S2).

UPIP-qPCR presented high sensitivity in SNP genotyping
detections
The sensitivity of UPIP-qPCR was analyzed using a pri-
mer concentration of 100 nM/each and 18 cycles of
amplification in the first-stage reaction; human genomic
DNA samples of three genotypes of rs671 with different
concentrations were used. The results showed that most
of the DNA samples with different concentrations pre-
sented typical S-type curves, and the order of appearance
of the curves of amplification (S-shaped curves) was in-
versely related to the concentration of DNA in the sam-
ples (Fig. 2a, c and e). The accuracies of all the
concentrations of three genotypic genomic DNA were
100%, and although there were good call rates in the
high concentration samples, it was not ideal in the low
concentration samples (Fig. 2b, d and f). Specifically, the
call rates of all three genotypes were 100% at five con-
centration gradients from 100 ng/10 μL to 0.01 ng/10 μL,
and the copy number gradients from 33,000 genomic
DNA per 10 μL to 3 genomic DNA per 10 μL. The other
call rates were: 100% for GG and AA samples with a
concentration of 0.003 ng/10 μL, 72.22% for GA samples
with a concentration of 0.003 ng/10 μL, 27.78, 11.11 and
22.22% for GG, GA and AA samples with a concentra-
tion of 0.001 ng/10 μL, respectively (Fig. 2b, d and f).
The above data showed that the concentration of 0.01
ng/10 μL has the highest sensitivity of UPIP-qPCR, i.e.,
every 10 μL reaction system containing three copies of
genomic DNA can obtain reliable genotyping results.
TaqMan probe-qPCR was performed to compare the

sensitivity of the two methods. The results showed that
DNA samples with high concentrations presented typical
S-type curves, (Fig. S4a, S4c and S4e). The accuracies in
three genotypic genomic DNA with concentrations from
100 ng/10 μL to 0.01 ng/10 μL were 100% (Fig. S4b, S4d
and S4f). Call rates in three genotypic genomic DNA
with concentrations from 100 ng/10 μL to 0.1 ng/10 μL
were100%, but were < 100% or even 0% in concentra-
tions from 0.03 ng/10 μL to 0.01 ng/10 μL (Fig. S4b, S4d
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Fig. 1 (See legend on next page.)
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and S4f). These data showed that the concentration of
0.1 ng/10 μL was the highest sensitivity of TaqMan
probe-qPCR, i.e., every 10 μL reaction system containing
33 copies of genomic DNA can obtain reliable genotyp-
ing results by TaqMan probe-qPCR method.

UPIP-qPCR possessed high call rate and accuracy
In this study, the genotypes of rs671, rs1057910,
rs9923231, rs1801131, rs1801133, and rs1801394 in 224
DNA samples were detected by UPIP-qPCR, TaqMan
probe-qPCR, KASP and Sanger sequencing. The UPIP-
qPCR scatter plots showed good signal differentiation.
Each scatter diagram contained three repeats of positive
standards and NTC. The yellow dots represent the wild-
type genotype, the green triangles represent the heterozy-
gous genotype, and the blue squares represent the mutant
genotype (Fig. S5a). The TaqMan probe-qPCR scatter
plots also showed good signal differentiation in the geno-
typing detection of these six SNPs (Fig. S5b). The KASP
scatter plots showed many undefined dots (Fig. S5c). The
call rates of rs671, rs1057910, rs9923231, rs1801131,
rs1801133, and rs1801394 generated by UPIP-qPCR were
99.11, 100, 100, 100, 99.55 and 100% respectively, which
were all higher than those of TaqMan probe-qPCR and
KASP (Table 2). Compared with Sanger sequencing re-
sults (Additional file 3), the accuracies of UPIP-qPCR and
TaqMan probe-qPCR were all 100% in the detection of
these six SNPs, and the accuracies of KASP were all below
100% (Table 2). By counting the allele frequency, the
minor allele frequency (MAF) of 224 samples detected by
UPIP-qPCR was similar to MAF values of East Asians de-
rived from ALFA or 1000 Genomes (NCBI) (Table S7),
which indicated that UPIP-qPCR has sufficient ability to

recognize the distribution of SNP genotypes in a specific
human population.

UPIP-qPCR recognizes all SNP variants and InDels
There are six types of nucleotide alterations in point mu-
tations, including interchanges between A-G, A-C, A-T,
G-C, G-T and C-T. InDels are defined as the insertion or
a deletion of one or more nucleotides into a DNA se-
quence with respect to a defined reference sequence. In
addition to the A-G, A-C and C-T mutation types in-
volved in the above experiments, we also selected other
SNPs of all mutation types to test the wide adaptability of
UPIP-qPCR. The genes and SNP sites were as follows:
ABCB1 rs10234411 (A > T), ADD1 rs4961 (G > T), ADRB1
rs1801253 (G > C), MTHFR rs1801131 (A > C), MTHFR
rs1801133 (C > T), MTRR rs1801394 (A >G), ABCB1
rs1045642 (T > C), DPYD rs3918290 (G >A), DPYD
rs55886062 (A > C), GSTP1 rs1695 (A > G), XRCC1
rs25487 (A >G), APC rs35305379 (TTTA > TTTTA),
APC rs34481414 (ACTACAAT > ACAAT). These SNPs
are of significance in determining individual responses to
medical treatments. The results showed that UPIP-qPCR
was able to identify all SNP types regardless of whether
they were transitions of transversions (Fig. 3a and Fig.
S6a). The clustering of fluorescent signals for the homozy-
gous and heterozygous calls was distinct and clear in the
scatter diagrams (Fig. 3b and Fig. S6b), and the results
were accurate. These results suggests that UPIP-qPCR can
be widely used to genotype different SNPs and InDels.

Microarrays based on intermediate primers were feasible
for SNP genotyping
As the intermediate primers were able to recognize the
template DNA specifically, 20 × 5 dot DNA microarrays

(See figure on previous page.)
Fig. 1 Principle and application of UPIP-qPCR for SNP genotyping. The reactions of UPIP-qPCR are divided into two stages (a). The first stage is a
general PCR reaction aiming to obtain a certain amount of DNA fragments containing specific SNP sites (a, upper panel in each sample). The
second stage is a quantitative PCR (qPCR) reaction, which uses the PCR products of the first stage as templates to obtain the corresponding
fluorescence signals of alleles (a, lower panel in each sample). UPIP-qPCR was initially used to identifying the SNP genotypes of ALDH2 rs671 (b).
All three genotypes of each SNP samples successfully yielded accurate results by UPIP-qPCR. The homozygous WT genotypes presented by FAM-
only signals (blue curves) were shown in the lower right area of the genotyping scatter diagrams with yellow dots, the heterozygous genotypes
presented by FAM and HEX signals (blue curves and green curves) were shown in the middle area of the genotyping scatter diagrams with
green triangles, and the homozygous mutant genotypes presented by HEX-only signals (green curves) were shown in the upper left area of the
genotyping scatter diagrams with blue squares. No-template control groups (NTC) were shown in the lower left area of the genotyping scatter
diagrams with black rhombuses. Each sample was detected with three duplicates in one experiment, and the experiments were repeated more
than three times

Table 1 Characteristics of Three Methods for SNP Genotyping

UPIP-qPCR TaqMan Sanger

Reagent cost for kit development ($/SNP) 35–70 500–1000 10–20

Reagent cost for detection ($/SNP) ~ 0.3 ~ 1 ~ 3

Detection period (hours/SNP) 1.5–2 1.5–2 12–24

Operation complexity Moderate (Two stages) Low (One stages) High (Five stages)
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were made (Fig. 4a) with 16 types of SNP intermediate
primers, positive primers, negative primers, and internal
reference (GAPDH) primers as probes, and the
hybridization method was utilized to achieve SNP geno-
typing. Using multiplex PCR, and single-labeled fluores-
cent probes plus universal reverse primer-PCR, we

prepared DNA templates for hybridization, and adopted
an overnight hybridization method (Fig. S7, Table S8
and Table S10). The results showed that the positive ref-
erence DNA of the three genotypes could obtain specific
and accurate hybridization signals. The hybridization
signals of homozygous wild-type, heterozygous, and

Fig. 2 Sensitivity analysis of UPIP-qPCR. Three genotypic DNA samples of ALDH2 rs671 with concentrations from 100 ng/10 μL to 0.003 ng/10 μL
showed typical S-type curves, and the appearance order of the curves was positively correlated with the decrease in concentration gradient (a, c
and e). The call rates were 100% in all three genotypic samples with concentrations from 100 ng/10 μL to 0.01 ng/10 μL, but < 100% in
concentrations of 0.003 ng/10μLand 0.001 ng/10 μL (b, d and f). The accuracy of all three genotypic genomic DNA concentrations was 100% (b, d
and f). FAM and HEX signal curves of the same concentration in genotype GA were indicated by a gray ellipse. Each sample was detected with
nine duplicates in one reaction, and the experiments were repeated four times. Bars show SD (n = 36)
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homozygous mutant DNA were FAM-positive and
HEX-negative (green dots), FAM- and HEX-positive
(yellow dots), and FAM-negative and HEX-positive (red
dots), respectively. (Fig. 4b). There were no signals on
the blank control microarray that used water as a tem-
plate, except for the FAM- and HEX-positive control
dots (Fig. 4b). FAM (green), HEX (red), FAM and HEX
(yellow) and no signal (black background) were dis-
played at the positions of FAM-positive, HEX-positive,
GAPDH and negative reference probes fixed on each
microarray, and were consistent with the expected re-
sults (Fig. 4b). The hybridization signals of the two types
of human genomic DNA (No. 1 and No. 2) were also
specific, and consistent with the Sanger sequencing re-
sults (Fig. 4b, Table S11, and Additional file 3). Sixteen
SNPs can be genotyped for one DNA sample by one
microarray simultaneously using this method, thus in-
creasing the detection throughput.
Please see “Additional file 2“to get more information

about results of this study.

Discussion
In the UPIP-qPCR, intermediate primers were de-
signed to ensure the accuracy of the signal. This was
because these primers would only combine with the
template DNA to generate specific signals, when the
products of the first stage were of the correct DNA
segments. In principle, the closer the 3′-end of the
intermediate primer to the SNP locus, the higher the
amplification efficiency; therefore, we suggest that the
intermediate primers should be designed ≤30 bases
from their 3′-end to the SNP loci (Fig. S3 and Table
S4).
Although two-stage reactions were required, the sensi-

tivity of UPIP-qPCR reached three copies per 10 μL re-
action system, which could compensate this operational
defect. Call rates were close to 100%, but this high figure
was dependent on the quality of the DNA used in the
assay; it should be of high purity. Indeed, the call rate
and accuracy of UPIP-qPCR were higher than those of
TaqMan probe-qPCR (the standard assay presently in
use) and KASP. Other cost-effective, genotyping tools

proved to be less accurate and to have lower call rates
than TaqMan, such as high-resolution melting (HRM)
technology. For this reason, these assays were not dir-
ectly included in this study [23, 24]. NGS technology is
characterized by high-throughput sequencing, and can
detect millions of DNA sequences simultaneously. It has
the advantages of massive unknow-gene mutation
screening and massive SNP genotyping. However, NGS
technology is not suitable for and seldom used in geno-
typing small numbers of known SNPs, owing the long
reaction period, high cost of reagents and expensive ma-
chines [25, 26]. There is no comparability between
UPIP-qPCR and NGS, because they have specific appli-
cation fields in SNP genotyping, the former for seldom
known SNPs, and the latter for massive unknowns.
The first stage of UPIP-qPCR can be performed on a

single target or multiplexed depending on the require-
ments of the clinician. A single PCR can be adopted
when the number of SNPs detected is low and the
amount of DNA available is sufficient; otherwis, multi-
plex PCR can be adopted when the number of SNPs de-
tected is high, and the quantity of DNA available is
limited.
The microarray hybridization experiment with inter-

mediate primers as probes provided a basis for develop-
ing a new SNP screening method with higher
throughput and high accuracy, which would further re-
duce the price of SNP genotyping. In addition, inter-
mediate primers can also be fixed in multi-hole
fluorescence quantitative microfluidic reaction plates,
such as Thermofisher QuantStudio 12 K. In this case,
only the universal primer, universal probes and stage I
multiplex PCR products need to be added to the reac-
tion system, so that in addition to high-throughput SNP
genotyping, high-throughput detection of copy number
variation (CNV) can also be carried out, thus extending
the application range of UPIP-qPCR. Although, we are
looking forward to developing a high-throughput real-
time planar fluorescent qPCR and hybridization-
sequencing technology based on intermediate primers,
achieving accurate results and analysis would be a chal-
lenging task.

Table 2 Call Rate and Accuracy of UPIP-qPCR, TaqMan Probe-qPCR and KASP

SNPs Call rate (n = 224) Accuracy (n = 224)

UPIP-qPCR TaqMan KASP UPIP-qPCR TaqMan KASP

rs671 99.11% 98.21% 79.46% 100.00% 100.00% 94.94%

rs1057910 100.00% 98.66% 75.45% 100.00% 100.00% 97.63%

rs9923231 100.00% 97.77% 83.48% 100.00% 100.00% 92.51%

rs1801131 100.00% 97.32% 88.39% 100.00% 100.00% 96.46%

rs1801133 99.55% 95.09% 73.66% 100.00% 100.00% 93.94%

rs1801394 100.00% 96.88% 89.73% 100.00% 100.00% 94.53%
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Fig. 3 UPIP-qPCR possessed wide applicability in identifying all kinds of variations in SNPs. UPIP-qPCR presented specific amplification signals and
typical S-type curves in the genotype detection of 5 different SNPs with all kinds of variations except G-A and C-T, including interchanges
between A-C, A-T, G-C, G-T,, and base InDels mutation (a). All three different genotypes of these SNPs were clustered in the scatter diagrams, and
the results of genotyping were correct compared to Sanger sequencing(b). In each scatter diagram, WT-, heterogeneous-, and mutant-genotypes
were represented by yellow dots, green triangles and blue squares, respectively. Each sample was detected with three duplicates at one
experiment, and the experiments were repeated more than three times
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Conclusions
In this study, we successfully developed an efficient and
cost-effective method for SNP genotyping, called univer-
sal probe-based intermediate primer-triggered qPCR
(UPIP-qPCR). The sensitivity of UPIP-qPCR in SNP
genotyping was 0.01 ng, the call rate was more than
99.1%, and the accuracy was more than 99.9%, which
were both higher than those of TaqMan probe-qPCR.
UPIP-qPCR can recognize all type of SNP variants (in-
terchanges between A-G, A-C, A-T, G-C, G-T or C-T)
and InDels. Microarrays based on intermediate primers
were feasible for SNP genotyping, which may promote a
novel high-throughput SNP genotyping method in the
future.
In summary, the UPIP-qPCR developed in this study is

a novel SNP genotyping technology with low cost, fast
detection, and high accuracy, which will help to reduce
the cost of clinical detection, reduce the burden of pa-
tients, and promote the development of precision
medicine.

Methods
PCR and Sanger sequencing
The nucleotide sequences containing specific SNPs were
acquired from the dbSNP database of the National

Center for Biotechnology Information (NCBI, Bethesda,
MD, USA) (https://www.ncbi.nlm.nih.gov/snp/). The
primers flanking the SNP site (Fla-primers) and sequen-
cing primers (Seq-primers) were designed using Primer
Premier version 5 software (Table S1). Polymerase chain
reactions (PCR) were performed to amplify 151–921 bp
products containing the targeted SNPs. The nucleotide
sequences of the PCR products containing specific SNPs
were obtained using a 3730xl DNA analyzer (Applied
Biosystems). All blood samples were collected at the Af-
filiated Yantai Yuhuangding Hospital of Qingdao Uni-
versity. Genomic DNA was isolated from peripheral
whole blood samples using the Gentra Puregene Blood
Kit (Qiagen Corp, CA) according to the manufacturer’s
instructions.

UPIP-qPCR
The UPIP-qPCR consisted of two separate reactions.
The first stage (stage I) of UPIP-qPCR was a general
PCR. The reaction conditions were as follows: initial de-
naturation at 95 °C for 3 min, followed by 10–22 cycles
of denaturation at 98 °C for 5 s, annealing at 67 °C for
25 s, elongation at 72 °C for 20 s, and final elongation at
72 °C for 1 min. PCR products were diluted ten times

Fig. 4 Microarrays for genotyping. Microarrays were made of 20 types of probes with five repeated dots, the order of probes was marked by
circled numbers, and the SNPs and sequences related to these probes were listed in Table S9 with the same No., which briefly, are ① FAM
positive control probes, ② HEX positive controls, ③ ~⑱ probes of 16 kinds of SNPs, ⑲ internal control GAPDH probes, ⑳ negative control NH2-
dT14 probes (a). The hybridization signals of the two types of human genomic DNA (No.1 and No.2) were both specific and correct (b). The
positive control DNA was able to obtain specific and accurate hybridization signals. The hybridization signals of wild-type DNA were FAM-positive
and HEX-negative (green dots), the hybridization signals of heterozygous DNA were FAM- and HEX- double-positive (yellow dots), and the
hybridization signals of mutant DNA were FAM-negative and HEX-positive (red dots) (b). There were no signals on the blank control microarray
with water as template, except for FAM- and HEX- positive control probes (b). FAM (green), HEX (red), FAM and HEX (yellow) and no signal (black
background) were displayed respectively at the positions of ①, ②, ⑲and⑳ (b). WT: wild type; Mut: mutant; Hetero: Heterozygous; Cont: control
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with ddH2O and used as templates in the second-stage
reaction.
The second stage (stage II) of UPIP-qPCR was per-

formed using a qPCR. The reaction conditions were as
follows: initial denaturation at 95 °C for 3 min, followed
by 35–40 cycles of denaturation at 98 °C for 5 s, anneal-
ing at 49 °C for 25 s, elongation at 72 °C for 1 s and
fluorescent signals were obtained via plate reading. Se-
quences of primers used for UPIP-qPCR are listed in
Table S2. Sequences of FAM- and HEX-labeled universal
probes and universal primers are listed in Table S3.

Feasibility verification of UPIP-qPCR
For this part, we designed the Sanger sequencing related
primers (Table S1) for rs671 and rs2031920, through
Sanger sequencing to obtain homozygous wild-, hetero-
zygous, and homozygous mutant- types of human
genome DNA positive standards. A pair of upstream
site-specific primers were designed (Table S2). The first
stage of the reaction was carried out on an ordinary PCR
instrument, with a total of 10 cycles, at an annealing
temperature of 67 °C, to complete the initial amplifica-
tion of DNA fragments. In the second stage, the signals
were collected in real-time as the reaction was carried
out on a qPCR instrument with 40 cycles, at an anneal-
ing temperature of 49 °C.

Sensitivity analysis
The genomic DNA samples of the three genotypes of
ALDH2 rs671 were used for UPIP-qPCR sensitivity ana-
lysis, and ddH2O was used for NTC. In the first stage of
UPIP-qPCR, the concentration gradients of genomic
DNA were 100 ng, 10 ng, 1 ng, 0.1 ng, 0.01 ng, 0.003 ng
and 0.001 ng per 10 μL reaction system. TaqMan probe-
qPCR was set as control method for the sensitivity ana-
lysis. The accuracies mentioned in this section indicates
the reproducibility of results when the assay is repeated
using the same DNA concentration. Sequences of
primers and probes for TaqMan probe-qPCR are listed
in Table S5.

Analysis of call rate and accuracy for UPIP-qPCR
UPIP-qPCR was used to detect the genotypes of 224 hu-
man genomic DNA samples at the rs671, rs1057910,
rs9923231, rs1801131, rs1801133, and rs1801394 loci.
The reaction system and detailed thermal cycle parame-
ters can be found in “UPIP-qPCR”. The number of ef-
fective results with the total number of samples were
compared to obtain the call rate of the UPIP-qPCR
method, and the genotyping results were compared with
the Sanger sequencing results of the same samples to
obtain the accuracy rate of the UPIP-qPCR method.
TaqMan probe-qPCR and KASP were used as control
methods for the analysis of the call rate and accuracy.

Sequences of primers and probes for TaqMan probe-
qPCR and KASP are listed in Table S5 and S6,
respectively.

Wide applicability analysis of UPIP-qPCR in SNP
genotyping
Based on UPIP-qPCR, we designed primers (Table S2)
and genotyped 13 different SNPs. These SNPs covered
all SNP mutation types. The system volumes of the first
and second-stage UPIP-qPCR reactions were all 10 μL,
and the cycle numbers of the first and second-stage re-
actions were 10 and 40, respectively. Please refer to
“UPIP-qPCR” for the reagent composition of the system.

SNP microarray assay based on intermediate primers
The microarrays integrated 20 types of probes with five
duplicates, including these probes included intermediate
primers of 16 types of SNPs, complementary sequences
of FAM and HEX single-labeled primers as a positive
reference, intermediate primers of GAPDH as an in-
ternal reference, and amino modified 14-poly deoxythy-
mine (NH2-dT14) as negative control probes. See Table
S9 for the sequences of the probes.
The preparation process of the PCR products for

hybridization was divided into three stages. The first
stage was multiplex PCR. In the first stage, normal hu-
man genome DNA (No. 1 and No. 2) was used as the
template DNA of the experimental group, and the tem-
plate DNA of the control groups was divided into three
types, namely, the mixture of wild-type, heterozygous
and mutant positive control DNA of 16 SNP sites, and
the wild type positive control DNA of GAPDH. ddH2O
was used as the blank control template. The second
stage was a product treatment process, that is, using
exonuclease I to digest the products of the first stage
which would be used as templates in the third stage re-
actions. The third-stage was the fluorescence labeling
PCR reaction. In the third stage, FAM and HEX single-
labeled primers and universal reverse primer (Table S3)
were combined to amplify the templates to obtain suffi-
cient DNA fragments for microarray hybridization.
Products of the third stage were denatured at 95 °C for

5 min, cooled on ice for 2 min, and then mixed with an
equal volume hybridizing buffer to form a hybridizing
solution. Hybridizing solution (20 μL) was aliquoted into
the microarrays, covered with coverslips, and incubated
for 16–20 h. Images of the FAM and HEX signals were
captured using a confocal microscope. Dots with only
FAM signals (green) denoted the homozygous wild type,
those with only HEX signals (red) were homozygous
mutants, and those with both signals (yellow) were
heterozygous.
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Data analyses
One-way ANOVA tests were used for data comparation
between the groups. Differences were considered statisti-
cally significant when P < 0.05. Data analyses were per-
formed using SPSS 16.0.
Please see “Additional file 1“to get more detailed

methods.
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