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for genotyping of MTHFR and MTRR
polymorphisms
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Accurate, rapid, and multiplex SNP analysis holds significant clinical value. However, the inevitable nucleic
acid extraction, involving centrifugation, heating, and magnetic separation, is often time-consuming. In this
study, direct blood PCR was combined with dual-labelled probe-mediated melting curves to identify SNPs
corresponding to MTHFR (C677T, rs#1801133 and A1298C, rs#1801131) and MTRR (A66G, rs#1801394) in
a single tube. Our results indicated that nucleic acid extraction does not enhance gDNA concentrations. The
results of the gDNA and whole blood samples were perfectly aligned with each other. The maximum
volume tolerance for whole blood is 10%. Our method demonstrated robustness to hemolysis and
temperature variations. The turnaround time of the test is <100 min with great potential value in clinical
settings. Furthermore, this approach eliminates the need for complex preprocessing steps, simplifies the
workflow and reduces potential sources of error. The efficiency and accuracy of this method make it
a promising tool for routine clinical diagnostics and personalized medical applications. Additionally, the
method's reliability and speed are crucial for effective patient management. The ability to obtain results
quickly and accurately supports timely treatment decisions, which can be critical in many clinical
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1. Introduction

Blood is the most readily available and commonly used sample
for germline mutation testing in clinical settings. However,
hemoglobin and immunoglobulin G in the blood can affect
DNA polymerase activity and fluorescence signal intensity.'”
The factors mentioned above have necessitated sample prepa-
ration to obtain pure DNA for nucleic acid analysis for a long
time.*® However, DNA is typically lost, and multiple manual
handling steps and instrument dependence make this
approach unideal for forensic evidence with low levels of DNA
and point-of-care testing (POCT). To reduce working time, labor
costs, the use of plastic materials, and the risk of contamination
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during nucleic acid extraction, many automatic nucleic acid
extraction methods based on magnetic beads and rapid nucleic
acid extraction methods, such as direct nucleic acid release,
have been applied.”® However, these methods require special-
ized centrifuges and magnetic separation-based automated
nucleic acid extraction systems. Therefore, there is a demand
for developing a direct PCR for genotyping of blood samples.***

Due to the unique advantages of real-time kinetic moni-
toring, closed-tube operation, well-established workflow and
a quality control system, real-time PCR-based methods,
including TagMan probe™ and melting curve analysis,'*** are
the main methods used for germline mutation analysis in
clinical settings. For instance, a pair of TagMan probes labelled
with different fluorophores that were intended to hybridize with
wild or mutated sites were used for an allele. However, using
direct probe hybridization to detect SNPs usually requires strict
control of the annealing temperatures and other extensive
optimizations. Melting analysis-based SNP genotyping utilizes
the difference in the melting curve between various SNP sites,
typically involving intercalating fluorescent dye (such as Eva
Green,'® LC Green'’) to saturate double-stranded DNA and dual-
labelled probe methods (such as molecular beacon,'® TagMan
probe,* hybridization probe* and LNA*). For the dye-based
method, the length of PCR products should be short to
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magnify the thermodynamic effects generated from the SNP
sites. Additionally, natural polymorphisms near the target
region might influence the T, value and cause false positive or
negative results. The probe-based method uses ~20 nt-long
dual-labelled probes for hybridization to the target region,
leading to a difference of 5 to 10 °C in the T, values of the
matched and mismatched probes. This merit makes it more
compatible and comparable with different PCR instruments
and wells. Plasmid DNA containing the target sequences is
widely used as a positive control. However, due to the extremely
high concentrations, it may cause aerosol pollution in diluent
operations. Considering this, plasmids were abandoned, and
blood samples were directly used for PCR.

Folic acid metabolism* has a strong correlation with
homocysteine metabolism as it affects the concentration of
homocysteine in vivo. Hyperhomocysteinemia has been associ-
ated with an increased risk of cleft palate, neural tube defects in
newborns, hypertensive disorders, preterm birth, and increased
severity of stroke with H-type hypertension.”*** The enzymes,
methylenetetrahydrofolate reductase (MTHFR) and methionine
synthase reductase (MTRR), play an important role in folate
metabolism.”® Simultaneous detection of SNPs corresponding
to MTHFR (C677T, rs#1801133 and A1298C, rs#1801131) and
MTRR (A66G, rs#1801394) provides a comprehensive screening
method for deficiencies in folic acid metabolism.

SNP analysis methods mainly include sequencing,*
hybridization-based microarray,” and real-time fluorescence
PCR.”® Sequencing and microarray approaches require expen-
sive equipment and specialized data interpretation, as well as
a complicated post-analysis of the PCR products, which may
lead to contamination. PCR is the commonly used method in
clinical practice, mainly due to the recognition of SNP sites by
labelled probes. Information on mutated, wild, or heterozygous
SNPs is usually judged based on the C; values and melting
curves. The detection method based on the C; value requires two
probes labelled with two fluorophores, which is not suitable for
the detection of multiple sites. For the melting curve, our
published work demonstrated that only a single probe is needed
for each SNP site.”® Therefore, probe-based melting analysis is
more suitable for multiplex SNP analysis.

In this work, we have developed multiplex dual-labelled
probes to mediate real-time fluorescence PCR and performed
a melting curve analysis of C677T, A1298C, and A66G poly-
morphisms. EDTA-K2 anticoagulant blood was directly added to
the PCR system without pretreatment. By using integrated
probes labelled HEX, ROX, Cy5 and melting curve analysis in
this channel, we successfully analyzed C677T, A1298C and A66G
polymorphisms.

2. Experimental

2.1. Materials and reagents

Primers and dual-labelled probes were synthesized and purified
using PAGE or HPLC from Sangon Biotech (Shanghai, China).
They were further diluted to 10 uM. Their sequences are listed
in Table S1.f SLAN 96 S (HONGSHI, China) real-time PCR
instrument and version 8.2.2 software was applied in this study.
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All experiments were performed in a standard PCR laboratory
using standard precautions to prevent contamination. Air-Dry-
able™ Direct DNA qPCR Blood mix (Meridian Bioscience, USA),
2x Hieff® Blood Direct TagMan qPCR Master Mix (Yeasen
Biotech Co., China), 2x Blood SuperDirect™ PCR Kit (UNG)-
EDTA (FOREGENE, Biotech Co., China), HPLC purified water
and 8-strip PCR tubes (0.2 mL) were used in the experiments. All
PCR experiments were performed in standard PCR laboratory
areas for reagent preparation, sample preparation and PCR
amplification. Graphical representation is obtained using
Origin 2021 software.

2.2. Blood sample collection

Fifty blood samples were collected using EDTA-K2 anticoagu-
lant in strict compliance with relevant laws and guidelines. All
experiments adhered to the institutional guidelines of The
Affiliated Traditional Chinese Medicine Hospital of Southwest
Medical University. The experiments were approved by the
research ethics committees of this institution. The ethics
declaration was in full accordance with the Declaration of
Helsinki. gDNA was extracted using the automated magnetic
bead method (Zeesan Biotech Co.), and the concentration of
gDNA ranged from 33.6 to 63.5 ng uL~". Blood samples were
analyzed in an automated hematology analyzer (Sysmex XN-
1000, Japan), and leukocyte numbers were recorded (yield
from 2.51 to 12.19 x 10° pL ™", Table S4f).

2.3. Primers and probes design

Primers were designed using the Primer-BLAST NCBI server
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/). Four
hundred nucleotides were inserted on either side of the
mutations of interest, namely C677T, A1298C, and A66G, as
input. The amplicon size was set to be between 100 and 300
nucleotides. The primer melting temperatures (7Ty,) ranged
from 59 to 61 °C. The NUPACK Web Server was employed for
the prediction of nucleic acid folding and hybridization.
Probe design is of crucial importance for the detection of SNP
alleles. The length of the probe should be neither too long
nor too short. A longer probe may lead to no difference in the
melting curve for alleles, while a short probe may not
hybridize to the target containing the SNP sites. Considering
these factors and to ensure hybridization with the template at
the annealing temperature and identify the SNPs with high
accuracy, probes were designed to be ~20 nt-long, where the
SNP loci were located in the middle of the probe.

2.4. Real-time PCR conditions

Multiplex asymmetric PCRs were performed with 20 pL
volumes. The reactions contained 5 pL of 4x Air-Dryable Direct
DNA gPCR Blood (Meridian Bioscience, USA), three pairs of
100 nM limited primers, 400 nM excess primers, 200 nM dual-
labelled probes, 1.5 pL of blood, and HPLC water. All these
materials were combined and the final volume was raised to 20
pL. The thermal program included an initial denaturation at
95 °C for 3 min, followed by 50 cycles of amplification at 95 °C
for 15 s (denaturation step) and then 60 °C for 30 s (primer

© 2025 The Author(s). Published by the Royal Society of Chemistry
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annealing and elongation). Fluorescence intensities were
recorded in HEX, ROX, and Cy5 at the end of the annealing/
elongation step in each cycle. Melting curve analysis of the
PCR products was performed from 45 to 80 °C with 0.06 °C s~ *
increment.

2.5. Sanger sequencing conditions

To verify the genotyping results of the multiplex melting curve
analysis, PCR products were subjected to Sanger sequencing.
PCR was conducted in a total of 20 uL mixtures containing 10 uL
of 2x Taq master mix (Vazyme Biotech Co., Nanjing), 0.4 pL of
10 uM primers, 1 puL of gDNA, and 8 pL of water. The PCR
products were sequenced in both directions using the ABI Big-
Dye Terminator Cycle Kit (Applied Biosystems, Foster City, USA)
and were visualized using an ABI Prism 3130 Automated DNA
Sequencer (Applied Biosystems). Sequencing data were
analyzed using SnapGene 5.2  software  (https://
www.snapgene.com/).

3. Results and discussions

3.1. Working procedures and principle

The working procedures were as follows: first, the PCR mixes
were prepared in the reagent preparation area. Next, the blood
samples were added directly to 8-strip PCR tubes and sealed in
the sample preparation area. PCR was run and analyzed in the
PCR amplification area. The working principle of multiplex
asymmetric PCR melting curve analysis for C677T, A1298C, and
A66G is shown in Scheme 1. Multiplex asymmetric PCR was
conducted to generate 199, 149, and 161 nt ssDNA products
containing rs#1801133, rs#1801131, and rs#1801394 poly-
morphism sites for probe hybridization. Simultaneously, dual-
labelled probes were hybridized with the template, hydrolysed
by the polymerase, and their fluorescence signal was recorded
in each cycle. When 50 cycles of PCR were finished, the excess
un-hydrolyzed dual-labelled probes were hybridized with
ssDNA. Additional melting curve analysis was performed in the
HEX, ROX, and Cy5 channels. For instance, for C677T analysis
in the HEX channel, a melting curve with a single peak at
a higher temperature represents the homozygous wild genotype
(677CC); a melting curve with a single peak at a lower temper-
ature represents the homozygous mutation genotype (677TT),
and a double peak indicates a heterozygous genotype (677CT).

3.2. Optimization of the PCR mix

Direct blood PCR mix must have strong resistance and adapt-
ability, effectively preventing interference with the background
fluorescence and enabling antagonism to endogenous fluores-
cence quenchers. In addition, polymerase and PCR mixes in
various reaction systems should have excellent resistance and
adaptability to ensure accurate replication and enzyme activity
under complex conditions. Therefore, three types of direct PCR
mixes for blood samples from different manufacturers and No.
1 to 6 blood samples were tested for optimization. Fig. 1A and B
illustrate the superior performance of the PCR mixture from
Meridian Bioscience, with notable excellence in both

© 2025 The Author(s). Published by the Royal Society of Chemistry
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amplification and melting curves. Table S27 lists the average Ty,
values and standard deviations for all homozygous samples: the
peaks for wild and mutated genotypes of C677T (HEX channel)
are at 66.1 °C and 56.1 °C, for A1298G (ROX channel) at 62.1 °C
and 54.5 °C, and for A66G (Cy5 channel) at 62.4 °C and 55.1 °C.
In contrast, as depicted in Fig. 1C and D, the PCR mixture from
Yeasen Biotech. Demonstrated relatively lower melting
temperatures (61.0 °C/51.4 °C for HEX, 59.2 °C/49.8 °C for ROX,
and 57.8 °C/51.0 °C for Cy5) as compared to those in Fig. 1A and
B. The fluorescence intensity for PCR amplification was recor-
ded to be 60 °C, indicating a reduction in hybridization effi-
ciency between the dual-labelled probes and ssDNA targets. As
a result, the fluorescence signals in Fig. 1A and B are stronger
than those in Fig. 1C and D. Fig. 1E and F show that the PCR
mixture from FOREGENE Biotech yields less favorable results as
compared to those in Fig. 1A to D. These findings suggest that
the choice of PCR mix significantly affects the melting curve
profiles and the design of PCR annealing temperatures.
Throughout all experiments, the PCR mix from Meridian
Bioscience was consistently utilized for genotyping C677T,
A1298T, and A66G.

3.3. Typical results of C677T, A1298C, and A66G genotyping

We analyzed samples with typical homozygous mutations,
homozygous wild-types, and heterozygous mutations for the
C677T (Fig. 2A), A1298C (Fig. 2B), and A66G (Fig. 2C) loci, as
confirmed by sequencing. Given that our probe is designed to
hybridize with the wild-type sequence, samples with homozy-
gous wild-type and heterozygous mutations exhibited sigmoidal
amplification curves. In contrast, samples with homozygous
mutations did not show any significant amplification curves.
During melting curve analysis, the peak at the higher temper-
ature represented the wild-type genotype, the peak at the lower
temperature indicated the mutated genotype, and the presence
of two peaks signified a heterozygous genotype. The differences
in the T;,, of the wild-type and mutated genotypes ranged from
7.3 t0 10.0 °C (Table S2t). The significant disparity between the
Ty, of the wild-type and mutated genotypes validates that our
proposed strategy is robust and adaptable, enabling it to
seamlessly accommodate the inherent temperature fluctuations
that may occur among various PCR machines and across
different wells within the same instrument. This high degree of
compatibility not only enhances the reliability and consistency
of the assay results but also simplifies the process of stan-
dardizing protocols across diverse laboratory settings, thereby
promoting the generalizability and widespread application of
our method in both research and clinical settings.

3.4. Verification of gDNA and EDTA-K2 anticoagulant blood
clinical specimens

We analyzed 1.5 pL of gDNA and whole blood samples (No. 1-
50), as shown in Fig. 3; detailed results are provided in Fig. S4 to
S7 and Tables S3 to S5.7 Notably, the genotyping results for the
C677T, A1298C, and A66G polymorphisms were determined by
melting curve analysis, and they demonstrated 100% concor-
dance between gDNA and whole blood samples, underscoring
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the reliability of using whole blood for genotyping. This perfect
alignment in the results is critical because it validates the use of
blood samples for genotyping without compromising accuracy.
However, we observed that the C; values for the blood samples
were generally lower than those for gDNA, suggesting a differ-
ence in amplification efficiency. This variation is likely due to
two factors: (1) the nucleic acid extraction process, which
purifies gDNA, but may reduce its concentration, and (2) the
presence of substances, such as hemoglobin and IgG in the
whole blood, which could interfere with amplification effi-
ciency. Furthermore, direct PCR of blood samples allows the
direct amplification of target DNA sequences, thereby stream-
lining the overall process and enhancing detection efficiency.
This approach eliminates the need for DNA extraction or pre-
treatment of blood samples, which significantly reduces
procedural complexity and turnaround time. In clinical diag-
nostics, direct PCR of blood holds considerable promise for

78 | RSC Adv, 2025, 15, 75-82

a variety of applications, including genetic disease screening,
infectious disease diagnosis, and tumor biomarker detection.
The ability to work directly with whole blood samples makes it
a powerful tool for real-time, non-invasive diagnostics, offering
a rapid and reliable method to detect specific genetic and
pathogenic markers.

3.5. Limit of detection

EDTA-K, anticoagulated blood was serially diluted to obtain
ratios of 1:10, 1:40, 1:160, and 1: 320 using sample No. 1 to
assess the limit of detection (LOD) of the proposed PCR
method. Fig. 4 illustrates that whole blood exhibits reduced
amplification efficiency in contrast to the diluted specimens.
The use of diluted samples led to an observed delay in obtaining
the C, values. The LOD was established and confirmed through
the calculation of positive outcomes from 20 replicate tests at
the 1:320 dilution ratio. The LOD signifies the minimum

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra07286c

Open Access Article. Published on 02 January 2025. Downloaded on 10/20/2025 11:20:28 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

RFU

0.5

0.0

50

-d (RFU) / (dT)

Temperature / °C

85

View Article Online

RSC Advances

~———HEX
——ROX
—Cy5

-d (RFU) / (dT)

Temperature / °C
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Bioscience (A and B), Yeasen Biotech Co. (C and D) and FOREGENE Biotech Co. (E and F). Original screenshots of the commercial SLAN software

for blood and gDNA are shown in Fig. S1 and S2.1

quantity of original whole blood that can be detected with
=95% confidence level. Consequently, we contend thata 1: 320
dilution of EDTA-K2 anticoagulated blood is detectable with
reliability, indicating that approximately 30 leukocytes can be

identified per reaction.
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3.6. Sample volume and storage robustness

To test the maximum volume blood resistance of our proposed
strategy, 1, 2 and 4 pL of No. 1 blood samples were added and
further analyzed. One and two pL of blood sample inputs were
successfully amplified and genotyped by melting curve analysis
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(Fig. 5A-D). When 4 pL of blood samples were injected, ampli-
fication curves were absent and melting curves were observed in
the ROX channel only. These results indicate that roughly only
10% blood samples could be successfully analyzed using our
proposed method, and blood samples of concentrations >10%
may inhibit PCR amplification. We recognize that the current
tolerance for blood volume concentrations can be restrictive,
especially for analyses that require larger quantities. However,
for standard PCR protocols, which usually involve 20-50 pL,
adding 2-5 pL of whole blood is feasible. This volume is easily
handled with a 10 pL pipette, ensuring accurate and convenient

A B.

pipetting. This approach maintains the tolerance limits while
streamlining sample handling in the lab.

Fresh blood specimens were then tested after frozen spec-
imen storage at —20 °C (sample no. 1) for 1, 2, 3, and 4 weeks.
All frozen blood samples were hemolyzed, forming a uniform
liquid and further centrifugation did not yield plasma. As
shown in Fig. S19,7 both fresh and frozen specimens were all
amplificated and genotyped by melting curve analysis success-
fully. These results indicated this proposed direct PCR strategy
for blood samples is compatible with the detection of blood
samples stored for up to a month.
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3.7. Analysis of plasma

Plasma cell-free DNA (cfDNA) fragments of approximately 160
base pairs are commonly utilized in non-invasive prenatal
testing (NIPT) and for tumor surveillance. To assess the efficacy
of our proposed direct PCR approach for plasma analysis,
plasma samples numbered 1 through 8 were subjected to
examination. As depicted in Fig. S20,7 most of the samples
exhibited no amplification or melting curves. The few positive
outcomes displayed a decrease in the C; values, predominantly
in the ROX and Cy5 channels, which may be due to leukocyte
lysis or the presence of trace amounts of cfDNA. Conversely, all
results in the HEX channel were negative, likely because the
PCR product size was 199 base pairs. In contrast, the product
sizes for the ROX and Cy5 channels are 149 and 161 base pairs,
respectively. Therefore, it can be inferred that our direct PCR
strategy primarily analyzes genomic DNA from leukocytes, while
cfDNA is unsuitable for genotyping purposes.

4. Conclusion

In this work, we constructed a direct blood multiplex asym-
metric PCR and dual-labelled probe-based melting curve anal-
ysis for genotyping of MTHFR (C677T, rs#1801133 and A1298C,
rs#1801131) and MTRR (A66G, rs#1801394) without DNA
extraction. This proposed strategy has several advantages,
including the elimination of the need for nucleic acid extraction
and open tubes, which simplifies the procedure and minimizes
contamination risks. The method involves one-step operations,
allowing for real-time multiplex monitoring and demonstrating
robustness to temperature variations. The direct PCR of blood
samples significantly reduces the use of nucleic acid extraction
reagents and equipment, thereby decreasing the operator
workload and shortening test turnaround times (TAT). By
combining dual-labelled probe-based melting curves analysis,
TAT can be reduced to within 100 min, enhancing the efficiency

© 2025 The Author(s). Published by the Royal Society of Chemistry

of the process. Moreover, this technique is particularly benefi-
cial in clinical settings due to its simplicity, speed, and reli-
ability. It offers a promising strategy for SNP analysis with
substantial potential for clinical applications, including
personalized medicine, where rapid and accurate genotyping is
crucial for patient management and treatment decisions. This
innovation has the potential to improve diagnostic workflows
and patient outcomes significantly.
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