Drug Design, Development and Therapy Dlovepress
Taylor & Francis Group

ORIGINAL RESEARCH

An Efficient Pharmacogenomic Assay for
Psychotropic Drugs by Multiplex Fluorescence
Melting Curve Analysis

Jun Zheng'*, Qigi Zou***, Chuyan Wang', Qiangian Yang?, Jiuyu Ren®?3, Xiangyue Cao?
Huijuan Wang®?*3, Hui Gao'

'Department of Anesthesiology, Affiliated Hospital of Yan’an University, Yan’an, Shaanxi, 716000, People’s Republic of China; ?National Engineering
Research Center for Miniaturized Detection Systems, College of Life Science, Northwest University, Xi’an, Shaanxi, 710069, People’s Republic of
China; 3Shaanxi Lifegen Co. Ltd, Xi’an, Shaanxi, 710068, People’s Republic of China

*These authors contributed equally to this work
Correspondence: Hui Gao, Department of Anesthesiology, Affiliated Hospital of Yan’an University, No. 43, Beida Street, Baota District, Yan’an,

Shaanxi, 716000, People’s Republic of China, Email gaoyauah@ | 63.com; Huijuan Wang, College of Life Science, Northwest University, No. 229 North
Taibai Road, Beilin District, Xi'an, Shaanxi, 710069, People’s Republic of China, Email whj@nwu.edu.cn

Background: Long-term pharmacotherapy is the primary approach for alleviating the symptoms of mental disorders. Numerous
pharmacogenomic studies have confirmed that genetic polymorphisms are key factors underlying inter-ethnic and inter-individual
differences in drug response. Pharmacogenomic testing is an essential pathway to achieve precision medicine.

Methods: In this study, seven common single nucleotide polymorphisms (SNPs) closely associated with the efficacy of antidepressants,
and antipsychotics were screened and identified through comprehensive literature retrieval and mining of authoritative databases. These
SNPs are located in the ANKKI, DRD2, FKBP5, GRIK4, HTRI1A, HTR2A4, and MC4R genes. Utilizing multiplex fluorescence melting
curve analysis (mFMCA), a four-channel multiplex fluorescent PCR system was successfully established, enabling the simultaneous
genotyping of 14 distinct alleles across 7 SNP loci in a single tube. Analytical performance including sensitivity and specificity as well as
reproducibility was rigorously evaluated. Specifically, a two phase validation was conducted. An initial calibration phase using 98
clinical samples within a training cohort was used to establish integrative genotyping criteria. These criteria combined statistical melting
temperature (7,) intervals, defined as the Mean 7,,£3 standard deviations (SDs), with peak morphology. The established criteria were
then evaluated in a blinded validation phase using an independent cohort of 124 clinical samples.

Results: The mFMCA system can accurately detect genomic DNA at concentrations as low as 100 copies/uL, and exhibits high
specificity and no cross-reactivity. In the validation cohort (n=124), the mFMCA-derived genotypes achieved 100% concordance with
Sanger sequencing. Furthermore, the high stability of the system was further evidenced by its consistent performance across varying
DNA concentrations, different clinical samples, and multiple instruments.

Conclusion: This study successfully established a dedicated and cost-effective mFMCA assay for psychotropic pharmacogenomic
testing. The method provides an efficient, accurate, rapid, economical tool for personalized medicine in psychiatric care.
Keywords: multiplex qPCR, melting curve, SNP, mental diseases, personalized medicine

Introduction

Common mental disorders often need long-term psychiatric medications (antidepressants, antipsychotics, etc.), which are
proven effective.' Yet without reliable treatment outcome predictors, clinicians mostly use empiricism or trial-and-error
to select drugs and adjust doses.? This leads to prolonged medication trials for patients, or ineffective symptom control
and adverse reactions.>* In 8-12 week trials with selective serotonin reuptake inhibitors (SSRI), non-response was
observed in 17.61% of patients.® A meta-analysis found the number of dropouts due to adverse effects of antidepres-
sants was 85 per 1000, which means the treatment with antidepressants increases the risk of adverse effects by 49%,

https://doi.org/10.2147/DDDT.S586665 Drug Design, Development and Therapy 2026:20 586665 |
Received: 4 Dece_mber 2025 © 2026 Iheng et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.
Accepted: 21 April 2026 AT php and incorporate the Creative Commons Attribution — Non Commercial (unported, v4.0) License (http:/creati .org/licenses/by-nc/4.0/). By accessing the

Published: 4 June 2026 work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0009-0008-0958-9006
http://orcid.org/0000-0002-2388-8714
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Zheng et al

compared to placebo.” In about 20% to 30% of schizophrenia cases, the patients fail to respond to two or more first-line
antipsychotic medications that are properly dosed and of sufficient duration.® While the source of inter-individual
variability in response to psychotropic drugs is not completely understood, genetics is a major contributing factor.”

Pharmacogenetic and pharmacogenomic studies have confirmed that nucleotide polymorphisms in multiple genes
contribute to the efficacy and safety of psychotropic drugs.'® The most clinical relevant genetic polymorphisms are located
in drug-metabolizing enzyme (DME) genes, primarily represented by CYP2D6, CYP2C19, and CYP2C9. Polymorphisms
in these genes alter the metabolic and clearance rates of drugs, which may in turn affect the dosage, efficacy, and tolerability
of the medications. International authoritative organizations, such as the Clinical Pharmacogenetics Implementation
Consortium (CPIC) and the Dutch Pharmacogenetics Working Group (DPWG), have released guidelines specifying how
to adjust the dosages of antidepressants and antipsychotics based on the genotypes of DME genes.!' ' In recent years,
accumulating evidence from further studies has revealed that functional variants in pharmacodynamic-related genes also
modulate the efficacy and adverse events of psychotropic drugs by altering an individual’s sensitivity to these
medications.'® Specifically, genes encoding drug targets for currently available antipsychotics and antidepressants, such
as DRD?2 (Dopamine Receptor D2), HTRI1A4 (5-Hydroxytryptamine Receptor 1A), and HTR2A (5-Hydroxytryptamine
Receptor 2A),'> 2% play a pivotal role. In the Chinese population, the DRD2 rs1799732 (—141C Ins/Del) polymorphism has
been validated to significantly affect clinical response of antipsychotics.'>' Similarly, the rs6295 variant (C-1019G) in the
HTRIA gene and the rs6313 (c.102T/C) variant in the HTR2A gene have been confirmed as key modulators of antide-
pressant and antipsychotic efficacy among Chinese psychiatric patients.'>*'*?*?® Furthermore, functional variants in genes
coding pivotal proteins involved in neuroprotection and stress-response, such as rs1954787 in GRIK4 (Glutamate Receptor
Ionotropic, Kainate 4), rs1800497 in ANKKI (Ankyrin Repeat And Kinase Domain Containing 1), and rs4713916 in
FKBP5 (FK506-Binding Protein 5), have been shown to influence treatment response and susceptibility to adverse drug
reactions in multiple populations, including Han Chinese.** ' Additionally, the melanocortin 4 receptor (MC4R) rs489693
polymorphism is closely linked to antipsychotic-induced weight gain (AIWG) in Chinese patients, which remains
a significant challenge in long-term psychiatric treatment.*> On this basis, a series of prospective clinical studies have
conducted, and their findings demonstrated that genetic testing-particular multigene pharmacogenomic testing—can
significantly improve patient outcomes in psychiatric treatment, shorten the “trial-and-error period” of medication selec-
tion, and reduce overall medical expenditures.®® > Therefore, multigene pharmacogenomic testing is expected to become
an effective tool for guiding individualized pharmacotherapy in the field of psychiatry.>?

Pharmacogenomic testing is a crucial step in promoting the translation of pharmacogenomics knowledge into clinical
practice. Accurate, rapid, and convenient pharmacogenetic tests serve as the core carriers and tools for achieving this
translation.'* Currently, a variety of commercial reagents and tools for DME gene testing are available. For instance, the
Amplichip® CYP450 Genotyping Chip, developed by Roche, is the first pharmacogenomic chip approved by the U.S.
Food and Drug Administration (FDA) for clinical use.>® In China, the National Medical Products Administration
(NMPA) has approved dozens of kits for detecting CYP gene polymorphisms.’” However, to date, methods and reagents
for detecting pharmacodynamic-related genetic polymorphisms that affect psychiatric drug responses remain relatively
scarce. Currently, the commonly used methods for single nucleotide polymorphisms (SNP) detection include PCR-based
technologies, sequencing technologies, and MassARRAY DNA mass spectrometry, etc.’**° Among these, the fluorescent
PCR method has become one of the mainstream detection technologies owing to its advantages of rapidity, high
sensitivity, closed-tube operation, ease of interpretation, and cost-effectiveness. As the most widely used molecular
diagnostic technology, fluorescent PCR assays employing TagMan probes typically require dual probes (targeting wild-
type and mutant alleles) for SNP genotyping.*® This requirement, coupled with the limited number of available
fluorescence detection channels (usually 4-6), imposes a severe constraint on multiplexing capability, usually restricting
the detection of only 2—3 SNP loci per reaction. In recent years, melting curve analysis technology based on dual-labeled
probes has significantly improved detection throughput by integrating multicolor fluorescence with melting curves
characterized by specific melting temperatures (7,,).*' Within this technical system, only one fluorescent probe is
required: accurate SNP genotyping can be achieved by analyzing the shifts in the melting curves of the double strands
formed by the fluorescent probe with fully matched templates and mismatched templates. Leveraging fluorescence
melting curve analysis (FMCA) on a standard 4-channel real-time PCR platform enables the simultaneous detection of 8

2 https: Drug Design, Development and Therapy 2026:20



Zheng et al

SNP loci in a single tube with just 8 TagMan probes. In contrast, the conventional gPCR method would require 4 reaction
tubes and 16 fluorescent probes. Thus, while increasing the throughput by four-fold, FMCA also reduces the cost of
probe consumption by half. To date, reports of pharmacogenomic tests that leverage this technology to target PD-related
genes to guide antipsychotic medication remain scarce.

In this study, a multiplex fluorescence melting curve analysis (mFMCA) was successfully developed to simulta-
neously detect seven SNP loci in a single tube. All these targeted variants are closely associated with antipsychotic drug
response and are cataloged in the PharmGKB database with relatively high levels of evidence. Furthermore, each of these
SNPs exhibits a frequency of over 5% in the Chinese population, ensuring the clinical relevance and robustness of this
multiplex assay for personalized psychiatric treatment. The core performance and clinical application value of this assay
were systematically validated using plasmid standards and clinical samples. The establishment of this assay system not
only fills the gap in existing pharmacogenomic detection technologies and reagents but also holds great significance for
advancing the clinical practice and research progress of “genotype-guided individualized medication” in the field of
psychiatric diseases.

Materials and Methods
Drug-Related SNPs Selection

After conducting a thorough literature review, 7 genetic variants associated with antipsychotic response were selected.*?
These comprise of the following: rs6295 in 5-hydroxytryptamine receptor 1A (HTRIA) gene, rs6313 in 5-hydroxytryp-
tamine receptor 2A (HTR2A4) gene, rs1800497 in ankyrin repeat and kinase domain containing 1 (ANKKI) gene,
rs1954787 in glutamate receptor ionotropic, kainate 4 (GRIK4) gene, 1s1799732 in dopamine receptor D2 (DRD2)
gene, rs489693 in melanocortin 4 receptor (MC4R) gene, rs4713916 in FK506-binding protein 5 (FKBP5) gene
(Table 1). All these variants have a frequency of over 5% in the Chinese population and are included in the
pharmacogenomics database PharmGKB, with relatively high levels of evidence. All selected variants met three key
criteria: (1) a minor allele frequency (MAF) exceeding 5% in the Chinese population; (2) inclusion in the
Pharmacogenomics Knowledge Base (PharmGKB, https://www.pharmgkb.org/), an authoritative repository for pharma-

cogenomic data; and (3) possession of relatively high levels of evidence for their association with antipsychotic response,
as classified by PharmGKB or relevant consensus guidelines.

Gene sequences containing the selected SNPs were retrieved from the National Center for Biotechnology Information
(NCBI) database and the UCSC Genome Browser (https://genome.ucsc.edu/). For PCR amplification, a DNA fragment

Table | Genetic Loci Associated with Response to Psychotropic Drugs Selected in This Study

Gene rs ID cDNA MAF in Relationship with Psychotropic Drugs Reference
Change CHB?
HTRIA rs6295 c-1019G>C 0.30 Associated with response to antipsychotic drugs such as clozapine, [17,18,38]

olanzapine, quetiapine, and risperidone.
HTR2A rs6313 c.102G>A 0.50 Related to the efficacy of antipsychotic drugs (such as risperidone, [19,20,39]
olanzapine) and antidepressant drugs (such as paroxetine, fluoxetine,

citalopram, venlafaxine).

ANKK! | rs1800497 c2137G>A 0.44 Related to the efficacy of antidepressant drugs (including bupropion) and [23,24,40]
antipsychotic drugs (including olanzapine, aripiprazole, etc).
GRIK4 | rs1954787 | c.582+418C>T 0.24 Related to the efficacy of antidepressant drugs such as citalopram and [21,22]

escitalopram.
DRD2 rs1799732 c-14ldup C 0.16 Related to the efficacy of antipsychotic drugs, antidepressant drugs [15,16,41]
(including bupropion), and anti-Parkinson’s drugs (such as levodopa).
MC4R rs489693 c.-178C>A 0.21 Related to the adverse effects of antipsychotic drugs such as amisulpride, [27]
haloperidol, and quetiapine.
FKBP5 | rs4713916 c-716 G>A 0.19 Related to the efficacy of antidepressant drugs. [25,26]

Notes: *Data were retrieved from the 1000 Genomes Project Database (https://www.internationalgenome.org).
Abbreviation: MAF, minor allele frequency.
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of approximately 100-200 base pairs (bp) that encompassing the target SNP locus was designated as the amplification
template. Recombinant plasmids corresponding to this target DNA sequence were custom-synthesized by Sangon
Biotech Co. Ltd. (Shanghai, China). Specifically, for each SNP, two distinct recombinant plasmid constructs were
generated, one carrying the wild-type (WT) allele and the other harboring the mutant (MT) allele.

Primers and Probe Design
For each SNP locus, a pair of sequence-specific primers and a sequence-specific TagMan probe was designed using the
IDT OligoAnalyzer™ tool (https://www.idtdna.com/site/home/home/sessiontimeout). The probe sequence was comple-

mentary to either the wild-type or mutant template. To ensure assay specificity, all primer and probe sequences were
subjected to bioinformatic verification using the BLAST alignment tool against the NCBI human genomic database. This
confirmed that all sequences were uniquely complementary to their respective target gene regions, with no significant
cross-reactivity with other genomic sequences. Furthermore, to create differences in binding affinity and thermodynamic
stability when the same probe was hybridized to both wild-type and mutant templates, two strategies were employed:
first, SNP sites were placed in the middle of the probe during design; second, Locked Nucleic Acid (LNA) modifications
were applied to nucleotides adjacent to specific mutation sites on the probe. These two measures ensured a >5°C
difference in Ty, between the probe-wild-type duplex and probe-mutant duplexes. The design also adhered to criteria such
as no G base at the 5’-end of the TagMan probe, optimal 7}, values, and the absence of secondary structures. Primers and
TagMan probes were synthesized by Sangon Biotech (Shanghai, China) and are listed in Table 2.

Singleplex Assay System Establishment and Optimization

First, DNA plasmids containing the target gene fragments were used as standard templates and a singleplex assay system
for each SNP was established. To establish an optimal assay system for detecting SNPs, the optimization process

Table 2 Primers and TaqMan Probes Used in This Study

Primer/probe Name Sequences (5’—3’)

ANKK/ Forward Primer CAAATGTCCACGCCCGCAACAA

ANKK/ Reverse Primer GGTGTGCAGCTCACTCCATCCT

ANKK| TagqMan probe FAM-TGCTGGTCAAGGCAGGCGCCCA-BHQI

® DRD2 Forward Primer CCACCAAAGGAGCTGTACC

DRD2 Reverse Primer CAGCTTATTACTCTGGGTGTG

DRD2 TagMan probe CY5-CGTTCCAGGCCGGGGATCGCCGAG-BHQ2

FKBP5 Forward Primer ACCTAACGAGATAGTGAGGAGT

FKBP5 Reverse Primer GCCTGGCTGGAATGTTGTATT

FKBP5 TagMan probe CY5-ACCAA+G+AC+AGAGGAAAAT-BHQ2 *

GRIK4 Forward Primer GCAGTTAAGTCGTTGAGATGAA

GRIK4 Reverse Primer TCACCCAATTCCGCACCT

GRIK4 TagMan probe ROX-ACTGGTTATCGGAAGGTG-BHQ2

HTRIA Forward Primer GGGAAGGTGAACAGTCCTGGGT

HTRIA Reverse Primer AGTGCAATGGCGCGAGAACG

HTRIA TagMan probe FAM-AGTGTGTCTTCCTTTTTAAAAAG-BHQI

® HTR2A Forward Primer AGAGACACGACGGTGAGAGG

HTR2A Reverse Primer TGATGACACCAGGCTCTACAGT

HTR2A TagMan probe VIC-ACTTTAA+CT+CCG+GA+GAAGCT-BHQI

MC4R Forward Primer TGTGGCAATCTTCTGTTCTGAG

MC4R Reverse Primer CTGCTGAAACTGTGCTTGGTA

MC4R TagMan probe ROX-TGTTGTCATTAGTT+CCC+GTTTGTTAAA+T+GT-
BHQ2

Notes: * The “+” symbol preceding a nucleobase denotes LNA modification; i Except for the DRD2 and
HTR2A loci, where the reverse primers served as the limiting primers, the forward primers were
designated as the limiting primers for the other five SNP loci; The bold letters represent the bases
where the SNPs are located.
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primarily focused on three key aspects: probe selection (to generate distinguishable melting peaks), molar ratios of
limiting primer to excess primer (tested at 1:10, 1:20, and 1:50), and probe volume (evaluated at 0.4 pL, 0.6 pL, 0.8 pL,
and 1 pL). Finally, the optimized reaction mixture consists of 10 pL 2 X FastAmpli Premix (Zhuhai Biori Biotech,
China), 0.4 pL each of limiting primer (1uM) and excess primer (10uM), 0.4 puL TagMan probe (10uM), 1 pL DNA
template, and Tris-EDTA (TE) buffer was added to a total volume of 20 puL. The PCR conditions were as follows: an
initial denaturation at 95°C for 5 min, followed by 40 cycles of 95°C for 5 s and 60°C for 30s. Subsequently, the melting
curve analysis was performed under the following conditions: denaturation at 95°C for 15s, annealing at 40°C for 60s,
and a temperature ramp from 40°C to 85°C at 0.05°C/s with fluorescence acquisition. All PCR analyses were performed
on a ViiA™ 7 Dx Real-Time PCR System (Thermo Fisher Scientific, USA).

Multiplex Assay Establishment and Optimization

Based on the established singleplex detection system, we constructed a duplex system that enabled simultaneous
detection of two SNP loci in a single fluorescent channel. The optimization objective of this system is to generate
specific melting peaks that can distinguish the four alleles of these two SNP loci.

Finally, the optimal multiplex system for simultaneous detection of the seven SNP loci was composed of 10 pL of 2 x
FastAmpli Premix (Zhuhai Biori Biotech, China), 2.8 pL of forward primer mixture, 2.8 pL of reverse primer mixture, and
2.8 puL of TagMan probe mixture. Within this mixture, each SNP locus was allocated a uniform volume of components:
0.4 pL of limiting primer (1uM), 0.4 pL of excess primer (10uM), and 0.4 pL of TagMan probe (10uM) per locus.
Additionally, 1 uL of the DNA template and TE buffer was added to adjust the total reaction volume to 20 pL. Four
fluorescent channels were used for the detection: FAM (518 nm), VIC (554 nm), ROX (615 nm), and CYS5 (667 nm). All
channels were designed to detect two SNP loci, except the VIC channel, which was designed to detect one SNP locus. PCR
amplification and melting curve procedures were the same as those described above.

Analytic Performance Evaluation of the Multiplex Assay

To determine the amplification efficiency of the established assay,10-fold serial dilutions of wild-type plasmids were
utilized as templates, with concentrations ranging from 1x107 copies/uL to 1x10 copies/uL. For these reactions, each
plasmid template was added individually to the multiplex system. Standard curves for each target were constructed based on
the Ct values, and amplification efficiency was calculated using the following formula: Efficiency (E) =[10"(—1/slope)] — 1.

To determine the limit of detection (LOD), a plasmid mixture containing all 14 alleles was used as the template. This
mixture was 10-fold serially diluted to reach concentrations ranging from 1x10* copies/ pL to 1x10° copies/uL per allele. Each
dilution was then tested to establish the lowest detectable concentration for each target within the multiplex environment.

To assess the repeatability and reproducibility of the assay, plasmid mixture templates at three different concentrations
(1 x 107 copies/uL, 1x10° copies/uL, and 1x10° copies/uL) were used for PCR amplification. For each concentration,
three parallel replicates were included within a single run to determine intra-assay variation. Furthermore, the experi-
ments were performed across three independent batches, with a one-day interval between each batch, to evaluate inter-
assay reproducibility. The coefficients of variation (CVs) for the T, values were then calculated.

To evaluate the cross-platform compatibility of the established assay, multiplex detections were performed using
plasmid standards at a concentration of 1x10%copies/uL as templates. The assays were conducted in parallel on the
ViiA™ 7 system and another mainstream commercial gPCR instrument, the SLAN-96S (Hongshi, Shanghai, China). For
each platform, three parallel replicates were included. The mean T7,, values for each allele were calculated for both
instruments, and the temperature deviation (A7},) between the two platforms was determined to assess the robustness of
the system across different hardware environments.

To validate the specificity of the assay, multiplex PCR was performed using 14 distinct plasmid genotypes or samples
with known genotypes as templates. This was performed to analyze potential cross-reactivity with non-target sequences.

Additionally, no-template controls (NTC) were included to confirm the absence of false-positive amplification.
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Melting Curve Data Processing

Melting curve data were analyzed and processed using the ViiA™ 7 software (v1.2.2, Thermo Fisher Scientific, USA) or
the SLAN 8.2.2 software (Hongshi, Shanghai, China). The software employs a negative derivative algorithm (—dF/dT)
combined with linear baseline subtraction to transform fluorescence inflection points into distinct melting peaks. To
ensure objective signal identification, automated fluorescence thresholds were applied based on global background noise

levels, effectively distinguishing valid target signals from non-specific products such as primer dimers.

Sample Collection and DNA Extraction

A total of 222 peripheral blood samples (2 mL each) from healthy Han Chinese individuals were obtained from the
Affiliated Hospital of Yan’an University (Shaanxi, China). These samples were divided into a training cohort (n=98) for
establishing genotyping criteria and an independent validation cohort (n=124) for performance evaluation. This study
was approved by the Ethics Committee of Affiliated Hospital of Yan’an University (Approval No. I[IT-R-2025316L; Date
of Approval: Sep 8, 2025), and written informed consent was obtained from all participants prior to sample collection.
All procedures were performed in accordance with the Declaration of Helsinki. Sample collection strictly followed
standard operating procedures to ensure high quality and representativeness. Genomic DNA was extracted from 200 pL
of whole blood using the NPure Blood DNA Extraction Plus Kit (Biokeystone, China; Cat. No. M2010-01), according to
the manufacturer’s protocol. The extracted DNA was eluted and stored in Tris-EDTA buffer provided in the kit. All the
specimens were subjected to Sanger sequencing. The total DNA concentration was measured using a NanoDrop One
spectrophotometer (Thermo Fisher Scientific, USA), and the DNA quality was assessed using the 260/280 absorbance
ratio. The concentration of the extracted DNA was determined to be between 30 and 120 ng/uL, with A260/A280 ratios
ranging from 1.7 to 2.0, indicating high purity and suitability for subsequent molecular analysis. The purified genomic
DNA was stored at —80°C until further use. Finally, all of these specimens were subjected to Sanger sequencing as the
reference standard.

Clinical Validation and Performance Evaluation
To assess the clinical utility and diagnostic accuracy of the developed mFMCA assay, a two-phase analytical workflow
was implemented, prioritizing independence, robustness, and clinical applicability.

Initially, a theoretical T, baseline was established based on the replicated measurements of plasmid standards (Mean
Tm = 2.0°C). To account for the systematic thermal shifts induced by complex matrix effects in clinical samples,
a calibration set of 98 Han Chinese individuals with genotypes pre-verified by Sanger sequencing was analyzed. For each
SNP locus, the genotyping criteria were refined based on the T, distribution observed in clinical samples. Beyond
numerical 7, values, characteristic melting curve morphologies (eg., peak broadening and coalescence patterns in
heterozygotes) were formally incorporated into the diagnostic criteria to facilitate the interpretation of complex profiles
with overlapping allelic peaks.

Then, to rigorously evaluate the performance of the finalized criteria, an additional, independent cohort of 124 clinical
samples was recruited for a prospective validation. Genotype calling for this cohort was performed in a strictly blinded
manner. Samples yielding results that deviated from the established integrative criteria were re-tested in triplicate. If the
results consistently failed to align with the criteria upon repeat analysis, the samples were designated as genotyping failures
or recorded as discordant cases. Following the finalization of the mFMCA calls, the results were compared against Sanger
sequencing (the reference standard) to determine the sensitivity, specificity, and Cohen’s kappa coefficient.

The deviation between plasmid-derived 7, and clinical 7, (AT,,) was recorded for all loci. To minimize human-mediated
variability, a secondary expert review protocol was implemented for any profiles exhibiting atypical morphology. Statistical
analyses were performed using Microsoft Excel (Microsoft Corp., Redmond, WA, USA) and IBM SPSS Statistics version
20.0 (IBM Corp., Armonk, NY, USA), and the diagnostic metrics were calculated with 95% confidence intervals (95% Cls).
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Results

Working Procedure and Principle of the Multiplex Fluorescence Melting Curve
Analysis (mFMCA)

Multiplex asymmetric PCR was performed to generate abundant single-stranded products complementary to their
corresponding fluorescent probes. Adjustment of the ratio of limited primers to excess primers effectively minimized
probe hydrolysis without compromising amplification efficiency, ensuring robust target amplification while preserving
sufficient residual probes for template binding. Subsequently, melting curve analysis of the probe-strand duplexes was
conducted across all fluorescent channels and different SNPs were genotyped by recording the number of melting peaks
and their corresponding T}, values. For a certain SNP locus, the homozygous wild type corresponds to a single melting
peak with a higher Tm value, the homozygous mutant type corresponds to a single melting peak with a lower Tm value,
and the presence of both melting peaks indicates the heterozygous type (Figure 1). For the seven loci detected in this
study, the single-tube assay system was designed as follows: three fluorescent channels (FAM, ROX, and CY5) each
allocated two SNPs, whereas the VIC channel detected only one locus.

Singleplex Assay System for 7 SNPs

First, we utilized the sequence design and T, value prediction functions of the online software IDT to design and screen
fluorescent probes suitable for SNP detection. This ensured that each probe generated significantly different T, values
when hybridized with matched and mismatched sequences of the SNP.

Subsequently, using plasmid standards for the two alleles of each SNP and samples with known genotypes as
templates, we established a singleplex detection system for each SNP. We verified the T, values of the probe-target
strand duplexes and optimized the system by refining the probe sequences, adjusting the molar ratio of restricted primers
to excess primers, and modifying the probe concentrations. These optimizations were aimed at achieving clear
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differentiation of the melting peaks and corresponding T, values for the three genotypes of a certain SNP. Efforts were
made to ensure that the 7, values of the melting peaks corresponding to the two SNPs planned to be detected in the same
fluorescent channel could be clearly distinguished from each other. Experimental data indicate that when the molar ratio
of the limiting primer to the excess primer is 1:10 and the probe dosage is 0.4 uL (0.2uM final concentration), almost all
seven singleplex systems achieve optimal performance (Figure 2). At this point, each melting peak had a steep shape, and
the two peaks of the heterozygous genotype for each SNP were clearly distinguishable. Thus, an optimal detection
system was established for each SNP (Figure 3 and Figure S1-S3).

Multiplex Assay System Optimization and Establishment

Subsequently, we constructed a duplex detection system capable of simultaneously detecting the two SNPs. A common
issue encountered in duplex systems is that the four melting peaks corresponding to the two SNPs may undergo partial
overlap or fusion, which poses significant challenges for interpreting the results. When such issues arise, they are usually
addressed by adjusting the probe sequence (eg., changing the probe’s complementary strand to the antisense strand of the
target gene or performing LNA modification on the bases adjacent to the SNP site) or altering the fluorescence channel of
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Figure 2 Optimization of primer and probe concentrations in the reaction system.
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the target SNP, ultimately achieving a state where the melting peaks of the two detected SNPs in the same fluorescence
channel are clearly distinguishable. For example, we initially selected the ROX channel to detect DRD2 rs1799732 and
GRIK4 1s1954787. As shown in Figure 4A, the singleplex systems for these two SNPs could both clearly distinguish
wild-type and mutant alleles, with a minimum 7, difference of 3.42°C. However, when a duplex assay was conducted
for these two SNPs, the melting peaks at 60.63°C and 64.05°C merged into a single composite peak at 63.97°C. At the
same time, for the FKBP5 and MC4R loci originally intended for co-detection in the CY5 channel, two of their melting
peaks (at 57.74°C and 65.83°C) merged into one at 64.86°C when co-detected in a single reaction tube (Figure 4C). By
redesigning the probes and swapping the detection channels for the DRD2 and MC4R loci, we successfully constructed
two duplex detection systems: one that could clearly detect the GRIK4 and MC4R loci in the ROX channel (Figure 4B),
and the other that enabled the simultaneous detection of the DRD2 and FKBPS5 loci in the CY5 channel (Figure 4D).
Ultimately, by pooling all primers and probes in a single reaction system, we successfully established a single-tube
multiplex detection system capable of simultaneously genotyping the seven SNPs in a single reaction. By assigning SNP
loci to distinct fluorescent channels and leveraging four discrete T;, values per channel, this system facilitates high-
resolution genotyping of all seven SNPs through dual-parameter discrimination, that is, fluorescence channel and T,

value. The experimental data are presented in Figure 5 and Table 3 and Figure S4.
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Figure 4 Establishment and optimization of the duplex reaction system in ROX and CY5 channels.

Notes: The optimization was achieved through strategic selection of target loci and refining probes. (A and B) Duplex system performance in the ROX channel before (A) and after (B) optimization. (C and D) Duplex system
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Figure 5 Validation of the mFMCA system using a mixture of 14 DNA plasmid representing both alleles of each of the seven target SNP loci.

Notes: (A) Integrated multiplex melting curves across all four detection channels, demonstrating simultaneous multi-locus detection. (B) Individual melting profiles for each
channel: (i) FAM channel: identification of HTR/A and ANKK| alleles; (ii) ROX channel: identification of GRIK4 and MC4R alleles; (i) CY5 channel: identification of DRD2 and
FKBP5 alleles; (iv) VIC channel: identification of the HTR2A allele.

Fundamental Performance Evaluation Using DNA Plasmids
The amplification efficiency of the multiplex system was evaluated using 10-fold serial dilutions of wild-type plasmids,
ranging from 1x10% copies/uL to 1x10” copies/pL. Standard curves were constructed by plotting the Ct values against the

Table 3 Optimized Allocation of the Seven
Target SNPs Across Four Fluorescence
Channels and Their Respective Allele-
Specific T, Values in the mFMCA System

Gene | Channel SNP Tm,°C
HTRIA FAM HTRIA-C 59.29
HTRIA-G 47.32

ANKK | FAM ANKK I -A 77.26
ANKK -G 69.24

GRIK4 ROX GRIK4-T 47.50
GRIK4-C 59.00

MC4R ROX MC4R-A 66.00
MC4R-C 7229

DRD2 CY5 DRD2- / 70.43
DRD2-dupC 77.11

FKBP5 CY5 FKBP5-A 47.86
FKBP5-G 59.44

HTR2A VIC HTR2A-A 57.81
HTR2A-G 68.25

Note: / represents the DRD2 wild-type allele (non-dup C).
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log-transformed template concentrations.The results demonstrated high amplification efficiency for each SNP target, with
all correlation coefficients (R?) exceeding 0.998 (Figure 6 and Figure S5-S7). These data confirm that the use of
asymmetric PCR did not compromise the amplification efficiency of the multiplex assay.

To determine the limit of detection (LOD) of the multiplex system, a plasmid mixture containing all 14 alleles was
prepared in 10-fold serial dilutions,ranging from 1 x 10* copies/uL to 1x10° copies/uL. The experimental results showed
that at a concentration of 100 copies/uL, all expected distinct melting peaks across each channel remained clearly
distinguishable. However, at concentrations below this threshold, the system failed to consistently generate the full
profile of melting peaks, indicating that the analytical sensitivity of the assay is 100 copies/pL per reaction. (Figure 7).

In terms of precision, we performed multiplex reactions using plasmid DNA templates at three concentrations (10’
copies/uL, 10° copies/uL, 107 copies/uL), and evaluated the reproducibility of the multiplex system by analyzing T,
value variations across three replicate experiments and among different template concentrations. The experimental results
showed that the coefficients of variation (CVs) of the T}, values for the 14 melting peaks corresponding to the seven
SNPs were all less than 1-3%, confirming the high repeatability and stability of the multiplex system established in this
study (Table 4). Furthermore, the developed multiplex detection system exhibited excellent compatibility with another
commercial qPCR instrument, SLAN-96S (Hongshi, Shanghai, China), in which the melting peaks corresponding to each
genotype were clearly distinguishable. The T}, difference range for the same genotype on ViiA™ 7 and SLAN-96S was
between 0.1 and 3°C (Table S1 and Figure S8).

To evaluate the specificity of this detection method, a mixture of 14 distinct plasmids of the 7 SNPs (each SNP

corresponding to two alleles, wild-type and mutant-type) was co-amplified in a single reaction tube in the presence of two
target-specific fluorescent probes. Melting curve analysis demonstrated that only specific melting peaks of the target
SNPs corresponding to these probes were observed with no detectable non-specific amplification or cross-reactivity.
These results confirm the high specificity of the assay (Figure 8).
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Figure 6 Evaluation of amplification efficiency for HTRIA and ANKK| genes in the FAM channel.

Notes: (A) amplification curves of HTRIA gene using a ten-fold serial dilution of plasmid standards; (B) corresponding standard curve of HTRIA gene showing the linear
relationship between the log of the starting template quantity and the Ct value. (C) amplification curves of ANKKI gene; (D) corresponding standard curve of ANKK/ gene.
ARn, represents the magnitude of the normalized fluorescence signal generated by the reporter dye, calculated by subtracting the baseline fluorescence from the normalized
reporter signal (Rn); Ct, cycle threshold value.
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Finally, based on the global mean T, calculated from the three tested plasmid concentrations, we established the

initial genotype calling criteria for unknown samples, defined as the mean 7}, £ 2°C. Within these predefined windows,

the melting peaks of the four alleles in each fluorescence channel exhibited excellent spatial resolution, with their Tm

intervals remaining distinct and non-overlapping.

Table 4 Repeatability of T, Values for the Seven Target SNPs Across Three Different Concentrations in the mFMCA System

SNP Tr (103copies/pL) T, (10°copies/uL) T (107copies/pL) T, Values Across All Concentrations
Mean t SD,°C Ccv Mean % SD,°C Ccv Mean * SD,°C CcvV Mean % SD,°C Ccv
HTRIA-G 4591 £ 008 | 0.16% | 4579 £0.00 | 0.00% | 4573009 | 0.19% 45.81 £ 0.10 0.21%
HTRIA-C 58.04 £ 0.04 | 0.07% | 57.98+0.15 | 026% | 5802%0.13 | 0.22% 58.01 £0.11 0.18%
ANKKI-G 67.19£020 | 030% | 6724+0.13 | 0.19% | 6658=0.13 | 0.20% 67 £ 0.35 0.52%
ANKKI-A 7494 £ 007 | 009% | 7474+0.3 | 0.17% | 74562016 | 021% 74.75 £ 0.20 0.26%
GRIK4-T 47.06 £ 040 | 0.84% | 4755£0.17 | 035% | 4747010 | 021% 47.36 £ 0.32 0.67%
GRIK4-C 59.17 £0.08 | 0.13% | 59.14+0.07 | 0.11% | 5913010 | 0.17% 59.15 £ 0.07 0.12%
MC4R-A 64.96 £0.15 | 023% | 6497 £0.00 | 0.00% | 6474006 | 0.09% 64.89 £ 0.14 0.21%
MC4R-C 71.84 £0.00 | 000% | 71.86+0.10 | 0.14% | 71792009 | 0.12% 71.83 £ 0.07 0.10%
FKBP5-A 4787 £009 | 0.18% | 4757 £023 | 048% | 47322015 | 0.32% 47.59 + 0.28 0.59%
FKBP5-G 59.56 £ 025 | 042% | 59.36 £+ 021 | 035% | 5953020 | 0.34% 59.49 £ 021 0.36%
DRD2- / 70.09 £ 0.00 | 0.00% | 7032%047 | 067% | 70.19£0.10 | 0.14% 70.2 £ 0.26 0.37%
DRD2-dupC | 7673 £0.05 | 0.07% | 766020 | 027% | 76.64+0.06 | 0.08% 76.66 £ 0.12 0.16%
HTR2A-A 5849 £ 0.09 | 0.15% | 57.86+0.12 | 020% | 5577 =038l 1.46% 57.38 £ 1.30 2.26%
HTR2A-G 67.94£007 | 0.10% | 6835+009 | 0.13% | 69.1 2009 | 0.13% 68.47 £ 0.51 0.75%

Notes: “/ ” represents the DRD2 wild-type allele (non-dup C).
Abbreviations: SD, Standard Deviation; CV, Coefficient of Variation.
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Clinical Performance Evaluation and Diagnostic Accuracy

To transition from analytical standards to clinical application, a training cohort of 98 Han Chinese individuals with known
genotypes pre-verified by Sanger sequencing was utilized to calibrate the initial plasmid-derived criteria (Mean Ty, +
2.0°C). For most SNP loci, the genotyping results were highly accurate and consistent with the plasmid benchmarks.
However, a consistent rightward thermal shift of 2.0-3.0°C was observed for the DRD2 wild-type (non-dup C) allele in
clinical specimens compared to plasmid templates. Notably, this shift demonstrated high inter-sample reproducibility, with
a 3-fold SDs of only 1.59°C across the clinical cohort. This phenomenon underscores the influence of complex clinical
matrices on melting peak profiles. Despite these matrix-induced shifts, the three distinct genotypes for DRD2 remained
clearly distinguishable. In heterozygous samples, the thermal shift caused the two allelic peaks to partially overlap,
coalescing into a single broadened peak (Figure S9). For these profiles, manual inspection was employed to identify the
T, values of both alleles. For all other alleles, mean T}, deviations from the plasmid-derived values remained below 1.0°C.
Further analysis revealed that only the HTR2A4-A allele exhibited an SD greater than 1.0°C (1.42), specifically originating
from heterozygous samples (Table 5 and Table S2). This variance resulted from partial peak coalescence, which yielded an
atypical morphology with an indistinct apex. Nevertheless, all HTR24 genotypes were unambiguously identified by
integrating characteristic curve shapes with their specific thermal positions (Figure S10).

Based on these findings, we established integrative genotyping criteria for subsequent analysis, combining qualitative
melting peak morphologies with statistical Tm windows (Mean T;,, + 3 SDs) derived specifically from the measurements
of the 98 clinical samples in the training cohort, which represents a 99.7% confidence interval.

To rigorously evaluate the reliability of the integrative criteria, an independent validation cohort of 124 clinical samples
was analyzed. Genotype calling was performed in a blinded manner, and the results demonstrated 100% inter-operator
consistency. Interestingly, the SD values for T}, in the validation cohort were generally lower than those in the training
cohort (Table 5 and Table S2), likely reflecting increased technical proficiency during the study. Statistical analysis revealed
a 100% concordance rate between the mFMCA assay and gold-standard Sanger sequencing across all 124 clinical samples.
The sensitivity and specificity for each locus were consistently 100% (95% CI: 96.3%—100.0%). Cohen’s kappa coefficients
(k) were calculated as 1.00 for all targeted loci, indicating an excellent and reliable genotyping performance (Table S3).

Table 5 T, Values of the Seven Target SNPs in the Training and Validation Cohorts

Gene Channel | Allele Training Cohort, T,,, value, °C Validation Cohort, T,, value, °C
Mean % 3SDs | AT, sample-plasmid | Mean £ 3SDs | AT, sample-plasmid
HTRIA FAM C 57.62 £ 0.96 -0.39 58.31 £ 0.45 0.30
G 45.61 + 0.88 -0.20 46.12 £ 0.71 0.31
ANKKI FAM A 74.03 £ 1.31 -0.72 73.76 £ 2.20 -0.99
G 67.39 £ 2.28 0.39 67.17 £ 3.39 0.17
GRIK4 ROX T 47.68 + 0.8 0.32 48.12 + 0.47 0.76
C 59.05 £ I.11 —-0.1 59.47 £ 0.55 0.32
MC4R ROX A 65.25 £ 1.92 0.36 65.90 + 0.49 1.01
C 71.84 £ 1.89 0.01 72.37 £ 0.60 0.54
DRD2 CY5 / 73.16 £ 1.49 2.96 7232 £ 1.22 2.12
dupC 76.85 £ 0.57 0.19 76.94 £ 0.74 0.28
FKBP5 CY5 A 47.64 + 1.43 0.05 48.06 + 0.83 0.47
G 59.81 + 1.68 0.32 60.42 £ 0.93 0.93
HTR2A VIC A 57.34 £ 4.27 —0.04 58.16 £ 2.65 0.78
G 68.88 + 1.34 0.41 69.29 £ 0.63 0.82

Notes: “/ ” represents the DRD2 wild-type allele (non-dup C); SD, Standard Deviation; AT,, represents the difference between the
mean T, of a specific allele across all clinical samples and the global mean T, derived from the plasmid standards across multiple
concentrations.
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Table 6 Distribution of Genotypes and Allele Frequencies for the Seven Target SNPs in the Validation Group (n=124)

SNP Genotypes Number of Genotype Genotype Alleles Number of Allele Allele
Carriers (n) Frequency (%) Carriers (n) Frequency (%)

ANKKI G>A AA 22 17.74% A 69 36.69%
AG 47 37.90% G 102 63.31%

GG 55 44.35%
DRD2 dup C / 6 4.84% / 25 12.50%
Ins C 19 15.32% C 118 87.50%

Ins CC 99 79.84%
FKBP5 G>A GG 78 62.90% G 11 76.21%
GA 33 26.61% A 46 23.79%

AA 13 10.48%
GRIK4 C>T TT 4 3.23% T 38 16.94%
TC 34 27.42% C 120 83.06%

CC 86 69.35%
HTRIA G>C CC 4 3.23% C 57 24.60%
CG 53 42.74% G 120 75.40%

GG 67 54.03%
HTR2A G>A GG 22 17.74% G 90 45.16%
GA 68 54.84% A 102 54.84%

AA 34 27.42%
MC4R C>A AA 5 4.03% A 46 20.56%
AC 41 33.06% C 19 79.44%

CcC 78 62.90%

Note: “/” represents the DRD2 wild-type allele (non-dup C); Allele frequencies were calculated based on the standard co-dominant model according to Mendelian
principles.

The minor allele frequencies (MAFs) for the seven SNPs were calculated for both cohorts. The genetic distributions
were highly consistent between the training and validation groups and aligned with the data for the Han Chinese
population in international public databases (Table 6 and Table S4). Representative genotyping profiles and detailed
metrics are provided in Figure 9 and Figures S11-S14, and Table S5.

Discussion

Pharmacogenomic studies have demonstrated that individual genetic polymorphisms significantly influence therapeutic
efficacy and adverse events associated with pharmacotherapy for psychiatric disorders. Currently, the clinical utility of
polymorphisms in genes encoding drug-metabolizing enzymes CYP450 in improving individualized medication of
psychotropic drugs is well established, with corresponding detection techniques and commercial kits already widely
adopted in clinical practice. However, accumulating evidence indicates that functional variants related to drug targets and
signaling molecules also markedly affect the treatment response to psychotropic medications. Despite the increasing
recognition of the clinical relevance of these polymorphisms, detection technologies targeting such variants remain
underdeveloped as standardized and clinically applicable multiplex assays are still lacking. To address this gap, we
successfully developed a multiplex detection system capable of simultaneously genotyping seven SNP loci associated
with responses to psychotropic drugs, primarily antidepressants and antipsychotics.

In this study, multiplex fluorescence melting curve analysis (mFMCA) was used for SNP genotyping, enabling
simultaneous detection of multiple SNPs in a single tube, thereby overcoming the limitations imposed by the number of
available fluorescence channels. Through two-dimensional discrimination (fluorescence channel + 7},,), each SNP genotype
was assigned a unique signature, allowing for accurate genotyping. Compared to conventional qPCR, this method increases
the detection throughput by 3- to 4-fold and reduces costs by requiring only one probe per SNP site. To obtain clear, easily
distinguishable, and interpretable melting peaks, a critical requirement for this assay is that the AT, between adjacent
melting peaks within the same channel should exceed 5 °C. To achieve this, we optimized several parameters: probe length
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(20-30 bp was optimal; longer probes increased background fluorescence and reduced peak height), SNP positioning within
the probe (central placement for maximal AT;,), chemical modifications and their locations (LNA and MGB modifications
enhanced discriminatory power by increasing probe binding affinity and 7, values),* and incorporation of thermodynamic
principles (building on previous studies elucidating how various mismatch types affect PCR efficiency.** The final system
successfully differentiated 21 genotypes across 7 loci, with significantly higher detection throughput than previously
reported mFMCA-based SNP detection methods.*>*” Most existing mFMCA assays, possibly limited by low melting
curve resolution and suboptimal systems, are confined to detecting one SNP per fluorescent channel, failing to fully
leverage this technology’s advantages. Furthermore, our multiplex system accurately detected genomic DNA at concentra-
tions as low as 100 copies/ pL (~ 0.1 ng/reaction). Although slightly less sensitive than conventional singleplex qPCR
systems (10 pg/reaction), its sensitivity is comparable to—and in some cases slightly better than—most reported multiplex
SNP detection assays.*®*® This is primarily due to the inherent limitations of multiplex systems; in the design phase, the
complexity of creating numerous primer pairs that operate harmoniously in a single reaction becomes a major bottleneck;
the most obvious bottleneck is the formation of primer dimers and non-specific amplification, which consume key reaction
components and inhibit the overall amplification yield. In addition, sequence-specific changes result in certain amplicons
being amplified more preferentially than others, leading to severe product imbalance and making accurate quantification of
low-abundance targets particularly difficult. The fundamental reason for these issues is the inherent limitations of
traditional DNA polymerases, which are typically optimized for simpler single-complex reactions and lack stability to
maintain high fidelity and processability when processing multiple templates simultaneously in an environment of intense
competition among enzymes, nucleotides, and cofactors. Finally, even if the amplification is successful, there will still be
obstacles in the analysis stage: when the T, of various probes or amplicons is too close, the detection of multiple targets,
especially through melting curve analysis, often exceeds the resolution limit of the instrument, making it difficult to clearly
distinguish true positive signals.**->

To ensure the clinical robustness of the assay, we implemented a rigorous two-phase validation workflow. Initially,
a calibration phase involving 98 clinical samples was conducted to refine the genotyping criteria. We observed that while
purified plasmid standards provide a theoretical baseline, clinical genomic DNA matrices can induce systematic thermal
shifts, as exemplified by the 2.0-3.0°C rightward shift in the DRD2 wild-type allele. By establishing integrative criteria that
combine statistical 7, windows (Mean T}, + 3 SDs) with qualitative peak morphology, we successfully accommodated
these matrix-induced fluctuations. The subsequent independent validation phase using a blinded cohort of 124 samples
yielded 100% concordance with Sanger sequencing, confirming that our established criteria are highly objective and
reproducible. Notably, our system is compatible with the current mainstream fluorescent PCR instruments, including ABI
ViiA™ 7 (Applied Biosystems, USA) and Hongshi SLAN-96S (Hongshi, Shanghai, China). These results confirm the
accuracy, reliability, stability, and applicability of this method, laying the foundation for large-scale clinical application.

However, this study has several limitations. Most notably, there is a lack of prospective clinical trials to assess the
clinical and health economic value of this assay for guiding personalized treatment with psychotropic drugs. While previous
studies, such as those from the Mayo Clinic, have demonstrated that pharmacogenomic testing can yield significant cost
savings and improve treatment outcomes by reducing trial-and-error prescriptions and adverse drug reactions,”' the direct
applicability of these findings to our multiplex system warrants further validation. Moreover, it should be noted that while
our approach reduces the number of probes needed compared to conventional fluorescent PCR, it increases probe design
complexity due to the stringent thermodynamic constraints necessary for 7), differentiation and assay specificity.
Furthermore, while the establishment of 7, = 3SDs criteria and a secondary expert review protocol has minimized
interpretive subjectivity, the analysis of complex profiles still benefits from experienced analysts. In instances of significant
matrix-induced thermal shifts or peak coalescence (eg., in DRD2 and HTR2A heterozygotes), relying solely on T}, values
without considering morphological profile could compromise diagnostic accuracy. To address these challenges, future
research should explore the integration of artificial intelligence (Al) tools to streamline probe design and automate the

deconvolution of melting curves, thereby enhancing the objectivity and scalability of the assay. >
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Conclusions

This study is the first to employ multiplex fluorescence melting curve technology to establish a pharmacogenomic assay-
specifically designed to detect genetic polymorphisms in Pharmacodynamic (PD) biomarkers associated with psycho-
tropic drug responses and adverse drug reactions. This assay enables the simultaneous detection of 21 genotypes across 7
SNPs in a single reaction tube, exhibits high accuracy, specificity, sensitivity, and stability, and thus provides a reliable
tool to support personalized medicine for psychiatric disorders. Future research should focus on prospective clinical
studies and Al-powered big data analytics to further align the assay with clinical guidelines, thereby addressing the
current gaps in pharmacogenomic testing for PD-related genetic polymorphisms and promoting precision in treatment
decision-making.
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