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Abstract

Motivation: Haplo2D6 is a free, browser-based tool that automates the translation of CYP2D6 genotype data into metabo-
lizer phenotypes. Using haplotype reconstruction with the PHASE algorithm, integration of copy number variation esti-
mates, and curated definitions from ClinPGx and PharmVar, Haplo2D6 assigns star alleles, incorporates gene deletions
and duplications, calculates activity scores (AS), and predicts phenotype.

Results: This standardized, high-throughput approach improves reproducibility and reduces interpretation errors com-
pared to manual workflows. It runs in any modern web browser, requires no installation, supports batch processing, and

generates downloadable, human-readable results.

Availability and implementation: Haplo2D6 is accessible at https://bioinfo.dcc.ufmg.br/Haplo2D6/ without registration.

1 Introduction

Cytochrome P450 2D6 (CYP2D6) is one of the most polymorphic
and clinically relevant genes in human pharmacogenetics, re-
sponsible for metabolizing approximately 20-25% of clinically
prescribed drugs, including antidepressants, antipsychotics,
beta-blockers, opioids, chemotherapeutics, and the antimalarial
primaquine (Gaedigk et al. 2008, Hicks et al. 2013, St Sauver
et al. 2017, Saravanakumar et al. 2019). Its genetic diversity is
shaped by single-nucleotide variants (SNVs), insertions/dele-
tions (indels), and structural variation, including copy number
variations (CNVs) and complex rearrangements such as hybrid
genes and gene conversions involving the CYP2D7 pseudogene
(Gaedigk et al. 2008, Gaedigk 2013, Gaedigk et al. 2017). This var-
iability leads to considerable inter-individual differences in drug
response, impacting both therapeutic efficacy and the risk of ad-
verse reactions (Hicks et al. 2013, Baird et al. 2018, Caudle
et al. 2020).

Phenotypes resulting from CYP2D6 genetic variation range
from poor metabolizers (PM) to ultrarapid metabolizers (UM),
with intermediate (IM) and normal metabolizers (NM) in
between (Gaedigk et al. 2018, Caudle et al. 2020). At the

extremes, altered metabolism can result in therapeutic failure
or drug toxicity, particularly for medications requiring bioactiva-
tion (St Sauver et al. 2017, Caudle et al. 2020, Silvino et al. 2020).
Accurately predicting a patient’s phenotype requires mapping
genetic variants to star alleles and calculating activity scores
according to guidelines from the Clinical Pharmacogenetics
Implementation Consortium (CPIC) (https://cpicpgx.org/gene/
cyp2d6/) (Hicks et al. 2013, Gaedigk et al. 2018, Caudle
et al. 2020).

Manual interpretation of genotypes is labour-intensive, error-
prone, and challenging for large datasets. Existing tools, such as
the HaploStats R package and phasing algorithms like PHASE,
while effective, often require command-line expertise or pro-
gramming skills, complex installations, and may lack scalability
for large-scale studies involving thousands of individuals. In ad-
dition, several star allele calling tools such as Aldy, PyPGx,
StellarPGx, and PAnno have been developed, many of which re-
quire command-line environments or local installation and are
primarily designed to process sequencing-derived variant files
(e.g. VCF). Recognizing these challenges, we developed
Haplo2D6, a web-based application that automates the com-
plete process of CYP2D6 haplotype and phenotype inference in a
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reproducible and accessible manner. Haplo2D6 is particularly
suited for genotype data generated from targeted assays (e.g.
gPCR-based methods), which are widely used and do not re-
quire advanced bioinformatics expertise, thereby enabling
broader accessibility for pharmacogenetic analysis.

2 Methods

Haplo2D6 was designed to streamline pharmacogenetic work-
flows, providing researchers and clinicians with a reliable and
user-friendly platform (Fig. 1). The process begins with the sub-
mission of CYP2D6 genotype data in tabular format, along with
an accompanying allele reference file provided by the user. This
allele reference file, in CSV, must map genetic variants to
CYP2D6 star alleles, specify their function (Normal, Decreased or
No function), indicate the star allele designation (e.g. *1, *2, *4),
and include the allele activity value. The variant positions in the
allele reference file must follow the same order as in the geno-
type file. Source material for CYP2D6 phenotype prediction can
be found on PharmGKB (https://www.pharmgkb.org/page/
cyp2d6RefMaterials) and on PharmVar (https://www.pharmvar.
org/gene/CYP2D6).

Haplotype inference is a crucial step in the Haplo2D6 work-
flow. Haplo2D6 integrates PHASE (version 2.1.1), a Bayesian sta-
tistical method for haplotype reconstruction (Stephens et al.
2001, Stephens and Donnelly 2003). PHASE uses probabilistic
modelling to infer the most likely arrangement of alleles across

. . DNAGENOTYPING
Input Genotype Matrix

Locus1  Locus2  Locus3  Locus4  Locus5

sample1  A/G AT c/c T/C G/T

sample2  G/G A/A C/T T G/G

Sample3  A/A AT T T/C /T

Sample4  A/G A/A c/T T G/T

the two chromosome copies (haplotypes) for each individual,
accounting for linkage disequilibrium patterns and allele fre-
quencies estimated directly from the dataset. Phasing is per-
formed jointly across all individuals without an external
reference panel. It is important to note that the accuracy of hap-
lotype inference using PHASE depends on dataset characteris-
tics such as sample size, number of loci, allele frequencies, and
linkage disequilibrium patterns, as the method relies on
population-level information for inference. As a result, perfor-
mance may be reduced in small or less informative datasets,
and results should be interpreted with caution.

Once haplotypes are reconstructed, Haplo2D6 compares each
haplotype sequence against the user-provided allele reference
file to identify the corresponding CYP2D6 star alleles. This pre-
cise haplotype-based matching ensures accurate allele assign-
ment. From there, the tool assigns the activity value for each
star allele, sums them to obtain the activity score (AS) per indi-
vidual, and assigns the corresponding metabolizer phenotype
(PM, IM, NM) according to CPIC guidelines (Caudle et al. 2020).

The tool generates comprehensive reports that map each var-
iant to its respective star allele, document the diplotype and
activity score, and provide a clear phenotype classification.
These outputs are available for download as CSV files, facilitat-
ing integration with downstream statistical analyses and
clinical workflows.

Haplo2D6 incorporates user-provided copy number variation
(CNV) information during the analysis. CNV data can be included
through the “Set parameters (advanced)” option, where users
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Figure 1 Haplo2D6 workflow for automated CYP2D6 phenotype prediction. Haplo2D6 analysis involves three main steps: (i) preparing genotype data
and the allele reference file, (ii) reconstructing haplotypes using PHASE with integrated copy number variation (CNV) estimates, and (iii) assigning
star alleles, calculating activity scores (AS), and predicting phenotype. Created in BioRender.
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may specify the number of gene copies for each individual. This
information can be provided in a simple tabular format using ei-
ther comma- or tab-separated values (e.g. ID, CNV). By default,
two copies are assumed. In cases of gene deletion, one star al-
lele is replaced with *5, indicating the absence of the gene,
thereby reducing the total activity score and potentially altering
the metabolizer classification. Conversely, in cases of gene
duplication or multiplication (e.g. *1x2, *1x > 3), Haplo2D6 incor-
porates the increased copy number into the activity score calcu-
lation, which may raise the total activity score and shift the
predicted phenotype from a normal metabolizer to an ultrarapid
metabolizer. When identical alleles are present, the duplicated
allele can be inferred; however, when different alleles are pre-
sent, it is not possible to determine which allele is duplicated,
and the result is reported as indeterminate.

3 Results

3.1 Implementation and accessibility

Haplo2D6 operates entirely within a web browser, eliminating
the need for installation or registration. It is compatible with all
major operating systems and supports both single-sample and
batch processing modes. The interface is intuitive, enabling
users without bioinformatics expertise to perform complex hap-
lotype and phenotype inference in minutes. Regular updates en-
sure that the platform reflects the latest data from PharmVar
and CPIC.

To demonstrate the utility of Haplo2D6, we analyzed CYP2D6
genotype data from a cohort of 1300 patients from a malaria en-
demic area (Puga et al. 2025). The cohort was genotyped using a
panel of 12 CYP2D6 variants, allowing the identification of com-
mon alleles including *1, *2, *3, *4, *5, *6, *9, *10, *17, *29, *34,
*35, *39, and *41. The genotype data were processed in batch
mode, enabling automated haplotype assignment, activity score
calculation, and phenotype prediction. The analysis revealed a
distribution of metabolizer phenotypes consistent with prior
population studies in the region (Brasil et al. 2018, Ladeia-
Andrade et al. 2019, Silvino et al. 2020), highlighting the plat-
form’s ability to generate reliable results efficiently. Haplo2D6
offers several distinct advantages: ease of use without the need
for command-line operations, platform independence, up-to-
date allele definitions, support for large-scale batch processing,
and transparent algorithms documented for reproducibility.

4 Discussion

Haplo2D6 addresses critical barriers to implementing pharma-
cogenetics in both research and clinical practice by providing an
accessible, standardized, and accurate framework for CYP2D6
haplotype and phenotype inference from genotype data derived
from targeted assays. By automating haplotype reconstruction,
star allele assignment, and phenotype prediction, the platform
reduces reliance on complex bioinformatics workflows and
improves reproducibility. The current implementation also sup-
ports the integration of user-provided copy number variation
(CNV) information, enabling CNV-aware phenotype prediction
without requiring next-generation sequencing data.

Acknowledgements

M.C.S.B.P thanks the René Rachou Institute for scholarship sup-
port. M.C.S.B.P and VY.S. thank the Coordenagcao de
Aperfeicoamento de Pessoal de Nivel Superior—Brasil (CAPES) -
for scholarship support (Finance Code 001), and the Programa
de Pés-Graduagao em Ciéncias da Sadde do Instituto
René Rachou. T.N.S. and R.CM.M. are CNPg Research
Productivity fellows.

Author contributions

Conceptualization: T.N.S. and M.C.S.B.P. Formal analysis: M.C.S.
B.P., D.M., and T.N.S. Funding acquisition: T.N.S. and R.C.M.M.
Resources: D.M. and R.C.M.M. Software: D.M. and R.C.M.M.
Methodology: M.C.S.B.P., D.M., and Y.S. Writing—original draft:
M.C.S.B.P., D.M., and T.N.S. Writing—review & editing: M.C.S.B.
P.,D.M,,Y.S.,R.C.M.M., and T.N.S.

Conflicts of interest

None declared.

Funding

This work was supported by Fundagao de Amparo a Pesquisa do
Estado de Minas Gerais (APQ-00516-21). The funders had no role
in the study design, data collection, and interpretation, or in the
decision to submit the work for publication.

Data availability

Haplo2D6 is accessible at https://bioinfo.dcc.ufmg.br/Haplo2D6/
without registration. Source code is available at https://github.
com/LBS-UFMG/Haplo2D6.

References

Baird JK, Louisa M, Noviyanti R et al. Association of impaired cy-
tochrome P450 2D6 activity genotype and phenotype with
therapeutic efficacy of primaquine treatment for latent
Plasmodium vivax malaria. JAMA Netw Open 2018;1:e181449.
https://doi.org/10.1001/jamanetworkopen.2018.1449.

Brasil LW, Rodrigues-Soares F, Santoro AB et al. CYP2D6 activity
and the risk of recurrence of Plasmodium vivax malaria in the
Brazilian Amazon: a prospective cohort study. Malar J 2018;
17:57. https://doi.org/10.1186/s12936-017-2139-7.

Caudle KE, Sangkuhl K, Whirl-Carrillo M et al. Standardizing CYP2D6
genotype to phenotype translation: consensus recommendations
from the Clinical Pharmacogenetics Implementation Consortium
and Dutch Pharmacogenetics Working Group. Clin Transl Sci
2020;13:116-24. https://doi.org/10.1111/cts.12692.

Gaedigk A, Simon S, Pearce R et al. The CYP2D6 activity score:
translating genotype information into a qualitative measure
of phenotype. Clin Pharmacol Ther 2008;83:234-42. https://
doi.org/10.1038/sj.clpt.6100406.


https://bioinfo.dcc.ufmg.br/Haplo2D6/
https://github.com/LBS-UFMG/Haplo2D6
https://github.com/LBS-UFMG/Haplo2D6
https://doi.org/10.1001/jamanetworkopen.2018.1449
https://doi.org/10.1186/s12936-017-2139-7
https://doi.org/10.1111/cts.12692
https://doi.org/10.1038/sj.clpt.6100406
https://doi.org/10.1038/sj.clpt.6100406

Bioinformatics Advances, 2026, Vol, 6, Issue 1

Gaedigk A. Complexities of CYP2D6 gene analysis and interpreta-
tion. Int Rev Psychiatry 2013;25:534-53. https://doi.org/10.
3109/09540261.2013.825581.

Gaedigk A, Ingelman-Sundberg M, Miller NA et al. The
Pharmacogene Variation (PharmVar) Consortium: incorpora-
tion of the Human Cytochrome P450 CYP Allele Nomenclature
Database. Clin Pharmacol Ther 2018;103:399-401. https://doi.
org/10.1002/cpt.910.

Gaedigk A, Sangkuhl K, Whirl-Carrillo M et al. Prediction of
CYP2D6 phenotype from genotype across world
populations. Genet Med 2017;19:69-76. https://doi.org/10.
1038/gim.2016.80.

Hicks JK, Swen JJ, Thorn CF et al. Clinical Pharmacogenetics
Implementation Consortium guideline for CYP2D6 and CYP2C19
genotypes and dosing of tricyclic antidepressants. Clin Pharmacol
Ther 2013;93:402-8. https://doi.org/10.1038/clpt.2013.2.

Ladeia-Andrade S, Menezes MJ, Sousa TNd et al. Monitoring the
efficacy of chloroquine-primaquine therapy for uncompli-
cated Plasmodium vivax malaria in the main transmission hot
spot of Brazil. Antimicrob Agents Chemother 2019;63:
€01965-18. https://doi.org/10.1128/AAC.01965-18.

Puca MdB, Naziazeno IM, Santos V D et al. How CYP2D6 polymor-
phism modulates the community-wide risk of Plasmodium

vivax infection: a panel study in Amazonian Brazil. J Infect Dis
2025;232:e571-e579. https://doi.org/10.1093/infdis/jiaf412.

Saravanakumar A, Sadighi A, Ryu R et al. Physicochemical prop-
erties, biotransformation, and transport pathways of estab-
lished and newly approved medications: a systematic review
of the top 200 most prescribed drugs vs. the FDA-approved
drugs between 2005 and 2016. Clin Pharmacokinet 2019;58:
1281-94. https://doi.org/10.1007/s40262-019-00750-8.

Silvino ACR, Kano FS, Costa MA et al. Novel insights into
Plasmodium vivax therapeutic failure: CYP2D6 activity and
time of exposure to malaria modulate the risk of recurrence.
Antimicrob Agents Chemother 2020;64:€02056-19. https://doi.
org/10.1128/AAC.02056-19.

St Sauver JL, Olson J, Roger V et al. CYP2D6 phenotypes are as-
sociated with adverse outcomes related to opioid medica-
tions. Pharmgenomics Pers Med 2017;10:217-27. https://doi.
org/10.2147/PGPM.5136341.

Stephens M, Donnelly P. A comparison of Bayesian methods for
haplotype reconstruction from population genotype data. Am
J Hum Genet 2003;73:1162-9. https://doi.org/10.1086/379378.

Stephens M, Smith NJ, Donnelly P. A new statistical method for
haplotype reconstruction from population data. Am J Hum
Genet 2001;68:978-89. https://doi.org/10.1086/319501.


https://doi.org/10.3109/09540261.2013.825581
https://doi.org/10.3109/09540261.2013.825581
https://doi.org/10.1002/cpt.910
https://doi.org/10.1002/cpt.910
https://doi.org/10.1038/gim.2016.80
https://doi.org/10.1038/gim.2016.80
https://doi.org/10.1038/clpt.2013.2
https://doi.org/10.1128/AAC.01965-18
https://doi.org/10.1093/infdis/jiaf412
https://doi.org/10.1007/s40262-019-00750-8
https://doi.org/10.1128/AAC.02056-19
https://doi.org/10.1128/AAC.02056-19
https://doi.org/10.2147/PGPM.S136341
https://doi.org/10.2147/PGPM.S136341
https://doi.org/10.1086/379378
https://doi.org/10.1086/319501

	Active Content List
	1 Introduction
	2 Methods
	3 Results
	4 Discussion
	Acknowledgements
	Author contributions
	Conflicts of interest
	Funding
	Data availability
	References


