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Abstract 

Tuberculosis (TB) is a major health burden in Africa. Although TB is treatable, anti-TB drugs 

are associated with adverse drug reactions (ADRs) which are partly attributed to 

pharmacogenetic variation. The distribution of star alleles (haplotypes) influencing anti-TB 

drug metabolism, is unknown in many African populations. This presents challenges in 

implementing genotype-guided therapy in Africa to decrease the occurrence of ADRs and 

enhance the efficacy of anti-TB drugs. Therefore, this study aimed to characterise the 

distribution of star alleles in genes that are involved in anti-TB drug metabolism (mainly 

isoniazid), namely CYP2E1, NAT1, NAT2, GSTM1 and GSTT1, across diverse African 

populations. We used 794 high-depth whole genome sequence datasets representative of 

eight Sub-Saharan African (SSA) population groups. Data sources included the 1000 

Genomes Project and H3Africa AWi-Gen. CYP2E1, NAT1, NAT2, GSTM1 and GSTT1 star 

alleles were called from the WGS data using StellarPGx. Subsequently, novel star alleles were 

analysed, and their allele defining variants were annotated using the Ensembl Variant Effect 

Predictor. We present the distribution of both common and rare star alleles influencing anti-TB 

drug metabolism across various SSA populations, in comparison to other global populations. 

Various key star alleles were identified in the SSA study populations at relatively high 

frequencies including NAT1*10, GSTT1*0 (>50%), GSTM1*0 (49%), and NAT2*5B (21%). 

Additionally, we predicted varying phenotypic proportions for NAT1 and NAT2 (acetylation) 

and the GST enzymes (detoxification activity) between SSA and other global populations. Fifty   

potentially novel haplotypes were identified computationally across the five genes. This study 

provides insight into the distribution of star alleles in genes relevant to isoniazid metabolism 

across various African populations. The high number of potentially novel star alleles 

exemplifies the need for pharmacogenomics studies in the African context. Overall, our 

analysis provides a foundation for implementing pharmacogenetic testing in Africa to reduce 

the risk of ADRs related to TB treatment.  
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Abstract for journal submission 

Background: Tuberculosis (TB) is a major health burden in Africa. Although TB is treatable, 

anti-TB drugs are associated with adverse drug reactions (ADRs) which are partly attributed 

to pharmacogenetic variation. The distribution of star alleles (haplotypes) influencing anti-TB 

drug metabolism, is unknown in many African populations. This presents challenges in 

implementing genotype-guided therapy in Africa to decrease the occurrence of ADRs and 

enhance the efficacy of anti-TB drugs. Methods: In this study, StellarPGx was used to call 

star alleles in five anti-TB pharmacogenes, namely CYP2E1, NAT1, NAT2, GSTM1 and 

GSTT1, from 794 high-depth whole genome sequence datasets, representative of eight Sub-

Saharan African (SSA) ethnolinguistic groups. Subsequently, novel star alleles were analysed, 

and their allele defining variants were annotated using the Ensembl Variant Effect Predictor. 

Results: We present the distribution of both common and rare star alleles influencing anti-TB 

drug metabolism across various SSA populations, in comparison to other global populations. 

Various key star alleles were identified in the SSA study populations at relatively high 

frequencies including NAT1*10, GSTT1*0 (>50%), GSTM1*0 (49%), and NAT2*5B (21%). 

Additionally, we predicted varying phenotypic proportions for NAT1 and NAT2 (acetylation) 

and the GST enzymes (detoxification activity) between SSA and other global populations. Fifty 

potentially novel haplotypes were identified computationally across the five genes. 

Conclusion: This study provides insight into the distribution of star alleles relevant to anti-TB 

drug metabolism across various African populations. The high number of potentially novel star 

alleles exemplifies the need for pharmacogenomics studies in the African context. Overall, our 

analysis provides a foundation for implementing pharmacogenetic testing in Africa to reduce 

the risk of ADRs related to TB treatment.  
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Introduction  

Tuberculosis (TB) is a major public health concern in many developing countries worldwide. 

Over 15 African countries, including South Africa, Nigeria, and Kenya, are characterised by 

high TB incidence and mortality (WHO, 2022). This is mainly due to various socioeconomic 

factors and comorbidities involving HIV/AIDS and other prevalent communicable diseases in 

Africa (Boyce et al., 2019). Historically, TB treatment has been defined by administering four 

first-line anti-TB drugs: isoniazid (INH), rifampin, pyrazinamide, and ethambutol (WHO, 2022). 

Most studies on combating TB have been focused on addressing the problem of drug-resistant 

TB, with newer treatments such as bedaquiline becoming increasingly beneficial and popular 

in this regard (Haas et al., 2022; Toure et al., 2016). However, another existing challenge is 

the considerable variability in interindividual responses to these antimycobacterial drugs, often 

leading to poor treatment outcomes and undermining TB eradication efforts. On one hand, 

some individuals may experience either no response or a subtherapeutic response to standard 

doses of current anti-TB drugs. On the other hand, some patients develop severe adverse 

drug reactions (ADRs) such as hepatotoxicity, thus prompting interruptions to treatment (Costa 

et al., 2012; Zenebe et al., 2016), and an increased risk of drug-resistant strains emerging. 

 

Anti-TB drug-induced liver injury (AT-DILI) is a serious ADR to anti-TB drugs resulting from the 

damaging effects of toxic metabolites (Chen et al., 2015). The global incidence of AT-DILI 

varies from 0.1-27.7% (Chen et al., 2015), and a similar variance has been observed in 

different African countries (Abera et al., 2016; Kesenogile et al., 2021). AT-DILI, and overall 

variability in anti-TB drug response, have been attributed to both genetic and non-genetic 

factors, including age, comorbidities, drug-drug interactions, and lifestyle habits (Cavaco et 

al., 2022). In particular, genetic variation in drug-metabolism-related pharmacogenes, namely, 

CYP2E1, NAT1, NAT2, GSTM1, and GSTT1, have been associated with an increased AT-DILI 

risk (Levano et al., 2021). Therefore genotype-guided treatment for individuals with TB may 

aid in reducing the risk of ADRs to anti-TB drugs and increase treatment efficacy (Azuma et 

al., 2013) in high-TB-burden African countries. 

 

CYP2E1 (phase I metabolising enzyme), NAT2, GSTM1, and GSTT1 (phase II metabolising 

enzymes) are key enzymes in the metabolism of first-line anti-TB drugs (reviewed by Sanni et 

al., 2022). For example, the main metabolic pathway for INH entails acetylation by NAT2 

(Figure 1). The encoding NAT2 gene is highly polymorphic, resulting in diplotypes that 

correspond to three different NAT2 acetylation effects: rapid, intermediate, and slow 

acetylation. In the secondary INH pathway, CYP2E1 metabolises INH to toxic metabolites that 

require clearance mainly via GSTM1 and GSTT1. Therefore, the occurrence of increased 
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function of CYP2E1 alleles and/or deletion(s) of GSTM1 and GSTT1 may contribute to the risk 

of AT-DILI (Sanni et al., 2022). An additional phase II metabolising enzyme is NAT1 which 

acetylates p-aminosalicyclic acid (PAS), a second-line anti-TB drug used in individuals with 

TB that are resistant to first-line anti-TB drugs (Sy et al., 2015). 

 

 

Genetic variation in CYP2E1, NAT1, NAT2, GSTM1, and GSTT1 consists of various 

combinations (haplotypes) of single nucleotide variants (SNVs), small insertions and deletions 

(indels), and/or structural variants (SVs). As with most major pharmacogenes, the star (*) allele 

nomenclature is used to represent these haplotypes. With exception to most reference 

haplotypes, star alleles are typically defined by missense variants, nonsense variants, 

frameshift variants, splicing defects, regulatory variants, and/or copy number variants (CNVs) 

(Figure 2).  

Figure 1: Isoniazid (INH) metabolism in the liver. INH can undergo acetylation, hydrolysis 

of an amide group or oxidation by NAT2, amidase or CYP2E1 enzymes, respectively. The 

INH metabolites are detoxified by GSTM1 and GSTT1. Image credit: PharmGKB 

(https://www.pharmgkb.org/pathway/PA166151813) shared under Creative Commons BY-

SA 4.0 license. 

http://www.pharmgkb.org/pathway/PA166151813)
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a NAT2 – 8p22 (NM_000015.3) 

   NAT2*12A (rapid acetylation) 

 1 2 

803A>G 

(K268R) 

   NAT2*5B (slow acetylation) 

1 2 

803A>G 

(K268R) 

481C>T 

(L161L) 

341T>C 

(I114T) 

b NAT1 – 8p22 (NM_000662.8) 

   NAT1*10 (rapid acetylation) 

1 

1088T>A 

   NAT1*11 (rapid acetylation) 

 2 3 

1095C>A 

1077_1085del(AAT)3 1088T>A 

640T>G 459G>A 455G>A 

-40A>T -344C>T 

1 2 3 

d GSTM1 – 1p13.3 (NM_000561.4) 

GSTM1*A (reference) 

GSTM1*0 (gene deletion) 

GSTM1 GSTM4 GSTM2 GSTM5 GSTM3 

GSTM4 GSTM2 GSTM5 GSTM3 

c CYP2E1 – 10q26.3 (NM_000773.4) 

   CYP2E1*1A (reference) 

   CYP2E1*1C  

   CYP2E1*7A  

 

5 repeats 

6 repeats 

   -333T>A  

 1            2            3            4             5           6           7           8         9 

 1            2            3            4            5           6           7           8          9 

 1            2            3            4            5           6           7            8          9 
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A number of these star alleles have been associated with an increased risk of AT-DILI in 

various populations (Jaramillo-Valverde et al., 2022). For example, individuals homozygous 

for NAT2*5B (slow acetylation) (El-Jaick et al., 2022), GSTM1*0, and GSTT1*0 (gene deletion) 

(Chbili et al., 2022) are associated with AT-DILI in patients treated with first-line anti-TB drugs. 

 

Based on the ever-expanding pharmacogenetics body of knowledge over the last three 

decades, consortia such as the Clinical Pharmacogenetics Implementation Consortium 

(CPIC) (https://cpicpgx.org/) have established genotype-guided drug dosing 

recommendations with a view toward reducing unfavourable treatment responses. However, 

no consensus CPIC genotype-guided dosing guidelines have been developed in relation to 

TB treatment thus far, despite the evidence that several star alleles are known to be 

associated with an increased risk of AT-DILI. The absence of standardised genotype-guided 

dosing guidelines hinders personalised treatment strategies across Africa and other 

genetically diverse regions where TB and anti-TB-related ADRs are highly prevalent. A major 

challenge in establishing consensus genotype-guided dosing guidelines and the appropriate 

pharmacogenetic testing strategies, is the deficit in information regarding the distribution of 

star alleles impacting the function of anti-TB drug metabolising enzymes, especially across 

Africa. This is partly due to the underrepresentation of various African ethnolinguistic groups 

in genomics studies to date, particularly in pharmacogenomics studies. That being said, due 

to recent advances in next generation sequencing (NGS) technologies that have rendered 

genome sequencing cheaper and more accessible, there is an increasing availability of whole 

genome sequence (WGS) datasets in Africa. Furthermore, the Human, Heredity, and Health 

in Africa (H3Africa) consortium, and other Africa-based collaborative projects, have enabled 

data generation efforts in previously understudied populations. This provides an opportunity 

to address the gaps in knowledge on star allele distributions pertinent to anti-TB drug response 

and may further expand to other drug-gene pairs. 

e GSTT1 – 22q11.23 (NM_000853.4) 

GSTT1*A (reference star allele) 

GSTT1*0 (gene deletion) 

GSTT1 GSTT2 

GSTT2 

Figure 2: Key star alleles and the corresponding allele defining variants in five anti-TB 

pharmacogenes: NAT2 (a), NAT1 (b), CYP2E1 (c), GSTM1 (d), and GSTT1 (e). 

 

https://cpicpgx.org/
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Therefore, this study aims to leverage recently generated African WGS datasets to 

characterise the distribution of star alleles in genes that are involved in anti-TB drug 

metabolism (mainly isoniazid), namely CYP2E1, NAT1, NAT2, GSTM1 and GSTT1, across 

diverse African populations. This study adds to the growing efforts to enhance precision 

medicine in Africa in the context of TB treatment. Understanding the landscape of common, 

rare and/or novel star alleles in these genes could inform optimisation of anti-TB drug dosage 

regimens for patients at risk of AT-DILI or treatment non-response in Africa and the African-

diaspora. 

 

Methods 

Study design 

This was a comparative study entailing secondary analysis of WGS data to characterise the 

star allele distribution in pharmacogenes involved in anti-TB drug metabolism across various 

Sub-Saharan African (SSA) populations, and in comparison with global populations. Given 

that the study datasets were all short-read high coverage (≥30x) WGS, we included a pilot 

study to assess the accuracy of using StellarPGx (Twesigomwe et al., 2021) for calling 

CYP2E1, NAT1, NAT2, GSTM1 and GSTT1 star alleles from this type of input data before 

progressing to the full-scale analysis. Given the lack of current comprehensive star allele 

definitions for CYP2E1, in the main pharmacogenomic analysis across SSA populations we 

analysed variation in this gene independent of the star allele annotations.  

 

Ethics 

Ethical clearance for this study was granted by the University of the Witwatersrand (Wits) 

Human Research Ethics Committee (Medical) under protocol number: M230687 and as a 

substudy of a parent study titled “Approaches of GenOmics for Response to drugs in Africa-

TB-Malaria” (AGORA-TM) (M220738). Permission to use non-publicly available WGS 

datasets was obtained from the respective data gatekeepers. Ethics approval was not required 

for the publicly available datasets. 

 

Data sources  

For the StellarPGx benchmarking study, we used high coverage (30x) WGS data of 70 

participants within the Polaris HiSeqX pharmacogenomics cohort 

(https://github.com/Illumina/Polaris/wiki/HiSeqX-PGx-Cohort). These include participants with 

African ancestry (n=19), East Asian ancestry (n=19), European ancestry (n=24), and admixed 

American participants (n=7) (Pratt et al., 2016). We used CYP2E1, NAT1, NAT2, GSTM1 and 

https://github.com/Illumina/Polaris/wiki/HiSeqX-PGx-Cohort
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GSTT1 consensus star allele calls confirmed by the CDC’s Genetic Testing Reference 

Materials Coordination (GeT-RM) Program, in previous pharmacogenetics analysis (Pratt et 

al., 2016), as gold-standard calls. In addition, StellarPGx diplotype calls were compared with 

Stargazer calls (Lee et al., 2019) made using the same data. 

 

For the main research question, high coverage WGS data (~30x) of 794 African individuals 

were analysed from five datasets (Table 1). These datasets consisted of SSA populations, 

and the participants were predominantly from Niger-Congo language family ethnolinguistic 

groups. 

 

Table 1: WGS data of various African populations/countries analysed with their respective 

data sources 

African countries/populations Primary project n (794) 

Public genomic datasets 

Gambian in Western Division, Mandinka (GWD) 1000 Genome Project 113 

Yoruba in Ibadan (YRI) 1000 Genome Project 108 

Esan in Nigeria (ESN) 1000 Genome Project 99 

Luhya in Webuye, Kenya (LWK) 1000 Genome Project 99 

Mende in Sierra Leone (MSL)  1000 Genome Project  85 

Various African ethnolinguistic groups SGDP 31 

Genomic datasets from Africa-based research projects  

Southeastern Bantu (SEB) in South Africa AWI-Gen 100 

Burkina Faso (BFA) AWI-Gen 33 

Ghana (GHA) AWI-Gen 26 

South Africa CBRL (NICD, Wits) 85 

South Africa SAHGP 15 

SGDP - Simons Genome Diversity Project, AWI-Gen - Africa Wits-INDEPTH partnership for 

Genomics, SAHGP - South African Human Genome Project, CBRL (NICD, WITS) - Cell Biology 

Research Lab, National Institute of Communicable Diseases, University of the Witwatersrand; n – 

population sample size 

 

The 1000 Genomes Project (1000G) (Byrska-Bishop et al., 2022) public dataset consisted of 

504 genomes (30x) representative of five different SSA populations (Table 1). Additional 

1000G populations were included in this analysis to compare star allele frequencies in the 

SSA populations with other global populations. These global populations comprised of African 

Caribbean participants in Barbados (ACB; n=96), participants with African Ancestry in 

Southwest USA (ASW; n=61), admixed American participants (AMR; n=347), East Asian 

participants (EAS; n=504), European participants (EUR; n=503), and South Asian participants 

(SAS; n=489). 

 

The public dataset from the Simons Genome Diversity Project (SGDP) (Mallick et al., 2016) 

included 31 genomes (43x) of participants from various SSA countries, including the Congo, 
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Namibia, Kenya, Senegal, Algeria, Nigeria, Sudan, and South Africa. Three samples had 

ambiguous country designations and were documented as Botswana/Namibia by the SGDP. 

 

The Africa Wits-INDEPTH partnership for Genomics (AWI-Gen) datasets comprised of 59 west 

African WGS samples from Burkina Faso (BFA; n=33), and Ghanaian (GHA; n=26) 

participants sequenced as part of the H3Africa-Baylor project (Ramsay et al., 2016), and 100 

genomes (40x) from southeastern Bantu-speaking participants (SEB). The WGS data (~30x) 

obtained from the Southern African Human Genome Programme (SAHGP) comprised of 

genomes from 15 South African individuals further delineated into two Bantu-speaking 

populations: Sotho-Tswana (n=8) and Xhosa (n=7) (Choudhury et al., 2017). Finally, 85 South 

African genomes (>30x) from the Cell Biology Research Lab affiliated with the National 

Institute of Communicable Diseases (NICD)/ Wits were analysed. 

 

Star allele bioinformatics analysis 

 

Figure 3: Summary of the bioinformatics analysis workflow for the study.  

BAM, Binary Alignment Map. 

 

Star alleles in NAT1, NAT2, GSTM1, and GSTT1 were called using StellarPGx (Twesigomwe 

et al., 2021), a Nextflow (Tommaso et al., 2017) environment, by supplying WGS Binary 

Alignment Map (BAM) files aligned to the GRCh38 reference genome as input (Figure 3). For 

CYP2E1, only structural variants were detected using StellarPGx due to aforementioned star 

allele definition challenges. Briefly, in StellarPGx v1.2.6, variants are called via GraphTyper, 

which performs read realignment to a variant-aware reference genome (i.e. pangenome) to 

improve the accuracy of subsequent variant calling steps. The GraphTyper output consists of 

variant genotype calls and allele depths stored in variant call format (VCF) files. 

 

WGS data 
(BAM files)

StellarPGx

Pharmacogene 

star allele calls

Haplotype 
frequencies

Diplotype 
frequencies

Novel star alleles
Variant annotation 

and functional 
prediction

Phenotype 
prediction
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After variant calling, StellarPGx assigns candidate star alleles by comparing the combinations 

of allele defining SNVs in the VCFs to known diplotypes in the StellarPGx database. In some 

cases, the core SNV combination from the VCF matches more than one diplotype in the 

database. This is resolved within StellarPGx by considering sub-allele variants (non-function-

altering variants in a haplotype) to determine the appropriate candidate diplotype. Typically, 

the StellarPGx database consists of precomputed diplotype combinations based on star allele 

definitions curated by PharmVar. However, since CYP2E1, NAT1, NAT2, GSTM1, and GSTT1 

had not yet been transitioned to the PharmVar database at the time of this study, we used 

NAT1 and NAT2 star allele definitions from the Database of arylamine N-acetyltransferases 

(NATs) (http://nat.mbg.duth.gr/), GSTM1, and GSTT1 allele designations from previous 

literature (Townsend & Tew, 2003), while previously published CYP2E1 star allele definitions 

were referred to on a case-by-case basis. 

 

Star alleles consisting of CNVs were called by comparing the depth of coverage of the target 

gene, obtained from SAMtools depth, to the read depth of two control loci, vitamin D receptor 

(VDR) and epidermal growth factor receptor (EGFR), to elucidate the copy number (CN) 

changes in the key gene regions. These control loci (CN=2) were chosen because they are 

relatively large genes with fundamental biological functions and are therefore less likely to be 

entirely affected by CNVs. This was also supported by data from the Database of Genomic 

Variants (http://dgv.tcag.ca/dgv/app/home). This information was then combined with SNV 

allele depth information in the VCF files to ascertain the nature of the duplications, deletions, 

and other structural rearrangements. 

 

For samples with novel star alleles or sub-alleles, StellarPGx provides a flag in the output, and 

in addition it displays the core variants, and the possible background diplotype. This narrows 

down the number of samples that require additional manual inspection (e.g. visualisation on 

the Integrative Genomics Viewer) of novel star allele defining variants. 

 

Phenotype prediction  

The phenotype prediction was based on combining the associated activity of the haplotypes 

that form an individual’s diplotype for a particular gene. For NAT2, we adopted the diplotype-

phenotype translation used previously by Sabbagh et al. (2011) and other studies, whereby 

three phenotype categories are possible i.e. NAT2 slow acetylator (presence of two star alleles 

associated with slow acetylation e.g. NAT2*5B), NAT2 intermediate acetylator (presence of 

one slow acetylation star allele and one fast acetylation star allele), and NAT2 fast acetylator 

(presence of two star alleles associated with rapid acetylation e.g. NAT2*4). A similar 

http://nat.mbg.duth.gr/
http://dgv.tcag.ca/dgv/app/home
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approach was adapted to infer NAT1, GSTM1 and GSTT1 phenotypes, respectively. 

However, potential CYP2E1 phenotypes were not predicted in this study due to challenges 

with existing star allele definitions (see Results and Discussion). 

 

Variant annotation and functional prediction 

Alleles defining novel haplotypes were annotated using the Ensembl Variant Effect Predictor 

(VEP) (McLaren et al., 2016). The in-silico VEP plugins used for functional predictions of allele 

defining variants included CADD (Rentzsch et al., 2019), LRT (Fujita et al., 2010), Mutation 

Assessor (Reva et al., 2011), PolyPhen-2 (Adzhubei et al., 2013), PROVEAN (Choi & Chan, 

2015), SIFT (Ng & Henikoff, 2003), and VEST4 (Carter et al., 2013). Prediction scores were 

based on pharmacogenetic-optimised scores (Zhou et al., 2019) for more accuracy. A variant 

was considered deleterious if >4 in-silico prediction tools predicted it to be deleterious. 

Additionally, DynaMut2 (Rodrigues et al., 2021) was used to predict their potential impact on 

the stability of the respective protein structures.  

 

Statistical analysis 

Hardy-Weinberg Equilibrium (HWE) was determined using the genetics package in R 

programming (https://www.r-project.org/) to detect deviations from the expected frequencies. 

Fisher’s exact test was used to assess the statistical significance of any observed frequency 

differences across the populations. The p-values were adjusted according to the BY method 

(Benjamini & Yekutieli, 2001) and a cut-off of 0.05 was used. 

 

Results 

StellarPGx Benchmarking Analysis 

For the Polaris HiSeqX dataset, Supplementary Table 1 has the full diplotype calls made by 

StellarPGx, Stargazer, and the corresponding consensus ‘gold standard’ calls from the GeT-

RM study. The relative haplotype and diplotype concordance were the main criteria used to 

assess the performance of StellarPGx. In this context, concordance refers to the percentage 

of haplotype/diplotype calls made by StellarPGx, that matched with the GeT-RM consensus 

calls (‘gold standard’) (Pratt et al., 2016), or Stargazer calls (Lee et al., 2019), respectively.  

 

The haplotype and diplotype concordance between StellarPGx GeT-RM ‘gold standard’ calls 

varied per gene, with NAT2 having the highest concordance (>85%) while NAT1 (60%) and 

CYP2E1 (56.4%) were relatively low (Figure 4, Supplementary Table 1). A relatively similar 

observation was seen for the haplotype and diplotype concordance between GeT-RM and 
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Stargazer (Figure 4, Supplementary Table 1). In contrast, a high haplotype (>97%) and 

diplotype (>94%) concordance between StellarPGx and Stargazer was observed in NAT1, 

NAT2, GSTM1, and GSTT1 (Figure 4, Supplementary Table 1). Complete concordance with 

Stargazer was not reached for NAT1 and GSTT1, due to 10 samples with possible novel star 

alleles identified by StellarPGx (Supplementary Table 1) that were not flagged by Stargazer 

(Lee et al., 2019). Due to the above observations, StellarPGx was considered sufficient and 

appropriate for the subsequent main analysis in this study especially for NAT1, NAT2, GSTM1, 

and GSTT1. For CYP2E1, given the large inconsistencies observed due to lack of a well-

curated star allele nomenclature, StellarPGx was used only for structural variant detection, 

additionally we opted to report the SNVs and frequently observed haplotypes in this gene 

without using any allele nomenclature system. 

 

Summary of variants 

A total of 1450 SNVs were identified across the five anti-TB pharmacogenes in the SSA 

populations analysed in this study. The breakdown of the variant consequences is shown in 

Figure 5a. The SSA study population had the highest number of variants (~24 variants per kb) 

across the six global populations (~13-14 variants per kb) (Figure 5b). For the individual genes, 

NAT1 (~35 variants per kb) had the highest number of variants followed by CYP2E1 (~33 

variants per kb) in SSA (Figure 5c). 

Figure 4: StellarPGx performance on calling star alleles from 70 WGS samples (from the 

Polaris HiSeqX pharmacogenomics cohort). ‘Gold standard’ star allele calls are available 

through the CDC’s Genetic Testing Reference Materials Coordination (GeT-RM) Program. 
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Figure 5: A summary of the variation observed across CYP2E1, NAT1, NAT2, GSTM1, 

and GSTT1 in this study. (a) Breakdown of the variant types and their count across SSA 

populations. (b) Comparison of the variant density in the five anti-TB metabolism 

pharmacogenes combined across SSA versus other global populations (c) Comparison 

of the variant density in each anti-TB drug metabolism pharmacogene across SSA 

versus other global populations analysed in this study. SSA – Sub-Saharan African 

participants; AMR – admixed American participants; EAS – East Asian participants; 

EUR – European participants; SAS – South Asian participants; UTR – untranslated 

region 
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CYP2E1 

Unlike other pharmacogenomic-relevant CYP genes, CYP2E1 has not yet been transitioned 

to PharmVar. A few star alleles (*1A to *7C) have been published in literature, but they lack 

curation by an expert panel. Given this context, attempting to accurately resolve CYP2E1 star 

alleles using short-read sequencing data is very challenging. Therefore, herein we highlight 

the distribution of CYP2E1 non-synonymous variants, possible novel haplotypes, and 

structural variants, but without particular focus on the star allele nomenclature.  

 

Distribution of CYP2E1 non-synonymous variants across SSA and various 

global populations 

Missense and stop-gain variants were the only two types of CYP2E1 non-synonymous 

variants identified in the SSA and other global populations (Table 2). The g.5167T>C 

(p.Leu45Pro) variant was identified only in SSA (0.06%) and was predicted to be deleterious 

by majority of the in-silico predictions tools used in this study (Supplementary Table 2). This 

variant had a frequency of 0.3% in the SEB population and was absent from the remaining 

SSA populations groups (Table 3). The absence of this missense variant on dbSNP and 

gnomAD, indicates that it may possibly be a novel variant.  

 

Of the remaining 11 missense variants identified in the various SSA populations, rs6413419 

(defines *4) was relatively common in SSA (AF=24.6%) and was statistically different from the 

AMR (p=4.0x10-35), EUR (p=1.2x10-55), and SAS (p=1.0x10-72) populations (Table 2). Similarly, 

this variant was observed at high frequencies in the individual SSA populations (Table 3), with 

SEB (55%) having the highest frequency yet only being statistically different from the 

frequency observed in the LWK population (AF=13.6%; p=0.0066).  

 

Seven non-coding SNPs define known CYP2E1 star alleles such as *1B (rs2070676) and *7C 

(rs2070672 and rs2070673). The rs2070673 and rs2070676 variants occurred at >20% in the 

SSA populations. Significantly higher frequencies for both variants were observed across the 

global populations, particularly in the EUR populations where the rs2070673 and rs2070676 

variant occurred at 81.6% and 87.2%, respectively (Table 2). The rs2031920 variant was 

absent in the SSA populations and occurred at low frequencies in the other global populations 

(<5%). The intronic variant (g.13007G>A) used to define *5A and *6A, was not called across 

the SSA and global populations within this study (Table 2). 



13 

Table 2: Frequencies of CYP2E1 functionally-relevant variants in SSA compared with various global populations 

rsID 
Location 

(GRCh38) 

Variant alleles 

(NG_008383.1) 

Protein 

change 
Consequence 

Allele frequencies (%) 

SSA 

(n=974) 

African 

American/Afro-

Caribbean 

(n=157) 

AMR 

(n=347) 

EAS 

(n=504) 

EUR 

(n=503) 

SAS 

(n=489) 

Non-synonymous variants 

rs543066971 133527426 g.5064C>A p.Leu11Met Missense 0 0 0 0 0 0.1 

rs367957731 133527444 g.5082C>T p.Leu17Phe Missense 0.06 0 0 0 0 0 

rs527949682 133527527 g.5165C>A p.Asn44Lys Missense 0 0 0 0.10 0 0 

Novel variant 133527529 g.5167T>C p.Leu45Pro Missense 0.06 0 0 0 0 0 

rs143746211 133527550 g.5188A>G p.Asn52Ser Missense 0 0 0 0 0.10 0 

rs35844228 133528517 g.6155G>T p.Val72Leu Missense 0 0 0 0.20 0 0 

*rs72559710 133528530 g.6168G>A p.Arg76His Missense 0 0 0 0.30 0 0 

rs543855005 133528614 g.6252C>T p.Pro104Leu Missense 0 0 0.14 0 0 0 

rs60719153 133531623 g.9261C>T p.Arg126Trp Missense 0 0 0.14 0 0.20 0 

rs200955165 133531696 g.9334A>C p.Glu150Ala Missense 0 0 0 0.10 0 0 

rs60452492 133532153 g.9791G>A p.Gly173Ser Missense 0 0 0.14 0 0.10 0.92 

rs56040284 133532159 g.9797G>A p.Ala175Thr Missense 0 0 0 0.20 0 0 

rs548262477 133532160 g.9798C>T p.Ala175Val Missense 0 0 0.14 0 0 0 

*rs6413419 133532171 g.9809G>A p.Val179Ile Missense 24.60 22.00 4.50 0 3.08 1.12 

rs577159401 133532273 g.9911C>T p.Pro213Ser Missense 0 0 0 0 0 0.20 

rs41299426 133532698 g.10336A>G p.Asn219Asp Missense 0 0 0 0.60 0 0 

rs569948279 133532750 g.10388T>C p.Ile236Thr Missense 0 0 0 0.10 0 0 

rs540609626 133532828 g.10466C>T p.Pro262Leu Missense 0 0 0 0 0 0.10 

rs749979006 133533775 g.11413G>A p.Arg282His Missense 0.06 0 0 0 0 0 

rs61710826 133533792 g.11430G>A p.Gly288Ser Missense 0 0 0 0 0 1.94 

rs1007026512 133533813 g.11451G>A p.Asp295Asn Missense 0.06 0 0 0 0 0 

rs533468318 133533826 g.11464C>T p.Ala299Val Missense 0 0 0 0 0 0.10 

rs201120875 133533838 g.11476C>A p.Thr303Asn Missense 0 0 0 0.10 0 0 
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rs759707874 133537105 g.14743G>A p.Arg337Gln Missense 0.06 0 0 0 0 0 

rs41299434 133537192 g.14830C>G p.Ser366Cys Missense 0 0 0 0.10 0 0 

rs59981143 133537212 g.14850A>G p.Thr373Ala Missense 0.13 1.27 0 0.10 0 0 

rs199856651 133537249 g.14887A>G p.Lys385Arg Missense 0 0 0 0.10 0 0 

*rs55897648 133537760 g.15398G>A p.Val389Ile Missense 0 0 0.14 0 0.10 0 

rs59656378 133537781 g.15419G>C p.Val396Leu Missense 0.19 0.96 0.28 0 0.10 0 

rs57702102 133537848 g.15486A>G p.Asn418Ser Missense 0.13 0.32 0 0 0 0 

rs142767992 133537865 g.15503A>G p.Ser424Gly Missense 0.06 0 0 0 0 0 

rs199855848 133538817 g.16455G>C p.Met445Ile Missense 0.06 0 0 0 0 0 

rs28969387 133538852 g.16490A>T p.His457Leu Missense 4.72 4.78 0.14 0 0 0 

rs555344732 133532778 g.10416T>A p.Tyr245Ter Stop gain 0.06 0 0 0 0 0 

rs200228968 133537104 g.14742C>T p.Arg337Ter Stop gain 0 0 0 0.10 0 0 

Non-coding variants defining known CYP2E1 star alleles 

rsID 
Location 

(GRCh38) 

Variant alleles 

(NG_008383.1) 
Consequence 

Allele frequencies (%) 

SSA 

(n=947) 

African 

American/Afro-

Caribbean 

(n=157) 

AMR 

(n=347) 

EAS 

(n=504) 

EUR 

(n=503) 

SAS 

(n=489) 

*rs3813867 133526101 g.3739G>C 2KB Upstream 6.1 6.1 12.1 20.1 4.1 0.9 

*rs2031920 133526341 g.3979C>T 2KB Upstream 0 0.6 11.7 20.2 4.1 0.9 

*rs2070672 133527044 g.4682A>G 2KB Upstream 16.8 12.7 10.1 26.4 2.7 28.7 

*rs2070673 133527063 g.4701A>T 2KB Upstream 22.5 31.5 66.6 54.1 81.6 61.9 

*rs6413420 133527325 g.4963G>T 2KB Upstream 1.1 1.6 2.6 0.5 6.3 6.6 

*rs2070676 133537633 g.15271G>C Intron 28.0 34.4 81.4 79.5 87.2 83.0 

SSA – Sub-Saharan African participants; AMR – admixed American participants; EAS – East Asian participants; EUR – European participants; SAS – South Asian 

participants 

*SNVs used to define known CYP2E1 star alleles including *1B (rs2070676) (Mcbride et al., 1987), *2 (rs72559710), *3 (rs55897648) (Hu et al.,1997), *4 (rs6413419) 

(Fairbrother et al., 1998), *5A (rs3813867, rs2031920) (Hayashi et al., 1991; Persson et al., 1993), *5B (rs3813867, rs2031920) (Hayashi et al., 1991), *7A 

(rs2070676), *7B (rs6413420, rs2070676), and *7C ( rs2070672, rs2070676) (Fairbrother et al., 1998) – definitions may be incomplete due to in adequate gene 

sequencing. The g.13007T>A variant defines *5A and *6A (Persson et al., 1993), and it was not called in this study. 
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Table 3: Distribution of CYP2E1 variants across SSA populations in this study 

rsID 

Allele frequencies (%) 

All 
(n=947) 

BFA 
(n=33) 

ESN 
(n=99) 

GHA 
(n=26) 

GWD 
(n=113) 

LWK 
(n=99) 

MSL 
(n=85) 

SEB 
(n=200) 

YRI 
(n=108) 

Non-synonymous variants 

rs367957731 0.06 0 0 0 0.4 0 0 0 0 

g.5167T>C 0.06 0 0 0 0 0 0 0.3 0 

*rs6413419 24.60 31.8 28.8 19.2 21.7 13.6 24.1 55.0 31.9 

rs749979006 0.06 0 0 0 0 0 0 0.3 0 

rs1007026512 0.06 1.5 0 0 0 0 0 0 0 

rs59981143 0.13 0 0.5 0 0.4 0 0 0 0 

rs59656378 0.19 0 0 0 0.4 0 0 0.3 0.5 

rs57702102 0.13 3.0 0 0 0 0 0 0 0 

rs142767992 0.06 0 0 0 0 0 0.6 0 0 

rs199855848 0.06 0 0 0 0 0.5 0 0 0 

rs28969387 4.72 9.1 3.5 5.8 6.2 2.5 5.9 4.0 6.0 

rs555344732 0.06 0 0 0 0.4 0 0 0 0 

Non-coding variants defining known CYP2E1 star alleles 

*rs3813867 6.1 13.6 8.6 6.5 8.0 2.5 6.5 3.5 8.3 

*rs2070672 16.8 12.1 10.6 17.7 21.7 10.6 18.2 17.8 16.2 

*rs2070673 22.5 18.1 23.2 24.2 24.3 19.2 21.2 24.8 19.4 

*rs6413420 1.1 0 1.5 0 3.5 1.0 1.2 0.3 0.5 

*rs2070676 28.0 33.3 31.8 30.6 32.3 23.7 25.9 22.0 33.8 

BFA – Burkina Faso participants; ESN – Esan in Nigeria; GWD – Gambian in Western Division, Mandinka; GHA – Ghanaian participants; LWK – Luhya in Webuye, 

Kenya; MSL – Mende in Sierra Leone; SEB –  Southeastern Bantu in South Africa; YRI – Yoruba in Ibadan 

*SNVs used to define known CYP2E1 star alleles  including *1B (rs2070676) (Mcbride et al., 1987), *2 (rs72559710), *3 (rs55897648) (Hu et al.,1997), *4 (rs6413419) 

(Fairbrother et al., 1998), *5A (rs3813867, rs2031920) (Hayashi et al., 1991; Persson et al., 1993), *5B (rs3813867, rs2031920) (Hayashi et al., 1991), *7A 

(rs2070676), *7B (rs6413420, rs2070676), and *7C ( rs2070672, rs2070676) (Fairbrother et al., 1998) – definitions may be incomplete due to in adequate gene 

sequencing. The g.13007T>A variant defines *5A and *6A (Persson et al., 1993), and it was not called in this study. 
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CYP2E1 haplotypes characterised using trio data 

Supplementary Table 3 shows a list of all the CYP2E1 haplotypes (n=14) characterised using 

publicly available trio data from the 1000 Genomes Project. Of these, the most frequent 

(AF=29.2%) non-reference CYP2E1 haplotype in SSA was defined by rs6413419 

(g.9809G>A, p.Val179Ile) which was predicted to be deleterious (Supplementary Table 2, 

Supplementary Table 3). The variant is found in the current definition of CYP2E1*4, and our 

trio data analysis (involving NA19222) showed it to be on a CYP2E1*1C backbone (Figure 

6a). Figure 6b depicts one of the potentially novel CYP2E1 haplotypes characterised with trio 

data. This haplotype was identified in the GWD population, and it consisted of rs367957731 

(g.5082C>T) and rs28969387 (g.16490AA>T) on a *7C backbone, the later variant was 

predicted to be deleterious (Figure 6b, Supplementary Table 2, Supplementary Table 3).  
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Figure 6: Characterisation of CYP2E1 (NG_008383.1) haplotypes from trio data. (a) Trio data showing the phasing for novel sub-alleles of CYP2E1*4 which is 

defined by rs6413419 (g.9809G>A; V179I). Variant information from the child (NA19221) and the father (NA19223) enabled inference of the SNVs in phase with 

rs6413419 in the mother’s CYP2E1 haplotypes. (b) Trio data showing the phasing for a novel haplotype on a *7 backbone consisting of two additional variants 

(rs367957731, g5082C>T; rs28969387, g.16490AA>T). Variants bolded in blue indicate additional core variants whereas variants bolded in black indicate variants known 

to define existing CYP2E1 star alleles.  

NA19222 full haplotypes 

Haplotype 1 (   sub allele 1):  

2803~C>T;  5000~T>TC;  7369~G> ;  8140~T>C;  8515~G> ;  8825~C>T;  8957~T> ;  9527~G>T;  9737~G> ;  

9809~G>A;  10132~C>T;  10151~C>T;  10152~ >G;  12009~T>TGTC;  12506~ T> ;  12891~C>G;  15496~C>T;  

20288~CCTTTCTTT>C;  20381~T>TTC;  20389~TTC>T 

Haplotype 2 (   sub allele 2): 

2794~C>G; 3519~T>G; 3690~C>G; 4227~T>C; 5000~T>TC; 5582~G> ; 6778~G> ; 8663~T>C; 8713~ >G; 

8957~T> ; 9527~G>T; 9570~C>T; 9737~G> ; 9809~G>A; 10132~C>T; 10151~C>T; 10152~ >G; 10830~C>T; 

11667~ >G; 12007~C>CTCG; 12009~T>C; 12506~ > T; 12891~C>G; 13360~C> ; 13501~G> ; 13671~G> ; 

13935~T>C; 14048~C>T; 14213~ >G; 15005~G>T; 15271~G>C; 15308~T> ; 15740~GTGT>G; 16147~C>T; 

16210~ >G; 16234~T>C; 16287~ >G; 16302~T>C; 16648~ >G; 16822~TTT TTTTTG>T; 16989~T>C; 17213~ >C; 

17633~T>G; 17752~C>T; 18259~T>G; 18385~T>G; 18665~C> ; 18749~T  G  >T; 18848~G>C; 19008~ >C; 

19141~C>T; 19415~C>CTCTT  T; 19416~ >G; 19528~G> ; 19534~C>T; 19545~C> ; 19760~T >T; 20226~G> ; 

20381~T>TTC; 20435~T>C; 20717~T>C; 20928~G>T; 21491~C>T; 21618~C>T; 21757~C>T 

HG02465 full haplotypes 

Haplotype 1 ( 7 sub-allele 1):  

1363~C>T;  1364~ >G;  1369~T>C;  2217~T>C;  2739~C>T;  3378~G>C;  3519~T>G;  4104~ >G;  4682~A>G;  

5000~T>TC;  5082~C>T;  6778~G> ;  8663~T>C;  8845~T>C;  10830~C>T;  11061~C> ;  11667~ >G;  

12007~C>CTCG;  12009~T>C;  12391~C>T;  12678~T> ;  12713~ >G;  12807~C> ;  12891~C>G;  12971~T>T ;  

13091~C> ;  13360~C> ;  13501~G> ;  13671~G> ;  13935~T>C;  14048~C>T;  14213~ >G;  14260~T>TGGG;  

15005~G>T;  15165~C>G;  15271~G>C;  15308~T> ;  15740~GTGT>G;  15756~ T> ;  16220~G>T;  16402~C>G;  

16490~A>T;  16648~ >G;  16734~ >C;  16818~T>G;  16825~ >G;  16831~G>T;  16832~T>G;  17194~C>T;  

17344~G> ;  18109~G>C;  18202~G> ;  18214~T>C;  18385~T>G;  18399~G>T;  18848~G>C;  19008~ >C;  

19290~C>T;  19302~C>G;  19337~C>T;  19362~ >C;  19374~T >T;  19383~T>C;  19386~G> ;  19760~T  >T;  

19783~ >G;  19995~C>T;  20818~T>C;  21067~G> ;  21618~C>T;  21757~C>T 

Haplotype 2 (   sub-allele 2): 

1363~C>T; 1364~ >G; 1369~T>C; 2217~T>C; 2739~C>T; 3378~G>C; 3519~T>G; 4104~ >G; 4682~A>G; 

5000~T>TC; 6394~C>T; 6778~G> ; 8663~T>C; 8845~T>C; 10830~C>T; 11061~C> ; 11667~ >G; 12007~C>CTCG; 

12009~T>C; 12678~T> ; 12713~ >G; 12807~C> ; 12891~C>G; 12971~T>T ; 13091~C> ; 13360~C> ; 

13501~G> ; 13671~G> ; 13935~T>C; 14048~C>T; 14162~G> ; 14213~ >G; 14260~T>TGGG; 

14363~ TGGTTGG TGG TGGGTGGGTGGGTGG TGG TGGG> ; 14499~C>T; 15005~G>T; 15740~GTGT>G; 

15756~ T> ; 18259~T>G; 20226~G> ; 20381~T>TTC; 20389~TTC>T; 20390~TC>*; 21491~C>T 

a 
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CYP2E1 structural variants among the SSA populations 

We identified a CYP2E1 copy number > 2 at a frequency of 5.79% in SSA, this was higher in 

comparison to other global populations such as the EUR population (2.98%) (Figure 7a). 

*1Cx2 allele (Figure 7b) (AF=0.88%) was the most frequent duplication followed by a novel 

haplotype duplication of rs2070672 on a *1C backbone, and *1Cx3 (triplication). The deletion 

of CYP2E1 was observed at a frequency of 0.25% in SSA. The null deletion of CYP2E1 was 

not observed in SSA, however, it was observed in the AMR population. 

 

Figure 7: CYP2E1 copy number variants identified in this study. (a) The relative frequencies of 

various CYP2E1 copy numbers across Sub-Saharan African (SSA) and the global populations 

in this study (b) Depiction of read coverage comparing a sample with CYP2E1 copy number=2 

and one with copy number=3. The blue dotted lines indicate the extent of the CYP2E1 genomic 

region (chr10: 133527363-133539123). AMR – admixed American participants; EAS – East 

Asian participants; EUR – European participants; SAS – South Asian participants. 
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NAT1 and NAT2  

Star allele frequencies 

Six different existing NAT1 star alleles, of varying frequencies, were called in the SSA 

populations (Table 4). NAT1*4 (reference star allele — associated with slow acetylation) 

frequencies ranged from 32.7% (GWD) to 50.5% (LWK) (Table 5). The *4 global distribution 

was equally as prevalent, with SSA having the lowest frequency of 42.8% and the EUR 

populations having the highest average frequency of 71.3%. A significant difference was found 

between these two biogeographical groups (p=4.1x10-43). In addition, the NAT1*4 SSA 

frequency differed significantly (p<2x10-13) from the frequency in the SAS (AF=59%) and AMR 

(AF=61.3%) populations (Table 4). The remaining NAT1 slow acetylator star alleles (*3, *15, 

and *27) were either rare and/or absent in SSA populations (Table 5). Similarly, many of the 

NAT1 slow acetylator star alleles (*14A, *14B, *17, *20, and *22) not called in SSA showed a 

low prevalence in the other global populations (Table 4). In addition, NAT1 copy number 

variations were not observed among the SSA populations, whereas the duplication of *10 and 

*4 was observed in the EAS populations, although at a low frequency (Table 4).  

 

NAT1*10 was the only NAT1 rapid acetylation star allele called in the SSA populations. The 

NAT1*10 frequency was lowest among the LWK (45.4%) and highest among the GHA (61.5%) 

and BFA (65.2%) participants (Table 5). In comparison to the other global populations included 

in this study, the *10 frequency in SSA (AF= 53.2%) was significantly higher (p<0.005) than in 

the African American/Afro-Caribbean (AF=42.8%), AMR (AF=35.2%), SAS (AF=33%), and 

EUR (AF=22.9%) populations (Table 4). No significant difference in the frequencies of the 

NAT1 star alleles nor any deviations from HWE were observed between the different SSA 

populations.  

  

Thirty-six unique NAT2 star alleles were called in the SSA populations analysed in this study 

(Table 4, Supplementary Table 4). NAT2*4 (reference haplotype), which is associated with 

rapid acetylation, was significantly less frequent in SSA (AF=9.9%), compared to the AMR 

(AF=30%; p=7.9x10-29), EAS (AF=45.6%; p=6.5x10-96), EUR (AF=23.8%; p=3.6x10-21), and 

SAS (AF=19.9%; p=1.8x10-12) populations. Among the other NAT2 rapid acetylation star 

alleles, *12A (10%) and *13A (11.4%) were the most frequent in SSA. The *12A frequency in 

SSA ranged from 3.8% in GHA to 18% in SEB whereas *13A frequency was lowest in GHA 

(AF=5.8%) and highest in the MSL (AF=18.2%) populations (Table 5). These two star alleles 

were relatively African-specific as they were observed to be rare in other global populations, 

except in the African American/Afro-Caribbean populations (Table 4).  
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Overall, NAT2 slow acetylation star alleles, especially *5B (AF=16.2-25.8%) and *6A 

(AF=13.3-25%), were more prevalent than the NAT2 rapid acetylation star alleles in SSA 

(Table 5). However, the NAT2*5B frequency in SSA (AF=21.1%) was significantly lower than 

that in the EUR (AF=41.7%), AMR (AF=34%), and SAS (AF= 31.5%) populations. In contrast, 

NAT2*5B was significantly more frequent in SSA than in EAS (AF=3.7%; p=7.8x10-34).  

 

Many of the NAT2 star alleles (~50%) called in SSA had an unknown functional activity 

(Supplementary Table 4). Of these star alleles, only *6O was called in all the SSA populations 

analysed in the study (AF=1-7.8%), the remaining unknown function star alleles were absent 

in at least one of the SSA populations (Supplementary Table 5).  

 

No significant frequency differences were observed for the NAT2 star alleles between the 

various SSA populations. However, deviations from HWE were noted for some NAT2 star 

alleles including *4 (p=6.7x10-6), *12A (p=5.6x10-3), *13A (p=1.6x10-3) and *5B (p=3.7x10-12). 
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Table 4: The distribution of NAT1 and NAT2 star alleles in SSA compared with various global populations 

Star 

alleles  
Defining variants  Consequence  

Acetylation 

effecta,b  

Allele frequencies (%)* 

SSA 

(n=775) 

African 

American/Afro-

Caribbean 

(n=153) 

AMR 

(n=345) 

EAS 

(n=477) 

EUR 

(n=482) 

SAS 

(n=466) 

NAT1 

*10 
rs1057126                   

rs15561 

3’-UTR 

3’-UTR 
Rapid 53.4 42.8 35.2 49.9 22.9 33.0 

*11A 

rs4986988 

rs4986989 

rs4987076 

rs4986990 

rs4986783 

1077_1085del(AAT)3 

rs15561 

Intron 

Intron 

Missense (V149I) 

Synonymous (T153T) 

Missense (S214A) 

3’-UTR 

3’-UTR 

Rapid 0 0.3 1.0 0.3 1.8 3.0 

*3 rs15561 3’-UTR Slow 2.4 2.3 1.4 1.9 2.1 4.4 

*4 Reference - Slow 42.8 50.3 61.3 45.8 71.3 59.0 

*14A 

rs4986782      

rs1057126 

rs15561 

Missense (R187Q) 

3’-UTR 

3’-UTR 

Slow 0 0.3 0.3 0 0.6 0 

*14B rs4986782 Missense (R187Q) Slow 0 0 0 0 0 0.3 

*15 rs5030839 Stop gain (R187*) 
No enzyme 

activity 
0.1 0.3 0.4 0 0.9 0 

*17 rs56379106 Missense (R64W) Slow 0 0.3 0 0 0.5 0 

*20 rs146727732 Synonymous (P134P) Slow 0 0.3 0 0 0 0 

*22 rs56172717 Missense (D251V) Slow 0 0 0.1 0 0.5 0 

*27 
rs4986992               

rs4986991 

Synonymous (L7L) 

Synonymous (S259S) 
Slow 1.1 2.9 0.1 0 0 0 
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*16 
1091insAAA 

rs15561 

Indel 

3’-UTR 
Unknown 0 0 0 1.9 0 0 

*26B 1065_1090insTAA Indel Unknown 0.2 0 0 0 0 0 

*0  Null deletion Unknown 0 0 0 0 0.2 0 

*10x2  Duplication Unknown 0 0 0 0.1 0 0.2 

*3x2  Duplication Unknown 0 0 0 0 0 0.1 

*4x2  Duplication Unknown 0 0 0 0.1 0 0 

NAT2 

Star 

alleles 
Defining variants Consequence(s) 

Acetylation 

effectb 

Allele frequencies (%)* 

SSA 

(n=792) 

African 

American/Afro-

Caribbean 

(n=157) 

AMR 

(n=346) 

EAS 

(n=504) 

EUR 

(n=503) 

SAS 

(n=488) 

*4 Reference - Rapid 9.9 13.1 30.0 45.6 23.8 19.9 

*12A rs1208 Missense (K268R) Rapid 10.0 4.5 1.2 0.2 0.3 1.7 

*12B 
rs1041983                           

rs1208 

Synonymous (Y94Y)     

Missense (K268R) 
Rapid 1.2 1.0 0.3 0 0.1 0 

*12C 
rs1799929                           

rs1208 

Synonymous (L161L)      

Missense (K268R) 
Rapid 0.1 0 0 0 0 0.1 

*13A rs1041983 Synonymous (Y94Y) Rapid 11.4 10.8 0.7 0.5 0 0 

*5A 
rs1801280                     

rs1799929 

Missense (I114T)         

Synonymous (L161L) 
Slow 0.4 0.3 0.6 0 1.7 0.3 

*5B 

rs1801280                     

rs1799929                       

rs1208 

Missense (I114T)         

Synonymous (L161L) 

Missense (K268R) 

Slow 21.2 24.2 34.0 3.7 41.7 31.5 

*5C 
rs1801280                           

rs1208 

Missense (I114T)                          

Missense (K268R) 
Slow 6.1 4.1 1.2 0.1 1.6 2.6 

*5D rs1801280 Missense (I114T) Slow 0.3 0 0.9 0 0 0 

*5E 
rs1801280                      

rs1799930 

Missense (I114T)         

Missense (R197Q) 
Slow 0.1 0 0 0 0 0 

*6A 
rs1041983                   

rs1799930 

Synonymous (Y94Y) 

Missense (R197Q) 
Slow 16.9 20.7 16.8 25.9 27.8 35.3 
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*6B rs1799930 Missense (R197Q) Slow 0 0 0.1 0 0.2 0 

*6C 

rs1041983                   

rs1799930                    

rs1208 

Synonymous (Y94Y) 

Missense (R197Q)  

Missense (K268R) 

Slow 0 0 0 0 0.1 0.3 

*7B 
rs1041983                     

rs1799931 

Synonymous (Y94Y)     

Missense (G286E) 

Slow - 

substrate 

dependent 

1.9 4.1 13.6 23.8 2.4 7.8 

*10 rs72554617 Missense (E167K) Slow 0 0 0 0.1 0 0 

*14A rs1801279 Missense (R64Q) Slow 3.0 1.6 0.1 0 0 0 

*14B 
rs1801279                     

rs1041983 

Missense (R64Q) 

Synonymous (Y94Y) 
Slow 6.3 4.5 0.1 0 0.1 0 

*14D 

rs1801279                     

rs1041983                    

rs1799930 

Missense (R64Q) 

Synonymous (Y94Y) 

Missense (R197Q) 

Slow 0.4 0 0 0 0 0 

*14E 
rs1801279                           

rs1208 

Missense (R64Q)            

Missense (K268R) 
Slow 0.1 0 0 0 0 0 

*14G 

rs1801279                     

rs1041983 

rs1208 

Missense (R64Q) 

Synonymous (Y94Y) 

Missense (K268R) 

Slow 0 0.3 0 0 0 0 

SSA – Sub-Saharan African participants; AMR – admixed American participants; EAS – East Asian participants; EUR – European participants; SAS – South Asian 

participants. 

UTR – untranslated region 

aAcetylation effect based on those stated in the literature (Loktionov et al. (2002), and Wang et al. (2011)) and bDatabase of NATs (http://nat.mbg.duth.gr/) and 

PharmGKB (https://www.pharmgkb.org/vip/PA166170337). 

*Allele frequencies excluded novel haplotypes and individuals with unresolved diplotypes. 

 

http://nat.mbg.duth.gr/
https://www.pharmgkb.org/vip/PA166170337
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Table 5: The distribution of NAT1 and NAT2 star alleles variants across SSA populations in this 

study 

Star 

alleles 
Acetylation 

effecta,b 

Allele frequencies (%)* 

All 
(n=775) 

BFA 
(n=33) 

ESN 
(n=96) 

GWD 
(n=112) 

GHA 
(n=26) 

LWK 
(n=97) 

MSL 
(n=81) 

SEB 
(n=195) 

YRI 
(n=106) 

NAT1  

*10 Rapid 53.4 65.2 51.0 58.3 61.5 45.4 59.3 54.1 47.2 

*3 Slow 2.4 7.6 1.6 1.8 3.8 2.6 3.7 1.8 1.9 

*4 Slow 42.8 27.3 46.4 37.7 32.7 50.5 36.4 42.6 50.0 

*15 Slow 0.1 0 0 0.5 0 0 0 0.3 0 

*27 Slow 1.1 0 1.0 0.5 1.9 1.5 0.6 1.3 0.9 

*26B Unknown 0.2 0 0 1.3 0 0 0 0 0 

Star 
alleles 

Acetylation 
effecta,b 

Allele frequencies (%)* 

All 
(n=792) 

BFA 
(n=32) 

ESN 
(n=98) 

GWD 
(n=112) 

GHA 
(n=26) 

LWK 
(n=99) 

MSL 
(n=85) 

SEB 
(n=200) 

YRI 
(n=108) 

NAT2 

*4 Rapid 9.9 4.7 7.1 11.6 9.6 7.6 14.1 9.0 12.5 

*12A Rapid 10.0 10.9 7.1 4.9 3.8 6.6 7.1 18.0 6.5 

*12B Rapid 1.2 0 0.5 0 0 0 1.2 3.8 0.5 

*12C Rapid 0.1 0 0 0.4 0 0 0 0 0 

*13A Rapid 11.4 15.6 14.2 8.5 5.8 9.6 18.2 8.0 16.7 

*5A Slow 0.4 0 0 1.3 0 0 0 0.8 0 

*5B Slow 21.2 21.9 18.8 25.9 23.0 17.0 31.3 16.2 18.8 

*5C Slow 6.1 6.3 8.1 4.9 5.8 8.0 3.0 6.9 4.7 

*5D Slow 0.3 1.6 0 0.4 0 0.5 0 0.5 0 

*5E Slow 0.1 0 0.5 0 0 0 0 0 0 

*6A Slow 16.9 14.1 21.3 13.4 25.0 14.3 22.7 14.8 16.7 

*7B 
Slow 

(substrate 
dependent) 

1.9 1.6 1.0 0.9 5.8 7.5 1.0 4.2 4.1 

*14A Slow 3.0 0 1.5 5.8 7.7 3.3 1.0 3.2 2.9 

*14B Slow 6.3 12.5 10.2 7.6 7.7 3.8 6.1 6.9 3.5 

*14D Slow 0.4 0 1.0 0.9 0 0 0 0.9 0 

*14E Slow 0.1 0 0 0 0 0 0.5 0 0 

BFA – Burkina Faso participants; ESN – Esan in Nigeria; GWD – Gambian in Western Division, Mandinka; GHA – 
Ghanaian participants; LWK – Luhya in Webuye, Kenya; MSL – Mende in Sierra Leone; SEB – Southeastern Bantu in 
South Africa ; YRI – Yoruba in Ibadan. 
aAcetylation effect based on literature  (Loktionov et al. (2002) and Wang et al. (2011)), and bDatabase of NATs 
(http://nat.mbg.duth.gr/) and PharmGKB (https://www.pharmgkb.org/vip/PA166170337). 
*Allele frequencies calculated with excluding novel haplotypes and individuals with unresolved diplotypes. 
 

 

Potentially novel NAT1 and NAT2 haplotypes and diplotypes 

There were 16 unique potentially novel NAT1 haplotypes found in the SSA study populations 

(Table 6). In addition, StellarPGx flagged five other potential novel NAT1 star alleles, but these 

occurred in unresolved diplotypes (see Discussion). Trio data corresponding to some of the 

1000G samples enabled further characterisation of novel haplotypes 1-9 (i.e. ascertaining all 

http://nat.mbg.duth.gr/
https://www.pharmgkb.org/vip/PA166170337
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variants in phase with the core variants) (Supplementary Table 6). In particular novel haplotype 

1, defined by rs554793519 (g.57068T>C) on a *4 backbone, occurred in an initially unresolved 

diplotype according to StellarPGx, but this was resolved following consideration of trio 

information (Figure 8). Among the variants defining the novel star alleles rs554793519, 

rs529845573, rs138061602, and g.57013~C>T (novel variant) were predicted to be 

deleterious (Supplementary Table 2). Additionally, rs554793519, rs529845573, rs138061602 

(missense variants) were predicted to destabilise NAT1 (ΔΔGStability = -0.58 – -1.72kcal/mol). 

 

 

Regarding NAT2, one potentially novel haplotype was identified in the ESN population that 

had rs561124342 on a *6A backbone (Table 6, Supplementary Table 6). The additional 

missense variant (rs561124342) was predicted to be deleterious (Supplementary Table 2). 

Additionally, the core missense variants defining the potentially novel haplotype was predicted 

to impact the stability of NAT2 (ΔΔGStability = -1.7 kcal/mol). 

HG02462 full haplotypes 

Haplotype 1 (             ):  

57068~T>C; 57674~A>T; 57681~A>C; 57777~T>G 

  Figure 8: Characterisation of a potentially novel NAT1 haplotype using inheritance 

information. As initially predicted using StellarPGx, the novel haplotype has a NAT1*4 

background. The novel haplotype has *4 background allele (consisting of two 3’UTR 

variants) and an additional missense variant (rs554793519~g.57068T>C). The male child 

inherited the novel haplotype from their mother, and inherited *3 from their father. Variants 

bolded in blue indicate additional core variants whereas variants bolded in black indicate 

variants known to define existing NAT1 star alleles. UTR – untranslated region  

  

g.57068T>C (L161P)

HG02462

                

HG02461

HG02463

  

              

  

g.57674A>Tg.57674A>T

g.57068T>C (L161P)

g.57674A>T

g.57674A>T

g.57681A>C

g.57674A>T

g.57681A>C

g.57674A>T

g.57681A>C

 

Haplotype 2 (  ):  

57674~A>T; 58302~C>T 
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Table 6: Possible novel NAT1 and NAT2 haplotypes and unresolved diplotypes in the SSA populations  

# 
Background 

allele 
Additional core variant(s) Consequences Allele count Population 

Resolved haplotypes (confirmed with trio data) 

NAT1 

1 *4 rs554793519~g.57068T>C Missense (L161P) 1 GWDa 

2 *4 rs201916736~g.57277G>T Missense (V231F) 1 YRIa 

3 *4 g.57013~C>T Stop gain (Q143*) 1 SEBc 

4 *4 rs4986992~g.56607T>G Synonymous (L7L) 3 ESNa, Nigeriae◆ 

5 *4 g.57669delAAT 3’-UTR 3 SEBb,d 

6 *4 g.57669insAAT 3’-UTR 1 ESNa 

7 *4 g.57669insAAT 3’-UTR 1 ESNa 

8 *3 g.57669ins(AAT)3 3’-UTR 1 GWDa 

9 *10 rs111848753~g.56684G>A Missense (R33Q) 3 SEBb,c,d 

10 *10 rs138061602~g.56777G>A Missense (R64Q) 1 ESNa 

11 *10 rs529845573~g.57025C>T Missense (P147S) 1 GWDa 

12 *10 rs1389255907~g.57437G>A Missense (G284D) 1 SEBb 

13 *10 rs4986991~g.57363T>C Synonymous (S259S) 1 LWKa 

14 *10 rs15561~g.57681A>C 3’-UTR 3 SEBc, South Africae 

15 *10 g.57666delAATAATAAA 3’-UTR 3 LWKa 

16 *10 g.57669insAAT 3’-UTR 1 YRIa 

NAT2 

1 *6A rs561124342~g.14007G>C Missense (G83A) 1 ESNa 

Unresolved novel diplotypes 

# 
Background 

allele 
Additional core variant(s) Consequences Count Population 

NAT1 

1 *4/*10 rs370302501~g.57038G>A Missense (R151H) 1 MSLa 

2 *4/*10 rs370859724~g.56901G>A Missense (M105I) 1 South Africae 

3 *4/*10 g.57669ins(AAT)3 3’-UTR 1 MSLa 
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4 *4/*10 g.57669insAAT 3’-UTR 1 MSLa 

5 *10/*10 
rs548004925~g.56972A>G+ 

rs932721238~g.57671delT(A)5+ rs15561~g.57681A>C 

Missense (Y129C)                                          

3’-UTR, 3’-UTR 
1 MSLa 

6 *10/*10 g.57669insAAT + rs15561~g.57681A>C 3’-UTR, 3’-UTR 1 YRIa 

NAT2 

1 *5C/*11A rs79050330~14337~C>T Missense (T193M) 1 GWDa 

2 *7B/*12A rs146405047~14113~T>G Missense (N118K) 1 BFAb 

a1000G, bAWI-Gen, cCBRL, dSAHGP, eSGDP 
◆Haplotypes of two samples from the ESN population (1000G) and a participant from Nigeria (SGDP) could not be confirmed using trio data 

BFA – Burkina Faso participants, ESN – Esan in Nigeria; GWD – Gambian in Western Division, Mandinka; LWK – Luhya in Webuye, Kenya; MSL – Mende in 

Sierra Leone; SEB – Southeastern Bantu in South Africa; YRI – Yoruba in Ibadan 

UTR – untranslated region 
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NAT1 and NAT2 phenotype predictions 

The NAT1 slow acetylation phenotype (mainly accounted for by *4/*4) was significantly less 

frequent in SSA (20.8%) especially in comparison to AMR (39%), SAS (38.8%) and EUR 

(58.8%) populations (Figure 9 and Supplementary Table 7). The NAT1 intermediate acetylator 

phenotype was the most predominant phenotype in SSA (51.1%) and other global populations 

(Figure 9). The relatively high prevalence among the SSA populations was significantly higher 

than in the AMR (49.6%, p=3.9x10-2), and EUR (35.7%, p=2.0x10-6) populations. The 

observed NAT1 intermediate acetylator phenotype was mainly attributed to the *4/*10 

diplotype, which had a high frequency among the African American/Afro-Caribbean 

participants (49.3%), followed by SSA (47.1%) participants (Supplementary Table 7). The 

frequency of the NAT1 rapid acetylator phenotype in SSA was 27.9% and was significantly 

higher in most of the global populations apart from the EAS population (p=1.0). The only 

diplotype associated with this phenotype in the various global populations in this study was 

*10/*10 (Supplementary Table 7).  

 

Between 38-62.7% of individuals across the global populations were predicted to be NAT2 

slow acetylators (Figure 9). In the SSA populations, 42% of the participants were predicted to 

be NAT2 slow acetylators, significantly lower compared to the 58.3% in EUR (p=8.7x10-7) and 

the 62.7% in SAS (p=1.3x10-10) populations. The *5B/*6A diplotype contributed most to the 

NAT2 slow acetylator phenotype in each of the populations, except in the AMR were the 

*5A/*14B diplotype was the main contributor (Supplementary Table 8). The NAT2 intermediate 

acetylator phenotype was observed highest among the SSA populations (45%). The frequency 

of this phenotype was significantly higher in SSA when compared to the other global 

populations, except for the African American/Afro-Caribbean and AMR populations. NAT2 

diplotypes which accounted for this phenotype were observed at relatively low frequencies 

individually in SSA (Supplementary Table 8). The NAT2 rapid acetylator phenotype was only 

observed in 13% of the SSA participants. In most of the global populations the NAT2 rapid 

acetylator was less frequent, with African American/Afro-Caribbean (10%), EUR (6.8%), SAS 

(6.0%) populations having lower frequencies than what was observed in SSA for this 

phenotype. The only exception was in the EAS populations, where 31% of individuals were 

NAT2 rapid acetylators. This was significantly higher when compared to SSA (p=9.7x10-12). In 

SSA the phenotype was mainly attributable to the *4/*13A diplotype, whereas the *4/*4 

diplotype accounted most for this phenotype in AMR, EAS, EUR, and SAS populations 

(Supplementary Table 8).
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Figure 9: Distribution of NAT1 and NAT2 phenotype predictions across Sub-Saharan Africa (SSA) compared to other global populations. NAT1 (a) and NAT2 

(b) intermediate and slow acetylator were relatively common across the global populations. NAT1 and NAT2 rapid acetylator varied. The SSA populations 

had a higher frequency of NAT1 rapid acetylators (28%), while lower frequencies were reported for NAT2 rapid acetylators (13%). AMR – admixed American 

participants; EAS – East Asian participants; EUR – European participants; SAS – South Asian participants. 
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GSTM1 and GSTT1  

Star allele frequencies  

The GSTM1*0 allele (gene deletion) (Figure 10) was common across the various SSA 

populations ranging from 43.7% in SEB to 57.4% in the ESN (Table 8) population. A higher 

prevalence of GSTM1*0 was observed among the global populations, especially in EUR 

(73.5%) and EAS (75.3%) populations (Table 7). Both these frequencies were significantly 

higher compared to the average frequency in SSA (AF=49.2%).  

 

GSTM1*A (associated with normal GSTM1 enzyme activity) was relatively frequent in the SSA 

populations (AF=38.5-52.1%) (Table 7). When comparing to the other global populations, the 

*A distribution was similar between SSA and the African American/Afro-Caribbean population 

(Table 7). When compared to the remaining global populations, SSA had a significantly higher 

*A frequency (Table 7). Both, *Ax2 and *Bx2 were relatively rare, with *Bx2 only being called 

in the SAS population. 

 

Both GSTT1*0 and GSTT1*A occurred at high frequencies of 65.6% and 34.4%, respectively, 

in SSA (Table 7). GSTT1*0 was most prevalent especially in BFA (AF=70%), GWD 

(AF=72.3%), and ESN (AF=73.5%) (Table 8). There were no significant differences in the*0 

and *A frequency among the SSA populations nor were there any observed deviations from 

HWE. The high GSTT1*0 frequency was observed in both the SSA and the other comparative 

global populations (Table 7). However, the *0 frequency in SSA differed significantly from the 

AMR (AF=49.1%), EUR (AF=40.2%), and SAS (AF=42.1%) populations. 

 

The GSTT1*A frequency in SSA (34.4%) was significantly lower when compared to the 

frequency among the AMR (AF=50.8%, p=1.73x10-11), EUR (AF=59.6%, p=4.79x10-32) and 

SAS (AF=57.8%, p=2.21x10-27) populations. The *Ax2 duplication was only called in the AMR, 

EUR, SAS populations at low frequencies (AF=0.5%) and was absent in SSA (Table 7).  

 

The null deletion of both GSTM1 and GSTT1 was observed in 7.3% of the participants in SSA 

(Table 7). The deletion was observed at a slightly higher frequency compared to the presence 

of both genes (5.4%). (Table 7). 
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Figure 10: Read depth of GSTM1 structural variants. (a) HG03040 (GWD) has a normal GSTM1 copy number of 2 and is included for comparison. 

(b) HG03069 (MSL), has a heterozygous deletion. (c) HG02623 represents an GWD individual with homozygous GSTM1 deletion. (d) HG02568 

(GWD) has a GSTM1 duplication subsequently the individual has three GSTM1 copies. The dotted blue lines indicate the GSTM1 region 

(chr1:109687817-109693745). 
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Table 7: The distribution of GSTM1 and GSTT1 star alleles in SSA compared with various global populations  

Star alleles 
Defining 

variants 
Consequence Detoxification 

activitya 

Allele frequency (%)* 

SSA 

(n=779) 

African American/ 

Afro-Caribbean 

(n=154) 

AMR 

(n=343) 

EAS 

(n=504) 

EUR 

(n=495) 

SAS 

(n=483) 

GSTM1 

*0 - Gene deletion None 49.2 50.5 69.8 75.3 73.5 57.7 

*A Reference - Normal 46.4 45.0 18.7 9.1 17.7 32.9 

*B rs1065411 Missense (K173N) Normal 4.1 4.6 11.4 15.6 8.6 9.0 

*Ax2  Gene duplication Increased 0.3 0 0.1 0 0.2 0.3 

*Bx2  Gene duplication Unknown 0 0 0 0 0 0.1 

Star alleles 
Defining 

variants 
Consequence 

Detoxification 

activitya 

Allele frequency (%)* 

SSA 

(n=649) 

African American/ 

Afro-Caribbean 

(n=139) 

AMR 

(n=343) 

EAS 

(n=498) 

EUR 

(n=500) 

SAS 

(n=483) 

GSTT1 

*0 - Gene deletion None 65.6 58.1 49.1 68.7 40.2 42.1 

*A Reference - Normal 34.4 41.9 50.8 31.3 59.6 57.8 

*Ax2  Gene duplication Unknown 0 0 0.1 0 0.2 0.1 

 Diplotype frequencies (%) 

 
SSA 

(n=794) 

African American/Afro-Caribbean 

(n=157) 

AMR 

(n=347) 

EAS 

(n=504) 

EUR 

(n=503) 

SAS 

(n=489) 

GSTM1-GSTT1 

GSTM1-/- | GSTT1-/- 7.3 5.1 11.2 26.2 8.9 5.3 

GSTM1+/+ | GSTT1+/+ 5.4 8.9 2.3 0 3.0 6.1 

SSA – Sub-Saharan African participants; AMR – admixed American participants; EAS – East Asian participants; EUR – European participants; SAS – South Asian participants 

*Allele frequencies calculated with excluding novel haplotypes and individuals with unresolved diplotypes 
aEnzyme activity was defined based on those reviewed in Townsend & Tew (2003) 
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Table 8: The distribution of GSTM1 and GSTT1 star alleles variants across SSA populations 

in this study 

Star alleles 
Detoxification 

activity a,b 

Allele frequency (%)* 

All 

(n=779) 

BFA 

(n=33) 

ESN 

(n=98) 

GWD 

(n=111) 

GHA 

(n=25) 

LWK 

(n=96) 

MSL 

(n=81) 

SEB 

(n=199) 

YRI 

(n=108) 

GSTM1 

*0 None 49.2 56.9 57.4 50.0 50.0 55.2 48.4 45.3 43.7 

*A Normal 46.4 38.5 39.5 45.9 46.0 42.7 48.4 47.9 51.2 

*B Normal 4.1 4.6 3.1 3.6 2.0 2.1 2.5 6.5 4.7 

*Ax2 Increased 0.3 0 0 0.5 2.0 0 0.6 0.3 0.5 

Star alleles 
Detoxification 

activity a,b 

Allele frequency (%)* 

All 

(n=649) 

BFA 

(n=29) 

ESN 

(n=81) 

GWD 

(n=96) 

GHA 

(n=46) 

LWK 

(n=81) 

MSL 

(n=73) 

SEB 

(n=146) 

YRI 

(n=92) 

GSTT1 

*0 None 65.6 70.0 73.5 72.3 60.9 63.4 57.5 62.3 67.8 

*A Normal 34.4 31.0 26.5 27.7 39.1 36.6 42.5 37.7 32.2 

BFA – Burkina Faso participants; ESN – Esan in Nigeria; GWD – Gambian in Western Division, Mandinka; GHA – Ghanaian 

participants; LWK – Luhya in Webuye, Kenya; MSL – Mende in Sierra Leone; SEB – Southeastern Bantu in South Africa; 

YRI – Yoruba in Ibadan 

*Allele frequencies calculated with excluding novel haplotypes and individuals with unresolved diplotypes 
aDetoxification activity was defined based on those reviewed in Townsend & Tew (2003) 

Potentially novel GSTM1 and GSTT1 star alleles 

Nine novel GSTM1 haplotypes were identified in the SSA populations, with eight novel 

haplotypes having *A as a background allele (Table 9). Three missense variants, 

rs375154572, rs184653774, and rs533860247 were predicted to be deleterious 

(Supplementary Table 2) and to destabilise GSTM1 (ΔΔGStability = -0.55kcal/mol, -0.5 kcal/mol, 

and -0.89 kcal/mol; respectively).  

 

Ten novel GSTT1 haplotypes were identified in the SSA populations (Table 9). The GSTT1 

variants could not be annotated using VEP, due to the gene being in a scaffold region and 

therefore none of the in-silico prediction tools could be used. However, DynaMut2 predicted 

GSTT1 to be destabilised by rs2266637 (ΔΔGStability = -0.83kcal/mol) and  rs141759372 

(ΔΔGStability = -1.82kcal/mol).  
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Table 9: Possible novel GSTM1 and GSTT1 haplotypes in the SSA populations 

# Background allele Additional core variant(s) Consequence(s) 
Allele 

count 
Population/dataset 

GSTM1 

1 *A rs449856~g.10471T>A Missense (S210T) 11 MSL, ESN, LWK, YRIa SEBb,c 

2 *A rs375154572~ g.7704C>T Missense (R168C) 6 MSLa 

3 *A 
rs138440339~ g.7677C>G +  

rs1065411~ g.7721G>C 

Missense (L159F) 

Missense (K173N) 
3 GWD, MSLa 

4 *A rs146668816~g.6330~C>G Missense (N85K) 3 GWD, LWKa 

5 *A rs184653774~g.5105~C>A Missense (D9E) 2 LWKa, South Sudane 

6 *A rs533860247~g.10480~G>A Missense (A213T) 1 ESNa 

7 *A 
rs146668816~g.6330~C>G + 

rs1065411~g.7721~G>C 

Missense (N85K) 

Missense (K173N) 
1 MSLa 

8 *A 
rs138440339~g.7677~C>G + 

rs1065411~g.7721~G>C (CN=4) 

Missense (L159F) 

Missense (K173N) 
1 GHAb 

9 *B 
rs1065411~g.7721~G>C          

rs449856~g.10471~T>A 

Missense (K173N)              

Missense (S210T) 
1 BFAb 

GSTT1 

1 *A 
rs2266637~g.271020C>T + 

rs8140585~g.277188C>T 

Missense (V169I) 

Missense (A61T) 
175 

ESN, GWD, LWK, MSLa , BFA, GHAb, 

SEBb,c,d, Nigeriae 

2 *A rs2266637~g.271020C>T Missense (V169I) 35 
ESN, GWD, LWK, MSL, YRIa,GHAb , 

SEBb,c, Gambiane 

3 *A rs8140585~g.277188C>T Missense (A61T) 54 
ESN, GWD, LWK, MSL,YRIa, BFA, 

GHAb, SEBb,c,d, South Africa, Kenyae 

4 *A rs141759372~g.273586A>G Missense (W101R) 8 ESN, MSL, YRIa, SEBb 

5 *A 
rs144686326~270759-G>A +  

rs141759372~273586-A>G 

Stop gain (R188*) 

Missense (W101R) 
1 ESNa 

6 *A rs144686326~270759-G>A Stop gain (R188*) 2 MSLa, BFAb 

7 *A rs199521920~275948-C>T Missense (D43N) 1 LWKa 
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8 *A 
rs1601976046~g.270731C>T+ 

rs8140585~277188C>T 

Missense (R197H)                           

Missense (A61T) 
9 SEBb,c,d 

9 *A rs1601976046~g.270731C>T Missense (R197H) 3 SEBb,c 

10 *A 

rs1601976046~g.270731C>T+ 

rs2266637~g.271020C>T+ 

rs8140585~g.277188C>T 

Missense (R197H)            

Missense (V169I)                  

Missense (A61T) 

2 SEBc,d 

a1000G, bAWI-Gen, cCBRL, dSAHGP, eSGDP 

BFA – Burkina Faso participants; ESN – Esan in Nigeria; GWD – Gambian in Western Division, Mandinka; GHA – Ghanaian participants; LWK – Luhya in Webuye, 

Kenya; MSL – Mende in Sierra Leone; SEB – Southeastern Bantu in South Africa; YRI – Yoruba in Ibadan 
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GSTM1 and GSTT1 predicted phenotypes 

In the SSA populations, 24% of participants had a homozygous GSTM1 deletion, resulting in 

no production of the enzyme. This frequency was significantly different from that observed in 

the EUR (53%, p=4.7x10-23) and EAS (56%, p=1.3x10-28) (Figure 11). The reduced GSTM1 

activity phenotype was predominant among the various global populations, especially in SSA 

(49%) and SAS (48%). A significant difference between SSA and EAS (38%) was observed. 

Both the *0/*A and *0/*B diplotype contributed to this phenotype. In the SSA populations the 

*0/*A was the most predominant diplotype, whereas the *0/*B diplotype accounted more to 

the reduced GSTM1 activity in the EUR population (Supplementary Table 9).   

 

The absence of GSTT1 activity (inferred from the*0/*0 diplotype) was largely prevalent among 

SSA (43%), African American/Afro-Caribbean (31%), and EAS (47%) (Figure 11, 

Supplementary Table 10). The frequency of this phenotype was significantly higher in SSA 

compared to the frequencies observed in the AMR (24%, p=2.5x10-7), EUR (18%, p=5.4x10-

17), and SAS (16%, p=2.2x10-19) populations (Figure 11). The reduced GSTT1 activity 

phenotype was the most prevalent GSTT1 phenotype in the SSA populations (45%). The high 

prevalence of this phenotype was observed in other global populations such as in the AMR, 

SAS and EUR populations (Figure 11). However, there were no significant differences in the 

frequency between the various global populations. The SSA, African American/Afro-Caribbean 

and EAS populations had a lower frequency of the normal GSTT1 phenotype, compared to 

the remaining three populations (Figure 11). The distribution of this phenotype was 

significantly lower in SSA (12%) compared to the AMR (25%), SAS (32%), and EUR (37%) 

populations (Figure 11).
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Figure 11: Distribution of GSTM1 (a) and GSTT1 (b) phenotype predictions across SSA compared to other global populations. In SSA, approximately 

45% of individuals were predicted to have the reduced GSTM1 activity phenotype due to a high prevalence of heterozygous GSTT1 deletions. The 

frequency of normal and the absence of GSTM1 varied in the different populations. Only the increased GSTT1 activity phenotype was relatively rare 

across the six population groups. SSA – Sub-Saharan African participants; AMR – admixed American participants; EAS – East Asian participants; 

EUR – European participants; SAS – South Asian participants 
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Discussion 

The high-TB-burden in Africa emphasises a need for effective preventative measures and 

treatments. However, with the high occurrence of ADRs to anti-TB drugs, in particular AT-DILI 

(Chen et al., 2015), it is necessary to optimise drug dosages to improve drug safety and 

efficacy. One major obstacle in adopting this precision medicine approach in Africa is the lack 

of pharmacogenomic profiling of function altering star alleles influencing drug response. While 

there have been some previous efforts in characterising star alleles in the context of anti-TB 

drug response in Africa (Ebeshi et al., 2011; Heathfield et al., 2014), many of these studies 

either consisted of smaller study population sizes or only analysed variation in single 

pharmacogenes, therefore there is a paucity of information on the extent of pharmacogenomic 

variation that may influence anti-TB drug response across Africa. To improve on previous 

Africa-based anti-TB pharmacogenomics studies, we analysed 794 high coverage genomes 

of participants from various SSA ethnolinguistic groups, to establish a more comprehensive 

insight into the pharmacogenomic diversity in five anti-TB pharmacogenes (CYP2E1, NAT1, 

NAT2, GSTM1, and GSTT1) in the African context. Furthermore, we leveraged publicly 

available WGS data to compare the pharmacogenomic variation landscape in these genes in 

SSA with that of the other global biogeographical groups.  

 

Before conducting the main study analysis, we performed a benchmarking evaluation of 

StellarPGx, which has facilitated star allele analysis in previous pharmacogenomic studies 

(Samarasinghe et al., 2023) — especially for CYP genes — to ascertain its accuracy in 

diplotyping CYP2E1, NAT1, NAT2, GSTM1, and GSTT1 using WGS data. StellarPGx star 

allele calls were largely concordant (haplotype concordance > 80%) with GeT-RM ‘gold 

standard’ calls (Pratt et al., 2016) for NAT2, GSTM1, and GSTT1, but lower concordance was 

observed for NAT1 and CYP2E1. Upon further investigation, the low concordance for NAT1 

could possibly be attributed to the lack of genotyping of non-coding variants (e.g., rs15561 

and rs1057126) that define many NAT1 star alleles (de León et al., 2000; Zhu et al., 2011; see 

also http://nat.mbg/duth.gr) when generating the GeT-RM consensus calls. For CYP2E1 the 

low concordance was observed due to potentially novel star alleles that were not characterised 

by the GeT-RM study but were inferred by StellarPGx in ~40% of the participants in the Polaris 

HiSeqX cohort included for benchmarking analysis in this study. Some of the discrepancies in 

the star allele calls between StellarPGx and GeT-RM were supported by the results previously 

reported by Lee et al. (2019) using Stargazer. However, we found that StellarPGx had an 

added advantage in identifying participants with potentially novel star alleles. 

 

http://nat.mbg/duth.gr
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Our analysis of SNVs across CYP2E1, NAT1, NAT2, GSTM1, and GSTT1, showed that SSA 

populations had a higher number of variants per kilobase compared to the other global 

populations included in this study. This is in keeping with the vast genetic diversity in Africa 

highlighted in other African-centred studies (Choudhury et al., 2017, 2020). Additionally, we 

identified a high number of potentially novel haplotypes (n=50) across the five 

pharmacogenes. This can be attributed to the fact that we analysed genomes from various 

underrepresented SSA populations and that previous studies focused on genotyping known 

star alleles. Based on the observations in our study and other SSA-based studies where novel 

haplotypes were identified in CYP2E1 and NAT2 (Patin et al, 2006; Heathfield et al., 2013), 

sampling other SSA populations may aid in obtaining a more comprehensive catalogue of star 

alleles in the pharmacogenes analysed in this study. Of the non-synonymous variants 

identified in these genes, 34% were predicted to be deleterious which warrants their inclusion 

in pharmacogenetic testing panels.  

 

Among the CYP2E1 variants, rs2070676 (present in the definition of *1B and other 

haplotypes), rs2070673 and rs2070672 (defining *7C) were observed at high frequencies 

(>15%) in the SSA populations. Additionally, of the non-synonymous variants used to define 

CYP2E1 star alleles, rs6413419 (CYP2E1*4) was relatively African-specific. The high 

rs6413419 frequency observed in the various SSA populations (24.6%; ranging from 13.6 to 

55%) and in the African American/Afro-Caribbean (22%) populations are similar to the 

frequency (20.6%) reported for African populations in gnomAD (Karczewski et al., 2020; 

Neyshaburinezhad et al., 2021). The rs6413419 variant is associated with normal activity 

(Fairbrother et al., 1998), and was predicted to be deleterious by only PolyPhen, CADD, LRT, 

and PROVEAN in this study. Many of the non-synonymous variants identified in the SSA 

populations were previously not used to define CYP2E1 star alleles in literature. This made it 

difficult to resolve the majority of CYP2E1 diplotypes in this study, leading to ambiguous calls 

in the WGS datasets harbouring potentially novel CYP2E1 star alleles. The haplotypes 

harbouring these variants were predicted using StellarPGx and 14 were further characterised 

using trio data from the 1000G, where available. Six different CYP2E1 haplotypes had 

rs28969387 as one of the defining variants. This variant was predicted to be deleterious in this 

study and has been predicted to alter the CYP2E1 enzyme activity (Preissner et al., 2013). 

Given the incomprehensive CYP2E1 star allele definitions, and the lack of more recent 

functional studies, it is clear that genotyping these SNVs among African individuals are 

important given the high frequency of some of these defining SNVs. Additionally, more studies 

are required in studying their impact on anti-TB drug response. With regard to CYP2E1 

structural variant analysis, SSA populations had a higher frequency of duplications compared 

to other global populations in this study. In particular we observed the *1C duplication (*1Cx2), 



40 

which has been previously described by Martis et al. (2013), in the SSA populations 

(AF=0.88%), but it was absent in the EUR and SAS populations analysed in this study. The 

duplication was reported at slightly higher frequencies in African American (3.8%), Hispanic 

(4.1%) and European-ancestry (2.9%) populations in the Martis et al. (2013) study. The 

CYP2E1 gene deletion was observed in one individual from the MSL and the SEB population 

in this study. CYP2E1 structural variants and their association with anti-TB drug response is 

understudied. However, they may be important to assay in pharmacogenetic tests for better 

optimisation of anti-TB drug dosing.  

 

There is a scarceness of research regarding characterising NAT1 star alleles, in the context 

of anti-TB pharmacogenomics, and the influence these star alleles may have on the response 

to anti-TB drugs such as PAS in both SSA and other global populations. The SSA populations 

had a significantly higher average frequency of NAT1*10 (rapid acetylation allele), compared 

to African American/Afro-Caribbean, AMR, SAS, and EUR. A previous study in South Africa 

consisting of predominantly Tswana-speaking individuals observed *10 at frequency of 50.5% 

(Loktionov et al., 2002), which is similar to the frequency across the SEB population (54.1%) 

in our study. Except for *4, NAT1 slow acetylation star alleles were less common compared to 

the rapid acetylation *10 allele in SSA. While this corresponds with previous studies in Africa 

(Loktionov et al., 2002; Sy et al., 2015), we observed relatively higher frequencies of key 

alleles such as NAT1*3 (1.6-7.8%) given the diverse sampling in this study. For example, 

NAT1*3, which is associated with reduced clearance of PAS (Sy et al., 2015), has previously 

been observed in <1% of Black South African individuals (Loktionov et al., 2002; Sy et al., 

2015). Despite the relatively low frequencies, *3 should be considered for pharmacogenetic 

testing given that it is associated with reduced clearance of PAS, a drug that is useful in 

treating individuals experiencing resistance to first-line anti-TB drugs. Sixteen possible novel 

NAT1 haplotypes were identified in the SSA populations, of which 11 could be characterised 

further using trio data (Table 6, Supplementary Table 6). Regarding NAT1 predicted phenotype 

distributions, the acetylation profile in SSA differed from that observed in the EUR populations. 

The SSA populations had a higher proportion of individuals with a rapid acetylator phenotype 

while the slow acetylator phenotype was more frequent in EUR populations. This could be 

accounted for by variability in diet and environmental selection pressures (Mortensen et al., 

2011). 

 

Regarding NAT2 variation, the SSA populations had a higher number of unique NAT2 star 

alleles called in comparison to the other global populations in this study. In terms of the 

distribution between NAT2 rapid and slow acetylator star alleles, slower acetylator star alleles, 

in particular *5B (rs1801280, rs1799929, and rs1208) and *6A (rs1041983 and rs1799930), 
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were more prevalent in both SSA and other global populations analysed in this study. This 

difference in the distribution of these two types of NAT2 star alleles has been shaped by 

traditional subsistence, in which slow NAT2 acetylators were positively selected for, and 

therefore increasing in frequency, as population groups transitioned from being hunter-gathers 

to pastoralists (Sabbagh et al., 2011). Given the high frequency of NAT2 slow acetylation star 

alleles in SSA and other global population, the NAT2 slow acetylator phenotype was prevalent 

across the different population groups. However, the NAT2 predicted phenotype distribution in 

SSA still differed from the EAS populations. The NAT2 rapid acetylators contributed a small 

percentage to the phenotype profile in SSA, while NAT2 intermediate and slow acetylators 

were relatively equal being found in more than 40% of the population. In contrast, the three 

NAT2 acetylator phenotypes were seen in at least 30% of the individuals for each of the 

respective phenotypes. The differences in phenotypic profile between these two population 

groups may suggest different selective evolutionary events (Sabbagh et al., 2011). 

 

The high prevalence of GSTM1*0 (43.7-56.9%) and GSTT1*0 (57.5-73.5%) in the various SSA 

study populations, is remarkable given the importance of GSTM1 and GSTT1 in detoxification 

of metabolites and toxins in the liver (Sanni et al., 2020). The high occurrence of these two 

gene deletions is comparable to other SSA-based population studies (Kassogue et al., 2020; 

Kasthurinaidu et al., 2015), however, there are differences in their distribution as noted in this 

study as well as others. Generally, GSTM1*0 is less frequent compared to GSTT1*0 in SSA. 

Notably, AMR, EAS, and EUR populations in this study had higher frequencies of GSTM1*0 

than the frequency in SSA, while the reverse was true for GSTT1*0. A similar pattern in the 

distribution of these alleles has been observed in other studies (Kasthurinaidu et al., 2015). A 

similar pattern was seen for the GSTM1 and GSTT1 null phenotypes, in which a higher 

proportion of individuals in SSA had the GSTT1 null phenotype while in the EUR population 

GSTM1 null phenotype was higher. This observation has been characterised in various 

studies, in which different African populations had a higher frequency of the GSTT1 null 

phenotype and GSTM1 present phenotype while the opposite was seen for some European 

populations (Palma-Cano et al., 2017; Piacentini et al., 2011). The differences in the 

distribution of these two deletions have been speculated to be due to differences in selection 

pressures, lifestyle habits, exposure to toxins and susceptibility to disease (Piacentini et al., 

2011). The frequency of the GSTM1-GSTT1 double homozygous deletion was low in various 

of the global populations, including in SSA (7.3%). There is limited known prevalence of the 

double GSTM1-GSTT1 deletion across Sub-Saharan Africa compared to North African 

countries (Salem et al., 2011). In this study, the prevalence of the double null was lower in 

comparison to the relatively higher prevalence in North African countries (14.4-44%) (Salem 

et al., 2011; Chbili et al., 2022). Of the existing distribution among the various SSA populations 
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a higher prevalence has been observed in Burkina Faso (14.98%), Ivory Coast (14.3%) and 

Mali (11.2%) (Salem et al., 2011; Sombié et al., 2020; Kassogue et al., 2020). The double null 

genotype has been shown to be associated with AT-DILI in South American populations 

(Jaramillo-Valverde et al., 2022). To our knowledge a similar association has only been 

identified in Tunisia, a North African country (Chbili et al., 2022). Further studies on the 

influence of the GSTM1-GSTT1 null deletion on anti-TB drug response in underrepresented 

SSA population groups is needed, given the relatively high frequency the deletion in SSA.  

 

There were some limitations to this study. Firstly, our study population largely consisted  of 

ethnolinguistic groups from the Niger-Congo language family and the sample sizes of the 

individual sub-groups were relatively small. Nonetheless, the findings from this study (e.g. 

novel star allele predictions) and the methodology (using StellarPGx and WGS data) lay the 

foundation for further star allele characterisations and functional studies in Africa relevant to 

anti-TB metabolism pharmacogenes. The use of larger datasets with more diverse 

underrepresented African populations would be critical and informative for designing effective 

pharmacogenetic testing strategies across the continent. Secondly, the lack of curated and 

comprehensive star allele definitions, especially in the case of CYP2E1, led to a number of 

ambiguous diplotype calls. This made it difficult to compare haplotypes called in this study with 

those previously published in literature. For CYP2E1 we opted to focus on variant-level rather 

than haplotype-level analysis, while for NAT1, NAT2, GSTM1, and GSTT1 which had better 

curated star allele nomenclatures, StellarPGx was able to provide plausible star allele calls. 

Thirdly, this study used short read sequencing data, which made it difficult to phase variants 

defining possible novel haplotypes. This was resolved by using trio data where available. 

Furthermore, the fact that the genomic data was high depth (≥30x) provided reliable variant 

quality metrics. Fourthly, functional studies to confirm the clinical impact of the variants 

predicted to be deleterious by in silico prediction tools, was out of the scope of this study. 

Lastly, the phenotype predictions in this study were based solely on genetic variation and may 

differ from observed anti-TB drug response phenotypes due to other factors such as age, diet, 

environmental factors, and phenoconversion which could not be accounted for in this study. 

 

Future directions 

This study mainly focused on characterisation of the pharmacogenetic variation landscape 

across NAT1, NAT2, GSTM1, GSTT1 and CYP2E1 across African populations. The reported 

phenotypes for the enzymes encoded by these genes were based on predictions from the 

participant diplotypes. A vital next step would be to establish whether these predicted INH 

response phenotype patterns correspond to observations in clinical-based INH 
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pharmacogenomics studies involving the SSA populations represented in this study. This 

would aid in understanding the link of anti-TB drug response to the associated activity of the 

star alleles identified in this study.  

 

Future work entailing the validation of novel haplotypes predicted in this study using other 

sequencing approaches (Sanger sequencing and/or long-read sequencing) is necessary to 

further characterise their sequence content and support their designation as novel alleles by 

PharmVar and aid in determining the possible impact that these novel haplotypes may have 

to INH response. 

 

Conclusion 

In conclusion, this study elucidates the pharmacogenomic variation in CYP2E1, NAT1, NAT2, 

GSTM1, and GSTT1 across various SSA populations, and in comparison, with other global 

populations. This study highlights differences of key star alleles (e.g. NAT1*10, NAT2*5B, 

GSTM1*0, and GSTT1*0) between SSA populations and other global populations. 

Furthermore, the high number of novel alleles, many being defined by functionally relevant 

variants, exemplify the need for more diverse sampling and large scale pharmacogenomic 

studies in Africa. Our findings on the predicted phenotype distributions warrant the need for 

further investigations on the potential for genotype-guided dosing regimens for INH and other 

anti-TB drugs in mitigating the risk of ADRs such as AT-DILI in SSA and global settings. In line 

with this, the information on the diversity of common, rare and novel star alleles among various 

SSA populations is critical in developing effective pharmacogenetic testing panels for use in 

Africa. 
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Supplementary Table 1: Diplotype calls made by StellarPGx and Stargazer in comparison to reference materials from the CDC’s Genetic Testing 

Reference Materials Coordination Program (GeT-RM) 

Corriell ID 

CYP2E1 NAT1 NAT2 GSTM1 GSTT1 

StellarPGx GeT-RM Stargazer StellarPGx GeT-RM Stargazer StellarPGx GeT-RM Stargazer StellarPGx GeT-RM Stargazer StellarPGx GeT-RM Stargazer 

HG00276 *1A/*1A *1 / *1 *1/*1 *10/*4 *4 / *4 *4/*10 *5A/*6A *5/*6 *5/*6 *0/*0 *0/*0 *0/*0 *0/*A (*A/*A) *A/*0 

HG00436 [*5B/*5B] (*7 / *7) *7/*7 *10/*4 *4 / *4 *4/*10 *7B/*7B *7/*7 *7/*7 *0/*0 *0/*0 *0/*0 *0/*0 *0/*0 *0/*0 

HG00589 *5B/*7A  (*5 )/ *7 *1/*7,*5 [*10/*10] *4 / *4 *10/*26 *13A/*4 *4/(*13) *4/*13 *0/*0 *0/*0 *0/*0 *0/*0 *0/*0 *0/*0 

HG01190 
*1A/[*1C] or 

*1B/*7B 
*1 / *7 *1/*7 *10/*4 *4 / *4 *4/*10 *4/*4 *4/*4 *4/*4 *0/*0 *0/*0 *0/*0 *0/*0 *0/*0 *0/*0 

NA06991 *1A/*1A *1 / *1 *1/*1 [*10/*11B] *4 / *11 *4/*11 *6A/*5B 
*4/*5 or 

*5/*6 
*5/*6 *A/*B *B/*B *A/*B *0/*A (*A/0) *0/*A 

NA07000 *1A/*1A (*1/*1) *1/*1 [*10/*11B] (*4/*11) *4/*11 *5B/*5B (*5/*5) *5/*5 *A/*A (*A/*A) *A/*A *0/*A (*A/*0) *0/*A 

NA07019 *1A/*1A *1 / *1 *1/*1 *10/*4 *4 / *4 *4/*10 *6A/*6A *6/*6 *6/*6 *0/*0 *0/*0 *0/*0 *0/*A (*A/0) *0/*A 

NA07029 *1A/*1A *1 / *1 *1/*1 *4/*4 *4 / *4 *4/*4 *6A/*5B 
*4/*5 or 

*5/*6 
*5/*6 *0/*A *A/*A *0/*A *0/*A (*A/0) *0/*A 

NA07055 *1A/*1A *1 / *1 *1/*1 *10/*17 *4 / *17 *10/*17 *5B/*5B *5/*5 *5/*5 *0/*A *A/*A *0/*A *A/*A (*A/*A) *A/*A 

NA07056 *1A/*1A *1 / *1 *1/*1 *4/*4 *4 / *4 *4/*4 *6A/*6A *6/*6 *6/*6 *0/*0 *0/*0 *0/*0 *0/*0 0 *0/*0 

NA07348 
*1A/[*1C] or 

*1B/*7C 
*1 / *7 *1/*7 *4/*4 *4 / *4 *4/*4 *5B/*5B *5/*5 *5/*5 *0/*A *A/*A *0/*A *0/*A (*A/*A) *0/*A 

NA07357 [*1C/*hap7] (*7) / *7 *7/*7 *4/*4 *4 / *4 *4/*4 *5B/*6A *4/*5 *5/*6 *0/*0 *0/*0 *0/*0 *0/*0 0 *0/*0 

NA10831 
*1A/[*1C] or 

*1B/*7B 
*1 / *7 *1/*7 *4/*4 *4 / *4 *4/*4 *4/*5A *4/*5 *4/*5 *0/*0 *0/*0 *0/*0 *A/*A (*A/*A) *A/*A 

NA10851 *1A/*1A *1 / *1 *1/*1 *10/*10 *4 / *4 *10/*10 *5B/*4 *4/*5 *4/*5 *0/*0 *0/*0 *0/*0 *0/*0 0 *0/*0 

NA10854 *1A/*1A *1 / *1 *1/*1 *17/*4 *4 / *17 *4/*17 *6A/*4 *4/*6 *4/*6 *0/*0 *0/*0 *0/*0 *A/*A (*A/*A) *A/*A 

NA11839 *5B/*7A  (*5 )/ *7 *1/*7,*5 *4/*4 *4 / *4 *4/*4 *5B/*6A *4/*5 *5/*6 *0/*0 *0/*0 *0/*0 *0/*A (*A/0) *A/*0 

NA18519 *1A/*1B *1 / *1 *1/*1 *10/*4 *4 / *4 *4/*10 *13A/*4 *4/(*13) *4/*13 *A/*A *A/*A *A/*A *0/*A (*A/*AXN) *A/*0 

NA18524 [*1C/*hap7] (*7) / *7 *7/*7 *10/*4 *4 / *4 *4/*10 *4/*4 *4/*4 *4/*4 *0/*0 *0/*0 *0/*0 *A/*A (*A/*A) *A/*A 

NA19176 
*1C/[*1C] or 

*7A/[*1C] 
(*7) / *7 *7/*7 *10/*10 *4 / *4 *10/*10 *5B/*6A *4/*5 *5/*6 *0/*A *A/*A *0/*A *0/*0 0 *0/*0 

NA12717 *1A/*1A *1 / *1 *1/*1 *10/*3 *4 / *4 *3/*10 *4/*5B *4/*5 *4/*5 *0/*A *A/*A *0/*A *A/*A (*A/*A) *A/*A 

NA19109 *1B/*1B *1 / *1 *1/*1 *10/*4 *4 / *4 *4/*10 *6A/*4 *4/*6 *4/*6 *A/*A *A/*A *A/*A [*A/*A] (*A/*AXN) *A/*A 

NA19174 [*1C/*1C]  (*7 / *7) *7/*7 *10/*4 *4 / *4 *4/*10 *6A/*5B 
*4/*5 or 

*5/*6 
*5/*6 *0/*0 *0/*0 *0/*0 [*A/*A] (*A/*AXN) *A/*A 

NA19178 *1C/[*1C] (*7) / *7 *7/*7 *4/*4 *4 / *4 *4/*4 *5C/*6A *5/*6 *5/*6 *A/*A *A/*A *A/*A *0/*0 0 *0/*0 

NA18509 [*1C/*1C] (*7 / *7) *7/*S1 *4/*4 *4 / *4 *4/*4 *12B/*13A (*12/*13) *12/*13 *0/*0 *0/*0 *0/*0 *0/*A (*A/*A) *0/*A 
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NA18518 
*1A/*hap3 or 

*1B/*hap4 
 (*4) / *7 *1/*7, *4 *10/*4 *4 / *4 *4/*10 *14B/*4 (*4)/*14 *4/*14 *0/*A *A/*A *0/*A *0/*A (*A/*A) *0/*A 

NA18484 
*1A/[*1C] or 

*1B/*7C 
*1 / *7 *1/*7 *10/*10 *4 / *4 *10/*10 *4/*14A *4/*14 *4/*14 *0/*A *A/*A *0/*A *0/*A (*A/*AXN) *0/*A 

NA19147 
*1A/[*1C] or 

*1B/[*1C] 
 (*4) / *7 *1/*S1,*7,*4 *4/*4 *4 / *4 *4/*4 *5B/*13A *4/*5 *5/*13 *A/*B *A/*B *A/*B *0/*A (*A/0) *0/*A 

NA18565 *1A/*1A *1 / *1 *1/*1 *10/*4 *4 / *4 *4/*10 *7B/*4 *4/*7 *4/*7 *0/*0 *0/*0 *0/*0 *0/*A (*A/0) *0/*A 

NA18959 *1A/*1A *1 / *1 *1/*1 *10/*10 *4 / *4 *10/*10 *7B/*6A *6/*7 *6/*7 *B/*B *B/*B *B/*B *0/*A (*A/*A) *0/*A 

NA18966 *1A/*1A *1 / *1 *1/*1 *10/*4 *4 / *4 *4/*10 *4/*4 *4/*4 *4/*4 *0/*0 *0/*0 *0/*0 *A/*A (*A/*A) *A/*A 

NA18540 *5B/*7A  (*5 )/ *7 *1/*7,*5 *4/*4 *4 / *4 *4/*4 *5B/*7B *5/*7 *5/*7 *B/*B *B/*B *B/*B *0/*0 0 *0/*0 

NA19207 *1C/*1C *7 / *7 *7/*7 *4/*4 *4 / *4 *4/*4 *14B/*12A  (*4)/*14 *12/*14 *0/*0 *0/*0 *0/*0 *0/*0 0 *0/*0 

NA19143 [*1C/*1C] (*7 / *7) *7/*S1 *10/*4 *4 / *4 *4/*10 *13A/*14B (*13)/*14 *13/*14 *0/*A *A/*A *0/*A *0/*0 0 *0/*0 

NA18855 
*7C/[*1C] or 

[*1C/*1C] 
(*7) / *7 *7/*7 [*10/*11A] *4 / *11 *10/*11 *13A/*6A *6/(*13) *6/*13 *0/*A *A/*A *0/*A [*A/*A] (*A/*A) *A/*A 

NA12873 *1A/*1A *1 / *1 *1/*1 *4/*4 *4 / *4 *4/*4 *5A/*5B *5/*5 *5/*5 *0/*0 *0/*0 *0/*0 *0/*A (*A/0) *0/*A 

NA18992 [*1C/*1C] (*7) / *7 *7/*7 *10/*4 *4 / *4 *4/*10 *4/*4 *4/*4 *4/*4 *0/*B *B/*B *0/*B *0/*A (*A/0) *0/*A 

NA18980 [*5B/*5B] (*7 / *7) *7/*7 *10/*4 *4 / *4 *4/*10 *4/*7B *4/*7 *4/*7 *0/*A *A/*A *0/*A *0/*A (*A/*A) *0/*A 

NA11993 *1A/*1A *1 / *1 *1/*1 *4/*4 *4 / *4 *4/*4 *5B/*5B *5/*5 *5/*5 *0/*0 *0/*0 *0/*0 *0/*A (*A/0) *0/*A 

NA19239 
*1C/[*1C] or 

*7A/[*1C] 
(*7) / *7 *7/*7 *10/*4 *4 / *4 *4/*10 *12A/*14H (*4)/*14 *12/*14 *A/*A *A/*A *A/*A *0/*0 0 *0/*0 

NA12003 *1A/*1A *1 / *1 *1/*1 *4/*4 *4 / *4 *4/*4 *5B/*5B *5/*5 *5/*5 *0/*0 *0/*0 *0/*0 *0/*A (*A/*A) *0/*A 

NA18564 *5B/*7A  (*5 )/ *7 *1/*7, *5 *4/*4 *4 / *4 *4/*4 *4/*7B *4/*7 *4/*7 *0/*0 *0/*0 *0/*0 *0/*A (*A/0) *0/*A 

NA12156 *1A/*1A *1 / *1 *1/*1 *10/*4 *4 / *4 *4/*10 *6A/*5D *5/*6 *5/*6 *0/*0 *0/*0 *0/*0 *A/*A (*A/*A) *A/*A 

NA12813 *1A/*1A *1 / *1 *1/*1 *4/*4 *4 / *4 *4/*4 *5B/*6A 
*4/*5 or 

*5/*6 
*5/*6 *0/*0 *0/*0 *0/*0 *0/*A (*A/*A) *0/*A 

NA18973 *1A/*7C *1 / *7 *1/*7 *4/*4 *4 / *4 *4/*4 *4/*6A *4/*6 *4/*6 *A/*B *B/*B *A/*B *0/*A (*A/*A) *0/*A 

NA18942 *5B/*7A (*5 )/ *7 *1/*7, *5 *10/*10 *4 / *4 *10/*10 *4/*6A *4/*6 *4/*6 *0/*B *B/*B *0/*B *0/*0 0 *0/*0 

NA19789 *1A/*1A *1 / *1 *1/*1 *10/*10 *4 / *4 *10/*10 *4/*4 *4/*4 *4/*4 *0/*B *B/*B *0/*B *0/*A (*A/0) *0/*A 

NA10847 *1A/*1A *1 / *1 *1/*1 *4/*4 *4 / *4 *4/*4 *5A/*5B *5/*5 *5/*5 *0/*A *A/*A *0/*A *B/*0 (*B/0) *B/*0 

NA12006 *1A/*1A *1 / *1 *1/*1 [*10/*11A] *4 / *11 *10/*11 *6A/*6A *6/*6 *6/*6 *0/*A *A/*A *0/*A *A/*A (*A/*A) *A/*A 

NA18526 *1A/*1A *1 / *1 *1/*1 *4/*4 *4 / *4 *4/*4 *4/*4 *4/*4 *4/*4 *0/*0 *0/*0 *0/*0 *0/*0 0 *0/*0 

NA12145 *1A/*1A *1 / *1 *1/*1 *4/*14A *4 / *14 *4/*14 *4/*5B *4/*5 *4/*5 *0/*0 *0/*0 *0/*0 *0/*A (*A/0) *0/*A 

NA18868 *1C/[*1C] (*7) / *7 *7/*7 *10/*4 *4 / *4 *4/*10 *5C/*13A *5/(*12) *5,*12/*13 *A/*A *A/*A *A/*A [*0/*A] (*A/*A) *A/*0 

NA19095 [*1C]/*1Bx2 *1 / *7 *1/*7x2 *4/*4 *4 / *4 *4/*4 *6A/*6A *6/*6 *6/*6 *A/*A *A/*A *A/*A [*0/*A] (*A/*AXN) *A/*0 
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NA19122 *1C/[*1C] *7 / *7 *7/*7 *10/*4 *4 / *4 *4/*10 *12A/*12H (*12/*12) *12/*12 *0/*A *A/*A *0/*A *0/*A (*A/*A) *0/*A 

NA19003 
*1A/[*1C] or 

*1B/*7C 
*1 / *7 *1/*7 *10/*4 *4 / *4 *4/*10 *4/*4 *4/*4 *4/*4 *0/*0 *0/*0 *0/*0 *0/*A (*A/0) *0/*A 

NA19226 *1B/*1Cx2 *1 / *7 *1/*7x2 *4/*4 *4 / *4 *4/*4 *5B/*4 *4/*5 *4/*5 *A/*A *A/*A *A/*A *0/*0 0 *0/*0 

NA18544 [*1C/*1C] *7 / *7 *7/*7 *10/*4 *4 / *4 *4/*10 *6A/*4 *4/*6 *4/*6 *0/*B *B/*B *0/*B *0/*A (*A/0) *0/*A 

NA18952 *1A/*1A *1 / *1 *1/*1 *10/*10 *4 / *4 *10/*10 *4/*4 *4/*4 *4/*4 *0/*0 *0/*0 *0/*0 *A/*A (*A/*A) *A/*A 

NA11832 *1A/*1A *1 / *1 *1/*1 *4/*4 *4 / *4 *4/*4 *5B/*12A *5/(*12) *5/*12 *0/*0 *0/*0 *0/*0 *0/*0 0 *0/*0 

NA18861 
*1C/[*1C] or 

*7A/[*1C] 
(*7) / *7 *7/*7 *10/*10 *4 / *4 *10/*10 *5B/*5B *5/*5 *5/*5 *A/*B *A/*B *A/*B *0/*A (*A/*AXN) *0/*A 

NA19908 *7A/*1Cx3 *7 / *7 *7x2/*7x2 *4/*4 *4 / *4 *4/*4 *5B/*5C *5/*5 *5/*5 [*A/*A] *A/*A *A/*Ax2 *0/*A (*A/*A) *0/*A 

NA19819 *1A/*1C *1 / *7 *1/*7 *10/*4 *4 / *4 *4/*10 *5C/*6O *5/*6 *5/*6 *A/*B *A/*B *A/*B *A/*A (*A/*A) *A/*A 

NA19920 
*1A/[*1C] or 

*1B/[*1C] 
 (*4) / *7 *1/*S1, *7, *4 *10/*4 *4 / *4 *4/*10 *6A/*6A *6/*6 *6/*6 *0/*A *A/*A *0/*A *0/*A (*A/*AXN) *0/*A 

NA19007 *5B/*7A (*5 )/ *7 *1/*7, *5 *10/*10 *4 / *4 *10/*10 *7B/*4 *4/*7 *4/*7 *0/*0 *0/*0 *0/*0 *0/*0 0 *0/*0 

NA19213 
*7C/[*1C] or 
[*1C]/[*1C] 

(*7) / *7 *7/*7 *10/*10 *4 / *4 *10/*10 *12A/*14H (*4)/*14 *12/*14 *0/*A *A/*A *0/*A *A/*A (*A/*AXN) *A/*A 

NA18552 *5B/[*1C] (*5 )/ *7 *5/*7 *10/*10 *4 / *4 *10/*10 *4/*4 *4/*4 *4/*4 *0/*B *B/*B *0/*B *0/*A (*A/*A) *0/*A 

NA18617 [*5B/*5B] *7/*7 *7/*7 *10/*10 (*4/*4) *10/*10 *4/*6A (*4/*6) *4/*6 *0/*0 (*0/*0) *0/*0 *0/*A (*A/*A) *0/*A 

NA19917 *1B/*1C (*1/*7) *1/*7 *10/*4 (*4/*4) *4/*10 *6H/*4 (*4/*6) *4/*6 *A/*A (*A/*A) *A/*A *0/*A (*A/*A) *0/*A 

NA20296 *1A/*1B *1 / *1 *1/*1 *4/*4 *4 / *4 *4/*10 *6A/*60 *6/*6 *6/*6 *0/*A *A/*A *0/*A *A/*A (*A/*A) *A/*A 

NA20509 *1A/*1A *1 / *1 *1/*1 *4/*4 *4 / *4 *4/*4 *5B/*6A *4/*5 *5/*6 *0/*0 *0/*0 *0/*0 *A/*A (*A/*A) *A/*A 

NA21781 *1A/*1A (*1/*1) *1/*1 *4/*4 (*4/*4) *4/*4 *5B/*6A   *5/*6 *0/*0 (*0/*0) *0/*0 *0/*0 (*0/*0) *0/*0 

Square brackets indicate possible novel haplotypes flagged by StellarPGx;  
Curved brackets indicate uncertain haplotype/diplotype calls 
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Supplementary Table 2: In-silico predictions made for prioritised allele defining variants for known and possible novel star alleles 

Variant ID Consequence SIFT PolyPhen CADD LRT 
Mutation 
Assessor 

PROVEAN VEST4 Consensus 

CYP2E1 

rs367957731 Missense (L17F)  
✓ ✓ 

     

g.5167T>C Missense (L45P) ✓ ✓ ✓ 
 

✓ ✓ ✓ ✓ 

rs6413419 Missense (V179I) (*4)  
✓ ✓ ✓ 

 
✓ 

 
✓ 

rs749979006 Missense (R282H) ✓ 
       

rs1007026512 Missense (D295N)  
✓ ✓ ✓ 

 
✓ 

 
✓ 

rs759707874 Missense (R337Q)  
✓ ✓ ✓ 

    

rs59981143 Missense (T373A)   
✓ 

  
✓ 

  

rs59656378 Missense (V396L)         

rs57702102 Missense (N418S)         

rs142767992 Missense (S424G) ✓ ✓ ✓ ✓ ✓ ✓ 
 

✓ 

rs199855848 Missense (M445I) ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

rs28969387 Missense (H457L) ✓ ✓ ✓ 
 

✓ ✓ 
 

✓ 

rs555344732 Stop gain (R337*)   
✓ ✓ 

  
✓ ✓ 

rs3813867 2KB Upstream (*5A,*5B)         

rs2031920 2KB Upstream (*5A,*5B)         

rs2070672 2KB Upstream (*7C)         

rs2070673 2KB Upstream (*7C)         

rs6413420 2KB Upstream (*7B)         

rs2070676 Intron (*1B, *7A, *7B, *7C)         

NAT1 

rs111848753 Missense (R33Q)         

rs138061602 Missense (R64Q) ✓ ✓ ✓ ✓ ✓ ✓ 
 

✓ 

rs370859724 Missense (M105I)         

rs548004925 Missense (Y129C)    
✓ 
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rs529845573 Missense (P147S) ✓ ✓ 
 

✓ ✓ ✓ 
 

✓ 

rs4987076 Missense (V149I) (*11A)         

rs370302501 Missense (R151H)  
✓ 

 
✓ ✓ ✓ 

 
✓ 

rs554793519 Missense (L161P) ✓ ✓ ✓ 
 

✓ ✓ ✓ ✓ 

rs4986783 Missense (S214A) (*11A)         

rs201916736 Missense (V231F)    
✓ 

    

rs1389255907 Missense (G284D)   
✓ 

 
✓ 

   

g.57013~C>T Stop gain (Q143*)   
✓ ✓ 

  
✓ ✓ 

rs5030839 Stop gain (R187*) (*15)   
✓ ✓    

✓ 

rs4986992 Synonymous (L7L) (*27)         

rs4986991 Synonymous (S259S) (*27)         

rs4986990 
Synonymous (T153T) 

(*11A) 
        

rs146727732 Synonymous (P134P) (*20)         

NAT2 

rs200893121 Missense (I3V) (*14L)    
✓ 

    

rs45477599 Missense (L24I) (*5L) ✓ ✓ ✓ ✓ 
  

✓ ✓ 

rs149283608 Missense (N41Y)(*12N) ✓ 
 

✓ ✓ 
 

✓ 
 

✓ 

rs1801279 
Missense (R64Q) 

(*7D, *14A,*14B,*14D, 
*14E, *14G, *14H, *14L) 

✓ ✓ ✓ ✓ 
 

✓ 
 

✓ 

rs561124342 Missense (G83A) ✓ ✓ ✓ ✓ 
 

✓ ✓ ✓ 

rs1801280 
Missense (I114T) 

(*5A, *5B, *5C, *5D, *5E, 
*5L, *5N, *5P, *5W) 

✓ ✓ 
   

✓ 
  

rs146405047 Missense (N118K)         

rs12720065 
Missense (L135V) 
(*6P, *12H, *24) 

        

rs139351995 Missense (I158L) (*5N)         
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rs79050330 (T193M) 
Missense (T193M) 

(*5P, *12E) 
✓ ✓ ✓ ✓ 

 
✓ 

 
✓ 

rs1799930 

Missense (R197Q) 
(*5E, *5P, *6A, *6B, *6C, 
*6H, *6K, *6L,*6O, *6P, 

*7D,*14D) 

 
✓ ✓ ✓ 

    

rs45618543 
Missense (E203D) 

(*12G, *12O) 
        

rs56387565 Missense (Y208H) (*12F)  
✓ 

      

rs138707146 Missense (P213L) (*6K) ✓ ✓ ✓ ✓ 
 

✓ ✓ ✓ 

rs45518335 Missense (P228L) (*14H)      
✓ 

  

rs55700793 Missense (K256E) (*6H)  
✓ ✓ 

     

rs1208 

Missense (K268R) 
(*5B, *5C, *5L, *5N, *5P, 
*5W, *6C, *12A, *12B, 

*12C, *12E, *12F, *12G, 
*12H, *12N, *12O, *14E, 

*14G) 

        

rs868725509 Missense (I270T) (*26)  
✓ 

 
✓ 

    

rs56393504 
Missense (V280M) 

(*6O, *13F) 
✓ 

       

rs1799931 
Missense (G286E) 

(*7B, *7D) 
        

rs375746304 Stop gain (R197*) (*27)   
✓ ✓ 

  
✓ ✓ 

rs1041983 

Synonymous (Y94Y) (*5P, 
*12B, *13A, *6A, *6C, *6H, 
*6K, *6L, *7B, *14B, *14D, 

*14G) 

        

rs45532639 Synonymous (D115D) (*6L)         

rs146405047 Synonymous(N118N) (*5W)         
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rs1799929 
Synonymous (L161L) 

(*12C, *5A, *5B, *5L, *5N, 
*5P, *5W) 

        

rs144176822 Synonymous (T193T) (*6U)         

GSTM1 

rs184653774 Missense (D9E) ✓ 
  

✓ ✓ 
 

✓ ✓ 

rs146668816 Missense (N85K)    
✓ 

 
✓ 

  

rs138440339 Missense (L159F)     
✓ 

   

rs375154572 Missense (R168C)  
✓ ✓ 

 
✓ ✓ 

 
✓ 

rs1065411 Missense (K173N) ✓ 
   

✓ 
   

rs449856 Missense (S210T)         

rs533860247 Missense (A213T) ✓ ✓ ✓ 
 

✓ 
  

✓ 

The presence of a ✓ indicates the variant was predicted to be deleterious as it fit the following ADME-optimised criteria: SIFT < 0.0376,  
PolyPhen > 0.3841, CADD >19.19, LRT<0.0025, Mutation Assessor > 2.0566, PROVEAN < -3.286, VEST > 0.4534 
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Supplementary Table 3: Examples of trio data used to infer core CYP2E1 (NG_008383.1) variants defining novel haplotypes 

Coriell ID Haplotypes 
Allele 

count 

HG02642 

(Father) 

Hap 1(*1C+4682~A>G): 

790~G>A;1363~C>T;1364~A>G;1369~T>C;2217~T>C;2739~C>T;3378~G>C;4104~A>G;4682~A>G;5000~T>TC;6394~C>T

;8663~T>C;8845~T>C;11061~C>A;11667~A>G;11861~A>G;12391~C>T;14259~GT>G;15496~C>T;15756~A>AT;17488~G

>GAGGAGAATGGTGCCCAAGA;18728~C>T;19897~C>G;20385~T>TTC;20391~C>CTT   

  Hap 2 (*1C): 

364~C>A;648~A>G;790~G>A;850~T>A;3468~T>A;3519~T>G;3642~T>G;4227~T>C;5000~T>TC;6916~C>G;8317~C>T;866

3~T>C;8883~A>C;11667~A>G;12506~AT>A;13515~G>T;15120~C>T;15496~C>T;15756~A>AT;16624~C>T;16855~T>C;17

112~C>T;18728~C>T;20288~CCTTTCTTT>C;20373~TTCTTTCTTTCTTTCTTTC>T 

HG02643 

(Mother) 

Hap 1 (*1B+14850~A>G): 

364~C>A;648~A>G;790~G>A;850~T>A;3519~T>G;4622~T>C;4701~A>T;5000~T>TC;6394~C>T;7872~C>T;8663~T>C;116

67~A>G;12506~A>AT;13417~A>G;14259~GT>G;14850~A>G;15111~C>G;15496~C>T;15756~A>AT;15923~A>G;20385~T

>TTC;20391~C>CTT 

2 

Hap 2 (*1C+3739~G>C+9809~G>A+15271~G>C): 

790~G>A;1855~A>C;3468~T>A;3739~G>C;4007~T>C;4227~T>C;5000~T>TC;6481~G>A;8663~T>C;8825~C>T;8957~T>A;

9527~G>T;9737~G>A;9809~G>A;10132~C>T;10151~C>T;10152~A>G;11667~A>G;12506~AT>A;12891~C>G;13360~C>A;

13501~G>A;13671~G>A;13935~T>C;14048~C>T;14213~A>G;14466~G>T;14499~C>T;15005~G>T;15271~G>C;15308~T>

A;15740~GTGT>G;16147~C>T;16210~A>G;16234~T>C;16287~A>G;16302~T>C;16648~A>G;16654~T>C;16989~T>C;172

13~A>C;17633~T>G;18259~T>G;18385~T>G;18749~TAAGAA>T;18848~G>C;19008~A>C;19141~C>T;19415~C>CTCTTA

AT;19416~A>G;19528~G>A;19534~C>T;19545~C>A;19760~TA>T;20298~TTTCTTTCTTTCTTTCTTTCTTTTCTTTCTTTC>

T;20310~TTTCTTTCTTTTC>*;20366~CT>C;20389~T>C;20391~C>T;20435~T>C;20717~T>C;20928~G>T;21345~A>C;214

91~C>T;21618~C>T;21757~C>T 
  

  

  

HG02644 

(Child) 

Hap 1 (*1C+4682~A>G): 

790~G>A;1363~C>T;1364~A>G;1369~T>C;2217~T>C;2739~C>T;3378~G>C;4104~A>G;4682~A>G;5000~T>TC;6394~C>T

;8663~T>C;8845~T>C;11061~C>A;11667~A>G;11861~A>G;12391~C>T;14259~GT>G;15496~C>T;15756~A>AT;17488~G

>GAGGAGAATGGTGCCCAAGA;18728~C>T;19897~C>G;20385~T>TTC;20391~C>CTT 

Hap 2 (*1B+14850~A>G):  

364~C>A;648~A>G;790~G>A;850~T>A;3519~T>G;4622~T>C;4701~A>T;5000~T>TC;6394~C>T;7872~C>T;8663~T>C;116

67~A>G;12506~A>AT;13417~A>G;14259~GT>G;14850~A>G;15111~C>G;15496~C>T;15756~A>AT;15923~A>G;20385~T

>TTC;20391~C>CTT 

Unphased variants: 6778~G>A;10830~C>T;12007~C>CTCG;12009~T>TGTC;12009~T>C 
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HG02666 

(Father) 

Hap 1 (*1C+3739~G>C+9809~G>A+15271~G>C): 

790~G>A;1855~A>C;3739~G>C;4007~T>C;5000~T>TC;6778~G>A;8663~T>C;8825~C>T;8957~T>A;9527~G>T;9737~G>A

;9809~G>A;9886~T>C;10132~C>T;10151~C>T;10152~A>G;10830~C>T;11667~A>G;12009~T>TGTC;12891~C>G;13360~

C>A;13501~G>A;13671~G>A;13935~T>C;14048~C>T;14213~A>G;14466~G>T;14499~C>T;15271~G>C;15308~T>A;16147

~C>T;16210~A>G;16234~T>C;16287~A>G;16302~T>C;16654~T>C;16989~T>C;17213~A>C;17633~T>G;18749~TAAGAA>

T;19141~C>T;19415~C>CTCTTAAT;19416~A>G;20226~G>A;20297~C>CT;20389~T>C;20391~C>T;20435~T>C;20928~G

>T;21345~A>C 
  

  
Hap 2 (*1C+9809~G>A): 

734~ATT>A;790~G>A;851~A>T;5000~T>TC;8140~T>C;8515~G>A;8663~T>C;8825~C>T;8957~T>A;9527~G>T;9737~G>A;

9809~G>A;10132~C>T;10151~C>T;10152~A>G;10830~C>T;11667~A>G;12007~C>CTCG;12009~T>C;12506~AT>A;14260

~T>TGGG;16825~A>T;16831~G>T;20310~TTTCTTTCTTTTCTTTCTTTC>T;20317~CT>*;20381~T>TTC;20385~TTC>T;203

89~T>C;20391~C>T 

HG02667 

(Mother) 

Hap 1 (*1B): 

790~G>A;4622~T>C;4701~A>T;5000~T>TC;6394~C>T;7872~C>T;8663~T>C;11667~A>G;12009~T>TGTC;12506~A>AT;1

2506~AT>A;13417~A>G;15756~A>AT;15923~A>G;20288~CCTTTCTTT>C 

Hap 2 (*1C+16490~A>T): 

790~G>A;3642~T>G;5000~T>TC;6916~C>G;8317~C>T;8663~T>C;11667~A>G;12007~C>CTCG;12009~T>C;14777~C>G;

15120~C>T;15165~C>G;15756~AT>A;16220~G>T;16402~C>G;16490~A>T;16624~C>T;16734~A>C;16818~T>G;16825~A

>G;16831~G>T;16832~T>G;16855~T>C;17112~C>T;17194~C>T;17344~G>A;18109~G>C;18214~T>C;18399~G>T;18728~

C>T;19290~C>T;19362~A>C;19374~TA>T;19383~T>C;19386~G>A;19508~G>A;19518~C>G;19589~G>T;19783~A>G;1999

5~C>T;20385~T>TTC;20391~C>CTT;20728~G>T;20753~G>A;20818~T>C 

8 

HG02668 

(Child) 

Hap 1 (*1C+3739~G>C +9809~G>A +15271~G>C): 

790~G>A;1855~A>C;3739~G>C;4007~T>C;5000~T>TC;6778~G>A;8663~T>C;8825~C>T;8957~T>A;9527~G>T;9737~G>A

;9809~G>A;9886~T>C;10132~C>T;10151~C>T;10152~A>G;10830~C>T;11667~A>G;12009~T>TGTC;12891~C>G;13360~

C>A;13501~G>A;13671~G>A;13935~T>C;14048~C>T;14213~A>G;14466~G>T;14499~C>T;15271~G>C;15308~T>A;16147

~C>T;16210~A>G;16234~T>C;16287~A>G;16302~T>C;16654~T>C;16989~T>C;17213~A>C;17633~T>G;18749~TAAGAA>

T;19141~C>T;19415~C>CTCTTAAT;19416~A>G;20226~G>A;20297~C>CT;20389~T>C;20391~C>T;20435~T>C;20928~G

>T;21345~A>C 

  

Hap 2 (*1B): 

790~G>A;4622~T>C;4701~A>T;5000~T>TC;6394~C>T;7872~C>T;8663~T>C;11667~A>G;12009~T>TGTC;12506~A>AT;1

2506~AT>A;13417~A>G;15756~A>AT;15923~A>G;20288~CCTTTCTTT>C 
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Unphased variants: 

364~C>A;648~A>G;850~T>A;3468~T>A;3519~T>G;4227~T>C;15005~G>T;15496~C>T;15740~GTGT>G;16648~A>G;18259~T>G;18385~T>G;1884

8~G>C;19008~A>C;19528~G>A;19534~C>T;19545~C>A;19760~TA>T;20717~T>C;21491~C>T;21618~C>T;21757~C>T 

HG02678 

(Father) 

Hap 1 (*1C): 

364~C>A;648~A>G;790~G>A;850~T>A;3468~T>A;3519~T>G;3642~T>G;4227~T>C;5000~T>TC;6916~C>G;8317~C>T;866

3~T>C;11667~A>G;12007~C>CTCG;12009~T>TGTC;12009~T>C;12506~AT>A;15120~C>T;15496~C>T;15756~A>AT;1662

4~C>T;16855~T>C;17112~C>T;18728~C>T;20288~CCTTTCTTT>C;20366~CT>C;20386~TC>T;20389~T>C;20391~C>T 

  Hap 2 (*1C): 

364~C>A;648~A>G;790~G>A;850~T>A;3468~T>A;3519~T>G;3642~T>G;4227~T>C;5000~T>TC;6916~C>G;8317~C>T;866

3~T>C;8883~A>C;11667~A>G;12506~AT>A;14260~T>TGGG;15120~C>T;15496~C>T;15756~A>AT;16624~C>T;16855~T>

C;17112~C>T;18728~C>T;20288~CCTTTCTTT>C;20362~CTTTCT>C;20373~TTCTTTCTTTCTTTCTTTC>T;20380~TTTC>*

;20389~TTC>* 

HG02679 

(Mother) 

Hap 1 (*1C+10416~T>A): 

734~ATT>A;790~G>A;851~A>T;5000~T>TC;8223~C>T;8663~T>C;10416~T>A;11667~A>G;12844~C>T;15120~C>T;15496

~C>T;15756~A>AT;16624~C>T;16855~T>C;17112~C>T;18728~C>T;20366~CT>C;20386~TC>T;20389~T>C;20391~C>T 

1 

Hap 2 (*1A): 

790~G>A;2100~C>T;4672~C>T;4701~A>T;5000~T>TC;6394~C>T;6449~G>C;7872~C>T;8663~T>C;11667~A>G;12009~T>

TGTC;12321~T>C;12506~AT>A;12891~C>G;13360~C>A;13671~G>A;13935~T>C;14048~C>T;14260~T>TGGG;14466~G>

T;14499~C>T;14624~A>AGATGGGTGGAT;15005~G>T;15271~G>C;15308~T>A;15740~GTGT>G;16147~C>T;16210~A>G

;16234~T>C;16287~A>G;16302~T>C;16643~T>A;16648~A>G;16989~T>C;17003~T>C;17213~A>C;17633~T>G;18259~T>

G;18385~T>G;18749~TAAGAA>T;18848~G>C;19008~A>C;19141~C>T;19415~C>CTCTTAAT;19416~A>G;19528~G>A;19

615~T>C;19668~A>G;19691~C>T;20310~TTTCTTTCTTTTCTTTC>T;20314~TTTCTTTTCTTTC>*;20385~T>TTC;20391~C

>CTT;21373~A>C 
  

  

HG02680 

(Child) 

Hap 1 (*1C): 

364~C>A;648~A>G;790~G>A;850~T>A;3468~T>A;3519~T>G;3642~T>G;4227~T>C;5000~T>TC;6916~C>G;8317~C>T;866

3~T>C;11667~A>G;12007~C>CTCG;12009~T>TGTC;12009~T>C;12506~AT>A;15120~C>T;15496~C>T;15756~A>AT;1662

4~C>T;16855~T>C;17112~C>T;18728~C>T;20288~CCTTTCTTT>C;20366~CT>C;20386~TC>T;20389~T>C;20391~C>T 

Hap 2 (*1C+10416~T>A): 

734~ATT>A;790~G>A;851~A>T;5000~T>TC;8223~C>T;8663~T>C;10416~T>A;11667~A>G;12844~C>T;15120~C>T;15496

~C>T;15756~A>AT;16624~C>T;16855~T>C;17112~C>T;18728~C>T;20366~CT>C;20386~TC>T;20389~T>C;20391~C>T 

Hap 1 (*1C+4963~G>T): 

790~G>A;851~A>T;2530~T>G;4963~G>T;5000~T>TC;6069~C>T;6394~C>T;6778~G>A;8663~T>C;8713~A>G;9945~T>C;1
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HG02461 

(Father) 

0839~A>G;11667~A>G;14260~T>TGGG;15496~C>T;15756~A>AT;18728~C>T;20288~CCTTT>C;20366~CT>C;20376~TTT

C>T;20389~TTC>T;20444~GTTTC>G 

Hap 2 (*1C): 

790~G>A;3642~T>G;5000~T>TC;6916~C>G;8317~C>T;8663~T>C;11667~A>G;12506~AT>A;15120~C>T;15496~C>T;1575

6~A>AT;16624~C>T;16855~T>C;17112~C>T;18728~C>T;20309~C>CT;20318~T>TTTC;20380~TTTC>T;20389~TTC>T 

  

HG02462 

(Mother) 

Hap 1 (*7A+3739~G>C): 

790~G>A;3739~G>C;5000~T>TC;6394~C>T;8663~T>C;8845~T>C;10830~C>T;11061~C>A;11667~A>G;12391~C>T;12506

~AT>A;12678~T>A;12807~C>A;12891~C>G;12971~T>TA;13091~C>A;13360~C>A;13501~G>A;13671~G>A;13701~G>A;1

3935~T>C;14048~C>T;14260~T>TGGG;15005~G>T;15271~G>C;15308~T>A;15740~GTGT>G;15756~AT>A;19337~C>T;2

0366~CT>C;20376~TTTC>T;20389~TTC>T;21067~G>A 

2 

Hap 2 (*1A): 

790~G>A;2100~C>T;4701~A>T;5000~T>TC;6394~C>T;6449~G>C;7872~C>T;8663~T>C;11667~A>G;12321~T>C;12891~

C>G;13360~C>A;13671~G>A;13935~T>C;14048~C>T;14466~G>T;14624~A>AGATGGGTGGAT;15005~G>T;15271~G>C;

15308~T>A;15740~GTGT>G;16147~C>T;16210~A>G;16234~T>C;16287~A>G;16302~T>C;16643~T>A;16648~A>G;16989

~T>C;17003~T>C;17213~A>C;17633~T>G;18259~T>G;18385~T>G;18749~TAAGAA>T;18848~G>C;19008~A>C;19141~C

>T;19415~C>CTCTTAAT;19416~A>G;19528~G>A;19615~T>C;19668~A>G;19691~C>T;20313~CTTTCT>C;20385~T>TTC;

20391~C>CTT;20448~C>G;21373~A>C 

  

  

HG02463 

(Child) 

Hap 1 (*1C+4963~G>T): 

790~G>A;851~A>T;2530~T>G;4963~G>T;5000~T>TC;6069~C>T;6394~C>T;6778~G>A;8663~T>C;8713~A>G;9945~T>C;1

0839~A>G;11667~A>G;14260~T>TGGG;15496~C>T;15756~A>AT;18728~C>T;20288~CCTTT>C;20366~CT>C;20376~TTT

C>T;20389~TTC>T;20444~GTTTC>G 

Hap 2 (*7A+3739~G>C) 

:790~G>A;3739~G>C;5000~T>TC;6394~C>T;8663~T>C;8845~T>C;10830~C>T;11061~C>A;11667~A>G;12391~C>T;1250

6~AT>A;12678~T>A;12807~C>A;12891~C>G;12971~T>TA;13091~C>A;13360~C>A;13501~G>A;13671~G>A;13701~G>A;

13935~T>C;14048~C>T;14260~T>TGGG;15005~G>T;15271~G>C;15308~T>A;15740~GTGT>G;15756~AT>A;19337~C>T;

20366~CT>C;20376~TTTC>T;20389~TTC>T;21067~G>A 

Unphased variants: 364~C>A;648~A>G;850~T>A;3468~T>A;3519~T>G;4227~T>C;12007~C>CTCG;12009~T>TGTC;12009~T>C 

HG02464 

(Father) 

Hap 1 (*1C+9809~G>A): 

734~ATT>A;790~G>A;851~A>T;5000~T>TC;6394~C>T;8140~T>C;8515~G>A;8663~T>C;8825~C>T;8957~T>A;9527~G>T;

9737~G>A;9809~G>A;10132~C>T;10151~C>T;10152~A>G;10830~C>T;11667~A>G;12009~T>TGTC;12506~AT>A;14260~

T>TGGG;15496~C>T;20389~T>C 
  

Hap 2 (*1B): 

790~G>A;1304~G>C;4622~T>C;4701~A>T;5000~T>TC;6787~G>A;7872~C>T;8663~T>C;11667~A>G;12009~T>TGTC;125
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06~A>AT;12844~C>T;13417~A>G;15496~C>T;15756~A>AT;15923~A>G;20309~C>CT;20318~T>TTTC;20381~T>TTC;203

85~TTC>T;20389~T>C;20391~C>T 

HG02465 

(Mother) 

Hap 1 (*7C+5082~C>T + 16490~A>T): 

364~C>A;648~A>G;790~G>A;850~T>A;1363~C>T;1364~A>G;1369~T>C;2217~T>C;2739~C>T;3378~G>C;3519~T>G;4104

~A>G;4682~A>G;5000~T>TC;5082~C>T;6778~G>A;8663~T>C;8845~T>C;10830~C>T;11061~C>A;11667~A>G;12007~C>

CTCG;12009~T>C;12391~C>T;12678~T>A;12713~A>G;12807~C>A;12891~C>G;12971~T>TA;13091~C>A;13360~C>A;13

501~G>A;13671~G>A;13935~T>C;14048~C>T;14213~A>G;14260~T>TGGG;15005~G>T;15165~C>G;15271~G>C;15308~

T>A;15740~GTGT>G;15756~AT>A;16220~G>T;16402~C>G;16490~A>T;16648~A>G;16734~A>C;16818~T>G;16825~A>G;

16831~G>T;16832~T>G;17194~C>T;17344~G>A;18109~G>C;18202~G>A;18214~T>C;18385~T>G;18399~G>T;18848~G>

C;19008~A>C;19290~C>T;19302~C>G;19337~C>T;19362~A>C;19374~TA>T;19383~T>C;19386~G>A;19760~TAA>T;1978

3~A>G;19995~C>T;20818~T>C;21067~G>A;21618~C>T;21757~C>T 

1 

Hap 2 (*1C+4682~A>G):   

364~C>A;648~A>G;790~G>A;850~T>A;1363~C>T;1364~A>G;1369~T>C;2217~T>C;2739~C>T;3378~G>C;3519~T>G;4104

~A>G;4682~A>G;5000~T>TC;6394~C>T;6778~G>A;8663~T>C;8845~T>C;10830~C>T;11061~C>A;11667~A>G;12007~C>

CTCG;12009~T>C;12678~T>A;12713~A>G;12807~C>A;12891~C>G;12971~T>TA;13091~C>A;13360~C>A;13501~G>A;13

671~G>A;13935~T>C;14048~C>T;14162~G>A;14213~A>G;14260~T>TGGG;14363~ATGGTTGGATGGATGGGTGGGTGG

GTGGATGGATGGG>A;14499~C>T;15005~G>T;15740~GTGT>G;15756~AT>A;18259~T>G;20226~G>A;20381~T>TTC;20

389~TTC>T;20390~TC>*;21491~C>T 

  

  

HG02466 

(Child) 

Hap 1 (*1C+9809~G>A): 

734~ATT>A;790~G>A;851~A>T;5000~T>TC;6394~C>T;8140~T>C;8515~G>A;8663~T>C;8825~C>T;8957~T>A;9527~G>T;

9737~G>A;9809~G>A;10132~C>T;10151~C>T;10152~A>G;10830~C>T;11667~A>G;12009~T>TGTC;12506~AT>A;14260~

T>TGGG;15496~C>T;20389~T>C 

Hap 2 (*7C+5082~C>T+16490~A>T): 

364~C>A;648~A>G;790~G>A;850~T>A;1363~C>T;1364~A>G;1369~T>C;2217~T>C;2739~C>T;3378~G>C;3519~T>G;4104

~A>G;4682~A>G;5000~T>TC;5082~C>T;6778~G>A;8663~T>C;8845~T>C;10830~C>T;11061~C>A;11667~A>G;12007~C>

CTCG;12009~T>C;12391~C>T;12678~T>A;12713~A>G;12807~C>A;12891~C>G;12971~T>TA;13091~C>A;13360~C>A;13

501~G>A;13671~G>A;13935~T>C;14048~C>T;14213~A>G;14260~T>TGGG;15005~G>T;15165~C>G;15271~G>C;15308~

T>A;15740~GTGT>G;15756~AT>A;16220~G>T;16402~C>G;16490~A>T;16648~A>G;16734~A>C;16818~T>G;16825~A>G;

16831~G>T;16832~T>G;17194~C>T;17344~G>A;18109~G>C;18202~G>A;18214~T>C;18385~T>G;18399~G>T;18848~G>

C;19008~A>C;19290~C>T;19302~C>G;19337~C>T;19362~A>C;19374~TA>T;19383~T>C;19386~G>A;19760~TAA>T;1978

3~A>G;19995~C>T;20818~T>C;21067~G>A;21618~C>T;21757~C>T 

Hap 1 (*1C+9809~G>A): 

734~ATT>A;790~G>A;851~A>T;5000~T>TC;6394~C>T;8140~T>C;8515~G>A;8663~T>C;8825~C>T;8957~T>A;9527~G>T;
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HG02804 

(Father) 

9737~G>A;9809~G>A;10132~C>T;10151~C>T;11667~A>G;12009~T>TGTC;12506~AT>A;20385~T>C;20387~C>T;20389~

T>C;20391~C>T 

Hap 2 (*1C+9809~G>A):  

734~ATT>A;790~G>A;851~A>T;5000~T>TC;6394~C>T;8140~T>C;8515~G>A;8663~T>C;8825~C>T;8957~T>A;9527~G>T;

9737~G>A;9809~G>A;10132~C>T;10151~C>T;11667~A>G;12009~T>TGTC;12506~AT>A;20385~T>C;20387~C>T;20389~

T>C;20391~C>T 

HG02805 

(Mother) 

Hap 1 (*1B+16490~A>T): 

790~G>A;1304~G>C;4622~T>C;4701~A>T;5000~T>TC;6787~G>A;7872~C>T;8663~T>C;10830~C>T;11667~A>G;12009~

T>TGTC;12506~A>AT;12844~C>T;13417~A>G;13773~G>A;14777~C>G;15005~G>T;15165~C>G;15496~C>T;15756~A>A

T;15923~A>G;16402~C>G;16490~A>T;16734~A>C;16818~T>G;16825~A>G;16831~G>T;16832~T>G;17194~C>T;18109~

G>C;18202~G>A;18214~T>C;18399~G>T;18848~G>C;19008~A>C;19290~C>T;19362~A>C;19374~TA>T;19383~T>C;1938

6~G>A;19518~C>G;19528~G>A;19534~C>T;19545~C>A;19589~G>T;19760~TA>T;19783~A>G;19995~C>T;20226~G>A;2

0305~C>CT;20314~T>C;20317~CT>C;20385~T>C;20387~C>T;20389~T>C;20391~C>T;20717~T>C;20728~G>T;20818~T>

C;21491~C>T;21618~C>T;21757~C>T 

3 

Hap 2 (*7C): 

364~C>A;648~A>G;790~G>A;850~T>A;1363~C>T;1364~A>G;1369~T>C;2217~T>C;2739~C>T;3378~G>C;3519~T>G;4104

~A>G;4682~A>G;5000~T>TC;6394~C>T;6717~C>T;6778~G>A;8663~T>C;8845~T>C;11061~C>A;11667~A>G;12007~C>C

TCG;12009~T>C;12160~G>A;12391~C>T;12678~T>A;12713~A>G;12807~C>A;12891~C>G;12971~T>TA;13091~C>A;133

60~C>A;13466~C>T;13501~G>A;13671~G>A;13935~T>C;14048~C>T;14213~A>G;14260~T>TGGG;14499~C>T;15271~G

>C;15308~T>A;15740~GTGT>G;15756~AT>A;16220~G>T;16648~A>G;17344~G>A;18255~C>T;19337~C>T;20061~G>A;2

0288~CCTTTCTTTCTTT>C;20362~CTTTCT>C;20388~T>C;20390~TC>T;20435~T>C;20753~G>A 

  

  

HG02806 

(Child) 

Hap 1 (*1C+9809~G>A): 

734~ATT>A;790~G>A;851~A>T;5000~T>TC;6394~C>T;8140~T>C;8515~G>A;8663~T>C;8825~C>T;8957~T>A;9527~G>T;

9737~G>A;9809~G>A;10132~C>T;10151~C>T;11667~A>G;12009~T>TGTC;12506~AT>A;20385~T>C;20387~C>T;20389~

T>C;20391~C>T 

Hap 2 (*1B+16490~A>T): 

790~G>A;1304~G>C;4622~T>C;4701~A>T;5000~T>TC;6787~G>A;7872~C>T;8663~T>C;10830~C>T;11667~A>G;12009~

T>TGTC;12506~A>AT;12844~C>T;13417~A>G;13773~G>A;14777~C>G;15005~G>T;15165~C>G;15496~C>T;15756~A>A

T;15923~A>G;16402~C>G;16490~A>T;16734~A>C;16818~T>G;16825~A>G;16831~G>T;16832~T>G;17194~C>T;18109~

G>C;18202~G>A;18214~T>C;18399~G>T;18848~G>C;19008~A>C;19290~C>T;19362~A>C;19374~TA>T;19383~T>C;1938

6~G>A;19518~C>G;19528~G>A;19534~C>T;19545~C>A;19589~G>T;19760~TA>T;19783~A>G;19995~C>T;20226~G>A;2

0305~C>CT;20314~T>C;20317~CT>C;20385~T>C;20387~C>T;20389~T>C;20391~C>T;20717~T>C;20728~G>T;20818~T>

C;21491~C>T;21618~C>T;21757~C>T 
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Unphased variant: 10152~A>G 

HG02570 

(Father) 

Hap 1 (*1C+9809~G>A): 

364~C>A;648~A>G;734~ATT>A;790~G>A;850~T>A;851~A>T;3519~T>G;5000~T>TC;8140~T>C;8515~G>A;8663~T>C;882

5~C>T;8957~T>A;9527~G>T;9737~G>A;9809~G>A;10839~A>G;11667~A>G;12007~C>CTCG;12009~T>TGTC;12009~T>C

;12506~AT>A;15496~C>T;15756~A>AT;18728~C>T 

  

Hap 2 (*1C+3739~G>C+9809~G>A+15271~G>C): 

790~G>A;1855~A>C;3739~G>C;4007~T>C;5000~T>TC;6778~G>A;8663~T>C;8825~C>T;8957~T>A;9527~G>T;9737~G>A

;9809~G>A;9886~T>C;10132~C>T;10151~C>T;10152~A>G;10830~C>T;11667~A>G;12506~AT>A;12891~C>G;13360~C>

A;13501~G>A;13671~G>A;13935~T>C;14048~C>T;14213~A>G;14260~T>TGGG;14466~G>T;14499~C>T;15005~G>T;152

71~G>C;15308~T>A;15740~GTGT>G;16147~C>T;16210~A>G;16234~T>C;16287~A>G;16302~T>C;16648~A>G;16654~T>

C;16989~T>C;17213~A>C;17633~T>G;18259~T>G;18385~T>G;18749~TAAGAA>T;18848~G>C;19008~A>C;19141~C>T;1

9415~C>CTCTTAAT;19416~A>G;19528~G>A;19534~C>T;19545~C>A;19760~TA>T;20226~G>A;20301~C>T;20302~T>C;2

0305~C>T;20306~T>C;20309~C>T;20310~T>C;20313~C>T;20314~T>C;20317~C>T;20318~T>C;20377~TTCTTTCTTTC>T

;20389~T>C;20391~C>T;20435~T>C;20717~T>C;20928~G>T;21345~A>C;21491~C>T;21618~C>T;21757~C>T 

HG02571 

(Mother) 

Hap 1(*1C): 

790~G>A;3642~T>G;5000~T>TC;6916~C>G;8317~C>T;8663~T>C;11667~A>G;12506~AT>A;15120~C>T;15496~C>T;1575

6~A>AT;16624~C>T;16855~T>C;17112~C>T;18728~C>T;20373~TTCTTTCTTTCTTTCTTTC>T 

  

Hap 2 (*1C+4682~A>G+16490~A>T): 

364~C>A;648~A>G;790~G>A;850~T>A;1363~C>T;1364~A>G;1369~T>C;2217~T>C;2739~C>T;3378~G>C;3519~T>G;4104

~A>G;4682~A>G;5000~T>TC;6394~C>T;8663~T>C;8845~T>C;10830~C>T;11061~C>A;11667~A>G;11861~A>G;12007~C

>CTCG;12009~T>C;12391~C>T;14526~G>T;14777~C>G;15005~G>T;15165~C>G;15740~GTGT>G;15756~AT>A;16220~G

>T;16402~C>G;16490~A>T;16648~A>G;16734~A>C;16818~T>G;16825~A>G;16831~G>T;16832~T>G;17194~C>T;17344~

G>A;17488~G>GAGGAGAATGGTGCCCAAGA;18109~G>C;18202~G>A;18214~T>C;18259~T>G;18385~T>G;18399~G>T;

18848~G>C;19008~A>C;19290~C>T;19362~A>C;19374~TA>T;19383~T>C;19386~G>A;19508~G>A;19518~C>G;19528~G

>A;19589~G>T;19760~TA>T;19783~A>G;19897~C>G;19995~C>T;20226~G>A;20288~CCTTTCTTT>C;20389~TTC>*;2043

5~T>C;20717~T>C;20728~G>T;20753~G>A;20818~T>C;21618~C>T;21757~C>T 

3 

HG02572 

(Child) 

Hap 1 (*1C+9809~G>A): 

364~C>A;648~A>G;734~ATT>A;790~G>A;850~T>A;851~A>T;3519~T>G;5000~T>TC;8140~T>C;8515~G>A;8663~T>C;882

5~C>T;8957~T>A;9527~G>T;9737~G>A;9809~G>A;10839~A>G;11667~A>G;12007~C>CTCG;12009~T>TGTC;12009~T>C

;12506~AT>A;15496~C>T;15756~A>AT;18728~C>T   

Hap 2 (*1C): 

790~G>A;3642~T>G;5000~T>TC;6916~C>G;8317~C>T;8663~T>C;11667~A>G;12506~AT>A;15120~C>T;15496~C>T;1575

6~A>AT;16624~C>T;16855~T>C;17112~C>T;18728~C>T;20373~TTCTTTCTTTCTTTCTTTC>T 
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Unphased variants: 3468~T>A;4227~T>C 

HG03577 

(Father) 

Hap 1 (*1C+9809~G>A): 

734~ATT>A;790~G>A;851~A>T;1317~C>T;5000~T>TC;8140~T>C;8515~G>A;8663~T>C;8825~C>T;8957~T>A;9527~G>T;

9737~G>A;9809~G>A;10132~C>T;10151~C>T;10152~A>G;10830~C>T;11667~A>G;12007~C>CTCG;12009~T>TGTC;120

09~T>C;12506~AT>A;15496~C>T;18728~C>T;20288~CCTTT>C 

  

Hap 2 (*1C+9809~G>A+16490~A>T): 

734~ATT>A;790~G>A;851~A>T;5000~T>TC;8140~T>C;8515~G>A;8663~T>C;8825~C>T;8957~T>A;9527~G>T;9737~G>A;

9809~G>A;10132~C>T;10151~C>T;10152~A>G;10830~C>T;11667~A>G;12502~A>AT;12506~A>T;14260~T>TGGG;14526

~G>T;14941~C>T;15005~G>T;15165~C>G;15740~GTGT>G;15756~AT>A;16220~G>T;16402~C>G;16490~A>T;16648~A>

G;16734~A>C;17194~C>T;17344~G>A;18109~G>C;18202~G>A;18214~T>C;18259~T>G;18385~T>G;18399~G>T;18848~

G>C;19008~A>C;19290~C>T;19302~C>G;19362~A>C;19374~TA>T;19383~T>C;19386~G>A;19508~G>A;19518~C>G;195

28~G>A;19534~C>T;19545~C>A;19589~G>T;19760~TAA>T;19783~A>G;19995~C>T;20288~CCTTT>C;20370~T>C;20385

~TTCTTTC>T;20717~T>C;20728~G>T;20753~G>A;20818~T>C;21491~C>T;21618~C>T;21757~C>T 

2 

HG03578 

(Mother) 

Hap 1 (*1C+9809~G>A):  

734~ATT>A;790~G>A;851~A>T;5000~T>TC;8140~T>C;8515~G>A;8663~T>C;8825~C>T;8957~T>A;9527~G>T;9737~G>A;

9809~G>A;10132~C>T;10151~C>T;10152~A>G;10830~C>T;11667~A>G;15496~C>T;15756~A>AT 

 

Hap 2 (*1C+4682~A>G):  

286~T>C;364~C>A;648~A>G;790~G>A;850~T>A;1363~C>T;1364~A>G;1369~T>C;2217~T>C;2739~C>T;3378~G>C;3519~

T>G;4104~A>G;4682~A>G;5000~T>TC;6394~C>T;6778~G>A;8663~T>C;8845~T>C;10830~C>T;11061~C>A;11667~A>G;

11861~A>G;12007~C>CTCG;12009~T>C;12391~C>T;15496~C>T;15756~A>AT;18728~C>T;19897~C>G;20317~C>T;2031

8~TTTTC>T;20318~T>C;20370~T>C;20377~TTCTTTCTTTCTTTC>T;20381~TTCTTTCTTTC>* 

HG03579 

(Child) 

Hap 1 (*1C+9809~G>A): 

734~ATT>A;790~G>A;851~A>T;1317~C>T;5000~T>TC;8140~T>C;8515~G>A;8663~T>C;8825~C>T;8957~T>A;9527~G>T;

9737~G>A;9809~G>A;10132~C>T;10151~C>T;10152~A>G;10830~C>T;11667~A>G;12007~C>CTCG;12009~T>TGTC;120

09~T>C;12506~AT>A;15496~C>T;18728~C>T;20288~CCTTT>C 

Hap 2 (*1C+9809~G>A):  

734~ATT>A;790~G>A;851~A>T;5000~T>TC;8140~T>C;8515~G>A;8663~T>C;8825~C>T;8957~T>A;9527~G>T;9737~G>A;

9809~G>A;10132~C>T;10151~C>T;10152~A>G;10830~C>T;11667~A>G;15496~C>T;15756~A>AT 

HG03514 

(Mother) 

Hap 1 (*1C+9809~G>A): 

734~ATT>A;790~G>A;851~A>T;2961~C>T;5000~T>TC;8140~T>C;8515~G>A;8663~T>C;8825~C>T;8957~T>A;9527~G>T;

9737~G>A;9809~G>A;10132~C>T;10151~C>T;10152~A>G;10830~C>T;11667~A>G;12009~T>TGTC;12321~T>C;12506~A

T>A;14260~T>TGGG;15496~C>T;20381~T>TTC;20389~TTC>T 

50 



64 

Hap 2 (*1C+9809~G>A): 

734~ATT>A;790~G>A;851~A>T;5000~T>TC;8140~T>C;8515~G>A;8663~T>C;8825~C>T;8957~T>A;9527~G>T;9737~G>A;

9809~G>A;10132~C>T;10151~C>T;10152~A>G;10830~C>T;11667~A>G;12009~T>TGTC;12506~AT>A;14260~T>TGGG;1

4614~G>A;15496~C>T;20314~TTTCTTTTCTTTCTTTC>T;20381~T>TTC;20389~TTC>T 

  

  

  

HG03515 

(Father) 

Hap 1 (*1C+9809~G>A):  

734~ATT>A;790~G>A;851~A>T;5000~T>TC;8140~T>C;8515~G>A;8663~T>C;8825~C>T;8957~T>A;9527~G>T;9737~G>A;

9809~G>A;10132~C>T;10151~C>T;10152~A>G;10830~C>T;11667~A>G;12009~T>TGTC;12506~AT>A;14260~T>TGGG;1

4614~G>A;15496~C>T;20314~TTTCTTTTCTTTCTTTC>T;20381~T>TTC;20389~TTC>T 

Hap 2 (*1C): 

133522479~T>G;133523152~G>A;133525299~C>T;133526023~G>A;133527362~T>TC;133528756~C>T;133529140~G>A;

133531025~T>C;133533893~C>T;133534029~A>G;133534867~TA>T;133537858~C>T;133542735~TTCTTTCTTTCTTTCT

TTC>T 

HG03516 

(Child) 

Hap1 (*1C+9809~G>A): 

734~ATT>A;790~G>A;851~A>T;2961~C>T;5000~T>TC;8140~T>C;8515~G>A;8663~T>C;8825~C>T;8957~T>A;9527~G>T;

9737~G>A;9809~G>A;10132~C>T;10151~C>T;10152~A>G;10830~C>T;11667~A>G;12009~T>TGTC;12321~T>C;12506~A

T>A;14260~T>TGGG;15496~C>T;20381~T>TTC;20389~TTC>T 

Hap2 (*1C): 

133522479~T>G;133523152~G>A;133525299~C>T;133526023~G>A;133527362~T>TC;133528756~C>T;133529140~G>A;

133531025~T>C;133533893~C>T;133534029~A>G;133534867~TA>T;133537858~C>T;133542735~TTCTTTCTTTCTTTCT

TTC>T 

NA19222 

(Mother) 

Hap 1 (*1C+9809~G>A): 

734~ATT>A;790~G>A;851~A>T;2803~C>T;5000~T>TC;7369~G>A;8140~T>C;8515~G>A;8825~C>T;8957~T>A;9527~G>T;

9737~G>A;9809~G>A;10132~C>T;10151~C>T;10152~A>G;12009~T>TGTC;12506~AT>A;12891~C>G;15496~C>T;20288~

CCTTTCTTT>C;20381~T>TTC;20389~TTC>T 

  

Hap 2 (*1C+9809~G>A+15271~G>C): 

364~C>A;648~A>G;790~G>A;850~T>A;2794~C>G;3519~T>G;3690~C>G;4227~T>C;5000~T>TC;5582~G>A;6778~G>A;86

63~T>C;8713~A>G;8957~T>A;9527~G>T;9570~C>T;9737~G>A;9809~G>A;10132~C>T;10151~C>T;10152~A>G;10830~C

>T;11667~A>G;12007~C>CTCG;12009~T>C;12506~A>AT;12891~C>G;13360~C>A;13501~G>A;13671~G>A;13935~T>C;1

4048~C>T;14213~A>G;15005~G>T;15271~G>C;15308~T>A;15740~GTGT>G;16147~C>T;16210~A>G;16234~T>C;16287~

A>G;16302~T>C;16648~A>G;16822~TTTATTTTTG>T;16989~T>C;17213~A>C;17633~T>G;17752~C>T;18259~T>G;18385

~T>G;18665~C>A;18749~TAAGAA>T;18848~G>C;19008~A>C;19141~C>T;19415~C>CTCTTAAT;19416~A>G;19528~G>A

;19534~C>T;19545~C>A;19760~TA>T;20226~G>A;20381~T>TTC;20435~T>C;20717~T>C;20928~G>T;21491~C>T;21618

~C>T;21757~C>T 

23 
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NA19223 

(Father) 

Hap 1 (*1C): 8663~T>C;11531~C>T;11667~A>G;15496~C>T;20318~T>TTTTC 

  

  

  

  

Hap 2 (*1C): 

11531~C>T;12502~A>AT;12506~A>T;14260~T>TGGG;15496~C>T;20318~T>TTTTC;20387~C>T;20389~T>C;20391~C>C

TCTTTCTT;20391~C>T 

NA19221 

(Child) 

Hap 1 (*1C+9809~G>A): 

734~ATT>A;790~G>A;851~A>T;2803~C>T;5000~T>TC;7369~G>A;8140~T>C;8515~G>A;8825~C>T;8957~T>A;9527~G>T;

9737~G>A;9809~G>A;10132~C>T;10151~C>T;10152~A>G;12009~T>TGTC;12506~AT>A;12891~C>G;15496~C>T;20288~

CCTTTCTTT>C;20381~T>TTC;20389~TTC>T 

Hap 2 (*1C): 8663~T>C;11531~C>T;11667~A>G;15496~C>T;20318~T>TTTTC 

NA18909 

(Mother) 

Hap 1 (*1C): 

364~C>A;648~A>G;790~G>A;850~T>A;3468~T>A;3519~T>G;3642~T>G;4227~T>C;5000~T>TC;6916~C>G;8317~C>T;866

3~T>C;11667~A>G;12007~C>CTCG;12009~T>C;12506~AT>A;15120~C>T;15496~C>T;15756~A>AT;16624~C>T;16855~T

>C;20389~T>C;20391~C>T 
  

Hap 2 (*1C): 

10260~T>C;11531~C>T;15496~C>T;20314~TTTCTTTTCTTTC>T;20381~T>TTC;20389~TTC>T;20391~C>CTCTTTCTT 

NA18910 

(Father) 

 Hap 1 (*1C+3739~G>C+9809~G>A+15271~G>C): 

364~C>A;648~A>G;790~G>A;850~T>A;1855~A>C;3468~T>A;3519~T>G;3739~G>C;4007~T>C;4227~T>C;5000~T>TC;677

8~G>A;8663~T>C;8825~C>T;8957~T>A;9527~G>T;9737~G>A;9809~G>A;9886~T>C;10132~C>T;10151~C>T;10152~A>G;

10830~C>T;11667~A>G;12007~C>CTCG;12009~T>C;12506~AT>A;12891~C>G;13360~C>A;13501~G>A;13671~G>A;139

35~T>C;14048~C>T;15005~G>T;15271~G>C;15308~T>A;15740~GTGT>G;16147~C>T;16210~A>G;16234~T>C;16287~A>

G;16302~T>C;16648~A>G;16654~T>C;16989~T>C;17213~A>C;17633~T>G;18259~T>G;18385~T>G;18749~TAAGAA>T;1

8848~G>C;19008~A>C;19141~C>T;19415~C>CTCTTAAT;19416~A>G;19528~G>A;19534~C>T;19545~C>A;19760~TA>T;

20226~G>A;20366~CT>C;20389~T>C;20391~C>T;20435~T>C;20717~T>C;20928~G>T;21345~A>C;21491~C>T;21618~C

>T;21757~C>T 

24 

Hap 2 (*1C+3739~G>C+9809~G>A+15271~G>C):  

364~C>A;648~A>G;790~G>A;850~T>A;1855~A>C;3468~T>A;3519~T>G;3739~G>C;4007~T>C;4227~T>C;5000~T>TC;677

8~G>A;8663~T>C;8825~C>T;8957~T>A;9527~G>T;9737~G>A;9809~G>A;10132~C>T;10151~C>T;10152~A>G;10830~C>

T;11667~A>G;12007~C>CTCG;12009~T>C;12506~AT>A;12891~C>G;13360~C>A;13501~G>A;13671~G>A;13935~T>C;14

048~C>T;14213~A>G;14466~G>T;14499~C>T;15005~G>T;15271~G>C;15308~T>A;15740~GTGT>G;16147~C>T;16210~A

>G;16234~T>C;16287~A>G;16302~T>C;16648~A>G;16654~T>C;16824~TATTTTTG>T;16989~T>C;17213~A>C;17633~T>

G;18259~T>G;18385~T>G;18749~TAAGAA>T;18848~G>C;19008~A>C;19141~C>T;19415~C>CTCTTAAT;19416~A>G;195

28~G>A;19534~C>T;19545~C>A;19760~TA>T;20297~C>CT;20317~CT>C;20366~CT>C;20389~T>C;20391~C>T;20435~T

>C;20717~T>C;20928~G>T;21345~A>C;21491~C>T;21618~C>T;21757~C>T 
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NA18911 

(Child) 

Hap 1 (*1C): 

364~C>A;648~A>G;790~G>A;850~T>A;3468~T>A;3519~T>G;3642~T>G;4227~T>C;5000~T>TC;6916~C>G;8317~C>T;866

3~T>C;11667~A>G;12007~C>CTCG;12009~T>C;12506~AT>A;15120~C>T;15496~C>T;15756~A>AT;16624~C>T;16855~T

>C;20389~T>C;20391~C>T 

Hap 2 (*1C+3739~G>C+9809~G>A+15271~G>C):  

364~C>A;648~A>G;790~G>A;850~T>A;1855~A>C;3468~T>A;3519~T>G;3739~G>C;4007~T>C;4227~T>C;5000~T>TC;677

8~G>A;8663~T>C;8825~C>T;8957~T>A;9527~G>T;9737~G>A;9809~G>A;10132~C>T;10151~C>T;10152~A>G;10830~C>

T;11667~A>G;12007~C>CTCG;12009~T>C;12506~AT>A;12891~C>G;13360~C>A;13501~G>A;13671~G>A;13935~T>C;14

048~C>T;14213~A>G;14466~G>T;14499~C>T;15005~G>T;15271~G>C;15308~T>A;15740~GTGT>G;16147~C>T;16210~A

>G;16234~T>C;16287~A>G;16302~T>C;16648~A>G;16654~T>C;16824~TATTTTTG>T;16989~T>C;17213~A>C;17633~T>

G;18259~T>G;18385~T>G;18749~TAAGAA>T;18848~G>C;19008~A>C;19141~C>T;19415~C>CTCTTAAT;19416~A>G;195

28~G>A;19534~C>T;19545~C>A;19760~TA>T;20297~C>CT;20317~CT>C;20366~CT>C;20389~T>C;20391~C>T;20435~T

>C;20717~T>C;20928~G>T;21345~A>C;21491~C>T;21618~C>T;21757~C>T 

HG03168 

(Mother) 

Hap 1 (*1C+4963~G>T): 

790~G>A;851~A>T;2530~T>G;4963~G>T;5000~T>TC;6069~C>T;6394~C>T;6778~G>A;8663~T>C;8713~A>G;9945~T>C;1

0839~A>G;11667~A>G;12009~T>TGTC;12506~AT>A;14259~GT>G;15496~C>T;20389~TTC>T;20444~GTTTC>G 

8 

Hap 2 (*1C): 

364~C>A;648~A>G;790~G>A;1846~C>T;3468~T>A;3519~T>G;3642~T>G;4227~T>C;5000~T>TC;8663~T>C;11667~A>G;1

2007~C>CTCG;12009~T>C;12506~AT>A;12891~C>G;14260~T>TGGG;15120~C>T;15496~C>T;15756~A>AT;16624~C>T;

16855~T>C;17112~C>T;17432~G>A;18728~C>T;20288~CCTTTCTTT>C;20366~CT>C;20376~TTTC>T;20389~TTC>T 

 HG03169 

(Father) 

Hap 1 (*1C+9809~G>A):  

734~ATT>A;790~G>A;851~A>T;5000~T>TC;8140~T>C;8515~G>A;8663~T>C;8825~C>T;8957~T>A;9527~G>T;9737~G>A;

9809~G>A;10132~C>T;10151~C>T;10152~A>G;10830~C>T;11667~A>G;12009~T>TGTC;12506~AT>A;14259~GT>G;1549

6~C>T;15756~A>AT;18728~C>T;20389~TTC>T 

Hap 2 (*1C):  

364~C>A;648~A>G;790~G>A;850~T>A;3468~T>A;3519~T>G;3642~T>G;4227~T>C;5000~T>TC;6916~C>G;8317~C>T;866

3~T>C;11667~A>G;12007~C>CTCG;12009~T>C;12506~AT>A;14260~T>TGGG;15120~C>T;15496~C>T;16624~C>T;1685

5~T>C;17112~C>T;20288~CCTTTCTTT>C;20314~TTTCTTTTCTTTC>T;20366~CTTTTCTTTCTTTCTTTCT>C;20385~T>C;

20387~C>T;20389~T>C;20391~C>T 

HG03170 

(Child) 

Hap 1 (*1C+4963~G>T): 

790~G>A;851~A>T;2530~T>G;4963~G>T;5000~T>TC;6069~C>T;6394~C>T;6778~G>A;8663~T>C;8713~A>G;9945~T>C;1

0839~A>G;11667~A>G;12009~T>TGTC;12506~AT>A;14259~GT>G;15496~C>T;20389~TTC>T;20444~GTTTC>G 
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Hap 2 (*1C+9809~G>A):  

734~ATT>A;790~G>A;851~A>T;5000~T>TC;8140~T>C;8515~G>A;8663~T>C;8825~C>T;8957~T>A;9527~G>T;9737~G>A;

9809~G>A;10132~C>T;10151~C>T;10152~A>G;10830~C>T;11667~A>G;12009~T>TGTC;12506~AT>A;14259~GT>G;1549

6~C>T;15756~A>AT;18728~C>T;20389~TTC>T 

HG02702 

(Father) 

Hap 1 (*1C):  

117~T>G;364~C>A;648~A>G;790~G>A;850~T>A;2937~C>T;3519~T>G;3661~G>A;5000~T>TC;6394~C>T;6778~G>A;866

3~T>C;11531~C>T;11667~A>G;15496~C>T;15756~A>AT;18728~C>T;20385~T>*;20391~C>CTT 
  

Hap 2 (*1C): 

790~G>A;3468~T>A;3642~T>G;4227~T>C;5000~T>TC;6916~C>G;8317~C>T;8663~T>C;11667~A>G;12009~T>TGTC;125

05~TA>T;12506~AT>A;15120~C>T;15496~C>T;16624~C>T;16855~T>C;17112~C>T;20288~CCTTTCTTT>C 

HG02703 

(Mother) 

Hap 1 (*1C+4682~A>G): 

790~G>A;1363~C>T;1364~A>G;1369~T>C;2136~A>G;2217~T>C;2739~C>T;3378~G>C;4104~A>G;4682~A>G;5000~T>TC

;6394~C>T;6778~G>A;8663~T>C;8845~T>C;10830~C>T;11061~C>A;11667~A>G;11861~A>G;12007~C>CTCG;12009~T>

C;12391~C>T;15496~C>T;19897~C>G;20356~TTC>T 

42 

Hap 2 (*1C): 

364~C>A;648~A>G;790~G>A;850~T>A;3468~T>A;3519~T>G;3642~T>G;4227~T>C;5000~T>TC;6916~C>G;8317~C>T;866

3~T>C;8883~A>C;11667~A>G;12009~T>TGTC;12506~AT>A;15120~C>T;15496~C>T;15756~A>AT;16624~C>T;16855~T>

C;17112~C>T;18728~C>T;20288~CCTTTCTTT>C;20314~TTTCTTTTC>T;20373~TTCTTTCTTTCTTTCTTTC>T;20381~TT

CTTTCTTTC>* 

  

  

HG02704 

(Child) 

Hap 1 (*1C):  

117~T>G;364~C>A;648~A>G;790~G>A;850~T>A;2937~C>T;3519~T>G;3661~G>A;5000~T>TC;6394~C>T;6778~G>A;866

3~T>C;11531~C>T;11667~A>G;15496~C>T;15756~A>AT;18728~C>T;20385~T>*;20391~C>CTT 

Hap 2 (*1C+4682~A>G): 

790~G>A;1363~C>T;1364~A>G;1369~T>C;2136~A>G;2217~T>C;2739~C>T;3378~G>C;4104~A>G;4682~A>G;5000~T>TC

;6394~C>T;6778~G>A;8663~T>C;8845~T>C;10830~C>T;11061~C>A;11667~A>G;11861~A>G;12007~C>CTCG;12009~T>

C;12391~C>T;15496~C>T;19897~C>G;20356~TTC>T 

HG02860 

(Father) 

Hap 1 (*1C+4682~A>G+9809~G>A): 

364~C>A;648~A>G;734~ATT>A;790~G>A;850~T>A;851~A>T;3519~T>G;4682~A>G;5000~T>TC;6394~C>T;8140~T>C;851

5~G>A;8663~T>C;8825~C>T;8845~T>C;8957~T>A;9527~G>T;9737~G>A;9809~G>A;10830~C>T;10839~A>G;11061~C>A;

11667~A>G;12007~C>CTCG;12009~T>TGTC;12009~T>C;12391~C>T;12506~AT>A;15496~C>T;15756~A>AT;18728~C>T;

20288~CCTTT>C;20381~TTCTTTCTTTC>T 
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Hap 2 (*1C):  

790~G>A;5000~T>TC;8663~T>C;11667~A>G;14260~T>TGGG;15496~C>T;15756~A>AT;17488~G>GAGGAGAATGGTGC

CCAAGA;18728~C>T;20288~CCTTT>C;20385~TTCTTTC>* 

HG02861 

(Mother) 

Hap 1 (*1C): 

790~G>A;2136~A>G;5000~T>TC;5828~C>T;8663~T>C;11667~A>G;15496~C>T;15756~A>AT;18728~C>T;20381~TTCTTT

CTTTC>T 

Hap 2 (*1C+3739~G>C+4682~A>G): 

364~C>A;648~A>G;790~G>A;850~T>A;3468~T>A;3519~T>G;3739~G>C;4227~T>C;4682~A>G;5000~T>TC;6394~C>T;86

63~T>C;8845~T>C;10830~C>T;11061~C>A;11667~A>G;12007~C>CTCG;12009~T>C;12391~C>T;12678~T>A;12713~A>G

;12807~C>A;12891~C>G;12971~T>TA;13091~C>A;13360~C>A;13501~G>A;13671~G>A;13701~G>A;13935~T>C;14048~C

>T;14260~T>TGGG;14363~ATGGTTGGATGGATGGGTGGGTGGGTGGATGGATGGG>A;15005~G>T;15271~G>C;15308~

T>A;15740~GTGT>G;15756~AT>A;19337~C>T;20379~CTT>C;20389~TTC>*;20448~C>G;21067~G>A 

2 

HG02862 

(Child) 

Hap 1 (*1C+4682~A>G+9809~G>A): 

364~C>A;648~A>G;734~ATT>A;790~G>A;850~T>A;851~A>T;3519~T>G;4682~A>G;5000~T>TC;6394~C>T;8140~T>C;851

5~G>A;8663~T>C;8825~C>T;8845~T>C;8957~T>A;9527~G>T;9737~G>A;9809~G>A;10830~C>T;10839~A>G;11061~C>A;

11667~A>G;12007~C>CTCG;12009~T>TGTC;12009~T>C;12391~C>T;12506~AT>A;15496~C>T;15756~A>AT;18728~C>T;

20288~CCTTT>C;20381~TTCTTTCTTTC>T 
  

 Hap 2 (*1C): 

790~G>A;2136~A>G;5000~T>TC;5828~C>T;8663~T>C;11667~A>G;15496~C>T;15756~A>AT;18728~C>T;20381~TTCTTT

CTTTC>T 

Unphased variants: 1363~C>T;1364~A>G;1369~T>C;2217~T>C;2739~C>T;3378~G>C;4104~A>G;6778~G>A;11861~A>G;19897~C>G 

Variants bolded in blue indicate additional variants defining possible novel CYP2E1 star alleles/sub-alleles. Variants bolded in black indicate variants 

defining known CYP2E1 star alleles 

Hap - Haplotype 
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Supplementary Table 4: The distribution of NAT2 star alleles with unknown acetylation effects in SSA compared with various global populations  

Star alleles Defining variants Consequences 

Allele frequencies (%)* 

SSA 

(n=792) 

African 

American/Afro-

Caribbean 

(n=157) 

AMR 

(n=346) 

EAS 

(n=504) 

EUR 

(n=503) 

SAS 

(n=488) 

*5L 

rs45477599                  

rs1801280                    

rs1799929                          

rs1208 

Missense (L24I)          

Missense (I114T)           

Synonymous (L161L)      

Missense (K268R) 

0.4 0 0 0 0 0 

*5N 

rs1801280                    

rs139351995                     

rs1799929                           

rs1208 

Missense (I114T)          

Missense (I158L)         

Synonymous (L161L)      

Missense (K268R) 

0.4 0.3 0 0 0 0 

*5P 

rs1041983 

rs1801280 

rs1799929 

rs79050330 

rs1799930 rs1208 

Synonymous (Y94Y) 

Missense (I114T) 

Synonymous (L161L) 

Missense (T193M) 

Missense (R197Q) 

Missense (K268R) 

0 0 0 0.2 0 0 

*5W 

rs1801280                    

rs146405047                     

rs1799929                           

rs1208 

Missense (I114T)          

Synonymous (N118N)         

Synonymous (L161L)      

Missense (K268R) 

0.1 0.3 0 0 0 0 

*6H 

rs1041983                    

rs1799930                     

rs55700793 

Synonymous (Y94Y) 

Missense (R197Q)        

Stop gained (K256E) 

1.1 0.6 0.1 0 0 0 

*6K 

rs1041983                    

rs1799930                

rs138707146 

Synonymous (Y94Y) 

Missense (R197Q)         

Missense (P213L) 

0.2 0 0 0 0 0 

*6L 

rs1041983                  

rs45532639                         

rs1799930 

Synonymous (Y94Y)        

Synonymous (D115D) 

Missense (R197Q) 

0.1 0 0 0 0 0.1 
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*6O 

rs1041983                    

rs1799930                   

rs56393504 

Synonymous (Y94Y) 

Missense (R197Q)        

Missense (V280M) 

2.7 4.8 0 0.1 0 0 

*6P 
rs12720065                   

rs1799930 

Missense (L135V)    

Missense (R197Q) 
1.5 0.6 0 0 0 0 

*7D 

rs1801279                    

rs1799930                      

rs1799931 

Missense (R64Q)           

Missense (R197Q)              

Missense (G286E) 

0.5 1.3 0 0 0 0 

*12E 

rs1041983                   

rs79050330                           

rs1208 

Synonymous (Y94Y)      

Missense (T193M)        

Missense (K268R) 

0.3 0.3 0 0 0 0 

*12F 
rs56387565                         

rs1208 

Missense (Y208H) 

Missense (K268R) 
0.1 0 0 0 0 0 

*12G 
rs45618543                          

rs1208 

Missense (E203D)        

Missense (K268R) 
0.9 0.6 0.1 0 0 0 

*12H 
rs12720065                        

rs1208 

Missense (L135V)          

Missense (K268R) 
1.5 0.6 0.1 0 0 0 

*12N 
rs149283608                          

rs1208 

Missense (N41Y)         

Missense (K268R) 
0.1 0 0 0 0 0 

*12O 
rs72466456 

rs45618543 rs1208 

Missense (I10T) Missense 

(E203D) Missense (K268R) 
0 0.6 0 0 0 0 

13F 
rs1041983 

rs56393504 

Synonymous (Y94Y) 

Missense (V280M) 
0.1 0 0 0 0 0 

*14H 

rs1801279                     

rs1041983                     

rs45518335 

Missense (R64Q)                 

Synonymous (Y94Y)                   

Missense (P228L) 

0.4 0.6 0 0 0 0 

*14L 

rs200893121                   

rs1801279                     

rs1041983 

Missense (I3V)           

Missense (R64Q)                 

Synonymous (Y94Y) 

0.1 0 0 0 0 0 

*24 rs12720065 Missense (L135V) 0.1 0 0 0 0 0 

*26 rs868725509 Missense (I270T) 0.3 0 0 0 0 0 

*27 rs375746304 Stop gain (R197*) 0.2 0 0 0 0 0 

*0  Null deletion 0 0 0 0 0 0.2 
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*4x3  Duplication 0 0 0 0 0.1 0 

*4x2  Duplication 0 0 0 0.1 0 0 

*6Ax2  Duplication 0 0 0 0.1 0 0 

SSA – Sub-Saharan African participants; AMR – admixed American participants; EAS – East Asian participants; EUR – European participants; SAS – South Asian 

participants 

*Allele frequencies calculated with excluding novel haplotypes and individuals with unresolved diplotypes 
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Supplementary Table 5: The distribution of NAT2 star alleles with unknown acetylation effects 

across SSA populations in this study 

Star 

allele 

Allele frequencies (%)* 

All 

(n=792) 

BFA 

(n=32) 

ESN 

(n=98) 

GWD 

(n=113) 

GHA 

(n=26) 

LWK 

(n=99) 

MSL 

(n=85) 

SEB 

(n=200) 

YRI 

(n=108) 

*5L 0.4 0 0 0 0 1.5 0 4 0 

*5N 0.4 0 0.5 0 0 0 0.6 4 0.5 

*5W 0 0 0 0.4 0 0 0 0 0 

*6H 0.1 1.6 0.5 0.4 0 0.5 0.6 0.5 0.5 

*6K 1.1 0 0 0.9 0 0 0.6 0 0 

*6L 0.2 0 0 0.4 0 0 0.6 0 0 

*6O 2.7 7.8 3.0 3.1 1.9 1.0 4.1 1.2 3.7 

*6P 1.5 0 0 0 0 3.0 0 4 0.5 

*7D 0.5 0 1.0 1.8 0 0 1.2 0 0 

*12E 0.3 0 0 0.9 0 0 0 0 0.9 

*12F 0.1 0 0 0 0 0.5 0 0 0 

*12G 0.9 1.6 1.5 0.9 1.9 0 1.2 2 1.4 

*12H 1.5 0 1.5 4.4 1.9 2.5 0 2 0.9 

*12N 0.1 0 0.5 0 0 0 0 0 0 

*14H 0.4 0 0 0 0 1.5 0 0 1.4 

*14L 0.1 0 0 0 0 0 0 0 0.5 

*26 0.3 0 0 0 0 0 0 5 0 

*27 0.2 0 0 0 0 0 0 3 0 

BFA – Burkina Faso participants; ESN – Esan in Nigeria; GWD – Gambian in Western Division, 
Mandinka; GHA – Ghanaian participants; LWK – Luhya in Webuye, Kenya; MSL – Mende in 
Sierra Leone; SEB – Southeastern Bantu in South Africa; YRI – Yoruba in Ibadan 
*Allele frequencies calculated with excluding novel haplotypes and individuals with unresolved 
diplotypes 
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Supplementary Table 6: Examples of trio data used to infer core NAT1 (NG_012245.2) and NAT2 (NG_012246.1) variants defining novel haplotypes 

Coriell ID Haplotypes 

NAT1 

HG02461 

(Father) 

Hap 1 (*3): 57674~A>T 

Hap 2 (*4): 57674~A>T;57681~A>C;57777~T>G;58302~C>T 

HG02462 

(Mother) 

Hap 1 (*4+57068~T>C) : 57068~T>C;57674~A>T;57681~A>C;57777~T>G 

Hap 2 (*3): 57674~A>T;58302~C>T 

HG02463 

(Child) 

Hap 1 (*3): 57674~A>T 

Hap 2 (*4+57068~T>C): 57068~T>C;57674~A>T;57681~A>C;57777~T>G 

Unphased variants: 55658~G>A;55851~GT>G  

HG02973 

(Father) 

Hap 1 (*4): 57674~A>T;57681~A>C;57777~T>G 

Hap 2 (*10+18223111~A>AAAT): 18223111~A>AAAT 

HG02974 

(Mother) 

Hap 1 (*4): 57674~A>T;57681~A>C;57777~T>G 

Hap 2 (*4): 57674~A>T;57681~A>C;57777~T>G 

HG02975 

(Child) 

Hap 1 (*4): 57674~A>T;57681~A>C;57777~T>G 

Hap 2 (*4): 57674~A>T;57681~A>C;57777~T>G 

NA18516 

(Father) 

Hap 1 (*4+57277~G>T): 57277~G>T;57674~A>T; 57681~A>C;57777~T>G 

Hap 2 (*4): 57674~A>T;57681~A>C;57777~T>G 

NA18517 

(Mother) 

Hap 1 (*4+57650~A>AAAT): 55658~G>A;55851~GT>G;57650~A>AAAT;57674~A>T;57681~A>C;57777~T>G;57841~T>C 

Hap 2 (*10):  

NA18515 

(Child) 

Hap 1 (*4+57277~G>T): 57277~G>T;57674~A>T; 57681~A>C;57777~T>G 

Hap 2 (*4+57650~A>AAAT): 55658~G>A;55851~GT>G;57650~A>AAAT;57674~A>T;57681~A>C;57777~T>G;57841~T>C 

HG03311 

(Father) 

Hap 1 (*3): 55539~G>C;55658~G>A;55851~GT>G;56551~A>T;57674~A>T;58302~C>T 

Hap 2 (*10+57650~A>AAAT+57681~A>C): 57650~A>AAAT;57681~A>C;57777~T>G;58321~A>T 

HG03309 

(Mother) 

Hap 1 (*3): 55658~G>A; 57674~A>T;55851~GT>G;58302~C>T;58371~A>G 

Hap 2 (*4): 57674~A>T;57681~A>C;57777~T>G 

HG03310 

(Child) 

Hap 1 (*3): 55658~G>A; 57674~A>T;55851~GT>G;58302~C>T;58371~A>G 

Hap 2 (*3): 55658~G>A;55851~GT>G;58302~C>T;58371~A>G 

Hap 1 (*4): 57674~A>T;57681~A>C;57777~T>G 
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HG02943 

(Mother) 

Hap 2 (*4+56607~T>G): 

55658~G>A;55851~GT>G;56033~G>A;56607~T>G;57674~A>T;57681~A>C;57777~T>G;58272~G>A;58302~C>T 

HG02944 

(Father) 

Hap 1 (*4): 57674~A>T;57681~A>C;57777~T>G  

Hap 2 (*4): 57674~A>T;57681~A>C;57777~T>G 

HG02945 

(Child) 

Hap 1 (*4): 57674~A>T;57681~A>C;57777~T>G  

Hap 2 (*4): 57674~A>T;57681~A>C;57777~T>G 

HG02946 

(Mother) 

Hap 1 (*10+56777~G>A): 55658~G>A;55851~GT>G;56211~T>C;56309~T>A;56777~G>A;58302~C>T 

Hap 2 : 55658~G>A;55851~GT>G;58275~A>G  

HG02947 

(Father) 

Hap 1 (*4): 57674~A>T;57681~A>C;57777~T>G 

Hap 2 (*4): 57674~A>T;57681~A>C;57777~T>G 

HG02948 

(Child) 

Hap 1 (*10+56777~G>A): 55658~G>A;55851~GT>G;56211~T>C;56309~T>A;56777~G>A;58302~C>T 

Hap 2 (*4): 57674~A>T;57681~A>C;57777~T>G 

HG02464 

(Father) 

Hap 1 (*10): 55658~G>A;58275~A>G  

Hap 2 (*10): 55658~G>A;55851~GT>G;56551~A>T;58228~A>C;58233~T>C;58321~A>T 

HG02465 

(Mother) 

Hap 1 (*3+57650~A>AAATAATAAT): 55658~G>A;55851~GT>G;57650~A>AAATAATAAT;57674~A>T;57777~T>G 

Hap 2 (*10):  

HG02466 

(Child) 

Hap 1 (*10): 55658~G>A;58275~A>G  

Hap 2 (*3+57650~A>AAATAATAAT): 55658~G>A;55851~GT>G;57650~A>AAATAATAAT;57674~A>T;57777~T>G 

Unphased variant: 58302~C>T 

HG02620 

(Father) 

Hap 1 (*10): 58302~C>T;58371~A>G 

Hap 2 (*10+57025~C>T): 57025~C>T 

HG02621 

(Mother) 

Hap 1 (*15): 57145~C>T;57674~A>T;57681~A>C;57777~T>G 

Hap 2 (*10):   

HG02622 

(Child) 

Hap 1 (*10): 55658~G>A;58275~A>G  

Hap 2 (*10+57025~C>T): 57025~C>T 

Unphased variants: 55658~G>A;55851~GT>G 

NAT2 

HG03270 

(Mother) 

Hap 1 (*6A+14007~G>C): 

484~G>C;707~T>A;797~G>A;908~G>T;930~G>A;999~C>T;1240~G>C;1695~A>G;1904~T>C;2260~C>CAAA;2299~A>G;2705~G>T;3476
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~TTCTGCTAATC>T;4884~A>G;6755~G>C;7386~A>G;7827~A>G;8246~G>A;10821~T>C;11585~C>G;12122~C>T;12905~T>C;14007~G

>C;14041~C>T;14349~G>A;14562~G>A;15154~G>A;15551~A>G;15612~C>T 

Hap 2 (*6A): 

484~G>C;1099~G>T;1240~G>C;1904~T>C;4884~A>G;7386~A>G;7827~A>G;8246~G>A;9707~C>CT;10821~T>C;11585~C>G;12122~C

>T;12905~T>C;14041~C>T;14349~G>A;14562~G>A;15154~G>A;15551~A>G;15612~C>T 

HG03271 

(Father) 

 

Hap 1 (*6A): 

-203~C>T;484~G>C;908~G>T;930~G>A;999~C>T;1240~G>C;1695~A>G;1904~T>C;2185~G>A;2260~C>CAAA; 

4884~A>G;7386~A>G;7827~A>G;8246~G>A;9707~C>CTT;10821~T>C;11585~C>G;12122~C>T;12905~T>C;14041~C>T;14349~G>A;14

562~G>A;15154~G>A;15551~A>G;15612~C>T 

Hap 2 (*5B): 

447~C>T;484~G>C;1240~G>C;1904~T>C;2260~C>CAAA;2299~A>G;2910~A>G;3952~C>CAG;4480~C>CAATT;4884~A>G;5898~T>C;6

838~G>T;7168~T>C;7386~A>G;7756~G>A;7804~T>G;7827~A>G;8055~G>A;8246~G>A;8315~G>C;8392~CCTT>C;9001~T>C;9655~C>

G;10613~G>A;10618~T>C;11185~T>C;11585~C>G;12363~C>T;12687~T>C;12905~T>C;13269~A>G;13526~C>T;14100~T>C;14240~C>

T;15612~C>T 

HG03272 

(Child) 

Hap 1 (*6A+14007~G>C): 

484~G>C;707~T>A;797~G>A;908~G>T;930~G>A;999~C>T;1240~G>C;1695~A>G;1904~T>C;2260~C>CAAA;2299~A>G;2705~G>T;3476

~TTCTGCTAATC>T;4884~A>G;6755~G>C;7386~A>G;7827~A>G;8246~G>A;10821~T>C;11585~C>G;12122~C>T;12905~T>C;14007~G

>C;14041~C>T;14349~G>A;14562~G>A;15154~G>A;15551~A>G;15612~C>T 

Hap 2 (*6A): 

-203~C>T;484~G>C;908~G>T;930~G>A;999~C>T;1240~G>C;1695~A>G;1904~T>C;2185~G>A;2260~C>CAAA; 

4884~A>G;7386~A>G;7827~A>G;8246~G>A;9707~C>CTT;10821~T>C;11585~C>G;12122~C>T;12905~T>C;14041~C>T;14349~G>A;14

562~G>A;15154~G>A;15551~A>G;15612~C>T 

Unphased variants: 2379~A>C;2942~T>C;3695~A>G;3964~T>A;6563~A>T;8172~A>G 

Variants bolded in blue indicate additional variants defining possible novel NAT1 and NAT2 star alleles/sub-alleles. Variants bolded in black indicate 

variants defining known NAT1 and NAT2  star alleles 

Hap – Haplotype  
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Supplementary Table 7: The distribution of NAT1 diplotypes and NAT1 predicted phenotypes in SSA compared with various global populations 

Haplotype Acetylation effect 

Diplotype frequencies (%)* 

SSA  
(n=762) 

African 
American/ 

Afro-
Caribbean 
(n=152)  

AMR (n=344) 
EAS  

(n=461) 
EUR  

(n=477) 
SAS  

(n=450) 

*10/*10 Rapid 27.9 15.1 15.1 25.2 5.5 11.6 

*11A/*3 Intermediate 0 0 0 0 0 0.4 

*11A/*4 Intermediate 0 0.7 2.0 0.7 3.6 5.3 

*3/*10 Intermediate 2.5 0.7 0.3 1.5 0.8 3.3 

*4/*10 Intermediate 47.1 49.3 38.1 45.3 29.8 40.2 

*10/*15 Intermediate 0.1 0 0.3 0 0.2 0 

*10/*27 Intermediate 1.3 3.3 0.3 0 0 0 

*10/*17 Intermediate 0 0.7 0 0 0.2 0 

*10/14A Intermediate 0 0.7 0.6 0 1.0 0 

*10/*20 Intermediate 0 0.7 0 0 0 0 

*10/*22 Intermediate 0 0 0.3 0 0 0 

*3/*4 Slow 2.1 2.6 2.6 2.2 3.4 3.6 

*4/*4 Slow 17.6 22.4 39.8 21.0 52.0 34.4 

*27/*4 Slow 0.9 2.6 0 0 0 0 

*15/*4 Slow 0.1 0.7 0.6 0 1.5 0 

*3/*3 Slow 0 0.7 0 0 0 0.7 

*10x2/*4 Unknown 0 0 0 0 0 0.2 

*10x2/*3x2 Unknown 0 0 0 0 0 0.2 

*17/*4 Unknown 0 0 0 0 0.8 0 

*22/*4 Unknown 0 0 0 0 0.8 0 

*15/*22 Unknown 0 0 0 0 0.2 0 

*10/*26B Unknown 0.3 0 0 0 0 0 
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*26B/*4 Unknown 0.1 0 0 0 0 0 

*16/4 Unknown 0 0 0 3.7 0 0 

*10x2/*4x2 Unknown 0 0 0 0.2 0 0 

*16/*3 Unknown 0 0 0 0.2 0 0 

*0/*0 Unknown 0 0 0 0 0.2 0 

SSA – Sub-Saharan African participants; AMR – admixed American participants; EAS – East Asian participants; EUR – European participants; SAS – 
South Asian participants 
*Diplotype frequencies calculated with excluding individuals with novel haplotypes and/or unresolved diplotypes  
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Supplementary Table 8: The distribution of NAT2 diplotypes and NAT2 predicted phenotypes in SSA compared with various global populations 

Diplotypes Acetylation effect 

Diplotype frequencies (%) 

SSA  
(n=791) 

African 
American/Afro-

Caribbean 
(n=157) 

AMR 
(n=345) 

EAS 
(n=504) 

EUR 
(n=503) 

SAS 
(n=487) 

*4/*4 Rapid 1.0 1.9 12.5 30.0 6.6 4.9 

*4/*12A Rapid 1.4 0.6 0.9 0.2 0.2 1.0 

*4/*12B Rapid 0.1 0.0 0.0 0.0 0.0 0.0 

*4/*13A Rapid 2.8 2.5 0.6 0.8 0.0 0.0 

*12A/*12A Rapid 1.5 0.0 0.0 0.0 0.0 0.0 

*12A/*12B Rapid 0.5 0.0 0.0 0.0 0.0 0.0 

*12A/*13A Rapid 1.1 0.6 0.0 0.0 0.0 0.0 

*13A/*13A Rapid 1.9 2.5 0.0 0.0 0.0 0.0 

*4/*5A Intermediate 0.1 0.6 0.0 0.0 0.6 0.2 

*4/*5B Intermediate 5.1 5.1 21.7 3.0 19.5 11.7 

*4/*5C Intermediate 1.3 1.9 0.3 0.2 0.4 1.2 

*4/*6A Intermediate 2.0 7.0 8.7 21.8 12.5 14.4 

*4/*6B Intermediate 0.0 0.0 0.0 0.0 0.4 0.0 

*4/*7B Intermediate 0.3 1.3 2.0 5.0 0.8 0.8 

*4/*10 Intermediate 0.0 0.0 0.0 0.2 0.0 0.0 

*4/*14A Intermediate 0.8 0.6 0.0 0.0 0.0 0.0 

*4/*14B Intermediate 2.1 0.6 0.3 0.0 0.0 0.0 

*5A/*13A Intermediate 0.1 0.0 0.0 0.0 0.0 0.0 

*5B/*12A Intermediate 4.8 2.5 1.2 0.0 0.2 2.1 

*5B/*12B Intermediate 0.4 0.0 0.0 0.0 0.0 0.0 

*5B/*13A Intermediate 3.8 3.2 0.3 0.0 0.0 0.0 

*5C/*12A Intermediate 1.6 0.0 0.0 0.0 0.0 0.0 

*5C/*12B Intermediate 0.4 0.0 0.0 0.0 0.0 0.0 

*5C/*13A Intermediate 0.6 1.9 0.0 0.0 0.0 0.0 
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*5D/*13A Intermediate 0.4 0.0 0.0 0.0 0.0 0.0 

*6A/*12A Intermediate 4.4 1.9 0.0 0.2 0.2 0.4 

*6A/*12B Intermediate 0.4 0.0 0.0 0.0 0.0 0.0 

*6A/*12C Intermediate 0.0 0.0 0.0 0.0 0.0 0.2 

*6A/*13A Intermediate 4.3 4.5 0.6 0.2 0.0 0.0 

*7B/*12A Intermediate 0.1 0.0 0.3 0.0 0.0 0.0 

*7B/*12B Intermediate 0.1 0.6 0.6 0.0 0.2 0.0 

*7B/*13A Intermediate 0.3 0.0 0.0 0.0 0.0 0.0 

*12A/*14B Intermediate 0.8 1.3 0.0 0.0 0.0 0.0 

*12B/*14B Intermediate 0.0 0.6 0.0 0.0 0.0 0.0 

*13A/*14A Intermediate 0.1 0.0 0.0 0.0 0.0 0.0 

*13A/*14B Intermediate 1.9 0.6 0.0 0.0 0.0 0.0 

*5A/*5B Slow acetylator 0.3 0.0 0.0 0.0 1.4 0.2 

*5A/*5C Slow acetylator 0.0 0.0 0.3 0.0 0.0 0.0 

*5A/*6A Slow acetylator 0.0 0.0 0.6 0.0 1.2 0.2 

*5A/*7B Slow acetylator 0.0 0.0 0.3 0.0 0.2 0.0 

*5A/*14B Slow acetylator 0.1 0.0 14.2 0.0 0.0 0.0 

*5B/*5B Slow acetylator 4.9 7.6 0.0 0.2 18.1 10.9 

*5B/*5C Slow acetylator 2.8 1.9 0.6 0.0 2.0 1.6 

*5B/*5E Slow acetylator 0.1 0.0 11.3 0.0 0.0 0.0 

*5B/*6A Slow acetylator 7.5 11.5 4.3 3.0 21.5 20.9 

*5B/*6C Slow acetylator 0.0 0.0 0.0 0.0 0.2 0.2 

*5B/*7B Slow acetylator 1.0 0.0 0.0 1.0 2.2 4.1 

*5B/*14A Slow acetylator 0.5 1.9 0.3 0.0 0.0 0.0 

*5B/*14B Slow acetylator 3.2 0.6 0.0 0.0 0.2 0.0 

*5B/*14G Slow acetylator 0.0 0.6 0.0 0.0 0.0 0.0 

*5C/*5C Slow acetylator 0.8 0.0 0.0 0.0 0.2 0.0 

*5C/*6A Slow acetylator 1.9 0.6 0.9 0.0 0.4 2.1 

*5C/*6B Slow acetylator 0.0 0.0 0.3 0.0 0.0 0.0 
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*5C/*7B Slow acetylator 0.1 1.3 3.8 0.0 0.0 0.2 

*5C/*14A Slow acetylator 0.3 0.0 0.0 0.0 0.0 0.0 

*5C/*14B Slow acetylator 0.4 0.0 0.9 0.0 0.0 0.0 

*5D/*5D Slow acetylator 0.1 0.0 4.1 0.0 0.0 0.0 

*6A/*6A Slow acetylator 3.0 4.5 0.0 8.5 9.3 13.1 

*6A/*6C Slow acetylator 0.0 0.0 0.0 0.0 0.0 0.2 

*6A/*7B Slow acetylator 1.0 2.5 0.0 9.5 1.0 6.2 

*6A/*14A Slow acetylator 0.9 0.0 0.0 0.0 0.0 0.0 

*6A/*14B Slow acetylator 1.8 2.5 7.5 0.0 0.0 0.0 

*6C/*7B Slow acetylator 0.0 0.0 0.0 0.0 0.0 0.2 

*6P/*12A Slow acetylator 0.5 0.0 0.0 0.0 0.0 0.0 

*7B/*7B Slow acetylator 0.1 1.3 0.0 16.1 0.2 2.1 

*7B/*14A Slow acetylator 0.4 0.0 0.0 0.0 0.0 0.0 

*14A/*14A Slow acetylator 1.0 0.0 0.0 0.0 0.0 0.0 

*14A/*14B Slow acetylator 0.3 0.6 0.0 0.0 0.0 0.0 

*14D/*14D Slow acetylator 0.4 0.0 0.0 0.0 0.0 0.0 

*4/*5N Unknown 0.3 0.6 0.3 0.0 0.0 0.0 

*4/*5P Unknown 0.0 0.0 0.0 0.0 0.0 0.4 

*4/*6H Unknown 0.3 0.6 0.0 0.0 0.0 0.0 

*4/*6O Unknown 0.1 0.6 0.0 0.0 0.0 0.2 

*4/*6P Unknown 0.1 0.0 0.0 0.0 0.0 0.0 

*4/*12G Unknown 0.1 0.0 0.3 0.0 0.0 0.0 

*4/*12H Unknown 0.3 0.0 0.0 0.0 0.0 0.0 

*4/*14H Unknown 0.1 0.0 0.0 0.0 0.0 0.0 

*4/*26 Unknown 0.1 0.0 0.0 0.0 0.0 0.0 

*4/*27 Unknown 0.4 0.0 0.0 0.0 0.0 0.0 

*5A/*12H Unknown 0.1 0.0 0.0 0.0 0.0 0.0 

*5A/*26 Unknown 0.1 0.0 0.0 0.0 0.0 0.0 

*5B/*5L Unknown 0.1 0.0 0.0 0.0 0.0 0.0 
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*5B/*5W Unknown 0.0 0.6 0.0 0.0 0.0 0.0 

*5B/*6H Unknown 0.3 0.6 0.0 0.0 0.0 0.0 

*5B/*6K Unknown 0.1 0.0 0.0 0.0 0.0 0.0 

*5B/*6L Unknown 0.1 0.0 0.0 0.0 0.0 0.0 

*5B/*6O Unknown 0.8 3.2 0.0 0.0 0.0 0.0 

*5B/*6P Unknown 0.3 0.0 0.0 0.0 0.0 0.0 

*5B/*12E Unknown 0.0 0.6 0.0 0.0 0.0 0.0 

*5B/*12F Unknown 0.1 0.0 0.0 0.0 0.0 0.0 

*5B/*12G Unknown 0.1 0.0 0.0 0.0 0.0 0.0 

*5B/*12H Unknown 1.1 0.6 0.0 0.0 0.0 0.0 

*5B/*14H Unknown 0.1 0.0 0.0 0.0 0.0 0.0 

*5C/*5N Unknown 0.1 0.0 0.0 0.0 0.0 0.0 

*5C/*5W Unknown 0.1 0.0 0.0 0.0 0.0 0.0 

*5C/*6O Unknown 0.1 0.6 0.0 0.0 0.0 0.0 

*5C/*6P Unknown 0.3 0.0 0.0 0.0 0.0 0.0 

*5C/*12H Unknown 0.1 0.0 0.0 0.0 0.0 0.0 

*5C/*12G Unknown 0.4 0.0 0.0 0.0 0.0 0.0 

*5C/*12N Unknown 0.1 0.0 0.0 0.0 0.0 0.0 

*5L/*12A Unknown 0.3 0.0 0.0 0.0 0.0 0.0 

*5L/*13A Unknown 0.1 0.0 0.0 0.0 0.0 0.0 

*5L/*14A Unknown 0.1 0.0 0.0 0.0 0.0 0.0 

*5L/*14B Unknown 0.3 0.0 0.0 0.0 0.0 0.0 

*5N/*6A Unknown 0.1 0.0 0.0 0.0 0.0 0.0 

*5N/*12A Unknown 0.1 0.0 0.0 0.0 0.0 0.0 

*5N/*13A Unknown 0.1 0.0 0.0 0.0 0.0 0.0 

*5N/*14B Unknown 0.1 0.0 0.0 0.0 0.0 0.0 

*6A/*6H Unknown 0.8 0.0 0.0 0.0 0.0 0.0 

*6A/*6K Unknown 0.1 0.0 0.0 0.0 0.0 0.0 

*6A/*6L Unknown 0.0 0.0 0.0 0.0 0.2 0.0 
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*6A/*6O Unknown 1.1 0.6 0.0 0.0 0.0 0.0 

*6A/*6P Unknown 0.5 0.6 0.0 0.0 0.0 0.0 

*6A/*12E Unknown 0.1 0.0 0.0 0.0 0.0 0.0 

*6A/*12G Unknown 0.0 0.6 0.0 0.0 0.0 0.0 

*6A/*12H Unknown 0.5 0.0 0.0 0.0 0.0 0.0 

*6A/*14L Unknown 0.1 0.0 0.0 0.0 0.0 0.0 

*6H/*12A Unknown 0.4 0.0 0.0 0.0 0.0 0.0 

*6H/*12B Unknown 0.1 0.0 0.0 0.0 0.0 0.0 

*6H/*13A Unknown 0.4 0.0 0.0 0.0 0.0 0.0 

*6K/*14A Unknown 0.1 0.0 0.0 0.0 0.0 0.0 

*6L/*14B Unknown 0.1 0.0 0.0 0.0 0.0 0.0 

*6O/*6O Unknown 0.3 0.0 0.0 0.0 0.0 0.0 

*6O/*7B Unknown 0.1 0.0 0.0 0.0 0.0 0.0 

*6O/*12A Unknown 0.0 0.6 0.0 0.0 0.0 0.0 

*6O/*12B Unknown 0.0 0.6 0.0 0.0 0.0 0.0 

*6O/*12G Unknown 0.1 0.0 0.0 0.0 0.0 0.0 

*6O/*12H Unknown 0.1 0.0 0.0 0.0 0.0 0.0 

*6O/*13A Unknown 1.6 1.9 0.0 0.0 0.0 0.0 

*6O/*14A Unknown 0.1 0.0 0.0 0.0 0.0 0.0 

*6O/*14B Unknown 0.5 0.6 0.0 0.0 0.0 0.0 

*6P/*6P Unknown 0.3 0.0 0.0 0.0 0.0 0.0 

*6P/*12B Unknown 0.3 0.0 0.0 0.0 0.0 0.0 

*6P/*13A Unknown 0.1 0.6 0.0 0.0 0.0 0.0 

*6P/*14B Unknown 0.4 0.0 0.0 0.0 0.0 0.0 

*6P/*14H Unknown 0.1 0.0 0.0 0.0 0.0 0.0 

*7B/*12G Unknown 0.1 0.0 0.3 0.0 0.0 0.0 

*7D/*7D Unknown 0.5 1.3 0.0 0.0 0.0 0.0 

*12A/*12G Unknown 0.1 0.6 0.0 0.0 0.0 0.0 

*12A/*12H Unknown 0.1 0.6 0.0 0.0 0.0 0.0 
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*12A/*14H Unknown 0.3 0.0 0.0 0.0 0.0 0.0 

*12A/*26 Unknown 0.4 0.0 0.0 0.0 0.0 0.0 

*12B/*12G Unknown 0.1 0.0 0.0 0.0 0.0 0.0 

*12C/*12E Unknown 0.1 0.0 0.0 0.0 0.0 0.0 

*12E/*13A Unknown 0.1 0.0 0.0 0.0 0.0 0.0 

*12E/*14A Unknown 0.1 0.0 0.0 0.0 0.0 0.0 

*12G/*13A Unknown 0.3 0.0 0.0 0.0 0.0 0.0 

*12G/*14A Unknown 0.3 0.0 0.0 0.0 0.0 0.0 

*12G/*14B Unknown 0.1 0.0 0.0 0.0 0.0 0.0 

*12H/*13A Unknown 0.5 0.0 0.0 0.0 0.0 0.0 

*12O/*12O Unknown 0.0 0.6 0.0 0.0 0.0 0.0 

*13A/*14E Unknown 0.1 0.0 0.0 0.0 0.0 0.0 

*13A/*14H Unknown 0.3 0.6 0.0 0.0 0.0 0.0 

*13F/*14D Unknown 0.1 0.0 0.0 0.0 0.0 0.0 

*14B/*14B Unknown 0.3 0.0 0.0 0.0 0.0 0.0 

*14B/*14H Unknown 0.0 0.6 0.0 0.0 0.0 0.0 

*14B/*6O Unknown 0.0 0.6 0.0 0.0 0.0 0.0 

*24/*24 Unknown 0.1 0.0 0.0 0.0 0.0 0.0 

*4x2/*6Ax2 Unknown 0.0 0.0 0.0 0.0 0.0 0.2 

*4/*4x3 Unknown 0.0 0.0 0.0 0.2 0.0 0.0 

*0/*0 Unknown 0.0 0.0 0.0 0.0 0.2 0.0 

SSA – Sub-Saharan African participants; AMR – admixed American participants; EAS – East Asian participants;  EUR – European participants; SAS – South 
Asian participants 
*Diplotype frequencies calculated with excluding novel haplotypes and individuals with unresolved diplotypes 
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Supplementary Table 9: The distribution of GSTM1 diplotypes and the associated GSTM1 

enzyme activity phenotypes in SSA compared with various global populations 

Diplotype 
Enzyme 
activity 

Diplotype frequencies (%) 

SSA 
(n=765) 

African 
American/ 

Afro-
Caribbean 
(n=157) 

AMR 
(n=340) 

EAS 
(n=503) 

EUR 
(n=487) 

SAS 
(n=476) 

*A/*A Normal 21.0 23.2 3.8 11.8 0.6 2.7 

*A/*B Normal 5.0 6.0 4.7 4.0 2.2 3.3 

*B/*B Normal 0.3 0 0.9 1.9 3.2 0.2 

*0/*A Reduced 45.9 39.1 24.7 37.8 14.9 26.5 

*0/*B Reduced 2.7 3.3 16.2 10.5 22.7 13.8 

*0/*0 None 24.4 28.5 49.4 33.4 56.5 53.2 

*A/*AX2 Increased 0.5 0 0 0.4 0 0.4 

*B/*Ax2 Increased 0.1 0 0.3 0 0 0 

*Ax2/*Bx2 Increased 0 0 0 0.2 0 0 

SSA – Sub-Saharan African participants; AMR – admixed American participants; EAS – East Asian 
participants; EUR – European participants; SAS – South Asian participants 
*Diplotype frequencies calculated with excluding novel haplotypes and individuals with unresolved 
diplotypes 

 

Supplementary Table 10: The distribution of GSTT1 diplotypes and associated GSTT1 enzyme 

activity phenotypes in SSA compared with various global populations 

Diplotypes 
Enzyme 
activity 

Diplotype frequencies (%) 

SSA  
(n=541) 

African 
American/ 

Afro-
Caribbean 
(n=122) 

AMR 
(n=338) 

EAS 
(n=492) 

EUR 
(n=497) 

SAS 
(n=477) 

*0/*0 None 42.7 31.1 24.0 47.0 17.7 15.9 

*0/*A Reduced  45.1 54.1 50.6 43.1 45.1 52.2 

*A/*A Normal  12.2 14.8 25.1 10.0 36.8 31.7 

*A/*Ax2 Increased 0.0 0.0 0.3 0.0 0.4 0.2 

SSA – Sub-Saharan African participants; AMR – admixed American participants; EAS – East Asian 
participants;  EUR – European participants; SAS – South Asian participants 
*Diplotype frequencies calculated with excluding novel haplotypes and individuals with unresolved diplotypes 
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1 Introduction 

Tuberculosis (TB) is an infectious disease caused by Mycobacterium tuberculosis and is a 

major health burden in Africa. Moreover, in 2022, the World Health Organization (WHO) 

reported 17 African high TB burden countries, including Angola, Ethiopia, Namibia, and South 

Africa (WHO, 2022). Although TB is treatable, treatment regimens can be impacted by adverse 

drug reactions (ADRs) and drug-resistant strains. In addition, TB-HIV coinfection is common 

in African countries (WHO, 2022), which further complicates TB treatment efficacy due to 

drug-drug interactions (Manosuthi et al., 2013). 

 
1.1 TB treatment and adverse drug reactions 

First-line anti-TB drugs include isoniazid (INH), rifampin, pyrazinamide, and ethambutol. 

Second-line anti-TB drugs include fluoroquinolones, bedaquiline, and p-aminosalicylic acid 

(PAS). Combining first- and second-line anti-TB drugs aids in the treatment of TB strains 

resistant to first-line anti-TB drugs (ie. multidrug-resistant TB (MDR-TB)) (WHO, 2020). 

 
Interindividual responses to anti-TB drugs vary across different populations and are attributable 

to environmental and host genetic factors. In particular, hepatotoxicity is a common and often 

fatal ADR to anti-TB drugs. Other ADRs include gastrointestinal, psychiatric, and vascular 

disorders (Bouazzi et al., 2016). These reactions may result in drug discontinuation (Pietersen 

et al., 2023), and an increased risk of MDR-TB. As genetic factors contribute to anti-TB drug 

response variability (Haas et al., 2022), genotype-guided treatment for individuals with TB 

may aid in reducing the risk of ADRs to anti-TB drugs and increase treatment efficacy (Azuma 

et al., 2013) in high TB burden African countries. 

 
1.2 Anti-TB drug metabolism and pharmacogenomics 

The enzymes NAT2, CYP2E1, GSTM1, and GSTT1, metabolise anti-TB drugs, such as INH 

(Figure 1) (Sannie et al., 2022), whereas NAT1 metabolises PAS (Cummins et al., 1997). 

Genetic variations in the respective enzyme-encoding genes have been associated with ADRs 

and drug response variability across various pharmacogenetic studies. For example, Jaramillo- 

Valverde et al (2022) showed that a combination of NAT2 fast acetylation, GSTM1 non-null 

and GSTT1 null genotypes, and rapid metabolism by CYP2E1 is associated with hepatotoxicity 

in individuals with TB who were treated with first-line anti-TB drugs. However, clinical variant 

annotations for newer second-line drugs such as bedaquiline are yet to be fully established. 
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Figure 1: Isoniazid (INH) metabolism in the liver. The process can begin with either 

acetylation, hydrolysis of an amide group or oxidation by NAT2, amidase or CYP2E1 

enzymes, respectively. The INH metabolites are detoxified by GSTM1 and GSTT1. Image 

credit: PharmGKB (https://www.pharmgkb.org/pathway/PA166151813) shared under 

Creative Commons BY-SA 4.0 license. 

 
Haplotypes in NAT2, NAT1, CYP2E1, GSTM1, and GSTT1 are represented via the star (*) allele 

nomenclature (Gaedigk et al., 2021). A star allele differing from the reference haplotype is 

typically defined by various combination(s) of missense, frameshift, stop gain/loss, splice site, 

and/or structural variants (see Figure 2 of key NAT2 star alleles illustrating this notation). The 

definitions of star alleles in key pharmacogenes are mainly curated by the Pharmacogene 

Variation Consortium (PharmVar) to promote uniformity across research and clinical settings 

and support downstream genotype-phenotype translation efforts (Gaedigk et al., 2021). 

 
In addition to the PharmVar resources, the Clinical Pharmacogenetics Implementation 

Consortium (CPIC) and the Pharmacogenomics Knowledge Base (PharmGKB) assess the 

evidence associating a drug-related response to specific genetic variation, thus aiding in 

pharmacogenetic testing (Whirl-Carrillo et al., 2021). According to PharmGKB’s curation of 

existing pharmacogenetic studies, the star alleles in pharmacogenes associated with anti-TB 

drug metabolism have varying levels of clinical annotations. Specifically, NAT2 is a Tier 1 

http://www.pharmgkb.org/pathway/PA166151813)
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NAT1 

Exon 1 Exon 2 

NAT2 

Exon 2 Exon 1 

Exon 1 Exon 2 

Exon 2 Exon 1 

very important pharmacogene (VIP) owing to numerous reports of NAT2-INH clinical variant 

annotations, whereas CYP2E1 and GSTT1 are considered Tier 2 VIPs 

(https://www.pharmgkb.org/vips). However, African populations are underrepresented in 

PharmGKB’s curated studies. Therefore, further studies are needed to investigate function- 

altering star alleles that may impact anti-TB drug metabolism in African populations. 

 
1.2.1 N-acetyltransferase (NAT) 

N-acetyltransferases are phase II metabolising enzymes that aid in detoxifying drugs and 

carcinogens by acetylation (Liu et al., 2007). They are encoded by NAT1 and NAT2, located on 

chromosome region 8p22 (Figure 2a). Acetylation activity by NAT1 and NAT2 ranges from 

rapid to slow acetylation largely due to genetic variation (Mcdonagh et al., 2014). 

a – NAT1 and NAT2 (8p22) 

b – NAT2 star alleles 
NAT2*4 (reference haplotype) – rapid acetylation 

NAT2*12B – rapid acetylation c.282C>T c.803A>G 
 

NAT2*5B - slow acetylation c.341T>C c.481C>T c.803A>G 
 

Figure 2: Overview of the genomic location of NAT genes and examples of key star 

alleles (a) NAT1 and NAT2 on chromosome 8. (b) Examples of NAT2 star alleles and 

the corresponding allele-defining variants. 

1.2.1.1 NAT2 

NAT2 acetylates first-line anti-TB drugs, thus forming non-toxic metabolites (Bose et al., 

2011). The encoding NAT2 comprises two exons, one of which (exon 1) is untranslated. NAT2 

is highly polymorphic, with more than 20 known star alleles present, that are defined by 

variants in exon 2 (Figure 2b). While NAT2 star alleles, such as *4 (rapid acetylation), have 

known functional impacts, many NAT2 star alleles have unknown acetylation effects 

(http://nat.mbg.duth.gr/). 

 
In African populations, NAT2 star alleles associated with slow acetylation are more prevalent 

than those associated with rapid acetylation based on current literature. Specifically, NAT2*5B 

http://www.pharmgkb.org/vips)
http://nat.mbg.duth.gr/)
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(Figure 2b) has a frequency between 22-51% among South African, Republic of Congo, and 

Moroccan populations (Sabbagh et al., 2008). Given the significant role of NAT2 in anti-TB 

response and the phenotype variability associated with NAT2 star alleles, continuous 

characterisation of known as well as novel NAT2 star alleles using high-throughput African 

genomic datasets can be beneficial in improving clinical pharmacogenetic testing and, in turn, 

anti-TB drug response, especially in underrepresented populations. 

 
1.2.1.2 NAT1 

The second-line anti-TB drug PAS is metabolised by NAT1 (Cummins et al., 1997). As with 

NAT2 star alleles, several known NAT1 star alleles have unknown acetylation effects 

(http://nat.mbg.duth.gr/). Notably, NAT1*3, *14, *15, and *16 results in slow acetylation of 

PAS (Sy et al., 2015). NAT1 star alleles have been well-characterised in various global 

populations (Walker et al., 2009); however, NAT1 star allele distribution data among African 

populations is scarce. Loktionov et al (2002) found that the NAT1*10 frequency (rapid 

acetylation), was higher in the Black South African population (50.5%) than in the European 

population (18.7%). In contrast, slow acetylation NAT1 star alleles were either absent or less 

frequent in the Black South African population, apart from NAT1*4, which was common 

(48.5%) (Loktionov et al., 2002). Continuous efforts to identify NAT1 star alleles using African 

datasets would provide insights to PAS drug responses and may enhance MDR-TB treatment. 

 
1.2.2 Cytochrome P450 2E1 (CYP2E1) 

The Cytochrome P450 (CYP) superfamily consists of phase I enzymes that metabolise drugs 

into their active metabolites (Zanger & Schwab, 2013). In particular, CYP2E1 (mainly 

expressed in the liver) is a significant enzyme involved in INH metabolism (Klein et al., 2016). 

CYP2E1, located on chromosome region 10q26.3, is highly polymorphic — consisting of star 

alleles defined by both single nucleotide variants, and structural variants such as deletions, 

insertions, and rearrangements (Martis et al., 2013). This should be considered when 

determining the distribution of CYP2E1 star alleles and choosing appropriate techniques for 

pharmacogenetic testing of CYP2E1. 

 
The wild-type star allele, CYP2E1*1A, results in normal CYP2E1 activity and is a commonly 

reported star allele in African countries, including Moroccan and South African populations 

(Guaoua et al., 2014; Heathfield et al., 2014). However, the distribution of function-altering 

alleles, such as CYP2E1*5B and CYP2E1*1C, has not been well studied in African countries, 

http://nat.mbg.duth.gr/)
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despite their association with hepatotoxicity in patients with TB (Huang et al., 2003; Santos et 

al., 2013). Evidence associating CYP2E1*1A, *5A, and *5B with hepatotoxicity has been rated 

as level 3 (low) by CPIC and PharmGKB (https://www.pharmgkb.org/). However, this may be 

due to inadequate studies on the genetic factors contributing to the ADRs of anti-TB drugs in 

African populations, which have a high TB burden compared to European populations. 

 
Other CYP enzymes such as CYP3A4 and CYP3A5 are known to be involved in the 

metabolism of anti-TB drugs such as bedaquiline (Haas et al., 2022). However, much fewer 

clinical annotations have been reported regarding whether variations in these genes contribute 

to anti-TB ADRs. Therefore, these genes will not be included in the scope of this study. 

 
1.2.3 Glutathione S-Transferases (GST) 

The GST superfamily are phase II detoxification enzymes of xenobiotics and drug metabolites 

(Hayes et al., 2000). Two genes of the cytosolic family, GSTM1 and GSTT1, are involved in 

INH metabolite detoxification (Figure 1). GSTM1 is located on chromosome 1p13.3, while 

GSTT1 is located on 22q11.23. Deletion of one or both genes result in reduced enzyme activity, 

thereby impeding substrate detoxification and leading to cellular damage (Hayes et al., 2000). 

 
The GSTM1 and GSTT1 deletion (null) genotypes are frequent among African and non-African 

populations. In a Kassogue et al (2020) study, the frequencies of the GSTM1 null (24.3%) and 

GSTT1 null (41.3%) in a Malian population were comparable to Namibian and Gambian 

populations. However, in Moroccan and Algerian populations, the GSTM1 null frequency was 

higher than the GSTT1 null frequency (Kassogue et al., 2020). Due to their clinical impact, it 

would be advantageous to determine the GSTM1 and GSTT1 null deletion frequencies in 

African populations to inform precision medicine strategies, thereby possibly reducing ADRs 

that arise due to reduced detoxification of INH metabolites. 

 
1.3 Study rationale 

Star alleles in pharmacogenes that mediate the metabolism and detoxification of anti-TB drugs 

have been well characterised in European (Loktionov et al., 2002) and other global populations 

(Jaramillo-Valverde et al., 2022). Although these efforts have been replicated in some African 

populations, such as Morocco (Guaoua et al., 2014), Tanzania (Masiphephethu et al., 2022), 

Nigeria (Ebeshi et al., 2011), and South Africa (Heathfield et al., 2014), majority of the African 

ethnolinguistic groups remain vastly underrepresented. It is important to comprehensively 

http://www.pharmgkb.org/)
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characterise common, rare, and possible novel star alleles that could impact metabolism of anti- 

TB drugs across Africa to build an evidence base for clinical pharmacogenomics (PGx) 

implementation. This is especially important in African countries with a high TB burden, such 

as South Africa, Sierra Leone, Namibia, and Kenya (WHO, 2022), and is crucial in addressing 

the burden of ADRs attributed to variations in pharmacogenes influencing anti-TB metabolism. 

 
The increasing availability of high coverage whole genome sequencing data from research 

initiatives such as the Human Heredity & Health in Africa (H3Africa) projects (Choudhury et 

al., 2020) and the 1000 Genomes Project (Auton et al., 2015) provides an opportunity for 

comprehensive PGx research across previously understudied African populations. In addition, 

the development of bioinformatics pipelines, such as StellarPGx (Twesigomwe et al., 2021), 

can facilitate scalable star allele analysis based on these high-throughput African genomes. 

Specifically, using datasets consisting of underrepresented African populations can allow for 

the identification of novel African-ancestry function-altering star alleles in pharmacogenes 

involved in the metabolism of anti-TB drugs. This would aid in precision medicine 

implementation in Africa by highlighting star alleles that should be included in 

pharmacogenetic testing. Furthermore, such interventions would promote the accurate 

determination of anti-TB drug response phenotypes and inform appropriate drug dosage 

optimisation, with a view toward mitigating the risk of ADRs such as hepatotoxicity. 

 

1.4 Aim 

The aim of this study is to characterise the distribution of star alleles in genes that are involved 

in anti-TB drug metabolism, namely CYP2E1, NAT1, NAT2, GSTM1 and GSTT1, across 

diverse African populations. 

 

1.5 Objectives 

1. To characterise the distribution of previously known star alleles in CYP2E1, GSTM1, 

GSTT1, NAT1 and NAT2 across different African populations. 

2. To identify novel star alleles in CYP2E1, GSTM1, GSTT1, NAT1 and NAT2 across 

African populations. 

3. To annotate and predict the functional effect of variants defining novel star alleles 

relevant to anti-TB pharmacogenomics across African populations. 
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2 Methodology 

2.1 Study design 

This is a comparative study investigating the star allele distribution in pharmacogenes involved 

in anti-TB drug metabolism between different Sub-Saharan African populations using 

secondary whole genome sequence (WGS) datasets. 

 

2.2 Data sources 

High-coverage WGS data of 802 African individuals will be analysed from the five data 

sources as indicated in Table 1. This includes publicly available genomes (30x) from 504 

African participants in the 1000 Genomes Project (Byrska-Bishop et al., 2022), and public 

WGS data (43x) of 39 African participants from the Simons Genome Diversity Project (SGDP) 

(Mallick et al., 2016). In addition, the study will include genomes (40x read depth) of 100 

south-eastern Bantu in South Africa, 33 Burkina Faso and 26 Ghana participants from the 

Africa Wits-INDEPTH partnership for Genomics (AWI-Gen) Research study (Ramsay et al., 

2016), WGS (~30x) of 15 South African participants from the South African Human Genome 

Programme (SAHGP) (Choudhury et al., 2017), and WGS data (>30x read depth) of 85 

participants from the Cell Biology Research Lab affiliated with the National Institute of 

Communicable Diseases (NICD)/ University of the Witwatersrand (Wits). 

 
Table 1: WGS data of various African countries to be analysed with their respective data 

sources 

African countries/Populations Primary project n 
Public datasets 
Gambian in Western Division, Mandinka (GWD) 1000 Genome Project 113 
Luhya in Webuye, Kenya (LWK) 1000 Genome Project 99 
Esan in Nigeria (ESN) 1000 Genome Project 99 
Yoruba in Ibadan (YRI) 1000 Genome Project 108 
Mende in Sierra Leone (MSL) 1000 Genome Project 85 
Various African ethnolinguistic groups SGDP 39 
African genomes from Africa-based research projects/collaborations 
South-eastern Bantu (SEB) in South Africa AWI-Gen 100 
Burkina Faso (BFA) AWI-Gen 33 
Ghana (GHA) AWI-Gen 26 
South Africa SAHGP 15 
South Africa CBRL(NICD, WITS) 85 
SGDP - Simons Genome Diversity Project, AWI-Gen - Africa Wits-INDEPTH partnership for 
Genomics, SAHGP - South African Human Genome Project, CBRL (NICD, WITS) - Cell Biology 
Research Lab, National Institute of Communicable Diseases, University of the Witwatersrand 



8  

Star alleles for 
each of the five 

genes 
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frequencies 

    
WGS data 

(BAM files) StellarPGx Novel star 
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Diplotype 
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Variant 
annotations 

Figure 3: Summary of the Bioinformatics analysis workflow for the study. BAM, Binary 
Alignment Map. 

2.3 Bioinformatics analysis 

 
StellarPGx (Twesigomwe et al., 2021), a Nextflow-based pipeline, will be used to call star 

alleles in NAT1, NAT2, CYP2E1, GSTM1 and GSTT1 from the five WGS datasets (Figure 3). 

This multi-step bioinformatics pipeline uses a BAM file, consisting of sequencing reads aligned 

to a reference genome, as an input. StellarPGx uses GraphTyper to re-align the reads to a 

variant-aware reference genome (ie. pangenome) (Eggertsson et al., 2017), consisting of all 

known variants in the pharmacogenes of interest, and subsequently to call variants. This 

method of variant calling is favoured, as the occurrence of reference allele bias or read 

misalignment to a reference genome is minimal. The GraphTyper output consists of variant 

calls and allele depth information stored in the variant call file (VCF) format. 

 
For star allele assignment, StellarPGx compares allele-defining SNVs from the VCF to known 

star alleles present in the StellarPGx database. The database consists of precomputed diplotype 

combinations based mainly on star allele definitions curated by the PharmVar. In addition, the 

database has been updated to include known star allele definitions of NAT1 and NAT2 obtained 

from the Database of NATs (http://nat.mbg.duth.gr/). A diplotype is determined by matching 

the combination of core SNVs (typically nonsynonymous variants) in a sample to a diplotype 

in the database. In some cases, the combination of core SNVs from the VCF matches more than 

one diplotype in the database. To resolve this, suballele variants (non-function-altering variants 

in a haplotype) are considered to determine the appropriate candidate diplotype. 

 
To call star alleles that consist of copy number variants in genes such as CYP2E1, the depth of 

coverage of the target gene is obtained using SAMtools depth (Li et al., 2009), and is compared 

to the read depth of the control loci, vitamin D receptor (VDR) and epidermal growth factor 

receptor (EGFR), to determine the copy number changes in key gene regions. VDR and EGFR 

are chosen as control regions (copy number=2) as they are relatively large genes with 

http://nat.mbg.duth.gr/)
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fundamental biological functions and therefore, less likely to be wholly affected by CNVs. This 

is also supported by data from the Database of Genomic Variants 

(http://dgv.tcag.ca/dgv/app/home). This information is then combined with SNV allele depth 

information in the VCF files to ascertain the nature of the duplications, deletions and other 

structural rearrangements. 

 
For samples with novel star alleles or suballeles, StellarPGx provides a flag in the output, and 

in addition it displays the core variants, and the possible background diplotype. This narrows 

down the number of samples which require additional manual inspection (e.g. visualisation on 

the Integrative Genomics Viewer) of novel star allele-defining variants. 

 

2.4 Variant annotation 

Annotation of variants defining novel star alleles will be performed using Ensembl Variant 

Effect Predictor (VEP) (McLaren et al., 2016). In-silico prediction tools including 

CADD, LRT, MutationAssessor, PROVEAN, Polyphen-2, SIFT, and VEST4, present as VEP-

plugins, will be used (first separately) to predict the functional impact of these variants. A 

consensus functional prediction will be obtained from these tools based on parameters 

recommended by Zhou et al. (2019) with regards to pharmacogenetic variant impact 

assessment. 

 

2.5 Statistical analysis 

Star allele and diplotype frequencies will be summarised using percentages. In addition, Hardy- 

Weinberg Equilibrium (HWE) will be determined using the genetics package in R 

programming (https://www.r-project.org/), to detect deviations from expected frequencies. The 

Fisher’s exact test will be used to assess the statistical significance of any observed frequency 

differences across populations. 

 
3 Ethics 

This study will involve an analysis of secondary WGS data. No contact will be made with 

participants from whom the WGS data was generated, and no new sequence data will be 

generated in the scope of this study. The data is already de-identified and will be analysed on 

the ZA-Wits-Core computing cluster (PI: Prof Scott Hazelhurst). 

 
This sub-study will fall under the parent study, Approaches of GenOmics for Response to drugs 

in Africa-TB-Malaria (AGORA-TM). Ethics approval has been granted for the AGORA-TM 

http://dgv.tcag.ca/dgv/app/home)
http://www.r-project.org/)
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(ethics clearance certificate number: M220738). A sub-study ethics application for use of the 

SAHGP/AWI-Gen datasets (PI: Prof Michéle Ramsay), and the NICD datasets (PI: Prof 

Caroline Tiemessen) in this MSc research project is under consideration by the Wits Human 

Research Ethics Committee. Ethics approval will not be required for the 1000 Genomes Project 

or SGDP data, as these datasets are publicly available. 

 
4 Timeline 

Table 2: Gantt chart 
 

 Feb Mar Apr May Jun Jul Aug Oct Nov 
Literature review          
Ethics application          
Writing and presentation of 
research protocol 

         

Ethics approval          
Star allele calling and variant 
annotation 

         

Statistical analysis          
Research report writing          
Submission and presentation 
of research report 

         

 
5 Funding 

This research will be funded by the Genomic Research Approach for Diversity and Optimising 

Therapeutics (GRADIENT) project, a partnership between GlaxoSmithKline, Novartis, and the 

South African Medical Research Council as part of the AGORA-TM project (PI: Dr 

Houcemeddine Othman). In addition, the student will be supported by the Wits Postgraduate 

Merit Award and the AGORA-TM project. 

 
No budget is included with this proposal as (1) there are no data generation costs (2) the 

computational resources needed for the study are accessible via the ZA-Wits-Core Cluster (PI: 

Prof Scott Hazelhurst) (3) all bioinformatics tools to be used are open-source. 
 

6 Limitations 
The study population consists predominantly of sub-Saharan African populations, and in 

particular Niger-Congo language family ethnolinguistic groups. Therefore, star alleles and 

pharmacogenomic insights from other underrepresented African ethnolinguistic groups will 

not be investigated. 

 
Phenotype data from the primary projects, that generated the genomic data, are not available. 

Therefore, correlation of pharmacogene star allele information to anti-TB drug response cannot 
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be made. In addition, functional studies to determine the CPIC clinical function of novel and/or 

rare star alleles are out of the scope of this research study. Functional studies would 

be beneficial in confirming any deleterious predictions made by the in-silico prediction tools. 

 

The sample sizes of the Sub-Saharan African population groups in this study are relatively 

small. As a result, the star allele frequencies in these populations may be inaccurate and/or 

statistical analysis for these populations may be difficult. 
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