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Characterization of NAT, GST, and CYP2E1 
Genetic Variation in Sub-Saharan African 
Populations: Implications for Treatment of 
Tuberculosis and Other Diseases
Thandeka V.B. Malinga1,2 , Houcemeddine Othman1,3 , Maria Paximadis4,5 ,  
Caroline T. Tiemessen5 , Michèle Ramsay1 , Scott Hazelhurst1,6  and David Twesigomwe1,*

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. In this study, we used StellarPGx to call variants and star alleles in NAT1, NAT2, GSTM1, 
GSTT1, GSTP1, and CYP2E1, from 1079 high-depth African whole genomes. We present the distribution of common, 
rare, and potential novel star alleles across various Sub-Saharan African (SSA) populations, in comparison with 
other global populations. NAT1*10 (53.6%), GSTT1*0 (65%), GSTM1*0 (48%), and NAT2*5 (17.5%) were among the 
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE 
TOPIC?
	; Tuberculosis is a major health burden in Africa; however, its 

treatment is affected by variable interindividual drug responses 
which can include drug-induced liver injury. Genetic varia-
tion in NAT1, NAT2, GSTM1, GSTT1, GSTP1, and CYP2E1 
have been associated with differences in response to isoniazid 
(first-line anti-tuberculosis medication), and other medications 
for other treatments, for example, hydralazine (cardiovascular 
medication), and anti-cancer medications.
WHAT QUESTION DID THIS STUDY ADDRESS?
	; The current distribution of variants and/or star alleles (hap-

lotypes) in pharmacogenes involved in anti-TB drug metabo-
lism is not well-characterized across African populations, thus 
limiting PK/PD and other functional pharmacogenetic stud-
ies, and development of comprehensive pharmacogenetic test-
ing platforms. This study provides a comprehensive mapping of 
the common, rare, and novel genetic variation in NAT1, NAT2, 
GSTM1, GSTT1, GSTP1, and CYP2E1, among multiple SSA 
populations, and comparisons with global biogeographical 
groups.
WHAT DOES THIS STUDY ADD TO OUR 
KNOWLEDGE?
	; This study elucidates the genetic diversity in NAT1, NAT2, 

GSTM1, GSTT1, GSTP1, and CYP2E1 across African popu-
lations, including variants that have been previously associated 

with adverse drug reactions such as anti-TB drug-induced 
hepatotoxicity or liver injury—especially in patients taking iso-
niazid. Differences in the distribution of predicted acetylation 
(NAT1 and NAT2) and detoxification (GSTM1 and GSTT1) 
phenotypes were observed in SSA compared with other global 
populations. Additionally, in keeping with the extensive genetic 
diversity among SSA populations, 47 possible novel star alleles 
were identified in NAT1, NAT2, GSTM1, and GSTT1, com-
bined. Furthermore, we highlight estimated common and rare 
GSTP1 and CYP2E1 haplotypes across Africa, most of which 
comprised nonsynonymous variants not previously used to de-
fine GSTP1 and CYP2E1 star alleles.
HOW MIGHT THIS CHANGE CLINICAL PHARMA­
COLOGY OR TRANSLATIONAL SCIENCE?
	; This study adds to the growing efforts to inform pharma-

cogenetics testing and to enhance precision medicine in Africa, 
particularly in the context of TB treatment. The differences in 
allele distributions between SSA and other global populations 
indicate the need to critically assess the transferability of cur-
rent pharmacogenetic-based dosing guidelines to SSA popula-
tions. In addition, the information on NAT1, NAT2, GSTM1, 
GSTT1, GSTP1, and CYP2E1 common, rare and novel vari-
ants/star alleles among various SSA populations is critical in 
developing effective pharmacogenetic testing panels for use in 
Africa and for providing insights for future in vivo or in vitro 
functional pharmacogenetic studies.
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predominant functionally relevant star alleles. Additionally, we predicted varying phenotype distributions for NAT1 
and NAT2 (acetylation) and the glutathione-S-transferase (GST) enzymes (detoxification activity) between SSA and 
other global populations. Forty-seven potentially novel haplotypes were identified computationally across the genes. 
This study provides insight into the distribution of key variants and star alleles potentially relevant to anti-TB drug 
metabolism and other drugs prescribed across various African populations. The high number of potentially novel 
star alleles exemplifies the need for pharmacogenomics studies in the African context. Overall, our study provides 
a foundation for functional pharmacogenetic studies and potential implementation of pharmacogenetic testing in 
Africa to reduce the risk of ADRs related to treatment of TB and other diseases.

Tuberculosis (TB) is a major public health concern in many de-
veloping countries worldwide and its treatment typically involves 
administering isoniazid (INH), rifampin, pyrazinamide, and/or 
ethambutol as first-line drugs.1 Treatment of TB is complicated 
by drug resistance and—the focus of this paper—interindividual 
variability in drug responses.2,3 Anti-TB drug responses can range 
from subtherapeutic effects to adverse drug reactions (ADRs) 
such as anti-TB drug-induced hepatotoxicity or liver injury (AT-
DILI), which has an incidence of up to 15% across Sub-Saharan 
Africa (SSA)4,5 and in global settings.6 This variability in treat-
ment responses often prompts interruptions to treatment, in addi-
tion to the increased risk of drug-resistant strains emerging, thus 
leading to poor treatment outcomes and undermining TB eradi-
cation efforts.

AT-DILI and the overall variability in anti-TB drug response 
have been attributed to both genetic and non-genetic factors (e.g., 
age, comorbidities, drug–drug interactions, and lifestyle habits).7 
Regarding the genetic component, variants in Cytochrome P450 
2E1 (CYP2E1), N-acetyltransferase 2 (NAT2), and Glutathione-
S-transferases (GSTM1, GSTT1, and GSTP1) have previously 
been associated with an increased AT-DILI risk, especially in in-
dividuals on INH.8,9 These genes may therefore be important to 
consider for genotype-guided TB treatment as this may mitigate 
the risk of ADRs and increase treatment efficacy. However, their 
pharmacogenetic diversity is understudied across African popula-
tions—many of which have a high TB burden1—and could be a 
significant hindrance to precision medicine approaches.

Genetic variation in NAT2, GSTM1, GSTT1, GSTP1, and 
CYP2E1 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 has been used 
to denote these haplotypes. Besides 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). Variants in major star al-
lele definitions may also be referred to as core variants, according 
to the Pharmacogene Variation (PharmVar) Consortium data-
base (https://​www.​pharm​var.​org). Based on the ever-expanding 

pharmacogenetics body of knowledge over the last three decades, 
the Clinical Pharmacogenetics Implementation Consortium 
(CPIC) (https://​cpicp​gx.​org/​), in collaboration with other phar-
macogenomics groups, has established genotype-guided drug dos-
ing recommendations with a view toward reducing unfavorable 
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 (e.g., 
NAT2*5, GSTM1*0, and GSTT1*0) are known to be associated 
with an increased risk of AT-DILI.10,11

NAT2 has recently been transitioned from https://​nat.​mbg.​
duth.​gr/​ to PharmVar (https://​www.​pharm​var.​org/​gene/​NAT2). 
However, GSTM1, GSTT1, GSTP1, and CYP2E1 are yet to be 
considered for inclusion. PharmVar has currently cataloged 35 
NAT2 star alleles (https://​www.​pharm​var.​org/​gene/​NAT2).

A major challenge in generating comprehensive evidence to 
support broader anti-TB pharmacogenetics studies is the scarcity 
in information regarding the distribution of star alleles potentially 
impacting the function of anti-TB drug metabolizing enzymes, es-
pecially across SSA, where the majority of the populations and/or 
ethnolinguistic groups are underrepresented in pharmacogenomics 
studies.12 Therefore, this study aimed to leverage recently generated 
African whole genome sequencing (WGS) datasets to characterize 
the distribution of star alleles in NAT2, GSTM1, GSTT1, GSTP1, 
and CYP2E1 across diverse African populations as these genes are 
key for the metabolic pathway of INH (Figure S1) and can also 
impact response to other anti-TB drugs (rifampin, pyrazinamide, 
ethambutol, and para-aminosalicyclic acid). Understanding the 
landscape of common, rare and/or novel variants/star alleles in these 
genes could inform prioritization of variants for further in vitro, in 
vivo, and in silico functional studies pertinent for optimization of 
dosage regimens for INH and potentially other anti-TB drugs.

Importantly, NAT2 (hydralazine), GSTs (cisplatin, nevirapine, 
imatinib, clozapine, doxorubicin, methotrexate, fluorouracil, and 
platinum compounds), and CYP2E1 (cisplatin, risperidone, and 
cyclophosphamide) are also relevant for response to medicines for 
other diseases.13–15 Our analysis herein also includes NAT1 given 
its genomic proximity to NAT2, and its importance in the metab-
olism of cotinine, thioguanine and mesalazine.
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MATERIALS AND METHODS
Ethics
Ethical clearance for this study was granted by the Human Research 
Ethics Committee (Medical) of the University of the Witwatersrand 
(Wits) 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 access all the 
non-public datasets used in this study was granted by the respective prin-
cipal investigators concerned and/or the Human Heredity and Health in 
Africa (H3Africa) Database Access Committee, where applicable.

Study design
This was a comparative study entailing secondary analysis of WGS data 
to characterize the star allele distribution in pharmacogenes involved in 
anti-TB drug metabolism across various SSA populations, and in com-
parison, with global populations. Given the lack of current comprehen-
sive star allele definitions for CYP2E1, we analyzed variation in this gene 
independent of the star allele annotations.

Study population and whole genome sequencing 
data sources
High-coverage WGS data (~30×) of 1079 African individuals were 
analyzed from five datasets (Table S1) and the participants were pre-
dominantly from Niger-Congo language family ethnolinguistic groups; 
the 1000 Genomes Project16 public dataset consisted of 504 genomes 
(30×) representative of five different SSA populations (Table S1). This 
included Gambian in Western Division, Mandinka (GWD; n = 113), 
Yoruba in Ibadan (YRI, n = 108), Esan in Nigeria (ESN, n = 99), Luhya 
in Webuye, Kenya (LWK, n = 99), and Mende in Sierra Leone (MSL, 
n = 85). Additional 1000 Genomes Project 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), partici-
pants 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 par-
ticipants (SAS; n = 489).

The public dataset from the Simons Genome Diversity Project 
(SGDP)17 included 30 genomes (43×) of participants from various SSA 
countries, including the Congo, Namibia, Kenya, Senegal, Nigeria, Sudan, 
and South Africa. Three samples had ambiguous country designations and 
were documented as Botswana/Namibia by the SGDP.

The H3Africa-Baylor dataset comprised 346 WGSs representative of 
various SSA populations including Benin (FNB, Fon in Benin; n = 50), 
Botswana (BOT, n = 47), Cameroon (CAM; n = 50), Mali (MAL, People 
from Mali, n = 50), Nigeria (BRN, the Berom of Nigeria, n = 49), Zambia 
(BSZ, Bantu speakers in Zambia; n = 41), Burkina Faso (BFA; n = 33), 
and Ghana (GHA; n = 26).

The Africa Wits-INDEPTH partnership for Genomic Studies 
(AWI-Gen) dataset comprised 100 genomes (~40×) from southeastern 
Bantu-speaking participants in South Africa (SA).18 The South African 
data also included 15 genomes (> 30×) obtained from the Southern 
African Human Genome Programme (SAHGP)19 and 84 genomes 
(> 30×) from the Cell Biology Research Lab affiliated with the National 
Institute of Communicable Diseases (NICD) and the University of the 
Witwatersrand.

All the binary alignment map (BAM) files comprised of reads aligned 
to GRCh38 and had already passed sample quality control from the pri-
mary studies highlighted above.

Star allele bioinformatics analysis
Star alleles in NAT1, NAT2, GSTM1, and GSTT1 were called using 
StellarPGx.20 Individual WGS BAM files were used as input (Figure 
S2). Briefly, in StellarPGx v1.2.6, variants are called via GraphTyper,21 

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 al-
lele depths stored in variant call format (VCF) files. Variants with quality 
by depth (QD) < 10 and heterozygous variants with an allele balance for 
heterozygous calls (ABHet) < 0.25 or ABHet > 0.75 are filtered out by 
the pipeline as per conservative thresholds for hard filtering.21 After vari-
ant 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 pre-
computed diplotype combinations based on star allele definitions cu-
rated by PharmVar. For NAT2, we used the recently updated star allele 
nomenclature on the PharmVar database (https://​www.​pharm​var.​org/​
gene/​NAT2). However, since CYP2E1, NAT1, GSTM1, GSTT1, and 
GSTP1 had not yet been included in the PharmVar database at the time 
of this study, we used GSTM1, and GSTT1 allele designations from pub-
lished literature,22,23 and NAT1 star allele definitions from the database 
of arylamine N-acetyltransferases (NATs) (http://​nat.​mbg.​duth.​gr/​). 
For CYP2E1 and GSTP1, we estimated and defined haplotypes present 
in the study populations using SHAPEIT (version 4)24 as they lacked a 
fully curated star allele nomenclature at the time of the study. Previously 
published GSTP1 and CYP2E1 star allele definitions were referred to on 
a case-by-case basis where comparisons were appropriate.

For samples with potentially novel star alleles, StellarPGx provides a 
flag in the output, and in addition, it displays the core variants and the pos-
sible backbone alleles (typically *1 or other common known star alleles). 
This narrows down the number of samples that require additional man-
ual inspection (e.g., visualization on the Integrative Genomics Viewer) of 
novel star allele defining variant haplotypes.

Phenotype prediction
The phenotype prediction was based on combining the associated pre-
dicted activity of the haplotypes that form an individual’s diplotype for a 
particular gene. For NAT2, we adopted the diplotype–phenotype trans-
lation used previously by Sabbagh et al. and other studies, whereby three 
phenotype categories are possible, that is, NAT2 slow acetylator (pres-
ence of two star alleles associated with slow acetylation, e.g., NAT2*5), 
NAT2 intermediate acetylator (presence of one slow acetylation star al-
lele and one fast acetylation star allele), and NAT2 fast acetylator (pres-
ence of two star alleles associated with rapid acetylation, e.g., NAT2*4).25 
A similar approach was adopted to infer NAT1 phenotypes. For GSTM1 
and GSTT1, derived phenotypes included normal function (two alleles 
with normal activity), reduced function (one allele with normal activity 
and one null allele), no function (two null alleles), and increased function 
(two increased activity alleles).

Variant annotation and functional prediction
Alleles defining novel haplotypes were annotated using the Ensembl 
Variant Effect Predictor (VEP).26 Functional predictions of allele defin-
ing variants were inferred using the in silico VEP (Figure S2). A variant 
was considered deleterious if ≥ 3 in silico prediction tools predicted it to 
be deleterious. Stop-gained, frameshift, splice donor/acceptor variants 
were automatically considered deleterious. Additionally, DynaMut227 
was used to predict their potential impact on the stability of the respec-
tive protein structures.

Statistical analysis
Hardy–Weinberg Equilibrium (HWE) for individual variants and star 
alleles was assessed using the genetics package (v1.3.8.1.3) in R program-
ming (https://​www.​r-​proje​ct.​org/​), with P < 0.05 indicating deviation 
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from HWE. Fisher’s exact test was used to assess the statistical signif-
icance of any observed frequency differences across the populations. P 
values < 0.05 were considered statistically significant after correcting 
for multiple testing using the Benjamini–Yekutieli method.28

RESULTS
Summary of variants
A total of 2031 SNVs were identified across the six anti-TB me-
tabolism pharmacogenes in the SSA populations analyzed in 
this study. The breakdown of the variant consequences is shown 
in Figure S3. We observed a higher variant count–32 variants 
per kilobase (kb)—in SSA compared with the other five global 
biogeographical groups (16–18 variants per kb). For the individ-
ual genes, GSTP1 (~154 variants per kb) had the highest num-
ber of variants followed by NAT1 (~38 variants per kb) in SSA.

NAT1 and NAT2 star allele frequencies. Six different previously 
defined NAT1 star alleles, of varying frequencies, were called in 
the SSA populations (Table 1). NAT1*4 (reference star allele—
associated with slow acetylation) frequencies ranged from 27.3% 
(BFA) to 50.5% (LWK) (Table 1). The *4 global distribution 
was also common, with SSA having the lowest frequency of 42% 
and the EUR populations having the highest average frequency 
of 70%. A significant difference was found between these two 
biogeographical groups (P < 0.01) (Table S2). In addition, the 
NAT1*4 SSA frequency differed significantly (P < 0.01) from 
the frequency in the SAS (58.7%) and AMR (61.2%) populations 
(Table 2, Table S2). The remaining NAT1 slow acetylator 
star alleles (*3, *15, and *27) were either rare and/or absent in 
SSA populations (Table 2). 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 2).29

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 BRN (61.2%) 
and BFA (65.1%) participants (Table 1). In comparison with the 
other global populations included in this study, the *10 frequency 
in SSA (53.6%) was significantly higher (P < 3.5 × 10−3) than in 
the African American/Afro-Caribbean (43.0%), AMR (35.3%), 
SAS (33.2%), and EUR (22.1%) populations (Table 2, Table S2). 
No significant difference in the frequencies of the NAT1 star al-
leles nor any deviations from HWE were observed between the 
different SSA populations.

Twenty-four unique NAT2 star alleles were called in the SSA 
populations analyzed in this study (Table 1). Two rapid NAT2 
acetylation star alleles, NAT2*1 (reference haplotype) and 
NAT2*4, were called across various global populations. The *1 fre-
quency ranged from 9% (MAL) to 27.7% (BOT) (Table 1). The 
frequency in SSA (17.1%) was significantly higher compared with 
all the other global populations analyzed in this study (P < 0.001) 
(Table S2). In contrast, *4 occurred at 15.2% of the SSA popula-
tion which was significantly lower (P < 1.2 × 10−4) compared with 
AMR (22.6%) and EAS (51.0%) populations (Table 2, Table S2). 
NAT2*5 was the most frequent slow acetylation star allele called 
in SSA (17.5%) and ranged from 5.1% (FNB) to 24.5% (BRN) 
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(Table 1). The *5 frequency in SSA was significantly less frequent 
compared with the EUR populations (24.1%; P < 0.001) (Table 
S2). However, the frequency was significantly higher than the EAS 
populations (0.4%; P < 0.001).

Thirteen (57%) of the NAT2 star alleles called in SSA had an 
unknown functional activity (Table 1). Of these star alleles, only 
*34 was called in all the SSA populations analyzed in the study 
(1.8–12.1%), the remaining unknown function star alleles were 
absent in at least one of the SSA populations (Table 2).
No significant frequency differences were observed for the NAT2 
star alleles between the various SSA populations. However, when 
considering SSA populations jointly, deviations from HWE 
(P < 0.02) were noted for some NAT2 star alleles including *1, *4, 
*6, *14, and *39.

NAT1 and NAT2 phenotype predictions. The NAT1 intermediate 
acetylator phenotype was the most predominant predicted 
phenotype in SSA (50.6%), ranging from 42.9% (MAL) to 
56.2% (YRI) (Figure 1a). However, in general, NAT1 phenotype 
distributions were non-uniform across the SSA populations in 
this study. For example, the NAT1 slow acetylation phenotype 
(mainly accounted for by *4/*4) was significantly less frequent in 
SSA (20.8%), especially in comparison with AMR (42.9%), SAS 
(38.7%), and EUR (58.8%) populations (Figure 1b). The MAL 
and CAM populations had the highest frequency (34.7%) of the 
NAT1 rapid acetylator phenotype (Figure 1a). The frequency in 
SSA was 28.4% and was significantly (P < 2.4 × 10−3) higher in 
most of the global populations, apart from the EAS populations 
(Table S3). The only diplotype associated with this phenotype in 
the various global populations in this study was *10/*10 (Table S4).

Similar to the SSA NAT1 acetylator phenotypes, the NAT2 
intermediate acetylator was most common in SSA (52.7%). The 
BOT population had the highest NAT2 intermediate acetylator 
frequency (67.5%) across the SSA populations analyzed in this 
study (Figure 1a). The frequency of this phenotype was signifi-
cantly higher in SSA when compared with the EUR populations 
(P < 2.3 × 10−2) (Table S3). NAT2 diplotypes which accounted for 
this phenotype were observed at relatively low frequencies individ-
ually in SSA (Table S5). Between 23.3% and 49.9% of individu-
als across the global populations were predicted to be NAT2 slow 
acetylators (Figure 1b). In the SSA populations, 35.7% of the par-
ticipants were predicted to be NAT2 slow acetylators, significantly 
lower (P < 0.01) compared with the 48.4% in EUR and the 49.9% in 
SAS populations (Table S3). The *5/*5 diplotype contributed most 
to the NAT2 slow acetylator phenotype in each of the populations, 
except in the EAS and SAS where *6/*7 and *6/*6 were the predom-
inant diplotypes, respectively (Table S5). The NAT2 rapid acetyla-
tor phenotype was only observed in 11.5% of the SSA participants. 
In most of the global populations, the NAT2 rapid acetylator was 
less frequent, with EUR (8.4%) and SAS (7.7%) populations having 
lower frequencies than what was observed in SSA for this phenotype 
(Figure 1). The only exception was in the EAS populations, where 
32% of individuals were NAT2 rapid acetylators. This was signifi-
cantly higher when compared with SSA (P < 0.01) (Table S3). The 
phenotype was mainly attributable to the *4/*4 diplotype across SSA 
and the other global populations (Table S5).S
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GSTM1 and GSTT1 star allele frequencies. The GSTM1*0 allele 
(gene deletion) was common across the various SSA populations 
ranging from 42% in FNB to 57.4% in the ESN population (Table 
3). A higher prevalence of GSTM1*0 was observed among the 
global populations, especially in EUR (73.5%) and EAS (75.3%) 
populations (Table 4). Both these frequencies were significantly 
higher (P < 0.001) compared with the average frequency in SSA 
(48.3%) (Table S2). GSTM1*A (associated with normal GSTM1 

enzyme activity) was relatively frequent in the SSA populations 
(38.5–52.5%) (Table 3). When comparing to the other global 
populations, the *A distribution was similar between SSA and 
the African American/Afro-Caribbean populations (Table 4). 
When compared to the remaining global populations, SSA had 
a significantly higher *A frequency. Both *Ax2 and *Bx2 were 
relatively rare, with *Bx2 only being called in the SAS populations 
(Table 4).

Figure 1  Distribution of NAT1, NAT2, GSTM1, and GSTT1 phenotype predictions (based on diplotypes). (a) Predicted phenotype distributions 
in 14 SSA populations and (b) in comparison with other global populations. AA/AC, African American/Afro-Caribbean participants; AMR, 
admixed American participants; BFA, Burkina Faso participants; BOT, Botswana participants; BRN, Berom of Nigeria; BSZ, Bantu speakers 
from Zambia; CAM, Cameroonian participants; EAS, East Asian participants; ESN, Esan in Nigeria; EUR, European participants; FNB, Fon from 
Benin; GHA, Ghanaian participants; GWD, Gambian in Western Division Mandinka; LWK, Luhya in Webuye, Kenya; MAL, Malian participants; 
MSL, Mende in Sierra Leone; SA –South African participants; SAS, South Asian participants; YRI, Yoruba in Ibadan (Nigeria).

(a)

(b)
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Table 4  Distribution of GSTM1, GSTT1 and GSTP1 variation in SSA compared with various global populations

Star 
alleles

Defining  
variants Consequence

Detoxification 
activity

Allele frequency (%)a

SSA 
(n = 1061)

African American/
Afro-Caribbean 

(n = 154)
AMR 

(n = 343)
EAS 

(n = 504)
EUR 

(n = 495)
SAS 

(n = 483)

GSTM1

*0 – Gene deletion None 48.3 50.5 69.8 75.3 73.5 57.7

*A Reference – Normal 47.2 45.0 18.7 9.1 17.7 32.9

*B rs1065411 Missense 
(K173N)

Normal 4.3 4.6 11.4 15.6 8.6 9.0

*Ax2 Gene 
duplication

Increased 0.2 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 
activity

Allele frequency (%)a

SSA 
(n = 890)

African American/
Afro-Caribbean 

(n = 139)
AMR 

(n = 343)
EAS 

(n = 498)
EUR 

(n = 500)
SAS 

(n = 483)

GSTT1

*0 – Gene deletion None 65.0 58.1 49.1 68.7 40.2 42.1

*A Reference – Normal 35.0 41.9 50.8 31.3 59.6 57.8

*Ax2 Gene duplication Unknown 0.2 0 0.1 0 0.2 0.1

rsID Consequence

Allele frequencies (%)

SSA 
(n = 1079)

African American/Afro-
Caribbean (n = 157)

AMR 
(n = 347)

EAS 
(n = 504)

EUR 
(n = 503)

SAS 
(n = 489)

GSTP1

rs560001291 Missense (R14C) 0 0 0.1 0 0 0

rs568270040 Frameshift (Ala23ArgfsTer80) 0 0 0 0 0 0.3

rs551651791 Stop gain (W29*) 0 0 0 0 0 0.1

rs192307201 Missense (A23S) 0 0 0.6 0 0.2 0

rs753269233 In-frame deletion (Glu41del) 0 0 0 0.2 0 0

rs202114011 Missense (M92T) 0 0 0 0 0.1 0

rs758425456 Missense (G96S) 0 0 0.1 0 0 0

rs1695b Missense (I105V) 46.7 44.6 47.3 17.9 33.0 29.5

rs533546581 Missense (S106F) 0.1 0 0 0 0 0

rs563603340 Missense (Y112C) 0 0 0 0.4 0 0

rs1138272b Missense (A114G) 0.2 1.3 2.9 0.1 7.1 7.1

rs78507509 Missense (P124A) 0 0 0 0.1 0 0

rs71534227 Missense (G139E) 0 0 0 0 0.1 0

rs553211668 Missense (K141R) 0.1 0 0 0 0 0

rs199949339 Missense (I144T) 0.2 0.6 0 0 0 0

rs4986949 Missense (D147Y) 0 0 0 0.1 0 0

rs199567349 Missense (L160M) 0 0 0.1 0 0 0

rs201449696 Missense (I162L) 0.1 0.3 0 0 0 0

rs188653023 Missense (R183H) 0.1 0 0.3 0 0 0

rs45549733 Missense (R187W) 0.1 0 0 0 0 0

rs191595383 Missense (P197A) 0 0 0 0 0.1 0

rs780366806 Frameshift (Glu198GlyfsTer34) 0.1 0 0 0 0 0

rs376074280 Missense (A201T) 0.1 0 0 0 0 0

AMR, admixed American participants; EAS, East Asian participants; EUR, European participants; SAS, South Asian participants; SSA, Sub-Saharan African 
participants. aAllele frequencies calculated excluding individuals with unresolved diplotypes. bSNVs used to define known GSTP1 star alleles including *B 
(rs1695), *C (rs1695, rs1138272), and *D (rs1138272).
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Both GSTT1*0 and GSTT1*A occurred at high frequencies 
of 65% and 35%, respectively, in SSA (Table 3). GSTT1*0 was 
most prevalent, especially in GHA (72.3%), ESN (73.5%), and 
MAL (75.5%) (Table 3). There were no significant differences in 
the*0 and *A frequencies among the SSA populations. However, 
a deviation from HWE was observed in the FNB population 
(P = 0.02). The high GSTT1*0 frequency was observed in both 
the SSA and the other comparative global populations (Table 4). 
However, the *0 frequency in SSA differed significantly from 
the AMR (49.1%), EUR (40.2%), and SAS (42.1%) populations 
(Table S2). The GSTT1*A frequency in SSA (35%) was signifi-
cantly lower (P < 9.3 × 10−12) when compared to the frequen-
cies among the AMR (50.8%), EUR (59.6%), and SAS (57.8%) 
populations (Table S2). The *Ax2 duplication was only called in 
the SSA, AMR, EUR, and SAS populations at low frequencies 
(0.1–0.2%) (Table 4).

GSTM1 and GSTT1 phenotype predictions. In the SSA populations, 
27.5% of participants had a predicted normal detoxification 
activity (two normal function alleles). 24.4% of participants had 
a homozygous GSTM1 deletion (results in no production of the 
enzyme). The GSTM1 no function phenotype was highest in 
BSZ (32.5%) and BFA (37.5%) (Figure 1a). This frequency was 
significantly (P < 0.01) different from that observed in the EUR 
(53%) and EAS (56%) populations (Table S3). The reduced 
GSTM1 activity phenotype was predominant among the various 
global populations, especially in SSA (49%) and SAS (48%) 
(Figure 1b). This phenotype ranged from 37.5% in BSZ and 
BFA to 57.8% in BOT. A significant difference between SSA and 
EAS (38%) was observed (P < 0.01) (Table S3). 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 contributed more to the reduced 
GSTM1 activity in the EUR populations (Table S6).

For GSTT1, 13.4% of SSA participants had a predicted normal 
detoxification activity (two normal function alleles). Predicted ab-
sence of GSTT1 activity (inferred from the*0/*0 diplotype) ranged 
from 27.3% in CAM to 57.1% in BOT (Figure 1a). This phenotype 
was largely prevalent in SSA (43.1%) as well as in the other global 
populations such as African American/Afro-Caribbean (31.1%), 
and EAS (47%) (Figure 1b). The frequency of this phenotype was 
significantly higher (P < 0.01) in SSA (43.1%) compared with the 
frequencies observed in the AMR (24%), EUR (18%) and SAS 
(16%) populations (Table S3). The reduced GSTT1 activity phe-
notype was the most prevalent GSTT1 phenotype in the SSA pop-
ulations (54.1%) and ranged from 23.8% in BOT to 49.5% in SA 
(Figure 1). The high prevalence of this phenotype was observed in 
other global populations such as in the AMR, SAS and EUR popu-
lations (Figure 1b); however, there were no significant differences 
in the frequency between the various global populations (Table 
S3). The SSA, African American/Afro-Caribbean, and EAS pop-
ulations had lower frequencies of the normal GSTT1 phenotype, 
compared with the remaining three populations. The distribution 
of this phenotype was significantly lower (P < 4.1 × 10−5) in SSA 
(13%) compared with the AMR (25%), SAS (32%), and EUR 
(37%) populations (Table S7).

The null deletion of both GSTM1 and GSTT1 was observed 
in 6.8% of the SSA participants. The deletion was observed at a 
slightly higher frequency compared with the presence of both 
genes (5.5%) (Table S8).

GSTP1 variation across African populations. Ten nonsynonymous 
variants were called across the SSA populations, this included 
nine missense variants and one frameshift variant (Table 3). 
The rs1695 was most frequent in the SSA populations ranging 
from 34.7% (BRN) to 61.0% (MAL) (Table 4). In comparison 
with other global populations, the frequency in SSA (46.7%), 
was significantly higher (P < 0.001) than the frequency 
observed in the EAS (17.9%), SAS (29.5%), and EUR (33.0%) 
populations (Table 3). Three GSTP1 variants were predicted 
to be deleterious by the in silico tools used in this study (Table 
S13); of these, rs45549733 and rs780366806 were called only in 
the SSA populations (Table 3).

At present, there are four GSTP1 star alleles: *A (reference), 
*B (rs1695), *C (rs1695, rs1138272), and *D (rs1138272). The 
GSTP1*B frequency was most frequent in SSA (95.8%) and dif-
fered significantly (P < 0.001) from the AMR (88.2%), EUR 
(55.1%), and SAS (46.8%) populations (Tables S2 and S9). Nine 
GSTP1 haplotypes, not previously used to define GSTP1 star al-
leles, were estimated in the SSA populations (Table S9). The most 
frequent was rs1695~A>G; rs201449696~A>C (0.5%), which 
was also observed in the Africa American/Afro-Caribbean popu-
lations (0.6%) (Table S9).

CYP2E1 variation across African populations. Unlike other 
pharmacogenomic-relevant CYP genes, CYP2E1 has not yet been 
included in PharmVar. A few star alleles (*1A to *7C) have been 
published, 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 nonsynonymous 
variants, possible novel haplotypes, and structural variants, 
without particular focus on the star allele nomenclature.

Missense and stop-gain variants were the only two types of 
CYP2E1 nonsynonymous variants identified in the SSA and other 
global populations (Table 5, Table S10). The g.5167T>C (p.Le-
u45Pro) variant was identified only in the SA population (0.3%) 
and was absent in the remaining SSA and other global population 
groups (Table 5, Table S10). It was predicted to be deleterious 
by the majority of the in silico predictions tools used in this study 
(Table S13). The absence of this missense variant on dbSNP and 
gnomAD indicates that it may be a novel variant.

Of the remaining 11 missense variants identified in the various 
SSA populations, rs6413419 (defines *4) was relatively common 
among the SSA populations ranging from 13.6% (LWK) to 55.0% 
(SA) (Table 5). The frequency in SA was statistically different 
from that observed in the LWK population. The SSA frequency 
(24.3%) and was statistically different (P < 0.001) from the AMR, 
EUR, and SAS populations (Tables S2 and S10).

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 > 16% in the SSA 
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populations (Table 5). Significantly higher frequencies for both 
variants were observed across the global populations, particularly 
in the EUR populations where the rs2070673 and rs2070676 vari-
ants occurred at 81.6% and 87.2%, respectively (Table S10). 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 S10).

Eighteen CYP2E1 haplotypes, defined by nonsynonymous vari-
ants, were identified in the SSA populations; the highest number 
called in comparison with the other global populations (Table 
S11). The reference haplotype (CYP2E1 sequence in GRCh38) 
was observed at a frequency of 41.3% in SSA and 45.2–95.8% in 
the other global populations. The frequency in SSA was statistically 
lower in comparison with other population groups, except for the 
African American/Afro-Caribbean populations. The haplotype 
defined by rs6413419~G>A was significantly higher (P < 0.001) 
in SSA (46.5%) compared with the AMR (8.9%), EUR (6.2%), 
and SAS (2.2%) populations (Table S2).

We identified CYP2E1 duplications (copy number > 2) at a fre-
quency of 5.64% in SSA; this was higher in comparison with other 
global populations such as the EUR populations (2.98%) (Figure 
S4). The deletion of CYP2E1 was observed at a frequency of 0.5% 
in SSA. The null deletion of CYP2E1 was not observed in SSA; 
however, it was observed in the AMR populations.30–34

Novel haplotypes
Forty-seven possible resolved novel haplotypes were identified 
across NAT1, NAT2, GSTM1, and GSTT1 (Table 6); 26% 
of which haplotype 1, 9, 10, 24, 25, 26, 28, 32, 39, 41, 43, and 
44) were defined by variants predicted to be deleterious, includ-
ing rs554793519, rs529845573, rs138061602, rs561124342, 
rs375154572, rs184653774, and rs533860247, using a consen-
sus of SIFT, CADD, Polyphen-2, and PROVEAN (Table S13). 
These variants were prioritized for further follow-up with the 
structure-based predictor DynaMut2. From this analysis, NAT1 
rs554793519, rs529845573, rs138061602, NAT2 rs561124342, 
and GSTM1 rs375154572, rs184653774, and rs533860247 were 
predicted to destabilize (ΔΔG < 0 kcal/mol) the respective pro-
teins. Novel NAT1 and NAT2 haplotypes identified in the 1000 
Genomes Project dataset were further resolved using trio data, 
where available (Table S12). Of these, NAT2*53 (Figure 2) has 
been reviewed by the PharmVar NAT2 expert panel and is now 
cataloged in the PharmVar database (https://​www.​pharm​var.​org/​
gene/​NAT2).

DISCUSSION
The high TB burden in Africa emphasizes a need for effective 
preventative measures and treatments. However, with the con-
siderable occurrence of ADRs to anti-TB drugs, in particular AT-
DILI,6,35 and treatment resistance, it is necessary to optimise drug 
dosage/choice to improve drug safety and efficacy. One major 
obstacle in adopting this precision medicine approach in Africa 
is the lack of sufficient pharmacogenomic profiling of function-
altering star alleles influencing drug response. We analyzed 1079 
high-coverage genomes of participants from various SSA eth-
nolinguistic groups, to establish a more comprehensive insight 

into the pharmacogenomic diversity in six important pharmaco-
genes (NAT1, NAT2, GSTM1, GSTT1, CYP2E1, and GSTP1), 
which are relevant for response to medicines for TB, cancer, and/
or hypertension, among other diseases in the African context. 
Furthermore, we leveraged publicly available WGS data to com-
pare the pharmacogenomic variation landscape in these genes in 
SSA with that of the other global biogeographical groups.

As evidenced by the number of variants per kilobase, NAT1, 
NAT2, GSTM1, GSTT1, CYP2E1, and GSTP1 showed higher 
genetic diversity across SSA populations compared with the other 
global populations included in this study. Of the nonsynony-
mous variants identified in these genes, > 30% were predicted to 
be deleterious which warrants their further in vitro and/or in vivo 
functional investigation to support their potential inclusion in 
pharmacogenetic testing panels. Additionally, we identified a high 
number of potentially novel haplotypes (n = 47) across four phar-
macogenes (NAT1, NAT2, GSTM1, and GSTT1). This can be at-
tributed to the fact that we analyzed high-coverage genomes from 
various underrepresented SSA populations.

Based on the diplotypes called in this study, SSA (and EAS) 
populations had a higher proportion of individuals with a rapid 
acetylator phenotype (mostly due to the *10 distribution) com-
pared with other biogeographical groups while the slow acetyla-
tor phenotype was more frequent in EUR populations. This is 
consistent with previous observations and could be accounted for 
by variability in diet and environmental selection pressures.36,37 
There is scarcity of research characterizing the influence NAT1 
star alleles may have on the response to anti-TB drugs. However, 
NAT1*3 and *14 have been associated with a higher exposure to p-
Aminosalicylic acid.38 For other treatments, NAT1*10 has been as-
sociated with decreased concentration of thioguanine nucleotides 
consequently leading to increased toxicity and decreased efficacy 
of thiopurines in individuals with inflammatory bowel disease.39

Regarding NAT2 variation, the SSA populations had a higher 
number of unique NAT2 star alleles called in comparison with the 
other global populations in this study. In general, NAT2 slow acetyl-
ator star alleles, in particular *5 (rs1801280) and *6 (rs1799930 
and rs1208), were more prevalent in both SSA and other global 
populations, compared with rapid acetylator star alleles. This 
has previously been attributed to positive selection as population 
groups transitioned from being hunter gathers to pastoralists and 
farmers.25,40 There have been several studies reporting associations 
between NAT2 variation, particularly the slow acetylator profile, 
with anti-TB drug-induced hepatotoxicity or liver injury (DILI) 
via increased exposure to INH and hydrazine.41,42 These ADRs are 
either due to INH (a hydrazine derivative) itself and/or its metabo-
lites, including acetyl-hydrazine, hydrazine and ammonia, presum-
ably from the formation of reactive oxygen species that can cause 
necrosis and autoimmunity.41 However, there are some reports that 
have found no significant association.43 That being said, there is a 
paucity of data from high TB burden countries in SSA and beyond, 
which could elucidate population specific pharmacogenetic, phar-
macokinetic, and pharmacodynamic profiles. Future research under 
the SAMRC/GSK/Norvatis-supported GRADIENT initiative44 
and other projects could yield critical data to enhance our under-
standing of the impact of African genetic heterogeneity in NAT2 
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Table 6  Possible novel haplotypes identified across SSA populations in this study

#
Background 

allele Additional core variant Consequence Allele count Population

NAT1

1 *4 rs554793519~g.57068T>C Missense (L161P) 1 Gambia (1000G)

2 *4 rs201916736~g.57277G>T Missense (V231F) 1 Nigeria (1000G)

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

4 *4 rs4986992~g.56607T>G Synonymous (L7L) 4 Nigeria (1000G, SGDP)
Cameroon (H3Africa)

5 *4 rs112846752 Synonymous (L252L) 1 Botswana (H3Africa)

6 *4 g.57669delAAT 3′-UTR 3 South Africa (AWI-Gen, SAHGP)

7 *3 g.57669ins(AAT)3 3′-UTR 1 Gambia (1000G)

8 *10 rs111848753~g.56684G>A Missense (R33Q) 3 South Africa (AWI-Gen, SAHGP, 
CBRL)

9 *10 rs138061602~g.56777G>A Missense (R64Q) 1 Nigeria (1000G)

10 *10 rs529845573~g.57025C>T Missense (P147S) 1 Gambia (1000G)

11 *10 rs1389255907~g.57437G>A Missense (G284D) 1 South Africa (AWI-Gen)

12 *10 rs4986991~g.57363T>C Synonymous (S259S) 1 Kenya (1000G)

13 *10 rs15561~g.57681A>C 3′-UTR 3 South Africa (CBRL, SGDP)

14 *10 g.57666delAATAATAAA 3′-UTR 3 Kenya (1000G)

15 *10 g.57669insAAT 3′-UTR 1 Nigeria (1000G)

16 *10 g.57669insAATAATAAT 3′-UTR 1 Sierra Leone (1000G)

17 *10 rs548004925~56972A>G+
rs15561~57681A>C

Missense (Y129C)
3′-UTR

1 Sierra Leone (1000G)

18 *10 rs932721238~g.57671delT(A)5 3′-UTR 1 Sierra Leone (1000G)

19 *10 rs370302501-18222499~G>A Missense (R151H) 1 Sierra Leone (1000G)

20 *10 g.57669insAAT 3′-UTR 1 Nigeria (1000G)

21 *10 rs15561~57681A>C 3′-UTR 1 Nigeria (1000G)

22 *10 g.57665del(TAA)3 
rs15561~57681A>C

3′-UTR 2 Mali, Zambia (H3Africa)

23 *10 rs370859724~g.56777G>A Missense (M105I) 1 South Africa (SGDP)

NAT2

24 *6 rs561124342~g.14007G>C Missense (G83A) 1 Nigeria (1000G)

25 *14 rs149460636~g.14466G>A Missense (G236D) 1 Benin (H3Africa)

26 *14 rs374761885~g.14328A>G Missense (T190C) 1 Cameroon (H3Africa)

GSTM1

27 *A rs449856~g.10471T>A Missense (S210T) 15 South Africa (AWI-Gen, CBRL)
Mali, Botswana, Zambia (H3Africa)

Nigeria, Kenya, Sierra Leone 
(1000G)

28 *A rs375154572~g.7704C>T Missense (R168C) 6 Sierra Leone (1000G)

29 *A rs184653774~g.5105C>A Missense (D9E) 4 Nigeria (H3Africa)
Kenya (1000G)

South Sudan (SGDP)

30 *A rs146668816~g.6330C>G Missense (N85K) 3 Gambia, Kenya (1000G)

31 *A rs138440339~g.7677C>G+
rs1065411~g.7721G>C

Missense (L159F)
Missense (K173N)

3 Gambia, Sierra Leone (1000G)

32 *A rs533860247~g.10480G>A Missense (A213T) 3 Nigeria (1000G, H3Africa)

33 *A rs138440339~g.7677C>G Missense (L159V) 1 Cameroon (H3Africa)

34 *A rs146668816~g.6330~C>G+
rs1065411~g.7721~G>C

Missense (N85K)
Missense (K173N)

1 Sierra Leone (1000G)

 (Continued)
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(and other genes) on the response to INH and other key anti-TB 
drugs. This is highly relevant in Africa where we observed an esti-
mated 25–50% of participants with a NAT2 slow acetylator profile.

The high prevalence of GSTM1*0 (42.0–57.4%) and GSTT1*0 
(39.0–75.5%) in the various SSA study populations is remarkable 
given the importance of GSTM1 and GSTT1 in detoxification of 
metabolites and toxins in the liver.45 The high occurrence of these 
two gene deletions is comparable to other SSA-based population 

studies46,47; however, there are differences in their distribution as 
noted in this study. 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, which is supported by re-
sults in previous studies.46,48,49 In keeping with these observations, 
the GSTT1 null phenotype is more frequent across SSA popu-
lations compared with EUR populations while the GSTM1 null 
phenotype is more frequent in EUR populations. The distributions 

#
Background 

allele Additional core variant Consequence Allele count Population

35 *A rs138440339~g.7677~C>G+
rs1065411~g.7721~G>C (CN = 4)

Missense (L159F)
Missense (K173N)

1 Ghana (H3Africa)

36 *B rs449856~g.10471T>A Missense (S210T) 1 Burkino Faso (H3Africa)

GSTT1

37 *A rs2266637~g.271020C>T+
rs8140585~g.277188C>T

Missense (V169I) 
Missense (A61T)

209 Benin, Botswana, Cameroon, 
Ghana, Mali, Zambia, Nigeria 

(H3Africa)
Nigeria, Gambia, Kenya (1000G)
South Africa (AWI-Gen, SAHGP, 

CBRL)
Nigeria (SGDP)

38 *A rs8140585~g.277188C>T Missense (A61T) 73 Benin, Botswana, Cameroon, 
Ghana, Mali, Zambia, Nigeria 

(H3Africa)
Nigeria, Gambia, Kenya, Sierra 

Leone (1000G)
South Africa (AWI-Gen, CBRL)

Gambia (SGDP)

39 *A rs2266637~g.271020C>T Missense (V169I) 65 Benin, Botswana, Cameroon, 
Ghana, Mali, Zambia, Nigeria 

(H3Africa)
Nigeria, Gambia, Kenya, Sierra 

Leone (1000G)
South Africa (AWI-Gen, SAHGP, 

CBRL)
South Africa, Kenya (SGDP)

40 *A rs1601976046~g.270731C>T+
rs8140585~277188C>T

Missense (R197H)
Missense (A61T)

12 Botswana (H3Africa)
South Africa (AWI-Gen, SAHGP, 

CBRL)

41 *A rs141759372~g.273586A>G Missense (W101R) 9 Cameroon (H3Africa)
Nigeria, Sierra Leone (1000G)

South Africa (AWI-Gen)

42 *A rs1601976046~g.270731C>T Missense (R197H) 5 Botswana (H3Africa)
South Africa (AWI-Gen, CBRL)

43 *A rs144686326~g.270759-G>A Stop gain (R188*) 3 Burkino Faso, Nigeria (H3Africa)
Sierra Leone (1000G)

44 *A rs144686326~g.270759-G>A
rs141759372~g.273586A>G

Stop gain (R188*)
Missense (W101R)

2 Nigeria (1000G)

45 *A rs199521920~g.275948C>T Missense (D43N) 2 Botswana (H3Africa)
Kenya (1000G)

46 *A rs1601976046~g.270731C>T+
rs2266637~g.271020C>T+
rs8140585~g.277188C>T

Missense (R197H)
Missense (V169I)
Missense (A61T)

2 South Africa (CBRL, SAHGP)

47 *A rs2266637~g.271020C>T+
rs8140585~g.277188C>T+

g.271162_271163del

Missense (V169I)
Missense (A61T)

Frameshift (Pro121fs)

1 Nigeria (1000G)

AWI-Gen, Africa Wits-INDEPTH partnership for Genomics; CBRL (NICD, WITS), Cell Biology Research Lab, National Institute of Communicable Diseases, University 
of the Witwatersrand; H3Africa, Human Heredity & Health in Africa; SAHGP, South African Human Genome Project; SGDP, Simons Genome Diversity Project.

Table 6  (Continued)
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of these two deletions are speculated to have been impacted by se-
lection pressures such as diet, exposure to toxins and susceptibility 
to disease.49 Generally, GSTM1*0 is less frequent compared with 
GSTT1*0 in SSA, which partly accounts for the low frequency of 
the GSTM1-GSTT1 double homozygous deletion observed across 
SSA (7%) and the other biogeographical groups. However, rela-
tively higher prevalences (11–14%) have been previously observed 
in West African populations.47,50 The GSTM1-GSTT1 double 
null genotype has been shown to be associated with AT-DILI,11 
and it is also associated with an increased risk of hepatocellular car-
cinoma.51 Further studies on the influence of the GSTM1-GSTT1 
null deletion on anti-TB drug response in underrepresented SSA 
population groups are needed; given the considerable occurrence 
in SSA. For GSTP1, the reference haplotype (*A) has been asso-
ciated with hepatotoxicity in individuals being administered with 
anti-TB drugs52 and increased risk of ADRs to anti-cancer medi-
cation.53 However, in SSA most of the haplotypes estimated were 
defined by rs1695 (GSTP1*B). The rs1695 frequency ranged from 
34.7% (BRN) to 61.0% (MAL), which is relatively higher than 

that reported in the Kassogue et  al. study (12.1–49.8%) across 
Malian participants.47

Among the CYP2E1 variants, rs2070676 (present in the defi-
nition of *1B and other haplotypes), rs2070673, and rs2070672 
(defining *7C) were observed at high frequencies (> 16%) in the 
SSA populations. Additionally, of the nonsynonymous variants 
used to define CYP2E1 star alleles, rs6413419 (CYP2E1*4) was 
mostly African-specific. The rs6413419 variant is associated with 
normal activity,32 but was predicted to be deleterious by PolyPhen, 
CADD, LRT, and PROVEAN in this study. Many of the non-
synonymous variants identified in the SSA populations were pre-
viously 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 harbor-
ing potentially novel CYP2E1 star alleles. Instead, we inferred po-
tential haplotypes harboring these variants using SHAPEIT4. Six 
different CYP2E1 haplotypes had rs28969387 as one of the defin-
ing variants. This variant was predicted to be deleterious and has 
been observed to alter the CYP2E1 enzyme activity.54 Regarding 
CYP2E1 structural variant analysis, SSA populations had a higher 
frequency of duplications compared with other global popula-
tions. The CYP2E1 gene deletion was observed in one individual 
from the MSL and the SA populations in this study. Generally, 
CYP2E1 structural variants and their association with anti-TB 
drug response is understudied. Given the lack of consistency in 
CYP2E1 star allele definitions and lack of consensus on the phar-
macogenetic effects of CYP2E1 variants, more functional studies, 
especially in African populations where TB is prevalent, are critical 
in addressing these knowledge gaps.

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 individ-
ual 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 characterizations and functional studies across underrep-
resented African populations for relevant drug-gene pairs. The use 
of larger datasets with more diverse underrepresented African pop-
ulations would be critical and informative for designing effective 
pharmacogenetic testing strategies across the continent. Secondly, 
the lack of curated and comprehensive star allele definitions, espe-
cially in the case of CYP2E1, led to several ambiguous diplotype 
calls. This made it difficult to compare haplotypes called in this 
study with those previously published. 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. Where applicable, haplotypes were estimated using 
trio data or statistical phasing methods. Using data from multiple 
sources may have affected the accuracy of some of our frequency 
estimates; however, given the consistency of the read depth, variant 
calling, and filtering process, we believe our results are meaning-
ful and sound. Fourthly, functional studies to confirm the clinical 

Figure 2  Depiction of a novel NAT2 star allele (*53.001) in 
HG03270—among the Esan in Nigeria (ESN) participants in the 
1000 Genomes Project datasets analyzed in the study. HG03270 
(Mother) has NAT2*6.002 as the second NAT2 haplotype and they 
are part of the NG65 Coriell trio. The father in the trio (HG03271) 
has NAT2*5.002/*6.002. The child (HG03272) in the trio inherited 
the novel star allele (*53.001) from the mother and *6.002 from the 
father. The variants in blue font are in intron 1 and are not captured 
in the current PharmVar NAT2 nomenclature file. The variants in 
red font are outside of the region being used for allele definitions 
(https://​www.​pharm​var.​org/​gene/​NAT2).
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impact of the variants predicted to be deleterious by in silico predic-
tion tools, were beyond the scope of this study. Lastly, the pheno-
type 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.

In conclusion, this study elucidates the pharmacogenomic varia-
tion in NAT1, NAT2, GSTM1, and GSTT1, GSTP1, and CYP2E1 
across various SSA populations, and in comparison with other 
global populations. Furthermore, this study highlights differences 
in the distribution of key star alleles—such as NAT1*10, NAT2*5, 
NAT2*16, GSTM1*0, and GSTT1*0—between SSA populations 
and other global populations. Our findings on the predicted phe-
notype distributions warrant the need for further investigations 
on the potential for genotype-guided dosing regimens, especially 
for TB (INH and other first-line drugs), hypertension (hydrala-
zine), and cancer drug therapy to mitigate the risk of ADRs such 
as DILI in SSA and globally. A vital next step would be to establish 
whether the predicted phenotype patterns correspond to obser-
vations in clinical-based pharmacogenomics studies involving the 
SSA populations represented in this study. This would aid in un-
derstanding the link of anti-TB drug response (especially for INH) 
to the associated activity of the star alleles identified in this study. 
Furthermore, the high number of novel alleles, many being defined 
by functionally relevant variants, exemplify the need for more di-
verse sampling and large scale pharmacogenomic studies in Africa. 
Future work entailing the validation of novel haplotypes predicted 
in this study using other sequencing approaches (Sanger sequenc-
ing and/or long-read sequencing) is necessary to further character-
ize their sequence content and support their designation as novel 
alleles by PharmVar. Together with determining the possible im-
pact that these novel haplotypes may have to INH response, this 
information will be critical in precision medicine strategies, such 
as developing effective pharmacogenetic testing panels, in Africa.

SUPPORTING INFORMATION
Supplementary information accompanies this paper on the Clinical 
Pharmacology & Therapeutics website (www.cpt-journal.com).
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