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Summary
Genetic variation of the CYP2D6 gene has been associated with altered drug metabolism; however, limited studies
have investigated CYP2D6 sequence diversity in African populations. We devised a CYP2D6 genotyping strategy to
analyse the South African Xhosa population and genotype a Xhosa schizophrenia cohort, as CYP2D6 metabolises many
antipsychotics and antidepressants.
The entire CYP2D6 gene locus was sequenced in 15 Xhosa control individuals and the data generated were used to
design a comprehensive genotyping strategy. Over 25 CYP2D6 alleles were genotyped in Xhosa controls and Xhosa
schizophrenia patients using long-range PCR, DNA sequencing and single nucleotide primer extension analysis. Bioinformatic algorithms were used to predict the functional consequences of relevant mutations and samples were assigned
CYP2D6 activity scores.
A unique allele distribution was revealed and two rare novel alleles, CYP2D6∗ 73 and CYP2D6∗ 74, were identified. No
significant differences in allele frequencies were detected between Xhosa controls and schizophrenia patients. This study
provides i) comprehensive data on a poorly characterised population, ii) a valuable CYP2D6 genotyping strategy and iii)
due to their unique genetic profile, provides the basis for pharmacogenetic intervention for Xhosa individuals.
Keywords: CYP2D6, pharmacogenetics, schizophrenia, South African population, Xhosa

Introduction
Elucidating the genetic components responsible for heterogeneity in drug response offers the potential to improve drug
efficacy and reduce drug toxicity. This would be particularly
beneficial to the field of psychiatry where the treatment of
psychotic disorders such as schizophrenia is often inadequate
(Lieberman et al., 2005; Arranz & De Leon, 2007). Accurate prediction of an individual’s drug metabolism phenotype
based on their genetic makeup and other factors (e.g. environmental and clinical) would allow for individualised treatment
∗
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in the clinical setting and reduce the occurrence of adverse
drug reactions and treatment non-response. The full catalogue of pharmacogenetic polymorphisms, however, remains
to be determined and is further complicated by the fact that
the frequency of genetic variants differs substantially between
populations and ethnic groups (Zanger et al., 2004; Sistonen
et al., 2007; Jakobsson et al., 2008). Therefore, before appropriate genotyping panels can be established, the extent of
functional genetic variation in candidate genes needs to be
determined, especially in understudied populations.
CYP2D6 is a drug metabolising enzyme that is of great
importance to pharmacogenetic research, metabolising approximately 25% of all clinically prescribed drugs, including
many anti-psychotics and anti-depressants (e.g. haloperidol
and fluoxetine – for an extensive list see Zanger et al., 2004).


C 2010 The Authors
C 2010 Blackwell Publishing Ltd/University College London
Journal compilation 

CYP2D6 in the South African Xhosa

The polymorphic CYP2D6 gene resides on chromosome
22q13, in close proximity to two homologous pseudogenes
(Zanger et al., 2004). Genetic variation of this gene has been
shown to have a strong effect on substrate metabolism and
whole CYP2D6 gene duplications and deletions, as well as
hybrid genes, have been observed at significant frequencies in
various populations (Kirchheiner et al., 2004; Zanger et al.,
2004; Sistonen et al., 2007; Gaedigk et al., 2008; Gaedigk
& Coetsee, 2008). Genotyping strategies are further complicated by the wide range of reduced-function and nonfunctional alleles, causing a variety of CYP2D6 phenotypes
(Gaedigk et al., 2008). Approaches to inferring phenotype
from CYP2D6 genotype information, such as the CYP2D6
activity score (AS) approach described by Gaedigk et al. (2008)
or the “semiquantitative gene dose” concept introduced by
Steimer et al. (2004), facilitate the predictions of metaboliser
status. In order to implement such tools in unique populations, novel CYP2D6 alleles first need to be characterised and
their respective capacity to metabolise CYP2D6 substrates assessed. CYP2D6 genotype is believed to have relevance to
predict antipsychotic response (Kobylecki et al., 2009), although more studies that measure clinical utility of genotyping of CYP2D6 with regards to schizophrenia treatment are
still required (Fleeman et al., 2010).
The implementation of pharmacogenetic technologies in
African populations is particularly challenging. Not only have
these groups been under-represented in past research, but
it has been shown that African populations have the highest nucleotide diversity and lowest linkage disequilibrium in
their genomes (Yu et al., 2002; Sistonen et al., 2007). This
is due to a longer evolutionary history of African populations and their larger effective population size (Yu et al.,
2002). Numerous studies have shown that the frequencies
of the majority of CYP2D6 alleles differ between population
groups (Zanger et al., 2004; Sistonen et al., 2007; Gaedigk
et al., 2008; Gaedigk & Coetsee, 2008). The CYP2D6 ∗17
and CYP2D6 ∗29 alleles are two examples of reduced function variants that occur at high frequencies in African cohorts and those of recent African origin, but are virtually
absent from other population groups (Masimirembwa et al.,
1996; Wennerholm et al., 2001; Sistonen et al., 2007). Despite
the identification of many African-specific alleles, CYP2D6
genotype-phenotype discordance remains a problem, indicating the need for more comprehensive genotyping strategies.
The Xhosa people represent a unique South African population and form part of the Nguni clan (Nurse et al.,
1985; Seedat et al., 2004). According to the 2001 South
African Population Census, 17.6% of the South African
population speak isiXhosa as their first language, representing roughly 8 million individuals (http://www.statsonline.
gov.za/census01/html/RSAPrimary.pdf). The Xhosa people,
therefore, form an integral part of South African society, but
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to date no comprehensive study has been undertaken to determine the frequency of novel and known CYP2D6 variants in
this population or any other population of the Nguni group.
Recently, novel CYP2D6 alleles and a unique allele distribution were detected in a South African Mixed Ancestry cohort
(Gaedigk & Coetsee, 2008), emphasising the need for similar
studies to be undertaken in other South African populations.
This study was aimed at setting up a unique strategy that could
determine novel and known CYP2D6 variants in the Xhosa
population in a reasonably priced and time efficient manner
when compared to other genotyping methods. Once established, the strategy was used to determine CYP2D6 allele
frequencies and AS in healthy Xhosa control individuals as
well as Xhosa schizophrenia patients, since individuals suffering from this disorder are likely to receive a CYP2D6 substrate
medication during pharmaceutical intervention.

Materials and Methods
Study Population, Clinical Assessment
and DNA Isolation
A cohort of 53 healthy unrelated Xhosa controls was recruited
from the Cape Metropole, South Africa. A group of 51 Xhosa
schizophrenia patients was recruited from in- and outpatient psychiatric services in the same capture area as the controls. The inclusion criterion for the controls and schizophrenia patients was
Xhosa ethnicity (4/4 grandparents reported as of Xhosa origin),
while patients additionally required a diagnosis of schizophrenia according to the diagnostic and statistical manual of mental
disorders (DSM-IV) criteria (American Psychiatric Association,
1994). Written informed consent was obtained from all individuals participating in this study, or their caretakers, and institutional
approval was granted by the Committee for Human Research of
Stellenbosch University. Genomic DNA (gDNA) was extracted
from participants’ whole blood using the protocol described by
Miller et al. (1988) and gDNA integrity was then confirmed
by means of agarose gel electrophoresis. Additional subjects
(n = 323 Xhosa controls; n = 443 Xhosa schizophrenia patients) were recruited in the same manner as the original cohort,
with identical inclusion criteria as those described above. The
gDNA, however, was of inferior quality due to a period of imperfect storage and hence was only used for limited genotype
analysis (Supplementary Table S1).

Sequence Analysis of the CYP2D6 Gene
The spectrum of common DNA sequence variation in the
CYP2D6 gene locus, which we defined to be polymorphisms
of ≥10%, was determined by sequencing 15 of the Xhosa controls that had tested negative for the CYP2D6 ∗5 deletion allele
(see genotyping methods below). If the actual prevalence of a
CYP2D6 allele in the Xhosa population is 10%, then the probability that at least one such allele will be detected in these samples
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is 95.8% (from the binomial distribution). This was accomplished
by amplifying a 6.6-kb CYP2D6 specific product, containing
the entire gene, upstream sequence and 3 -UTR, using primers
6.6 kb-F and 6.6 kb-R (Supplementary Table S1). The entire
R
6.6-kb template was subsequently purified with use of MSB
Spin PCRapace columns (Invitek GmbH, Berlin, Germany). Bidirectional DNA sequencing was then performed on the entire
template, bar 432 bp, using appropriately spaced primers (Supplementary Table S1) and Big Dye v3.1 sequencing chemistry
(Applied Biosystems, Foster City, CA, USA). If insufficient amplification was achieved, the 6.6-kb template was diluted 1000
times and the sequencing primers were used to perform nested
PCRs. These amplicons were subsequently used as templates for
sequencing reactions. Numbering of variants was done according
to the Genbank reference sequence, M33388, in accordance with
the CYP allele nomenclature committee criteria. Haploview v4.0
was then used to examine the pattern of linkage disequilibrium
observed between the variants (Barret et al., 2005). All CYP2D6
polymorphisms detected in the Xhosa population were analysed
for splicing changes using the program, NetGene2 (Brunak et al.,
1991).

Genotype Analysis
CYP2D6 polymorphisms were selected for genotype analysis in
the entire cohort using the following criteria: (i) polymorphisms
detected in the sequencing data that have been shown to affect CYP2D6 function or expression, (ii) any non-synonymous
mutations that were identified in the sequencing data and (iii)
CYP2D6 alleles that have been found to have pharmacogenetic
importance in other populations, especially those of African origin. The genotyping panel should consist of a sufficient number
of CYP2D6 alleles to allow genotype designation to be both specific and sensitive, while remaining both reasonably priced and
time efficient.
The panel of alleles genotyped in this study comprised
CYP2D6 ∗2, ∗2A, ∗3, ∗4, ∗5, ∗6, ∗8, ∗10, ∗14, ∗17, ∗28, ∗29, ∗30,
∗
39, ∗40, ∗41, ∗43, ∗45, ∗46, ∗49, ∗50, ∗53, ∗58, ∗64, ∗65 and ∗70,
as well as gene duplications and hybrid genes. The CYP2D6 ∗2A
allele was genotyped separately from CYP2D6 ∗2, as the G allele
of the -1584C>G SNP has been associated with increased activity of CYP2D6 in vivo as well as fast metabolism (Raimundo
et al., 2000; Løvlie et al., 2001). The genotyping strategy combined long-range PCR, DNA sequencing and multiplex single nucleotide primer extension analysis. The region that was
sequenced contained numerous important CYP2D6 polymorphisms, as identified by our gene sequencing data and the literature, making this approach feasible. Single nucleotide primer
extension analysis allowed for efficient genotyping of polymorphisms spread across the CYP2D6 gene, while long-range PCR
was employed to detect major genomic rearrangements at the
CYP2D6 locus and to prevent amplification of the CYP2D7
and CYP2D8P pseudogenes. The genotyping strategy was validated using the sequenced Xhosa samples as positive controls or
samples of known genotype obtained in other studies (Gaedigk
et al., 2008; Gaedigk & Coetsee, 2008).
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Genotyping by sequencing
The first step in the genotyping process involved amplifying the
6.6-kb CYP2D6 fragment described above. Following amplification, an aliquot of the template was diluted 1000 times and used
for the nested amplification of a 1.5-kb fragment, encompassing
exons 2 to 4, using the primers 2D6 Ex2 F and 2D6 Ex3–4 R
(Supplementary Table S1). The nested PCR product was subsequently purified as described above and then sequenced using
the two Ex2–4 sequencing primers (Supplementary Table S1).
Sequencing reaction cycling consisted of an initial denaturation
step of 94◦ C for 5 minutes, followed by 30 cycles of 94◦ C for 10
seconds, 50◦ C for 10 seconds and 60◦ C for 4 minutes.

Genotyping by SNaPshot
The remaining 6.6-kb product was purified using the Nucleofast PCR kit (Macherey-Nagel, Düren, Germany) on a vacuum
manifold, then interrogated for eight single nucleotide polymorphisms (SNPs) employing the single nucleotide primer extension
reaction, SNaPshot (Applied Biosystems) as reported by Sistonen
et al. (2005). A membrane based PCR cleanup kit was the most
effective purification method for this particular amplicon, as the
residual primers were refractive to digestion by Exo I. Genotyping primers used in this reaction were either modified from
those described by Sistonen et al. (2005) or designed to genotype
polymorphisms that were not analysed in that study. Genotyping primer sequences and their concentrations in the SNaPshot
reaction can be found in Supplementary Table S1. A schematic
summary of the polymorphisms genotyped by the SNaPshot and
DNA sequencing are given in Figure 1.

Genotyping by long-range PCR

Detection of the CYP2D6 ∗5 deletion allele, CYP2D6 duplications, as well as CYP2D6/CYP2D7 hybrid genes was performed
in three individual multiplex long-range PCR reactions, followed
by electrophoresis on 0.8% agarose gels. PCR reaction and cycling conditions were modified from those described by Gaedigk
et al. (2007), Gaedigk & Coetsee, (2008) and Steen et al. (1995)
(Supplementary Table S1). Hybrid gene testing was performed
in the final step of the genotyping protocol on samples that had
homozygous genotypes. Characterisation of the nature of gene
duplication was performed by amplifying fragments described by
Gaedigk et al. (2007) (Supplementary Table S1), then genotyping those for allele-defining SNPs using the protocols described
above.

Detection and Characterisation of CYP2D6 ∗73
and CYP2D6 ∗74
The CYP2D6 ∗73 allele occurred in a sample that was heterozygous for the CYP2D6 ∗5 deletion. The 6.6-kb CYP2D6 product
was amplified from this sample and completely sequenced according to the protocol described above. The CYP2D6 ∗74 allele
was detected in a sample that was heterozygous for CYP2D6 ∗2
and the 6.6-kb product was therefore cloned using the
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Figure 1 Schematic representation of the described CYP2D6 genotyping strategy.
(A) Depicts the 8 polymorphisms that were genotyped in the 6.6-kb fragment using
SNaPshot as well as their locations in the gene. (B) The 1.5-kb nested PCR fragment was
sequenced with the primers displayed in intron 2; the relative locations of significant
polymorphisms found in this area are shown. CYP2D6 polymorphisms not detected in
this area in the 15 sequenced Xhosa controls, but found in the larger cohort, are
underlined. Sequence variations not found in the Xhosa cohort, are not indicated in the
figure.
R
pGEM
-T Easy Vector System (Promega, Madison, WI, USA),
as per the manufacturer’s protocol. Clones were genotyped for
the 1013G>A SNP by means of PCR-restriction fragment
length polymorphism (RFLP) (Supplementary Figure S1). The
allele was then entirely sequenced and the presence of variants was
confirmed by resequencing those regions in the original 6.6-kb
product. Both alleles were submitted to the nomenclature committee for allelic designation (http://www.cypalleles.ki.se/). The
functional effect of relevant non-synonymous sequence variations was predicted using the sorting intolerant from tolerant
(SIFT) and PolyPhen algorithms (Ramensky et al., 2002; Ng &
Henikoff, 2003). SIFT scores of <0.05 and normalised positionspecific independent count (PSIC) scores of ≥1.5 were regarded
as deleterious.

Statistical Analysis
Allele and genotype frequencies were calculated and deviations
from Hardy-Weinberg Equilibrium (HWE) were determined using a Pearson χ 2 analysis in Tools For Population Genetic Analysis (TFPGA) Software v1.3. (Miller, 1997) If less than five individuals were observed for a particular genotype, a Fisher’s exact
analysis was performed instead. CYP2D6 activity scores (ASs)
were calculated for all genotyped individuals using model A as
described in Gaedigk et al. (2008). Novel CYP2D6 alleles were
classified as fully functional (i.e. AS = 1), as no phenotypic data
were available. Differences between observed and expected allele
and AS distribution between patients and controls were tested
for using an analog to Fisher’s exact test by way of appropriate
contingency tables. P-values ≤ 0.05 were regarded as significant.
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Results
Sequence Analysis of the CYP2D6 Gene
Sequence analysis was performed on the CYP2D6 gene locus for 15 Xhosa control individuals. High quality reads
were obtained for the entire region of the 6.6-kb CYP2D6
fragment. A total of 56 different polymorphisms, including the CYP2D6 ∗1, ∗2, ∗2AxN, ∗4, ∗10, ∗17, ∗29, ∗40, ∗43
and ∗45B alleles, were detected in the 30 chromosomes. Of
the detected polymorphisms 15 were located in the promoter, 14 in exons (8 non-synonymous SNPs, 5 synonymous SNPs and one 18 bp insertion), 23 in introns and 4
downstream of the 3 UTR (Supplementary Table S2). One
of the exonic variations was a novel synonymous SNP in
exon 5, 2452T>C, that was found in a sample initially genotyped as CYP2D6 ∗2AxN/∗17. Analysis of the promoter polymorphisms revealed that 13 of the 15 variants were either
found in Alu or low complexity sequences. The -43insG and
-176G>A promoter polymorphisms were not located in
these regions and were each linked to the CYP2D6 ∗1 (D’
1.0, LOD 3.91, r2 1.0) and CYP2D6 ∗29 (D’ 1.0, LOD
5.32, r2 1.0) alleles respectively. The -43insG polymorphism
(haplotype undetermined) was originally detected by Solus
et al. (2004) and appeared on half the CYP2D6 ∗1 alleles
in the sequenced controls. The -176G>A polymorphism
was detected in all samples with a CYP2D6 ∗29 allele and
was one of five promoter variants that were linked to this
allele.
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CYP2D6 Genotyping Strategy
A unique genotyping strategy was successfully designed and
used to genotype an additional 38 healthy Xhosa controls and
51 Xhosa schizophrenia patients (Supplementary Figure S1).
Due to the size of this cohort (n = 104), comparisons were
made between the groups to determine whether a CYP2D6
genotyping strategy devised in a cohort of Xhosa controls
could be utilised in schizophrenia patients of the same ethnicity. However, these comparisons were not made to elucidate the role CYP2D6 genotype plays on schizophreniasusceptibility as this was not the aim of the study. The
CYP2D6 allele frequencies detected in these samples are displayed in Table 1. CYP2D6 ∗2A, ∗5, ∗41, ∗1xN and ∗4xN
alleles were found in this larger cohort in addition to those
found in the 15 sequenced controls, as well as a further ten sequence variants (Supplementary Table S2). No novel splicing
mutations were predicted by NetGene2. A total of four nonfunctional alleles, i.e. CYP2D6 ∗4, ∗5, ∗40 and ∗4xN, were
observed in the Xhosa. Notably, no hybrid genes were detected in the original study cohort (n = 104). All alleles
were in HWE for the two groups. CYP2D6 ∗45 was the only
allele to show significant differences in allele frequencies between the two groups (P = 0.004). The CYP2D6 ∗5 deletion

Table 1 Frequencies of CYP2D6 alleles observed in the Xhosa
controls and schizophrenia patients
Allele

CONTROL
(n = 53)

SCHIZOPHRENIA
(n = 51)

Count

Freq (%)

Count

Freq (%)

1
2
∗
2A
∗
4
∗
5
∗
10
∗
17
∗
29
∗
40
∗
41
∗
43
∗
45
∗
73
∗
74
∗
1xN
∗
2AxN
∗
4xN

25
13
0
2
15
2
14
14
2
2
1
11
0
0
0
3
2

23.6
12.3
0.0
1.9
14.2
1.9
13.2
13.2
1.9
1.9
0.9
10.4
0.0
0.0
0.0
2.8
1.9

25
15
1
1
19
2
17
7
3
1
1
1
1
1
1
3
3

24.5
14.7
1.0
1.0
18.6
2.0
16.7
6.9
2.9
1.0
1.0
1.0
1.0
1.0
1.0
2.9
2.9

Total Chr

106

/

102

/

NF

21

20.0

26

25.0

∗
∗
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allele was the major non-functional allele in the Xhosa. Over
40% of the gene duplications in this ethnic group were nonfunctional, i.e. CYP2D6 ∗4xN.

CYP2D6 Genotypes: Predicted Activity Scores
and Phenotypes
The predicted AS for the two Xhosa cohorts is shown in
Figure 2. No significant differences in AS distribution were
detected between the cohorts (P = 0.233). A total of six
poor metabolisers (PMs) were identified in this study, four
in the schizophrenia group and two in the controls, all of
which were accounted for by the CYP2D6 ∗5/∗5, ∗5/∗40 and
∗
4xN/∗40 genotypes. Individuals carrying more than two
functional CYP2D6 gene copies were defined as ultrarapid
metabolisers (UMs) and occurred at a frequency of 3.8% in
the entire study, with two samples detected in each group.
Noteworthy, 12.5% of individuals were found at the extreme
ends of the phenotype distribution by exhibiting genotypes
assigned to the AS groups 0 (PM) or >2 (UM). These individuals (including eight schizophrenia patients) are most likely
to respond in a non-ideal manner to CYP2D6 substrates.

Detection and Characterisation of CYP2D6 ∗73
and CYP2D6 ∗74

n, individuals; Freq, frequency; Chr, chromosomes; NF, nonfunctional alleles
344

Figure 2 CYP2D6 activity score (AS)-Model A
distribution (Gaedigk et al., 2008) in Xhosa schizophrenia
patients and healthy Xhosa controls. PM subjects (i.e. no
functional copies of CYP2D6) receive an AS of 0, while
samples containing a functional allele as well as a functional
gene duplication receive an AS > 2. The relatively high
frequency of CYP2D6∗45 in the Xhosa control cohort is
partially responsible for 30% of these subjects grouping in the
AS 2 region. CYP2D6∗45 was originally classified as fully
functional (Gaedigk et al., 2005) and was therefore assigned
an AS of 1 in this study.

The two novel alleles, CYP2D6 ∗73 and CYP2D6 ∗74, were
identified in the Xhosa schizophrenia cohort. The results of
genotyping clones for the 974C>A CYP2D6 ∗74 SNP as well
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Figure 3 Schematic representation of the novel CYP2D6∗73 and ∗74 alleles. The key
mutation of CYP2D6∗73 is 1013G>A (V104M), while that of CYP2D6∗74 is 974C>T
(L91M).

as chromatograms of the key SNPs for both of the novel alleles
can be found in Supplementary Figure S1. The CYP2D6 ∗73
allele-defining SNP, 1013G>A, occurs on the “CYP2D6 ∗2backbone” along with the 4535insT variation downstream
of the 3 UTR. This novel SNP causes a V104M amino acid
change in exon 2 of the CYP2D6 protein. Neither SIFT or
PolyPhen algorithms predicted this mutation to be deleterious (SIFT score = 0.23, PSIC score = 0.767). CYP2D6 ∗74
is characterised by two SNPs, the 974C>A SNP in exon
2 that causes a L91M amino acid change and an intron 7
SNP, 3609G>T. 974C>A has previously been described to
occur on a number of CYP2D6 ∗4 sub-variants, however, all
CYP2D6 ∗4 detected in the Xhosa were negative for this SNP.
In silico analysis of this variant with the SIFT algorithm predicted that it would affect protein function (SIFT score =
0.01), but PolyPhen predicted that this SNP would be benign (PSIC score = 0.512). During the genotyping procedure, a sample was identified as containing the synonymous
997C>G SNP, which has also been found to be linked to
this subgroup of CYP2D6 ∗4 alleles as well as to CYP2D6 ∗2E.
This allele was also completely sequenced, but only this single
sequence variation was detected. A schematic representation
of the polymorphisms detected in the novel alleles can be
found in Figure 3.

CYP2D6 ∗45 1716G>A Genotyping
Since CYP2D6 ∗45 was the only allele to show significant differences between patients and controls after the genotyping
strategy was employed, the allele-defining SNP (i.e. nonsynonymous 1716G>A), was therefore genotyped in additional samples to rule out Type I error. The CYP2D6 ∗46 allele also contains the 1716G>A SNP, yet additionally carries
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the non-synonymous 77G>A substitution. Since the 77G>A
polymorphism is not believed to influence CYPD26 functionality (Gaedigk et al., 2008) and because the CYP2D6 ∗46
allele was not detected in the original Xhosa cohort, this
polymorphism was therefore not genotyped. Since the gDNA
integrity of the majority of these samples was inadequate for
long-range PCR, preventing genotyping of the CYP2D6 ∗5
deletion allele, all samples that carried the respective allele/polymorphism (i.e. heterozygotes and homozygotes)
were therefore grouped together during analyses. In total, 1716G>A genotypes were successfully obtained for 454
Xhosa schizophrenia patients and 334 Xhosa control individuals for this polymorphism (results include the original
cohort of 104 individuals). This pooled analysis of 1716G>A
was no longer significant (P = 0.941), with 13.7% of the
schizophrenia patients and 13.5% of the control individuals
being carriers for the 1716A allele.

Discussion
CYP2D6 Allele Distribution in the Xhosa
To our knowledge, this is the most comprehensive study of
variation at the CYP2D6 locus in an indigenous black African
population. A total of 17 CYP2D6 alleles were identified in
the Xhosa cohort, displaying a unique and complex allele distribution. This wide range of CYP2D6 variants reiterates the
need for innovative genotyping methods to accurately predict
CYP2D6 phenotype in African populations. Studies of other
pharmacogenetically relevant CYP enzymes have shown that
the identification of novel alleles can lead to the need to
reassess predicted phenotypes, even in extensively studied
populations (Ragia et al., 2009). A detailed comparison of
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selected CYP2D6 allele frequencies to other populations is
presented in Supplementary Table S3. The allele frequencies in the Xhosa vary from those described in the southeastern/south-western and north-eastern Bantu populations
by Sistonen et al. (2007), even when results from this study
are adjusted to account for differences in genotyping methods,
emphasising the need to separate Bantu speaking Africans into
subgroups. The Xhosa belong to the southernmost branch of
this linguistic group and despite some admixture with the
Khoisan population, their gene pool has remained relatively
isolated throughout the generations (Nurse et al., 1985; Seedat
et al., 2004). A recent study resequenced the CYP2D6 gene
in samples from eight African populations, but included only
one South African population, the Venda (Matimba et al.,
2009) and CYP2D6 allele frequency data in South African
Bantu populations remains limited. The Venda do not speak
an Nguni language and allele frequencies reported for this
group differed from the Xhosa, corresponding to autosomal
DNA and Y-chromosome data previously obtained in these
populations (Lane et al., 2002). The CYP2D6 ∗10 allele was
present at an unusually high frequency for an African population (n = 9, 19%) and CYP2D6 ∗4 was absent from this
particular cohort (Matimba et al., 2009). However, the small
sample sizes of the majority of these African population studies
make it difficult to make accurate CYP2D6 allele frequency
comparisons, especially for the rarer alleles.
The CYP2D6 ∗5 deletion allele was found at a relatively
high frequency in the Xhosa, especially in the schizophrenia group (i.e. 18.6%). A similar frequency of this allele was
also previously observed in a South African Mixed Ancestry population (n = 99, 17.2%) (Gaedigk & Coetsee, 2008).
The Xhosa, however, remain different in allele distribution
to the Mixed Ancestry group in many other aspects, with the
lack of the novel CYP2D6 ∗64, CYP2D6 ∗65 and hybrid alleles
representing the most apparent examples. The non-functional
CYP2D6 ∗40 allele was observed at a relatively high frequency
in the entire cohort (i.e. 2.4%) and the role of this allele in indigenous African populations may have been underestimated
as it remains understudied.

Novel CYP2D6 Alleles: CYP2D6 ∗73
and CYP2D6 ∗74
The rare novel alleles identified in the schizophrenia cohort
require further characterisation to determine the functional
consequences of the mutations described in Figure 3. It has
been suggested that low frequency variants such as these
might explain, at least in part, the variability in drug response
observed in Africans (Matimba et al., 2009). CYP2D6 ∗73
is distinguished from CYP2D6 ∗2 by the non-synonymous
1013G>A (V104M) SNP and a T-insertion at position 4535,
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however, in silico analysis did not predict V104M to be detrimental to protein function. SIFT and PolyPhen algorithms
also did not predict a functional change for the key SNP
of CYP2D6 ∗17, T107I, which is located in close proximity
on the same conserved β  -helix of the CYP2D6 protein. In
contrast, previous research has demonstrated that 1023C>T
(T107I) on CYP2D6 ∗17 is contributing to the diminished
function of this allele (Oscarson et al., 1997). Given the
close proximity of CYP2D6 ∗73 1013G>A and CYP2D6 ∗17
1023C>T and the fact that both alleles are otherwise encoding identical proteins, it is possible that CYP2D6 ∗73 could also
confer a similar activity. Extensive functional characterisation
of the CYP2D6 ∗73 allele is, however, required as it has been
suggested that CYP2D6.17 may exhibit substrate-dependant
activity (De Leon et al., 2009). With regards to CYP2D6 ∗74,
the key non-synonymous 974C>A (L91M) SNP is not novel
per se as it is found on the majority of CYP2D6 ∗4 alleles;
however the functional effect of this amino acid has never
been further elucidated because CYP2D6.4 activity is completely abolished by the 1846G>A splicing defect mutation.
Although the 974C>A variant was not predicted to alter
splicing function, this SNP should be prioritised for functional studies as the SIFT algorithm predicted that it may
affect protein function (SIFT score = 0.01). A detailed comparison of selected alleles observed in this study to other resequenced CYP2D6 alleles (Gaedigk, unpublished) can be
found in Figure 4. This figure illustrates that some known
alleles have undocumented sub-variants.

Under-representation of CYP2D6 ∗45
After the comprehensive genotyping strategy was employed,
CYP2D6 ∗45 was the only allele to occur at a significantly
different frequency between the case and control groups.
However, when the allele-defining SNP of CYP2D6 ∗45
(1716G>A) was genotyped in additional samples, to rule out
Type I error, the results were no longer statistically significant
(P = 0.941). These data collected in the large cohort, combined with the fact that the CYP2D6 ∗45 allele is probably fully
functional (Gaedigk et al., 2005), indicate that this allele is not
involved in schizophrenia risk reduction in the Xhosa. A few
studies have detected an association between CYP2D6 genotype and schizophrenia-susceptibility, although these findings
remain controversial and more research is required in this
regard (for review, see Dorado et al., 2007).

CYP2D6 AS Distribution
No significant differences in AS distribution were detected
between the schizophrenia patients and control individuals.
The AS grouping observed in the Xhosa individuals shows
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Figure 4 Comparison of selected CYP2D6 alleles detected in this study to
other resequenced alleles (Gaedigk, unpublished). Black boxes indicate the
presence of a variant when compared to the reference sequence and “X” denotes
a region for which no sequence was obtained. 1 All the CYP2D6∗4 alleles in the
Xhosa (Xh) and 25% of those in African Americans (AA) possess the sub-variant
with the 1039C>T SNP. 2 75% of CYP2D6∗4 alleles in African Americans
possess this sub-variant with the 974C>A, 984A>G and 997C>G SNPs, which
was not found in the Xhosa.
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half of the samples (n = 52) in the 1–1.5 region. This is typical of African populations and is caused by the high number
of reduced function alleles found in these groups (Gaedigk
et al., 2008). The individuals most likely to benefit from
pharmacogenetic testing before receiving CYP2D6 substrate
medications are the 12.5% of the cohort that fall into AS
groups 0 and >2 and represent subjects at the extreme end of
the phenotype distribution. These results are important with
regard to schizophrenia treatment with antipsychotics and antidepressants, as drug efficacy could be improved by adjusting
medication dosage in these individuals prior to treatment (for
review, see Kirchheiner et al., 2004). This is significant for
Xhosa schizophrenia patients as the majority of individuals
in this study were treated with the CYP2D6 substrate antipsychotic, haloperidol (Koen et al., 2008). However, since
no CYP2D6 genotype-phenotype studies have been undertaken in the Xhosa, it remains to be elucidated whether the
AS system employed here accurately reflects CYP2D6 phenotype in this ethnic group (Gaedigk et al., 2008) and should
be validated by future research. A total of 47 non-functional
alleles were observed in the Xhosa controls and schizophrenia patients (23.0%). This non-functional allele frequency is
similar to that found in Caucasians (25.8%) and the South
African Mixed Ancestry population (26.8%) (Gaedigk et al.,
2008; Gaedigk & Coetsee, 2008) and greater than that found
in African Americans (15.6%) (Gaedigk et al., 2008). The
number of UMs in the pooled study cohort (3.8%) is higher
than the frequency found in South African Mixed Ancestry
individuals (2.3%), while the PM frequency in these two populations was comparable (∼6% in both populations) (Gaedigk
& Coetsee, 2008).

in the control cohort were also detected in the patient group.
In developing nations such as South Africa, innovative approaches such as those described here, are required before the
benefits of molecular medicine can be realised in the clinical
setting.

Extensive CYP2D6 Genotyping Strategy

Acknowledgements

The genotyping strategy utilised in this study was comprehensive, testing for DNA variants ranging from major genomic rearrangements at the CYP2D6 locus to SNPs. Over
25 CYP2D6 alleles and gene duplications were genotyped
in the cohort and two novel CYP2D6 alleles were identified. The combination of SNaPshot analysis and partial sequencing (i.e. 1/3 of the CYP2D6 gene’s exons) was also
less labour-intensive and more thorough than most conventional approaches (e.g. RFLP analysis), while still remaining
reasonably priced and time efficient. The genotyping strategy
described here can be performed and results analysed within
72 hours. While complete sequencing of the CYP2D6 gene
is the most sensitive approach, it remains too costly for routine
diagnostic use and is 5-fold more expensive than the methods described in this study. The novel genotyping strategy
could be used in future pharmacogenetic studies in the Xhosa
schizophrenia population as all of the alleles initially detected
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Conclusion
Extensive pharmacogenetic studies in African populations
such as the Xhosa remain sparse and the small sample sizes
used in many other studies make it difficult to determine
if the described frequencies are accurate. This study therefore meets the demand for resequencing data of polymorphic drug metabolising enzymes in unique populations, where
treatment failure and adverse drug reactions are serious concerns (Mehta et al., 2008). The data presented here are not
only valuable to the Xhosa schizophrenia population, but
can also be used in pharmacogenetic studies of other diseases
in this ethnic group. Our CYP2D6 genotyping strategy can
also be adapted to include polymorphisms representing other
CYP2D6 alleles if required and could easily be employed in
other African populations and therefore aid in comprehensively characterising CYP2D6 variation in these underrepresented groups in future research. The relationship between
CYP2D6 variants and the schizophrenia-susceptibility and
pharmaceutical treatment response also requires further enquiry in a larger Xhosa cohort, as well as the functional characterisation of the novel alleles. The characterisation of the
CYP2D6 gene locus in the South African Xhosa population
therefore supplies valuable information to local physicians and
geneticists and provides the first step towards pharmacogenetic
intervention in Xhosa patients.
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