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Whole-genome resequencing in pharmacogenomics: 
moving away from past disparities to globally 
representative applications

Inequalities in genomic research
There has been a large disparity in genomic 
research, with approximately 75% of genome-
wide association studies (GWAS) having been 
performed in individuals of European descent 
[1], while the remaining GWAS provide a poor 
representation of African individuals. When 
consulting the existing database of GWAS lit-
erature (last updated 29 July 2011), out of a total 
of 5854 possible ‘GWAS hits’, 465 were related 
to the search term ‘African’ [101]. However, from 
these results, only six studies referred to specific 
populations residing within the continent (i.e., 
west Africans, Nigerians, Malawians, Gambians 
and Ghanaians [2–7]), while all other studies 
referred to African–Americans or African-
descent individuals. As can be seen in Figure 1, 
the ‘GWAS hits’ that have been obtained from 
African populations represent a very small por-
tion of the continent and only fall in areas of the 
Niger–Kordofanian language family distribution 
[8,9]. Since Africa is host to 30.5% of the world’s 
6909 living languages [102], it is not realistic to 
refer to Africans as one homogenous popula-
tion group, nor are the results obtained from 
the GWAS performed on the highly admixed 
African–American population a good repre-
sentation of the genetic variation present in the 
populations residing within Africa [10].

The under-representation of studies examining 
populations residing within Africa seems ironic 

when considering that out of the 28 countries 
worldwide that have a death rate higher than 
1850 per 100,000, 26 of these countries are 
situated in Africa [103], making Africa one of 
the continents most likely to benefit from the 
translation of GWAS results. Furthermore, due 
to the shortage of genomic research in Africa, 
those GWAS that have been performed include 
the more frequently studied tuberculosis, HIV 
and malaria [3,6,7], while other disorders, such as 
complex psychiatric disorders, are absent. The 
lack of psychiatric GWAS in Africa is further 
highlighted by the absence of these studies in the 
psychiatric GWAS consortium, whose goal is to 
conduct meta-analyses utilizing GWAS data for 
psychiatric disorders [104]. This absence is a result 
of the better genome-wide coverage and greater 
amounts of data available for European descent 
individuals; however, it is the long-term goal of 
the psychiatric GWAS consortium to include 
African descent individuals [104]. This empha-
sizes a need for additional studies within Africa 
that move beyond the more frequently examined 
epidemics to cover a wider variety of diseases and 
disorders. It should also be noted that one of the 
predominant explanations for the lack of genomic 
research in Africa can be attributed to a lack of 
funding, resources and infrastructure within 
the continent. This in turn results in a lack of 
expertise and subsequently a shortage of com-
prehensive genetic/genomic studies pertaining 

Africa suffers from a high burden of disease; nonetheless, it has been one of the most under-represented 
continents with regard to genomic research. It can be argued that this disproportionate research is related 
to the fact that the genome architecture of African individuals is poorly suited to SNP-based genome-wide 
association studies, given existing genotyping platforms. However, this argument is no longer plausible 
with the arrival of next-generation sequencing technologies, which allow for the ana lysis of entire 
genomes. Using pharmacogenes to critically examine the merit of next-generation sequencing technologies 
in pharmacogenomics, we found a substantial amount of novel/uncharacterized variation, which was 
predicted to alter protein function. This variation was predominantly observed in African individuals, 
emphasizing the benefit of next-generation sequencing technologies specifically for these individuals. 
We also observed an improvement in the reliability of sequencing technologies in a relatively short time. 
Therefore, as sequencing technologies develop and decrease in cost, the ability to reliably detect variation 
will improve and these technologies will begin to replace other less comprehensive genotyping assays.
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to African individuals [11]. Without access to 
large cohorts of well-characterized African indi-
viduals, current technologies have been unable 
to incorporate the genomic architecture of these 
 populations into genome-wide assays.

Fortunately the realization that we need to 
address these research disparities has come at the 
right time. Although the GWAS of the past have 
focused on European-descent populations, it can 
be argued that these types of GWAS, utilizing 
SNP genotyping, are well suited to the genomic 
architecture of European descent individuals, 
while the low linkage disequilibrium (LD) pres-
ent in African individuals is uniquely suited for 

fine-mapping [1,12]. Therefore by utilizing indi-
viduals of African ancestry in resequencing stud-
ies, we may be able to more easily elucidate causal 
variants, owing to the lower LD in these individ-
uals. By identifying causal variants as opposed to 
those that are merely in LD with these variants, 
we may be able to increase the amount of evi-
dence-based guidelines to aid in the application 
of genomic results into the clinical setting [13]. 
Furthermore, Africa provides the ultimate setting 
for the translation of genomic results, due to its 
high disease burden and ample disease cohorts 
[14,15], with reference to both communicable [16–19] 
and noncommunicable diseases [20,21]. However, 
before Africa enters the genomic research arena, 
it is important that researchers focus on utilizing 
techniques that will benefit from the complex 
architecture of African genomes. Bearing this 
in mind, there is evidence to suggest that SNP-
based GWAS employing commercial micro arrays 
may be replaced, in many areas, with the use of 
‘next-generation’ sequencing technologies [22]. 
Therefore, Africa may be entering the field of 
genomics at the perfect time, coinciding with 
the explosion in sequencing technologies. 

Next-generation sequencing 
technologies 
This year, as we commemorate the decade that 
has passed since the human genome sequence 
was published, a retrospective look at sequenc-
ing reveals one of the most rapidly advancing 
technologies to date. Although Sanger sequenc-
ing, published in 1977 [23], earned Frederick 
Sanger the Nobel Prize in 1980, the sequencing 
of the human genome using this technique took 
13 years to complete [24]. Today, with the use 
of next-generation sequencing technologies, the 
whole-genome sequence can be obtained in a 
few weeks and the associated cost has dropped 
approximately 1 million-fold [25], making the 
field of genomics one of the leaders in science 
and technology at present. Even so, the poten-
tial of high-throughput sequencing remains 
largely unharnessed and there is much room for 
improvement. By smoothing out the associated 
flaws and implementing whole-genome sequenc-
ing on a regular basis, it is hoped that the criticism 
associated with the lack of translatable results 
obtained from the Human Genome Project can 
be addressed and genomic a pplications in the 
clinical setting will become routine. 

Exciting as this technology may be, it is impor-
tant that the biases of past genomic research are 
not repeated and that all populations are equally 
represented. Even though European ancestry 

100

90

80

70

60

50

40

30

20

10

0

%

African–American/African descent African

Figure 1. Disparities in genome-wide association study hits. (A) Percentage 
African ‘genome-wide association studies hits’, which represent approximately 8% 
of the genome-wide association studies performed to date, stratified by those 
studies using specific populations within Africa and those using populations 
defined as African–American or African descent [101]. (B) The countries in Africa 
from which the genome-wide association studies cohorts were gathered. This 
image highlights the fact that those few studies that have used populations from 
within Africa represent only a very small portion of the continent.
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individuals have been over-represented in GWAS 
to date, the lack of clinically applicable results 
obtained from these studies have fortunately pre-
vented a large increase in global health disparities 
as a result of this research bias. However, if this 
uneven research continues into whole-genome 
sequencing studies, which are more likely to iden-
tify causal variants, the knowledge gap and health 
disparities between developing and developed 
countries are likely to increase, to the detriment 
of developing countries [11]. Unfortunately, even 
in the short time that whole-genome resequenc-
ing technologies have been available, research 
disparities are already emerging. These disparities 
refer both to sequencing-related equipment and 
resequencing data. While a substantial amount 
of both Caucasian and Asian genomes are being 
sequenced, the resequencing of African genomes 
is lagging behind [26]. Due to the fact that all 
humans originate from Africa and African popu-
lations have largely avoided the bottleneck effects 
experienced by non-Africans [27,28], genomic 
characterization of these populations should 
provide the most comprehensive catalogue of 
human variation. Therefore, if anything, these 
individuals should be over-represented rather 
than under-represented in genomic research. As 
mentioned in the previous section, the lack of 
African GWAS data can be justified by the dif-
ficulty in completely capturing the variation in 
African genomes using SNP-based genotyping 
techniques designed for European populations, 
due to high levels of genetic variation and low lev-
els of LD [1]. However, whole-genome sequencing 
technologies allow for the almost complete capture 
of high levels of genomic variation, and low LD 
may even improve the ability to identify causal 
variants. Unfortunately, although the sequencing 
technologies for genomic studies are available and 
affordable, and Africa provides the required dis-
ease cohorts for these studies [14,15], to our knowl-
edge, no published African disease genomes are 
currently available. In addition, while the highly 
diverse genome architecture of African individu-
als appears to be most well suited to benefit from 
sequence analysis, only nine personal African 
genomes/exomes, excluding those generated by 
the 1000 Genomes Project, have been published 
to date [29–31].

These issues are, however, being addressed and 
the 1000 Genomes Project is in the process of 
resequencing 100 individuals from each of the five 
selected African populations from Nigeria, Kenya, 
Gambia and Malawi, as well as an additional 
population from either Sierra Leone or Nigeria 
[105]. These data should play a role in adding to 

the knowledge of not only the African genome, 
but also the human variome. This is important, as 
examination of the available resequencing data has 
demonstrated that African genomes consistently 
exhibit more variation, both novel and known, 
than non-Africans [29–32]. Unfortunately, with the 
exception of Kenya and Sierra Leone, the popu-
lations that are included in the 1000 Genomes 
Project originate from the same areas in Africa 
where the ‘GWAS hits’ of the past have been 
obtained (Figure 1) [2–7]. Therefore, once again 
the majority of Africa remains unaccounted for. 
However, every sequenced genome will add to our 
understanding of human variation and will create 
a stepping stone for future resequencing projects 
in more African populations. Through the care-
ful implementation of whole-genome sequencing 
in Africa, taking into consideration the possibil-
ity of identifying causal variants contributing to 
diseases, it is hoped that genomic findings can 
be translated into the clinical context to improve 
health. These results are likely to have the biggest 
impact in Africa where improvement of healthcare 
is urgently required.

Pharmacogenomics: a front runner 
for translation of genomic results 
into the clinical setting?
Although the Human Genome Project was 
expected to play a role in understanding disease, 
the most tangible results were in fact related to 
personalized medicine and the effective treatment 
of disease after diagnosis [33]. More specifically, 
pharmacogenetics/genomics was both predicted 
and has been proven to show promise for clinical 
applications [34,35]. This is demonstrated by the 
translation of results from pharmacogenetic stud-
ies into the clinical setting [36,37], in combination 
with the number of US FDA-approved drugs with 
pharmacogenomic information on their labels 
[106]. Furthermore, in some cases the cost–effec-
tiveness has been calculated with regard to the 
utilization of specific pharmacogenetic tests to 
improve drug efficacy and decrease adverse drug 
reactions (ADRs) [38–44]. Although, these studies 
have shown that the pharmacogenetic tests are 
in some cases very expensive, which is a particu-
lar hindrance for implementation in developing 
countries, they have also shown that pharmaco-
genetic tests can be cost effective if the appropriate 
considerations are made and the allele frequencies 
of the specific variants are high enough in the pop-
ulation being tested [39–43]. Results such as these, 
providing evidence for cost–benefit outcomes, 
are important as it has been widely reported that 
ADRs and treatment failure are responsible for 
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large economic and healthcare burdens worldwide 
[45,46,107]. In addition, these results emphasize a 
need to characterize and understand the variation 
present in the genes influencing drug response 
and to determine the role they play in treatment 
 outcomes in different populations.

Unfortunately, studies providing examples 
of the cost–effectiveness of pharmacogenomics 
within Africa are missing, which may in part be 
attributed to a lack of data pertaining to the spe-
cific variants affecting treatment outcome. This 
is of serious consequence as Africa is suspected to 
be burdened with a high rate of nonoptimal treat-
ment regimens. One of the reasons that Africa is 
burdened by ADRs and poor drug efficacy is the 
high prevalence of HIV/AIDS, which requires 
lifelong treatment with antiretrovirals [108]. Not 
only are patients more likely to experience ADRs 
due to the presence of the disease, but the use 
of concomitant drugs increases the likelihood 
of drug–drug interactions, which subsequently 
results in nonoptimal treatment outcomes [45,47]. 
Furthermore, diseases and the treatment thereof 
are aggravated by poverty and a lack of resources, 
and while 10% of the global burden of disease 
can be attributed to diseases occurring in poor 
countries, unfortunately only 1% of new drugs 
are developed for the treatment of these dis-
eases [48]. Therefore, not only are the relevant 
drugs not developed for Africa, but those drugs 
that are developed are predominantly designed 
using European descent individuals as a refer-
ence, which is unlikely to be an optimal fit for 
the highly diverse genomes of African individu-
als. Therefore, research to determine the pres-
ence and effect of variation in pharmacogenes 
(i.e., pharmacogenetic/genomically relevant 
genes) needs to be performed in Africa to assess 
the types and dosages of medication required for 
optimal treatment.

Validation for the requirement of these stud-
ies is provided by previous studies, which have 
re sequenced pharmacogenes in Africans and 
consistently discovered novel variation that is 
likely to affect treatment outcome [49–55]. As most 
African pharmacogenetic studies have been per-
formed focusing on candidate genes [56], there is 
much that future pharmacogenomic studies in 
Africa stand to gain from the i mplementation of 
whole-genome sequencing.

Critical evaluation of the variation 
present in pharmacogenes
Before large and expensive projects are designed 
and initiated, proof of the value of these studies 
is required. The most cost-effective way of doing 

this is to review data that is already publicly avail-
able. Therefore, as this article is focused predomi-
nantly on the application of pharmaco genomic 
data, we critically examined and compared the 
variation present in the pharmacogenes of African 
and non-African individuals. In order to obtain 
a comprehensive overview of this variation, we 
utilized publically available high-throughput 
data derived from genome-wide studies utiliz-
ing either large-scale SNP genotyping or whole 
genome/exome resequencing.

To evaluate the value of whole genome/exome 
resequencing data, we utilized the Galaxy 
library and corresponding tutorial to compare 
the variation observed in the pharmacogenes of 
13 ethnically diverse individuals, which were 
broadly divided into seven Africans and six 
non-Africans (Supplementary table 1; www.future-
medicine.com/doi/suppl/10.2217/pgs.11.119) 

[109]. More specifically, we examined the top ten 
pharmacogenes (ABCB1, CYP1A2, CYP2B6, 
CYP2C9, CYP2C19, CYP2D6, CYP3A4, 
TPMT, UGT1A1 and VKORC1) as described 
by Thorn et al. [57]. Although these pharmaco-
genes have all been extensively studied, using 
the data obtained from the Galaxy library for 
the 13 individuals, we found that half of these 
genes contained novel/uncharacterized nonsyn-
onymous SNPs that were predicted to be ‘dam-
aging’ by the sorting intolerant from tolerant 
(SIFT) algorithm (table 1) [58]. In the context of 
this article we defined uncharacterized variants 
as those variants, which although predicted to 
alter the respective protein products, have not 
been described in either the allele nomencla-
ture websites [110,111] or on PharmGKB [112]. The 
presence of these variants emphasizes the vari-
ability of the genes and suggests that more com-
prehensive genotyping assays may be required 
in future studies. More specifically, not only 
was there consistently a higher level of varia-
tion present in the pharmacogenes of African 
individuals when compared with non-Afri-
cans, but approximately three-quarters of the 
novel/uncharacterized variation was detected 
in African individuals (table 1). These data pro-
vide a strong argument for the resequencing of 
pharmacogenes, specifically in African descent 
individuals. The data also provides a potential 
explanation for the higher frequency of geno-
type–phenotype discordance observed in indi-
viduals with African ancestry, which may be 
attributed to uncharacterized variation present 
in pharmacogenes [59].

It is, however, equally important to con-
sider variation that has been characterized 



PersPective Drögemöller, Wright, Niehaus, Emsley & WarnichPersPective Drögemöller, Wright, Niehaus, Emsley & Warnich

www.futuremedicine.com 1721future science group

Whole-genome resequencing in pharmacogenomics PersPective

and proven to be of value to pharmacogenetic 
applications. Therefore, we examined variation, 
known to affect drug response, in the highest 
ranked genes with perceived importance for 
gene–drug interactions, as described by the 
Clinical Pharmacogenetics Implementation 
Consortium (table 2) [60]. We also included 
COMT and TMPT–cisplatin to this list of 
drug–gene interactions, as it has recently been 
reported to be highly significant for pharmaco-
genetic applications [61]. To evaluate and com-
pare the presence and frequency of this variation 
in Africans (Yoruba individuals from Nigeria 
[YRI]) and non-Africans (northern and west-
ern European ancestry individuals from Utah 
[CEU]), we utilized data from the International 
HapMap project [113]. Unfortunately, consulta-
tion of the HapMap data revealed that genotype 
information was absent for almost half of the 
variants listed in table 2, emphasizing a need for 
population-based studies focusing specifically on 
pharmacogenetic variation.

Even with the limited data, clear differences 
in allele frequencies between the two HapMap 
populations were observed (Figure 2a). In general, 
the variants appeared to be more representative 
of the CEU population, highlighting the dispro-
portionate research that has been performed with 
regard to the characterization of pharmacoge-
netic variation. Although not all of the relevant 
pharmacogenetic variants were detected in the 
African-descent individuals, these variants have 
for the most part been well characterized, and 
are thus likely to be accounted for by already 
available pharmacogenetic genotyping assays. 
Of further interest, although many variants 
were not detected in African-descent individu-
als, some variants were present at much higher 
frequencies in these individuals and may there-
fore have even more value for pharmacogenetic 
applications in Africa (e.g., COMT rs9332377 
and TMPT rs12201199, both associated with 
cisplatin-induced hearing loss [61]). The differ-
ences in allele frequencies observed between the 
YRI and CEU can be extended to the other nine 
HapMap populations, as has been well demon-
strated by Adeyemo and Rotimi, who showed 
that the more removed the HapMap populations 
were from one another, the more the allele fre-
quencies differed [62]. Together these results serve 
to support the notion that multiple populations 
need to be studied in order for us to gain a com-
prehensive understanding of human variation 
and its effect on pharmacogenetic traits.

More specifically, even those studies that 
have taken African variation into account have 

predominantly used the YRI as a reference for 
African individuals. This is not always an accu-
rate representation, as demonstrated by Rotimi 
and Jorde with regard to the differences in allele 
frequencies observed for the HLA‑B*5701 aba-
cavir hypersensitivity syndrome-associated 
variant [63], and further highlighted in Figure 2b 
for VKORC1 -1639 G>A, which is included in 
three of the five FDA-approved in vitro diag-
nostic tests for warfarin dosing [55]. Both these 
variants show that although the allele frequen-
cies were extremely low in the YRI population, 
the same is not true for other African popula-
tions. Therefore, if a particular variant is not of 
relevance to one African population, it should 
not be assumed that it will not be relevant 
for pharmaco genetic applications in another 
African population. This once again highlights 
that the handful of African populations that 
have been included in GWAS and resequenc-
ing projects are unlikely to be representative of 
the entire continent.

In summary, these data demonstrate that 
available pharmacogenetic information has 
greater relevance for non-African populations, 
which may be attributed to the greater amount 
of research that has been performed, in combi-
nation with the lower levels of genetic variation 
and greater homogeneity of these populations, 
when compared with Africans. By contrast, not 
only is there a large proportion of uncharac-
terized variation present in African genomes, 
but the value of characterized variation dif-
fers between populations. These data all sup-
port the resequencing of many, diverse African 
genomes. Although we have demonstrated that 
resequencing applications have the greatest value 
for African populations, as sequencing becomes 
cheaper and more readily available, the replace-
ment of other less comprehensive genotyping 
assays with this technology would be beneficial 
to all population groups.

Table 1. Novel/uncharacterized nonsynonymous SNPs predicted to 
be damaging, from resequencing data of ten pharmacogenes in 
13 ethnically diverse individuals.

Gene Amino acid changes

Africans Non-Africans

CYP1A2 T324I
CYP2C9 L287M
CYP2C19 L17H
CYP2D6 R365H
CYP3A4 I118F

Q200H
L401P
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Hurdles associated with sequencing 
technologies
Before large-scale resequencing projects are initi-
ated, it is important that we are realistic about the 
potential hurdles associated with these new tech-
nologies. Although the time and costs associated 
with the generation of sequence data are steadily 
decreasing, the production of vast amounts of 
data offers a whole new range of constraints. A 
few years ago, the generation of sequence data 
was considered a rate-limiting step, now the anal-
yses of these data create a variety of bottlenecks of 
their own. With regard to the cost of sequencing, 
it is often cheaper to resequence the data than 
to store it [114]. Thus, it is crucial that the tech-
nologies and techniques to store and analyze the 
generated data are developed at a rate equal to, 
or faster than, the rate at which sequencing tech-
nologies are developing. These additional costs 
and considerations may prevent the application of 
resequencing technologies in certain contexts and 
alternative genotyping strategies may need to be 
considered based on the resources available to the 
specific research unit. These genotyping assays 
may include commercially available pharmaco-
genetic tests, such as the AmpliChip® CYP450 
Test [115] from Roche or the DMET™ chip from 
Affymetrix [116]. It should, however, be noted that 
these assays have predominantly been designed 
according to populations of European descent and 

may therefore not account for African-specific 
alleles [52,53]. Although customized assays that 
are designed according to African populations 
will address these issues, they will most likely not 
account for rare variants, which are more com-
mon in African individuals [52,53]. Sequencing of 
candidate genes will provide data for all variants 
and will eliminate the bottlenecks caused by the 
vast amounts of data generated by whole-genome 
sequencing; however, this strategy will also elimi-
nate the unbiased results that can be obtained 
by examining the entire genome. Therefore, it is 
essential to consider both the research question 
and the resources available before implementing 
a genotyping assay.

On a technical level, next-generation sequenc-
ing technologies are far from perfect. However, 
the ability to detect variation has already 
improved dramatically since next-generation 
sequencing was first introduced. Utilizing the 
resequencing data for the 13 individuals described 
in Supplementary table 1, we divided the individuals 
into eight individuals sequenced prior to 2010 and 
five individuals sequenced in 2010. Examination 
of the three CYP2C19 alleles described in table 2 
showed that the ability to detect these variants 
differed according to the date that the sequencing 
data was published  (Supplementary table 1 & Figure 3). 
This clearly demonstrates the improvement, not 
only in cost, but also in quality, of next-generation 

Table 2. List of important previously characterized variants affecting  
treatment response.

Gene Drug Variant ADR/treatment outcome

CYP2D6 Tamoxifen *3 (rs35742686)†

*4 (rs3892097)†

*5 (gene deletion)†

*6 (rs5030655)†

*7 (rs5030867)†

Unfavorable treatment outcome

CYP2C19 Clopidogrel *2 (rs4244285) Decrease in platelet 
responsiveness

*3 (rs4986893)† Decrease in platelet 
responsiveness

*17 (rs12248560) Improved response
VKORC1 Warfarin -1639 G>A (rs9923231) Increased risk of bleeding

1173 C>T (rs9934438) Increased risk of bleeding
CYP2C9 Warfarin *2 (rs1799853) Increased risk of bleeding

*3 (rs1057910) Increased risk of bleeding
HLA‑B Abacavir *5701 (rs2395029) Hypersensitivity syndrome
TPMT Mercaptopurine *2 (rs1800462)† Toxicity

*3 (rs1142345) Toxicity
*4 (rs1800584)† Toxicity

TPMT Cisplatin rs12201199 Hearing loss
COMT Cisplatin rs9332377 Hearing loss
†No genotype information available on HapMap.
ADR: Adverse drug reaction.
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sequencing technologies (including techniques for 
the targeted capture of exomes) in a short period 
of time, the advancement of which is likely to 
continue. As technologies continue to improve 
in accuracy and decrease in cost, the likelihood 
of genome sequencing becoming the genotyping 
assay of choice in the future will increase.

However, there is still room for improvement, 
which is demonstrated by examining genotype 
data for CYP2D6, which is arguably one of the 
most important pharmacogenes [60]. The com-
plex nature of the gene has resulted in both SNP-
based and next-generation sequencing technolo-
gies having difficulty capturing CYP2D6 gene 
variation. This may in part be attributed to 
the high levels of sequence similarity observed 
between CYP genes and their corresponding 
pseudogenes [64], and is demonstrated by the lack 
of data pertaining to CYP2D6 in the examined 
databases. In the HapMap database the allele 
frequencies for only two SNPs are available and 
neither of these SNPs are of relevance to phar-
macogenetic applications [113]. Although geno-
type data for more SNPs is available in the ‘Very 
Important Pharmacogenes and 1000 Genomes 
database’ [65], this genotype data is far less than 
that obtained for other less variable genes (e.g., 
there are 82 CYP2D6 alleles reported to date, 
which is more than double the number of alleles 
reported for the second most variable CYP gene 
present in the Very Important Pharmacogenes 
genes and 1000 Genomes database).

Furthermore, the complexity of CYP2D6 
makes accurate allele prediction difficult. To 
demonstrate this, we reviewed the CYP2D6 alleles 
reported for Craig Venter and James Watson by 
Ng et al., to evaluate the potential for error in 
allele classification [66]. In addition, we included 
CYP1A2, CYP2C9, CYP2C19 and CYP3A4 in 
this evaluation of allele classification, as these 
genes fell into our previous criteria for the top ten 
pharmacogenes. Out of the ten predicted allele 
combinations for these five genes, we disagreed 
with four of the allele combinations reported 
by Ng and colleagues [66] (table 3). For CYP2C9 
the discordance is of little consequence as both 
allele combinations result in extensive metabo-
lizer phenotypes. With regard to CYP2C19, how-
ever, we predicted that Craig Venter would be a 
CYP2C19 poor metabolizer (confirmed by the 
National Center for Biotechnology Information 
dbSNP database), while Ng and colleagues pre-
dicted that he would be an extensive metabolizer 
[66]. In addition, when looking at James Watson’s 
genome, the presence of CYP2C19*27, which was 
reported on the CYP allele nomenclature website 

post the Ng et al. publication [66,110], serves as 
a reminder that new data are continually being 
discovered and should be added to databases on 
a regular basis. The CYP2D6 data is, however, 
the most convincing with regard to the ease with 
which errors can occur in the allele classification 
process. Ng and colleagues predicted that James 
Watson was homozygous for CYP2D6*10, which 
correlates with the resequencing data, such that he 
was homozygous for the P34S and S486T SNPs, 
which form the decreased function CYP2D6*10 
allele [66]. However, when examining the data 
more extensively, we also noticed that there was no 
genotype information available for the 1846 G>A 
splicing-defect variant, which along with the P34S 
and S486T SNPs, form the CYP2D6*4 null 
allele – the most frequent nonfunctional allele 
in Caucasians [59]. When we consulted National 
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Figure 2. Allele frequency differences between populations for important 
pharmacogenetic variants. (A) The differences in allele frequencies observed 
between the CEU and YRI individuals for known pharmacogene variants that have 
been genotyped by the HapMap project. (B) The differences in allele frequencies 
observed between African ancestry individuals for VKORC1 -1639 G>A.
ASW: African ancestry in southwest USA; CEU: Utah residents with northern and 
western European ancestry from the Centre d’Etude du Polymorphisme Humain 
collection; LWK: Luhya in Webuye, Kenya; MKK: Maasai in Kinyawa, Kenya; 
YRI: Yoruban in Ibadan, Nigeria. 
All data were obtained from the HapMap Genome Browser release #28 [113].
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Center for Biotechnology Information’s Entrez 
SNP database [117], we found that James Watson 
was indeed homo zygous for the 1846G>A splic-
ing defect and was thus a poor metabolizer rather 
than an intermediate metabolizer. Another con-
sideration with regard to CYP2D6, is that any 
individual genotyped as homozygous for an allele, 
as both Craig Venter and James Watson were, may 
instead be hemizygous for that allele due to the 
presence of the CYP2D6*5 gene-deletion allele. 
Thus, for the time being, it appears that accurate 
CYP2D6 allele prediction will require specially 
designed genotyping assays which will cover the 
spectrum of variation of this gene, accounting 
for the gene’s homologous nature and including 
gene deletions and duplications, as well as hybrid 
genes. Furthermore, with regard to the assignment 
of pharmacogene alleles, it appears that allele-
naming software, to eliminate potential human 
error, may be required. It is however important 
to remember that human interpretation is essen-
tial in order to critically examine the data and 
i nterpret the findings.

Conclusion
Genomic technologies have developed at a rapid 
pace. Unfortunately, although the technologies 

provide opportunities to aid in the improvement of 
human health, not all populations have benefited 
equally from these technologies. The vast major-
ity of genomic studies have been performed in 
European descent populations, followed by Asian 
populations. Even though the genetically diverse 
and ancient African populations are most repre-
sentative of all populations, they have been con-
sistently under-represented in genomic research. 
Although it is generally accepted that Africa 
should be included in future studies, even with the 
advent of next-generation sequencing technologies 
that are uniquely suited to the complex genomes 
of Africans, Africa remains neglected. Next-
generation sequencing provides us with the much 
needed opportunity to catalogue human variation 
on a scale that would have been unimaginable a 
few years ago. Therefore we should take advan-
tage of these opportunities and include all human 
populations in global genomic research endeavors.

It is however essential that we remain realistic 
with regard to what can be achieved both with 
reference to the technical challenges associated 
with current sequencing technologies and the 
translation of results. Sequencing technologies 
are still developing and there remains much 
room for improvement. This paper has shown 
that resequencing technologies are not yet capa-
ble of detecting all variation in all gene regions. 
The complex nature of certain genes, such as 
CYP2D6, are problematic for present-day tech-
nologies, which have not yet completely overcome 
obstacles such as high sequence similarity. In addi-
tion, the almost overwhelming amounts of data 
allows ample opportunity for the incorporation of 
errors, both human and mechanical. Therefore, it 
is important that we develop methods to analyze 
these data in an efficient and reliable manner that 
can be applied to the  clinical setting.

Furthermore, if sequencing projects are to 
be implemented within Africa, with its lack of 
resources and infrastructure, there are several 
improvements that need to be made. These 
improvements include the development of appro-
priate facilities, collaborations and educational 
programs, all of which require a large amount 
of financial support. It is for this reason that the 
Human, Hereditary and Health in Africa initia-
tive has been proposed. This initiative, focusing on 
genomic research in Africa, aims to build resources 
and infrastructure within the continent, and in so 
doing contribute to the education and training of 
African scientists [107]. However, additional fund-
ing from organizations such as the government 
and private sectors is required. In order to convince 
these organizations of the value of the proposed 
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research, proof of the clinical utility of genomic 
studies should be provided. Although, it may be 
argued that the translation of results into the clini-
cal context has been slow, there have been a few 
good examples with regard to pharmaco genomics, 
which is highlighted by the fact that this field has 
been included as one of the suggested research 
avenues for the Human, Hereditary and Health 
in Africa initiative [107]. Thus, pharmacogenomics 
may be a good starting point for the utilization of 
whole-genome resequencing for implementation 
in the clinic.

The question remains whether, at present, per-
sonalized medicine can be applied to every indi-
vidual, all around the world. The short answer 
to this is ‘no’. At present, this is not feasible, 
especially in developing countries. First, there is 
not enough evidence to convince medical prac-
titioners of the value of personalized medicine. 
Second, there is not enough information pertain-
ing to the variation present in poorly character-
ized populations to confidently prioritize vari-
ants in pharmacogenes for genetic tests, the costs 
of which remain too expensive for routine use. 
Furthermore, sequencing technology still needs 
to develop, both with regard to quality and cost, 
to the point where it can be used in the clinical 
context. Sequencing technology is, however, in its 
infancy and if we look at the variation that has 
already been detected in the genomes of only five 
resequenced southern African individuals [31], it 
is clear that there remains much to be discovered 
from the  analyses of African genomes.

Future perspective
In the future, whole-genome sequencing is 
likely to be applied more regularly in research. 
In 5–10 years some of the main hurdles associ-
ated with present-day sequencing will have been 
overcome. As the technology improves, the qual-
ity will improve and with this, the reliability 
of variant detection. With regard to analysis of 
the data, optimized pipelines to suit the needs 
of the specific research project will be available, 
and computational training will be incorporated 
into biological degrees. Institutes making use of 
multidisciplinary collaboration will become com-
monplace and large research networks, allowing 
for the creation of large cohorts, will be the norm. 
Furthermore, as the quality and reliability of next-
generation sequencing technologies improve and 
the costs decrease, these assays may replace the tra-
ditional SNP-based geno typing assays and will be 
of more value for detecting uncharacterized and 
rare variation, which has particular relevance for 
the highly diverse genomes of African individuals. 

However, although sequencing technologies may 
become more commonplace, it is important to 
remember that their use in research will depend 
largely on the context to which they are applied. 
Even though the associated sequencing costs 
are likely to continue to decrease, the costs and 
resources required to store the vast amounts of 
data may still limit the application of these tech-
nologies. Therefore before applying sequencing 
technologies, it will be necessary to carefully con-
sider whether the large amounts of data that will 
be obtained are necessary, or reliable enough, to 
answer the research question of interest.

With regard to the sequencing data that is 
generated in the future, there are three main 
areas that we feel will be positively affected: 
databases, the understanding of the genome 
and complex disorders, and the incorporation 
of genomic data into the clinical setting.

An increase in data will result in an increase 
in what is known regarding variation and as this 
data is added to the growing databases, it will 
become easier to correlate this variation to a spe-
cific phenotype or disease. More comprehensive 
databases will allow for more comprehensive 
studies. At present we only understand approxi-
mately 1% of the human genome’s functions. By 
sequencing the whole genome and identifying 
variation that affects specific functions, we can 
learn more about non coding DNA and the role it 
plays. The increase in understanding with regard 
to the genome and the complex interactions that 
exist within this system, in combination with the 
ability to detect all variation, including rare and 
novel variation, will give us insight into complex 
disorders. Lastly, as whole-genome sequencing 
becomes more reliable and easier to implement, 
we will reach a point where the whole-genome 
sequence of an individual will become part of 
the medically relevant information of a patient 
and will be used to guide, among other things, 
 treatment regimens.

Table 3. Allele combination comparisons utilizing data from our 
analyses to compare to that of Ng et al.

Gene Craig Venter James Watson

Ng et al. alleles Our alleles Ng et al. alleles Our alleles

CYP1A2 *1F/*1F *1F/*1F *1F/*1F *1F/*1F
CYP2C9 *1A/*1B *1A/*1B *1A/*1A *1A/*1C
CYP2C19 *1B/*1B *2/*2 *1B/*1B *1B/*27†

CYP2D6 *1A/*1A *1A/*1A *10/*10 *4/*4
CYP3A4 *1A/*1A *1A/*1A *1A/*1B† *1A/*1B†

Alleles in bold are the combinations that do not correlate.  
†The genotype given by the National Center for Biotechnology Information SNP database does not 
correlate with the given genotype, highlighting inconsistencies between different databases. 
Data taken from [66].



PersPective Drögemöller, Wright, Niehaus, Emsley & WarnichPersPective Drögemöller, Wright, Niehaus, Emsley & Warnich

Pharmacogenomics (2011) 12(12)1726 future science group

Whole-genome resequencing in pharmacogenomics PersPective

Executive summary

Inequalities in genomic research
 � Approximately 75% of genome-wide association studies (GWAS) have been performed in European-descent individuals.
 � Of the approximately 8% of GWAS performed in African-descent individuals, only a very small portion have been performed in specific 

populations from Africa.
 � The handful of African GWAS that have been performed have focused on the African epidemics, such as tuberculosis, HIV and malaria, 

thereby neglecting other disorders.
Next-generation sequencing technologies
 � Sequencing is one of the most rapidly advancing technologies.
 � Even in the short time that whole-genome sequencing has been available, Africans have been under-represented.
 � African genomes are likely to provide the most comprehensive catalogue of human variation.
 � The 1000 Genomes Project is aiding in the representation of African populations; however, more studies are required.

Pharmacogenomics: a front runner for translation of genomic results into the clinical setting?
 � Pharmacogenomics has provided the most clinically applicable results.
 � Africa has a high rate of adverse drug reactions; therefore, pharmacogenomic applications are urgently required.
 � Detection of variation in pharmacogenes is important for the successful application of pharmacogenetics.

Critical evaluation of the variation present in pharmacogenes
 � There is a substantial amount of novel/uncharacterized variation, predicted to alter the protein product of pharmacogenes, specifically 

in Africans. 
 � Well-characterized pharmacogenetic variation is more applicable to European-descent individuals.
 � The frequencies and relevance of well-characterized pharmacogenetic variation differ between African populations.

Hurdles associated with sequencing technologies
 � The downstream analysis of sequencing data requires optimization.
 � The quality of sequencing data is rapidly improving.
 � Variation in complex gene regions is not easily detected.
 � Large amounts of data allow for the easy incorporation of errors; therefore, comprehensive pipelines for comprehensive analysis need to 

be developed to eliminate these errors.
Conclusion
 � As sequencing technologies improve, they are likely to become the genotyping assay of choice for many studies.
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