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Abstract 
 
Background: Inter-ethnic differences in response to medication can be explained through 
population structure as observed from genetic variants affecting drug metabolism. Antimalarial 
drugs are used in populations carrying different profiles of genetic variability. However, there 
is limited information on the distribution of genetic variants of pharmacogenomics importance 
in African populations. 
Aims: We set out to determine whether there are differences in the pharmacogenetic profiles 
when comparing populations residing in malaria endemic and non-endemic areas. 
Methodology: Genome-wide genotype datasets (n=13, 447) from four malaria endemic 
African populations, including Mali, Kenya, Gambia, and Malawi, which were part of the 
MalariaGEN consortium, were accessed. As comparator, reference datasets of global 
populations comprising of 20 ethnic groups (n~5,000) from African Genome Variation Project 
(AGVP) and 1000 Genome consortium project were accessed, considering their malaria 
epidemiology. Pharmacogenes that are verified from databases such as PharmVar and 
PharmGKB, and nomenclature sites for uridine 5'-diphospho-glucuronosyltransferases (UGT), 
solute carrier (SLC) transporters, ATP-binding cassette (ABC) transporters, thiopurine S-
methyl transferase (TPMT), and N-acetyltransferases (NAT) were used. Pharmacogenes 
reported to affect antimalarial drugs were noted and their distribution analysed. Single 
nucleotide polymorphisms (SNPs) that map to pharmacogenes were retrieved from dbSNP 
databases and used in the comparison of the populations from malaria endemic and non-
endemic regions, through population structure evaluation using pharmacogenes variants. As 
part of confirmation, genotyping for CYP2C8 SNPs was carried out in native South African 
population groups, which we have access to our laboratory. CYP2C8 is particularly interesting 
because of its central involvement in the metabolism of some of the major antimalarial drugs. 
Results: There were quantitative and qualitative differences in the distribution of 
pharmacogenes variants when comparing populations from malaria endemic regions to those 
from non-endemic regions. For instance, the analysis of the minor allele frequency (MAF) 
proportion of all pharmacogenes variants obtained from the databases revealed that a high 
proportion of common variants (MAF > 0.05) of pharmacogenes were higher in the four 
African population from malaria endemic areas (MAF proportion > 50%) compared with world 
populations from malaria non-endemic areas (MAF proportion < 50%). There were a 
disproportionately higher number of variants in cytochrome P450 enzymes such as CYP2A13 
and CYP2F1 in the malaria endemic populations (> 80%) compared to non-endemic 
populations (< 65%). Further analysis based on antimalarial specific pharmacogenes variants 
showed that UGT1A9 had the highest proportion of variants (> 80%) in the malaria endemic 
populations. The ABC drug transporters such as ABCC4, ABCC1 and ABCC2 were found to 
have a higher proportion of pathogenic SNPs in populations of the four malaria endemic areas 
(> 50%) compared with those from non-endemic areas (< 30%). Principal component analysis 
(PCA) based on pharmacogenes variants also showed clear differentiation into different 
population. Moreover, four CYP2C8 variants (rs11572103T>A (*2), rs11572101A>G, 
rs11572100T>C and rs1926705C>T), characterized in South Africans, were found to have 
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statistically significant difference (p-value < 0.05) in allele frequency when compared with 
global populations.  
Conclusions: The findings from this study revealed the profiles of pharmacogenes variants in 
populations from malaria endemic and non-endemic geographical regions. The variants in 
CYP2A13, CYP2F1, and UGT1A9 were found in higher proportions in populations from 
malaria endemic areas compared to non-malaria endemic areas. This suggests that 
pharmacogenetic testing for patients based on antimalarial pharmacogenes having a higher 
proportion of variants in malaria endemic areas (e.g., UGT1A9) may be necessary. Moreover, 
a high frequency in the functional variant of CYP2C8, rs11572103T>A (*2), was found in the 
South African population. This may also have relevance for future consideration of 
pharmacogenetic testing for a person traveling to malaria endemic areas from non-endemic 
areas, such as South Africa. Future studies should be done using large scale sequencing datasets 
from malaria endemic areas and assess the effect of common variants of antimalarial 
pharmacogenes on the safety and efficacy of currently used antimalarial drugs.  
   
Keywords:  pharmacogenes, variants, profiles, malaria, endemic, non-endemic 
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CHAPTER 1 : GENERAL INTRODUCTION 

 Epidemiology of malaria 

Malaria remains a public health concern (1,2). It poses a threat to over half of the world's 

population, with Africans accounting for the majority (3). According to the 2021 World Health 

Organization's (WHO) report, there were an anticipated 241 million cases of malaria and 627 

thousand deaths worldwide in 2020 (4). The WHO African Region has a disproportionately 

large percentage of the global malaria burden (Figure 1.1). 

 

  
Figure 1. 1 | Map showing Malaria epidemiology. (Adapted from Centers for Disease 
Control and Prevention (CDC) (5)) 

 

Malaria is caused by the Plasmodium parasite. Plasmodium falciparum (P.f), Plasmodium 

vivax (P.v), Plasmodium malariae (P.m), Plasmodium ovale (P.o) (6) and Plasmodium 

knowlesi (P.k), are the five Plasmodium species known to infect humans (3,7). Two of the 

species, P.v and P.f, pose the greatest treat, with the latter being the most lethal (2,8). P.f  is 

responsible for most malaria-related deaths in endemic countries (7,9,10). It is the most 

common malaria parasite in the WHO African region. P.v is the most predominant parasite in 
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the WHO South-East Asia Region, contributes to over half of the global burden, with India 

bearing the greatest share (47%). It is also common in the WHO Americas Region, accounting 

for 75% of malaria cases (11). 

 Transmission 

The main transmission of malaria is through the bite of an infective female anopheles Mosquito 

during a blood meal (12). However, P.k is a primate parasite that can infect humans through 

zoonosis (13). Anopheles gambiae, Anopheles arabiensis, and Anopheles funestus are the three 

main Anopheles species that transmit malaria in countries south of the Sahara Desert (14). 

Transfusions of infected blood, from mother to child before or during delivery (congenital 

transmission), organ transplantation, and the use of blood-contaminated needles or syringes 

can all transmit malaria to healthy persons (12,15). 

  Life cycle  

The malaria parasite has a complex life cycle that involves two hosts ( human host and female 

Anopheles mosquito vector) (16), (Figure 1.2). It undergoes sexual replication in the female 

Anopheles mosquito (the definitive host) and asexual replication in humans (the intermediate 

hosts). During a blood meal, a malaria infected female Anopheles mosquito injects sporozoites 

along with saliva into the skin of a human host (15). Through gliding motility, the injected 

sporozoites move within the dermis into the blood stream and are transport to the liver (17). In 

a process called pre-erythrocytic (hepatic) schizogony, the sporozoites undergo asexual 

reproduction to form thousands of merozoites and mature into schizonts (15). The merozoites 

inside the schizonts burst hepatocyte cells and release them into the blood circulation. 

However, the duration of the hepatic stage differs based on the parasite species. For instance, 

P.f has a shorter duration of liver stage, which is around six days, while other species of the 

parasite (e.g., P.v and P.o) have a slightly longer duration, around eight and nine days, 

respectively. Unless treated, the two species of Plasmodium can form a long-lived dormant 

stage called a "hypnozoite", which can remain in the liver for several months up to years and 

cause latent infection (relapses) of malaria (15,16). 
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 Figure 1. 2 | Life cycle of malaria parasite. (Adapted from (18)) 

 
In a process called erythrocytic schizogony, after the release of merozoites from the liver into 

the bloodstream, the parasites undergo asexual multiplication inside the red blood cells (RBCs). 

Once the merozoites are released into the blood circulation, they start to invade the erythrocytes 

in a fast, dynamic, and multi-step process including pre-invasion, active invasion, and 

echinocytosis that is completed within 2 minutes (19). Merozoite surface protein 1 (MSP1) is 

the main glycophosphatidylinositol (GPI) related protein on the merozoite surface (20), and it 

serves as a platform on the merozoite surface for a minimum of three large complexes with 

diverse extrinsic proteins that bind erythrocytes (21). Merozoites that infect red blood cells 

thrive and divide inside them for 24 to 72 hours, depending on the parasite species. The 

parasites transform from early trophozoite (ring form) to late trophozoite inside the RBCs, then 

go through numerous mitotic divisions to form a mature schizont (22), which is the real 

replication stage that goes through mitosis and produces a large number of merozoites. The 

merozoites in the schizont burst the RBC membrane, releasing 16-32 new merozoites that 

infect new uninfected RBCs in a continual cycle, increasing the parasite count in the affected 

person (15). It is this stage of the parasite life cycle that causes the clinical symptoms of the 
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disease, like chills, sweating and fever. A few merozoites mature into gametocytes (male and 

female) during this stage of merozoite multiplication, which stay on in the blood circulation 

for several weeks (23).  

 

The gametocytes (male and female) are consumed by the mosquito vector during a blood meal 

and grow into mature sex cells (gamete) inside the vector (24). The gametes reproduce sexually 

and form a diploid zygote. The zygotes then mature into actively moving ookinetes, which 

burrow through the mosquito's midgut wall and create oocysts on the outside. Thousands of 

active sporozoites form inside the oocyst. The oocyst finally breaks, releasing sporozoites into 

the body cavity, which go to the salivary glands of the mosquito, and the life cycle continues 

when the sporozoites are inoculated into a new human host (25).  

  Pathogenesis and clinical presentations  

A malaria parasite infection can cause a wide range of symptoms, ranging from absent or very 

mild symptoms to severe disease and even death (26). Symptoms of malaria can appear as early 

as 8 to 10 days or up to a year or more after a person has been bitten and infected with the 

Plasmodium parasite (12). Most Plasmodium species cause uncomplicated malaria, which is 

characterized by mild symptoms. Malaria is considered uncomplicated when symptoms are 

present but no clinical or laboratory signs of severity or vital organ dysfunction are present, 

and it is characterized by a flu-like illness with fever, chills, headache, myalgia, and, in some 

cases, abdominal pain and diarrhoea, which may initially suggest other diagnoses (5,12). Fever 

starts when Plasmodium consumes haemoglobin during its erythrocytic stage (27),and toxic 

heme is released from erythrocyte breakdown, triggering the cytokine cascade, which is 

responsible for many of the signs and symptoms of malaria (15).  

 

Among all Plasmodium species, the most severe form of malaria, usually known as complex 

malaria, is caused by P.f. Severe malaria develops when infections are complicated by 

catastrophic organ failures or anomalies in the patient's blood or metabolism. Abnormal 

behaviour, impairment of consciousness, seizures, coma, or other neurologic abnormalities; 

severe anaemia caused by haemolysis (massive destruction of erythrocytes); haemoglobinuria 

(haemoglobin in the urine) caused by haemolysis; acute respiratory distress syndrome (ARDS); 

abnormalities in blood coagulation; low blood pressure caused by cardiovascular collapse; 

acute kidney injury; hyperparasitemia; Methemoglobinuria, are symptoms of severe 

malaria (5). 
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 Diagnosis 

Appropriate and accurate diagnosis of malaria is critical to the effective management of malaria 

(2,12). The diagnosis of malaria entails using one or more clinical, parasitological, or 

immunological methods to identify individuals with active malaria parasite infection or those 

whose medical condition is the result of recent malaria parasite exposure (2). The global impact 

of malaria has urged interest in developing effective diagnostic approaches not only for 

resource-constricted areas where malaria is a large burden on society but also in developed 

countries, where malaria diagnostic expertise is often lacking (28). Delays in diagnosis and 

treatment of malaria are leading causes of death in many countries (12). 

 

Malaria can be diagnosed clinically by a skilled healthcare expert based on the patient's 

information, such as travel history, signs and symptoms, and physical examination findings 

(2). However, the overlapping of malaria symptoms with those of other diseases such as 

common viral infections, bacterial infections, and other febrile illnesses reduces diagnostic 

specificity, which can lead to inappropriate antimalarial use and compromise the quality of care 

for non-malarial fever patients in endemic areas (12,15,28,29). As a result, clinical diagnosis 

is only suggested in high-transmission areas in resource-constrained countries when laboratory 

testing may be unavailable. However, for making a conclusive diagnosis, verifying the 

presence of parasites or their components is critical. 

  

Commonly used malaria diagnostic test methods include: Microscopy based diagnosis, Rapid 

Diagnostic Tests (RDTs), amplification of parasite-specific nucleic acids (e.g., Polymerase 

Chain Reaction (PCR) and loop-mediated nucleic acid amplification (LAMP)), and 

Immunological methods (e.g., Enzyme-linked Immunosorbent Assay (ELISA), 

Immunofluorescence  assay (IFA),  and flow cytometry) (2). Microscopy using Giemsa-stained 

blood films is by far the gold standard method for malaria diagnosis (30). In this method, thick 

and thin blood films on a microscopic slides are used for Plasmodium parasite detection and 

species identification, respectively (2,22). Microscopy's estimated sensitivity limit is 5-10 

parasites/ul for expert microscopists, 50-00/µl parasites for average microscopists, and lower 

for the majority of microscopists in malaria endemic areas (2).   

 

RDTs are immunochromatographic tests that use both soluble and immobilised antibody types 

on a chromatographic test strip to identify specific antigens (proteins) produced by malaria 
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parasites in the blood of infected individuals (2). These tests detect the malaria parasite within 

2-15 minutes and are approved by the WHO as a substitute for microscopy in situations where 

microscopic diagnosis is not available (31). Malaria antigens that are currently targeted by 

RDTs include histidine-rich protein 2 (HRP-2), lactate dehydrogenase (LDH), and aldolase. 

HRP-2 has been shown to be a highly sensitive and specific marker for identifying P.f 

infections, making it the most targeted P.f antigen in current RDTs. Nevertheless, it has a long 

half-life, and can be detected in the peripheral blood for several weeks after the blood parasite 

is cleared by antimalarial drugs. This is especially concerning in places with moderate to high 

transmission, where false-positive testing might lead to antimalarial therapy being given to 

healthy people (32,33). LDH, on the other hand, has a short half-life and is frequently used in 

conjunction with HRP-2 to confirm the presence of a current infection. Existing LDH-based 

RDTs are either pan-Plasmodium (detect all five human malaria species) or species-specific 

(e.g., PfLDH or PvLDH). However, one major limitation of the current RDTs is their lack of 

sensitivity (detection limits >100 parasites/µl whole blood), which necessitating the use of 

more sensitive parasitological or molecular approaches, especially in patients with low-density 

parasitemia (2). 

 

Nucleic acid amplification techniques represent the most accurate and sensitive methods used 

for detection and confirmatory identification of Plasmodium species. These molecular 

techniques include PCR based methods such as nested, real-time, multiplex, and reverse 

transcription-based PCR, and isothermal approaches such as nucleic acid sequence-based 

amplification (NASBA) and LAMP-based methods (34). PCR is based on the use of a 

Deoxyribonucleic Acid (DNA) polymerase such as Taq polymerase, as well as a pair of 

sequence-specific primers to amplify target DNA sequence from extracted parasite DNA. This 

approach involves temperature cycling between template denaturation, primer annealing, and 

strand synthesis steps. Detection of the resulting amplicon is achieved either by agarose gel 

electrophoresis or by using a real-time format in which a DNA-binding fluorescent dye or 

target-specific probe is added to the reaction mix and its fluorescence emission monitored over 

time (2). PCR based test has high sensitivity and specificity (35), which can detect very few 

parasites ( around 1-5 parasites per μl of blood) as compared with microscopy and RDTs, which 

detects around 50-100 parasite per μl of blood) (28). Although PCR-based techniques are 

extremely sensitive and specific when compared with microscopy, they are limited by their 

high costs, absolute need for electricity and expensive equipment, labour-intensiveness, long 

turnaround times (2–4 h), as well as susceptibility to common laboratory contamination (36). 
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As such, the use of PCR-based techniques is limited to reference laboratory settings and for 

research purposes. 

 

Isothermal nucleic acid amplification techniques such as NASBA and LAMP are quite 

promising as point-of-care malaria diagnostic approaches, are rapid <30 min for LAMP, and 

can detect infections of less than 1 parasite/μl of whole blood. NASBA is a nucleic acid 

amplification method that amplifies ribonucleic acid (RNA) like the replication of retroviruses. 

This approach generates high numbers of RNA copies per cycle, enabling it to generate 

detectable amounts of RNA products in a shorter time frame than PCR-based methods. The 

commonly used diagnostic target for malaria NASBA techniques is the 18S ribosomal RNA 

(rRNA), with a detection limit of 0.1–0.01 parasites/μl of whole blood. In general, NASBA is 

a quantitative technique that can produce results in just one hour, and it is highly sensitive and 

specific. However, it is expensive, labour-intensive, and prone to frequent laboratory 

contamination and false-positive amplifications. Of the existing molecular tests for malaria 

diagnosis, LAMP appears to be the most useful in terms of its field applicability, cost-

effectiveness, diagnostic performance, and rapidity (2). LAMP is a one-step amplification 

technique based on the use of strand displacement polymerases, notably best DNA polymerase 

to amplify target DNA with high sensitivity and specificity under isothermal conditions (65 
oC) (37). 

 

The diagnosis of malaria using immunological methods is based on the detection of antigens 

or antibodies against malaria parasites in human body fluids. Depending on test formats, 

immunological diagnostic assays can provide information on past exposure to malaria parasites 

(antibody tests) or reveal ongoing infections (antibody and antigen detection assays). Among 

the conventional immunological methods that have been used for malaria diagnosis, those 

based on indirect IFA and ELISA have received the greatest attention. For IFA-based methods, 

parasitized erythrocytes are used as capture antigens, permitting the detection of specific 

antibody antigen reactions by flow cytometry or fluorescence microscopy techniques. 

However, the use of such techniques is limited to reference laboratory settings, given the need 

for high technical expertise, their labour-intensiveness, and operational costs. ELISA-based 

methods rely on the use of crude parasite extracts, heterologously expressed single antigens or 

peptide antigens for antibody detection, or the use of target-specific antibodies (monoclonal or 

polyclonal antibodies) to detect circulating parasite antigens in the patient's blood. However, 

the main limitations of the ELISA-based methods are their labour-intensiveness, long 
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turnaround times, and lack of standardized reagents. These limit the use of ELISA-based 

methods mostly to specialized diagnostic laboratories or for research purposes. However, 

ELISA methods are very useful as primary screening assays in population-based studies, given 

their medium-throughput potential, and often exhibit high sensitivities, detecting as little as 1–

10 parasites per 1000,000 red blood cells (2). 

 

Other methods for malaria diagnosis include mass spectrometry (MS) and flow cytometric 

(FCM) assay, which have permitted extensive characterization of the malaria parasite and are 

generating new strategies for malaria diagnosis (28). 

 

 Malaria treatment 

Because of the absence of an approved vaccine strategy, antimalarial intervention comprises 

drug treatment with the primary goal of eradicating malaria parasites totally from the body. 

However, which antimalarial regimen should be used depends on the clinical status of the 

patient, the type of Plasmodium species that infects the patient, the place where the infection 

was acquired and its drug-resistance status, pregnancy status, and finally, the history of drug 

allergies, or other medications taken by the patient (10). Table 1.1 shows the commonly used 

antimalarial medications. The erythrocytic stage of malaria infection, which causes symptoms 

of malaria, is the drug target for most antimalarial drugs. There are different classes of drugs 

used to treat malaria, and these include quinolines, antifolates, Artemisinin derivatives, etc. 
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Table 1. 1 | Summary of common antimalarial drugs and their mode of action (compiled 
from (38–40)) 

Pharmacological class Mode of action 

Quinolines and relative compounds 

Chloroquine, Amodiaquine, Primaquine, 

piperaquine, Mefloquine, Quinine, Quinidine, 

Tafenoquine, Lumefantrine and Halofantrine 

 

Inhibition of haem polymerase activity of the 

parasite, yet it still counterseal. 

Antifolates 

Pyrimethamine, Proguanil 

Sulpha drugs: 

Dapsone, Sulfadoxine, Sulfonamides 

and Sulfone 

 

Inhibits DHPS and  

Inhibits DHFR 

Naphthoquinones 

Atovaquone 

 

Inhibition of the mitochondrial electron 

transport chain (ETC) through inhibition of 

the malarial cytochrome bc1 complex  

Artemisinin derivatives 

Artemether, Arteether 

Artesunate and dihydroartemisinin 

Heme-mediated decomposition of the 

endoperoxide bridge to produce carbon-

centred free radicals  

Antibiotics 

Doxycycline 

Clindamycin 

Tetracycline  

 

Blood schizonticide agent, but the exact 

mechanism of action is not well defined 

 

In addition to conventional medications, there are also traditional herbal medicines that have 

been used for the treatment of malaria. Examples of such medicines include 

Phyllanthus amarus and Momordica balsmamina (41,42). However, there is a risk of possible 

drug interactions when herbal and conventional medicines are taken together (43). 

 Quinoline and related drugs 

Quinine (QN), a 4-methanoquinoline, was discovered in the 17th century, and malaria 

treatment with QN was the first successful use of a chemical substance to treat an infectious 

disease. Since the 1600s, QN, a component of the bark of the cinchona (quina-quina) tree, has 

https://www.uptodate.com/contents/artesunate-united-states-available-via-cdc-drug-service-investigational-drug-ind-protocol-only-drug-information?topicRef=468&source=see_link
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been used to cure malaria. Quinine is currently on the WHO's essential medical list for the 

treatment of malaria (44). Quinine's structure, as well as that of chloroquine (CQ), amodiaquine 

(ADQ), primaquine (PQ), piperaquine (PPQ), and mefloquine (MQ), is based on the quinoline 

ring system (Figure 1.3) (7,45).  

 

Figure 1. 3 | Chemical structures of eight quinoline derivatives. Adapted from (46) 

Except for PQ, which is predominantly used to treat P.v infections, all the quinoline derivative 

drugs are assumed to share a similar target, which is the synthesis of the parasite-specific 

substance, hemozoin, toxic to the human host (47–49). To minimize the risk of developing 

resistance to the quinoline family of chemicals, these medications are frequently taken in 

combination with a complementary drug (e.g., MQ and artesunate). CQ, a 4-aminoquinoline, 

became clinically available in 1947 as a less toxic and more easily made alternative for QN, 

and is one of the most long-lasting of the synthetic antimalarials that appeared throughout the 

last century (7,50). 

 Antifolates 

Malaria prophylaxis and treatment have relied mainly on antifolates. This medication family 

was found in the 1940s, during the Second World War, and drugs that are currently in 

therapeutic usage were discovered at that time (51). Antifolates work by inhibiting parasite 

enzymes involved in folate production as well as nucleic acid synthesis (7). Inhibitors of 
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dihydropteroate synthase (DHPS), also known as class I antifolates, and inhibitors of 

dihydrofolate reductase (DHFR), sometimes known as class II antifolates, are two types of 

antifolates used to treat malaria (51). Proguanil and pyrimethamine are the main inhibitors of 

DHFR, while sulpha-drugs, the most important of which are dapsone, sulfadoxine, 

sulphonamides, and sulphone, are the main inhibitors of DHPS (7,51). Since these two kinds 

of antifolates have a synergistic effect, they are frequently used in combination (51). According 

to the WHO,  Sulfadoxine/pyrimethamine (SP) is one of the 14 essential medications currently 

used to treat malaria (52). 

1.2.3. Artemisinin and its derivatives 

For the first time, in 1971, Tu Youyou isolated artemisinin (Qinghaosu) from the herb 

Artemisia annua (sweet wormwood) (53). Youyou Tu (China) received a portion of the Nobel 

Prize in Medicine in 2015 for her work in extracting the active ingredient from Artemisia 

annua. Water-soluble artesunate, oil-soluble artemether, and arteether are three artemisinin 

derivatives often used in combination therapy against malaria (54). These semi-synthetic 

compounds are prodrugs that are converted to the active metabolite dihydroartemisinin (DHA) 

after metabolism. Artemisinin is active against all Plasmodium species and works quickly to 

reduce parasite mass in the bloodstream (3), resulting in a parasite reduction ratio of around 

10,000 per erythrocytic cycle and prompt clinical responses (55,56). Despite being the most 

effective medication against all erythrocytic stages of malaria parasites, artemisinin has a very 

short elimination half-life (less than 1 hour), which precludes its usage as a malaria 

prophylactic (54). 

 

Despite massive research efforts on artemisinin since its discovery, there is still a lot of 

disagreement on how it works against malaria parasites (54,57,58). However, the most widely 

accepted explanation about their mechanisms of action is that haem activates the molecule, 

causing it to produce free radicals that damage parasite survival proteins (59,60). 

Moreover, artemisinin's antimalarial efficacy is dependent on the endoperoxide bridge in the 

trioxane pharmacophore (54).  

For all malaria endemic regions, artemisinin-based combination therapies (ACTs) are currently 

the mainstay of treatment for uncomplicated falciparum malaria (61). There are now 14 drugs 

listed for the curative treatment of malaria on the WHO Model List of Essential Medicines 

(52), with the treatments manufactured either as single compounds or as combinations. From 
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these, the artemisinin-based combinations, which use an artemisinin derivative, are perhaps the 

most effective (3). Their combination of a fast-acting, short-half-life artemisinin agent with a 

longer half-life partner medication allows for parasite killing optimization and protection 

against reinfection (10). The rationale behind ACT is that the risk of parasites developing 

resistance to two medications with different modes of action at the same time is substantially 

lower than the risk of parasites developing resistance to a single therapy (54). ACTs are highly 

successful against P.f malaria in most locations, with cure rates surpassing 90% (55). 

Artemether-lumefantrine, artesunate-amodiaquine, and artesunate-mefloquine are some of the 

most commonly utilized ACT medications (61). However, it is important to note that there is 

rampant antimalarial resistance to these mentioned drugs and their combinations. 

 

 Antimalarial drugs resistance due to parasite genetics 

Throughout the world, Plasmodium resistance to antimalarial drugs is probably the greatest 

problem confronted by malaria control and eradication programs worldwide (10). Malaria 

parasites have developed resistance to numerous routinely used antimalarials during the last 

few decades (44). P.f resistance to CQ, for example, was initially documented in the Thai–

Cambodian border regions in 1957 and has since spread throughout Sub-Saharan Africa and 

the rest of the world (62,63). As a result, while CQ is no longer effective against P.f, it is still 

used to treat P.v in areas where resistance has yet to emerge (52). Resistance to proguanil was 

discovered within a year of clinical use (40). SP, which is a replacement drug for proguanil, 

quickly faced resistance but is currently used primarily for intermittent preventive treatment 

during pregnancy and for seasonal malaria chemoprevention in combination with AQ and as 

first-line treatment in combination with artesunate in some SP-sensitive areas (61). Resistance 

to PPQ monotherapy was reported in China in the late 1980s (40). Artemisinin resistance, 

which manifests as delayed parasite clearance after treatment with artesunate monotherapy or 

with an ACT) was first identified in western Cambodia in 2008 (64).  

The discovery of molecular resistance markers considerably facilitated the diagnosis of the 

spread of drug-resistant Plasmodium parasites. Resistance to several antimalarials is known to 

be conferred by amplification of genes and/or Single Nucleotide Polymorphisms (SNPs) in 

target catalytic enzymes or efflux pumps (38); see Table 1.2. For instance, sulfadoxine and 

pyrimethamine resistance in P.f  were conferred by dominant mutations in catalytic sites and/or 

amplification of the pfdhps and pfdhfr genes (65,66). Resistance to atovaquone is caused by 

mutations in P.f cytochrome b (PfCytB), which cause alterations in its catalytic activity (67). 
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P.f chloroquine resistant transporter (pfcrt) has been related to CQ resistance in P.f (68). 

Mutations and amplification of the multidrug resistance protein (pfmdr1), cause measurable 

levels of resistance to many antimalarials, including MQ and lumefantrine, and thus limit 

effective treatment with ACTs (69). As a result, the widespread amplification of pfmdr1 in 

Southeast Asia led to the substitution of DHA, the active metabolite of artemisinin, and PPQ 

(38). Plasmodium falciparum kelch13 (PfKelch13) gene variants have been identified as 

molecular markers of partial artemisinin resistance and are ubiquitous in the Greater Mekong 

Subregion (GMS); they have also been found in Guyana, Papua New Guinea, and Rwanda at 

a substantial prevalence. Widespread resistance to artemisinin and other antimalarial drugs 

would jeopardize worldwide malaria eradication and have serious public health and economic 

consequences (10). As much as antimalarial resistance has been mapped to the parasite 

genetics, very little has been done to interrogate human host genetics, particularly the variation 

in genes that metabolize and transport these antimalarial drugs.    

Table 1. 2 | Genetic markers of drug resistance for commonly used antimalarial drugs (compiled 
from (38,40,70,71) ) 

 
Class of drug Common name Target of the parasite 

stage 
Genetic markers for drug 
resistance 
P. f P. v 

Sesquiterpene 
lactoneendoperoxides 
 

Artemisinin and 
its derivatives 
 

All asexual and early 
sexual parasite stages 

Pfkelch13 Unknown 

4-Aminoquinolines 
 
 

Chloroquine 
 

Blood stages (trophozoite 
and schizont) 
 

Pfcrt 
 

pvmdr1 
 

Amodiaquine 
 

Blood stages (trophozoite 
and schizont) 
 

Pfcrt, 
Pfmdr1 

Unknown 

Piperaquine 
 

Blood stages (trophozoite 
and schizont) 
 

Pfplm2, 
Pfcrt 
 

Unknown 

Pyronaridine 
 

Blood stages (ring, 
trophozoite and schizont) 
 

Pfcrt Unknown 

Amino alcohols Quinin Blood stages (trophozoite 
and stages I to III 
gametocytes) 

pfcrt, 
pfmdr1 

 

Mefloquine 
 

Blood stages (trophozoite 
and schizont) 
 

Pfmdr1 
pfcrt 

Pvmdr1 
 

 
Lumefantrine 

Blood stages (trophozoite 
and schizont) 

Pfcrt, 
Pfmdr1 
 

Uknown 
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Halofantrine 

 
Blood stages 

Pfcrt, 
Pfmdr1 

 
Uknown 

8-Aminoquinoline 
 

 

Piperaquine Blood (gametocyte) and 
liver (schizont) forms 
 

pfpm2, 
pfexo and 
pfcrt 

Uknown 

Antifolates  
 
 
 

 

 
Pyrimethamine 

Blood and liver schizont 
and mosquito stage 
(oocysts) 
 

pfdhfr Pvdhfr 

Proguanil 
 

Blood stages (schizont and 
gametocyte) and liver 
schizont) 

pfdhfr 
 

Uknown 

 Sulfadoxine Blood stages (Trophozoites 
and schizont) 

pfdhps Pvdhps 

Naphthoquinone Atovaquone 
 
 

 

Blood stages (schizont and 
gametocyte) and liver 
schizont 

pfcytb Uknown 

Antibiotics Doxycycline 
Clindamycin 
Tetracycline 

Blood Stages Apicoplast 
target 

Uknown 

Plasmodium falciparum plasmepsin 2 (pfpm2), Plasmodium falciparum exonuclease (pfexo) 

 
 Antimalarial drugs resistance due to host genetics, focusing on 

pharmacogenomics 
 

 Overview on pharmacogenetics of antimalarial drugs 

Genetic variation in drug-metabolizing enzymes and drug transporters is known to influence 

the pharmacokinetics of various drugs. Such variations are one of the factors that cause 

variability of drug concentration in the plasma of different individuals, which could result in 

decreased efficacy or drug toxicity in some patients (10). Antimalarials are known to use 

genetically variable metabolism and elimination pathways (10,72). Moreover, evidence 

supports that polymorphically expressed drug metabolizing enzymes, primarily cytochrome 

P450 (CYP), but also drug transporters, might cause such variations (73). In addition to the 

CYP phase I enzymes, several phase II enzymes and transporters are known to play an 

important role in drug response (10). 
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  Cytochrome P450 and role in antimalarial drugs resistance 

CYP is a superfamily of enzymes responsible for the phase I hepatic and intestinal metabolism 

of many endogenous and xenobiotic compounds (74–76), including antimalarials, and they are 

genetically polymorphic, displaying wide interindividual variations in their enzyme activity 

(77). CYP enzymes are heme-containing monooxygenases that catalyze a diverse number and 

types of reactions, including hydroxylations, dehydrogenations, isomerizations, and 

demethylations of non-activated hydrocarbons at physiological temperature (78). The human 

genome consists of 57 CYP genes and an equivalent number of pseudogenes, which are 

grouped based on their sequence similarity into 18 families and 44 subfamilies (75).  

 

Different genetic polymorphisms in CYP genes result in different phenotypes. Basically, there 

are three main phenotypes, which include: poor metabolizers (PM), intermediated metabolizers 

(IM), and extensive metabolizers (EM). But, for a few CYP (e.g., CYP2D6), there is an 

ultrarapid metabolizer (UM) phenotype. Patients who are PM have little or no capacity to 

metabolize substrate drugs resulting in higher plasma concentration of a drug in the body that 

might cause drug toxicity. Patients that are EM metabolize drugs expected but much more 

effectively or faster than PMs and IMs (79). The most clinically relevant CYPs with respect to 

antimalarial drugs include: CYP1A2, CYP2A6, CYP3A4, CYP3A5, CYP2B6, CYP2C8, 

CYP2C9, CYP2C19 and CYP2D6 (10)(76). Table 1.3 shows the different types of antimalarials 

and their CYP metabolizing enzymes. 

 
Table 1. 3 | Primary isoforms of human CYP and the major metabolites identified in the 
metabolism of antimalarial drugs (80) 

Antimalarials drugs  Primary Isoforms Major metabolite 

Quinine, quinidine CYP3A4 3-hydroxyl derivatives 

Chloroquine  CYP2C8, CYP3A4/3A5, 

CYP2D6 

Desethyl derivative 

Amodiaquine CYP2C8 Desethyl derivative 

Mefloquine CYP3A4, CYP1A2 Carboxy derivatives 

Primaquine CYP3A4,CYP1A2, 

CYP2D6 

Carboxy derivatives 
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Halofantrine, lumefantrine CYP3A4/3A5 Desbutyl derivatives 

Dapsone CYP2C9, CYP3A4  Hydroxyl/hydroxylamine 

derivative 

Proguanil  CYP2C19 Cycloguanil 

Artemisinin CYP2B6, CYP3A4, 

CYP2A6 

DHA 

Artesunate CYP2A6, CYP2B6 DHA 

Artemether CYP3A4 DHA 

Arteether CYP3A4/3A5, CYP2B6 DHA 

 

CYP2C8 genetic variation and role in antimalarial drugs resistance 

The human CYP2C8 enzyme is an important member of the CYP2C family of enzymes (81) 

that is coded for by CYP2C8 gene, localized in the long arm of chromosome 10. CYP2C8 

comprises 9 exons and 8 introns spanning 31 kb (kilobases) (82). CYP2C8  is mainly expressed 

in the liver (83), and it is involved in the metabolism of a wide range of clinically available 

drugs (84), including antimalarials such as ADQ, CQ, dapsone, and lumefantrine (7,82,85,86).  

Several SNPs have been identified in CYP2C8. The most common variants with functional 

significance include CYP2C8 *2 and CYP2C8*3 (84), both associated with a poor 

metabolizer's phenotype. CYP2C8*2 (c.805A>T, p.Cys266Phe) is one of the most prevalent 

allele in populations of African descents (10%-37%) and is associated with a 50% reduction of 

the metabolic activity compared to the wild type allele,  whereas CYP2C8*3, which consists 

of two highly linked nonsynonymous polymorphisms, c.416G>A, p.Arg139Lys and 

c.1196A>G, p.Lys399Arg, is more prevalent among European populations (6.9-19.8%) and it 

is associated with 85% reduction in the normal enzyme activity (79,84,85). 

CYP2C8 involve in the metabolism of AQ to its major metabolite, N-desethylamodiaquine 

(DEAM) (87). A few studies had shown the effect of CYP2C8 SNPs on the 

pharmacokinetics/dynamics of AQ. Parikh and colleagues were the first to reveal the effect of 

CYP2C8 polymorphisms on AQ efficacy and safety in 275 Burkina Faso patients in  2007 (72). 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/chromosome-10
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In this study, the African-specific CYP2C8*2 variant was found to have a defect in AQ 

metabolism. Another study by Adjei et al.,(88) in 103 malaria-infected Ghanaian children 

found a weak association between CYP2C8*2 allele carriers and lower DEAQ plasma 

concentrations as compared to wild-type homozygotes (88).  

 

Although the first study showed a significant association of CYP2C8*2 with impaired AQ 

metabolism in vitro, the allele was not clearly associated with AQ efficacy or toxicity. 

However, studies by Paganotti et al.,(86) and Cavaco et al.,(88) suggest that CYP2C8 genetic 

variability can influence the occurrence of AQ or CQ resistance in malaria parasites.  

 

Another antimalarial that is mainly metabolized by CYP2C8 is CQ, in which N-

desethylchloroquine is the main metabolite (89). However, clinical studies on the impact of 

CYP2C8 polymorphisms on CQ pharmacokinetics or clinical effects are lacking. Despite this, 

a recent study identified an association between CYP2C8*2 and *3 and gametocytaemia and 

reduced parasitemia clearance rates in chloroquine/primaquine treated patients (90). 

 

CYP2D6 genetic variation and role in antimalarial drugs resistance 

CYP2D6 is an essential CYP isoform that metabolizes roughly 20% of clinically used drugs, 

despite its modest hepatic concentration (2-4%) compared to other CYP enzymes (91), and is 

encoded by the CYP2D6 gene (92), which has a length of ~4.3 kbps on the long arm of 

chromosome 22 (22q13.2) and contains 9 exons (93). It is extensively studied since it 

metabolizes a wide range of commonly used drugs (92,94), including antimalarials (e.g., PQ 

and CQ) (89,95,96). CYP2D6 is highly polymorphic (97–99),(www.pharmvar.org), has 

phenotypes ranging from total dysfunction to ultra-rapid metabolizers (100). 

Nevertheless, there is a profound difference in the distribution of CYP2D6 allelic variants in 

different populations. For instance, the poor metabolizer alleles such as CYP2D6*17 and 

CYP2D6*29 are more common in the Sub-Saharan African and African American/Afro-

Caribbean populations, whereas the CYP2D6*10 poor metabolizer allele is the most prominent 

variant allele in the East Asian population. The malfunctional CYP2D6*4 allele is more 

common in the European population, while the CYP2D6*1xN duplication/multiplication allele 

that results in increased function is most often observed in the Oceanian population. Some 

alleles (e.g., CYP2D6*2, *4, or *5) are found at variable frequencies in almost every population 

http://www.pharmvar.org/
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studied, while others have only been found in some populations (e.g., CYP2D6*44 and *49 in 

Asians). Finally, populations including South Africans, Caribbeans and others with diverse 

founding populations and admixture often reveal unique allele frequency patterns (101,102). 

 
In hepatocytes, the CYP2D6 pathway mediates PQ metabolism into an active metabolite(s) 

(95,103). PQ is the only antimalarial available for the treatment of the hypnozoite stage of P.v 

malaria and it helps to prevent relapse caused by this species of Plasmodium. In this regard, 

studies have been done to evaluate the effect of CYP2D6 polymorphism on P.v recurrence in 

patients who were taking PQ, and the studies have shown a high recurrence incidence of P.v in 

individuals with reduced activity of CYP2D6  (97,104).  

 

CYP3A4 and CYP3A5 and their role in antimalarial drugs resistance 

CYP3As are the most abundant CYP in the human liver and small intestine (105). CYP3A4 

and CYP3A5 are the two main enzymes in the CYP3A subfamily and are responsible for the 

metabolism of almost 50 percent of clinical drugs. The CYP3A4 gene, which is situated in the 

231-kb area of the long arm of chromosome 7 (7q21.1) and consists of 13 exons, encodes for 

the CYP3A4 protein (106). CYP3A4*1B (105), which is an A to G transition at 392 of the 

gene's proximal promoter region, is one of the most common allelic variants of CYP3A4. This 

variant allele has been linked to higher CYP3A4 expression compared with the wild type allele 

(107)(108), and is associated with poor metabolism of artemether, lumefantrine (109,110) and 

QN (107). 

CYP3A5 is a 502 amino-acid protein and is encoded by the CYP3A5 gene. CYP3A5 has nine 

exons and is found on the long arm of chromosome 7 (7q21-q22.1) (111,112). Due to genetic 

polymorphisms, the enzymatic activity of CYP3A5 differs between populations (113). The 

most well-studied CYP3A5 allelic variants are CYP3A5*3/*6/*7, and they are prevalent in 

African populations (114). The splice acceptor variant CYP3A5*3 (c.6986A>G) causes 

alternative splicing and protein truncation, resulting in the lack of CYP3A5 in some people's 

tissues (115). CYP3A5*6 (g.14690G>A), a variant found on exon 2, causes CYP3A5 

alternative splicing (exon 7 skipping due to a G-to-A transition) and protein truncation, 

resulting in the absence of the CYP3A5 protein. CYP3A5*7 (g.27131 27132insT) is an insertion 

polymorphism that is found between codons 345 and 346 and causes a reading frame shift. 

This change causes a premature termination codon (D348) at position 348, resulting in a 

shortened and non-functional protein (116). 
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CYP3A5 genetic polymorphisms are known to affect artemether-lumefantrine 

pharmacokinetics and treatment outcomes (77). According to recent studies by Mutagonda et 

al. (77,113), there was a significant association between CYP3A5 genotype (*1/*1) and day 7 

plasma lumefantrine concentration among pregnant women in Tanzanian populations.  

 
CYP2C19 genetic variation and their role in antimalarials resistance 

CYP2C19 is the main enzyme that converts proguanil and chlorproguanil, the biguanide 

derivatives, into their major active metabolites, cycloguanil and chlorcycloguanil. This enzyme 

is encoded by the CYP2C19 gene, located on the long arm of chromosome 10 (10q23.33) (117). 

The gene is highly polymorphic (10), and several SNPs have been identified, including 

CYP2C19*2, *3, and *17. CYP2C19*2 and CYP2C19*3 are null alleles with no protein in the 

CYP2C19 poor metabolizer phenotype, whereas CYP2C19*17 is a promoter gene variant 

associated with enhanced substrate turnover in the CYP2C19 UM phenotype (73).  

Kaneko et al. (10) investigated the impact of CYP2C19 genetic polymorphisms on proguanil 

pharmacokinetics in the Malasian population. As a result, proguanil concentrations were found 

to be greater among PM in this study. The treatment efficacy of PM and EM, however, did not 

differ significantly. 

 Phase II enzymes and their role in antimalarial drugs resistance 

Phase II drug metabolizing enzymes play a significant role in the biotransformation of 

endogenous compounds and xenobiotics into more easily excretable forms as well as the 

metabolic inactivation of pharmacologically active substances (118). They perform 

conjugation reactions, which include glucuronidation, sulfonation, methylation, acetylation, 

glutathione and amino acid conjugation. Phase II drug enzymes are mostly transferases that 

include: Uridine 5'-diphospho-glucuronosyltransferases (UDP-glucuronosyltransferase, 

UGTs), sulfotransferases (SULTs), N-acetyltransferases (NATs), glutathione S-transferases 

(GSTs) and various methyltransferases (mainly thiopurine S-methyl transferase (TPMT) and 

catechol O-methyl transferase (COMT)) (118). From these, the UGTs and NATs were found 

to have a role in antimalarial drugs' phase II metabolism (119–121) while for the others, 

concrete evidence was not found. 
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1.4.3.1 UGT variation and their role on antimalarial drugs resistance 

The primary phase II conjugation pathway in the biotransformation and removal of endogenous 

and xenobiotic chemicals is glucuronidation, which is catalyzed by UGTs. By transferring the 

glucuronic acid moiety of UDP glucuronic acid to the substrate, the UGTs make the substrate 

more polar and make it easier for it to be excreted in bile or urine (122). In humans, UGT1A9 

and UGT2B7 catalyze the glucuronidation of DHA, which is a derivative of the parent 

compound artemisinin and the major metabolite of artemisinin derivatives such as artesunate, 

artemether, and β-arteether (119). In Vietnamese adult malaria patients given artesunate, α-

DHA-β-glucuronide was found to be the major urinary product of DHA glucuronidation, and, 

using V79 cells expressing human UGT1A1, 1A6, 1A9, or 2B7, α-DHA-β-glucuronide 

formation was observed with UGT1A9 and UGT2B7, but not with UGT1A1 and UGT1A6 

(123). 
 
The whole UGT1A sub-family is situated on the long arm of chromosome 2 (2q37) and spans 

approximately 210 kb (124). All UGT1A isoforms, including UGT1A9, have a unique first exon 

and four common exons (124). The length of UGT1A9 cDNA is 1593 base pairs (bp). The gene 

has so far been linked to 6 nonsynonymous SNPs (c.8G>A, c.9C>G, c. 387A>T, 98T>C, 

766G>A, c.794T>A) and a SNP at 726T>G that results in a premature termination codon TAG 

(125).  

 

Nevertheless, there is limited information on the effects of UGT1A isoform polymorphisms on 

antimalarial drug treatment outcomes (119,120). One of the studies was by Phompradit et al. 

(119) in 2014 that assessed the effect of UGT1A9 polymorphisms on artesunate-mefloquine 

treatment response in Burmese patients (n=71) with Plasmodium falciparum malaria from Tak 

Province, Thailand. In this study, 3 polymorphisms (UGT1A9*1, *4, and *5) were genotyped 

using the polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) 

method, and correlation analysis with plasma concentrations of artesunate/dihydroartemisinin 

and treatment response was performed. However, no concrete evidence on the effect of the 

variants on treatment outcome was obtained from the study since all patients had the wild-type 

genotype of UGT1A9.  

 

UGT2B7, along with other members of the UGT2B subfamily, is localized to chromosome 

4q13, spans a region of approximately 16 kb, and is composed of 6 exons (126). So far, 10 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Phompradit%20P%5BAuthor%5D&cauthor=true&cauthor_uid=24891466
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nonsynonymous SNPs have been reported in this gene. These SNPs are: c.122C>T, c.137T>C, 

c.211G>T c.214C>T, c.536C>T, c.802C>T, c.896C>T, c.1133A>G, c.1226G>A, and 

c.1288A>C (127). The frequencies of these variant alleles vary between populations. For 

instance, allele frequencies of c.211G>T and 802C>T are (14.8–18.5%, Japanese; Asian-

Americans (9%); Hispanic-Americans (2%)) (128,129) and (24.4–29.3%, Japanese; 48.9–

53.7%, Caucasians) (129,130), respectively. Despite the polymorphic nature of UGT2B7, only 

one study was found that evaluated the effect on antimalarial drugs treatment outcomes (120).  

 

1.4.3.2 NATs genetic variation and role in antimalarial drugs resistance 
 

NATs are cytosolic enzymes present in a wide range of tissues from different species. They 

catalyze the acetyl transfer from acetyl coenzyme A to an aromatic amine, heterocyclic amine 

or hydrazine compound (118,131). NATs have a role in the metabolism of a wide range of 

chemicals to which we are constantly exposed. Many arylamine and hydrazine medications, 

as well as several known carcinogens found in diet, cigarette smoke, car exhaust fumes, and 

the environment in general, are biotransformed via acetylation in humans. In humans, two N–

acetyltransferase isoenzymes (NATs), N–acetyltransferase 1 (NAT1) and 2 (NAT2), catalyze 

acetylation processes (132). NAT2 is one of the two enzymes involved in antimalarial 

metabolism  (110,121) 

 

Human NAT2 is a xenobiotic–metabolizing enzyme that plays a key role in the detoxification 

of medications such as isoniazid, hydralazine, and endralazine, as well as sulphonamides, 

procainamide, aminoglutethimide, nitrazepam, and dapsone (132). It is encoded by the human 

NAT2 gene, located on the short arm of chromosome 8 (8p22) (132). NAT2 is highly 

polymorphic, and the most investigated allelic variants include NAT2*4, NAT2*5, NAT2*6, 

NAT2*7, and NAT2*14  (110,121). Moreover, the frequency distribution of their variant alleles 

varies between populations. For instance, the variant allele frequency for NAT2*5 is 6.6% in 

Cambodians, 36.4% in Tanzanians, and 48.5% in Ethiopians; for NAT2*6 it is 40% in 

Cambodians, 27% in Tanzanians, and 30.1% Ethiopians; for NAT2*7 it is 21% in Cambodians, 

2.4% in Tanzanians, and 5.5% Ethiopians ); and for NAT2*14 it is 2.5% in Cambodians, 17% 

in Tanzanians, and 1.8% in Ethiopians (110,133). 

 

NAT2 genetic polymorphisms have been associated with the incidence of variable adverse drug 

reactions between individuals (122). In a study conducted by Kengneet et al., (121) a 
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significant association was found between NAT*5, *6, and *7 variants (slow acetylators 

phenotype) and adverse drug reactions in a longitudinal study involving children under the age 

of ten from Cameron who were taking ACT such as artesunate-amodiaquine, 

dihydroartemisinin-piperaquine, and artemether-lumefantrine. 

  Drug transporters and their role in antimalarial drugs resistance 

Transporters are membrane-bound proteins that facilitate the movement of compounds in and 

out of cells (134). Generally, there are two transporter superfamilies: the solute carrier (SLC) 

transporters and the ATP-binding cassette (ABC) transporters. The SLC drug transporters are 

uptake transporters. They are generally involved in the uptake of small molecules into cells and 

do not rely directly on ATP hydrolysis. By contrast, ABC drug transporters utilize ATP 

hydrolysis and function as efflux transporters (135,136). A good example of an antimalarial 

that is transported by an ABC transporter is lumefantrine (79). 

1.4.4.1 ABCB1 genetic variation and role in antimalarial drugs resistance 

ATP-binding cassette subfamily B1 (ABCB1), also called P-glycoprotein, is a member of the 

superfamily of ATP-binding cassette (ABC) transporters (73). It is encoded by the ABCB1 gene 

(137). The gene has 32 exons and is located on the long arm of chromosome 7 (7q21.12) (138). 

ABCB1 is widely recognized as a major determinant for the low or variable oral absorption of 

several structurally unrelated drugs (137). It is mainly located in the membrane of epithelial 

cells in the intestine, liver, and kidney, thus contributing to the absorption of orally 

administered drugs and promoting their biliary and renal elimination (136). ABCB1 is also 

used as a blood-tissue barrier, protecting various tissues (e.g., the brain, fetus, and testes) from 

toxic xenobiotics (136).  

Mutations in the ABCB1 gene are associated with several drugs, including antimalarials. Three 

closely linked ABCB1 polymorphisms (c.1236C>T, c.2677G>T/A, and c.3435C>T) have been 

associated with duodenal and lymphocyte P-glycoprotein expression and function, digoxin 

systemic availability, and response to anti-HIV and anti-epileptic drugs (79). The three variants 

are found at high frequency in African populations (134). 

Genetic variants of drug transporters in human beings might advance the development of drug 

resistance by, for instance, lowering drug concentrations in red blood cells (79). A case reported 

by Kiaco K et al., (139) showed an association between the ABCB1c.3435C>T variant and 

artemether-lumefantrine treatment outcome in 103 uncomplicated malaria patients from 
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Angola. According to the study, a significant predominance of the ABCB1c.3435CC genotype 

was found among the recurrent infection-free patients (p < 0.01), suggesting a role for this 

transporter in artemether lumefantrine interindividual performance. Although it was not 

statistically significant, recent studies on pregnant women by Mutagonda et al. (113,134) have  

shown an association of lower lumefantrine concentration in carriers of both homozygous and 

heterozygous functional ABCB1c.3435C>T alleles than with the homozygous mutant carriers.  

1.4.4.2 SLC genetic variation and role in antimalarial drugs resistance 
 
Human SLC transporters compose a family of 395 membrane-bound proteins that are mainly 

involved in the uptake of small molecules into cells. SLC transporters interact with a wide 

variety of substrates and have varying degrees of specificity. They are highly polymorphic, 

with different populations having different distributions of allelic variations. SLCO1B1 

rs4149056, for example, was found in 23 populations at a frequency of 0.0–0.99, SLCO1B1 

c.597C>T at 0.0–0.66 (across 9 populations), and SLCO1B1 c.571C>T at 0.0–0.42 (across 9 

populations). SLCO1B1 rs4149056 and SLC22A6 rs1158626 are the two important allelic 

variants that are more prevalent in African populations than non-Africans (140). 

Polymorphisms in SLC transporters were found to have pharmacogenetic relevance for 

different xenobiotics, including antimalarials (140)(140). Genetic variations in these genes 

were associated with Plasmodium parasitemia and/or gametocytaemia clearance. A study by 

Sortica et al.(141) was the first to evaluate the role of polymorphisms in the SLCO1A2, 

SLCO1B1, and SLCO2B1 genes in CQ and PQ treatment outcomes in P.v malaria patients.  

 

 Problem statement 

Malaria remains a major public health challenge in sub-Saharan African countries. A viable 

vaccine for malaria applicable on a large-scale to endemic regions is still not available; thus, 

the use of antimalarial drugs represents the long-term main strategy for the control of the 

disease. In Africa, artemisinin derivative-based combination therapy (ACT) is massively 

applied as a response to the rise of parasite resistance to monotherapy, particularly chloroquine 

(124). However, such large-scale use of ACTs across endemic areas in Africa might lead to the 

development of drug resistance by putting high selection pressure on the circulating parasite 

strains. Resistance to ACTs can potentially result in slow parasite clearance times by putting 

pressure on partner drugs and thus leads to increased treatment failure rates and the emergence 

of multidrug-resistant parasites (142). The emergence and spread of artemisinin-resistant P.f  
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is becoming a major obstacle for malaria control in malaria endemic areas in  Southeast Asia 

(e.g., Cambodia) (113). Currently, there is a huge concern that artemisinin-resistant parasites 

might also emerge and spread in endemic areas in Africa, which would threaten the global 

malaria eradication efforts (143).   

Much of the research on malaria treatment resistance has focused on parasite genetics; several 

studies, however, have shown wide variations in treatment outcomes among patients (144–

146). One of the factors that can explain the observed variability is host genetic variation, 

particularly, differences in the pharmacogenomics profiles of patients (77,90,113,147). For 

instance,  genetic polymorphisms in genes encoding proteins and enzymes involved in drug 

Absorption ,Distribution, Metabolism and Elimination (ADME) can result in interindividual 

differences in drug pharmacokinetics and pharmacodynamics parameters (110). The lack of 

efficacy of antimalarials in some groups of individuals is known to be the primary driver of 

drug resistance in endemic countries. Therefore, it is important to devise and implement 

strategies that minimize the devastating problems. One such strategy is personalizing 

medications depending on the genotypes of the patients; which can potentially minimize the 

emergence of drug resistance and improve treatment outcomes (79). 

In this regard, inter-ethnic genetic differences among populations can be explained by 

accessing different profiles of pharmacogenes variants, including the population structure of 

genetic variants that are involved in drug metabolism (ADME). Due to the interpolation of 

genetic variations, drugs as well as markers used for pharmacogenotyping in one population 

may not be appropriate for another population. Furthermore, owing to the heritable 

characteristics of human genetics, inter-individual genetic differences are manifested at 

population levels (148). The role of investigating the population structure of drug response 

genes in the world population has been described previously (149). Nevertheless, there is no 

study found that assess the profiles of antimalarial pharmacogenes variants among different 

world populations from malaria endemic and non-endemic areas. Analysis of population 

specific genetic structure has many applications in medical and population genetic research, as 

well as ensuring drug efficacy and the development of pharmacogenetic tests (149). 

AIM: Here, we aim to determine the pharmacogenomic profiles of populations in malaria- 

endemic and non-endemic areas, to enable identification of genomic markers for antimalarial 

drug response and individualised treatment. 
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 Objectives 
 
1. To access genomic datasets covering pharmacogenomic loci from populations in malaria 

endemic and non-endemic regions 

2. To perform quality control of different datasets of malaria endemic and non-endemic 

populations 

3. To determine the variant allele frequency distribution of pharmacogenes relevant for 

malaria response in populations from malaria endemic and non-endemic areas 

4. To perform the principal component analysis (PCA) using data on pharmacogenes variants 

and comparing the two groups, malaria endemic, and non-endemic.  

5. To characterize 7 SNPs in CYP2C8 gene among South Africans to validate data obtained 

from datasets and compare with world populations from malaria endemic and non-endemic 

areas  

6. To come up with possible recommendations on the utility of the pharmacogenomics 

knowledge generated 
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 Significance of the study 

The distribution of antimalarial pharmacogenes variants differs among geographical 

populations (150). Unfortunately, there is limited information on the population genetics of 

these variants in the world population in general and particularly among Africans. In addition 

to this, most of the genetic studies are limited to non-African populations, and it is important 

to study the diverse and heterogeneous African population. In this study, we analysed large 

scale genetic data using bioinformatics approaches to determine the population genetics of 

antimalarial pharmacogenes variants among populations of malaria endemic areas in Africa 

and world populations of non-malaria endemic areas. 

 

The findings from this project will have implications for the pharmacogenomics of 

antimalarials. One of the most important uses of this study will be providing baseline 

information for future studies related to the pharmacogenomics of antimalarial drugs. Since 

most of the studies on the pharmacogenetics of antimalarial drugs are limited to candidate 

gene approaches (77,113,151). However, this study may provide additional, broader 

information that can be used in future studies. Moreover, the findings from this study may 

also have implications for the pharmacovigilance of ACT drugs in Africa, to assess the safety 

of these drugs. Understanding the pharmacogenomic profiles of populations in malarial 

endemic regions could assist in rational drug design, while the knowledge, when applied to 

non-endemic regions, could assist in cases where individuals travel to regions endemic with 

malaria and get infected.  
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CHAPTER 2 : MATERIALS AND METHODS 
 

 Description of the study datasets and quality control  

Genome-wide genotype datasets of four malaria endemic African populations that include 

Gambia, Kenya, Malawi, and Mali (n=13,447), were obtained from the MalariaGEN 

consortium (152). These included cases who were admitted to hospitals and fulfilled the 

WHO case definition for severe malaria, and controls were obtained from the general 

populations (153). The samples were genotyped on Illumina Omni 2.5M array as described 

in (154).  

As a comparator group, we accessed reference datasets of global populations composed of 

20 ethnic groups (n~5000) from the African Genome Variation Project (AGVP)  (155) and 

the 1000 Genome Consortium Project (156). Datasets were merged on common SNPs  using 

PLINK software (157) and quality control (QC) filtering including Hardy-Weinberg 

equilibrium (p=0.01), SNP-missingness proportion (0.05), MAF (0.05), sample missingness 

proportion (0.05), sample relatedness proportion (0.05) and heterozygosity rate were 

performed using PLINK software (157) (Annex A). The QC-filtered VCF files of each 

population were aligned to the forward strand of the human reference sequence (GRCh37) 

using genotype harmonizer (158) and phased using the SHAPEIT2 method (159) (Annex 

B).  

 Genetic structure of pharmacogenes variants 

The pharmacogenes were obtained from databases including Pharmacogene Variation 

Consortium (PharmVar) (www.pharmvar.org ), The Pharmacogenomics Knowledge Base 

(PharmGKB) (www.pharmgkb.org/), UDP-Glucuronosyltransferase (UGT) nomenclature 

(www.pharmacogenomics.pha.ulaval.ca/ugt-alleles-nomenclature/), membrane 

transporters databases such as solute carrier (SLC) transporters 

(www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=863) and ATP 

binding cassette (ABC) transporters (www.genenames.org/data/genegroup/#!/group/417), 

Thiopurine methyltransferase (TPMT) Nomenclature (www.liu.se/en/research/tpmt-

nomenclature-committee) and Arylamine N-acetyltransferase (NAT) Allele Nomenclature 

Database (www.nat.mbg.duth.gr/). Antimalarial pharmacogenes reported thus far in 

http://(www.pharmgkb.org/)
http://(www.pharmacogenomics.pha.ulaval.ca/ugt-alleles-nomenclature/)
http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=863
http://www.genenames.org/data/genegroup/#!/group/417
http://(www.liu.se/en/research/tpmt-nomenclature-committee)
http://(www.liu.se/en/research/tpmt-nomenclature-committee)
http://(www.nat.mbg.duth.gr/)
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published literature were also noted and included. SNPs that map to the aforementioned 

pharmacogenes from the dbSNP database were retrieved and used to compare the 

population structure of the pharmacogenes in malaria endemic and global populations. 

Briefly, datasets containing only pharmacogenes SNPs from the merged reference data 

composed of the 20 global populations and malaria endemic datasets of the four malaria 

endemic populations were created. Allele frequencies of the SNPs residing in the 

pharmacogenes across the populations were computed and binned into different allele 

frequency spectrums using  PLINK software (157). The proportion of pathogenic SNPs in 

each pharmacogene was also computed to understand the burden of pathogenicity in 

antimalarial pharmacogenes across global populations using ANNOVAR software (160). 

Furthermore, principal component analysis was performed based on the SNPs residing 

only in the pharmacogenes to assess the differentiation levels of these genes across 

populations using smartpca software.  

 Positive selection analysis 

Positive selection metrics were computed from genotype datasets of populations from malaria 

endemic areas, mainly Kenya, Gambia, and Malawi, to check if positive selection is attributing 

to the high proportion of pharmacogenes variants in the populations. Therefore, to identify 

selection signals in each population, an integrated haplotype score (iHS) (161), implemented 

in REHH packages v.3 (162), was applied and an iHS score was calculated. 

Then, candidate iHS regions were computed  by splitting the genome into segments of 50 and 

setting the significance threshold at 4 using ‘calc_candidate_regions()’ utility in the REHH 

package (162). For each window, a summary statistic including a minimum number of markers, 

a minimum number of extremal markers, a minimum percentage of extremal markers, and an 

average of extremal scores were obtained. The candidate identified regions were then annotated 

using the UCSC table browser (https://genome.ucsc.edu). From the candidate regions, we 

extracted genomic regions that contain the identified pharmacogenes. 

https://genome.ucsc.edu/
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 Network analysis of antimalarial pharmacogenes 

A network analytic approach was applied to evaluate the functional relationships between 

pharmacogenes. The Multiple Association Network Integration Algorithm (geneMANIA) tool 

(http://genemania.org) was used to get the interaction profiles of antimalarial pharmacogenes.  

 Characterization of 7 CYP2C8 SNPs in South Africans using Sanger 
Sequencing  
 

 Sample recruitment and quality check 

One hundred and fifty (n=150) samples of native South Africans were recruited from the 

biorepository of the Pharmacogenomics and Drug Metabolism Research Laboratory, Division 

of Human Genetics, University of Cape Town. A NanoDrop spectrometer measurement of the 

samples was performed to check the quality and concentration of genomic DNA (gDNA);  a 

minimum concentration of 10 ng/dl gDNA was considered for Sanger sequencing. 

Additionally, a DNA integrity test, using 1% agarose gel electrophoresis was also performed 

to check the intactness of the gDNA. Lastly, dilution of the selected samples was performed to 

get a final concentration of 50 ng gDNA with a final volume of 50 µL (using nuclease-free 

water as a diluent) and used for a PCR reaction. Dilution was not performed for samples with 

an initial concentration of <50 ng/dl; diluted samples were stored at 4 oC during genetic 

analysis. 

  Primer designing  

The targeted region for Sanger sequencing consisted of 7 SNPs of the CYP2C8 gene, which 

are in proximity with the African specific CYP2C8*2 variant. The 7 SNPs include rs1926705 

G>A, rs11572100 A>G, rs11572101 T>C, CYP2C8*14 c.712G>C (rs188934928), CYP2C8 

c.792C>G (rs1058930), CYP2C8 c.805A>T (rs11572103) & rs11572105 C>A/G/T. The 

targeted PCR product length was about 798 base pairs of nucleotides (see Annex C for more 

primer information).  Primers were designed using the Integrated DNA Technologies (IDT) 

PrimerQuest tool (Integrated DNA Technology, Iowa, USA) and were blasted on the 

National Center for Biotechnology Information (NCBI) Primer-BLAST 

(www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_ LOC=BlastDescAd). Finally, 

the primers were purchased from Inqaba biotec (Inqaba biotech, Pretoria, South Africa). 

 

http://genemania.org/
http://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_
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 Preparation of primers working solution 

The working solutions of CYP2C8 primers were prepared according to the manufacturer's 

protocol (Inqaba biotec). Briefly, we took 10 µL of 100 µM stock primer solution (for each 

forward and reverse primer, separately) and mixed it with 90 µL of nuclease-free water, to 

make a final concentration of 10 µM primer working solution. Finally, the primers were 

aliquoted into 50 µL and kept in -20oC refrigerator until further analysis was performed. 

 PCR and agarose gel electrophoresis 

PCR was performed in a 25 µL reaction mix containing 0.4 µM forward primer: 5‘-

CCATCGTTCTCAGCATACTATCAC-3‘ and reverse primer: 5‘-

CTATGCATTCTAGCCATTGGACAAT-3‘each, 0.4 mM of dNTPs, 0.65 U of GoTaq DNA 

polymerase, 1X Go-Taq buffer, 50 ng DNA template, 1 mM MgCl2, and 13.87 µL of distilled 

H2O. BIO-RAD T100 Thermal Cycler (Bio-Rad Laboratories, California, USA) was used for 

PCR amplification and cyclic conditions involved an initial denaturation at 95oC for 3 

minutes, followed by 30 cycles of denaturation at 95oC for 30 second, annealing at 65oC for 

30 seconds, and extension at 72oC for 1 minute, followed by a final incubation at 72oC for 5 

minutes, to allow extension. Then, we checked the presence of DNA products using agarose 

gel electrophoresis.  

 Clean-up PCR product and sequencing 

For clean-up, a 20 µL reaction mix composed of 5 µL of PCR product, 4 U of Exo I, 1 U of 

FastAP, and 13.8 µL of distilled H2O, was used. Then, the reaction mix was incubated at 37oC 

for 1 hour and at 75oC for 15 minutes using the BIO-RAD T100 Thermal Cycler (Bio-Rad 

Laboratories, California, USA). 

Following clean-up, products were sequenced using the Big-Dye Terminator sequencing, 

according to the manufacturer's protocol (Applied Biosystems, California, USA). The 

sequencing reaction included a 10 µL reaction mix, which comprised of 5 µL of clean-up PCR 

product, 5U Big-Dye Terminator mix, 1U Big-Dye Terminator buffer, and 1 µM of reverse 

primer. The reaction was carried out in an Applied Biosystems SimpliAmp Thermal Cycler 

(Applied Biosystems, California, USA) with the following conditions: an initial denaturation 

at 95oC for 5 min, followed by 25 cycles of denaturation at 96oC for 30 sec, annealing at 50oC 

for 15 sec, and extension at 60oC for 4 min.  
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 Post-sequencing clean-up and capillary electrophoresis 

The sequencing products were cleaned-up using the ethanol precipitation method, according to 

the protocol in (Annex D). For capillary electrophoresis, the cleaned-up products were 

analysed using the ABI 3130 DNA Analyzer (Applied Biosystems, California, USA), and 

results were analysed using ChromasPro sequence assembly software version 2.0.1 

(Technelysium, South Brisbane, Australia).  

  Statistical analysis 

Microsoft Excel 365 v.2109 (Microsoft Corporation, Redmond, WA, USA) was used to 

calculate Hardy-Weinberg Equilibrium (HWE), genotypes and allele frequencies of the seven 

CYP2C8 SNPs. STATA software for Windows version 15 (StataCorp, College Station, Texas, 

USA), was used to perform a chi-square to compare the seven CYP2C8 allele frequencies with 

world populations, and p-value < 0.05 was considered statistically significant. 
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CHAPTER 3 : RESULTS  

 Description of the datasets and quality control 

We accessed genome-wide genotype datasets of four malaria endemic African populations 

including, Mali, Kenya, Gambia, and Malawi (n=13,447) from the MalariaGEN consortium 

and reference panels of the global populations from AGVP (155) and the 1000 Genome 

Consortium Project (156) as described in the Materials and Methods section. We performed 

basic quality controls on each dataset (Table 3.1).  We used the quality filtered datasets for the 

population genetics analyses. However, since the Mali dataset was poor in quality, as shown 

by a massive loss of SNPs (511,497 SNPs) after QC, it was excluded from most of the analysis. 

Table 3. 1 | Quality control for genome-wide datasets of populations from malaria endemic 
areas 

 
Population Sample(N) SNPs (N) 

 Before QC After QC Before QC After QC 

Kenya 3865 3142 1.6 million  1.5 million 

Gambia 5594 4921 1.6 million  1.5 million 

Malawi 3088 2516 1.6 million  1,502,608 

Mali 900 900 1,550,514 1,039,017 

 

 Genetic structure of non-antimalarial specific pharmacogenes variants  

Gene variants of pharmacogenomics importance were obtained from the sources indicated 

in the methods section. Based on our analysis, we found the MAF proportion of common 

variants (MAF > 0.05) in the pharmacogenes were generally higher in the four malaria 

endemic populations compared to the 20 ethnic groups (Figure 3.1), while a 

disproportionally higher number (> 80%) of rare variants were obtained mainly in the 

European and Asian populations compared to the four malaria populations. Further analysis 

of pharmacogenes' specific allele frequency showed that the majority of the variants were 

located on the CYP-isoenzymes, mainly CYP2A13 and CYP2F1 (Figure 3.2).  
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Figure 3. 1 | MAF proportion of SNPs mapped to non-antimalarial specific pharmacogenes 
in the four malaria endemic populations and world population of 20 ethnic groups. The x-
axis represents different MAF bins, and the y-axis represents allele frequency proportion. The 
different colours and symbols represent populations.  
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Figure 3.2 | Gene specific allele frequency spectrum of prioritized pharmacogenes from all 
non-antimalarial specific pharmacogenes 
 

 Genetic structure of antimalarial specific pharmacogenes variants 

Like the non-antimalarial specific pharmacogenes variants, analysis based on variants of 

antimalarial specific pharmacogenes showed a high proportion of common variants (MAF 

> 0.05) in the four malaria endemic populations compared to the 20 ethnic groups (Figure 
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3.3). On different analysis, we found most of the variants were located in the CYP2C19 and 

UGT1A9 genes (Figure 3.4). However, CYP2C19 variants were higher in proportion in the 

populations from malaria non-endemic areas, while UGT1A9 variants were higher in 

proportion in the populations from malaria endemic areas. 

 
Figure 3.3 | MAF proportion of antimalarial specific pharmacogenes. The x-axis 
shows the frequency spectrum (bin) of pharmacogenes variants, and the y-axis shows the 
proportion of variants along the frequency spectrum. 
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Figure 3.4 | Gene specific allele frequency spectrum of antimalarial specific 
pharmacogenes variants 
 

3.4 Positive selection analysis for populations from malaria endemic areas 

3.4.1 Quality control  

Quality control of the three malaria datasets (Gambia, Kenya, and Malawi) was performed 

prior to the identification of positively selected pharmacogenes. The quality control showed 

that all three populations' datasets (Gambia, Kenya, and Malawi) had normal distribution 

graphs and normal quantile-quantile plots (q-q plot), respectively (Figure 3.5). The Mali 

dataset, however, was not included in the analysis due to the quality issue indicated in the 

quality control section of the method. 

https://www.itl.nist.gov/div898/handbook/eda/section3/qqplot.htm
https://www.itl.nist.gov/div898/handbook/eda/section3/qqplot.htm
https://www.itl.nist.gov/div898/handbook/eda/section3/qqplot.htm
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Figure 3. 5 | Quality control of the three-malaria datasets (Gambia, Kenya, and Malawi). (a), (b) 
and (c) represents normal distribution graph and qq-plot for Gambia, Kenya and Malawi populations, 
respectively. 

 
 
 
 
 

 

 

 

a 

b 
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3.4.2 iHS scores  

Genome-wide SNP datasets of the three populations from malaria endemic areas were used to 

identify genomic regions that have been under natural selection. As described in the materials 

and methods section, we used the concept of an ‘Extended Haplotype Homozygosity’ (EHH) 

introduced by (161), and the iHS function from the “rehh” package was applied to detect 

positive or ‘Darwinian’ selection within a single population. Figure 3.6 shows Manhattan plot 

of the genome-wide distribution of iHS scores for the autosomes in the three malaria 

populations (Gambia (a), Kenya (b), and Malawi (c). The figure illustrates the general view of 

positively selected SNPs across the genome for each population. Positively selected SNPs in 

all autosomal chromosomes are those with an iHS score of > 4 or < -4.  

Figure 3.6 | Manhattan plot of the genome-wide distribution of iHS scores for the autosomes in 
the three malaria populations (Gambia (a), Kenya (b) and Malawi (c)). iHS scores greater than 4 
and less than -4 are considered under positive selection. 

 
 
 

 

a b 

c 
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3.4.3 Pharmacogenes in candidate iHS regions  

Table 3.2 shows pharmacogenes found in the candidate iHS regions that were positively 

selected and previously represented by variants in the Manhattan plot with an iHS score of 

> 4 or < -4 for the three malaria populations. As a result, a total of seven pharmacogenes 

were found in the candidate iHS regions in the genomes of the three populations from 

malaria endemic areas (Gambia, Kenya, and Malawi). From these, four pharmacogenes, 

such as CYP19A1, SLC14A2, ABCD4, and CALU on chromosomes 15, 18, 14, and 7, 

respectively, were found in positively selected regions in the genome of the Gambian 

population. One pharmacogene, ABCC1 on chromosome 16, was the only pharmacogene 

found in the Kenyan population. Two pharmacogenes, ABCA11P on chromosome 4 and 

ABCC11 on chromosome 16, were found in the Malawi population. Genes found in the 

candidate iHS regions other than pharmacogenes are provided in Annex E. 

Table 3. 2 | Pharmacogenes in candidate iHS regions in the three-malaria endemic populations 
(Gambia, Kenya and Malawi) 

 

3.5 Pathogenic SNPs proportion 

The proportion of pathogenic SNPs in each antimalarial pharmacogenes was computed to 

understand the burden of their pathogenicity across global populations using ANNOVAR 

software (160), as described in materials and methods. As a result, the three ABC drug 

transporter families such as ABCC1, ABCC2, and ABCC4 had a higher proportion of 

POPULATION CHR START END N_MRK MEAN_MR
K 

MAX_MRK N_EXTR
_MRK 

PERC_EXTR
_MRK 

MEAN
_EXTR 
_MRK 

GENES 

 
 

Gambia 

14 74600000 74800000 113 2.24832698 7.4728723 7 6.19 6.81584
2261 

ABCD4 

7 1,28E+08 1,28E+08 114 1.485742114 6.73593313 4 3.51 6.46740
4811 

CALU 

15 51400000 51750000 251 2.531047214 12.54386554   31 12.35 8.08989
0417 

CYP19A1 

18 42700000 42900000 150 2.746025998 6.998441635  12 8 6.62279
9245 

SLC14A2 

Kenya 16 16200000 16350000 77 0.982031488 4.941657606 4 5.19 4.53658
3355 

ABCC1 

Malawi 4 450000 600000 17 2.25824513 4.352817323 3 17.65 4.18004
572 

ABCA11P 

16 48050000 48250000 73 1.722489209 4.700112881 5 6.85 4.40871
6573 

ABCC11 
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pathogenic SNPs (45% to 100%) in populations from malaria endemic areas compared to 

non-malaria endemic areas (Figure 3.7). 

 
Figure 3.7 | Pathogenic SNPs proportion of antimalarial specific pharmacogenes in the four 
malaria populations and 20 world populations. The x-axis represents the pharmacogenes and the y-
axis represent the pathogenic SNPs proportions in each pharmacogenes. The different colours 
represent populations. 

 
 Principal Component Analysis (PCA) 

 PCA based on non-antimalarial specific pharmacogenes variants  

PCA was performed using non-antimalarial specific pharmacogenes SNPs that we obtained 

from databases. As a result, the PCA analysis successfully clustered the majority of the 

populations based on their ancestry (Figure 3.8).  
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Figure 3.8 | PCA based on non-antimalarial specific pharmacogenes SNPs for the twenty 
populations. 
 

However, PCA based on non-antimalarial specific pharmacogenes SNPs of the four malaria 

endemic populations (Gambia, Kenya, Mali, and Malawi) barely clustered the SNPs in to 

the four populations (Figure 3.9). 

 



42 
 

 

Figure 3.9 | PCA based on non-antimalarial specific pharmacogenes SNPs for the four malaria 
endemic populations (Gambia, Kenya, Mali and Malawi).  

3.6.2 PCA based on antimalarial specific pharmacogenes variants 

Further analysis of PCA was performed based on antimalarial specific pharmacogenes 

SNPs, to assess the differentiation levels of these SNPs across populations. Like the non-

antimalarial specific pharmacogenes SNPs, the PCA analysis effectively clustered the 

majority of the populations according to their ancestry (Figure 3.10).  
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Figure 3.10 | PCA based on antimalarial specific pharmacogenes SNPs of the twenty 
populations  
 

However, PCA based on antimalarial specific pharmacogenes SNPs of the three malaria 

endemic populations (Gambia, Kenya, and Malawi) barely clustered the SNPs in to the three 

populations (Figure 3.11).  
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Figure 3.11 | PCA based on antimalarial specific pharmacogenes variants of the three malaria 
endemic populations (Malawi, Kenya, and Gambia) 
 

 Network analysis based on antimalarial specific pharmacogenes 

The network analysis based on 29 antimalarials specific pharmacogenes shows (Figure 

3.12) possible interactions between the pharmacogenes, and 20 more extra genes were 

found in the network. The interactions are based on co-expression, shared protein 

domains, physical interactions, co-localization, and functions.  
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Figure 3.12 | Network analysis based on antimalarial specific pharmacogenes using geneMANIA 
software. 
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3.8 Characterization of seven CYP2C8 SNPs using Sanger sequencing 

3.8.1 Quality check for gDNA 

NanoDrop spectrometer measurements of recruited samples were performed to check the 

quality and concentration of genomic DNA (gDNA) as described in the materials and methods. 

According to the measurements, samples having a 260/280 absorbance ratio of approximately 

1.8 were taken as a good quality gDNA (Figure 3.13). 

Figure 3.13 | represents of a good quality gDNA using NanoDrop spectrophotometry. The 
260/280 ratio shows the quality of gDNA. The 65.5 ng/ul shows the concentration of the gDNA. 

3.8.2 gDNA integrity test  

In addition to the NanoDrop spectrometer measurement, to check the intactness of gDNA, an 

integrity test was also performed using 1% agarose gel, as described in materials and methods 

(Figure 3.14). In this regard, samples with intact gDNA remained on the top of the gel (e.g., 

sample ID 4146), while samples with degraded DNA formed a smear on the gel (e.g., sample 

ID 4109).  
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Figure 3.14 | Evaluation of DNA integrity using a 1% agarose gel. The 100bp molecular weight 
marker (MWM) was used and lanes 1 to 19 indicate variation in DNA concentration and quality of the 
DNA samples from 19 individuals. 

3.8.3 Agarose gel electrophoresis 

To check for the presence of targeted PCR products, we performed a 1.5% agarose gel 

electrophoresis, as described in the materials and methods. A typical example of a gel result 

obtained is depicted in (Figure 3.15). The figure shows that almost all the samples with the 

given sample IDs had PCR products with bp lengths of 798.  

Figure 3.15 | represents result for agarose gel electrophoresis of PCR products. 1.5% agarose gel 
was used. The targeted PCR product was 798bp of nucleotides of CYP2C8 and 100bp MWM was 
used.  
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3.8.4 Chromatogram of Sanger sequencing 

The analysis of capillary electrophoresis results from the ABI 3130 DNA Analyzer was 

performed using ChromasPro version 2.0.1 sequence assembly software. Figure 3.16 

illustrates a typical example of a chromatogram of Sanger sequencing after analysis using 

ChromasPro software. The highlighted box indicates genotypes of the targeted SNP, and the 

colours indicate different nucleotides. Therefore, heterozygous alleles have two peaks with 

different colours that appear together (e.g., sample IDs 4260 and 4314), while homozygous 

alleles have a single peak with a colour (e.g., sample ID 4243). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.16 | represents a chromatogram of Sanger sequencing after analysis using ChromasPro 
sequence assembly software. The highlighted box indicates the genotype for the targeted SNP of 
interest. The different colours indicate the different types of nucleotides (red = Thymine (T); blue = 
Cytosine (C); black = Guanine (G); green=Adenine (A)). Heterozygous alleles have two peaks with 
different colours that appear together (e.g., sample IDs 4260 and 4314), while homozygous alleles have 
a single peak with a single colour (e.g., sample ID 4243). 
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3.8.5 Genotype and allele frequencies of CYP2C8 polymorphisms 

The genotype distributions of the seven CYP2C8 SNPs were checked for HWE. Tables 3.3 

and 3.4 show the genotype and allele frequencies of the genetic polymorphisms in CYP2C8 in 

South Africans, respectively. We found three variants with high MAF, which include 

rs11572101A>G (0.19), rs11572103T>A (0.16) and rs1926705C>T (0.14) (Table 3.4). 

 
Table 3. 3 | Genotype frequency of genetic polymorphisms in the CYP2C8  

 
Table 3. 4 | Allele frequency of genetic polymorphisms in the CYP2C8  

 
Numbers in bold represent alleles with high frequency  

rsID Type of variant Nucleotide change Genotype: frequency (count) 

rs11572105  Intron variant G>T GG: 0.98 (146) 
GT: 0.02 (3) 
TT: 0.00 (0) 

rs11572103 (*2) Missense variant T>A TT: 0.70 (105) 
TA: 0.28 (42) 
AA: 0.02 (3) 

rs1058930 (*4) Missense variant G>C  GG: 0.97 (146) 
GC: 0.03 (4) 
CC: 0.00 (0) 

rs188934928 (*14)  Missense variant C>G CC: 1.00 (150)  
CG: 0.00 (0) 
GG: 0.00 (0) 

rs11572101  Intron variant A>G AA: 0.66 (99) 
AG: 0.29 (44) 
GG: 0.05 (7) 

rs11572100  Intron variant T>C TT: 0.82 (123) 
TC: 0.17 (26) 
CC: 0.01 (1) 

rs1926705  Intron variant C>T CC: 0.03 (4) 
CT: 0.23 (34) 
TT: 0.74 (109) 

rsID Minor allele Alleles: frequency (count) 

rs11572105  T                        G: 0.99 (295) 
                       T: 0.01 (3) 

   rs11572103 (*2)  A                        T: 0.84 (252) 
           A: 0.16 (48) 

rs1058930 (*4) C                        G: 0.99 (296) 
          C: 0.01 (4) 

rs188934928 (*14)  G                        C: 1 (300) 
                       G: 0.00 (0) 

rs11572101  G                        A: 0.81 (242) 
                       G: 0.19 (58) 

rs11572100  C                        T: 0.91 (272) 
           C: 0.09 (28) 

rs1926705 C                        C: 0.14 (42) 
                       T: 0.86 (252) 
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3.9 Comparison of variant allele frequencies of the seven CYP2C8 SNPs with 
world populations 
 
Genetic variants that are relevant pharmacogenetically have different distributions among 

different populations. The frequencies of the seven CYP2C8 SNPs genotyped in South African 

population groups, rs11572105G>T, rs11572103T>A, rs1058930G>C, rs188934928C>G, 

rs11572101A>G, rs11572100T>C, and rs1926705C>T, were compared with world 

populations that include West Africans (e.g., Yoruba in Ibadan, Nigeria (YRI), East Africans 

(e.g., Luhya in Webuye, Kenya (LWK), African Americans, East Asians and Europeans. As a 

result, the four variants (rs11572103T>A, rs11572101A>G, rs11572100T>C, and 

rs1926705C>T) showed a statistically significant difference (p-value < 0.05) in allele 

frequencies when compared with non-African populations (Table 3.5). Exceptionally, 

however, the variant allele frequency of rs11572103T>A variant in African American 

populations was statistically significant when compared with our study population.    

Table 3. 5 | Comparison of variant allele frequencies of the seven CYP2C8 SNPs from this study 
with world population from 1000 Genome project  

YRI, Yoruba in Ibadan, Nigeria; LWK Luhya in Webuye, Kenya 

        * Statistically significant differences when compared with South African populations 
aAdapted from Sarudzai et al. (163) 

 

 

 

 

 

 rs115721
05G>T 

rs11572
103T>A 

rs105893
0G>C  

rs18893492
8 C>G 

rs1157210
1A>G 

rs1157210
0T>C 

rs192670
5C>T 

South 
Africans (this 
study) 

0.01 0.16 0.01 0.00 0.19 0.09 0.86 

West Africans 
(YRI) 

0.04 0.20 0.005 0.00 0.19 0.11 0.88 

East Africans 
(LWK) 

0.05 0.14 0.00 0.00 0.17 0.14 0.87 

African 
Americansa 

0.04 0.07* 0.02 0.00 0.19 0.09 0.80 

East Asians  0.00 0.00* 0.00 0.00 0.38* 0.00* 0.45* 
Europeans 0.04 0.00* 0.06 0.00 0.19 0.04 0.69* 
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CHAPTER 4: DISCUSSION 
 
Genetic variations are responsible for a considerable amount of inter-individual and inter-

ethnic heterogeneity in drug response (164). However, the development of clinical tests for 

most drugs currently in use was performed in cohorts accounting for a few limited ethnic 

diversities, of which most are from European and Asian ancestry. To the best of our knowledge, 

this is the first study to examine profiles of pharmacogenes variants in malaria endemic areas 

of heterogeneous African populations and global populations of various ethnic groups. 

Understanding the profiles of pharmacogenes variants will be important in guiding the 

extrapolation of antimalarial drug usage in diverse ethnicities like Africa and the rational design 

of new therapeutics. 

In this study, four genome-wide datasets of populations from malaria endemic areas in 

Africa (i.e., Gambia, Kenya, Mali, and Malawi) and datasets from twenty other ethnic 

groups comprising different global populations were analysed. We assessed if there were 

differences in the profiles of pharmacogenes variants in populations from malaria endemic 

areas compared to those from non-malaria endemic areas. The proportion of rare (frequency 

< 0.01) variants was generally higher (> 80%) in the populations from non-malaria endemic 

areas, mainly Europeans, compared to the four African populations from malaria endemic 

areas. However, a comparison of African populations from malaria endemic areas versus 

non-malaria endemic areas showed a negligible difference in the proportion of rare variants. 

This is in agreement with a previous finding by Delesa et al., (165). The high proportion of 

rare variants in Europeans is expected because most of the genetic data generated using 

high-throughput sequencing technologies is from European populations (166). However, 

African populations are expected to have a much higher proportion of rare variants 

compared to European or Asian populations, in general (167). This indicates that the genetic 

data for African populations is underrepresented, so there is a need for more sequencing of 

a diverse cohort of African genomes.  

Unlike the rare variants, the proportion of common variants (frequency > 0.05) of non-

antimalarials specific pharmacogenes was generally higher in the four African populations 

from malaria endemic areas compared with other African populations from malaria non-

endemic areas. Interestingly, the finding was also the same when using antimalarials specific 
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pharmacogenes. The possible explanation for this finding might be that most genetic studies 

are based on a candidate-gene approach, which is based on a particular gene and it's variants 

have an effect on disease pathogenesis or drug pharmacogenetics (113,168,169). 

Nevertheless, the high proportion of common pharmacogenes variants is a good indication 

that it would be necessary to study more about the pharmacogenetics of antimalarial drugs 

in populations in malaria endemic areas. 

We further analysed allele frequencies of pharmacogenes and their distribution to identify 

the types of pharmacogenes with the highest number of variants in malaria endemic areas 

using non antimalarial-specific pharmacogenes. The analysis revealed that CYP2A13 and 

CYP2F1 had the highest proportion of variants in the four malaria endemic populations 

compared to the global populations. The reason for such an observation could be the high 

level of genetic diversity in the African population that is caused by its complex population 

history and the dramatic variation in climate, diet, and exposure to infectious disease (170). 

Since CYPs are involved in the phase I metabolism of various xenobiotics, including 

antimalarial drugs (100), the high frequency of SNPs in these pharmacogenes in the malaria 

endemic populations may play a pivotal role in the response to different antimalarials that 

are currently in use.  

Similarly, based on analysis using antimalarial-specific pharmacogenes, a higher proportion 

of pharmacogenes variants was found in the four malaria endemic populations compared to 

the global populations. But, here, we found that UGT1A9, one of the phase II enzymes, had 

a higher proportion of gene specific allele frequencies in the four malaria populations. 

UGT1A9 is involved in the metabolism of  DHA, which is the active ingredient in ACT 

drugs (119). As a result, the high proportion of UGT1A9 variants  may be  relevant, given 

that ACTs are the first line drugs for malaria treatment in almost all malaria endemic areas 

(61).  

From an evolutionary perspective, SNPs are often used to detect genomic areas that have 

been subjected to recent natural or artificial selection (162). Therefore, using genome-wide 

SNPs of genotyped data of populations from malaria endemic areas (Gambia, Kenya, and 

Malawi), selection analysis was performed to check if natural selection is attributing to the 
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high proportion of pharmacogenes variants in the populations. As a result, pharmacogenes, 

such as CYP19A1, SLC14A2, ABCD4, and CALU in the Gambian population, ABCC1 in the 

Kenyan population, and ABCA11P and ABCC11 in the Malawi population, were found to 

be positively selected in the genome of each population. Genes involved in drug 

pharmacokinetics are primarily involved in xenobiotic defence, which could explain the 

enrichment of selection signals in the pharmacogenes (171).  

 

The proportion of pathogenic SNPs was higher in the four malaria endemic populations 

compared to the global populations in which the ABC drug transporter families, such as 

ABCC1, ABCC2, and ABCC4, pose the greatest percent, which ranges from 40% to 100%. This 

might be caused by the failure of the efflux drug transporters to effectively transport 

antimalarials prescribed to the patients with malaria, which may result in minimal exposure of 

the Plasmodium parasites to antimalarial drugs in the RBCs and result in the development of 

parasite drug resistance (79). Plasmodium resistance to antimalarial drugs may increase their 

propagation in the human host, then eventually increase their circulation in malaria endemic 

areas. 

The PCA analysis based on antimalarial and non-antimalarial specific pharmacogenes SNPs 

effectively clustered the majority of the populations according to their ancestry. This further 

confirms a previous finding by Delser and Fuselli (172), which showed population level 

differentiation based on pharmacogenes variants. This finding suggests that the SNPs residing 

in the pharmacogenes are differentiated across geographical locations and ethnic backgrounds. 

Moreover, this is a good indication that pharmacogenetic studies may need to be done in 

different world populations due to the fact that there is population level differentiation based 

on the pharmacogenes SNPs. 

 

However, PCA analysis based on antimalarial and non-antimalarial specific pharmacogenes 

SNPs, respectively, for the four malaria endemic populations (Gambia, Kenya, Mali, and 

Malawi) barely clustered the SNPs for each population. This is in agreement  with a previous 

finding by Delesa et al.,(165). The overlap in the clustering of the populations is likely 

because of the similar malaria endemicity in these populations. The Mali dataset, however, 

was poorly clustered, and that could be caused by the poor quality of the data. 



54 
 

CYP2C8 is one of the most important CYPs involved in antimalarial drug metabolism 

(87,89). In this study, a total of seven CYP2C8 SNPs (rs1926705, rs11572100, rs11572101, 

rs188934928, rs1058930, rs11572103, and rs11572105), were characterized in the South 

African population group. The SNPs were targeted due to their proximity to the African-

specific variant (rs11572103T>A (*2)). From these, four of them (rs11572105G>T, 

rs11572101A>G, rs11572100T>C, and rs1926705C>T) are intron variants, and three of 

them (rs11572103T>A (*2), rs1058930G>C, rs188934928 C>G (*14)) are missense 

variants. However, a statistically significant (p-value < 0.05) difference in allele frequencies 

was found mainly for the four variants (rs11572103T>A (*2), rs11572101A>G, 

rs11572100T>C, and rs1926705C>T) when compared with non-African populations. This 

is consistent with a previous finding by Sarudzai et al. (163). A possible explanation for 

such differences in allele frequency could be the interethnic differences between the 

populations. None of the variants shows a statistically significant difference in allele 

frequencies when compared with other African populations, except for the African 

Americans for rs11572103T>A (*2) variant. The high prevalence of CYP2C8 variants with 

functional significance is an indication for future consideration of pharmacogenetic testing 

before using antimalarial drugs that are metabolized by CYP2C8, both for the African 

populations who are living in malaria endemic areas such as YRI and LWK and for those 

traveling to malaria endemic areas from non-endemic areas such as South Africa.  

However, the current study has inherent limitations. In this study, we only focused on SNPs 

that might influence various antimalarials responses. But, there are other factors that may also 

influence the variability of a drug's response, including diet, exposure to chemicals in the 

environment, a person's disease condition, etc. (173,174). Epigenetic regulation of ADME 

genes and drug targets may also be a key predictor of antimalarial drug responses.  
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CHAPTER 5: CONCLUTIONS AND PERSPECTIVES 
 

The findings from this study revealed the profiles of pharmacogenes variants in populations 

from malaria endemic and non-endemic geographical regions. High proportions of variants in 

CYP2A13, CYP2F1, and UGT1A9 were found in populations from malaria-endemic areas 

compared to non-malaria endemic areas. This suggests that it may be necessary to consider 

pharmacogenetic testing for patients based on antimalarial pharmacogenes having a higher 

proportion of variants in malaria endemic populations (e.g., UGT1A9). A high frequency in the 

functional variant of CYP2C8, rs11572103T>A (*2), was found in the South African 

population. This may also have relevance for future consideration of pharmacogenetic testing 

for a person traveling from non-endemic areas, such as South Africa, to malaria endemic areas. 

Future studies should be done using large scale sequencing datasets from malaria endemic areas 

to assess the effect of common antimalarial pharmacogenes variants on the safety and efficacy 

of currently used antimalarial drugs. 
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ANNEXES 
 
Annex A: Script used for QC (for Mali dataset as example) 
 
#!/bin/bash 

#PBS -N QC_Mali 

#PBS -q serial 

#PBS -P CBBI0818 

#PBS -l select=1:ncpus=2 

#PBS -l walltime=48:00:00 

module add chpc/gnu/parallel-20160422 

. /mnt/lustre/groups/CBBI0818/GIRMA/config.txt 

path=/mnt/lustre/groups/CBBI0818/GIRMA/script/ 

data=/mnt/lustre/groups/CBBI0818/GIRMA/GenotypeHarmonizer-
1.4.23/Mali_Realigned_Harmonizer_PLINK_Data/ 

data=/mnt/lustre/groups/CBBI0818/GIRMA/DATA/PHASED/PLINK_FILE/ 

OUT=/mnt/lustre/groups/CBBI0818/GIRMA/RESULT_QC/ 

#prefix=Mali.${chr}.realigned.final 

SOFT=/mnt/lustre/groups/CBBI0818/GIRMA/soft/ 

 
for chr in {1..22} 

do 

${SOFT}plink –bfile ${data}Mali.chr${chr}.realigned.final --geno 0.05 --mind 0.05 --maf 
0.05 --hardy --make-bed --out ${OUT}Mali.chr${chr}.realigned.final.qced 

done 

 
Annex B: Script used for phasing (for Mali dataset as example) 
 

#!/bin/bash 

#PBS -N selcan 

#PBS -q serial 

#PBS -P CBBI0818 
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#PBS -l select=1:ncpus=2 

#PBS -l walltime=48:00:00 

 
. /mnt/lustre/groups/CBBI0818/GIRMA/config.txt 

module load  chpc/python/3.5.1 

 

for chr in {1..22} 

do 

 
shapeit=/mnt/lustre/groups/CBBI0818/CPGG/SOFTWARE/soft/shapeit 

map=${ref_map}genetic_map_chr${chr}_combined_b37.txt 

data=/mnt/lustre/groups/CBBI0818/GIRMA/GenotypeHarmonizer-1.4.23/PHASED/ 

${shapeit} -B ${data}Mali.chr${chr}.realigned.final.qced -M ${map} \ 

-O ${data}Mali.chr${chr}.realigned.final.phased.qced --thread 8 

done 

 

## qsub script used to the above shell script is as follows 

#!/bin/bash 

#PBS -N PHASE_VCF 

#PBS -P CBBI0818 

#PBS -q seriallong 

#PBS -l select=1:ncpus=3 

#PBS -l walltime=144:00:00 

 

module add chpc/gnu/parallel-20160422 

 

. /mnt/lustre/groups/CBBI0818/GIRMA/config.txt 

 

IFS=" " 

SUB_JOBS="" 
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for Hunda 

do 

        SUB_JOBS="${SUB_JOBS} 

${CHR}" 

done 

echo ${SUB_JOBS} 

echo "${SUB_JOBS}" | parallel -j 23 -u --sshloginfile ${PBS_NODEFILE} --col-sep ' ' '. \ 

/mnt/lustre/groups/CBBI0818/GIRMA/config.txt;CHR={1}; \ 

. /mnt/lustre/groups/CBBI0818/GIRMA/script/step_3.PHASE.sh' 

 

##Note: The config file script is as follows 

#!/bin/bash 

############ SOURCE SUPPORTING DATA AND INITIALISE VARIABLES 
############ 

# set PATHS 

 
module load chpc/BIOMODULES 

#module load chpc/python/2.7.11 

#module load chpc/python/2.7.12 

module add chpc/gnu/parallel-20160422 

source /apps/user/CBBI0818/venv.python2_7/bin/activate 

module add chpc/python/anaconda/2 

 
module add /apps/chpc/scripts/modules/bio/lib/gnu/gsl_2.1 

module add chpc/gnu/plot-5.0.4 

module add /apps/chpc/scripts/modules/bio/lib/OpenBLAS/12ab180 

#module add chpc/R/3.2.3-gcc5.1.0 

#module add chpc/R/3.3.3-gcc6.3.0 

module add chpc/R/3.5.0-gcc7.2.0-V2 

module add chpc/java/1.8.0_73 
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EXE_JAVA=java 

source /apps/user/CBBI0818/venv.python2_7/bin/activate 

#EXE_PY=python 

 
wkdir=/mnt/lustre/groups/CBBI0818/GIRMA/ 

#data=/mnt/lustre/groups/CBBI0818/GIRMA/ 

PATH_DATA=/mnt/lustre/groups/CBBI0818/CPGG/PGC_new/IMPG/bochet.gcc.biostat.wa
shington.edu/beagle/1000_Genomes.phase1_release_v3/ 

 
###Merge, Phased, Impute 

refdata=/mnt/lustre/groups/CBBI0818/CPGG/refdata/ 

soft=/mnt/lustre/groups/1000genomes/annotation/soft/ 

GZIP=${soft}bgzip 

TABIX=${soft}tabix 

emmax=${soft}emmax 

kinship=${soft}emmax-kin 

minimac=${soft}Minimac3 

impute=${soft}impute 

mach1=${soft}mach1 

mach_admix=${soft}mach-admix 

plink=${soft}plink1.9 

 

# Eagle phasing software 

softdir=/mnt/lustre/groups/1000genomes/annotation/ 

eagle=${softdir}soft/eagle 

bcftools=${softdir}soft/bcftools 

table=/mnt/lustre/groups/CBBI0818/REF/tables/genetic_map_hg19.txt.gz 

minimac4=${softdir}soft/minimac4 

m3vcftools=${softdir}soft/m3vcftools 

beagle=${softdir}soft/beagle.jar 

beagle5=${softdir}soft/beagle5.jar 
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refdir=/mnt/lustre/groups/CBBI0818/PETER/REF/ 

table1=${refdir}tables/ 

 

## Annotation databases 

annot=/mnt/lustre/groups/1000genomes/annotation/annovar/ 

softclair=/mnt/lustre/groups/1000genomes/annotation/soft/ 

 

Annex C: Primer set and it's Information 
 
Product length: 798 bp  

Forward primer: CCATCGTTCTCAGCATACTATCAC  

Reverse primer: CTATGCATTCTAGCCATTGGACAAT  

Properties  Forward primer  Reverse primer  

Length (bp)  22  25  

GC Content (%)  45.45  40.00  

Melting temperature  56.23  59.52  

Hairpin ΔG (kcal.mole-1)  0.68 to 1.52  -0.27 to 0.61  

Self dimer ΔG (kcal.mole-1)  -3.61 to -0.96  -10 to -0.96  

Hetero-dimer ΔG (kcal.mole-1)  -7.53 to -1.47  

 

GGATGAGTTCATGTTCTTTGTAGGGACATGGATGAAGCTAGAAACCATCGTTCTCAGCATACTATC
ACAAGGACAAAAAAACCAAACACTGCATATTCTCATTCATAGGTGGGAATTGAACAATGAGAACA
CTTGAACACAGGAAGGGGAACATTACACACTGGGGTCTGTTGTGTGGTGGGGGGAGGGGGAAGG
GATAGCATTGGGAGATATACCTAATGTATATGACGAGTTATTGGGTGCAGTACACCAACCTGGCAC

ATGTATACATATGTGACAAACCTGCACTTTGTGCACATATACCCTAGAACTTAAAGTGTAATAAA

AAATGTATATATGTATAAAAATTTCCCTTCAAAATGGACATGATGTCTTATTCATATTTATAGT
TATAATTTCAATCAGGGCTTGGTGTAAGATACATATATCTTATGACATGTTTATATTTAATATTCTT
TTCTCTTTTAGGTCTGCAATAATTTCCCTCTACTCATTGATTGTTTCCCAGGAACTCACAACAAAGT

GCTTAAAAATGTTGCTCTTACACGAAGTTACATTAGGGAGAAAGTAAAAGAACACCAAGCATCA

CTGGATGTTAACAATCCTCGGGACTTTATCGATTGCTTCCTGATCAAAATGGAGCAGGTAAGAT
ATTAGCAACAGATCAGTATTTTGATTTCTTGTCCATTTTGTGATTCATCGAATCCTTCTGTAATTTAC

TAAGGATGTTTAAATGATCAGGCCAGTAATGCTTGACAAGCATCTTAATTACTTATTGTATTTAT
GGGCCTGCACTAAACATCATGGAAAATACAAAATTGTCCAATGGCTAGAATGCATAGACCCTCTTC
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TTGAAATAAAAATAATCTACATGAGTAGAATAATATAGACACTGCAGTCAAATGGAAACAATTAT
AAATAAGTAGAAAATACAAAATATCCTACCACAAACTGAAGATGAATATCAATATTGCACATAGA
TTATGTGACAATGGAAAAGAATGGCTTATCATAAATGGGCTTCC  

 

CTATGCATTCTAGCCATTGGACAATTTTGTATTTTCCATGATGTTTAGTGCAGGCCCATAAATACAA
TAAGTAATTAAGATGCTTGTCAAGCATTACTGGCCTGATCATTTAAACATCCTTAGTAAATTACAG
AAGGATTCGATGAATCACAAAATGGACAAGAAATCAAAATACTGATCTGTTGCTAATATCTTACCT
GCTCCATTTTGATCAGGAAGCAATCGATAAAGTCCCGAGGATTGTTAACATCCAGTGATGCTTGGT
GTTCTTTTACTTTCTCCCTAATGTAACTTCGTGTAAGAGCAACATTTTTAAGCACTTTGTTGTGAGTT
CCTGGGAAACAATCAATGAGTAGAGGGAAATTATTGCAGACCTAAAAGAGAAAAGAATATTAAAT
ATAAACATGTCATAAGATATATGTATCTTACACCAAGCCCTGATTGAAATTATAACTATAAATATG
AATAAGACATCATGTCCATTTTGAAGGGAAATTTTTATACATATATACATTTTTTATTACACTTTAA
GTTCTAGGGTATATGTGCACAAAGTGCAGGTTTGTCACATATGTATACATGTGCCAGGTTGGTGTA
CTGCACCCAATAACTCGTCATATACATTAGGTATATCTCCCAATGCTATCCCTTCCCCCTCCCCCCA
CCACACAACAGACCCCAGTGTGTAATGTTCCCCTTCCTGTGTTCAAGTGTTCTCATTGTTCAATTCC
CACCTATGAATGAGAATATGCAGTGTTTGGTTTTTTTGTCCTTGTGATAGTATGCTGAGAACGATG
G  

 Order of the SNPs in close proximity: rs1926705G>A, rs11572100 
A>G, rs11572101T>C, CYP2C8*14 c.712G>C (rs188934928), CYP2C8 c. 792C>G (*4) 
(rs1058930), CYP2C8 c.805A>T (*2) (rs11572103) & rs11572105 C>A/G/T  

 
Annex D: Post-sequencing clean up protocol (Ethanol precipitation) 
 
Plate method 

1. The protocol is for 20 µL sequencing reaction volume. If you have less, add SABAX 
water to make it 20 µL. 

2. Add 5 µL of 125 mM EDTA in 96 well plate. Pipet mix well and add 60 µL of 100% 
ethanol (room temperature). Seal with foil (cut seal to size) and vortex for 2-3 
seconds. 

3. Leave on ice block in freezer for 15 minutes. Centrifuge 45 min @1870 rcf  

4. Remove foil and turn plate upside down paper towel and place back in centrifuge. Do 
the same with the balance but keep the seal on. Centrifuge 1 min @ 180 rcf and add 
60 µL of 70% ethanol. Seal with foil and centrifuge 15min @ 1870 rcf . 

5. Remove foil and turn plate upside down on paper towel and place back in centrifuge. 
Do the same with the balance plate keep the seal on. Centrifuge 1 min @180 rcf 

6. Air-dry the plate in the dark for 10-15 minutes (put in one of the drawers) 

7. Add 10 µL of HiDi formamide and cover it with septa 

8. Proceed to denaturing the plate at 95oc for 5 minutes and capillary electrophoresis. 
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Annex E: Genes found in the candidate iHS regions other than pharmacogenes in 
Malawi, Kenya and Gambia populations, respectively. 
 

Malawi population 

 
CHR START END N_M

RK 
MEAN_MR
K 

MAX_MR
K 

N_EXTR_M
RK 

PERC_EXTR_
MRK 

MEAN_EXTR_M
RK 

GENES 

1 103700000 103850000 56 0.982004465 5.2400989
05 

2 3.57 5.061746307 
 

1 120200000 120500000 136 1.224339523 7.7342606
8 

11 8.09 5.243823259 ADAM30 

1 13700000 13850000 65 1.105961959 8.7199735
56 

3 4.62 6.061715192 LRRC38 

1 223300000 223450000 56 2.131109602 4.4129294
38 

3 5.36 4.251467804 SUSD4 

2 12250000 12450000 157 1.416273524 4.5434126
32 

4 2.55 4.392165129 MIR3681 

2 62700000 62800000 68 1.062291827 4.8113784
39 

2 2.94 4.691353212 TMEM17 

3 178300000 178450000 69 1.703417097 4.3031107
11 

2 2.9 4.243112693 KCNMB2 

4 107850000 108000000 34 1.688852342 4.5837641
58 

2 5.88 4.490471791 DKK2 

4 107850000 108000000 34 1.702323939 4.5988256
06 

4 11.76 4.263726525 DKK2 

4 450000 600000 17 2.25824513 4.3528173
23 

3 17.65 4.18004572 
 

4 450000 600000 17 2.265830699 4.3262427
12 

3 17.65 4.155465969 
 

4 48700000 49050000 46 3.150770823 9.6787196
45 

16 34.78 5.723722386 CWH43 

4 48750000 49050000 44 3.202207747 9.6345066
59 

15 34.09 5.825812769 CWH43 

4 53050000 53200000 39 1.902661839 4.6248538
22 

2 5.13 4.490707356 
 

4 53050000 53200000 39 1.910885737 4.4983715
79 

2 5.13 4.364813003 
 

5 108950000 109050000 52 1.230977489 4.8047477
52 

2 3.85 4.496083367 MAN2A1 

5 49800000 49900000 20 1.115680663 7.0189968 2 10 5.709014462 
 

5 49950000 50100000 28 1.43425298 4.8063908
19 

2 7.14 4.647364117 PARP8 

6 130450000 130600000 77 1.210066108 4.2230729
92 

2 2.6 4.128926309 L3MBTL3 

6 27300000 27450000 124 0.765212288 4.5013119
17 

2 1.61 4.330395554 ZNF184 

6 32100000 32250000 134 0.72219586 4.0979141
31 

3 2.24 4.067112422 AGER,PPT2
-
EGFL8,PRR
T1,RNF5 

6 32900000 33100000 280 1.091553535 7.4691824
43 

9 3.21 5.490976902 BRD2 

6 33550000 33700000 77 0.912070126 4.4381915
65 

2 2.6 4.393496651 GGNBP1 

6 72750000 72900000 36 1.551315858 4.5432522
61 

2 5.56 4.340487799 RIMS1 

7 57300000 57500000 86 1.655085686 5.8904280
35 

4 4.65 4.863426346 LOC100653
233 

8 5700000 5850000 146 1.140198538 5.0713200
86 

3 2.05 4.566104989 
 

9 71100000 71250000 88 0.908615877 4.8276926
14 

3 3.41 4.478565671 LINC01506 

9 8650000 8800000 109 0.894380061 4.1493326
82 

2 1.83 4.089719998 PTPRD 

10 38350000 38450000 25 1.298913943 4.6673493
25 

2 8 4.621562105 ZNF33A 

10 42900000 43000000 27 1.310846616 4.2882756
85 

2 7.41 4.165444885 CCNYL2 

11 48150000 48300000 41 1.354093643 4.5990739
46 

3 7.32 4.348135911 OR4B1 

11 56100000 56250000 46 1.575064581 4.6094644
55 

3 6.52 4.503466932 OR5M3 

11 56350000 56500000 41 1.398409538 5.5317095
32 

2 4.88 4.806129428 OR5AP2 

11 56600000 56750000 60 1.34032891 7.9815498
58 

5 8.33 5.833764127 LOC101927
120 
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11 56950000 57250000 115 1.063569768 5.9319929
51 

7 6.09 4.757375915 APLNR 

12 131300000 131450000 75 0.944562967 4.6982555
27 

2 2.67 4.385097415 ADGRD1 

12 33050000 33250000 107 0.797533289 6.1198216
67 

4 3.74 4.737973316 
 

12 39350000 39500000 58 1.294181713 5.0857802
15 

4 6.9 4.543693529 
 

12 79650000 79800000 44 2.144112903 4.8984117
81 

4 9.09 4.477506792 SYT1 

12 83000000 83200000 69 1.870507127 5.1356688
29 

11 15.94 4.424378943 TMTC2 

13 30450000 30600000 125 1.365026555 4.5975305
07 

2 1.6 4.316182676 LINC00297 

13 69700000 69850000 74 0.639506147 4.6563388
85 

2 2.7 4.502547346 LINC00383 

15 64100000 64250000 82 0.702983665 4.1385124
63 

2 2.44 4.079861576 DAPK2 

16 16850000 17000000 90 0.758980483 5.0340727
7 

2 2.22 4.947278131 
 

16 16850000 17000000 90 0.786476338 5.3674518
59 

2 2.22 5.284775058 
 

16 31500000 31600000 28 1.226269632 4.9028472
13 

2 7.14 4.592349075 AHSP 

16 31500000 31600000 28 1.29049446 5.2858813
71 

2 7.14 4.9579067 AHSP 

16 46850000 47000000 19 2.354559188 6.3675338
01 

2 10.53 5.544366915 C16orf87 

16 46850000 47000000 19 2.446513327 6.5237892
34 

2 10.53 5.636391208 C16orf87 

16 48050000 48250000 73 1.722489209 4.7001128
81 

5 6.85 4.408716573 
 

16 48050000 48300000 91 1.633691087 4.8211725
61 

7 7.69 4.395936583 
 

16 48400000 48550000 39 0.976948705 5.0929357
87 

2 5.13 4.701992276 SIAH1 

16 48400000 48550000 39 1.011815665 5.0768741
03 

2 5.13 4.84585029 SIAH1 

17 45250000 45400000 64 0.975194911 5.0970586
5 

2 3.12 4.725648134 CDC27 

18 51400000 51500000 42 0.756547259 4.5441525
7 

2 4.76 4.385690107 
 

18 51700000 51850000 45 1.059302486 4.5813122
93 

2 4.44 4.398534193 MBD2 

19 24250000 24400000 22 1.52258822 4.3643042
24 

2 9.09 4.362668815 HAVCR1P1 

19 28400000 28750000 176 1.358799842 7.9977995
22 

12 6.82 5.386802318 
 

19 38650000 38950000 98 1.923760662 5.2209431
99 

10 10.2 4.741993517 C19orf33,SP
INT2,SPRE
D3,YIF1B 

20 25000000 25200000 81 1.61656031 4.7419500
16 

7 8.64 4.288741747 ACSS1 
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Kenya Population 
 

CHR START END N_MR
K 

MEAN_MR
K 

MAX_MRK N_EXTR_
MRK 

PERC_EXT
R_MRK 

MEAN_EXTR_MRK GENES 

1 1,2E+08 1,21E
+08 

244 1.23924441 9.207269478 21 8.61 5.395887065 ADAM30 

1 13700000 13900
000 

112 1.006537535 8.610016039 5 4.46 6.383962662 LRRC38 

1 37800000 37950
000 

81 1.585990212 4.758538654 4 4.94 4.413681454 LINC01137 

2 31500000 31650
000 

149 0.828221253 5.205089649 2 1.34 4.683460612 XDH 

2 57600000 57800
000 

125 0.815782209 5.657840569 4 3.2 4.744581197 

2 57850000 58000
000 

75 0.793331644 5.02867939 2 2.67 5.017382372 

3 1,35E+08 1,35E
+08 

99 0.642018182 4.106470577 2 2.02 4.106470577 

4 1,08E+08 1,08E
+08 

36 1.768351628 4.882067254 3 8.33 4.727681692 DKK2 

4 48750000 49050
000 

44 3.286675462 8.420192971 13 29.55 5.884550137 CWH43 

4 53050000 53200
000 

41 1.877360072 5.014657784 3 7.32 4.458288372 

5 1,19E+08 1,19E
+08 

193 0.817452197 5.710117227 9 4.66 4.883876453 DMXL1 

5 49800000 49900
000 

22 1.204616041 5.401044628 2 9.09 5.364228026 

6 1,06E+08 1,07E
+08 

86 1.189903484 4.997095861 4 4.65 4.538065235 

6 1,06E+08 1,07E
+08 

86 1.194267106 4.992215617 4 4.65 4.569620652 

6 27150000 27450
000 

184 1.146190392 7.27453985 9 4.89 5.327888193 POM121L2 

6 27300000 27450
000 

139 1.118966706 7.123273567 4 2.88 6.5683838 ZNF184 

6 28150000 28300
000 

82 0.780240544 4.883208327 3 3.66 4.465227787 NKAPL 

6 28150000 28300
000 

82 0.791679416 4.874153327 3 3.66 4.587421891 NKAPL 

6 30250000 30400
000 

151 0.979108519 4.783881699 2 1.32 4.461458103 HCG17 

6 30250000 30400
000 

151 1.006238116 4.828421376 2 1.32 4.525282393 HCG17 

6 31150000 31400
000 

404 0.707813238 5.057786189 6 1.49 4.343723828 HCG27 

6 31150000 31400
000 

404 0.728817405 5.551138144 7 1.73 4.611260025 HCG27 

6 32100000 32250
000 

133 0.68580919 4.981050132 2 1.5 4.929279043 AGER,PPT2-
EGFL8,PRRT1,RN
F5 

6 32100000 32250
000 

133 0.696067183 5.079565134 2 1.5 5.02686905 AGER,PPT2-
EGFL8,PRRT1,RN
F5 

6 32700000 32850
000 

261 0.565104279 4.936813133 2 0.77 4.890355491 HLA-DOB 

6 32700000 32850
000 

261 0.585020561 4.939961901 3 1.15 4.685165183 HLA-DOB 

6 32900000 33100
000 

286 1.771573289 8.515552687 16 5.59 5.467084072 BRD2 

6 32900000 33100
000 

286 1.804338534 8.575718992 18 6.29 5.429542555 BRD2 

6 33550000 34000
000 

394 1.171215998 7.865997186 17 4.31 5.042649721 GGNBP1,MLN,UQ
CC2 

6 33550000 34000
000 

394 1.195961904 8.17140767 22 5.58 4.949935341 GGNBP1,MLN,UQ
CC2 

6 34950000 35050
000 

31 1.856180891 4.758993006 2 6.45 4.446461579 ANKS1A 

6 35300000 35450
000 

90 1.298359293 6.940862283 4 4.44 5.417754235 FANCE 

6 35300000 35450
000 

90 1.326360095 7.08742115 6 6.67 5.041636441 FANCE 

6 35650000 35750
000 

51 0.851547224 4.22126508 2 3.92 4.162904409 ARMC12 

6 35650000 35750
000 

51 0.873408561 4.313865196 2 3.92 4.310044736 ARMC12 

6 62250000 62350
000 

20 1.497533825 4.354812329 2 10 4.188536426 MTRNR2L9 

6 62250000 62350
000 

20 1.527888587 4.356863569 2 10 4.190447239 MTRNR2L9 

7 1,18E+08 1,18E
+08 

65 0.797459694 4.576833842 2 3.08 4.394297928 
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7 57350000 57500
000 

71 1.737353334 4.808452677 5 7.04 4.48312335 LOC100653233 

7 650000 80000
0 

45 1.435611312 4.814608807 2 4.44 4.562343475 DNAAF5 

9 21600000 21750
000 

70 1.007791332 4.095464273 2 2.86 4.086862966 

9 71100000 71200
000 

54 1.088123676 4.824332258 2 3.7 4.438189806 LINC01506 

10 73700000 73850
000 

123 0.85034793 4.540358049 4 3.25 4.365823459 CHST3 

10 85950000 86100
000 

89 1.065015497 4.488958738 2 2.25 4.244872374 CCSER2 

11 15100000 15250
000 

110 0.707488372 4.298191119 2 1.82 4.251848071 CALCB 

11 46250000 46400
000 

59 1.071807935 4.865558488 2 3.39 4.807695127 CREB3L1 

11 48200000 48300
000 

30 1.497654807 4.704253943 2 6.67 4.581021404 OR4B1 

11 56600000 56750
000 

65 1.11875623 4.359020263 3 4.62 4.215025845 LOC101927120 

11 56900000 57000
000 

54 0.943858016 4.632082761 2 3.7 4.321412229 LRRC55 

12 32900000 33000
000 

74 0.624668265 5.199974587 2 2.7 4.964590503 PKP2 

12 32900000 33000
000 

74 0.636382093 5.182314921 2 2.7 4.949271485 PKP2 

12 59500000 59650
000 

46 0.909945005 4.049408725 2 4.35 4.040007411 

12 59500000 59650
000 

46 0.945574818 4.232112231 2 4.35 4.182711232 

12 83000000 83150
000 

47 1.939608571 4.706926596 2 4.26 4.390567641 TMTC2 

12 83000000 83150
000 

47 2.024996019 4.961062141 4 8.51 4.389645066 TMTC2 

13 30450000 30600
000 

133 1.467165002 4.448848954 3 2.26 4.185728205 LINC00297 

15 64100000 64250
000 

88 0.815692091 4.560172125 2 2.27 4.518209064 DAPK2 

15 77200000 77350
000 

44 1.61286437 5.034384558 5 11.36 4.574352347 PSTPIP1 

16 16200000 16350
000 

77 0.982031488 4.941657606 4 5.19 4.536583355 
 

16 31350000 31500
000 

70 1.658375387 8.24981815 4 5.71 6.330315248 ARMC5 

16 46850000 47000
000 

24 2.460636233 6.174936059 3 12.5 5.17621632 C16orf87 

16 48400000 48550
000 

42 1.346028745 7.674884537 3 7.14 6.104761694 SIAH1 

16 48950000 49050
000 

57 0.750202831 5.535581332 2 3.51 5.356132463 

17 21050000 21200
000 

73 0.69983166 4.853697858 3 4.11 4.54260084 DHRS7B 

17 3450000 35500
00 

70 1.815972045 5.315975454 2 2.86 4.783380272 CTNS 

18 51350000 51500
000 

61 0.718635081 5.928819881 3 4.92 4.831491538 

18 51700000 51850
000 

48 1.227796749 5.797881975 2 4.17 4.9324225 MBD2 

19 24300000 24450
000 

27 1.491572774 5.391354354 2 7.41 4.785436488 HAVCR1P1 

19 28400000 28550
000 

68 1.334231374 5.684126839 3 4.41 5.139440601 

19 38650000 38950
000 

129 1.744402554 5.28799861 15 11.63 4.626993376 C19orf33,SPINT2,S
PRED3,YIF1B 

20 47350000 47500
000 

69 1.268762972 4.797027395 2 2.9 4.663607665 PREX1 

22 25850000 26000
000 

61 1.09419038 4.449646228 3 4.92 4.287596512 CRYBB2P1 

22 43000000 43150
000 

100 1.06289456 4.459378219 2 2 4.377735758 A4GALT 
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Gambia population 
 

CH
R 

STAR
T 

END N_MR
K 

MEAN_M
RK 

MAX_M
RK 

N_EXTR_M
RK 

PERC_EXTR_
MRK 

MEAN_EXTR_
MRK 

GENES 

1 101500
00 

103000
00 

56 2.35792903
5 

6.5486801
81 

4 7.14 6.290775922 KIF1B 

1 1,45E+
08 

1,45E+
08 

17 9.02552048
2 

116.57478
97 

3 17.65 43.3734618 PDE4DIP 

1 1,46E+
08 

1,47E+
08 

65 0.45382497
5 

8.4364175
28 

2 3.08 8.264273642 LOC728989 

1 1,48E+
08 

1,48E+
08 

44 1.33631127
2 

7.2745132
57 

2 4.55 6.760272984 LOC101927468 

1 1,89E+
08 

1,89E+
08 

84 1.03188311
7 

7.5362668
89 

2 2.38 6.942904951 

1 2,08E+
08 

2,08E+
08 

62 2.26672503
1 

8.6299664
49 

9 14.52 6.706432422 CR1 

1 2,26E+
08 

2,26E+
08 

91 0.61104506
1 

9.7919972
12 

2 2.2 8.114546517 DNAH14 

1 432000
00 

433500
00 

89 2.51751113
4 

7.7633416
38 

3 3.37 7.575278992 C1orf50 

1 439500
00 

441000
00 

79 2.87575198
1 

6.1923927
16 

4 5.06 6.08462017 PTPRF 

1 858500
00 

860000
00 

106 2.55498469
2 

10.643884
09 

11 10.38 8.144738679 DDAH1 

2 1,05E+
08 

1,05E+
08 

112 2.76403186 10.437570
04 

9 8.04 8.114805512 LINC01102 

2 1,11E+
08 

1,11E+
08 

67 2.38130589 14.328209
27 

5 7.46 10.50946077 MALL 

2 1,54E+
08 

1,54E+
08 

88 1.21056614
9 

6.5706228
42 

2 2.27 6.336803052 

2 1,62E+
08 

1,62E+
08 

92 3.31570523
9 

12.392456
3 

19 20.65 8.128600386 TANK 

2 2,12E+
08 

2,12E+
08 

297 2.69169195
5 

10.523624
98 

25 8.42 7.900089785 ERBB4 

2 2,14E+
08 

2,14E+
08 

62 2.07578049
2 

7.1140373
92 

5 8.06 6.586199188 LOC100130451 

2 815500
00 

817000
00 

85 2.02151503
9 

11.589923
42 

12 14.12 8.005132471 LINC01815 

2 883000
00 

884500
00 

119 1.47490913
6 

14.408204
73 

5 4.2 11.12711543 FABP1 

3 1,17E+
08 

1,17E+
08 

114 1.25207420
7 

13.565213
49 

2 1.75 10.15150747 

3 120000
0 

135000
0 

246 0.82927807
8 

6.7505254
94 

2 0.81 6.703066246 CNTN6 

3 1,31E+
08 

1,32E+
08 

289 4.39807152
1 

34.252135
5 

65 22.49 13.03569461 CPNE4 

3 140000
0 

160000
0 

224 1.99581825
7 

8.9389535
75 

19 8.48 6.840585793 CNTN6 

3 1,45E+
08 

1,45E+
08 

61 4.24052249
1 

7.2241641
31 

6 9.84 6.492603854 

3 147500
00 

149000
00 

104 1.28809036
7 

9.3890305
75 

3 2.88 7.429181861 C3orf20 

3 243500
00 

245500
00 

160 2.32352082
7 

8.1818941
57 

22 13.75 6.933704205 THRB 

3 624500
00 

626000
00 

131 2.14260806
1 

8.3822028
97 

3 2.29 7.217557259 CADPS 

3 630000
00 

631500
00 

112 3.80089141
2 

6.9620354
98 

7 6.25 6.486678328 LINC00698 

4 1,08E+
08 

1,08E+
08 

91 1.37407880
6 

10.871674
32 

7 7.69 8.637963501 

4 529000
00 

531500
00 

79 6.32627414
5 

42.003060
92 

21 26.58 15.626897 SGCB 

4 860000
0 

875000
0 

86 0.94638456
9 

30.701579
85 

2 2.33 29.94064029 CPZ 

5 112500
00 

114000
00 

131 0.52985038
1 

17.598801
74 

2 1.53 11.81943904 CTNND2 

5 1,2E+0
8 

1,2E+0
8 

102 0.67668529 7.0608803
71 

2 1.96 6.822122517 

5 1,69E+
08 

1,7E+0
8 

223 1.04626626
3 

8.9275859
76 

11 4.93 7.433954924 DOCK2 

5 1,78E+
08 

1,79E+
08 

94 1.65080773
4 

6.6289010
47 

2 2.13 6.371483667 GRM6 

5 256000
00 

257500
00 

103 1.53971211
5 

6.1749295
79 

2 1.94 6.161689488 

5 460500
00 

462500
00 

42 7.92823754
4 

30.271912
05 

15 35.71 15.75413837 

5 497500
00 

499500
00 

46 11.6495757
9 

101.17914
48 

21 45.65 21.36009746 

5 501000
00 

502500
00 

50 1.48145379
9 

12.718712
03 

3 6 10.63923224 PARP8 
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5 677000
00 

678500
00 

118 1.59222566 7.6184748
83 

3 2.54 7.032764265 

5 707000
00 

708500
00 

37 2.08568293
8 

12.155953
81 

5 13.51 9.754704753 BDP1 

5 870000
00 

872000
00 

79 7.91112983
4 

20.501642
2 

43 54.43 12.16109756 

5 910000
0 

925000
0 

150 0.88581367 10.300327
23 

7 4.67 7.150539763 SEMA5A 

6 1,11E+
08 

1,11E+
08 

149 1.40339294
8 

20.191844
32 

5 3.36 15.33892081 DDO 

6 296500
00 

298000
00 

195 3.12493664
2 

9.9832399
15 

15 7.69 6.880434358 HCG4 

6 298500
00 

301500
00 

383 3.84736400
1 

25.656205
12 

59 15.4 16.476902 HCG4B,TRIM31-AS1, 
TRIM40, ZNRD1, 
ZNRD1ASP 

6 321000
00 

322500
00 

172 2.62468041
2 

26.138532 20 11.63 11.75057895 AGER,PPT2-EGFL8, 
PRRT1, 
RNF5 

6 327500
00 

330000
00 

440 2.12838002
3 

9.0922843
52 

16 3.64 6.823175199 BRD2 

7 1,1E+0
8 

1,1E+0
8 

77 1.42858810
2 

7.6703198
75 

2 2.6 7.039283009 

7 1,28E+
08 

1,28E+
08 

114 1.48574211
4 

6.7359331
3 

4 3.51 6.467404811 
 

7 1,31E+
08 

1,31E+
08 

85 1.95752200
8 

9.1386801
58 

8 9.41 7.242712683 MKLN1 

7 1,39E+
08 

1,39E+
08 

98 1.83464028
7 

11.718570
55 

7 7.14 7.720585534 HIPK2 

7 1,5E+0
8 

1,5E+0
8 

122 0.77532394
9 

9.2971986
7 

2 1.64 7.696832898 GIMAP8 

7 1,58E+
08 

1,59E+
08 

92 1.08153542
1 

12.897471
1 

2 2.17 9.917717426 ESYT2 

7 451000
00 

452500
00 

98 1.12602553
2 

7.4239448
55 

2 2.04 7.085850572 CCM2 

7 454500
00 

456000
00 

82 1.99941415
1 

7.5414827 2 2.44 7.122299938 

7 574500
00 

576000
00 

35 1.93477031 6.4100664
55 

3 8.57 6.35103569 LOC100653233 

8 1,05E+
08 

1,06E+
08 

76 1.77242052
3 

6.6446247
57 

3 3.95 6.240644787 DPYS 

8 1,09E+
08 

1,09E+
08 

92 3.13962282
5 

10.775859
82 

7 7.61 7.825004383 RSPO2 

8 1,09E+
08 

1,09E+
08 

80 3.92085291
4 

9.6858462
69 

13 16.25 8.058756097 EIF3E 

9 1,19E+
08 

1,2E+0
8 

115 0.59667130
9 

9.4331971
84 

2 1.74 9.09031821 ASTN2 

9 293500
00 

295000
00 

101 2.33625670
6 

7.2310478
96 

2 1.98 7.155703293 

9 386500
00 

388000
00 

150 0.59711541
2 

19.065031
62 

3 2 17.24476926 

9 835000
0 

850000
0 

200 1.19234159
7 

8.3264344
18 

3 1.5 8.025658139 PTPRD 

10 1,29E+
08 

1,29E+
08 

92 0.52098301 9.2094270
49 

3 3.26 8.184531591 DOCK1 

10 1,29E+
08 

1,29E+
08 

235 0.56830978
4 

6.4348695
79 

2 0.85 6.364937801 DOCK1 

10 332000
00 

333500
00 

71 3.07867628
6 

7.5564511
85 

8 11.27 6.942302889 ITGB1 

10 476000
00 

477500
00 

112 1.46544635
3 

23.378132
59 

2 1.79 17.61865715 ANTXRL 

10 493500
00 

495500
00 

97 5.66677716
2 

32.860845
86 

32 32.99 14.2677563 FRMPD2 

10 664500
00 

666500
00 

120 3.26236656
8 

11.591107
43 

22 18.33 7.505105123 ANXA2P3 

10 873000
00 

874500
00 

86 2.22217772 6.7493897
8 

2 2.33 6.436935647 GRID1 

10 972500
00 

974000
00 

133 3.45650333
7 

23.086194
52 

29 21.8 9.193154505 ALDH18A1 

11 330000
0 

345000
0 

61 2.46650292
5 

26.737407
74 

3 4.92 15.20845286 OR7E12P 

11 445000
0 

465000
0 

230 3.13750776
2 

9.0179286
86 

28 12.17 7.436629962 C11orf40 

11 470000
0 

490000
0 

196 2.68178978
4 

10.321627
25 

40 20.41 8.378871645 OR51E2 

11 472000
00 

473500
00 

44 4.79976844
6 

6.7848672
81 

7 15.91 6.393425121 ACP2 

11 480500
00 

482500
00 

89 4.59803849 9.0653224
6 

14 15.73 7.149066579 MIR3161 

11 520000
0 

555000
0 

463 1.45057894
1 

7.3867973
19 

7 1.51 6.46753622 BGLT3,OR51B6, 
OR51I1,OR51I2, 
OR51M1,OR51Q1, 
OR51V1,OR52D1,UB
QLN3 
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11 551000
00 

552500
00 

40 3.70970733
8 

6.7586717
64 

5 12.5 6.534995778 OR4A15 

11 565000
0 

585000
0 

227 1.78882511
3 

11.624471
22 

19 8.37 7.399837013 OR52N1 

11 871500
00 

873000
00 

104 1.25023225
5 

7.7362350
32 

5 4.81 7.035422461 

12 123500
00 

125000
00 

111 1.59461272
7 

15.360964
98 

2 1.8 11.6879037 LRP6 

12 383000
00 

384500
00 

30 2.30714389
7 

8.2937545
61 

2 6.67 7.592349187 

12 946000
00 

947500
00 

124 1.38355746
5 

11.267935
38 

9 7.26 7.299577781 CEP83 

12 948000
00 

949500
00 

119 1.49729140
5 

18.050713
38 

6 5.04 10.46096298 CEP83 

13 305500
00 

307000
00 

167 2.37312491
5 

7.3082997
46 

3 1.8 6.968007696 LINC00365 

13 363500
00 

365000
00 

159 0.87336857
2 

12.410154
91 

6 3.77 9.937549184 DCLK1 

13 840000
00 

842000
00 

135 2.16376717
9 

6.7274056
96 

12 8.89 6.276571337 

13 842500
00 

844000
00 

76 1.54906541
5 

8.8092816
87 

2 2.63 7.709166531 

13 869500
00 

871500
00 

108 2.19071155
7 

7.8839901
29 

15 13.89 6.836277554 

14 231500
00 

233000
00 

106 0.64159624
2 

7.5981845
68 

2 1.89 7.148305533 MRPL52 

14 323500
00 

325000
00 

158 2.21907035 12.779162
25 

12 7.59 10.26850731 

14 406000
00 

407500
00 

72 2.89192870
2 

6.9822658
24 

2 2.78 6.573059584 

14 555000
00 

556500
00 

62 1.98365529
7 

6.2160606
74 

3 4.84 6.177892971 DLGAP5 

14 557500
00 

559000
00 

65 3.60947597
3 

6.3611860
28 

2 3.08 6.297761141 ATG14 

14 713000
00 

714500
00 

79 2.19890050
8 

9.6357274
73 

5 6.33 8.914250941 PCNX1 

14 715500
00 

717000
00 

107 1.10155832
8 

8.0123107
72 

4 3.74 7.146178483 PCNX1 

14 746000
00 

748000
00 

113 2.24832698 7.4728723 7 6.19 6.815842261 
 

14 766000
00 

767500
00 

95 0.84595517
9 

9.8870262
92 

2 2.11 8.519003086 GPATCH2L 

15 459000
00 

460500
00 

137 0.59164665
6 

7.3625427
69 

3 2.19 6.966586144 BLOC1S6 

15 502000
00 

503500
00 

98 2.24012202
8 

7.6222727
05 

4 4.08 6.879384257 ATP8B4 

15 514000
00 

517500
00 

251 2.53104721
4 

12.543865
54 

31 12.35 8.089890417 
 

15 550500
00 

552000
00 

144 0.88686531
4 

17.530106
06 

4 2.78 9.400886734 

15 620500
00 

622000
00 

117 1.06760390
9 

10.826384
74 

3 2.56 8.870209008 VPS13C 

15 805500
00 

807000
00 

154 0.97418546
9 

8.0361278
41 

2 1.3 7.034874191 ARNT2 

16 589500
00 

591000
00 

147 1.63960814
7 

7.8919820
68 

5 3.4 7.204692931 

16 694500
00 

696000
00 

75 2.69819737 11.313133
56 

8 10.67 7.361004709 CYB5B 

16 706000
00 

707500
00 

67 2.08753772
7 

6.6809173
82 

2 2.99 6.350971027 IL34 

16 800000
0 

815000
0 

165 0.61530243
8 

12.099120
72 

2 1.21 9.614762268 

16 817500
00 

820000
00 

348 1.05109198
2 

7.9604948
17 

4 1.15 7.268503226 PLCG2 

17 460000
00 

461500
00 

79 1.56586024
3 

6.3944022
73 

3 3.8 6.216300302 CBX1 

17 498500
00 

501500
00 

167 3.67948181
7 

9.9279684
85 

46 27.54 7.176787182 CA10 

18 265000
00 

266500
00 

69 1.71033487
6 

10.965430
64 

3 4.35 8.927183023 

18 364500
00 

366000
00 

70 3.61378325
3 

6.9342627
09 

4 5.71 6.657875791 

18 427000
00 

429000
00 

150 2.74602599
8 

6.9984416
35 

12 8 6.622799245 
 

18 505000
0 

520000
0 

169 0.53164973
6 

7.5934660
29 

2 1.18 7.452562626 AKAIN1 

18 629500
00 

631000
00 

100 1.50005239
6 

11.602623
83 

4 4 8.715733941 

18 890000
0 

905000
0 

155 1.77465947
2 

6.9209541
61 

2 1.29 6.528682453 

19 243000
00 

245000
00 

50 3.70145954
5 

17.145095
28 

15 30 8.990637721 HAVCR1P1 

20 369500
00 

371000
00 

109 0.90488733
1 

7.4388551
5 

2 1.83 7.162426691 BPI 
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20 410000
00 

412500
00 

241 2.49615709
6 

8.5095663
99 

21 8.71 6.891185439 PTPRT 

20 474500
00 

476000
00 

77 1.62811250
8 

8.4009728
53 

8 10.39 7.260609438 ARFGEF2 

22 265500
00 

267000
00 

139 0.84218646
2 

10.669515
79 

4 2.88 7.670038555 SEZ6L 

22 359000
00 

362000
00 

227 4.05839299
2 

31.552549
39 

31 13.66 16.17585197 APOL5 

22 367500
00 

370000
00 

189 2.54791399
1 

11.130024
18 

18 9.52 8.56005454 CACNG2 
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