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ABSTRACT 

Artemether-lumefantrine (AL), adopted in Kenya for malaria treatment, remains highly 

efficacious. However, there are heightened concerns because resistance to Artemisinin 

combination therapy (ACTs) is now well documented in Southeast Asia (SEA). This 

resistance is associated with slow parasite clearance rates (CRs). There is now need for 

more genetically determined artemisinin resistance data from malarious regions that use 

ACT for malaria treatment. Therefore, the main objective of this study was to 

determine the role that population genetics plays in Plasmodium falciparum parasites 

exposed to artemisinin treatment amongst patients taking part in an efficacy clinical 

trial in Kisumu county, western Kenya. To accomplish this, two sets of archived 

samples were used.   The first set was collected before the introduction of AL (pre-

ACTs n= 29) and the second set from a randomized open labeled trial (post-ACTs n= 

92).  A panel of 12 microsatellites (MS) and 91 single nucleotide polymorphisms 

(SNPs) distributed across the P. falciparum genome were used to genotype the 

parasites. The 12 MS were selected because they have previously been shown to 

effectively differentiate P. falciparum strains. Similarly, the 91 SNPs have previously 

been shown in a SEA study to target minor allele frequency greater than 5% and are 

highly polymorphic therefore important in identifying similar parasites. The SNPs were 

also used to determine genes that may be involved in influencing parasite CRs. The 12 

MS were highly polymorphic in post-ACTs parasites and showed greater genetic 

diversity compared to pre-ACTs parasites (p < 0.0226 at 95% CI). Most post-ACTs 

parasites achieved clearance within 42 hours of treatment with AL having a median 
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clearance half-life of 2.55 hours (range 1.19-5.05). Of the 91 SNPs assessed, 78 (85%) 

generated allele calls in all parasites and showed positive correlation with parasite 

clearance half-life. Based on SNP analysis, only 15 of 92 (16.3%) post-ACTs parasites 

analyzed were single-clone infections and genetically related. Interestingly, no SNPs in 

the K13-propeller gene were observed in the Kenyan parasites. Among the 78 SNPs 

with positive correlation of parasites clearance, 3 SNPs on chromosome 12 and 14 were 

associated with delayed parasite CRs. These 3 SNPS encode Plasmodium proteins with 

unknown functions. Based on results from this study, it can be recommended that 

advanced technologies such as use of the CRISPR-Cas9 system should be applied to 

validate the role these 3 SNPs have in influencing delay in parasite CRs. In conclusion, 

these three SNPs may serve as genetic markers associated with ACTs resistance in 

Kenya.
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CHAPTER ONE 

INTRODUCTION 

1.1 Background information 

Currently, almost half of the world’s population is at risk of contracting malaria 

(World Health Organization, 2014). It is estimated that 198 million clinical cases 

occurred globally in 2013 which led to 584,000 deaths. The heaviest burden (90 % of 

the deaths) occurring in Sub-Saharan African (SSA) countries. Also, 78% of all 

deaths occur in children <5 years of age (World Health Organization, 2014). It has 

been reported of 91 countries and territories with malaria, 40 are estimated to have 

achieved a reduction in incidence rate. In Kenya, malaria is the leading cause of 

morbidity and mortality with about 70% of the population at risk of malaria (Kenya 

Malaria Indicator Survey, 2010) especially in malaria endemic areas such as Lake 

Victoria, western Kenya and in the coastal region. Consequently, 3.5 million children 

<5 years are exposed to stable malaria transmission (Kenya Malaria Indicator Survey, 

2010).  

Anti-malarial resistance is often influenced by several factors including drug 

elimination half-life, drug use, parasite intensity levels, host factors, transmission 

intensities and pharmaco-dynamics (Ronn et al., 1996; Wongsrichanalai et al., 2002). 

Sensitive P. falciparum parasites are cleared within 48 hours in 95% of the patients 

after treatment with artemisinin when assessed using blood smears(White, 2008). 

Presence of parasites at 72 hours is a predictor of subsequent treatment failure 

(Stepniewska et al., 2010). A recent study which mapped the geographic extent of 

resistance in SEA and Africa found median parasite clearance half-lives ranging from 
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1.9 hours in the Democratic Republic of Congo (DRC) to 7.0 hours at the Thailand-

Cambodia border (Ashley et al., 2014).  Although parasites occasionally had 

clearance half-life > 5 hours from previous studies conducted in DRC and Nigeria, 

ACTs remain highly effective in Africa with fast clearance half-lives (Maiga et al., 

2012; Muhindo et al., 2014; Zwang et al., 2014). Unlike parasites from SEA that 

showed strong association of clearance half-lives with point mutations in the recently 

described K13-propeller region (Ariey et al., 2014), there was no association of K13 

polymorphisms with parasite clearance half-lives in African parasites (Ashley 2014). 

Indeed, the recently described mutations in the K13-propeller region in SEA parasites 

have not been found in African parasites (Ashley et al., 2014; Conrad et al., 2014; 

Kamau et al., 2014; Taylor et al., 2014). These observations may explain the absence 

of ACT resistance in Africa. 

Genetically determined artemisinin resistance in P. falciparum has been described in 

SEA (Miotto et al., 2013; Phyo et al., 2012). In western Cambodia, parasite clearance 

rates have been shown to be a heritable parasite-encoded trait where patients with 

similar parasite clearance rates are infected with clonally identical (CI) parasites. The 

proportion of genetically determined artemisinin resistance has increased substantially 

in SEA, with parasite clearance attributable to parasite genetics increasing from 30% 

between 2001 and 2004, to 66% between 2007 and 2010 (Phyo et al., 2012). Further, 

a recent study discovered several distinct but apparently sympatric parasite 

subpopulations with extremely high levels of genetic differentiation in Cambodia 

(Miotto et al., 2013). Three subpopulations associated with clinical resistance to 

artemisinin had skewed allele frequency spectra and high levels of haplotype 

homozygosity, which is indicative of founder effects and recent population expansion. 
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Interestingly, the K13-propeller alleles were shown to be strongly associated with 

parasite subpopulations (Ariey et al., 2014). 

P. falciparum population structure is correlated with the intensity of malaria 

transmission. Regions of low transmission intensity such as SEA results in higher 

rates of inbreeding and greater population structure unlike regions of high 

transmission intensity such as sub-Saharan African (SSA) countries (Anderson et al., 

2000; Dye et al., 1997) and specifically here in Kenya (Mobegi et al., 2012; Zhong et 

al., 2007). It is yet to be understood whether parasites in regions of high transmission 

intensity which are less structured carry parasite populations or subpopulations that 

are genetically similar with heritable traits such as artemisinin resistance. Previous 

anti-malarial drug resistance originated in western Cambodia and then spread to the 

rest of the world(White, 2010). Parasite populations in endemic areas of SSA differ 

both genotypically and phenotypically in terms of virulence, drug resistance and 

transmissibility (Tanner et al., 1999). 

Studies have shown that the number of genotypes per person directly correlates with 

the transmission intensity (Iwagami et al., 2009; Vafa et al., 2008). Genome-wide 

association studies (GWAS) are carried out to determine the presence of genetic 

markers influencing a phenotypic trait throughout the parasite genome. This can also 

be used to identify genomic region(s) or parasite gene(s) that is responsible for 

causing resistance to anti-malarial drugs (Su et al., 2007). The discovery that none of 

the previously described important K13-propeller mutations associated with 

artemisinin resistance found in SEA exist in African parasite populations (Ashley et 

al., 2014; Conrad et al., 2014; Kamau et al., 2014) was insightful. However, it 

remains unknown whether parasite genetics can provide a basis for discovering 



 

 

4 

molecular markers for artemisinin resistance in P. falciparum from SSA given the 

parasite genetic plasticity. To address this question, we analyzed the genetics and 

population structure of parasite from western Kenya, a region of high malaria 

transmission. Samples used in this study were collected before (pre) and after (post) 

the introduction of artemether-lumefantrine (AL) as the first-line malaria treatment in 

Kenya. The post-ACT parasites were from an efficacy trial where parasite clearance 

rates were obtained.  

1.2 Artemisinin resistance 

Artemisinin combination therapies (ACTs) remain the mainstay treatment of 

uncomplicated malaria in most malaria endemic regions. Artemisinin resistance in 

Southeast Asia (SEA) has been confirmed (World Health Organization, 2010) and it 

is characterized by slow parasite clearance rates (Dondorp et al., 2009; Noedl et al., 

2008). There is evidence of slow parasite clearance to ACTs in Southeast Asia, which 

is an indication that these parasites are developing resistance (Dondorp et al., 2009; 

Dondorp et al., 2010; Noedl et al., 2008; Noedl et al., 2009). Artemisinin, which is a 

fast acting drug, has a high parasite clearance rate with the sensitive P. falciparum 

which clears within 2 days(White, 2008). Resistance to artemisinin has now been 

shown to have spread to other neighbouring regions of Cambodia such as Thailand-

Myanmar (Burma) border (Phyo et al., 2012). However, it is important to note that 

these are slow clearance rates and not high grade resistance. A recent report showed 

that there was declined responsiveness of P. falciparum infections to ACTs in the 

Kenyan coast (Borrmann et al., 2011). The parasite genotypes play an important part 

influencing parasite clearance half-life leading to drug resistance. According to 

artemisinin resistant parasites from western Cambodia, it was noted that parasites 
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having similar parasite clearance rate are infected with genetically indistinguishable 

parasite clones (Phyo et al., 2012). Therefore, parasite relatedness is an important 

factor that will determine the influence of parasite genetics on clearance rates. The 

correlation between parasite genotypes and slow clearance rates has shown high 

heritability (Anderson et al., 2010). In this regard, mapping the genes underlying 

resistance trait using genome wide association studies (GWAS) is warranted (Su et 

al., 2007). 

1.3 Therapeutic efficacy studies 

Anti-malarial drug efficacy is more often tested to monitor clinical and parasitological 

failure after treatment. This is made possible by carrying out therapeutic test in 

accordance to a standardized efficacy protocol (World Health Organization, 2009). 

This is a gold standard for determining anti-malarial drug efficacy whose results are 

primary in making treatment policy decisions. Usually, these studies are 

complemented by molecular tests that distinguish cases of recrudescence from re-

infection (Snounou et al., 1998; World Health Organization, 2003). 

Anti-malarial drugs are used for both prophylaxis and treatment. Some of the used 

drugs known for malaria treatment in years past include chloroquine, quinine, 

sulfadoxine/ pyrimethamine (SP), amodiaquine, mefloquine and recently artemisinin 

combination therapy (ACTs). Thus far, malarial parasites have developed resistance 

to all known classes of anti-malarial drugs (World Health Organization, 2012) . The 

emergence and spread of resistance to anti-malarial drugs began in the late 1950s with 

chloroquine/quinine which became widespread in 1970s and 1980s. Later, it was 

followed by SP after these drugs were deployed as the first-line treatments in many 

parts of the world. Interestingly, there are a few countries in Southeast Asia including 
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western Cambodia and other Mekong sub-regions such as Thailand, Myanmar and 

Viet Nam which are considered to be the epicentre of drug resistance (Wernsdorfer, 

1994; White, 2010). It is in this region where resistance to anti-malarial drugs have 

been shown to originate and spread to other countries including those in the African 

continent (Bijl et al., 2000).  

It is not clear whether high or low transmission areas record a rapid spread of drug 

resistance (Klein et al., 2008). However, some epidemiological studies have implied 

that the emergence and spread of resistance is more likely to occur in low 

transmission areas (Roper et al., 2004). Due to symptomatic malaria infections, low 

transmission areas are prone to high drug usage which probably provides more 

opportunities for selection (World Health Organization, 2010). Drug resistance tends 

to result from mutations in the parasite genes. For example, mutations in the parasite 

genes that encode Dihydrofolate reductase (DHFR) and Dihydropteroate synthase 

(DHPS) have since been associated with resistance to Sulfadoxine-Pyrimethamine 

(Hastings et al., 2000). Other markers that are responsible for resistance include P. 

falciparum chloroquine resistance transporter gene (Pfcrt) for chloroquine (CQ) and 

P. falciparum multi-drug resistance 1 (Pfmdr-1) for CQ as well as other anti-malarial 

drugs (Okiro et al., 2010). The level of drug use varies between populations living in 

areas of different transmission intensities. For instance, symptomatic disease in low 

transmission intensities leads to increased drug use unlike high- transmission areas 

where drug pressure is low. Therefore, the probability of parasites coming into contact 

with the drug might be higher in low transmission areas than in high transmission 

areas. This leads to increase in the chances of selecting for resistant parasites in low 

transmission areas (Hastings et al., 2000). 
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The emergence of resistance against virtually any anti-malarial drug has consistently 

hampered efforts to control and eradicate malaria. This resistance is due to genetic 

diversity, which more often are involved in parasite virulence, immune responses and 

generation of single nucleotide polymorphisms (SNPs). Such variants are under 

strong selective pressure (Meyer et al., 2002). Assessing resistance by carrying out in 

vivo and in vitro assays which measure the therapeutic and parasitological response 

after treatment, is therefore important. (World Health Organization, 2009). Basically, 

in vivo studies administer anti-malarial drugs to malaria patients where drug response 

is evaluated. In other cases, the follow up period can be prolonged which is critical for 

detecting low grade resistance or recurrent parasitemia that might persist 

(Stepniewska et al., 2004).  

This study aimed to use genetic markers as a basis for establishing the role parasite 

genetics play in influencing parasite clearance rates. This was achieved by assessing 

whether genetically determined artemisinin resistance in P. falciparum is emerging in 

western Kenya as observed in Southeast Asia. 

1.4 Problem statement 

Recently, artemisinin resistance has been confirmed in western Cambodia and has 

spread to the western border of Thailand (Cheeseman et al., 2012; Phyo et al., 2012). 

The anti-malarial drug resistance emergence consistently hampers efforts to control 

and eradicate malaria. There are concerns that the same resistant parasites have 

emerged or spread to Africa like in the case of sulphadoxine/pyrimethamine. This 

resistance is due to recombination events leading to genetic diversity that more often 

than not, is involved in parasite virulence & host immune responses and often results 
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in generation of single nucleotide polymorphisms (SNPs) in the parasite’s genome. 

Such parasites genetic variants are under strong selective pressure (Meyer et al., 

2002). Artemisinin resistance is characterized by slow parasite clearance where 

resistant parasites have a long parasite clearance half-life. Clearance rate is a measure 

used to assess parasite drug response. Furthermore, studies from western Cambodia 

have shown that patients with similar parasite clearance rates are infected with 

parasite clones that are genetically similar (Phyo et al., 2012). This is an indication 

that parasite genetics are critical in determining the clearance rate phenotypic trait 

(Anderson et al., 2010).  In general, few studies have investigated the role of parasite 

genetics on artemisinin resistance in Africa. Thus, in a recent study, a decline in 

responsiveness of P. falciparum to ACTs in Kenyan coast was observed (Borrmann et 

al., 2011). However, the role of parasite genetics in relation to clearance rates has not 

been investigated in Kenya.  Furthermore, the molecular markers responsible for 

delayed parasite clearance rate have not been identified (Phyo et al., 2012) as well as 

no phenotypic assays which can reliably identify artemisinin-resistant parasites 

(Dondorp et al., 2009). 

1.5 Justification 

In Kenya, ACTs are the first-line treatment for uncomplicated malaria caused by P. 

falciparum, although resistance to this drug has not been identified. However, due to 

the emergence of resistance in SEA, and the recent report of declined responsiveness 

of P. falciparum infections to ACTs at the Kenyan coast (Borrmann et al., 2011), the 

need for monitoring ACT resistance in Western Kenya, a high transmission zone, 

cannot be over emphasized. Thus, stakeholders are putting up efforts to conduct 

studies to track possible emergence and spread of artemisinin resistance. This study 
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formed an integral part to these efforts of monitoring AL efficacy and indeed possible 

emergence of resistance to this drug combination. Furthermore, there are currently no 

laboratory molecular assays that reliably identify artemisinin-resistant parasites here 

in Africa (Dondorp et al., 2009), although K13 propeller markers are available to 

identify artemisinin-resistant markers in Southeast Asia (Ariey et al., 2014). This 

could be due to genetic difference of the African parasites. It was important to 

investigate the role parasite genetics plays in influencing slow clearance rates 

(Anderson et al., 2010) and possibly identify regions within the parasite genome that 

may become markers here in Africa for artemisinin resistance. In order to investigate 

these potential resistance marker(s), a genome-wide analysis on P. falciparum 

genome is important because these parasites exhibit a vast exchange of genes (gene 

flow) between disparate parasite populations (Takala-Harrison et al., 2013). This 

study may provide hitherto unidentified genetic marker(s) that could potentially be 

used for ACTs resistance surveillance. It has been indicated that resistant genes within 

parasite population increases heritability due to genetic determinants that tend to 

influence this trait (Phyo et al., 2012). In this case, patients having similar parasite 

clearance half-lives carry same parasite genotypes. This has been supported by in-

silico experiments that showed high heritability within parasite genotypes with slow 

parasite clearance (Phyo et al., 2012). Information gained from this study may be 

useful in surveillance of artemisinin resistance. The findings are critical in advising 

malaria control and elimination strategies. For instance, use of genetic markers as 

novel drug-resistance targets that can be used in development of new anti-malarial 

drugs monitoring tools. In terms of study site, Lake Victoria basin of Kenya, a unique 
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region that is classified as a holo-endemic was studied. This is a malaria zone with 

asymptomatic malaria rate of 50% (Zhou et al., 2011). 

 

1.6 Research questions 

1. Can parasite clearance rate be determined in patients administered AL in 

western Kenya 

2. Do genetically determined multiple-clone infections in P. falciparum 

parasites having similar parasite clearance rate exist in western Kenya? 

3. Can the same SNP marker(s) as those used in Southeast Asia and MS 

markers be applicable in detecting delayed parasite clearance rate and 

diversity respectively in Kenya? 

4. Is there any correlation between parasite genotypes and parasite clearance 

rates? 

5. Are parasites with similar clearance rates related genetically? 
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1.7 Study hypotheses 

1.7.1 Null hypothesis: 

P. falciparum parasite genetics does not influence parasite clearance rates 

amongst parasites circulating in Kisumu County, western Kenya. 

1.7.2    Alternative hypothesis: 

P. falciparum parasite genetics does influence parasite clearance rates amongst 

parasites circulating in Kisumu County, western Kenya. 
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1.8  Study Objectives 

1.8.1 General objective 

To determine the role that population genetics play in Plasmodium falciparum 

parasites exposed to artemisinin treatment amongst patients taking part in an efficacy 

clinical trial and archived isolates in Kisumu County, western Kenya. 

1.8.2  Specific objectives 

1. To determine parasite clearance rates using parasite clearance estimator tool. 

2. To establish existence of multiple-clone infections of P. falciparum parasite in 

study subjects by using the neutral microsatellite assay. 

3. To evaluate genetic polymorphism and diversity across P. falciparum parasite 

genome using SNPs and MS markers respectively. 

4. To correlate parasite genotypes with clearance rates after treatment of subjects 

with artemisinin-based drugs using statistical methods. 

5. To determine parasite genetic relatedness using phylogenetic analysis by using 

Bayesian methods 

 

 

 

 

 



 

 

13 

CHAPTER TWO 

LITERATURE REVIEW 

2.1 The Life cycle of P. falciparum parasite  

Malaria is caused by members of the genus Plasmodium. There are four  distinct 

species that infect humans (P. falciparum, P. vivax, P. malariae, P. ovale) and another  

species  P. knowlesi which causes malaria in monkeys and mostly affects the forested 

areas of Southeast Asia (World Health Organization, 2012). P. falciparum has been 

reported as the most virulent human parasite causing severe malarial anemia and 

cerebral malaria; the two major diseases are associated with mortality (Perkins et al., 

2011; World Health Organization, 2008). The parasites are transmitted through the 

bites of female Anopheles mosquitoes (approximately 40 species) which are known to 

transmit malaria. 
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Figure 2.1: The life cycle of P. falciparum parasite 

The cycle outlines important process in every parasite stage. This image is a public 

domain material taken from CDC website (https://www.cdc.gov/dpdx/malaria/). 

 

The life cycle of P. falciparum comprises of three stages including: 

 Pre-erythrocytic stage (which initiates infection) 

 Asexual erythrocytic stage (which causes disease) 

 Gametocyte stage (Infects mosquitoes that transmit parasite) 

2.1.1 Pre-erythrocytic stage 

In this stage, the P. falciparum sporozoites from an infected mosquito are released 

from the salivary gland of the mosquito into the human host during a mosquito blood 

meal. The sporozoites enter the blood stream and invade the liver cells (hepatocytes) 

https://www.cdc.gov/dpdx/malaria/
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becoming multinucleated hepatic schizonts. The circumsporozoite protein (CS), the 

principal protein on the surface of sporozoites, binds to basolateral domain of the 

hepatocytes, and then other proteins, including sporozoite surface protein (SSP2), 

initiate hepatocyte invasion. The sporozoites then produce thousands of merozoites 

(~40,000) (Crutcher et al., 1996) that are released out of the liver cells into the 

bloodstream (Haldar et al., 2009). 

2.1.2 Asexual erythrocytic stage 

In this stage, once the hepatic schizont matures, it ruptures to release merozoites 

which invade the red blood cells (erythrocytes), multiply and rupture out of the red 

blood cells in a period of two days/ 48 hours for P. falciparum. New merozoites 

released invade the new red blood cells and the cycle starts again. When the 

parasitemia reaches a sufficient density following the high number of cycles of 

multiplication in the blood, the infected person develops periodic fevers, chills and 

other symptoms of malaria. This is the interval between infection and appearance of 

first clinical signs which takes about 8-15 days, duration specific to P. falciparum 

species described by (Sinden et al., 2002). 

2.1.3. Sporogonic stage 

After several erythrocytic schizogony cycles (8-15 days for P. falciparum), some 

merozoites differentiate into sexual forms (male or female gametocytes). During a 

blood meal by a female Anopheline mosquito, the sexual forms are taken up into the 

mosquito’s gut. Following ambient temperatures in the gut, the male gamete fertilizes 

the female gamete resulting to a zygote that develops into a mobile ookinete after few 

hours. The ookinete then goes to the stomach wall of the mosquito, grows and forms 
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an oocyst and after 10-14 days, the oocyst undergoes asexual multiplication, matures 

and burst into thousands of sporozoites which move to the mosquito’s salivary glands 

described by (Sinden et al., 2002). The parasite is poised to begin the cycle again with 

the mosquito’s next blood meal. 

2.2  Population Diversity 

This revolves around study of population genetics. Population genetics entails study 

of distribution and change of allele frequencies. The change is influenced by 

evolutionary forces such as genetic drift, mutation, natural selection and migration. 

Natural selection: Change of allele frequencies occurring due to differential effects 

of alleles on ‘fitness’. 

Genetic drift: Random change of allele frequencies over time among population 

Mutation:  this is the net change occurring in one direction where alleles are inter-

converted at some rate 

Migration: This also means gene flow, which is the net movement of alleles between 

populations occurring at some rate. This tends to introduce new allele or change the 

frequencies of the existing alleles. 

Genetic diversity, also known as heterozygosity is measured using predominant allele 

at each locus to calculate the expected heterozygosity. The expected heterozygosity 

ranges between 0 and 1, value close to 1 indicates high genetic diversity levels in the 

population and 0 vice-versa. 
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2.3. Plasmodium diversity 

Plasmodium falciparum parasite, a causative agent of uncomplicated malaria, is 

considered a successful pathogen due to its ability to generate mutants (Tuteja, 2007). 

The malaria parasite has 14 chromosomes numbering in ascending order of size 

approximately 6000-7000 genes in its genome (Gardner et al., 2002). Parasite 

populations in endemic areas of Africa differ both genotypically and phenotypically 

in terms of virulence, drug resistance and transmissibility (Tanner et al., 1999). Study 

findings show that the number of genotypes per person directly correlates with the 

transmission intensity (Iwagami et al., 2009; Vafa et al., 2008). Eventually, 

multiplicity of infection affects disease severity, thus worsening malaria control 

measures (Farnert et al., 2008; Kobbe et al., 2006). 

Parasite population structure varies with malaria transmission intensity. Different 

transmission areas show dissimilar parasite population due to factors such as 

inbreeding. For example, low levels of parasite recombinations are mostly seen in low 

transmission areas and have been attributed to inbreeding which increases population 

structure unlike in high transmission areas (Anderson et al., 2000; Dye et al., 1997). 

2.4. Multiplicity of Infection  

In studying the parasite genetic diversity, P. falciparum results in complex infections 

due to the presence of multiple parasite clones. These mostly occur in endemic areas 

due to super-infection which lead to accumulation of different parasite genotypes 

within an infected individual (Conway et al., 2001). Microsatellites, or simple 

sequence repeats have been used mostly to determine population structure and they 

have been shown to be good candidate markers in genotyping polyclonal P. 

falciparum infections (Anderson et al., 2000; Greenhouse et al., 2006; Su et al., 
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1996). Since microsatellites are usually not under immune selection, their analyses are 

accurate methods for use especially in high transmission intensity where polyclonal 

infections are common (Slater et al., 2005). 

An effective means of studying population is by analyzing allelic variation at multiple 

independent loci (Imwong et al., 2007). Microsatellites have been estimated to mutate 

at high rates. Their mode of mutation has been studied and documented to be due to 

strand slippage during replication (Dieringer et al., 2003). Strand slippage leads to 

either shortening or lengthening of the DNA in genomic areas encoding these 

microsatellites. Thus variations in microsatellite lengths are assumed to engender new 

electrophoretically distinguishable alleles.  

Misclassifications of genotypes can lead to underestimated levels of drug resistance. 

However, measuring the microsatellite product sizes using capillary electrophoresis 

(CE) allows for high resolution at the level of single nucleotide making the results 

highly reproducible. Therefore, this approach makes it possible to measure full 

diversity at any given loci (Greenhouse et al., 2006). Multiple-clone infections (MIs) 

are defined as those which show more than two alleles in one or more of twelve 

microsatellite loci.  

2.5 Heritability of P. falciparum parasite 

Measuring the degree of parasite relatedness requires a quantitative genetic analysis 

that is performed by measuring heritability (H
2
) (Hill et al., 2004). Parasite 

heritability plays an important role in determining the parasite genetics/relatedness 

that influences drug resistance traits.  Parasite relatedness is analysed at diploid stage 

of Plasmodium species (Blouin et al., 1996). H
2 

is dependent on factors such as 

existence of clonally identical parasites brought about by inbreeding and low 
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transmission intensities. It is easier to study heritability of parasite genotypes from 

low transmission areas unlike parasites from high transmission areas due to presence 

of single clones. Therefore, estimating H
2
 of clonally identical parasites in high 

transmission areas can be accomplished by determining the overall parasite 

relatedness of the population at a particular time. Longitudinal studies such as this 

enables tracking of parasites to provide a better insight into the roles of factors such as 

immunity and drug pressure in infection dynamics (Franks et al., 2001). To assess H
2
, 

variance of parasite clearance are compared within and between clonally identical 

parasites recovered from more than two patients. 

2.6 Artemisinin and its derivatives 

Artemisinin is obtained from the Artemisia annua plant.  Unlike other anti-malarials, 

this drug targets and kills various developmental stages of the plasmodia parasites 

(White, 1997). Characteristically, artemisinin has a poor bioavailability on its own. 

Therefore, it is generally used in the semi-synthetic derivative forms such as 

artesunate, artemether, arteether that are converted by the body to the active agent 

dihydroartemisinin (DHA). DHA attacks the asexual stages of parasites. Artemisinin 

and its derivatives that have rapid action are combined with long acting partner drugs. 

It also has the ability to eliminate sexual and asexual stages of falciparum malaria. 

Artemisinin is important in reducing parasitemia and transmission intensities  

Artemisinin which has a short half-life is used in combination with other drugs so that 

while it clears the parasites at the start of treatment, the second [partner] with long 

half-life clears the remaining parasites to avoid recrudescence states (White, 2004). 

Some of the commonly used partner drugs in the ACTs regimen include mefloquine, 

lumefantrine, piperaquine, amodiaquine, sulfadoxine/pyrimethamine and 
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pyronaridine. These were introduced and have been in use for more than 25 years in 

Southeast Asia and since 2000 in Cambodia (Anderson et al., 2010). In Kenya, ACTs 

were recommended as first-line treatment for uncomplicated P. falciparum malaria in 

April 2004 by Kenyan ministry of Health and eventually rolled out as from July 2006 

(Amin et al., 2007). Some of the commonly used ACTs include Artemether-

Lumefantrine (Coartem), Artesunate-Amodiaquine (Coarsucam), Artesunate-

Mefloquine (Artequin) and Artesunate-Sulphadoxine/Pyrimethamine (Malosunate) 

(World Health Organization, 2006). 

2.6.1 Mode of action of Artemisinin 

The mode of action of artemisinin is uncertain. However, it is suspected that 

artemisinin acts on malaria parasite by perturbing redox homeostasis (Ginsburg et al., 

1994). The peroxide in the 1, 2, 4-trixione system has been known to contain the anti-

malarial activity with the help of reactive oxygen species. When a parasitized red 

blood cell consumes hemoglobin, it generates oxidative stress. The heme produced 

directly reduces the peroxide bond in artemisinin (Meshnick, 2002). This leads to 

production of reactive oxygen radicals generated by high-valent iron-oxo species. 

These radicals then damage the parasite causing its death (Cumming et al., 1997). 

Artemisinin is also thought to inhibit sarco-endoplasmic reticulum calcium-ATPase 

(SERCA)-type known as PfATPase 6 protein (Shandilya et al., 2013; Woodrow et al., 

2006) although not validated as a target (Valderramos et al., 2010). 
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2.7  Genome-wide association studies for analysis of parasite genetic diversity  

Genome-wide association studies (GWAS) is a unique analysis tool used to determine 

the presence of genetic markers throughout the parasite genome. GWAS identify the 

genomic regions or parasite genes that are responsible for causing resistance to anti-

malarial drugs (Su et al., 2007). These studies distinguish the resistant gene 

distributed across the P. falciparum genome. In this case, parasite genotypes in 

different patients have been reported to have the same clearance half-lives and times 

(Takala-Harrison et al., 2013). Using this tool, 91-locus genotypes with variability in 

African samples and that generate robust genotype data can be assessed in patients 

showing delayed parasite clearance These gives a broad coverage of SNPs so as to 

monitor artemisinin resistance closely (Takala-Harrison et al., 2013).  In addition to 

that, high heritability (H
2
) has been associated with slow CRs therefore GWAS helps 

to show the role that parasite genotypes play on parasite clearance half-life. This 

generates more information on mechanism of resistance and validates markers for 

ACTs resistance surveillance (Anderson et al., 2010). 

2.8  SNP Analysis by Mass Array Technique 

2.8.1 Genotyping of single infections using 91 SNPs - Agena MassArray 

platform 

Genotyping of 91 SNPs distributed across all the 14 chromosomes of P. falciparum 

genome. (Gabriel et al., 2009). The SNPs are representative from PLASMODB v.6.2 

database that maximizes variability in the African P. falciparum samples. In these 

kinds of studies, the effect of parasite genotype on parasite clearance rates is assessed 

by correlating the 91-locus genotypes to parasite clearance half-lives.  
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2.8.2 Principle of SNP-Agena Mass Array 

Agena SNP genotyping is based on primer-extension reactions that generate allele-

specific products with distinct masses. These are then detected by MALDI-TOF 

(Matrix- Assisted Laser Desorption/ Ionization, Time of Flight) mass spectrometry.  

The assay entails initial locus-specific PCR reaction followed by single base 

extension with the use of mass-modified dideoxynucleotide terminator 

oligonucleotides. In this assay, the genotyping primer then anneals immediately 

upstream of the polymorphic site of interest (Gabriel et al., 2009). The amplicon is 

mixed with matrix that absorbs UV light (laser) converting it to heat energy causing 

vaporization of both the sample and matrix. Charged ions generated then migrate in 

an electric field according to mass-to- charge ratio (m/z) values of ion until they reach 

the detector. Highly charged ions (small m/ z value) move faster than low charged 

ions. The MALDI-TOF mass spectrometry is capable of identifying the SNP allele 

based on distinct mass of extended primer. This assay is robust and amenable to high 

throughput because it utilizes a 384-well plate format (Large number of samples 

several SNPs analyzed at the same time). 

2.9  In vivo Parasite clearance analysis 

Parasite clearance time is a useful measure in assessing anti-malarial drug effect and 

is applicable for assessing artemisinin resistance. The World Wide Anti-malarial 

Resistance Network (WWARN) website (www.wwarn.org) has been instrumental in 

defining optimum methods and threshold values for parasite clearance times (White, 

2011).  
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1 Study design  

Out of a total of 118 post-ACTs samples, 92 were sampled for use in this nested 

study. The patients were randomized to treatment; first arm (utilizing Artemether 

Lumefantrine (AL) was designed to have 9 scheduled days of drug administration 

while the other arm (utilizing Artesunate Mefloquine-ASMQ) had 11 scheduled 

subject contacts. Additionally, I used archived isolates (pre-ACTs) from the main 

study protocols (KEMRI-SSC 1330/WRAIR #1384; KEMRI-SSC 2518/WRAIR 

#1935) and adopted a retrospective longitudinal study design looking at parasite 

genetics before and after ACT introduction in Kenya. 

3.2 Study site   

This study was carried out at Malaria Drug Resistance Laboratory of the US Army 

Medical Research Directorate-Kenya in Kisumu County. 

3.3 Study population 

In this study, archived pre-ACTs isolates (n = 29) collected between 1995 and 2003 

from Kisumu County, western Kenya were analyzed. These are parasites were 

collected at a time period before AL was adopted as the first-line treatment for 

uncomplicated malaria in Kenya. The post-ACTs isolates (n = 92) were collected 

from an in vivo efficacy study conducted between 2013 and 2014 in Kombewa district 

hospital in Kisumu County, western Kenya.  
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3.3.1 Inclusion criteria 

These two studies enrolled individuals irrespective of gender, aged between 6 months 

and 65 years presenting with uncomplicated malaria. On enrollment, the patients’ 

demographics, (including age and gender), place of birth, place of residence, 

occupation, travel and malaria sickness/treatment history in the previous 2 months 

prior to participation in the study were recorded. Eligible criteria included: measured 

temperature of ≥ 37.5°C, or history of fever within 24 hours prior to presentation and 

mono-infection with P. falciparum. In addition, the study subjects had a baseline 

parasitemia of 200-200,000 asexual parasites/µl. The presence of malaria parasites 

was confirmed by microscopy and rapid diagnostic test (RDT; Parascreen®, Zephyr 

Biomedicals, Verna Goa, India). Whole blood sample of 2-3 ml was collected and 

kept in either Acid Citrate Dextrose Solution (ACD) or Ethylenediaminetetraacetic 

acid (EDTA) vacutainer tubes. The sample was then transported to the central 

laboratory within 4 to 6 hours and aliquots processed and cryopreserved in cryovials 

under liquid nitrogen tanks for long-term storage as previously described (Vaught, 

2006). After blood draws, appropriate treatment was initiated based on policy 

recommended regimens available during the study period. Additionally, patients 

enrolled in the efficacy trial (KEMRI-SSC 2518/WRAIR #1935) were admitted at the 

study facility for approximately 3 days. Monitoring of parasite clearance was carried 

out microscopically after every 6 hours. For molecular analyses performed under this 

study, the archived samples were thawed prior to DNA extraction.  
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3.3.2 Exclusion criteria 

Those who presented with signs of severe anemia, mixed Plasmodium infections or 

mono-infection of non-falciparum Plasmodium were excluded. Additionally, those 

with history of allergy or contraindications to the study treatment were excluded. 

3.4 Ethical considerations 

Use of pre-ACTs and post-ACTs (whole blood, FTA cards) for from voluntary study 

subjects was approved by the scientific steering and Ethical Review Committee of the 

Kenya Medical Research Institute (KEMRI), Nairobi, Kenya and the Walter Reed 

Army Institute of Research (WRAIR) Institutional Review Board, Silver Spring, MD. 

Two study protocols were used with numbers; KEMRI-SSC 1330/WRAIR #1384 for 

pre-ACT samples and KEMRI-SSC 2518/WRAIR #1935 for post- ACT samples. 

Eligible study subjects were open guided through the informed consent form after 

which those who consented were enrolled into the study.  

3.5 Sample size determination 

For molecular assays, sample size was calculated using the Raosoft® sample size 

calculator formula (Raosoft) taking into cosideration the incidence of malaria reduced 

to 15% as reported by Kenya malaria indicator survey 2010.  

The sample size n and margin of error E are given by: 

x =Z(
c

/
100

)
2

r (100-r) 

E = Sqrt [
(N - n) x

/
n (N-1)

] = 4.74 

Confidence level at 95% 

n=
N x

/ 
((N-1) E2 + x) 

=   91 
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where N is the populations size, r is the fraction of responses that you are interested 

in, and Z (
c

/
100

) is the critical value for the confidence level c. 

This will also give power to the significance of the study. This was achieved for post-

ACTs isolates that will be determining the main objective of the study. However, as 

for pre-ACT isolates that had small sample size, calculation of unbiased expected 

heterozygosity (uHE) was calculated to enable comparative studies. 

3.5  Parasite clearance rates calculation 

Parasite clearance rates were calculated using Worldwide Antimalarial Resistance 

Network (WWARN) Parasite Clearance Estimator (PCE) online tool located at 

http://www.wwarn.org/toolkit/data-management/parasite-clearance-estimator.  

Log transformed parasite density was plotted against time in hours which was 

generally linear (Flegg et al., 2011). This generated a slope of half-life representing 

the time taken for parasitemia to be reduced by half. This constant is independent of 

starting value of parasitemia.  

 

The half-lives were calculated as follows: 

T 1
2⁄ = log 𝑒 (2)/𝑘  

            =
0.692 

k
, where k is the clearance rate constant  

 

 

http://www.wwarn.org/toolkit/data-management/parasite-clearance-estimator
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3.6  Laboratory Analysis 

3.6.1  Sample archive 

All samples were stored in the USAMRD-K laboratories for further molecular 

analysis. 

3.6.2 Extraction of DNA from P. falciparum parasite 

DNA was extracted from whole blood using QIAamp DNA mini kit (Qiagen Benelux, 

Venlo, The Netherlands) according to the manufacturers’ instruction. Briefly, 

QIAGEN protease (20 µl) was added into an eppendorf tube for protein digestion. 

Lysis buffer (200 µl) was added and mixed well. The mixture was spun and incubated 

on a hotplate for 10 minutes at 56
o
C. Ethanol (200 µl) was added onto de-proteinized 

DNA on QIAamp spin column for purification. This was achieved by centrifugation 

for one minute at 8000 g in a microcentrifuge (Centrifuge 5804 R, Becton Dickinson, 

New Jersey, United States) and the tube containing filtrate was discarded. The spin 

column was then transferred into another 1.5 ml collection tube and 500 µl of wash 

buffer AWI added and centrifuged at 8000 g for 1 minute and the filtrate discarded. 

Wash Buffer AW2 (500 µl) was then added into the spin column and the preparation 

centrifuged for 3 minutes at 14,000 g. Old collection tube with the filtrate was then 

discarded followed by a dry spin (8000 g for 1 minute). The purified DNA was eluted 

from the spin column by addition of 200 µl elution buffer AE centrifuged at 8000 g 

and stored at -20
o
C until used for PCR. 

DNA was extracted from dried blood spots (three 3 mm diameter punches) using 

QIAamp DNA mini kit (Qiagen Benelux, Venlo, The Netherlands) according to the 

manufacturers’ instruction. The extraction procedure is similar to extraction of DNA 
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from whole blood as discussed above. However, there is an added step tissue lysis 

using buffer ATL as dried blood spots are considered as hard tissue. 

3.6.3 Plasmodium falciparum Genotyping 

3.6.3.1 Genotyping of multiple falciparum infections using Twelve Unlinked 

Microsatellite markers 

Microsatellite genotyping at one or more loci was used to identify infections 

containing >1 parasite clone/multiple-clone infections (MI).  In this study, I analyzed 

the genetic diversity and population structure of 75 P. falciparum pre-treatment and 

17 post-treatment patient isolates collected in Kombewa district hospital in Kisumu 

county (2013-2014) and 29 isolates from Kisumu district hospital in Kisumu county 

(pre-2003) using twelve polymorphic microsatellite markers bearing tri-nucleotide 

repeats located on various chromosomes of the parasite (Anderson et al., 1999) as 

seen in Appendix I. The post-ACT isolates therefore totals to 92 samples used in 

genetic analysis. The labeled primers included: Poly ᾳ (Chr4), TA42 (Chr5), TA81 

(Chr5), TA1 (Chr6), TA109 (Chr6), TA87 (6), TA40 (Chr10), 2490 (Chr10), ARAII 

(Chr11), PFG377 (Chr12), PFPK2 (Chr12), and TA60 (Chr13). Four loci (Poly ᾳ, 

ARAII, pfG377, and PfPk2) are located in open reading frames (ORFs) found in 

coding sequences. The other eight loci were drawn from a genomic library (Su et al., 

1996), and their functions are unknown. MIs were defined as those in which one or 

more of the twelve loci show multiple alleles. Allele scoring was determined for each 

parasite clone. The allele having the highest electropherogram peak among all the 

alleles was considered as the predominant allele. These were used in scoring the MI 

within individual study patients.  



 

 

29 

 

Hemi-nested PCR: For each microsatellite locus, the first and second primers were 

used in the primary reaction and the second and third primers in the secondary 

reaction. Primers listed third are internal to the other two and are end-labeled as 

described by Anderson et al., 1999. This is shown in Appendix I. 

 

Primary PCR reaction: The markers were PCR-amplified using oligonucleotide 

primers with unlabeled forward/reverse primers. The PCRs with all primer pairs 

(0.1uM working solution of each) were performed on a Thermocycler (ABI 9700 

system) with 1µl of genomic DNA template, 1 Unit of ABI Taq polymerase, 1.2 µl of 

25 mM MgCl2, 1µL of 10× PCR Buffer, and 0.2 µL of 10 mM dNTPs (all supplied by 

Applied Biosystems) in a final reaction volume of 10µL. Cycling condition were 

same for all primer pairs: an initial denaturation at 94°C for 2 minutes followed by 25 

cycles of denaturation at 94°C for 30 seconds, primer annealing 42°C for 30 seconds, 

40°C for 30 seconds and strand extension at 65°C for 40 seconds. This was followed 

by a final incubation at 65°C for 2 minutes for recessed ends filling. In this assay, the 

PCR reactions were multiplexed using 3 primers sets (six primers in total) and were 

set as follows: 

Multiplex 1: Polyα; PFPK2; and TA81 

Multiplex 2: ARA2; TA87; and TA40 

Multiplex 3: TA42; 2490; and TA1 

Multiplex 4: TA60; TA109; and PFG377 
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The multiplex reactions in this primary PCR are enabled by the fact that the three 

different markers in these mixtures have flourescent labels (HEX, FAM and PET) 

with different absorbance and emission spectra to allow discrimination / distinction 

between the markers based on fluorescence. 

Controls (3D7, HB3, NTC-Negative template control) were used to enable correct 

amplicon sizing which is dependent on downstream analyses. An NTC control was 

run because downstream analyses require an evaluation of background flourescence in 

these controls. Thus any cross contamination during  PCR set-up were detected. The 

PCR amplicons were then stored at 4
o
C before proceeding to secondary PCR or stored 

at -20
o
C for later use. 

 

Secondary PCR reaction: The primary PCR amplicons were used as the templates for 

secondary PCR. Forward and reverse primers labelled with fluorescent dyes (6-FAM, 

HEX, and PET) were used.The markers were run individually for each marker such 

that each of the four multiplexed PCR reactions produced three (3) separate PCR 

reaction. The reagents  used to prepare master mix include : all primer pairs (10uM 

working solution of each), 1 Unit of ABI Taq polymerase, 1.5 µl of 25 mM MgCl2, 1 

µL of 10× PCR Buffer, and 0.3 µL of 10 mM dNTPs (all supplied by Applied 

Biosystems) in a final reaction volume of 15 µL. This was performed on a 

Thermocycler (ABI 9700 system) with 1 µl of primary amplicon as the DNA 

template. Cycling conditions used for this reaction was: an initial denaturation at 94°C 

for 2 minutes followed by 25 cycles of denaturation at 94°C for 20 seconds, primer 

annealing at 45°C for 30 seconds, and strand extension at 65°C for 30 seconds; and a 

final incubation at 65°C for 2 minutes. . Length variation of labeled PCR products 
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was measured on an ABI PRISM 3130/3500 Genetic analyzer (Applied Biosystems, 

Foster City, CA) by using Genescan GS500/600LIZ Internal size standard and 

analysis performed using GeneMapper software (version 4.0/4.1). 

3.6.3.2 Gel electrophoresis to confirm PCR amplification 

The PCR amplicons were run on ethidium bromide-stained 1.5% agarose gel prepared 

by mixing 2.25g of agarose powder and 150 ml 1× TAE buffer and boiling to dissolve 

the agarose. The agarose gel was cast pouring the solution into appropriate tanks, 

inserting the combs and allowing the solution to gel after adding ethidium bromide (5 

µl).A 10 µl PCR product was then mixed uniformly with 2 µl of 6× loading dye 

(bromophenol blue) and loaded into the wells.  A 5 µl PCR ladder marker (QIAGEN) 

was loaded into the first well and a mixture of PCR products and loading dye in the 

rest of the wells. The gel was installed into the gel running tank (C.B.S/scientific) 

filled with TBE buffer. A voltage of 90 V was set for ~30 minutes for the amplicons 

to evenly separate according to their molecular masses relative to their DNA size 

markers in the first well. Using a 312 nm UV trans-illuminator, the gel was visualized 

under ultraviolet light and a gel photographed using a gel documentation system 

(UVITEC Cambridge/MITSUBISHI Electric). 

3.6.3.3 Fragment analyses of PCR amplicons by Capillary electrophoresis (CE) 

For high resolution size calling, flourescent-labelled primers were used in the 

secondary PCR and the amplicons loaded on an ABI automated sequencer (3130 

Genetic analyzer). CE can be multiplexed using different fluorescent labelled primers 

and are amenable to high throughput analyses or can be individually run. A mix 

which incorporates 9.0 µl HiDi (highly deionized) formamide and 0.5 µl internal size 
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standard (GeneScan LIZ500) per reaction was prepared and loaded together with 1ul 

of secondary amplicon on a 96 well plate.  The samples were then denatured at 95°C 

for 5 minutes and chilled on ice to preserve the DNA fragments as single strands prior 

to loading on the sequencer. The size standard used represented smaller fragments 

less than 500 base pairs. The capillary electrophoresis system used Performance 

optimized polymer (POP-7) for resolution and fragment analysis purpose. 

The CE output was exported to GeneMapper software version 4.0 (Applied 

Biosystems, USA) for fragment analysis. This generated estimates of DNA fragments 

relative to the size standards. DNA fragment size calculated in base pairs and peak 

heights (calculated in Relative Fluorescence Units - RFU) were displayed.  This data 

collection software facilitated proper data integrity. GeneMapper software v4.0/4.1 

used microsatellite analysis parameters to quantify samples containing multiple alleles 

per locus. Multiple allele per locus were scored if electrophoretic peaks corresponding 

to minor alleles were ≥33% the height of that for the predominant allele in the isolate. 

This ensures all stutter peaks are eliminated. 

 

3.6.4 Scoring of microsatellite allelic length variation and Assessment of 

Multiple-clone infections  

The samples and controls were evaluated for background fluorescence or artifacts 

from either PCR or CE. Companion peaks or stutter peaks (Anderson et al., 1999) 

were considered to be artifacts of the PCR process therefore they were disregarded in 

the analyses. This was especially carried out in evaluating multiple clone infections 

where height and spacing of companion peaks determined which peaks were included 

in the analyses. 
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Multiple-clone infections (MIs) were defined as those in which one or more of the 

twelve loci showed multiple alleles. GeneMapper v 4.0/4.1 (Applied Biosystems, 

Foster City, CA, USA) was used to automate measurement of allele length and to 

quantify peak heights. Multiple alleles per locus were scored if electrophoretic peaks 

corresponding to minor alleles were ≥ 33% the height of the predominant allele in the 

isolate. Allele scoring was determined for each parasite clone where the largest 

among all the alleles was considered the multiplicity of infection of that sample. 

Infection haplotypes were constructed using predominant allele from each locus as 

well as the frequency of the infections containing multiple clones. 

For example: Stutter (Figure 3.1) associated with a PET labeled microsatellite marker 

(TA40) during troubleshooting. 

 

 

Figure 3.1: Diagram showing sample with stutter peaks  
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3.6.5 Estimation of genetic diversity for 1995-2003 and 2013-2014 parasite 

populations 

Genetic diversity was measured by the number of alleles per locus and expected 

heterozygosity (HE) on the basis of allele frequency data in each parasite population. 

In the cases of presence of multiple alleles at a locus within an infection, only the 

predominant allele defined by the allele with the highest peak height in 

electropherograms was used for allele frequency calculation. Unbiased expected 

heterozygosity (uHE) is the standardized genetic diversity that was reported. This is a 

parameter that factors in sample size of different populations allowing comparative 

analysis between the two subsets of samples used. The unbiased expected 

heterozygosity, HE was calculated as:  

𝐻𝐸 = [𝑛/(𝑛 − 1)][1 − ∑ 𝑝𝑖2]  

Where  n is the number of isolates genotyped and pi is the frequency of the i
th 

allele 

(each different allele at a locus). This was estimated using GenAlEx v2.2 (Peakall et 

al., 2012) and confirmed using GENEPOP software (Raymond et al., 2008). 

The levels of diversity in different populations were compare using unpaired t-test and 

estimated effective population size (Ne) using observed heterozygosity and number of 

effective alleles. Population subdivision was estimated using Wright’s F statistics 

(FST). Interpretation of the FST values at each locus was based on three categories 

defined earlier as no differentiation (0), low genetic differentiation (0-0.05), moderate 

differentiation (0.05-0.15) and great differentiation (0.15-0.25) (Balloux et al., 2002; 

Cockerham, 1984) .  
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Fixation index was calculated as shown below: 

 

F HE HO 

HE 

 

Shannon diversity index (I) is a quantification measure of abundance and evenness of 

species present, which gives more information on the composition of a population. It 

is calculated: 

𝐼 = ∑ 𝑝𝑖 ln 𝑝𝑖 

 

3.6.6 Construction of Multi-locus Microsatellite haplotypes for 1995-2003 and 

2013-2014 parasite populations 

The predominant alleles at each of the 12 microsatellite loci were used to construct 

the infection haplotypes. This was important to evaluate parasite genetic profile and 

relatedness among western Kenya parasites in circulation.  

3.6.7 SNP Genotyping workflow using Agena platform 

The assays were carried out in-country (USAMRD-K) and at reference laboratories in 

Ifakara Health Institute, Tanzania due to its capacity to support Agena platform. 

Ninety one single nucleotide polymorphisms (SNPs) distributed across all the 14 

chromosomes of P. falciparum genome previously described by Phyo et al.,2012 were 

analyzed using PCR-based single-base extension on Sequenom MassARRAY 

platform (Agena Biosciences, San Diego, CA, USA) following manufacturer 

recommendations detailed in section 2.7.2. The multiplexed primers used in the 
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analysis as well as the pooled primers (into 4 vials) of the 91 SNPs can be found in 

the Appendix II & III. Controls used include 3D7 and DD2 and the genotyping 

primers are adopted from (Phyo et al., 2012). Figure 3.2 below shows the step by step 

process from primer design to DNA amplification and SNP detection. 
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Assay design using 

MassARRAY assay Design 

software 

Primer ordering, testing and 

optimizing primer concentration 

20ng of DNA dried in 384 

plates 

Multiplexed PCR amplification 

Dephosphorylation of unincorporated 

nucleotides using SAP enzyme 

Multiplexed primer extension reaction 

using mass-modified nucleotides 

Resin treatment to remove excess salt 

Dispensing reaction products onto a 

microchip using a nanodispenser 

Detecting extension products with 

MALDI-TOF mass spectrometer 

Analyzing the results using SpectroTyper 

4.0 Software-automated allele calling 

Quality control, summary statistics in 

excel file and release reports 

 

Figure 3.2: SNP genotyping workflow by MassARRAY technique 
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3.6.8 Measurement of parasite relatedness 

Relatedness is generally estimated for diploid species (Blouin et al., 1996). However, 

the relatedness in blood-stage parasites between gametes of the single clones (using 

78 assayed SNPs) was measured and analyzed by carrying out multiple sequence 

alignment using Muscle v5.8 available at (www.ebi.ac.uk/Tools/msa/muscle/). A 

phylogenetic tree was built using MrBayes available at 

(www.mrbayes.sourceforge.net/download.php) (Ronquist, 2012) and viewed using 

Figtree software v 1.4.3 available at (http:/tree.bio.ed.ac.uk/software/figtree) 

(Rambaut, 2014). Parasites that differed at less than 5% of loci were assumed to be 

identical-by-descent (IBD) and were referred to as being clonally identical (CI). 

Correlation between genetic variability was assessed as well as clearance rates; a 

phenotype used to determine whether clones with similar phenotypic characteristics 

harbor similar genotypic features.  We constructed median-joining networks in 

NETWORK version 4.6.1.1 (http://www.fluxus-engineering.com/sharenet.htm) 

(Bandelt et al., 1999) to visualize the relationships among P. falciparum isolates from 

pre- and post- ACT era. 

Parasite relatedness of the single clones genotyped using SNPs was analyzed by 

carrying out multiple sequence alignment using Muscle 5.8; the phylogenetic tree was 

built using MrBayes and viewed using Figtree software. 

The output (genotypes) was then compared among the study subjects using Bayesian 

midpoint tree to analyze parasite relatedness as shown in the scheme below: 

 

 

 

http://www.fluxus-engineering.com/sharenet.htm
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Multiple sequence Alignment- MUSCLE 3.8.31 (.fa /. afa FASTA files) 

 

Cleans up gaps and removes samples with gaps (Missing nucleotides > 6) 

 

Alignment viewer (.afa file ie Aligned Fasta file) 

 

Converts .afa file to .nexus file (CONCATENATOR V1.1.1 Readable format) 

 

Tree construction using MRBAYES- Reads Nexus file 

(Bayesian Phylogenetic tree construction method) 

 

3.7 Statistical analysis 

3.7.1 Correlation of parasite genotypes with clearance rates 

Multiple-clone infections was determined using microsatellite markers and its results 

used to compare parasite genotypes and drug clearance rates using Students paired t-

test. Genotype calls generated were analyzed using MassARRAY SpectroTyper 

software 4.0v. This interprets the change in mass and converts to the nucleotide or 

SNP variants. SNPs present within the single infections were analyzed and recorded. 

The parasite genotypes were correlated with drug CRs of each study subject using 

Spearman rank correlation test. The allele frequencies were analyzed and compared 

within each other using one way ANOVA. To investigate the influence of genetics on 

clearance rates, correlation of the two parameters was carried out using GraphPad 

prism (GraphPad Software, Inc., San Diego, CA, USA).  
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Bonferroni's multiple comparison tests is a simple method for correcting for multiple 

comparisons. For example: the 3 SNPs will be tested to compute p values for each 

comparison. This is to test for statistical significance for the correlation determined 

between SNPs and clearance rates. 

3.7.2 Determination of genetic diversity and population structure 

To determine parasite genetic diversity and population structure, 12 MS were used to 

calculate allele frequencies, heterozygosity values, molecular variance, haplotypes, 

principal coordinates and fixation indices using GenAlEx software. Predominant 

alleles were used in calculation of allele frequencies. For HE analysis, samples were 

grouped region-wise. For this comparison, the mean HE values were compared by 

using a Mann-Whitney U statistics implemented in the statistical package GraphPad 

Prism (San Diego, CA, USA). A p value of ≤ 0.05 was considered statistically 

significant.  
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CHAPTER FOUR 

RESULTS 

4.1 Microsatellite analysis  

Allelic data from 92 post-ACTs and 29 pre-ACTs isolates was obtained having data in 

more than 10 loci. These were included in the subsequent analysis. That is, 121 of 146 

(82.9%) parasites isolates were included; 29 of 42 (69%) were pre-ACTs and 92 of 

104 (88.5%) were post-ACTs. For pre-ACTs parasites, 19 out of 29 (66%) were 

polyclonal whereas for post-ACTs, 74 of 92 (80%) were polyclonal.  

Table 4.1: Genetic diversity of pre- and post-ACTs parasites at the 12 MS loci. 

 

 

 

 

 

 

 

 

 

 

 

N = total number of isolates, Na = number of alleles for microsatellite loci, HE = 

Expected heterozygosity, FST- Fixation index statistics; Mann Whitney (p = 0.0226; 

95% CI). Normalized microsatellite data was used to generate the above data using 

GenAlEx software.  

       pre-ACTs               post-ACTs                                

 
 

n =  29 
 

 n = 92 

MARKER CHR N Na HE N Na HE  

Polyα 4 27 16 0.942 89 33 0.967  

TA42 5 28 11 0.805 91 24 0.870  

TA81 5 28 10 0.857 91 32 0.942  

TA1 6 29 12 0.903 86 31 0.954  

TA87 6 27 15 0.908 90 34 0.953  

TA109 6 28 18 0.951 88 35 0.953  

TA40 10 25 18 0.947 85 32 0.944  

2490 10 28 13 0.883 88 24 0.922  

ARAII 11 29 15 0.900 91 27 0.943  

PfPk2 12 29 13 0.895 91 30 0.953  

PfG377 12 29 9 0.806 88 15 0.734  

TA60 13 26 8 0.830 83 28 0.935  

MEAN  28 13 0.886 88 29 0.922  

SE  0.372 0.960 0.015 0.763 1.629 0.019  
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4.2 Parasite genetic diversity calculated from multiple-clone infections. 

Table 4.1 above shows the 12 MS used were highly polymorphic both in pre-ACTs 

and post-ACTs parasites. TA109 was most polymorphic with 35 alleles whereas 

TA60 was the least polymorphic locus with 8 alleles. The diversity in pre-ACTs 

parasites was lower compared to post-ACTs. The mean number of alleles in all the 

loci for the pre-ACTs parasite samples was 13.17 (range 8-18) compared to post-

ACTs which was 28.75 (range 15-35). The post-ACTs samples had significantly 

higher number of alleles in all the 12 MS loci compared to pre-ACTs (Table 1; p < 

0.0001). The unbiased HE was estimated per locus as shown in Table 4.1. The mean 

unbiased HE for post-ACTs parasites was higher than for pre-ACTs parasites (p = 

0.0226). With exception of 2 loci (TA40 and PfG377), the remaining 10 loci in post-

ACTs parasite population had higher genetic diversity than pre-ACTs parasite 

population. However, most alleles were distributed widely across the two populations; 

post-ACTs parasite population had a large number of private alleles compared to pre-

ACTs with 19.75 and 4.17 private alleles respectively. The Shannon diversity index 

for pre- and post-ACTs population was 2.308 and 2.955 respectively, further 

confirming higher genetic diversity in post-ACTs population. 

4.3 Parasite population structure 

The analysis of molecular variance (AMOVA) analysis revealed that most (97%) of 

the variance in allele frequencies was among individuals within the populations 

whereas only 3% of the variation was explained by differences between pre- and post-

ACTs parasite populations. Wright’s F-statistics revealed that 8 of 12 microsatellite 

markers detected significant population structure. The mean genetic differentiation 



 

 

43 

index (FST) among the pre-ACTs and post-ACTs parasite populations for all the 12 

MS loci was 0.04287, reaching statistical significance (p = 0.001, Table 4.2).  

 

Table 4.2: FST values across the 12 MS loci for pre- and post-ACTs parasites. 

 

N = total number of isolates, FST = Wrights F statistics. † indicates FST values with p < 

0.05 (95 % CI) which 8 loci out of 12 account for population structure seen between 

pre- and post-ACTs populations which do not share any genetic diversity; PfG377 

locus had the largest FST (0.1285) whereas Polyα had the lowest (0.0077).  

 

Multi-locus haplotype construction of the 12 MS showed there were no matching 

haplotypes. This means there were no parasites that showed similar allelic data across 

the 12 loci but unique profiles. A total of 121 unique haplotypes were generated from 

29 pre-ACTs and 92 post-ACTs parasites as seen below (Figure 4.1).  

 

Marker Name N FST values 

Polyα 116 0.0077 

TA42 119 0.0302 

TA81 119 0.0660† 

TA1 115 0.0576† 

TA87 117 0.0209 

TA109 116 0.0292† 

TA40 110 0.0400† 

2490 116 0.023 

ARAII 120 0.032† 

PfPk2 120 0.0406† 

PfG377 117 0.1285† 

TA60 109 0.0852† 

Total Mean 116.2 0.04287(SE .005) 
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Figure 4.1: Multi-locus analysis of the 12 microsatellites showing number of 

matching haplotypes for both pre- and post- ACTs populations. 

 

The highest multi-locus combination was seen in two samples pairs; one in pre-ACTs 

parasite population which had 8 of 12 of loci matching and the second sample in post-

ACTs parasite populations which 9 of 12 loci were matching. To perform Principal 

Coordinate Analysis, the eigenvalues and eigenvectors were calculated, and the first 

two coordinates used to plot the genetic distance matrix (Figure 4.2). The percentage 

of variation explained by the two coordinates account for 8.87 % and 5.44 % 

respectively, revealing genetic difference in the two populations.  
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Figure 4.2: Principal Coordinate Analysis. 

Microsatellite data for both pre- and post-ACTs were used to find out patterns and 

relationships within a multivariate dataset. This graph was plotted using genetic 

distance matrix; blue dots for pre- and red dots for post-ACTs. 

4.4 Single Nucleotide Polymorphism Analysis 

Ninety-two post-ACTs isolates comprising of seventy-five pre-treatment and 

seventeen post-treatment (recurrent) isolates were utilized for SNP genotyping. The 

post-treatment (recurrent) samples collected either on day 7, 14, 21, 28, 35 and 42 

were determined to be re-infections using 91 SNP markers. Similar profile to day 0 

was referred to as recrudescence while different profile to day 0 parasite was referred 

to as re-infection. A total of 91 SNPs found across P. falciparum genome were used 

to genotype all pre- and post- ACTs samples (Appendix II). Of the 91 SNPs 

genotyped, 78 (85.7%) generated robust genotype data which were used for 

subsequent analysis. For each SNP, the number of parasite isolates that were 

successfully scored are shown in Appendix IV; the mean was 68.62 parasite isolates 
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(range = 60-74) across all 78 SNPs. Parasites with < 5% of the 78 SNPs as mixed 

genotypes were considered to be single-clone infections. Of the 75 day 0 samples 

analyzed, 23 (30.6 %) were single-clone infections, in which 15 had robust genotype 

data and were used in subsequent analyses. A multi-locus combination analysis of the 

78 SNPs showed no matching multi-locus haplotypes. This generated a total of 15 

haplotypes in which each sample showed unique genotype combination. The highest 

multi-locus combination was present in 9 isolates which matched in 19 out of 78 

(24.4%) loci. 

4.5 Clearance slope half-life 

The clearance half-life of parasite-infection of 75 post-ACTs samples was obtained. 

The mean parasite clearance half-life was 2.63 hours (95% confidence interval [CI], 

2.44-2.81) and the median clearance half-life was 2.55 hours (interquartile range 

[IQR], 2.02-3.09). The parasite clearance half-life ranged from 1.19-5.05 hours as 

shown by the table 4.3 as well as the distribution of slope half-lives for the study 

subjects as seen in figure 4.3 below. 
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Table 4.3: Summary of slope half-life (hours) for 75 post-ACTs western Kenya 

parasite populations. 

Statistic Value 

Median 2.55 

Range* (1.19, 5.05) 

IQR** (2.02, 3.09) 

 

This table shows slope half-life generated after plotting hourly parasite density versus 

hourly time-point. *Range = (minimum, maximum); **IQR = Inter Quartile Range; 

(25
th

 centile, 75
th

 centile).  

 

NB: No clearance rate data is presented for pre-ACTs parasite populations because 

pre-ACTs protocol did not adopt the 4 and 6 hourly dose. 
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Figure 4.3: Graphical representations of the distribution of slope half-life (hours) 

for the post- ACTs samples (n=75). 

As seen in the histogram above, most of the patients cleared parasites between 2-3 

hours although we have those that cleared up to the 6th bar (represent prolonged 

parasite clearance which is an early warning sign of resistance). 

4.6 Effect of parasite genotype on parasite clearance half-life 

To determine whether parasite genotype influenced parasite clearance rates, the half-

lives of parasites carrying either a wild type were compared to those carrying mutant 

allele at each SNP locus as seen in appendix V. Non-parametric unpaired t-test (with 

Welch’s correction) revealed 3 SNPs in chromosome 12 and 14 (MAL12-1156125, 

MAL14-1199184, and MAL14-3017684) reached statistical significance. For 

MAL12-1156125 locus, parasites carrying mutant allele had slower clearing rates 

compared to wild type. Interestingly however, for MAL14-1199184 and MAL14-



 

 

49 

3017684 loci, parasites carrying the wild type alleles had slower clearance half-lives 

compared to one carrying the mutant alleles (Figure 4.4). Parasites with same 

genotype at the 3 loci had similar clearance rate phenotype; four of the parasite 

infections with the slowest clearance half-lives had the same genotype where they 

carried mutant allele at MAL12-1156125, and wild type alleles at MAL14-3017684 

and MAL14-1199184 (Figure 4.4, shown in blue). Conversely, three of the parasite 

infections with the fastest clearance half-lives had the same genotype; they carried 

wild type allele at MAL12-1156125, and mutant alleles at MAL14-1199184 and 

MAL14-3017684 (Figure 4.4, shown in red).  
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Figure 4.4: 3 SNPs out of 78 genome-wide SNPs genotyped which showed 

positive correlation with clearance half-life. 

This is with statistical significance (p < 0.05; CI 95%). The SNPs are as follows: 

*MAL12-1156125 (MAL12), MAL14-1199184 (MAL14A) and MAL14-3017684 

(MAL14B) showing their wild type (WT) and mutant (MT) states. 

 

Further, Odds ratio analysis of the 3 SNPs (MAL12-1156125, MAL14-1199184 and 

MAL14-3017684) showed positive association with parasite clearance phenotype. In 

MAL12-1156125 SNP, mutant allele was associated with delayed parasite clearance 

whereas in MAL14-1199184 and MAL14-3017684 SNPs, wild type alleles were 

associated with delayed parasite clearance (Table 4.4). 
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Table 4.4: P. falciparum SNPs significantly associated with delayed parasite 

clearance rates. 

 

Chromosome 

 

SNP (allele) 

 

Allele frequency 

 

OR (95% CI) 

 

P value 

12 MAL12-1156125 (T/C ) 0.474 6.00 (1.33-27.06) 0.0322 

14 MAL14-1199184 (T/A) 0.439 6.00 (1.22-29.46) 0.0324 

14 MAL 14-3017684 (A/T) 0.438 9.75 (2.28-41.68) 0.0016 

 

Bonferroni's multiple comparison test showed significant correlation between 

MAL12-1156125 SNP mutant allele; MAL14-1199184 and MAL14-3017684 SNPs 

wild type alleles with delayed clearance rate as shown in Table 4.4 (p < 0.05%, 95% 

CI). Out of the 7, no comparison matched our observations as shown in bold in Table 

4.5 below.  
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Table 4.5: Post-test Analysis of the 3 SNPs using Bonferroni’s multiple 

comparison tests. 

 

To evaluate the relatedness of parasite genotypes to parasite clearance half-life, the 

single-clone infections (based on the 78 SNPs) were analyzed using the Bayesian 

mid-point tree. Since all the parasites in this study can be categorized as fast-clearing 

(compared to SEA), parasite were stratified based on the median clearance half-life of 

2.55 hours which showed a significant p value. Therefore, those above the median 

half-life were classified as fast clearing (Figure 4.5; shown in blue) and those below 

the median half-life as faster clearing (shown in red) as they cleared rapidly.  

Amongst the 15 single-clone infections, 6 were fast clearing and 9 were faster 

clearing. Among the 6 fast clearing parasites, 4 with the slowest clearing rates showed 

higher genetic relatedness by clustering together while most of the faster clearing 

 

Bonferroni's Multiple 

Comparison Test 

Mean 

Diff. t 

Significant 

P < 0.05 95% CI of diff 

WT-MAL12 vs MT-MAL12 -1.150 2.900 No -2.390 to 0.08981 

WT-MAL12 vs WT-MAL14A -1.690 3.768 Yes -3.093 to -0.2876 

WT-MAL12 vs MT-MAL14A -0.07484 0.1982 No -1.255 to 1.106 

WT-MAL12 vs WT-MAL14B -1.301 3.281 Yes -2.541 to -0.06119 

WT-MAL12 vs MT-MAL14B 0.1726 0.4214 No -1.108 to 1.453 

MT-MAL12 vs WT-MAL14A   -0.5403 1.237 No -1.906 to 0.8254 

MT-MAL12 vs MT-MAL14A 1.075 2.959 No -0.06114 to 2.212 

MT-MAL12 vs WT-MAL14B -0.1510 0.3942 No -1.349 to 1.047 

MT-MAL12 vs MT-MAL14B 1.323 3.336 Yes 0.08276 to 2.562 

WT-MAL14A vs MT-MAL14A 1.616 3.850 Yes 0.3034 to 2.928 

WT-MAL14A vs WT-MAL14B 0.3893 0.8914 No -0.9764 to 1.755 

WT-MAL14A vs MT-MAL14B 1.863 4.153 Yes 0.4602 to 3.266 

MT-MAL14A vs WT-MAL14B -1.226 3.374 Yes -2.363 to -0.08986 

MT-MAL14A vs MT-MAL14B 0.2474 0.6553 No -0.9331 to 1.428 

WT-MAL14B vs MT-MAL14B 1.474 3.716 

 
Yes 0.2338 to 2.713 
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parasites showed higher genetic relatedness by clustering together. For faster clearing 

parasites, two distinct groups were observed, each with at least 3 parasites in each 

cluster.  

 

Figure 4.5: Bayesian midpoint tree showing single cloned P. falciparum 

haplotypes cluster in relation to clearance rates (slope half-life in hours). 

This was constructed using 78 concatenated SNPs whose genetic variants at each 

point were used to construct parasite relatedness using MrBayes software. A 

10,000,000 generations was used to run and construct the tree which gave standard 

deviation below 0.01 to generate higher posterior probability values. 

 



 

 

54 

 

Haplotype profiles for each of the single clones based on parasite clearance rate is 

shown in Figure 4.6 below. 

 

 

Figure 4.6: SNP-based genotypes and genetic variation seen in relation to 

clearance rates in 15 single clones in Western Kenya in 2013-2014. 

Median –joining network diagram above shows genetic relationship of the western 

Kenya samples using 78 SNP haplotypes.  Each circle in the network represents a 

unique haplotype profile with the size of the circle being proportional to the number 

of clones showing that particular haplotypes. The circle shown in red stands for 

samples with clearance rate <2.55 slope half-life (hours) while those colored in blue 

represent those with clearance rate >2.55 hours. The black dots are hypothetical 
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median vector generated by the software to connect existing haplotypes within the 

network with maximum parsimony. 
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CHAPTER FIVE 

DISCUSSION 

Western Kenya is a malaria endemic region with stable, high transmission throughout 

the year, with seasonal peaks (Bloland et al., 1999; Hamel et al., 2011; KEMRI, 

2014). MS profile analysis applied in previous studies have shown parasites in 

western Kenya have high genetic diversity with high infection complexity (Ndenga, 

2006; Zhong et al., 2007) . In line with previous studies, our data showed presence of 

high genetic diversity in western Kenyan parasites with post-ACTs parasites showing 

significantly higher genetic diversity than pre-ACTs parasites. The post-ACTs 

parasites had higher number of alleles (including private alleles) in all the 12 MS loci 

analyzed. None of the parasite analyzed had matching haplotypes. Principal 

coordinate analysis revealed there was genetic difference between the pre- and post-

ACTs parasite populations. Furthermore, genotyping of post-ACTs parasites with 

half-lives at 78 loci (distributed across the genome) revealed 3 SNPs on chromosome 

12 and 14 that significantly influenced parasite clearance rates. Most importantly, I 

showed western Kenya parasites having genetically determined response to 

artemisinin treatment.  

These data clearly demonstrate that pre-ACTs parasites collected between 1996 and 

2003 had slightly lower genetic diversity compared to post-ACTs parasites that had 

high genetic diversity consistent with published work (Zhong et al., 2007). To offer 

explanation to this finding, I considered the drug pressure exerted on these two 

parasite populations. Chloroquine was the treatment of choice for uncomplicated 

malaria infections in Kenya until 1998 (Shretta et al., 2000) when sulphadoxine-

pyrimethamine (SP) was introduced as the first-line treatment (Okiro et al., 2010). AL 
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replaced SP as the first-line treatment in 2006 (Amin et al., 2007) and has been 

widely available both in government and private clinics and hospitals. Changes in 

treatment regime (Chloroquine and SP replaced as first-line treatments) have been due 

to wide-spread treatment failure attributed to drug resistance (Ogutu et al., 2005; 

Okiro et al., 2010; Shretta et al., 2000). In a series of studies conducted in Kisumu 

(which is located in western Kenya) in 1996, results showed that 85% of children 

under 5 years failed chloroquine treatment (Shretta et al., 2000) and two years after 

SP was introduced as the first-line treatment, estimated SP treatment failure in 

Kisumu was 42% (EANMAT, 2003). This indicates that post- ACTs parasite 

population in Kenya was under high drug pressure. This selection forced the parasite 

to acquire genetic variants, including those that confer drug tolerance resulting in high 

parasite genetic diversity within the population.  

Introduction of AL in 2006 coincided with up-scaling of malaria intervention which 

not only increased drug availability, but also other aspects of malaria control such as 

increased coverage of insecticide-treated net (ITN) were on the increase (Okiro et al., 

2010). Parasite genetic variants are associated with biological fitness cost which upon 

release of the pressure, and with parasite outcrossing, leads to the loss of the acquired 

genetic variants in a population (Miotto et al., 2013). Change of drug policy in Kenya 

from SP to AL and scaling up of other malaria intervention strategies released SP and 

chloroquine drug pressure on parasite population, resulting in high genetic variability 

in post-ACTs parasite population (Zhong et al., 2007). This was attributed to high 

mixed genotype infections transmission by human travel. AL remains highly 

efficacious in SSA and in Kenya (Agarwal et al., 2013; Hamed et al., 2012; Hamel et 

al., 2011) indicating the parasite population is not under high drug pressure. This can 
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be interpreted to mean that selection of parasite population by AL in post-ACTs 

parasite is not as intense as compared to pre-ACTs selection caused by chloroquine 

and then SP.  

Studies have shown that Kenyan parasite populations have low genetic differentiation 

(Gatei et al., 2010; Vardo-Zalik et al., 2013; Zhong et al., 2007). Similarly, our study 

revealed low genetic differentiation with the overall mean FST of 0.0427 between pre-

ACTs and post-ACTs parasite populations. Moreover, the low to moderate 

differentiation observed between the pre- and post-ACT era would possibly influence 

population structure through natural selection and genetic drift. Furthermore, principal 

coordinate analysis revealed that parasites from the pre-ACT clustered tightly than the 

post-ACT. The parasites from the pre-ACT era depicted a panmictic population with 

less genetic distance between them compared to the post-ACT parasites except for a 

few parasite populations that showed some structure.  

Studies conducted in Zimbabwe and the DRC, regions of high malaria transmission, 

described the parasite population as having high genetic diversity (Durand et al., 

2003). The non-random association of alleles has significant implication for the 

spread of multi-locus drug resistance haplotypes with high levels of inbreeding, which 

increases their dispersal (Schultz et al., 2010).  Within the pre- and post-ACT era 

parasite populations, a large proportion of multiple infections was found and therefore 

cross fertilization and recombination between distinct parasite genomes was expected 

to maintain the random association among the loci. The observed genetic diversity 

suggests the occurrence of recombination even in areas with intense and perennial 

malaria transmission which may explain the phenomenon of spread of drug resistance 
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haplotypes across time. The data obtained in our study is consistent with the trends 

observed in Zimbabwe and the DRC and Kenya also (Mobegi et al., 2012)..  

In this study, 3 SNPs that are significantly associated with delayed parasite clearance 

are described. However, from post-test analysis (Bonferroni multiple comparison test) 

showed slight difference in mean values in some comparisons. Therefore the potential 

use of these SNPs as markers of resistance awaits validation. It is not unreasonable to 

expect the proportion of variation in parasite clearance attributable to parasite genetics 

to increase at a much slower rate in high transmission areas of SSA than it is SEA. 

However, there are some areas in SSA that have experienced reduction in malaria 

transmission or are low transmission areas (O'Meara et al., 2008; O'Meara et al., 

2010) with more structured parasites (Bogreau et al., 2006) and are more likely to 

obtain parasites with artemisinin resistant ‘winning combination’.  

These SNPs are non-synonymous SNPs comprising of one found on chromosome 12 

and two on chromosome 14. The SNP on chromosome 12, MAL12_1156125, is 

located in the gene PF3D7_1228400 and the SNPs on chromosome 14, 

MAL14_1199184 and MAL14_3017684, are found in genes PF3D7_1430300 and 

PF3D7_1474000 respectively (www.plasmodb.org). PF3D7_1228400 is a gene 

encoding a conserved Plasmodium protein with unknown function 

(www.plasmodb.org). This gene has 28 known synonymous SNPs and its expression 

is present both in sexual and asexual stages. These data show that the mutant allele is 

associated with delayed parasite clearance. The wild type, MAL12_1156125-T is 

found in P. falciparum strains such as 3D7, 7G8 and V1_S whereas the mutant 

MAL12_1156125-C is found in strains such as HB3 and S. Lucia. This means that the 

http://www.plasmodb.org/
http://www.plasmodb.org/
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mutant allele is not exclusively associated with response to artemisinin drug pressure 

but a genotype that predisposes the parasite to be less sensitive to the drug.  

PF3D7_1430300 gene encodes for a putative acid phosphatase, involved in malaria 

parasite metabolic pathways including drug metabolism (www.plasmodb.org).  In 

parasite lifecycle, the gene is down regulated in ring stage but up regulated in 

schizonts, and has 37 synonymous SNPs. The wild type allele, MAL14_1199184-T is 

found in P. falciparum strains such as HB3 whereas the mutant allele 

MAL14_1199184-A is found in strains such as 3D7. PF3D7_1474000 encodes for  a 

putative protein with unknown functions and has 44 synonymous SNPs. The wild 

type allele, MAL14_3017684-A is found in P. falciparum strains such as 3D7 and 

HB3. Interestingly, the presence of wild type alleles in these two SNPs appears to 

predispose the parasite to delayed parasite clearance to artemisinin treatment. This 

phenomenon has recently been described in studies that showed significant selection 

of wild type alleles in P. falciparum chloroquine resistance transporter (Pfcrt) gene at 

codon 76 and multidrug resistance 1 (Pfmdr1) gene at codon 86 occur in recrudescent 

and re-infecting parasites after AL treatment (Venkatesan et al., 2014). However, 

since only a small number of samples were tested, additional studies are needed to 

determine if indeed there is any causal association between these SNPs and 

artemisinin sensitivity. Therefore, the three SNP markers should be validated and 

used as markers for artemisinin resistance. 

In low transmission setting such as SEA, different patients are more often infected 

with CI parasites which arise due to low parasite genetic diversity and inbreeding 

(Anderson et al., 2010; Ndenga, 2006). Similar to identical twin studies in humans, CI 

parasites provide an effective approach to determining if phenotypic traits have a 

http://www.plasmodb.org/
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genetic basis (Anderson, 2010). Artemisinin resistance has been reported in SEA 

(Dondorp et al., 2009; Noedl et al., 2008; World Health Organization, 2009), and 

recent studies have shown the resistance phenotype can be explained by heritable 

genetic traits in the parasite population (Anderson et al., 2010; Phyo et al., 2012; 

Takala-Harrison et al., 2013). There are no reported cases of delayed parasite 

clearance in SSA, and studies have reported median half-lives of less than 3 hours 

(Ashley et al., 2014; Maiga et al., 2012). Similar to the previous findings, our study 

revealed that the median half-life was 2.55 hours, with a range of 1.19-5.05 hours. 

Although western Kenya is a high transmission area with no reports of delayed 

parasite clearance to artemisinin treatment, bayesian midpoint tree revealed 

genetically related parasites which most of them clustered together based on parasite 

clearance.   

High genetic variability in SSA parasite population might be preventing emergence of 

parasites that are resistance to artemisinin. Anti-malarial drug resistance may emerge 

de-novo when malaria parasites with spontaneously arising mutations or gene 

duplications conferring reduced drug susceptibility are selected for by anti-malarial 

drugs (White, 2004; White et al., 2003). These emerging variations (mutations or 

gene duplication) might have relatively small phenotypic effects when acting 

individually. It is through the process of gene recombination that may occasionally 

generate a parasite possessing a ‘winning combination’ of alleles. This cumulatively 

might confer resistance to anti-malarial drugs, but must also provide a certain level of 

biological fitness for parasite to survive (Miotto et al., 2013). However, with high 

genetic diversity and outcrossing, the progeny can easily loose the ‘winning 

combination’. It is therefore likely that with proper management of combination 



 

 

62 

therapies such as AL and monitoring of drug efficacy, artemisinin resistant ‘winning 

combination’ alleles will not easily emerge in high transmission regions such as 

western Kenya due to high parasite genetic diversity. 

Artemisinin tolerant (resistant) parasites have been reported in SEA.  However, high 

grade resistance has not been reported (Phyo et al., 2012). Despite this absence of 

resistance, recent studies suggest that there is evolution of the parasites towards 

resistance to artemisinin in SEA (Miotto et al., 2013). Thus, the prevalence of K13 

propeller region SNPs (C580Y, Y493H, R539T, I543T) have been validated and are 

associated with artemisinin resistance among the Cambodian parasite subpopulations 

(Ariey et al., 2014). These K13 propeller region SNPs are not prevalent or associated 

with delayed parasite clearance in African parasites (Conrad et al., 2014; Kamau et 

al., 2014; Taylor et al., 2014). Identifying parasites with genetically determined 

response to artemisinin tolerance or identifying such subpopulations will be critical in 

identifying effective molecular markers for monitoring emergence and spread of 

artemisinin resistance in SSA. In this study, existence of parasites with genetically 

determined response to artemisinin treatment was demonstrated in western Kenya. 

From the median joining analyses using SNPs and the multi-locus analyses using MS 

markers, it was clear that the single-clone parasites were not clonally identical, 

although closely related. Second, the parasites from Western Kenya presented a 

median clearance rate of 2.55 hours. This rate implies that the parasites from Western 

Kenya are sensitive to AL compared to SEA where the median clearance rate of 

resistant parasites is 6 hours. Hence it is clear that by the 2013-2014, there was no 

resistance to AL in western Kenya. 
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The genetic markers used in Southeast Asia (Phyo et al., 2012), were the same used to 

detect the influence of parasite genetics on parasite clearance rate where we found 

existing correlation. In addition to this, we found 3 SNPs that statistically showed the 

correlation, evidence of genes influencing faster (<2.55 hours) and fast clearing 

(>2.55 hours) parasites. 
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CHAPTER SIX 

CONCLUSIONS, STUDY LIMITATIONS AND RECOMMENDATIONS 

6.1 Conclusions 

6.1.1 Determination of parasite clearance rates  

Parasite clearance rate of 2.55 hour (geometric mean) was calculated and 

reported which suggests that Kenyan parasites are still sensitive to Artemisinin 

antimalarial.  

6.1.2 Establishing existence of multiple-clone infections of P. falciparum parasite  

High genetic diversity seen in western Kenya parasite populations using 

microsatellite markers which reported an average of 13 and 29 clones for pre-

ACTs and post-ACTs respectively per patient.  

6.1.3 Evaluation of genetic polymorphism and diversity across P. falciparum 

parasite genome 

Three SNPs were positively and significantly correlated to delayed parasite 

clearance rate. This has shown the existence of parasites with genetically 

determined response to artemisinin treatment in Western Kenya. 

6.1.4 Correlation of parasite genotypes with clearance rates  

A correlation between parasite genotypes and parasite clearance rates and 

identified three novel SNP genetic markers in P. falciparum parasites that may 

be applied in detecting parasite CR trait in Western Kenya once validated. 
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6.1.5 Determination of parasite genetic in western Kenya parasite populations 

Based on the SNP analyses, the study has also shown that parasites with similar 

clearance rates are indeed genetically related. Therefore, the null hypothesis 

was rejected and the alternative hypothesis stating that P. falciparum parasite 

genetics has influence on parasite clearance rates holds true. 

6.2 Limitation 

This study had one major limitation. Only fifteen parasite clones were used to 

correlate the clearance rates.  This small sample size arose from the difficulty of 

obtaining single-clone infection in a high transmission area like Western Kenya. The 

small sample size lowered the power of this study and studies with large sample size 

are required to further elucidate these findings. Regardless of the study limitation, our 

data clearly demonstrate that variation in clearance rates can be explained by parasite 

genetics.  

6.3 Recommendations 

To further corroborate these findings, we recommend: 

i. Investigation of parasite genetics in low transmission areas in Kenya, where 

malaria endemicity is similar to that found in SEA and correlate the findings 

to clearance rates. Therefore, surveillance of artemisinin resistant parasites 

should not only focus on high transmission areas in SSA but also in regions of 

low transmission.  

ii. Based on results from this study, it can be recommended that advanced 

technologies such as use of the CRISPR-Cas9 system and microarray should 

be applied to validate the role these 3 SNPs have in influencing delay in 
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parasite CRs. This is to identify effective molecular marker(s) for monitoring 

emergence and/or spread of artemisinin resistance in SSA. 

iii. Determine the function of the two unknown proteins which harbor the two 

SNPs and determine the role/target of the putative acid phosphatase having 

third discovered SNP. 

iv. Besides the 91 SNPs studied here (based on SEA parasites), new additional 

targets should be utilized for high throughput. 

v. Study other phenotype traits such as Ring Stage survival rates. 
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APPENDICES 

APPENDIX I: Neutral microsatellite primer sequences-12 loci MS markers, 

primer sequences, fluorescent dyes and size range per locus for allele scoring 

(Anderson et al., 1999). 

 

Multi-plex 

Locus  

(Anderson 

1999) 

 

Primer 5' to 3' 

Fluorescent 

Label 

size range from 

Anderson 1999 

Size in 3D7 

reference 

genome 

1 

Poly α-R  ATCAGATAATTGTTGGTA 

FAM 114-201 

 
151 bp 

Poly α-F 
 

AAAATATAGACGAACAGA 

Poly α-3(IR) 
 

GAAATTATAACTCTACCA 

1 

PFPK2-3R  CCTCAGACTGAAATGCAT 

HEX 159-192 

 
172 bp 

PFPK2-F  CTTTCATCGATACTACGA 

PFPK2-R 
 

AAAGAAGGAACAAGCAGA 

1 

TA81-3F  GAAGAAATAAGGGAAGGT 

PET 112-142 

 
122 bp 

TA81-R  TTTCACACAACACAGGATT 

TAA81-F 
 

TGGACAAATGGGAAAGGATA 

2 

ARA2-3(F)  GTACATATGAATCACCAA 

FAM 63-90 

 

73 bp 
ARA2-R 

 
GCTTTGAGTATTATTAATA 

ARA2-F  GAATAAACAAAGTATTGCT 

2 

TA87-3F  ATGGGTTAAATGAGGTACA 

HEX 90-126 

 
100 bp 

TA87-R  ACATGTTCATATTACTCAC 

TA87-F 
 

AATGGCAACACCATTCAAC 

2 

TA40 Rev-1  GAAATTGGCACCACCACA 

PET 217 

 
217 bp 

TA40 For  AAGGGATTGCTGCAAGGT 

TA40 Rev-2 
 

CATCAATAAAATCACTACTA 

3 

TA42-3F  ACAAAAGGGTGGTGATTCT 

FAM 182-251 

 

201 bp 
TA42-R 

 
GTATTATTACTACTACTAAAG 

TA42-F  TAGAAACAGGAATGATACG 

3 

2490-3R  ATGATGTGCAGATGACGA 

HEX 78-93 

 
84 bp 

2490-F  TTCTAAATAGATCCAAAG 

2490-R 
 

TAGAATTATTGAATGCAC 

3 

TA1-3(F)  CTACATGCCTAATGAGCA 

PET 159-204 

 
186 bp 

TA1-R  TTTTATCTTCATCCCCAC 

TA1-F 
 

CCGTCATAAGTGCAGAGC 

4 

TA60-F  CTCAAAGAAAAATAATTCA 

FAM 69-99 

 

87 bp 
TA60-R 

 
AAAAAGGAGGATAAATACAT 

TA60-3(IF)  TAGTAACGATGTTGACAA 

4 

TA109-3F  TAGGGAACATCATAAGGAT 

HEX 154-223 

 
174 bp 

TA109-R  CCTATACCAAACATGCTAAA 

TA109-F 
 

GGTTAAATCAGGACAACAT 

4 

PFG377-3R  TTATGTTGGTACCGTGTA 

PET 89-113 

 
98 bp 

PFG377-F  GATCTCAACGGAAATTAT 

PFG377-R 
 

TTATCCCTACGATTAACA 
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APPENDIX II: SNP genotyping by MassARRAY technique- 91 SNPS 

GENOMIC 

LOCATION 
SNP ID SEQUENCE CHR MINOR 

ALLELE 
WILD-

TYPE 
MINOR 

ALLELE FREQ 
*MAL01-
354427 

CombinedSNP*
MAL01_354427 

TACTAGGTGGTTTATTTATATAAG
AATTTGCTATGTATGTTATAACAT

CAGATTCATTTA[T/C]ATTATTATT

TTGTTCTTCGTTTATGGTATTCTTT
TTATTATTAGAAATATTATTATAAT

C  

1  A  G 0.43 

MAL01-
539149 

CombinedSNP_
MAL01_539149 

TCTCTTTTCAGTGGATGCCATTTGT
TTTTTTAAATGTGTTAAATCATTGT

GAATTTTTAT[A/G]ACTTTAATAAA

TGTACGCATAAAATCTTTATATTC
ATTATTTTTAAAATATTTCTTTACT  

1 G  A 0.31 

MAL02-

217337 
CombinedSNP_

MAL02_217337 
TTTGTTTAGAGCATCATTTATTTTT

GGAAAACATCCCTCCTTCAAAGGA

TCATACGATTC[A/T]TTTCCTTTCAT
ACAAAAAAATAAAAAAAATTAAA

TAAATAAATATACACATATATATA

AA  

2 T A 0.29 

MAL02-

322398  
CombinedSNP_

MAL02_322398 
TTACACATAACAGAAAAAACATTC

ATTTGAACCCTTCAGTTTGGTTAA

ACAATATCCAGG[A/G]GATGTTTTA
TCTTTACATTCATTCCAATGGAGTT

CACAAAATTTAATACATCCTTCAT

GT  

2 G  A 0.26 

*MAL02-

660994  
CombinedSNP*

MAL02_660994 
TTTTTAAATAATATGTCCAAATGT

GTTTTATACCAAAAAAAAGAAGCA

TATCAAGAATCA[T/C]CAGAACAA
AACTTCCATGGTCTTATAAATCAT

AAAAATGAAGACAATGAAAAATG

TCATA  

2 G  A 0.17 

*MAL01-

354427 
CombinedSNP*

MAL01_354427 
TACTAGGTGGTTTATTTATATAAG

AATTTGCTATGTATGTTATAACAT

CAGATTCATTTA[T/C]ATTATTATT

TTGTTCTTCGTTTATGGTATTCTTT
TTATTATTAGAAATATTATTATAAT

C  

1  A  G 0.43 

*MAL03-
249686   

CombinedSNP*
MAL03_249686 

ATACAAAATAAAGAAGAGGAAAT
TATAAAATATGTTAATGAACTACA

AAA[T/C]AGTGATGTGCAAAAAGA

AAAAAAAGAGTTGAAAACAATAA
ATGAAGTTTT 

3 G  A 0.49 

MAL03-

439621   

CombinedSNP_

MAL03_439621 

AATTTATTATTTAATTATTATAACA

AAGAAAGTATTGGACATAAAAAA

AA[A/G]AAAGCGAGTTTTGTAAAA
GCACAATATGCTAATAATAGGATA

CCATCTAA 

3 G  A 0.25 

 
*MAL03-

704420  

 
CombinedSNP*

MAL03_704420 

 
ATTAATGTGTTTTTAATATTTGAAC

AATATTTTTCAAACATTTCATTTGC

[T/C]CGTGTTAATGTTATGATTTTC
ATTTGAGCTTTATTTAATAAATCGT

TTAA  

 
3 

 
G  

 
A 

 
0.17 

MAL03-
748204  

CombinedSNP_
MAL03_748204 

CAATATGATAGAACTGTAAGAAAT
TCATATGGAGATATTATTCAATTTT

T[A/G]TATGGAGAAGATGGTATGG

CAGGTGAATATATAGAAGATCAA
ATTATAGA  

3 A G 0.44 

MAL03-

822470  

CombinedSNP_

MAL03_822470 

AAATATGGTAAATATAAAAATAAT

AATAATAATAACTCTTTTTATAAC

ATGAGAGATGAT[A/G]CAGAATTG
ACAGACATTGAAGAAAATATATCA

AGTAAAAAAAAAAAAAACAAATT

TATAG 

3 G  A 0.39 

*MAL04-

268436  

CombinedSNP*

MAL04_268436 

TCTCATATTTATTATTCCTATTCAT

AAGTAATAAACCTTTGTTGTATTTT

CGAAACACAT[T/C]TTTATGTCTCC

4 A G 0.29 
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TAAGATATACCACATTTTGGACAT

TATTATTATTATCATTATTATCATT  

MAL03-
439621   

CombinedSNP_
MAL03_439621 

AATTTATTATTTAATTATTATAACA
AAGAAAGTATTGGACATAAAAAA

AA[A/G]AAAGCGAGTTTTGTAAAA

GCACAATATGCTAATAATAGGATA
CCATCTAA 

3 G  A 0.25 

MAL04-

307321  

CombinedSNP_

MAL04_307321 

GATGATCATATATGGAATTATAAT

TTAATGGGAATCAAATTTAATAAT
AATCAAAAATAT[A/G]CACCACAT

CTTGATATACCACAACCATTTTAT

GCAGATATACATAGACCAAATCAC
TTTC  

4 A G 0.16 

MAL04-

393114  

CombinedSNP_

MAL04_393114 

ATTGATAACCACCAAGGTAACGAA

CATTTCAACATGAATAATATTGAA

AGTAAGAACAAT[A/C]TTGATGGT

ATTCGTAATATGAACCATTTCAAG

AGTGTGATTCCTTCAGATATGACA

ACAA  

4 C A 0.45 

MAL04-

443828   

CombinedSNP_

MAL04_443828 

CTTGCTATAACTATTAGATTTTGA

GATGAAATTATTGATAAGTTCTTT

AA[A/G]GAACCCACAGCACTTATT
AAGCGTGCCGTTAATGAACTACCT

AATAACAT 

4 G  A 0.28 

MAL04-

469608  

CombinedSNP_

MAL04_469608 

CCATGATTTTCGGCAACGGGCGTG

ACCCTACTGCCGCTTTCGCCTATAT
C[A/G]ACTACAAGGGCTTTTGAAA

AACAAGATAAAAAGGAAATATAT
AAATGAAT  

4 G  A 0.44 

*MAL04-

933828   

CombinedSNP*

MAL04_933828 

GGATAACTCTAAATATGTGGAATG

TGGGAATGGAGACAAAGAAACGA

ATGATTATAATAC[T/G]CGTCGAAA
AAAGAAGGATGAGAAATTTAGTG

TTAGTAGTAATGCTTTATATGATA

TGAGT 

4 A C 0.35 

MAL04-

994352   

CombinedSNP_

MAL04_994352 

ATTTCCTTCATTTTTATTAATATCA

AACATATTATTTAAATGATTGGAT

TTTTTATTATT[A/T]TTTTTTTTCTTT
ATATTTTCCTCATTACGTTCCTCAA

TTTCAATAACATTTTCTTCTTTT 

4 A T 0.42 

MAL04-

1101563  

CombinedSNP_

MAL04_110156
3 

AATTTTTTAATTTTAATTCAAGTGG

ATATCATAGTTGTATGAGAAAAGA
ATTTTCGAATC[A/C]TGCATATAAA

TGTTTTGCAGGGAAAGGTTTTTCA

AGTATGTTTAATCTGGACAAAAAA
AA  

4 C A 0.29 

MAL04-

1140617   

CombinedSNP_

MAL04_114061
7 

GATAAAAATTATTCAAGGAATATA

TTAAATAATGAGAATTCTGAAGAT
ATATTTGAATCG[A/G]TTAAAAGG

GTAGAATCGTATAATTATGAAAAT

AATATGGTCAATGAATGTAATGTA
ATCC 

4 G  A 0.46 

MAL05-

118209  

CombinedSNP_

MAL05_118209 

CTTCTCTTTTCTTAACCATATTAAC

ATAGAAATTCATATTCCTTAGTTT

AACTTTTTTAT[A/G]TTTTGTTCCCT

TCCATTTTTCTCTTTTGCAATTTTT

CAATGATTTTTCTTTTATATGCTT  

5 G  A 0.28 

*MAL05-
385372   

CombinedSNP*
MAL05_385372 

AAAAAATTATTCGATGATCTAAAA
GATCTTGAAGAACTTTTTGGTGAT

AG[T/C]GATGAATTAAAAGAATTA

GAACATGAATATGATCATATTAAT
ATAAACGA 

5 A G 0.11 

MAL05-

720978  

CombinedSNP_

MAL05_720978 

TTATCTTCTGTATCATATATATAAA

AATAATTTTGCTCATCTAAAACCC
A[A/G]AGTCTATTTTTTCGATCAAA

GGCTAGAGATTTTAACTTAAAAAT

ACCATA  

5 G  A 0.31 

*MAL06-
154776  

CombinedSNP*
MAL06_154776 

TCCAACACATCCTTTTTTTTCTCAT
GTTCAATATTTTCTTTACGATGTAC

TGCGGACATA[T/C]TAAATCGTTTA

ATATTTTTCCTTTTAACATTCTCAT

6 A G 0.3 
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CATAATTATTCAACACATTAGCAC  

MAL06-

410691  

CombinedSNP_

MAL06_410691 

ATACATGTATAATAAAAAATGTTG

TGGTCATCTTCAACTAAAAAATGT
TGAAGAATTGTC[A/G]AAGTTTGAT

TGTTTATTAATAAATATGGGAATA

AAATTTCGAATTATTTATATATTTA
AA  

6 A G 0.27 

*MAL06-

573730   

CombinedSNP*

MAL06_573730 

AGAAAAACGCTCAAGGAAATTTTA

CACTCAGCTTAGATGATGAAGCCA
TC[T/C]TATCCTCTTATAATAATCC

AGAAAAGAATAATACTGTATGCA

AAAATAAT 

6 A G 0.2 

*MAL06-
593821  

CombinedSNP*
MAL06_593821 

TCATTCTTTAATTCTTTTATTTTTCT
CAAAACATTGTGCATACTCTTAAA[

T/C]CCATAAGATAAGATTACCCTA

AACACACAATTATTATTATTAAAT

AAAGA  

6 A G 0.22 

MAL06-

937750   

CombinedSNP_

MAL06_937750 

ATAGGTTCTCCAATACCTATAGGA

GGATTTTGTATAATGCATGTAGCA
AT[A/G]CCCCCAACACTATCTCCTT

TATTTTTTAGTTTCAAAATATAAG

AACAAAT 

6 A G 0.39 

MAL06-
1184507  

CombinedSNP_
MAL06_118450

7 

AAAAAAAAAAAACGCAAATTAAT
AGTGATAATTATGTGTTGACTATC

AAAAATTTGATCG[A/G]TGAAAAT

ATAGAGAACAAATCTGTAGAAAA
AAAAAGGAAAAGAAATTATTTCA

AGAAATA  

6 G  A 0.46 

MAL06-
1206499  

CombinedSNP_
MAL06_120649

9 

CGTAGTGAAAGTGAAATAGATGAT
ATAGATGAATTAGATGAAGAAGA

ATATGATTGGACG[A/G]AGCATGT

ATATAATTATAAGCCTACCACTTA
TTTATTACCTGGGTTGGGAGGAAG

TACAT  

6 A G 0.12 

MAL07-

476303  

CombinedSNP_

MAL07_476303 

CATGTCGGCACACGGAGGAAGAT

CCCCCTCAAACATTTTTGCTCCTTC

CATGTTTTTCAT[C/G]TGCCCTGTT

GAAATATCCATTTTTTCATTAATTT
CCTCCTGAGAGGTTATATAATTAC

TA  

7 G  T 0.3 

MAL07-

511352   

CombinedSNP_

MAL07_511352 

GTTTATATTTGTATTAATTTTAATT

TATTTACTTACCATTTTGATTGAAA
ATGATATGTA[A/G]GGCAAATTAA

ATTTCAACTTATTCATGTTTACAAA

AAATAAGACAGGTATATATGAAA
AG 

7 G  A 0.42 

*MAL07-

543849  

CombinedSNP*

MAL07_543849 

TTTTATTTTTTTTTTTCTCCATATCT

ATTGTAGAATCATTTTTATAATTAT
CTAACGCAT[T/C]TGTTTTTTTATC

ATAACTGGAATCTTTATTCATTTCA

TTTTTGTCATTTTGTAACAAGGT 

7 G  T 0.31 

MAL07-
759749  

CombinedSNP_
MAL07_759749 

AAGTATCGAAAGAAGGATTAAGG
AGAAACACAGAAATATAGAAGAT

GAAGACTCAGAGGA[A/G]AGTGAC

AGCAAATGGAGGAGAAGAAAAAG

GGAACGAAGCAGAGATAAATATA

AAGAAAGA  

7 G  A 0.33 

MAL07-
1122023  

CombinedSNP_
MAL07_112202

3 

ATGATATATTATTTTATTGTATTAA
TTATATCATTATGTTTAAAGGAAA

GGAAATATTTT[A/G]AATTGTTGAA

AAAAAAGATAAAAATGGATATTA
TACAATGGCTTCATTATGGTTTTGT

AA  

7 A C 0.44 

*MAL07-
1289206  

CombinedSNP*
MAL07_128920

6 

TTTAATAACTTGTTTTTTTTTATTA
TTGAATTGTGCTTTTTCTACATGAA

TTATGCAATT[T/C]TGTCTAAAGAG

AAAATTATCAAAATATTTGATGGC
CATGTCTACACTTTGTGTATATAC

A  

7 G  A 0.15 

*MAL07-

1311707  

CombinedSNP*

MAL07_131170

TTAATAAATAATAATTTTAAACAT

GATGGAGTTGGTAATATAAATATG

7 A T 0.08 
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7 TATGATGGAAGG[T/C]TTAATAAA

AATGAAGAGCAAAATTATTTTACC
ACACCCTTGATGGAACATAAAAAT

ATAA 

MAL07-

1323949   

CombinedSNP_

MAL07_132394
9 

GGTTGATGAAGCCATGAATAAAA

ATAAAATTGTTTTAGATTCATTAG
AAAAAATGAAAAC[A/C]TGTGAAG

TATGTTTTGATTGTAATGAACTAA

AATCGTTAATTGAAATTATTCAGA
AAAAG 

7 A G 0.31 

MAL08-

417613   

CombinedSNP_

MAL08_417613 

AAAAGATAAACTGCCTAATAAATA

TGCATGGTTTCTTTCGGATGGTAC
ATCGATTTGCAT[A/G]TAGGCAGG

CATACATACATCATCGTTTAAAAT

CATATATTCTTCTGGATGTAATTCA
ATG 

8 G  A 0.41 

MAL08-

477431  

CombinedSNP_

MAL08_477431 

AAATATAAATGTACCACAAACACA

TGATAAACAAAAGTGTAAGGAAA

ATTTTTCAAATTC[A/T]TTTGTTAAT
GAAATATATGAAAAAGAAGAAAA

AGAAACGCAAAAAATGAAAGAAT

ATTTA  

8 T T 0.43 

*MAL08-

502163   

CombinedSNP*

MAL08_502163 

TTTAATTTTTACACCTATGCTCTTC

CTTATATATTGAGTTAAAATTTCC

GTTTTCTTTAC[T/C]TCGCAAGAAT
ATACTTGTGAAGCATTAAATATAC

AAAAAGGAATAGATTCATCACTTA

TT 

8 G  A 0.12 

MAL08-

1057901  

CombinedSNP_

MAL08_105790

1 

AAGAATCTTTCTATTATGGGTTTGT

GTAAAGAGAAAATAGTGTTAACA

GAAAAGGCAACA[A/C]TATTTAAT
AACATTGAATTGTTGTATTCATATT

ATCTTATAGTTCAGAACGAAGCTT

TAG  

8 C A 0.34 

MAL08-

1101130   

CombinedSNP_

MAL08_110113

0 

CATGAACACAATTTAAAAAAAATA

TTAGTACCCAGACATTGCATACCG

CC[A/G]CAGGATTATCAAAATGAA

GAATTGATAGCAAAAGATGGACA
AATTAATAA 

8 G  G 0.21 

MAL08-

1292195 

CombinedSNP_

MAL08_129219
5 

ATTTTGAGATTTCTGTAATTATATT

ATCAAGGTCTATCATAGTAGAAGA
AGGAGAGGGGT[A/G]GTCTATGTT

AGTTGATCTTGTTAAATCAGAATT

ATTTTTGACTCCTTCAAGTATTTCA
TA  

8 G  T 0.39 

 

MAL08-

1311981  

 

CombinedSNP_

MAL08_131198
1 

 

AAATCTACTCCTGAAATACTTAAA

AAAGTATGGGAAAGTGATATAGA
TAAAAATTTACCA[C/G]GCTTGATG

GAGAAAACAACCAAAAATACTTG

TGTTAGAGTTGCACATGATTATGA
AAAGG  

 

8 

 

C 

 

A 

 

0.37 

*MAL09-

492618  

CombinedSNP*

MAL09_492618 

TATATATAACACTATTCAAAATTG

TCCAATTGATTATAGAAAGGAATT

GCTAAGAAATAT[T/C]TATCTTACA

GGAGGTTCGAGTATTATAAGAGGC

TTTAGACAAAGATTGGAGAATGAA
CTC  

9 A G 0.24 

*MAL09-

631767   

CombinedSNP*

MAL09_631767 

AGATCTTTCTTTATGACCAATGCA

TATGATTTAACAACCGTCTTTTCTT
TATCAACAGTT[T/C]TGTCTTTTTTA

CCATCTCCACTTTTTGGATATATTA

GTGGCAAATTAGGTTCTGTTTATG 

9 A G 0.22 

MAL09-
692487  

CombinedSNP_
MAL09_692487 

ATTTTTATTATTACTATTAATATTC
TTGTAATTGTTGAAATGTGTTATAT

TGGGCATACA[A/C]ACATTTTTATA

ATTTTCCGAAGTCTTTACATTAACT
TTTTCTATAACAAAATTCCACGGC  

9 A C 0.28 

MAL09-

771381  

CombinedSNP_

MAL09_771381 

AAACGACACAAATGCTAAATGCTT

TTGTTCCTTTTGATTTGGATCCTCC
ACCTTTGTATG[A/C]TGAAAATCCT

9 A C 0.5 
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GAAACAGTTAGGTAAAATATTATA

TCCAAAATGGAATAAATACACCCA
TA  

*MAL09-

1111191  -

RIGHT SEQ 
BUT 

CombinedSNP*

MAL09_111119

1 

ATCAAAAAAAAACATTAGTAACAT

AATAAATAATAATGTAATATTAAA

TAACTGTTCAAA[T/C]AAGGTGTCT
AATAATGATTTCGATGATGAAAAG

GACGCATATTTACAACATGAGTGG

AAT 

9 A G 0.44 

*MAL10-

113266 -

RIGHT 

CombinedSNP*

MAL10_113266 

ATGTACATATTTTATTTTATTTTAT

TTTTACATTGTTGTCATTCTTTTTC

TTTTTTGCAG[T/C]ACATTTTTAAG
AGGACACGAATAAAAATCATCGA

ATCATTAAATAATGATAACAATGT

AG  

10 G  A 0.48 

MAL10-

317580   

CombinedSNP_

MAL10_317580 

AAGGATGATGATTCTATAATAGAT

TTATTAACTGTTAATGAAAATTCT

AT[A/T]GATGCCCCAACACAAGAT

AATGAAAATAAAATTAATAGTTTA
CAAGCATT 

10 T A 0.37 

MAL10-

336274  

CombinedSNP_

MAL10_336274 

AACCATATGACACCTAAGATGAAT

TTTAATATTATGGAATATCTAATG
TCTGATAATTAT[A/G]TTCATATTA

ATTCTCCTCAAAGTTGTTTTAATAC

ATTAACCATAAAAAATGAATTACA
TG  

10 A T 0.46 

MAL10-

404541  

CombinedSNP_

MAL10_404541 

AGATATGACCCTATGGGCCCTTTT

GGTAACGAGCCAAATTCTGACAAT
AG[A/G]CCGTTTGAATATCAAAAT

AATTTCCCCTTTTAAAATTTTTTAT

TCTAATT  

10 G  A 0.49 

MAL10-
631275  

CombinedSNP_
MAL10_631275 

TGGCTTAGATCAATCATATTTTCAT
TTACTTGTACTTCTTCCTTTTCTTT

AAATAAATAA[A/T]CATCATCAGG

TAGGAGGAAATTATCATCATAATT

AAATTCATTAGGAGTATATGCTTT

TT 

10 A T 0.22 

*MAL10-
663198   

CombinedSNP*
MAL10_663198 

TACTATAACCACTATAATCCGTAG
TATTAGAATTATGATGTCGTAAAT

CATCTGTGCCTT[T/G]AGTAGTACC

ACATGCCATTTCATCTACACCTAC
ATTTTGATATTCTACAAAATGATC

ATT 

10 A T 0.26 

MAL10-

1300115  

CombinedSNP_

MAL10_130011
5 

TAAAAAATGTAATAATCATAATAA

ATATAGAAAGATCGATGAAAATGT
AAAAGGTATACA[A/T]CTTGTTGAT

GGTTCAAAAAAAAATATACAAAA

TGATGAATATACATGTGATGATAA
CCAA  

10 T A 0.19 

*MAL10-

1385891   

CombinedSNP*

MAL10_138589
1 

TAATAATATAACCGTTAATGCAAT

CATTCCACATGTACGTAAAGAAAT
ATTTACATTTCC[T/C]ATAGAAGAA

AGAATTCCAACAGGAACTTTAATT

CAAGGAAAAAATTATAAAACACTT

GTT 

10 A C 0.3 

MAL11-

185094  

CombinedSNP_

MAL11_185094 

GTATATCCATTTGTGGATTATAAT

CCGAATCAAATAAAATAACAATAT
CAGCAGTCGTTA[A/G]GTTAATACC

AATACCACCAGCTCTGGTAGATAA

TAAGAAAATAAAATATTTACTATT
CGG  

11 A C 0.43 

MAL11-

255830  

CombinedSNP_

MAL11_255830 

CCATAAATAATTCATCTGCTTGTTC

TATATGTTTAATATCAATAATTGT

GTTACCTTCTA[A/G]GGTAGCTAAA
ATTCTGGATGGTTCTAATAATAAC

ATAGCAAATCTTAGAGATGACTGT

AT  

11 G  T 0.47 

*MAL11-

281726  

CombinedSNP*

MAL11_281726 

ATTATGTAATTCTTTTTTAACTTTA

GATTTTATACCTATACGAACAACA

TTCTTAATATT[T/C]AAATCTTCAA
CACATTTTCTTAAGATATTATCAA

11 A A 0.37 
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CACTTACATTGCTAGGACCTGTTA

CT  

*MAL11-
304323   

CombinedSNP*
MAL11_304323 

TTATAATAGTGTGCATTATTTTCCT
TTTCTTTAATACTTGCCTTGCTACT[

T/C]CTTTTCTTATCCTCATCTTCAT

TTCTTTTTTTCATATTTTCATTATTT
AC 

11 G  A 0.14 

*MAL11-

683964   

CombinedSNP*

MAL11_683964 

AATAGCTAGTTCAATTTCATACGC

ATCAACAGGTAATTTCCCTGTATA
TTGCAAAACATC[T/C]TTTTGTGTG

TGCAAAAATAAACCAGCATTTACG

TCTAGTACAATTTTGCCATCAAAA
ATA 

11 G  A 0.4 

MAL11-

769993   

CombinedSNP_

MAL11_769993 

CCATGTGAATATAATATTGTCTGT

TTATTTAAATCCAAAGGTTTCTTAT

ATAACATTATA[A/C]CAGATACTTC

CGTCGAACCTCTTTTTAGTTTTTTA

TAATTTATATCGATATTATTTATCT 

11 A A 0.15 

MAL11-
896199   

CombinedSNP_
MAL11_896199 

CTATTGGTATCATTCACACTGTTTG
TATAATTCACATTATTTCCATCCAC

[A/G]TTTTTGAGATTCATATTTGTT

GAATCAGTAGGATCTTTTATTATA
GTACT 

11 A G 0.23 

MAL11-

1520975  

CombinedSNP_

MAL11_152097

5 

CAAAAAAATGAAAATTTACTAAAC

GAAAACAATATGGATAATATAAA

CATGCAGGAAAAA[A/T]GTGAGAC
GGAAGAAGATTTAGATTTAGAAA

GAGATGAAGATAAACATGATGCTC
CACCTG 

11 A A 0.29 

MAL11-

1749804   

CombinedSNP_

MAL11_174980

4 

ACAGCTCCTGAATAAACTTCACTA

CCTCCTATAACACAAATTTTACCT

GA[A/G]CACCCTTTATATTCATCTT
TGCGGAGTTTCGGAACAATCACAT

CCTTGAT 

11 G  A 0.39 

MAL11-

1802198 

CombinedSNP_

MAL11_180219

8 

TTCTAGTACCTGTTCAGATAACTTT

GGGAATCGATTTAATACTCTGTTG

GCTATTTTTTG[A/G]GATAAAATTT

CTAGTGTCTGACTTACTCTATCTAG
ACAATTAAAAACAGGTGCATTAAT

T 

11 A A 0.32 

*MAL12-

83177  

CombinedSNP*

MAL12_83177 

TCTTTTTTCATTTCCTTGTTTATTTG

AATATTCATCGTCATCATCATCTTT
TTTTAAATA[T/C]AAATGCATAATA

GCGTTTTTAAAATCTGCCTCTCTTA

TATGTTTCATTTTCTCTATATCG  

12 G  A 0.15 

*MAL12-

114173   

CombinedSNP*

MAL12_114173 

TACTTATGGAAAAATAGAAAAAG

ACTTTGCTTTGATTAATGCTAGATT

GGAGACCCTACA[T/C]ATAAAAAA
ATCATTCAGGTTTTTAAAATGATA

ATCCATATATATAAATGAATAAGT

ATAT 

12 A G 0.18 

*MAL12-
529412   

CombinedSNP*
MAL12_529412 

TTCCCTCAAGTTCATCATTGTATCC
ATCAGACGTTTTATTATCCTTTGGC

CTACACCATC[T/C]ATTTTCATCAA

GTGTTAAATCACCACTACAACCAT

CTTGCATTCTTAATCTTAATTCTGG 

12 A G 0.29 

*MAL12-

1116275  

CombinedSNP*

MAL12_111627
5 

ATATGTTATTTTCTATTTTTTGTGT

GTCCTTTTTTGTGTTTGCACTATCT
TGATTAATAT[T/C]TCTAATGTCCG

TTGTGCACGTGGATGAATAAGATT

GTTGAAATTTTCTTTTTTTTTTATT  

12 G  A 0.48 

MAL12-

1131597  

CombinedSNP_

MAL12_113159

7 

CTTTTTCATGTCTATAATATTTTCT

TCATCATTTATTTTATCATTTGTGG

TCGAATTATC[A/G]TTTTTTATATTT
TCCAAATCTTCACCATATACATAT

TTTTTGGATATATTACTATCCTCG 

12 G  T 0.34 

*MAL12-

1156125   

CombinedSNP*

MAL12_115612
5 

AACAATATGAGTAGTTCAAAGAG

ACATATACCACATGACATGAACCC
AGA[T/C]GATAATATTGAGAAATA

TTTTTCAAATCTTTGTAGTGGTATA

GAGGTAAT 

12 G  A 0.35 



 

 

88 

*MAL12-

1591944  

CombinedSNP*

MAL12_159194
4 

GACTACAAGCATTTTATCATAAAA

TAAATCACCCAGCTATATCGCCAT
TT[T/C]TAATAGGATTATTTCCTAC

AAATAATGCACAAAATATAAGATT

CTGTATT  

12 G  A 0.37 

*MAL12-
1761553 

CombinedSNP*
MAL12_176155

3 

ACTATTTATTATATTTATATTATCA
TTACTATTATTGTTTATCGCATTTT

CAGGATATCC[T/C]ATCCAGTTGGT

GCTATTATTTCCTTCATCACATTTA
TCAACATAATCATCCTTAACATAC  

12 G  AT 0.29 

MAL12-

2046727  

CombinedSNP_

MAL12_204672
7 

TTCCAATTTATATGTATTATTTTTT

AATTGATAAAAATGACCATCTTTA
TGATTTGTTAT[A/G]TCTAATAAGG

AATGAGAATGTTGCAAAAATTTTA

TTATTAATTTTTTAGTAACATCTAT
A 

12 G  AT 0.47 

MAL13-

146947  

CombinedSNP_

MAL13_146947 

TTATTTTATTGGTATTACTCAACCA

AGAAAAATAGCTGTAAAAAGTATT

TGTAATAGATT[A/G]AACGATGAA
CTAAATGAAGAAATATGTGGTTAT

CAAATTAGGTTTGAAAAATCGTAT

TTT  

13 G  A 0.39 

*MAL13-

210569 

CombinedSNP*

MAL13_210569 

TAATAATTATTACATATCATCTTTT

TTTTATTATCGGTATAAAATTCAGT

ATTTTCTTTT[T/C]CCTTTATCTTAT
TCTTTCTTTTCTCCTGCCCCTTACT

ATTATTTGATATTCTTCTTAACC  

13 A A 0.29 

MAL13-
619422   

CombinedSNP_
MAL13_619422 

TTTTTTCAGAGCCTGCAACTTTCCA
CGTGAACCTACCCTAATATTTACC

A[A/G]TCCTTTTTTATTAATATTAT

AAAGGGTATGTGATATATTCTTGT
AATAAT 

13 A T 0.46 

*MAL13-

1233419  

CombinedSNP*

MAL13_123341

9 

TTTACATAATTTTCGACGTCATCAT

TTTCATTATTACTCATAATTGAATT

ATCCACAATG[T/C]TTGCCTCTTTT

ACAGCTTTACAAAGTTGGTAAAAA

ATATGATAATTCCTTTCACCTTCTT 

13 A A 0.34 

MAL13-
1966774   

CombinedSNP_
MAL13_196677

4 

CGTGTCACATTTTATTAAACCTAA
ATCAATTAACTGTTCAGGTTTTTTT

A[A/G]TATACCACTTTCTTCATGTA

ATTCTTTTACAGCATTTTGTAAAA
AGTCTT 

13 A T 0.29 

*MAL14-

990875  

CombinedSNP*

MAL14_990875 

AGTAGTGCTCATAACAACATGCAT

CATAATATAAATCATCAAGAAAAT

TA[T/C]AGAAATCAAAACAGCTAT
AGCCACTTTTCTGGTCATGGTAGC

TATATCGA  

14 G  A 0.32 

MAL14-
1199184  

CombinedSNP_
MAL14_119918

4 

TACAGTATATACTTTAATATCTGT
ACCAAAGGTAGATAAAAATTCTTC

ATATATATATGT[A/T]CCATTAGTT

CGAACTTTATGTATTTCTGGACAA
TATTCACTACTCCTATCCTTAATTT

TA 

14 A A 0.38 

MAL14-

1458321  

CombinedSNP_

MAL14_145832

1 

TAGTTGAATATGCTGAAGAGGTAG

AATTAAAGAAGAAGGTTGAAAAA

ACATTTATGGGAG[A/G]AAAAGTT

AATATGACAGAGAATCGCAGTGTT
TTACATACAGCTTTAAGAATACCC

ATAGA  

14 G  T 0.45 

MAL14-

1757546  

CombinedSNP_

MAL14_175754
6 

AGAGGTACATATTAATAGATTTTT

TAAATGAAAATAGTAATAAAAAT
AATGTAACGCATG[A/G]TGATAGT

GTATTACCAAATGGTAATGAAACG

GACGCGAAAAAAAATGTGGATGA
GAATAA 

14 A A 0.32 

MAL14-

1853537   

CombinedSNP_

MAL14_185353
7 

ATATGCTCGTATATCATTCAAAAT

ATTAAGATGCATGATTATATCTGT
AATAAGATGAGT[A/G]ACATTTAT

AAATACACAATTCAATTTTTTTAA

CATTTCAACAGGACTATTATTCAG
GTAT 

14 A T 0.36 
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MAL13-

146947  

CombinedSNP_

MAL13_146947 

TTATTTTATTGGTATTACTCAACCA

AGAAAAATAGCTGTAAAAAGTATT
TGTAATAGATT[A/G]AACGATGAA

CTAAATGAAGAAATATGTGGTTAT

CAAATTAGGTTTGAAAAATCGTAT
TTT  

13 G  A 0.39 

*MAL13-

210569 

CombinedSNP*

MAL13_210569 

TAATAATTATTACATATCATCTTTT

TTTTATTATCGGTATAAAATTCAGT

ATTTTCTTTT[T/C]CCTTTATCTTAT
TCTTTCTTTTCTCCTGCCCCTTACT

ATTATTTGATATTCTTCTTAACC  

13 A A 0.29 

MAL13-
619422   

CombinedSNP_
MAL13_619422 

TTTTTTCAGAGCCTGCAACTTTCCA
CGTGAACCTACCCTAATATTTACC

A[A/G]TCCTTTTTTATTAATATTAT

AAAGGGTATGTGATATATTCTTGT
AATAAT 

13 A T 0.46 

*MAL13-

1233419  

CombinedSNP*

MAL13_123341

9 

TTTACATAATTTTCGACGTCATCAT

TTTCATTATTACTCATAATTGAATT

ATCCACAATG[T/C]TTGCCTCTTTT
ACAGCTTTACAAAGTTGGTAAAAA

ATATGATAATTCCTTTCACCTTCTT 

13 A A 0.34 

MAL13-
1966774   

CombinedSNP_
MAL13_196677

4 

CGTGTCACATTTTATTAAACCTAA
ATCAATTAACTGTTCAGGTTTTTTT

A[A/G]TATACCACTTTCTTCATGTA

ATTCTTTTACAGCATTTTGTAAAA
AGTCTT 

13 A T 0.29 

*MAL14-

990875  

CombinedSNP*

MAL14_990875 

AGTAGTGCTCATAACAACATGCAT

CATAATATAAATCATCAAGAAAAT
TA[T/C]AGAAATCAAAACAGCTAT

AGCCACTTTTCTGGTCATGGTAGC

TATATCGA  

14 G  A 0.32 

MAL14-
1199184  

CombinedSNP_
MAL14_119918

4 

TACAGTATATACTTTAATATCTGT
ACCAAAGGTAGATAAAAATTCTTC

ATATATATATGT[A/T]CCATTAGTT

CGAACTTTATGTATTTCTGGACAA

TATTCACTACTCCTATCCTTAATTT

TA 

14 A A 0.38 

MAL14-
1458321  

CombinedSNP_
MAL14_145832

1 

TAGTTGAATATGCTGAAGAGGTAG
AATTAAAGAAGAAGGTTGAAAAA

ACATTTATGGGAG[A/G]AAAAGTT

AATATGACAGAGAATCGCAGTGTT
TTACATACAGCTTTAAGAATACCC

ATAGA  

14 G  T 0.45 

MAL14-

1757546  

CombinedSNP_

MAL14_175754
6 

AGAGGTACATATTAATAGATTTTT

TAAATGAAAATAGTAATAAAAAT
AATGTAACGCATG[A/G]TGATAGT

GTATTACCAAATGGTAATGAAACG

GACGCGAAAAAAAATGTGGATGA
GAATAA 

14 A A 0.32 

MAL14-

1853537   

CombinedSNP_

MAL14_185353
7 

ATATGCTCGTATATCATTCAAAAT

ATTAAGATGCATGATTATATCTGT
AATAAGATGAGT[A/G]ACATTTAT

AAATACACAATTCAATTTTTTTAA

CATTTCAACAGGACTATTATTCAG

GTAT 

14 A T 0.36 

MAL13-

146947  

CombinedSNP_

MAL13_146947 

TTATTTTATTGGTATTACTCAACCA

AGAAAAATAGCTGTAAAAAGTATT
TGTAATAGATT[A/G]AACGATGAA

CTAAATGAAGAAATATGTGGTTAT

CAAATTAGGTTTGAAAAATCGTAT
TTT  

13 G  A 0.39 

*MAL13-

210569 

CombinedSNP*

MAL13_210569 

TAATAATTATTACATATCATCTTTT

TTTTATTATCGGTATAAAATTCAGT

ATTTTCTTTT[T/C]CCTTTATCTTAT
TCTTTCTTTTCTCCTGCCCCTTACT

ATTATTTGATATTCTTCTTAACC  

13 A A 0.29 

MAL14-
3017684  

CombinedSNP_
MAL14_301768

4 

ACACATCCAGAGGAGAGTATTTCA
TCTTGAATAAGTCATCCGTTAAAA

CATTCTGAAGAG[A/T]AGATCTATC

TTTCTTCTTATCCAATAAAACATTT
TTCTCTCGGTTCATATCATGAAGC

14 T A 0.37 
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GG 

MAL14-

3124926   

CombinedSNP_

MAL14_312492
6 

TGTGAAGAAGAAAAAGAATTAAT

GGGAGCAGCTGGAGGAAGATATG
TCGAAGAAGAGGTA[C/G]AGGGAG

CAGTTGGAGGAAGAAATGTGGAT

GAAGAGGTAGAGGGAGCAGTTGG
AGGAAGAA 

14 C G 0.34 

*MAL12-

262199   

CombinedSNP*

MAL12_262199 

TATATGAATTATATTTTATTTATTT

ATTTCTTTTTTAAGGATTTGGATAA
[A/G]CCGGAAAGAACTTTACAAGA

TACCGAAATTGTTAGACCTCAAAA

CAAACT 

12 T C  nd 

*MAL04-
809686   

CombinedSNP*
MAL04_809686 

ATATCAAAACATAACAAGTTATAT
CTTCAGTATGATCAAAATAAAAGA

AACTCTGAAATA[A/G]AACATACA

AATCACAAAGAAGATTATTCGATG

TGCGACAATGTGATAACAAGCAA

AATGA 

4 G  C  nd 

 

  



 

 

91 

APPENDIX III: Pooled Primers for SNP Genotyping  

POOL WELL SNP_ID 2nd-PCRP 1st-PCRP 

 W1 CombinedSNP_MAL14_

3124926 
ACGTTGGATGCCACATTTC

TTCCTCCAACTG 
ACGTTGGATGGAATTAATGGG

AGCAGCTGG 

 W1 CombinedSNP*MAL11_

304323 
ACGTTGGATGATAGTGTGC

ATTATTTTCC 
ACGTTGGATGAAAAGAAATG

AAGATGAGG 
  W1 CombinedSNP_MAL10_

317580 
ACGTTGGATGTTTCATTAT

CTTGTGTTGG 
ACGTTGGATGGGATGATGATT

CTATAATAG 
  W1 CombinedSNP_MAL11_

896199 
ACGTTGGATGGGTATCATT

CACACTGTTTG 
ACGTTGGATGAAGATCCTACT

GATTCAAC 
  W1 CombinedSNP_MAL08_

1101130 
ACGTTGGATGTATTAGTAC

CCAGACATTGC 
ACGTTGGATGTTGTCCATCTTT

TGCTATC 
  W1 CombinedSNP*MAL12_

114173 
ACGTTGGATGGATTAATGC

TAGATTGGAGAC 
ACGTTGGATGGGATTATCATT

TTAAAAACC 
  W1 CombinedSNP_MAL10_

404541 
ACGTTGGATGCTATGGGCC

CTTTTGGTAAC 
ACGTTGGATGGGGGAAATTAT

TTTGATATTC 
  W1 CombinedSNP_MAL11_

769993 
ACGTTGGATGAAAAAGAG

GTTCGACGGAAG 
ACGTTGGATGCCATGTGAATA

TAATATTGTC 
  W1 CombinedSNP*MAL11_

683964 
ACGTTGGATGGCATCAACA

GGTAATTTCCC 
ACGTTGGATGGTACTAGACGT

AAATGCTGG 
  W1 CombinedSNP_MAL14_

3017684 
ACGTTGGATGCATCTTGAA

TAAGTCATCCG 
ACGTTGGATGGCTTCATGATA

TGAACCGAG 
  W1 CombinedSNP_MAL12_

2046727 
ACGTTGGATGTTTGCAACA

TTCTCATTCC 
ACGTTGGATGAATTGATAAAA

ATGACCATC 
  W1 CombinedSNP*MAL05_

385372 
ACGTTGGATGCGATGATCT

AAAAGATCTTG 
ACGTTGGATGATATGATCATA

TTCATGTTC 
  W1 CombinedSNP_MAL13_

619422 
ACGTTGGATGTGCAACTTT
CCACGTGAACC 

ACGTTGGATGCAAGAATATAT
CACATACCC 

  W1 CombinedSNP_MAL08_

1292195 
ACGTTGGATGTGAAATACT

TGAAGGAGTC 
ACGTTGGATGCTATCATAGTA

GAAGAAGGAG 
  W1 CombinedSNP*MAL14_

990875 
ACGTTGGATGACCATGACC
AGAAAAGTGGC 

ACGTTGGATGGTGCTCATAAC
AACATGCATC 

  W1 CombinedSNP*MAL04_

268436 

ACGTTGGATGGTCCAAAAT

GTGGTATATC 

ACGTTGGATGAACCTTTGTTG

TATTTTCG 

  W1 CombinedSNP_MAL07_
1122023 

ACGTTGGATGCATTATGTT
TAAAGGAAAGG 

ACGTTGGATGAACCATAATGA
AGCCATTG 

  W1 CombinedSNP*MAL03_

249686 

ACGTTGGATGCTCTTTTTTT

TCTTTTTGCAC 

ACGTTGGATGATACAAAATAA

AGAAGAGG 

  W1 CombinedSNP_MAL14_
1458321 

ACGTTGGATGAAACACTGC
GATTCTCTGTC 

ACGTTGGATGTGAATATGCTG
AAGAGGTAG 

  W1 CombinedSNP_MAL07_

511352 

ACGTTGGATGTTTACTTAC

CATTTTGATTG 

ACGTTGGATGCTTTTCATATAT

ACCTGTC 

  W1 CombinedSNP_MAL04_
1140617 

ACGTTGGATGCATAATTAT
ACGATTCTACCC 

ACGTTGGATGAAATAATGAGA
ATTCTGAAG 

  W1 CombinedSNP*MAL06_

573730 

ACGTTGGATGCAGTATTAT

TCTTTTCTGG 

ACGTTGGATGCGCTCAAGGAA

ATTTTACAC 

  W1 CombinedSNP_MAL03_
439621 

ACGTTGGATGAACAAAGA
AAGTATTGGAC 

ACGTTGGATGGATGGTATCCT
ATTATTAGC 

Vial 1 W1 CombinedSNP_MAL08_

477431 

ACGTTGGATGTTTGCGTTT

CTTTTTCTTC 

ACGTTGGATGCCACAAACACA

TGATAAAC 

  W2 CombinedSNP_MAL11_
1520975 

ACGTTGGATGGGTGGAGC
ATCATGTTTATC 

ACGTTGGATGGGATAATATAA
ACATGCAG 

  W2 CombinedSNP_MAL04_

443828 

ACGTTGGATGGTAGTTCAT

TAACGGCACGC 

ACGTTGGATGAACTATTAGAT

TTTGAGATG 

  W2 CombinedSNP*MAL12_
1591944 

ACGTTGGATGTAAATCACC
CAGCTATATCG 

ACGTTGGATGCAGAATCTTAT
ATTTTGTGC 

  W2 CombinedSNP*MAL10_

663198 

ACGTTGGATGGTAGATGAA

ATGGCATGTGG 

ACGTTGGATGTAACCACTATA

ATCCGTAG 

  W2 CombinedSNP_MAL04_
469608 

ACGTTGGATGCCATGATTT
TCGGCAACGGG 

ACGTTGGATGTCTTGTTTTTCA
AAAGCCC 

  W2 CombinedSNP_MAL08_

1057901 

ACGTTGGATGGGGTTTGTG

TAAAGAGAAA 

ACGTTGGATGGCTTCGTTCTG

AACTATAAG 

  W2 CombinedSNP*MAL13_
1233419 

ACGTTGGATGTACCAACTT
TGTAAAGCTG 

ACGTTGGATGTTTCGACGTCA
TCATTTTC 

  W2 CombinedSNP_MAL11_

255830 

ACGTTGGATGGTTATTATT

AGAACCATCCAG 

ACGTTGGATGCATCTGCTTGT

TCTATATG 

  W2 CombinedSNP_MAL04_ ACGTTGGATGTCTGCATAA ACGTTGGATGTGGAATTATAA
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307321 AATGGTTGTGG TTTAATGGG 

  W2 CombinedSNP_MAL12_

1131597 

ACGTTGGATGATTTTATCA

TTTGTGGTCG 

ACGTTGGATGGTATATGGTGA

AGATTTGG 

  W2 CombinedSNP_MAL07_

476303 

ACGTTGGATGCCTCTCAGG

AGGAAATTAATG 

ACGTTGGATGCCCTCAAACAT

TTTTGCTCC 

  W2 CombinedSNP_MAL03_

748204 

ACGTTGGATGTCACCTGCC

ATACCATCTTC 

ACGTTGGATGCTGTAAGAAAT

TCATATGGAG 

  W2 CombinedSNP_MAL13_

146947 

ACGTTGGATGCAAACCTAA

TTTGATAACCAC 

ACGTTGGATGCTCAACCAAGA

AAAATAGCTG 

  W2 CombinedSNP_MAL13_

1966774 

ACGTTGGATGGACTTTTTA

CAAAATGCTG 

ACGTTGGATGCGTGTCACATT

TTATTAAACC 

  W2 CombinedSNP_MAL11_

1802198 

ACGTTGGATGAGATAGAGT

AAGTCAGACAC 

ACGTTGGATGCCTGTTCAGAT

AACTTTGGG 

  W2 CombinedSNP_MAL11_

1749804 

ACGTTGGATGTCCGAAACT

CCGCAAAGATG 

ACGTTGGATGCAGCTCCTGAA

TAAACTTCAC 

  W2 CombinedSNP*MAL12_

83177 

ACGTTGGATGGAAACATAT

AAGAGAGGCAG 

ACGTTGGATGATTCATCGTCA

TCATCATC 

  W2 CombinedSNP*MAL12_

529412 

ACGTTGGATGGCAAGATG

GTTGTAGTGGTG 

ACGTTGGATGCATCATTGTAT

CCATCAGACG 

  W2 CombinedSNP_MAL02_

217337 

ACGTTGGATGTTGGAAAAC

ATCCCTCCTTC 

ACGTTGGATGTTTTTTTATTTT

TTTGTATG 

  W2 CombinedSNP_MAL11_

185094 

ACGTTGGATGTACCAGAGC

TGGTGGTATTG 

ACGTTGGATGCCATTTGTGGA

TTATAATCCG 

  W2 CombinedSNP*MAL06_

593821 

ACGTTGGATGCTCAAAACA

TTGTGCATAC 

ACGTTGGATGTTGTGTGTTTA

GGGTAATC 

  W2 CombinedSNP*MAL01_
354427 

ACGTTGGATGGCTATGTAT
GTTATAACATC 

ACGTTGGATGGAATACCATAA
ACGAAGAAC 

  W2 CombinedSNP_MAL14_

1853537 

ACGTTGGATGAGATGCATG

ATTATATCTG 

ACGTTGGATGCCTGAATAATA

GTCCTGTTG 

Vial 2 W2 CombinedSNP_MAL04_
994352 

ACGTTGGATGAATTGAGGA
ACGTAATGAGG 

ACGTTGGATGCATATTATTTA
AATGATTGG 

  W3 CombinedSNP_MAL05_

720978 

ACGTTGGATGTAAAAATAA

TTTTGCTCATC 

ACGTTGGATGAAATCTCTAGC

CTTTGATCG 

  W3 CombinedSNP*MAL12_

1761553 

ACGTTGGATGGATGAAGG

AAATAATAGCACC 

ACGTTGGATGTGTTTATCGCA

TTTTCAGG 

  W3 CombinedSNP_MAL10_

631275 

ACGTTGGATGGATGATAAT

TTCCTCCTACC 

ACGTTGGATGCATTTACTTGT

ACTTCTTCC 

  W3 CombinedSNP_MAL07_
759749 

ACGTTGGATGTTCCCTTTTT
CTTCTCCTCC 

ACGTTGGATGAGGATTAAGGA
GAAACACAG 

  W3 CombinedSNP*MAL08_

502163 

ACGTTGGATGATGCTTCAC

AAGTATATTC 

ACGTTGGATGTTTTACACCTA

TGCTCTTCC 

  W3 CombinedSNP*MAL02_
660994 

ACGTTGGATGGATTTATAA
GACCATGGAAG 

ACGTTGGATGGTCCAAATGTG
TTTTATACC 

  W3 CombinedSNP_MAL06_

1206499 

ACGTTGGATGGATGAATTA

GATGAAGAAG 

ACGTTGGATGTGTACTTCCTC

CCAACCCAG 

  W3 CombinedSNP_MAL03_
822470 

ACGTTGGATGGATATATTT
TCTTCAATGTC 

ACGTTGGATGAACTCTTTTTAT
AACATGAG 

  W3 CombinedSNP*MAL10_

113266 

ACGTTGGATGCATTGTTGT

CATTCTTTTTC 

ACGTTGGATGCGATGATTTTT

ATTCGTGTCC 

  W3 CombinedSNP_MAL08_
417613 

ACGTTGGATGAACGATGAT
GTATGTATGCC 

ACGTTGGATGGCATGGTTTCT
TTCGGATGG 

  W3 CombinedSNP_MAL07_

1323949 

ACGTTGGATGCGATTTTAG

TTCATTACAATC 

ACGTTGGATGGGTTGATGAAG

CCATGAATA 

  W3 CombinedSNP*MAL07_
543849 

ACGTTGGATGGAAATGAAT
AAAGATTCCAG 

ACGTTGGATGCTCCATATCTA
TTGTAGAATC 

  W3 CombinedSNP_MAL10_

336274 

ACGTTGGATGTTAAAACAA

CTTTGAGGAG 

ACGTTGGATGACCATATGACA

CCTAAGATG 

  W3 CombinedSNP_MAL06_
410691 

ACGTTGGATGGTTGTGGTC
ATCTTCAACTA 

ACGTTGGATGTAATTCGAAAT
TTTATTCCC 

  W3 CombinedSNP*MAL13_

210569 

ACGTTGGATGGGGCAGGA

GAAAAGAAAGAA 

ACGTTGGATGCATCTTTTTTTT

ATTATCGG 

  W3 CombinedSNP*MAL09_
492618 

ACGTTGGATGCCAATCTTT
GTCTAAAGCCTC 

ACGTTGGATGGTCCAATTGAT
TATAGAAAGG 

  W3 CombinedSNP_MAL06_

1184507 

ACGTTGGATGGTGATAATT

ATGTGTTGAC 

ACGTTGGATGTTTCTACAGAT

TTGTTCTC 

  W3 CombinedSNP*MAL11_
281726 

ACGTTGGATGAGGTCCTAG
CAATGTAAGTG 

ACGTTGGATGACCTATACGAA
CAACATTC 

  W3 CombinedSNP_MAL01_

539149 

ACGTTGGATGGAATATAAA

GATTTTATGCG 

ACGTTGGATGCTCTTTTCAGT

GGATGCCAT 
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  W3 CombinedSNP*MAL04_

809686 

ACGTTGGATGCAAGTTATA

TCTTCAGTATG 

ACGTTGGATGTATCACATTGT

CGCACATCG 

  W3 CombinedSNP*MAL07_
1311707 

ACGTTGGATGTTAAACATG
ATGGAGTTGG 

ACGTTGGATGTATGTTCCATC
AAGGGTGTG 

Vial 3 W3 CombinedSNP*MAL03_

704420 

ACGTTGGATGTGTGTTTTT

AATATTTGAAC 

ACGTTGGATGGCTCAAATGAA

AATCATAAC 

  W4 CombinedSNP*MAL12_
1156125 

ACGTTGGATGAGAGACAT
ATACCACATGAC 

ACGTTGGATGACCTCTATACC
ACTACAAAG 

  W4 CombinedSNP*MAL04_

933828 

ACGTTGGATGCACTAAATT

TCTCATCCTTC 

ACGTTGGATGTGTGGAATGTG

GGAATGGAG 

  W4 CombinedSNP_MAL09_
771381 

ACGTTGGATGGGGTGTATT
TATTCCATTTTG 

ACGTTGGATGTTTGATTTGGA
TCCTCCACC 

  W4 CombinedSNP_MAL09_

692487 

ACGTTGGATGGTTGAAATG

TGTTATATTGGG 

ACGTTGGATGGCCGTGGAATT

TTGTTATAG 

  W4 CombinedSNP*MAL09_
631767 

ACGTTGGATGAACAGAAC
CTAATTTGCCAC 

ACGTTGGATGGCATATGATTT
AACAACCGTC 

  W4 CombinedSNP_MAL06_

937750 

ACGTTGGATGGAAACTAA

AAAATAAAGGAG 

ACGTTGGATGCTCCAATACCT

ATAGGAGGA 

  W4 CombinedSNP_MAL14_
1757546 

ACGTTGGATGTTCGCGTCC
GTTTCATTACC 

ACGTTGGATGGAGGTACATAT
TAATAGATT 

  W4 CombinedSNP*MAL06_

154776 

ACGTTGGATGTTTCTTTAC

GATGTACTGC 

ACGTTGGATGTGATGAGAATG

TTAAAAGG 

  W4 CombinedSNP_MAL14_
1199184 

ACGTTGGATGGGAGTAGTG
AATATTGTCCAG 

ACGTTGGATGATATCTGTACC
AAAGGTAG 

  W4 CombinedSNP_MAL08_

1311981 

ACGTTGGATGCATGTGCAA

CTCTAACACAAG 

ACGTTGGATGGTATGGGAAAG

TGATATAG 

  W4 CombinedSNP_MAL04_

393114 

ACGTTGGATGTCACACTCT

TGAAATGGTTC 

ACGTTGGATGTAACCACCAAG

GTAACGAAC 

  W4 CombinedSNP*MAL12_

1116275 

ACGTTGGATGTATTCATCC

ACGTGCACAAC 

ACGTTGGATGGTGTCCTTTTTT

GTGTTTGC 

  W4 CombinedSNP_MAL10_

1300115 

ACGTTGGATGCATCACATG

TATATTCATC 

ACGTTGGATGGATCGATGAAA

ATGTAAAAGG 

  W4 CombinedSNP*MAL07_

672051 

ACGTTGGATGCGTTTTCTT

CTTTAGGAACAG 

ACGTTGGATGTTTCAAACGAA

AATGGGAC 

  W4 CombinedSNP_MAL02_

322398 

ACGTTGGATGCATTTGAAC

CCTTCAGTTTGG 

ACGTTGGATGTGTGAACTCCA

TTGGAATGA 

  W4 CombinedSNP*MAL09_

1111191 

ACGTTGGATGATGCGTCCT

TTTCATCATCG 

ACGTTGGATGCAAAAAAAAA

CATTAGTAAC 

  W4 CombinedSNP*MAL10_

1385891 

ACGTTGGATGGTTCCTGTT

GGAATTCTTTC 

ACGTTGGATGGCAATCATTCC

ACATGTACG 

  W4 CombinedSNP*MAL07_

1289206 

ACGTTGGATGAAAGTGTAG

ACATGGCCATC 

ACGTTGGATGTGAATTGTGCT

TTTTCTAC 

  W4 CombinedSNP*MAL12_

262199 

ACGTTGGATGTATTTCTTTT

TTAAGGATTT 

ACGTTGGATGTTGAGGTCTAA

CAATTTCGG 

  W4 CombinedSNP_MAL04_

1101563 

ACGTTGGATGGGATATCAT

AGTTGTATGAG 

ACGTTGGATGCTTGAAAAACC

TTTCCCTGC 

Vial 4 W4 CombinedSNP_MAL05_

118209 

ACGTTGGATGCTTCTCTTTT

CTTAACCAT 

ACGTTGGATGCAAAAGAGAA

AAATGGAAGGG 
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APPENDIX IV: Successful call rates for each SNP genotyped (N=78)  

 

SNP ID 

MAJOR 

ALLEL

E NO. 

MINOR 

ALLEL

E NO. MI 

MISSIN

G 

CALLS 

 Call 

Rate 

(%) 

MINOR 

ALLELE 

FREQ (MAF) 

CombinedSNP_MAL11-1520975 T 0 A  62 1 1 84.0 0.984 

CombinedSNP_MAL04-443828 A 64 G  0 0 0 85.3 0.000 

CombinedSNP_MAL12-1131597 A 18 G 29 17 0 85.3 0.453 

CombinedSNP_MAL07-476303 C 20 G 28 16 0 85.3 0.438 

CombinedSNP_MAL03-748204 G 53 A 7 4 0 85.3 0.109 

CombinedSNP_MAL13-146947 A 29 G 21 10 4 80.0 0.350 

CombinedSNP_MAL13-1966774 G 24 A 28 12 0 85.3 0.438 

CombinedSNP_MAL11-1802198 G 51 A 5 7 1 84.0 0.079 

CombinedSNP_MAL11-1749804 G 26 A 23 8 7 76.0 0.404 

CombinedSNP*MAL12-83177 T 20 C 27 12 5 78.7 0.458 

CombinedSNP*MAL12-529412 T 21 C 27 15 1 84.0 0.429 

CombinedSNP_MAL11-185094 G 29 A 27 7 1 84.0 0.429 

CombinedSNP*MAL06-593821 G/C 43 A/T 7 13 1 84.0 0.111 

CombinedSNP*MAL01-354427 T 6 C 49 9 0 85.3 0.766 

CombinedSNP_MAL14-1853537 G 15 A 41 7 1 84.0 0.651 

CombinedSNP_MAL04-994352 A 27 T 26 8 3 81.3 0.426 

CombinedSNP_MAL07-1122023 G 44 A 11 9 0 85.3 0.172 

CombinedSNP*MAL03-249686 G/C 1 A/T 60 3 0 85.3 0.938 

CombinedSNP_MAL14-1458321 A 28 G 13 22 1 84.0 0.206 

CombinedSNP_MAL07-511352 G 28 A 15 21 0 85.3 0.234 

CombinedSNP_MAL04-1140617 A 55 G 0 9 0 85.3 0.000 

CombinedSNP*MAL06-573730 C 64 G  0 0 0 85.3 0.000 

CombinedSNP_MAL03-439621 A 9 G 4 49 2 82.7 0.065 

CombinedSNP_MAL08-477431 A 1 T 19 43 1 84.0 0.302 

CombinedSNP_MAL14-3124926 G 46 C 2 16 0 85.3 0.031 

CombinedSNP*MAL11-304323 G/C 0 A/T 63 1 0 85.3 0.984 

CombinedSNP_MAL10-317580 A 18 T 25 21 0 85.3 0.391 

CombinedSNP_MAL11-896199 G 64 A 0 0 0 85.3 0.000 

CombinedSNP_MAL08-1101130 A 30 G 15 19 0 85.3 0.234 

CombinedSNP*MAL12-114173 A/T 0 G /C 33 31 0 85.3 0.516 

CombinedSNP_MAL10-404541 A 63 G 1 0 0 85.3 0.016 

CombinedSNP_MAL11-769993 C 6 A 48 10 0 85.3 0.750 

CombinedSNP*MAL11-683964 A/T 52 C/C 1 11 0 85.3 0.016 

CombinedSNP_MAL14-3017684 A 24 T 28 12 0 85.3 0.438 

CombinedSNP_MAL12-2046727 A 13 G  39 12 0 85.3 0.609 

CombinedSNP*MAL05-385372 G/T 29 C 18 17 0 85.3 0.281 

CombinedSNP_MAL13-619422 A 58 G  0 0 6 77.3 0.000 

CombinedSNP_MAL08-1292195 A 14 G 36 13 1 84.0 0.571 

CombinedSNP*MAL14-990875 A/T 64 C/G 0 0 0 85.3 0.000 

CombinedSNP*MAL04-268436 C 51 A/T 6 7 0 85.3 0.094 

CombinedSNP_MAL05-720978 G 0 A 62 2 0 85.3 0.969 

CombinedSNP*MAL12-1761553 G/C 3 A/T 53 8 0 85.3 0.828 

CombinedSNP_MAL10-631275 A 43 T 7 14 0 85.3 0.109 

CombinedSNP_MAL07-759749 A 30 G 22 11 1 84.0 0.349 

CombinedSNP*MAL08-502163 A/T 56 G /C 1 1 6 77.3 0.017 

CombinedSNP*MAL02-660994 A/C 5 T 54 5 0 85.3 0.844 

CombinedSNP_MAL06-1206499 G 17 A 33 14 0 85.3 0.516 

CombinedSNP_MAL08-417613 G 49 A 1 14 0 85.3 0.016 

CombinedSNP_MAl07-1323949 A 15 G /C 26 23 0 85.3 0.406 

CombinedSNP*MAL07-543849 G/C 26 A/T 20 18 0 85.3 0.313 

CombinedSNP_MAL10-336274 A 7 G  47 8 2 82.7 0.758 

CombinedSNP_MAL06-410691 A 26 G  0 38 0 85.3 0.000 

CombinedSNP*MAL13-210569 C 17 A/T 27 20 0 85.3 0.422 

CombinedSNP*MAL09-492618 G/C 10 A/T 41 13 0 85.3 0.641 

CombinedSNP_MAL06-1184507 T/G 22 A 17 25 0 85.3 0.266 

CombinedSNP*MAL11-281726 G/C 36 A/T 14 14 0 85.3 0.219 

CombinedSNP_MAL01-539149 A 14 G 34 16 0 85.3 0.531 

CombinedSNP*MAL04-809686 A 26 G  18 20 0 85.3 0.281 

CombinedSNP*MAL07-1311707 G/C 6 A/T 50 6 2 82.7 0.806 

CombinedSNP*MAL03-704420 G/C 0 A/T 63 0 1 84.0 1.000 
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CombinedSNP*MAL12_1156125 A/T 16 G /C 27 14 7 76.0 0.474 

CombinedSNP*MAL04-933828 A/T 53 G  1 3 7 76.0 0.018 

CombinedSNP_MAL09-771381 G/C 57 A/T 0 0 7 76.0 0.000 

CombinedSNP_MAL09-692487 A 3 G /C 47 7 7 76.0 0.825 

CombinedSNP*MAL09-631767 A/T 51 G /C 2 4 7 76.0 0.035 

CombinedSNP_MAL14-1199184 G/T 15 A 25 17 7 76.0 0.439 

CombinedSNP_MAL04-393114 G/C 35 A 10 12 7 76.0 0.175 

CombinedSNP_MAL10-1300115 T 34 A 9 11 10 72.0 0.167 

CombinedSNP*MAL07-672051 A 16 G /C 27 13 8 74.7 0.482 

CombinedSNP_MAL02-322398 G 34 A 13 10 7 76.0 0.228 

CombinedSNP*MAL09-1111191 G/C 43 A/T 0 14 7 76.0 0.000 

CombinedSNP_MAL04-1101563 A 23 C 22 12 7 0.0 0.386 
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APPENDIX V: Parasite clearance rates carrying wild and mutant types 

compared 

Genotype Analysis:  H0 we hypothesized that there is no difference in clearance half-

life in isolates with the SNPs (mutant) against those without the SNP (wild-type).  p< 

0.05 you reject the hypothesis above as you will be confident that the hypothesis 

above is not true. 

SNP  P VALUE SNP P VALUE 

MAL14-3017684 0.0006 *MAL12-1591944 <3 Values 

*MAL05-385372 0.2149 MAL04-469608 0.845 

MAL08-1292195 0.8639 MAL08-1057901 0.5395 

*MAL04-268436 0.7182 *MAL13-1233419 0.4396 

MAL12-2046727 0.8639 MAL04-307321 0.8286 

MAL07-759749 0.6477 MAL12-1131597 0.9546 

*MAL08-502163 <3 Values MAL07-476303 1.0000 

*MAL02-660994 0.8286 MAL03-748204 0.3481 

MAL06-1206499 0.8591 MAL13-146947 0.1447 

MAL07-1323949 0.3884 MAL13-1966774 0.9551 

*MAL07-543849 0.3969 MAL11-1802198 <3 Values 

MAL10-336274 <3 Values MAL11-1749804 0.2238 

MAL06-410691 0.3710 *MAL12-83177 0.5941 

*MAL13-210569 0.1292 *MAL12-529412 0.1645 

*MAL09-492618 0.2238 MAL11-185094 0.5941 

MAL06-1184507 0.9451 *MAL06-593821 0.8286 

*MAL11-281726 0.5135 *MAL01-354427 <3 Values 

MAL01-539149 0.6787 MAL14-1853537 0.1520 

*MAL04-809686 0.8591 MAL04-994352 0.7756 

*MAL07-1311707 <3 Values  MAL07-1122023 0.8286 

*MAL12-1156125 0.0205 MAL14-1458321 0.7679 

*MAL04-933828 <3 values  MAL07-511352 0.4396 

MAL09-692487 <3 values mutant column MAL04-1140617 <3 values mutant column 

MAL14-1199184 0.0013 MAL03-439621 0.4363 

MAL04-393114 <3 values mutant column MAL08-477431 0.9480 

MAL10-1300115 0.1000 MAL14-3124926 0.9425 

*MAL07-672051 0.3961 MAL10-317580 0.2065 

MAL02-322398 1.0000 MAL08-1101130 0.5135 

*MAL09-1111191 0.9480 *MAL12-114173 0.9551 

MAL04-1101563 0.7441 MAL11-769993 <3 values mutant column 
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APPENDIX VI: Copy of KEMRI/SSC/ERC Protocol approval 
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APPENDIX VII: Copy of WRAIR/ERC Protocol approval  
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