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Abstract 

Title: Whole-genome analysis of Plasmodium falciparum isolates to understand allele-

specific clinical immunity malaria 

Zalak Vijaykumar Shah, Doctor of Philosophy, 2020 

Dissertation Directed by:  

Shannon Takala-Harrison,  

Associate Professor, Center for Vaccine Development and Global Health,  

University of Maryland School of Medicine 

 

After repeated P. falciparum infections, individuals in high-transmission areas acquire 

clinical immunity to malaria. However, the genes important in determining allele-specific 

immunity are not entirely known. Previous genome-wide approaches explored signatures 

of selection in the parasite genome to identify targets of clinical immunity; however, 

these approaches did not account for individual level allele-specific immunity. Here we 

take a whole-genome approach to identify genes that may be involved in acquisition of 

allele-specific immunity to malaria by analyzing parasite genomes collected from 

infected individuals in Malawi. However, obtaining whole genome sequence data from 

clinical samples is one of the major hurdles in the field of malaria genomics. In order to 

obtain whole genome sequence data from non-leukocyte depleted, low parasitemia 

samples, we optimized a selective-whole genome amplification (sWGA) by filtering the 

DNA prior to sWGA, to generate high coverage, whole genome sequence data from P. 

falciparum clinical samples with low amounts of parasite DNA. Using this optimized 

approach, we successfully performed whole-genome sequencing on 202 parasite isolates. 



We compared parasite genomes from individuals with varying levels of clinical 

immunity, defined using an individual’s proportion of symptomatic infections during the 

course of the study, hypothesizing that individuals with higher immunity become 

symptomatically ill due to infection with parasites with less common alleles. Using FST, 

we identified 161 SNPs to be genetically differentiated between the two groups and the 

median allele frequency was significantly lower at these sites in individuals in higher 

immunity group compared to the lower immunity group. We also examined pairs of 

parasites collected at different time points from the same individuals and identified 225 

loci in 174 genes that vary within same individuals more often than expected by chance. 

Using both of these approaches, we identified 25 genes that encode likely targets of 

immunity, including a known antigen, CLAG8. Further analysis of clag8 global diversity 

showed evidence of immune selection in the C-terminal region, supporting the use of this 

approach in identification of new vaccine targets. Identifying and further analyzing these 

genomic regions will provide insights into mechanisms involved in allele-specific 

acquired immunity.  
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Chapter 1: Background and Significance 
 
1.1 Public health burden of malaria 

Despite rigorous control and elimination efforts, there were an estimated 228 million 

reported cases of malaria worldwide in 2018 resulting in approximately 405,000 deaths. 

Africa bears the majority of the malaria burden, with more than 93% of all malaria cases 

and 94% of all malaria-related deaths being reported in the WHO African region.1 While 

global malaria incidence has decreased significantly over the last decade from 71 

cases/1000 in 2010 to 58 cases/1000 in 2018, and malaria-related deaths have declined 

from 585,000 deaths in 2010 to 405,000 deaths in 2018, progress toward global malaria 

eradication has stalled in recent years with incidence remaining around 57 cases/1000 

from 2014 to 2018.1,2 New tools and elimination strategies will likely be needed to 

overcome this plateau, particularly in higher malaria burden areas of Africa.  

 

1.2 Malaria parasite life cycle 

Malaria is caused by eukaryotic parasites of the genus Plasmodium in the phylum 

Apicomplexa. Out of more than 120 Plasmodium species known to infect mammals, 

birds, and reptiles, only five are known to infect humans. These include Plasmodium 

falciparum (P. falciparum), Plasmodium vivax (P. vivax), Plasmodium knowlesi, 

Plasmodium ovale and Plasmodium malariae.3 P. falciparum  is responsible for most 

malaria mortality and is the most common species observed in sub-Saharan Africa.3,4 
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P. falciparum has a complex life cycle, involving multiple life stages and hosts 

(Figure 1).5 Human infection begins when a parasite-infected female Anopheles mosquito 

probes the skin of a human in search of a blood vessel. During this process, the mosquito 

secretes saliva containing sporozoites from the salivary glands into the skin. The 

sporozoites use gliding 

motility and cell traversal 

to migrate between 

epithelial cells to reach a 

blood vessel and circulate 

until they reach the liver, 

where they traverse 

through different cell 

types to infect 

hepatocytes.6,7 Within the 

hepatocytes, the sporozoites undergo asexual reproduction to form thousands of 

merozoites, which are released into the blood stream. This process takes approximately 7-

10 days and each sporozoite can produce thousands of merozoites.4 Once merozoites 

enter the blood stream, they invade and infect erythrocytes. Erythrocyte invasion is a 

complex process that involves many steps, including contact and deformation of the 

erythrocyte membrane, apical reorientation and invasion, and resealing of the 

erythrocytic membrane. Each step in the process involves multiple proteins such as 

merozoite surface proteins (MSPs), reticulocyte-binding-like protein homologs (RHs), 

erythrocyte binding antigens (EBAs) and apical membrane protein-1 (AMA1), among 

Figure 1. Plasmodium falciparum life cycle.5 
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others.8,9  Over a 48-hour cycle, the parasite undergoes asexual reproduction in the 

erythrocyte, progressing from a ring, to a trophozoite, to a schizont.10   The infected 

erythrocyte then ruptures, releasing newly-formed merozoites which either continue 

asexual replication in the erythrocytic cycle or go on to differentiate into gametocytes, the 

sexual stages taken up by the mosquito vector during a blood meal. Sexual reproduction 

occurs in the mosquito midgut. Exflagellation of the microgametes occurs within 

minutes, followed by fertilization and formation of a diploid zygote. The zygote then 

develops into a motile ookinete that penetrates the midgut and develops into an oocyst. 

After 11-16 days, mature oocysts release haploid sporozoites, which migrate to the 

salivary glands to infect new hosts and continue transmission.4,11 

Individuals are asymptomatic during the pre-erythrocytic stages of infection. Malaria 

clinical symptoms such as fever, headache, chills and muscle aches, are caused by 

asexual erythrocytic parasites. While the parasite is in the host erythrocyte, it is involved 

in remodeling the host cell, which is driven by proteins exported by the parasite. This 

remodeling also changes the erythrocyte’s adherence properties, enabling it to sequester 

in major organs and vasculature, preventing splenic clearance. The parasite’s ability to 

sequester is also linked to severe manifestations of malaria disease.10 

 

1.3 Vaccines as a malaria elimination tool 

In 2007, the WHO and Bill and Melinda Gates called for eradication of malaria12. 

Since then, the malaria research community, in conjunction with national control 

programs in malaria endemic countries, have worked together to meet this challenge. 

While some progress has been made in reducing the global malaria burden and even 



4 
 

eliminating malaria from some low-transmission countries1, this progress is threatened by 

the continued emergence of resistance to important interventions, including insecticides 

used in vector control and antimalarial drugs used for treatment and prophylaxis.  A 

highly efficacious vaccine, used in conjunction with other control and elimination 

strategies, will likely be critical to the success of malaria eradication efforts. Indeed, 

infectious diseases such as small pox and polio that have been eradicated or nearly 

eradicated, have achieved this milestone in part due to the availability of an effective 

vaccine.13 

 

1.4 Challenges for malaria vaccine development 

A highly effective malaria vaccine has been difficult to design due to multiple 

reasons, including the complexity of the parasite lifecycle, the incomplete understanding 

of how protective immunity is acquired, and the extensive genetic diversity exhibit by the 

parasite.  

Complex parasite lifecycle 

Researchers have worked for decades to develop an effective malaria vaccine, but 

have had limited success, owing to several factors including the complex lifecycle of this 

eukaryotic parasite. The parasite life cycle involves multiple hosts, with multiple life 

stages in each host, and expression of different antigens at each life stage. As such, a 

vaccine against one life stage would not necessarily be expected to elicit protection 

against another stage13. Pre-erythrocytic vaccines target the sporozoite and liver stages, 

preventing the parasite from progressing to the blood stages that result in clinical disease. 

Pre-erythrocytic vaccines have to be extremely efficient, as escape of even a single 
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sporozoite may result in the release of thousands of merozoites into the blood stream14. 

Two of the most advanced malaria vaccines target this stage: RTS,S and PfSPZ, both 

displaying modest efficacy in in field trials.15–17 

Erythrocytic stage vaccines target the merozoite stage aiming to reduce parasite 

burden and reduce clinical disease.13,18 Several antigens expressed on the merozoite and 

infected erythrocyte surface have been considered as vaccine targets and have been found 

to be highly polymorphic.18,19 Blood stage vaccine candidates that have been tested in 

phase 2 vaccine trials target AMA1, MSP1, MSP3 and glutamate-rich protein 

(GLURP).20 None, to date, have displayed sufficient efficacy to progress to phase 3 trials. 

21,22,23 

Transmission blocking vaccines target antigens expressed in the sexual stage of the 

parasite to prevent sexual reproduction and development in the mosquito and stop 

transmission from one person to another.13,18,19 Given alone, this type of vaccine would 

not provide any clinical benefit to vaccinated individuals, and as such, would likely need 

to be combined with pre-erythrocytic or blood stage targets. Sexual stage vaccine 

candidate antigens include proteins expressed in gametocytes or on the surface of zygotes 

and ookinetes within the mosquito and include antigens such as Pfs48/45 and Pfs230 

(gametocyte) or Pfs25 and Pfs28 (expressed in zygotes and ookinetes).18,19 

Incomplete understanding of naturally acquired protective immunity 

After repeated infection over time, individuals in high transmission areas acquire 

immunity to clinical disease. This immunity is not a sterilizing immunity and does not 

prevent infection, but rather limits symptoms, allowing asymptomatic infection. Clinical 

immunity also wanes over time in the absence of exposure to the parasite.24 The concept 
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of clinical immunity to malaria dates back to colonial times when European colonists 

understood their greater susceptibility to malaria compared to indigenous people.24 

Robert Koch, in the late 1800s, examined the frequency and density of malaria cases in 

populations from areas with different malaria endemicity using stained blood films. He 

observed that people from areas with low malaria transmission had a uniform distribution 

of malaria episodes, whereas individuals from high transmission areas demonstrated an 

age-dependent pattern of clinical 

disease. After further studies, Koch 

inferred that immunity to malaria 

was acquired after repeated 

exposure to malaria and became the 

first to report on the scientific basis 

of clinical immunity to malaria.24–27 

Because they are exposed to more 

frequent infections, individuals in 

higher transmission settings acquire clinical immunity more rapidly than individuals in 

lower transmission settings. Figure 2 illustrates the age distribution of malaria in a high 

transmission region. Young children are the most susceptible to severe manifestations of 

disease; but this risk declines rapidly. The risk of uncomplicated malaria continues until 

early adulthood, but gradually decreases. Adults are more likely to experience 

asymptomatic infection. However, even young children, who are at greatest risk of severe 

disease, can have asymptomatic infection, suggesting some degree of strain- or allele-

specific immunity. That is, over time, individuals acquire immunity to the repertoire of 

Figure 2. Illustration of the development of 
immunity to different manifestations of malaria in 
a high transmission population.5 
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alleles they have been exposed to, resulting in less frequent episodes of malaria disease. 

4,28 

Acquisition of immunity involves both humoral and cell-mediated immune 

responses, though antibodies are thought to be important mediators of clinical immunity 

to malaria. The importance of humoral immunity was first described in 1961, when 

Cohen passively transferred gamma globulins from immune adults to non-immune 

children with severe malaria, resulting in reduction of parasitemia by 99% and 

demonstrating the role of antibodies in reducing disease.24,29 To further explore this role, 

he also showed the inhibitory effect of immune IgG on parasite growth in vitro.30 This 

effect has also been shown in mice, where transfer of hyperimmune serum from mice to 

Fcg knockout mice protected them against lethal malaria challenge.31 The erythrocytic 

stages of the parasite, responsible for clinical symptoms of malaria, are an important 

target for clinical immunity. Anti-merozoite antibodies are thought to function by 

inhibiting merozoite invasion of erythrocytes, opsonization of merozoites for 

phagocytosis, antibody-dependent inhibition and complement fixation.30,32–35 However, 

the antigenic targets important for clinical immunity are not completely known. 

 In previous studies, malaria researchers have sought to identify targets of clinical 

immunity by examining naturally acquired antibody responses to known antigens and 

their association with clinical outcomes in malaria endemic populations. However, many 

of these studies show inconsistent results.36 For example, Greenhouse et al. examined 

antibody responses to five P. falciparum antigens and showed strong associations 

between antibody responses to AMA-1, MSP-1 and MSP3 and protection from clinical 

malaria.37 A Malian study followed children and adults for eight months to understand 
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the changes in antibody responses to different antigens before and after the malaria 

season, and identified 49 antigens that had significantly higher antibody responses in the 

protected group compared to the susceptible group. Interestingly, these didn’t include 

leading vaccine candidates including AMA-1, MSP-1 and MSP-2.38 In contrast, other 

similar studies in Kenya found MSP-1 and MSP-2 antibodies as correlates of 

protection.39  

The discrepancies between these studies may be due to several factors, including 

differences in study design, analytical approaches, and study populations.36 For example, 

all of these studies assessed a different clinical outcome. Greenhouse et al estimated the 

association between antibody responses and the risk of symptomatic malaria once 

parasitemic, whereas Crompton et al and Dent et al classified individuals as protected or 

susceptible, using different definitions.37–39 However, the lack of concordance between 

study results could also stem from the challenge of distinguishing antibody responses 

associated with exposure from those associated with protection. Indeed, many of the 

leading vaccine candidate antigens, such as circumsporozoite protein (CSP) and MSP-1, 

contain highly immunogenic repetitive regions that elicit robust antibody responses that 

are not protective because they do not target the functional regions of the protein that 

would prevent parasite invasion.40–44 A strategy that has been used to identify antigenic 

regions associated with allele-specific protection versus exposure is examination of the 

within-host dynamics of alleles using molecular epidemiological and genomic 

approaches.45,46 

Parasite genetic diversity 
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 The full genome sequence of the P. falciparum reference strain 3D7 was 

published in 2002. The P. falciparum genome is ~23.3 Mb in size, containing 14 nuclear 

chromosomes and approximately 5400 genes. The 14 nuclear chromosomes range in 

length from approximately 0.643 Mb (chromosome 1) to 3.29 Mb (chromosome 14). The 

genome is extremely AT-rich, with an overall AT composition of 80% and up to 90% in 

non-coding regions. The parasite also contains two extra-chromosomal genomes from the 

mitochondrion and apicoplast.47 The parasite is haploid through most of its life cycle, 

save for a brief diploid phase during sexual reproduction where intragenic recombination 

can occur.  

The P. falciparum genome harbors substantial variation in the form of SNPs, indels 

and other structural polymorphisms. This variation is driven in part by meiotic events 

during sexual reproduction in the mosquito, where recombination and mutation can 

occur48, as well as mitotic mutations during asexual replication.49 These recombination 

events have been shown to occur at varying frequencies in different regions of the 

genome, with especially high recombination rates in antigenic regions, providing a 

mechanism for generation of diversity and immune evasion.49–51  

The interplay between P. falciparum and the human host over centuries has 

exerted selective pressure on the genomes of both organisms. The classic example of the 

parasite’s impact on the human genome is the selection for sickle cell trait and other 

hemoglobinopathies that provide protection against severe malaria. Evolutionary 

pressures on the parasite genome have resulted from interventions such as antimalarial 

drugs, as well as from the human immune response. Antimalarial drugs are known to 

induce positive directional selection on the parasite genome that acts to rapidly fix 
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beneficial alleles in the population, such as alleles that confer drug resistance. In such 

cases, neutral alleles linked to the selected allele by proximity will also increase in 

frequency, resulting in a loss of genetic diversity around the selected locus.52  

In contrast, balancing selection maintains genetic diversity at a locus for longer 

than expected by genetic drift. Genes that are targeted by the host immune system are 

often under balancing selection, as maintaining diversity in antigenic targets may allow 

for immune escape51,53. In haploid recombining organisms like P. falciparum, balancing 

selection is driven by negative frequency dependent selection, leading to selection for 

rare alleles over common alleles; thus, preventing both fixation and loss of alleles and 

maintenance of genetic diversity.52,54 In the P. falciparum genome, the most polymorphic 

genes code for proteins that are expressed on the parasite or the infected host cell surface. 

These surface proteins have been examined independently in different endemic 

populations and have been identified by many studies as targets of balancing selection 

and thus, clinical immunity.55–59 In a genome wide study of parasite isolates from 65 

Gambian clinical study participants, most genes found to be under balancing selection 

were genes that are expressed in the merozoite stage, genes from multigene families 

encoding surface proteins, and exported proteins. Most of the balancing selection was 

also found to be localized within individual genes instead of flanking loci, which is 

expected in genomes with a high level of recombination.60 These studies establish the use 

of population genomic approaches to identify immune targets and potential vaccine 

targets.  
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1.5 Implications of genetic diversity for development of naturally acquired and 

vaccine-induced immunity 

Most malaria subunit vaccines have been designed based on the sequence of the 

3D7 reference strain, which may not be representative of natural parasite populations at 

vaccine target loci.61 Understanding the distribution of vaccine target alleles in endemic 

populations is important for both vaccine design and testing.62 For example, an AMA1-

based vaccine tested in Mali displayed low overall vaccine efficacy in a phase 2 trial; 

however, vaccine efficacy against strains that were genetically identical to the vaccine 

strain in immunologically relevant regions of the protein was three times greater than 

overall efficacy.63 Similarly, three phase 2 studies of the CSP-based vaccine RTS,S in 

Gambia, Kenya, and Mozambique found no significant difference in the distribution of 

CSP haplotypes between vaccine and placebo.64,65 However, in a phase 3 study with a 

larger sample size, investigators observed that the cumulative vaccine efficacy of RTS,S 

was reduced from 50.3% for parasites with a C-terminal sequence matching the vaccine 

strain to 33.4% for parasites with any amino acid change in this region.66 All of these 

studies provide evidence of allele-specific immunity to vaccines in field trials. If not 

accounted for, allele-specific efficacy against diverse parasite antigens could lead to 

vaccine escape and directional selection of alleles that are more antigenically distinct 

from those included in the vaccine formulation. Thus, molecular epidemiological and 

population genetic approaches are necessary to understand parasite antigenic diversity 

and to inform rational design of multivalent vaccines that may have the potential to 

provide broad protection against diverse parasites in natural populations..19,61,67,68 
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 Several such molecular epidemiological and population genetic studies have 

provided evidence of allele-specific acquisition of naturally acquired clinical immunity in 

key antigens like AMA1, MSP1, MSP3, etc.45,46,69  Early et al provided evidence for 

allele-specific immunity in three vaccine candidate antigens: CSP, TRAP, and SERA2, 

where they showed that the human immune system provides protection against blood 

stage infections by blocking specific haplotypes of these three genes in an allele-specific 

manner, by examining amplicon sequences for signatures of within-host selection. 59 

Takala et al examined the within-host dynamics of AMA1 and MSP1 alleles in 

individuals followed longitudinally to understand the impact of parasite antigenic 

diversity on clinical outcome and found that amino acid changes in specific protein 

regions were associated with increased risk of clinical infection.45,46 In this dissertation, I 

will expand the work of Takala et al45,46 and use genome-wide approaches to identify 

targets of allele-specific clinical immunity to P. falciparum by examining parasite whole 

genome sequencing data generated from clinical samples collected from participants 

enrolled in a longitudinal-cohort study in Malawi.  

 

1.6 Whole-genome sequencing of parasite DNA from field samples 

Next-generation sequencing technologies have accelerated malaria parasite 

population genomics research, allowing sequencing to be performed at epidemiological 

scales to better understand Plasmodium falciparum genetic diversity in relation to malaria 

transmission, drug resistance and vaccine design.61,70–74 However, these studies often 

require whole-genome sequencing of samples collected from malaria endemic regions. 

Obtaining whole genome sequences from clinical samples can be challenging depending 
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on the type of sample, the quality of the sample (which is impacted by sample age and 

storage conditions), as well as the proportion of human DNA relative to parasite DNA in 

the sample. These limitations often make amplicon-based approaches more feasible for 

most field samples. Although amplicon sequencing methods have many advantages and 

applications, such approaches require a known target for amplification and are not ideal 

for genome-wide screens to identify new genes or mutations associated with a phenotype 

or other factor of interest.  

Several methods are currently available to enrich for parasite DNA and allow whole-

genome sequencing of field samples. The most commonly used approach is leukocyte 

depletion.75 Leukocyte depletion can be performed using density-gradient methods, 

filtration columns, or magnetic separation.76 These methods aim to reduce the amount of 

human DNA in the sample by removing nucleated white blood cells while retaining 

anucleated red blood cells, including parasite-infected cells. However, a major limitation 

of leukocyte depletion is that it has to be performed on fresh samples within hours of 

sample collection,75,76  and is not effective on frozen or lysed cells. Such extensive 

sample processing can be difficult in resource-limited settings where samples are 

collected. It also prevents the use of archived samples for retrospective whole-genome 

sequencing studies.  

Owing to the limitations of leukocyte depletion, other parasite DNA enrichment 

approaches, such as host DNA digestion or whole genome amplification, are being 

implemented. Human DNA digestion is performed using modification dependent 

restriction endonucleases, such as MspJI, LpnPI, and FspEI. This approach takes 

advantage of the different methylation patterns in human and parasite DNA to 
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preferentially digest human DNA over parasite DNA. Each enzyme targets a different 

methylated sequence and cleaves at the N-12/N-16 position on the 3’ side of methylated 

cytosines. The human genome harbors many methylated cytosines in the form of CpG 

islands, which occur at the frequency of 60% to 90%77. On the other hand, the 

methylation patterns in the parasite DNA are not fully known78; however, limited 

evidence suggests that these enzymes, specifically MspJI, preferentially digest human 

over parasite DNA.77 

Whole genome amplification (WGA) uses random primers to amplify DNA using 

phi29 multiple displacement amplification technology79. The phi29 polymerase uses 

strand displacement to amplify up to 70 Kbp DNA fragments, and has been shown to be 

~100 times less error prone than Taq polymerase80. However, since WGA is not a 

targeted approach and because of the highly-skewed AT content of the parasite genome 

compared to the human genome, WGA with random primers does not decrease the 

proportion of human DNA in a sample, and may even increase it, depending on the GC 

content of the probes.81 To address this problem, investigators have developed selective 

whole genome amplification (sWGA) approaches to selectively amplify the parasite 

DNA over the human DNA in a sample. sWGA was initially introduced by Leichty and 

Brisson to amplify specific microbial species in natural samples containing mixtures of 

species,82  and this technique has been adapted to enrich for parasite DNA in samples 

collected from malaria patients.83 The primers for sWGA are computationally selected 8-

12 bp sequences that are more frequent and closer together in the parasite genome (< 50 

Kbps) but less frequent and farther apart in the human genome (> 500 Kbps). Since this 

technology uses multiple displacement amplification with Phi29 polymerase, it 
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successfully amplifies DNA fragments up to 70 Kbps. Studies have reported ~18-fold 

enrichment in parasite reads mapped to the reference with the sWGA approach compared 

to samples that underwent WGA with random primers. In samples with parasitemia of at 

least 1200 parasites/µL, more than 70% coverage of the core genome at a depth of ³ 5x 

reads has been reported.84 However, there is poor or no coverage in the telomeric and 

centromeric regions of the parasite genome and overall low genome coverage in samples 

with parasitemia  <1200 parasites/µL, limiting its application for generation of low 

parasitemia samples, such as those collected from asymptomatic patients.84 Thus, further 

optimization is needed to address these limitations to allow generation of WGS data from 

low parasitemia samples.  

sWGA primers were designed based on the sequence of the 3D7 reference genome, 

introducing the possibility of preferential amplification of “3D7-like” clones within a 

polyclonal infection. This concern has been investigated for sWGA methods designed to 

amplify P. vivax 85, but has not been thoroughly investigated for P. falciparum. 

Polyclonal P. falciparum infections are extremely common in high malaria transmission 

areas; thus, it is important to establish that enrichment methods are not introducing a 

systematic bias that could impact downstream inferences.  

 

1.7 Study Objective and Specific Aims 

In this study, we will optimize existing methods for parasite enrichment to obtain high 

coverage whole-genome sequences from low-parasitemia field samples. We will do this 

by first using MspJI to digest human DNA, followed by sWGA to preferentially amplify 

the parasite genome. Using this optimized approach, we will generate whole-genome 
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sequence data from field samples collected as part of a longitudinal cohort study in 

Malawi and use these sequences to identify regions of the parasite genome that may be 

important for the development of clinical immunity by comparing parasite whole-genome 

sequencing data from individuals with high and low levels of clinical immunity and also 

by identifying alleles that vary more often than expected by chance in parasites from 

within individuals compared to between individuals.  

Aim 1: Optimize selective whole-genome amplification and sequencing of parasite 

DNA from non-leukocyte depleted samples. 

Hypotheses: Using an optimized selective whole-genome amplification approach, we will 

be able to obtain high-coverage whole-genome sequences from non-leukocyte-depleted 

samples. Selective whole-genome amplification will not differentially amplify certain 

parasite clones over others. 

Aim 1.1: Determine if enzyme digestion of human host DNA, using MspJI, prior to 

sWGA improves parasite DNA yield. 

Aim 1.2: Sequence and analyze selectively amplified parasite DNA using the optimized 

procedure to determine the impact on whole-genome sequence coverage. 

Aim 1.3: Create mixtures of parasite clones to determine whether sWGA changes 

estimates of infection complexity or selectively amplifies one clone over another. 

 

Aim 2: Identify regions of the parasite genome that are important for development 

of allele-specific clinical immunity.  

Hypotheses: Individuals in high malaria transmission regions acquire clinical immunity 

in an allele-specific manner. Thus, the parasites that cause symptomatic infections in 
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individuals with a greater level of clinical immunity are genetically differentiated from 

parasites causing disease in individuals with a lower level of clinical immunity to 

malaria. Also, parasites that cause infections in the same individual will be more 

genetically different compared to parasites that cause infections in different individuals 

in regions important for development of clinical immunity. 

Aim 2.1: Identify SNPs that are genetically differentiated between individuals with 

different levels of clinical immunity. 

Aim 2.2: Compare parasites from different infections within the same individual to 

estimate relatedness and identify regions of the parasite genome that vary more often than 

expected by chance. 

Aim 2.3: Characterize and understand the global diversity of regions found to be 

important for development of allele-specific clinical immunity from aim 2.1 and 2.2. 

 

1.8 Significance and Innovation 

 Humans and parasites have been co-evolving for hundreds of years. The selective 

pressures induced by the host immune system have left marks on the parasite genome, 

known as signatures of selection. Many whole-genome studies have used population 

genomic approaches to identify these signatures of selection, in an attempt to understand 

targets of host immunity and identify better vaccine candidate antigens.60,86 Other studies 

have used a combination of molecular epidemiological and population genetic tools to 

identify polymorphisms associated with development of clinical symptoms in 

longitudinal data. But these studies focused on single antigens, including AMA1 and 

MSP1.45,46 This research will use similar approaches to address these questions, but at the 
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whole-genome level. This is one of the first studies to compare whole-genome sequences 

between pairs of infections within individuals and between individuals, which will allow 

identification of genomic regions that vary more often than expected by chance. In 

addition, by examining which genomic regions are highly genetically differentiated 

between parasites from individuals with high immunity and low immunity, we will 

likewise be able to identify genomic regions associated with escape from acquired 

clinical immunity in semi-immune adults from Malawi. Moreover, since this is a whole-

genome study, it may allow the identification of novel targets of clinical immunity. 

 This research will also establish an approach to generate whole genome 

sequencing data from low-parasitemia, non-leukocyte depleted clinical samples, such as 

those collected from asymptomatic infections, which have been difficult to analyze in 

previous studies but that may account for a large proportion of infections in high 

transmission areas 87. By optimizing parasite DNA enrichment methods, this thesis will 

generate ~200 high coverage whole-genome sequences from Malawian isolates. In 

addition, this thesis will determine whether sWGA of P. falciparum results in 

amplification bias favoring clones identical to the reference genome.  
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Chapter 2: Optimization of parasite DNA enrichment approaches to generate whole 
genome sequencing data for Plasmodium falciparum from low-parasitemia samples1 

 
 
2.1 Abstract 
 

 Owing to the large amount of host DNA in clinical samples, generation of high-

quality Plasmodium falciparum whole genome sequencing (WGS) data requires 

enrichment for parasite DNA. Enrichment is often achieved by leukocyte depletion of 

infected blood prior to storage. However, leukocyte depletion is difficult in low-resource 

settings and limits analysis to prospectively-collected samples. As a result, approaches 

such as selective whole genome amplification (sWGA) are being used to enrich for 

parasite DNA. However, sWGA has had limited success in generating reliable 

sequencing data from low parasitaemia samples. In this study, enzymatic digestion with 

MspJI prior to sWGA and whole genome sequencing was evaluated to determine whether 

this approach improved genome coverage compared to sWGA alone. The potential of 

sWGA to cause amplification bias in polyclonal infections was also examined. 

DNA extracted from laboratory-created dried blood spots was treated with a 

modification-dependent restriction endonuclease, MspJI, and filtered via vacuum 

filtration. Samples were then selectively amplified using a previously reported sWGA 

protocol and subjected to WGS. Genome coverage statistics were compared between the 

optimized sWGA approach and the previously reported sWGA approach performed in 

parallel. Differential amplification by sWGA was assessed by comparing WGS data  

 

1Shah Z, Adams M, Moser KA, et al. Optimization of parasite DNA enrichment approaches to generate whole genome 
sequencing data for Plasmodium falciparum from low parasitaemia samples. Malar J. 2020;19(1):135. 
doi:10.1186/s12936-020-03195-8. 
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generated from lab-created mixtures of parasite isolates, from the same geographical 

region, generated with or without sWGA. MspJI digestion did not enrich for parasite 

DNA. Samples that underwent vacuum filtration (without MspJI digestion) prior to 

sWGA had the highest parasite DNA concentration and displayed greater genome 

coverage compared to MspJI + sWGA and sWGA alone, particularly for low 

parasitaemia samples. The optimized sWGA (filtration + sWGA) approach was 

successfully used to generate WGS data from 218 non-leukocyte depleted field samples 

from Malawi. Sequences from lab-created mixtures of parasites did not show evidence of 

differential amplification of parasite strains compared to directly sequenced samples. 

This optimized sWGA approach is a reliable method to obtain WGS data from non-

leukocyte depleted, low parasitaemia samples. The absence of amplification bias in data 

generated from mixtures of isolates from the same geographic region suggests that this 

approach can be appropriately used for molecular epidemiological studies. 

2.2 Introduction 

Next-generation sequencing has greatly advanced research on malaria parasite genomics. 

Several molecular epidemiological studies have used genomic approaches in an effort to 

better understand Plasmodium falciparum genetic diversity in relation to malaria 

transmission, drug resistance and vaccine design.45,70,73,88,89 However, a majority of such 

population genomics studies rely on whole genome sequencing of samples collected in 

malaria endemic areas. Since patient blood samples contain mostly human DNA, 

enrichment for parasite DNA is required in order to obtain parasite sequence data with 

adequate genome coverage. Leukocyte depletion is an effective method for reducing the 

amount of host DNA for parasite sequencing and hence increase the proportion of 
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parasite DNA prior to sequencing; however, depletion must be performed within hours of 

sample collection and can be logistically challenging in some resource-limited settings. 

75,76 In addition, once the sample is frozen and cells are lysed, leukocyte depletion is no 

longer effective, thus limiting the application of this approach to prospectively-collected 

samples. To reduce the need for extensive sample processing in the field and to enable 

examination of the wealth of historical samples collected as dried blood spots or whole 

venous blood, malaria researchers have explored alternative parasite DNA enrichment 

approaches including enzymatic digestion of human DNA77, selective whole genome 

amplification (sWGA)84, and hybrid selection (capture-based method)90.     

 MspJI is a restriction endonuclease that cleaves specific motifs containing 

methylated cytosines that has been used to selectively digest human DNA prior to 

parasite DNA sequencing.91 The success of this approach is based on the assumption of 

different methylation patterns in the human and parasite genomes; however, methylation 

patterns in P. falciparum are not fully understood.78 sWGA of the parasite genome over 

the human genome has also shown promising results as a method for enrichment of 

parasite DNA prior to whole genome sequencing. This approach uses multiple 

displacement amplification with phi29 DNA polymerase using primers binding at greater 

density in the parasite genome compared to the human genome. Phi29 results in 

amplification of long DNA fragments and is known to have a low error rate. An existing 

sWGA protocol has been shown to work best with samples that have parasitaemia greater 

than ~ 1200 parasites/µL.84 While this parasitaemia threshold may allow sequencing of 

most clinical infections, it limits studies of lower parasitaemia infections, including 

submicroscopic infections that may significantly contribute to the malaria burden in some 
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areas.87 In addition, because sWGA primers were designed against the 3D7 reference 

sequence without consideration of P. falciparum genetic diversity, the potential for 

differential amplification of particular parasite clones within a polyclonal infection (e.g. 

those most genetically similar to the reference) is a concern. Since a large proportion of 

infections from high-transmission areas are polyclonal, the possibility of amplification 

bias introduced by sWGA warrants further investigation, as such bias could lead to 

inaccurate inferences in downstream analyses. 

In this study, enzymatic digestion with MspJI prior to sWGA and whole genome 

sequencing was evaluated to determine whether this approach improved genome 

coverage compared to sWGA alone when applied to samples representing a range of 

parasitaemias. In addition, this study also evaluated whether the optimized sWGA 

protocol results in biased estimates of multiplicity of infection or allele frequencies by 

comparing whole genome sequence data generated from laboratory-created mixtures of 

isolates from Malawi that underwent sWGA prior to sequencing or were directly 

sequenced. 

 

2.3 Methods 

Lab-created samples to evaluate enrichment approaches  

Dried blood spots  

To test the different parasite DNA enrichment approaches, dried blood spots were created 

by mixing cultured NF54-infected red blood cells with uninfected whole human blood. 

The laboratory-adapted isolate, NF54, was maintained in culture following the method of 

Trager and Jensen.92 Parasite concentrations were microscopically enumerated from 



23 
 

sorbitol-synchronized ring-

stage NF54 culture and mixed 

with uninfected whole human 

blood (Interstate Blood Bank, 

Nashville, TN) resulting in 

parasite concentrations 

ranging from 10,000 to 500 

parasites/µL and subsequently 

spotting 12.5 µL of blood onto 

Whatman 3 MM filter paper. DNA was extracted from dried blood spots using the 

protocol described by Zainabadi et al.93 The DNA was treated under three conditions, 

including sWGA only and MspJI or MspJI− control (no enzyme) + followed by sWGA, as 

illustrated in Figure 3. The MpsJI– condition followed the same protocol as MspJI, 

without the enzyme.  

Mixtures of DNA to assess amplification bias 

DNA from four previously cultured and sequenced field isolates from Malawi61 were 

mixed in equal proportions to assess potential amplification bias introduced by sWGA.  

Figure 3. Flowchart describing the experimental design 
to optimize selective whole genome amplification. 
Vacuum Filtration was done using MultiScreen® Filter 
Plate (Millipore). 

Figure 4. Schematic of experimental design to evaluate potential amplification bias in 
samples undergoing sWGA. 
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The DNA concentration for each sample was measured using a picogreen assay (Thermo 

Fisher Scientific, Waltham, MA) and the samples were mixed in equal proportions. None 

of the cultured isolates represented polyclonal infections, based on analysis of prior 

sequencing data using estMOI.94 The sample was further split into six tubes, three of 

which underwent direct whole genome sequencing and the other three which underwent 

sWGA, followed by whole genome sequencing, as shown in Figure 4.  

MspJI Digestion 

MspJI digestion was performed in a 0.2 mL 96-well PCR plate. The reaction mixture 

contained 1X CutSmart Buffer, 10 µg of bovine serum albumin and 6 units of MspJI 

(New England Biolabs, Ipswich, MA). The MspJI digestion control (i.e., MspJI–) 

contained the same buffers but excluded the enzyme. 25 µL of sample DNA was added to 

both reaction mixtures (total volume, 30 µL), and reactions were incubated in a 

thermocycler. Two different incubation protocols were tested, one with a 16 hr incubation 

at 37°C, followed heating at 65°C for 20 min to inactivate the enzyme and cooling at 

4°C, and a second protocol where the 37°C incubation lasted only 4 hrs. 

Vacuum filtration of DNA 

Following enzymatic digestion, the entire reaction mixture was transferred to a 

MultiScreen® PCR Filter Plate (Millipore) and filtered to remove digested DNA 

fragments using a MultiScreen® Vacuum Manifold with a pressure of -7 inches Hg until 

the wells were emptied and the filters appeared dry. Filtered samples were reconstituted 

with 30 µL of water, and the plate was gently agitated for 15 mins. Samples were then 

transferred to a new plate.  

sWGA 
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Amplification was performed in a 0.2 mL 96-well PCR plate. The reaction mixture 

contained 1X BSA, 1 mM dNTPs, 2.5 µM of each amplification primer, 1X Phi29 

reaction buffer and 30 units of Phi29 polymerase. 17 µL of template DNA was added to 

the reaction mixture (total volume, 50 μL) which was then placed in a thermocycler 

programmed for a stepdown protocol (35 °C for 5 min, 34 °C for 10 min, 33 °C for 

15 min, 32 °C for 20 min, 31 °C for 30 min, 30 °C for 16 h), followed by heating at 65 °C 

to inactivate the enzyme and cooling at 4 °C. Primers used for sWGA were the same as 

those published by Oyola et al. 84 

qPCR 

Quantitative PCR of the human actin gene and P. falciparum 18S rRNA gene was used to 

estimate the amount of human and parasite DNA, respectively, before and after sWGA. 

The reaction mixture contained QuantiTech 2x QT Multiplex Master Mix, 10 µM of each 

of the primers and 1.5 µL of template DNA (total volume, 10 µL). A two-tailed Mann-

Whitney U test was used to estimate differences between different experimental 

conditions (e.g. MspJI-sWGA, MspJI−-sWGA, sWGA).  

Whole genome sequencing 

Genomic DNA libraries were constructed for sequencing using the KAPA Library 

Preparation Kit (Kapa Biosystems, Woburn, MA). DNA (500 ng) was fragmented with 

the Covaris E210 to ~200 bp. Libraries were prepared using a modified version of the 

manufacturer’s protocol. The DNA was purified between enzymatic reactions and library 

size selection was performed with AMPure XT beads. Libraries were assessed for 

concentration and fragment size using the DNA High Sensitivity Assay on the LabChip 

GX (Perkin Elmer, Waltham, MA). Library concentrations were also assessed by qPCR 
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using the KAPA Library Quantification Kit. Libraries were pooled and sequenced on a 

150 bp paired-end Illumina HiSeq 4000 run (Illumina, San Diego, CA). 

 

Data Analysis 

Read mapping and coverage  

Each dataset was analyzed by mapping raw fastq files to the 3D7 reference genome using 

Bowtie295. Bam files were processed according to GATK’s Best Practices workflow to 

obtain analysis-ready reads.96,97 Bedtools98 was used to generate coverage and depth 

estimates from the processed reads. Differences in the proportion of the genome covered 

in samples from untreated vs. filtered sWGA were tested using the z-score test for 

difference in proportions.   

Variant calling 

 GATK’s Best Practices workflow was followed for variant calling 96,97. Haplotype Caller 

was used in reference confidence mode to create genomic variant call format (GVCF) 

files for each sample and joint SNP Calling (GATK v3.7). Variants were removed if they 

met the following filtering criteria: QD < 2.0, FS > 60.0, MQ < 40.0, MQRankSum < -

12.5, ReadPosRankSum < -8.0, QUAL < 50. Variant sites with >20% missing genotypes 

were additionally removed using vcftools.  

Assessment of amplification bias 

Whole genome sequence data generated from lab-created isolate mixtures that either 

underwent sWGA and sequencing or direct sequencing were compared to evaluate the 

potential for sWGA to introduce amplification bias.  The experimental design is 

illustrated in Figure 4.  Reference allele frequencies for each sample were estimated using 
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samtools mpileup and were compared to examine the variability between and within 

samples from sWGA and non-sWGA groups. Sites with coverage depth lower than 20x 

were excluded from this analysis. In order to reduce coverage bias, we also eliminated 

sites that were not covered in all six samples. After applying these filters, 1,786,088 sites 

remained. The distribution and spearman correlation coefficient (rho) were estimated in 

R.  

 FWS, a measure of within-sample diversity, was used to estimate infection 

complexity for each isolate mixture for comparison between the sWGA and non-sWGA 

conditions.  FWS was estimated using the R package, moimix 

(https://github.com/bahlolab/moimix). Significance was determined using the Mann-

Whitney U test. Only the core P. falciparum genome was used to estimate FWS.99 

The composition of each lab-created mixture was also compared to determine if 

there were significant differences between the sWGA and non-sWGA groups, implying 

differential amplification of certain strains over others. To assess potential amplification 

bias, we compared the proportion of isolate-specific SNPs for each isolate called from 

WGS data generated from isolate mixtures that did or did not undergo sWGA prior to 

sequencing. Isolate-specific SNPs were identified by comparing WGS data from each of 

the four isolates used to create the experimental mixtures. All variant sites with missing 

alleles in any of the isolates were removed from the analysis. For each isolate mixture, 

the predominant allele (defined as an allele comprising >70% of reads) at each position 

was called; if no allele was predominant based on this threshold, the SNP was called 

missing. The positions of unique SNPs for each isolate were extracted from the sequence 

data generated from the isolate mixtures. The proportion of unique SNPs from each 
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isolate in the mixture was estimated and compared between the sWGA and non-sWGA 

groups. Significance was estimated using a z-score test for difference in proportions. 

 

2.4 Results 

Vacuum filtration, but not enzyme digestion, prior to sWGA increases parasite 

DNA concentration and improves the quality of whole genome sequence data 

Lab-created dried blood spots representing a range of parasitemias were created to test 

the different DNA enrichment approaches. DNA extracted from the dried blood spots 

underwent one of three conditions prior to sWGA: 1) MspJI digestion, 2) MspJI–control 

(same conditions as MspJI but without enzyme), or 3) untreated, as illustrated in Figure 

3. Samples that underwent MspJI digestion had significantly less human (p=0.028, 

Mann-Whitney U test) and parasite DNA (p=0.028, Mann-Whitney U test) compared to 

the untreated samples. Similarly, MspJI-digested samples also had significantly less 

human (p=0.028, Mann-Whitney U test) and parasite DNA (p=0.028, Mann-Whitney U 

test) compared to the MspJI– control (Figure 5A). This pattern was consistent following 

sWGA, with MspJI-sWGA samples having significantly less human DNA (p-

value=0.028, Mann-Whitney U test) as well as parasite DNA (p-value=0.028, Mann-

Whitney U test) compared to the untreated-sWGA samples. Surprisingly, the MspJI– 

control samples that underwent sWGA had a significantly higher parasite DNA 

concentration compared to samples digested with MspJI (p-value=0.028, Mann-Whitney 

U test) and untreated samples (p-value=0.028, Mann-Whitney U test) that underwent 

sWGA. Further experiments suggested that the vacuum filtration step in the MspJI– 

condition (Figure 3) was likely responsible for the improved parasite DNA concentration 
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(Figure 5B, p-value=0.028, Mann-Whitney U test), possibly due to removal of small 

DNA fragments that may lead to non-specific binding. This result was also consistent 
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across samples with lower parasitemias, ranging from 5000 parasites/µL to 500 

parasites/µL (Figure 6, p-value=0.028, Mann-Whitney U test). 

Figure 5. Effect of MspJI and sWGA treatments on parasite DNA concentration.  (A) Human 
and P. falciparum Cq values prior to sWGA on samples with 10,000 parasites/µL (n = 3). Cq 
value indicates the number of cycles required to detect a signal, where higher Cq values 
indicate lower DNA concentrations. (B) Human and P. falciparum Cq values after sWGA on 
samples with 10,000 parasites/µL (n = 3). 
 

Figure 6. Effect of filtering on parasite DNA concentration in parasites with lower 
parasitemias (n = 3). P. falciparum Cq values for untreated-sWGA and filtered-sWGA 
condition in samples with lower parasitemias. Error bars represent standard error. 
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The untreated-sWGA (no treatment, only sWGA) and filtered-sWGA samples (vacuum 

filtration, followed by sWGA), with different parasitemias (10,000, 1000, 500 

parasites/µL), underwent whole genome sequencing, and the sequence reads were 

trimmed and mapped to the P. falciparum 3D7 reference genome. As seen in Figure 6A, 

the filtered-sWGA samples had a higher percentage of reads map to 3D7 (p < 0.0001, z 

score test for difference in proportions). This pattern was more notable for samples with 

lower parasitemia (Figure 7A). Sequence data from filtered-sWGA samples displayed a 

slightly higher percent of the genome with 5x coverage per million reads sequenced 

compared to sequence data from untreated-sWGA samples (Figure 7B).  

 

 Figure 7. P. falciparum genome coverage in filtered and untreated samples that underwent 
sWGA. (A) The percentage of reads that mapped to the P. falciparum 3D7 reference are 
shown for filtered and untreated samples with different parasitemias that underwent sWGA 
prior to sequencing. (B) Percentage of the P. falciparum 3D7 genome with at least 5x coverage 
is shown relative to the number of reads sequenced (in millions) in filtered and untreated 
samples of different parasitemias that underwent sWGA prior to sequencing.  
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Figure 8. A) Average coverage per chromosome in untreated-sWGA vs. filtered-
sWGA samples. B) Coverage over Chromosome 1. 
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Further in-depth coverage analysis showed that this pattern was consistent across 

all chromosomes (Figure 8A). Visual inspection of coverage along chromosome 1 

showed uneven coverage in both filtered and unfiltered samples that underwent sWGA, 

but filtered-sWGA samples had higher coverage in most regions, particularly in the 

lowest parasitemia sample. Indeed, in the lowest parasitemia sample, we observe higher 

coverage in several regions where the untreated-sWGA sample had very little or no 

coverage (Figure 8B).  

We next tested the optimized sWGA protocol on 218 red blood cell pellets from 

Malawi that were PCR-positive for P. falciparum and had parasitemias, ranging from 0 to 

>200,000 parasites/µL (by microscopy). Only 23/218 (10.55%) samples had less than 

75% of the genome with ≥ 5x coverage. Samples with >75% of the genome with ≥ 5x 

coverage had a median average read depth of ~137x. Out of 50 samples with parasitemia 

<500 parasites/mL, only 9 (18%) samples had less than 75% of the genome with 

Figure 9. Percent of genome with 5x coverage in whole genome sequences of field isolates 
with different parasitemias.   
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≥5x coverage, while the remaining samples with >75% of the genome with ≥ 5x coverage 

had a median average read depth of ~129x. We also estimated the correlation between 

percent genome coverage and parasitemia (Figure 9) and found a weak statistically 

significant correlation between parasitemia and percent genome coverage (p = 0.00012, 

Spearman’s correlation rho = 0.25).  

Optimized sWGA does not show evidence of amplification bias when applied to 
mixtures of parasite isolates from the same geographic region.  
 

 

 To examine the potential for amplification bias introduced by sWGA, we created 

equal mixtures of four P. falciparum isolates from Malawi. Three aliquots of these 

mixtures underwent sWGA followed by whole genome sequencing and three underwent 

whole genome sequencing without prior sWGA (Figure 4).  Mixtures that underwent 

sWGA had a larger proportion of sequenced reads that mapped to the 3D7 reference 

genome compared to directly-sequenced mixtures, while directly-sequenced mixtures had 

a higher percentage of the genome with at least 5x coverage (Table 1).  

Three approaches were used to evaluate the potential for amplification bias by 

sWGA (Figure 4). First, we estimated the correlation between reference allele 

frequencies for each variant site in sequence data generated from mixtures that did or did 

not undergo sWGA prior to sequencing. Based on visual examination, the distribution of 

reference allele frequencies was similar in all six samples, but directly-sequenced 

Table 2: Sequencing statistics in samples that underwent direct sequencing versus sWGA 
 Direct Sequencing (n = 3) sWGA (n = 3) 

Total reads sequenced 30,878,334 33,586,527 
Reads mapped to P. falciparum (%) 92.21 95.52 

Genome with 5x coverage (%) 98.68 95.53 
Mean coverage depth 196x 213x 

Total SNPs 32,775 22,355 
FWS 0.068 ± 0.009 0.116 ± 0.015 
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samples had more clearly distinct peaks representing each of the four isolates compared 

to samples that underwent sWGA prior to sequencing (Figure 10).  The correlation 

between reference allele frequencies was high (>94%) and similar within and between 

sWGA or directly-sequenced samples (Figure 11).  

  

 

 

 

Figure 10. Distribution of reference allele frequencies for each site in the genome for all 
mixed samples. The y-axis shows the number of variable positions for proportion of reads 
carrying the 3D7 reference allele shown on the x-axis.  
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Second, we estimated Fws, a measure of within-sample diversity70,85,100,  to examine 

differences in infection complexity between samples that underwent sWGA prior to 

sequencing and those that did not.  Fws values range from 0 to 1, with 0 indicating a 

mixture of highly unrelated clones and 1 indicating a single clone. Directly-sequenced 

Figure 11. Correlation between reference allele frequency estimates of all mixed samples. 
The plots show correlation between samples from within each group and also between 
both the groups (sWGA and no sWGA). The upper left side of the matrix shows the 
corresponding correlation coefficient r2 for each comparison. 
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samples had lower average Fws estimates than samples that underwent sWGA (Table 1). 

However, when Fws was estimated based on the subset of SNPs called in both groups, 

there was no significant difference in Fws between groups (p-value=0.1, Mann Whitney U 

Test).  

 Finally, we compared the proportion of each isolate in our isolate mixtures based 

on the frequency of isolate-specific variants in sequence data generated from the mixtures 

that did or did not undergo sWGA. The proportion of isolate-specific SNPs in each 

mixture did not differ significantly between mixtures that underwent sWGA and those 

that did not (Figure 12).   

 

 

 

Figure 12. Proportion of isolate-specific SNPs in mixtures that underwent sWGA prior to 
sequencing or were directly sequenced.   
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2.5 Discussion 

While advances in next-generation sequencing technologies have greatly 

expanded research in the field of malaria genomics, the difficulties of enriching for 

malaria parasite DNA in clinical samples, particularly those collected from 

submicroscopic infections, has limited population genomics analyses to include mostly 

high-parasitemia, symptomatic infections. In this study, we evaluated whether combining 

two published parasite DNA enrichment approaches, namely enzyme digestion of human 

DNA77 and sWGA84, prior to whole genome sequencing improved our ability to generate 

high-quality whole genome sequence data from non-leukocyte-depleted clinical samples 

with low parasitemia. Oyola et al. reported up to ~9 fold P. falciparum DNA enrichment 

resulting in >98% of the parasite genome with at least 5x coverage when using MspJI 

digestion only (no sWGA) prior to sequencing.77 However, we observed that enzyme 

digestion with MspJI resulted in a significant decrease in both human and parasite DNA 

concentrations, before and after sWGA. This reduced DNA concentration may be due to 

digestion of both human and parasite DNA, consistent with the presence of a “smear” of 

small DNA fragments observed when digested samples were subjected to gel 

electrophoresis (data not shown). This finding contrasts with that of Oyola et al. who 

observed a band representing intact parasite DNA along with digested human DNA 

following MspJI digestion, although it is notable that the amount of starting DNA (1 µg 

total) used in the Oyola study was much larger than that obtained from the dried blood 

spots in our study, and likely larger than what would be obtained from dried blood spots 

collected in the field. In addition, Cowell et al.85 observed no significant difference in 

genome coverage with digestion using MspJI or FspEI prior to sWGA and sequencing of 
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P. vivax. However, since MspJI targets specific motifs containing methylated cytosines, 

and P. vivax has higher GC content than P. falciparum, it is possible that the targeted 

motifs may be more common in P. vivax, leading to the failure of MspJI in this context. 

Though we did not have success with MspJI, further investigation is warranted to identify 

alternative enzymes that target the human genome over the parasite genome that could 

potentially perform better and be useful in combination with sWGA.  

While we did not find that digestion with MspJI improved parasite DNA 

concentration, to our surprise, we found that parasite DNA concentration, after sWGA, 

was significantly greater in the MspJI–control compared to MspJI and no treatment. 

Subsequent experiments suggested that this increased DNA concentration resulted from 

the vacuum filtration step. Indeed, we found that filtration of extracted DNA prior to 

sWGA resulted in a greater parasite DNA concentration compared to unfiltered DNA that 

underwent sWGA. We hypothesize that this result may be due to removal of small 

fragments of parasite DNA that may bind sWGA primers but not lead to effective 

amplification because of their short length. The increased DNA concentration obtained 

from the optimized sWGA protocol also resulted in increased genome coverage of whole 

genome sequencing data, although this increase was most pronounced in lower 

parasitemia samples.  

Using the optimized sWGA approach, we were able to obtain high genome 

coverage from DNA extracted from lab-created dried blood spots with parasitemias as 

low as 500 parasites/µL, as well as from non-leukocyte depleted red blood cell pellets 

from the field, including 41 samples from low parasitemia, sub-microscopic infections. 

Although statistically significant, the correlation between parasitemia and percent of the 
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genome with 5x coverage was small, suggesting that this optimized sWGA approach can 

be used to obtain high-quality whole genome sequence data from low parasitemia 

samples. Additional testing of this approach on dried blood spots stored under different 

environmental conditions and storage times will be required to further characterize which 

samples are likely to yield successful results using this optimized approach. If the parasite 

DNA is highly degraded, this optimized approach may not be successful, both because 

small DNA fragments may be removed during filtration and lead to less effective whole 

genome amplification and because of a general lack of longer fragments needed for 

successful sWGA. For more highly degraded samples, capture-based methods of 

enrichment may yield better results.  

Amplification bias following sWGA or capture-based parasite DNA enrichment 

has been largely understudied but is essential to understand given the high prevalence of 

polyclonal infections in high transmission areas. We further explored the potential for 

amplification bias following sWGA by comparing whole genome sequence data 

generated from experimental mixtures of parasite DNA from four culture-adapted 

parasite isolates from Malawi that were either directly sequenced or underwent sWGA 

prior to sequencing. Consistent with other studies, genome coverage of sequence data 

generated from samples that underwent sWGA was more uneven compared to coverage 

of sequence data generated through direct sequencing, most likely due to the sparse 

sWGA primer coverage in diverse and AT-rich subtelomeric regions.83,84 However, 

pairwise per base reference allele frequencies within the core genome were highly 

correlated both within and between the sWGA and directly-sequenced groups, suggesting 

that sWGA is not substantially biasing allele frequencies. Experimental mixtures that 
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underwent sWGA had significantly higher estimates of Fws, implying some loss of 

within-mixture diversity. This result is in agreement with the results of Cowell et al. who 

found reduced estimates of infection complexity following sWGA of P. vivax DNA, 

based on analysis of both sequence data and microsatellites85, and may be explained by 

differences in genome coverage between groups. Indeed, directly sequenced samples had 

higher genome coverage than samples that underwent sWGA, even in the core genome. 

To test this hypothesis, we estimated FWS based only on SNPs called in both the sWGA 

samples and the directly sequenced samples and observed no significant difference in 

FWS between groups, suggesting the lower diversity in samples that underwent sWGA 

was not the result of amplification bias favoring some isolates over others. This 

conclusion is also supported by the lack of significant differences in the proportion of 

isolate-specific variants between the sWGA and directly sequenced isolates. More in-

depth analysis will be required to evaluate which genomic regions have reduced coverage 

in sWGA samples and the implications for downstream analyses.   

While we did not observe preferential amplification based on equal mixtures of 

isolates from Malawi based on variants called against the 3D7 reference (believed to be 

of African origin61,101), it would be informative to evaluate this phenomenon in mixtures 

of parasites from other geographic regions or in varying proportions to determine whether 

one set of sWGA primers will provide unbiased results and high genome coverage in all 

settings or whether sWGA primers designed based on regional reference genomes is 

necessary. Because parasites from different continents are more genetically differentiated 

than parasites from the same geographic region70 and also more different from the 

reference strain 3D7 which was used to design the primers, amplification bias may be 
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more of a concern for comparisons involving parasites sampled from different continents 

than for comparisons of parasites from the same geographic region.  

 

2.6 Conclusions 

The optimized sWGA approach is a reliable method to obtain WGS data from non-

leukocyte depleted, low parasitemia samples. The absence of amplification bias in data 

generated from mixtures of isolates from the same geographic region suggests that this 

approach can be appropriately used for molecular epidemiological studies.  
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Chapter 3: Whole-genome analysis of Malawian P. falciparum isolates to 
understand clinical immunity to malaria 

 

3.1 Abstract 

 After repeated Plasmodium falciparum infections, individuals in high-transmission 

areas acquire immunity to clinical malaria through acquisition of a repertoire of responses 

to diverse parasite alleles. In previous studies, we have identified polymorphisms within 

individual antigens that are associated with immune escape by examining the within-host 

dynamics of alleles in individuals followed longitudinally. Using a similar approach, we 

analyzed whole genome sequencing data from 177 parasite isolates from a longitudinal 

study in Malawi and identified 25 genes that may encode targets of immunity, including a 

known antigen, CLAG8. Analysis of the global diversity of clag8, showed evidence of 

immune selection, supporting the utility of this approach in identifying new vaccine 

candidates. 

 

3.2 Introduction 

Despite recent progress in reducing the burden of malaria, this vector-borne disease 

remains a major global health concern, resulting in 405,000 deaths in 2018102. In high-

transmission areas, individuals develop immunity to clinical malaria after being repeatedly 

infected by the parasite103. This immunity does not provide sterile protection, but prevents 

clinical disease, and is positively associated with age and exposure4,104. Individuals 

generally acquire immunity to severe malaria as young children; however, they may 

continue to experience episodes of uncomplicated clinical malaria through early adulthood. 

This age-related pattern of immunity to disease is thought to reflect the need for acquisition 
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of a repertoire of responses to diverse parasite alleles4,103,105,106. The allele-specific nature 

of malaria immunity is also supported by the extensive genetic diversity in antigens 

exposed to the human immune system, which is thought to have evolved over centuries as 

a means of parasite immune evasion52. Allele-specific immune responses have been 

observed against specific parasite antigens69,107,108. In addition, Takala et al examined the 

within-host dynamics of antigen alleles in individuals followed longitudinally and 

identified specific polymorphisms within parasite surface antigens (i.e. AMA1 and MSP1) 

that were associated with immune escape 45,46. Furthermore, malaria subunit vaccines based 

on a single antigen allele have displayed greater efficacy against parasites with alleles 

matching the vaccine strain compared to the diverse alleles observed in natural parasite 

populations45,63,68,109. Such allele-specific vaccine efficacy could lead to an underestimate 

of overall vaccine efficacy when the vaccine target allele is at low frequency in the parasite 

population and could result in selection of non-vaccine alleles capable of vaccine escape68. 

However, this scenario may be overcome by selection of vaccine alleles representative of 

global parasite diversity for inclusion in a multivalent vaccine68, as has been done for 

development of vaccines for other pathogens110–112. 

The advent of technologies allowing whole genome sequencing at epidemiological 

scales has allowed investigators to transition from investigation of single antigens to 

performing genome-wide screens to identify loci likely to be involved in the acquisition of 

immunity to clinical malaria, including uncharacterized genes of unknown function47,113. 

While there have been previous genome-wide studies in P. falciparum to identify genomic 

signatures of balancing selection at a population level60,86,114, these studies do not associate 

identified signatures with clinical phenotypes at an individual level. Using an approach 
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analogous to that of Takala et al.45,46, we analyzed whole genome sequencing data from P. 

falciparum isolates collected from participants in a longitudinal cohort study conducted in 

Malawi to identify targets of allele-specific immunity to malaria based on the dynamics of 

parasite alleles in relation to individual-level clinical outcomes. Specifically, we 

hypothesized that individuals who are more immune to malaria experience symptomatic 

infection when infected with parasite alleles that are rarer in the parasite population, having 

already developed immunity to more common alleles circulating in the population. To test 

this hypothesis, we compared parasites from individuals with different levels of immunity 

to clinical malaria to identify genetically differentiated loci in the parasite genome between 

groups. Additionally, we hypothesized that parasites causing illness in the same individual 

over time are more different at sites that are targets of allele-specific immunity compared 

to parasites causing illness in different individuals. To test this hypothesis, we compared 

parasites from infections that occurred within the same individual to infections from 

different individuals to identify regions of the genome that differ more often than expected 

by chance. Using these approaches, we identified 25 genes that encode proteins that are 

likely targets of acquired immunity, only one of which, clag8, encodes a current vaccine 

candidate antigen. Analysis of the global diversity of clag8 showed evidence of balancing 

selection in the C-terminus of the gene. The median frequency of clag8 haplotypes in 

parasites causing illness in more immune individuals was lower than that in less immune 

individuals, supporting our initial hypothesis. These results provide proof-of-concept of 

the utility of our whole-genome approach for identifying targets of malaria immunity, as 

well as 25 additional gene products that should be further characterized for their potential 

as vaccine candidates.  
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3.3 Methods 

 

Study design and samples 

Parasite isolates were collected from participants in the Mfera Cohort Study, a 

longitudinal cohort study conducted in Malawi. Details about the participants and study 

procedures have been described previously by Buchwald AG et al 115. The analyses in 

this study included samples from cases of symptomatic, uncomplicated malaria, for 

which red blood cell pellets were available for DNA extraction. The median parasitemia 

of the sampled infections as determined by microscopy was 21960, and ranged from 0 

parasites/µL (RDT positive) to 241,260 parasites/µL.  To ensure only independent 

infections were included in the analysis, infections within an individual separated by <14 

days were excluded. DNA from red blood cell pellets was extracted using the method of 

Zainabadi et al. 93. Extracted DNA was enriched for parasite DNA using an optimized 

selective whole genome amplification approach described by Shah et al116.  

Whole genome sequencing 

Genomic DNA libraries were constructed for sequencing using the KAPA Library 

Preparation Kit (Kapa Biosystems, Woburn, MA). DNA (500 ng) was fragmented with 

the Covaris E210 to ~200 bp. Libraries were prepared using a modified version of the 

manufacturer’s protocol. The DNA was purified between enzymatic reactions and library 

size selection was performed with AMPure XT beads. Libraries were assessed for 

concentration and fragment size using the DNA High Sensitivity Assay on the LabChip 

GX (Perkin Elmer, Waltham, MA). Library concentrations were also assessed by qPCR 
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using the KAPA Library Quantification Kit. Libraries were pooled and sequenced on an 

Illumina HiSeq 4000 (Illumina, San Diego, CA) to generate 150 bp paired-end reads. 

 

Read mapping and SNP Calling 

Sequencing data were analyzed by mapping raw fastq files to the 3D7 reference genome 

using Bowtie2.95 Bam files were processed according to GATK’s Best Practices 

workflow to obtain analysis-ready reads.96,97 Bedtools98 was used to generate coverage 

and depth estimates from the processed reads. GATK’s Best Practices workflow was 

followed for variant calling.96,97 Haplotype Caller was used to create genomic variant call 

format (GVCF) files for each sample and joint SNP Calling was performed (GATK 

v3.7). Variants were removed if they met the following filtering criteria: “QD < 2.0, FS > 

60.0, MQ < 40.0, MQRankSum < -12.5, ReadPosRankSum < -8.0, QUAL < 50”. Variant 

sites with >20% missing genotypes and samples with >30% missing data were 

additionally removed using vcftools. Only the core genome was used for further analysis. 

The median percentage of the genome covered with at least 20 reads was 88.87%.116 

 

Definition of immune status 

The degree of immunity to clinical malaria was defined based on the proportion of 

symptomatic infections experienced by each study participant over the course of the two-

year study. To account for exposure, individuals with less than five total infections, 

including symptomatic and asymptomatic infections, were excluded from the analysis. 

The median proportion of symptomatic infections was used as the cutoff to categorize 

individuals into higher and lower immunity groups. Only one sample for each individual 
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was included in this analysis, based on the year of sample collection to ensure reduced 

temporal variability between samples.  

 

Complexity of infection and genetic differentiation  

DEploid-IBD117 was used to estimate the proportion of clones in each sample. Samples 

without a predominant clone (defined as a clone of at least 60% frequency in the 

infection) were excluded from further analysis. For the remaining samples, the major 

allele was called at heterozygous positions if the allele was supported by ³70% of reads; 

otherwise, the genotype was coded as missing.  

FWS, a measure of within-sample diversity70, was used to estimate infection complexity in 

samples immunity groups. FWS was estimated using the R package, moimix 

(https://github.com/bahlolab/moimix). A Z-score test for difference in proportions was 

used to determine if the proportion of polyclonal samples was different between groups. 

Vcftools118 was used to estimate Weir and Cockerham FST per non-synonymous SNP. 

Significance was determined using 10000 permutations. Nucleotide diversity in the 

significantly differentiated SNPs was estimated using vcftools.118 PlasmoDB113 was used 

to identify genes containing differentiated SNPs. 
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Paired infection analysis 

Individuals with parasite whole genome sequence data from at least two symptomatic 

infections were included in the comparison of infections occurring within the same host 

to infections occurring in different hosts. Multi-allelic sites were included in the analysis 

of paired infections, in contrast to analyses of genetic differentiation. The ‘within’ group 

included all pairs of parasites collected at different time points from the same individual. 

The ‘between group’, included all random pairs of parasites from different individuals. 

The within group contained 124 pairs of samples and the between group contained 6670 

pairs of samples. For all pairs, the allelic state was compared at each site and the 

proportion of pairs with non-matching allelic states was estimated by site (illustrated in 

Figure 13). The difference between the within group and the between group was 

calculated by subtracting the proportion of pairs with non-matching allelic states for each 

site. The p-value was estimated by conducting a one-sided z-test using the difference in 

proportion of mismatched alleles between the two groups. PlasmoDB113 was used to 

identify genes containing the SNPs of interest.  

Global diversity in clag8 

Figure 13. Illustration of analysis to identify regions of the genome that vary more often 
in parasites repeatedly infecting same individuals (within individuals) than random pairs 
of parasites in the population (between individuals). 
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The MalariaGEN Pf3K project release 5.1 data119 was used to estimate global diversity in 

these genes identified in this study. The Pf3K dataset includes whole genome sequencing 

data from 2512 samples collected in multiple locations in Asia and Africa. Data from 156 

additional isolates from Papua New Guinea were also included in the analysis. VaxPack 

(https://github.com/BarryLab01/vaxpack) was used for global population genetic 

analysis. GATKv4.0 was used for variant calling. Samples containing ambiguous bases 

were removed. Singleton SNPs were converted back to reference to prevent false positive 

variants. Nucleotide diversity and Tajima’s D were calculated for all polymorphic sites 

separately for every country that had a sample size greater than 50. Templeton, Crandall, 

and Sing (TCS)120 method on PopArt121 was used to construct the haplotype network 

using non-synonymous SNPs. Protein disorder region and B-cell epitope regions were 

predicted using PlasmoSIP.122 The haplotype frequencies of the C-terminal region in 

Malawian isolates from different immunity groups were estimated using the non-

synonymous sites in DnaSP v6.123  
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3.4 Results 

Differentiated loci between groups with different levels of immunity to clinical 
malaria  
 

 Whole-genome sequence data was generated from 177 parasite isolates collected 

from symptomatic infections occurring in participants in a longitudinal cohort study in 

Malawi. Because the number of symptomatic infections experienced by an individual is 

likely determined by some combination of their immune status and their exposure to the 

parasite, the immune status of cohort participants was defined based on the proportion of 

symptomatic infections per individual over the course of the study period (two years), to 

account for heterogeneous exposure to infectious mosquito bites.  The median proportion 

of symptomatic infections was used to group individuals into higher and lower immunity 

groups (Figure 14). As expected in a high malaria transmission area such as Malawi, the 

median age of individuals in the higher immunity group was significantly greater than the 

Figure 14. Distribution of proportion of symptomatic infections per individual over 
the course of the study. The red dashed line indicates the median. The bars are shaded 
based on the age, with darker color indicating higher age and vice versa. 
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median age of individuals in the lower immunity group (p=0.0001, Wilcoxon sum rank 

test) (Figure 1, Table 2). FWS, a measure of within sample diversity70, was also lower, 

though not significantly, in the higher immunity group compared to the lower immunity 

group (Figure 15A, p-value = 0.09, Wilcoxon rank sum test), suggesting the presence of 

more complex, polyclonal infections in the higher immunity group. To avoid 

misclassification and incorrect phasing of the sequencing data, infections that did not 

have a predominant clone (defined as a clone with frequency >60% within an infection) 

were excluded from further analysis, resulting in the exclusion of 7 infections from the 

higher immunity group and 2 infections from the lower immunity group, for a total of 28 

and 33 infections in each group, respectively (Table 2). After removal of infections 

without a predominant clone, FWS values were not significantly different between the two 

groups (Figure 15B, p-value = 0.3999, Wilcoxon rank sum test). While the parasitemia of 

infections in the higher immunity group were significantly lower than in the lower 

immunity group (Table 2, p-value = 7.737e-06, Wilcoxon rank sum test), there was no 

significant difference in the percentage of the parasite genome with at least 20x coverage 

Figure 15 . Within-sample diversity (FWS) in high and low immunity groups (A) 
before and (B) after removing high complexity samples. FWS value above 0.95, 
shown by the dashed line, represent monoclonal samples. 
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between the groups (Table 2, p-value = 0.2673, Wilcoxon rank sum test).  The median 

average depth of coverage was 130x in the higher immunity group and 156x in the lower 

immunity group, although no significant difference was found (Table 2, p-value = 

0.2485, Wilcoxon rank sum test). 

 

To identify genetically differentiated sites between parasites from the higher and 

lower immunity groups we used Wright’s fixation index (FST), a measure of genetic 

differentiation between two populations.124 Weir and Cockerham’s125 estimator was used 

to estimate FST per non-synonymous SNP, with significance determined based on 10000 

permutations. We identified 161 SNPs with p-value ≤ 0.0095 (Figure 16A).  These SNPs 

were distributed throughout the genome and found in 148 genes, 92 (62%) of which 

encode for proteins of unknown function (Appendix, Table 4). Five of the 148 genes 

have been previously identified as potential vaccine antigens, including asp (apical sushi 

protein, PF3D7_0405900), clag8 (cytoadherence linked asexual protein 8, 

PF3D7_0831600), etramp10.2 (early transcribed membrane protein 10.2, 

Table 2: Participant characteristics after removing high complexity samples. 
Characteristics High Immunity 

(n=28) 
Low Immunity 

(n=33) 
P-value 

Age (median, range) 13.18 (3 – 36.9) 7.27 (1.7 – 23.6) 0.0002+ 
Gender 

 
 0.3273* 

Male (n) 10 17 
 

Female (n) 18 16 
 

Parasitemia (median, range) 4710 (0 – 160600) 48200 (0 – 171200) 7.737e-06+ 
Median genome coverage at  
20X (%) 

88.73 90.14 0.2673+ 

Average depth of coverage 130x 156x 0.2485+ 
MOI = Multiplicity of Infection; Proportion of Clinical Infections = Number of clinical 
infections/total number of infections for each person 
*P-value determined using z-score test for difference in proportions 
+P-value determined using Wilcoxon rank sum test 
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PF3D7_1033200), slarp (sporozoite and liver asparagine-rich protein, PF3D7_1147000) 

and a conserved protein of unknown function (PF3D7_1359000) (Appendix, Table 4).  
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Figure 16. Genetic differentiation analysis between parasites from higher immunity vs. 
lower immunity individuals. a) Genome-wide genetic differentiation (FST) between parasites 
from individuals with higher immunity vs. lower immunity. Each dot on the graph 
represents a SNP. Results plotted as –log10 p-values on the y-axis. The color of each dot 
represents the FST value, with darker dots indicating higher FST values. The dashed line 
denotes statistical significance (p-value = 0.0095), with p-value determined based on 
permutation. b) Pairwise nucleotide diversity for significantly differentiated SNPs in 
parasites from individuals with higher immunity and lower immunity. c) Average allele 
frequency of alleles per individual in SNPs from the whole genome and significantly 
differentiated SNPs from (a). Red color indicates higher immunity and blue color indicates 
lower immunity. 
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Next, we estimated pairwise nucleotide diversity of the significantly differentiated 

non-synonymous SNPs in the two immunity groups and observed a significantly greater 

median nucleotide diversity in parasites from the higher immunity group compared to 

parasites from the lower immunity group (Figure 16B, p-value= 4.74e-05, Wilcoxon rank 

sum test). To test the hypothesis that the differences in nucleotide diversity between the 

groups is due to individuals in the higher immunity group being infected with more low-

frequency alleles, we estimated the average frequency of alleles in each infection in both 

the significantly differentiated SNPs and across the whole genome in both immunity 

groups. The median frequency of alleles at the differentiated loci was significantly lower 

in the higher immunity group compared to the lower immunity group (Figure 16C, p= 

0.0072, Wilcoxon rank some test), but was not significantly different when examining the 

whole genome (Figure 16C, p= 0.8801, Wilcoxon rank some test).   

 

Loci that differ more within individuals than between individuals 

As an alternative approach to identify targets of allele-specific acquired immunity, we 

compared parasites from infections within the same individual to those between 

individuals to identify regions of the genome that differ more often than expected by 

chance. We compared the allelic states at each non-synonymous SNP across the genome 

between each pair of isolates in both the within-individual and between-individual groups 

and estimated the proportion of mismatches per SNP in each group (Figure 13). The 

difference in the proportion of mismatches between the two groups (within group minus 

between group) was normally distributed, based on visual analysis, with a slightly higher 

proportion of mismatches in the between group (Figure 17, Figure 18). To assess  
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Figure 17. Distribution of differences in the proportion of mismatched alleles between the within 
group and the between group. The difference was calculated as the proportion of mismatches at 
each non-synonymous SNP in the within group minus the proportion of mismatches in the 
between group. 

 

 

 

Figure 18. Proportion of mismatched alleles in within individuals vs. between individuals. 
Each point is the proportion of mismatches at a SNP. The black dots represent the top 1% 
most mismatched alleles in within individuals. 
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potential confounding by time, we estimated the correlation between the number of days 

between infections in a pair and the proportion of mismatches and found no significant 

correlation (Figure 19, p-value = 0.3043, Pearson’s correlation  r = 0.065).  

We further examined SNPs with p-value ≤ 0.00168, which included 225 SNPs, 

located in 174 genes. 105 (60%) of these 174 genes encode for conserved proteins of 

Figure 19. Correlation between proportion of mismatched SNPs per pair in 
within group (y-axis) and time duration between the pair (x-axis). The blue 
line represents the linear regression line with 95% confidence region shown 
by the shaded region. 
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unknown function and 15 (8.6%) encode for proteins identified as potential vaccine 

candidate antigens (Appendix, Table 5).  

Loci identified by both analytical approaches 

  

Twenty-five genes were identified by both analytical approaches (Table 3). 17 of the 

25 genes encode proteins of unknown function. We used publicly available data to 

determine the intraerythrocytic expression for each of these genes.126 At least 20 out of 

the 25 genes have moderate to high level of expression in the erythrocytic stage of the 

parasite life cycle126 (Figure 20). Interestingly, only one of the 25 genes, clag8, has been 

Table 3: Loci identified by both the analytical approaches. 
Gene ID Gene Name Gene Product Description 

PF3D7_0311900 Unknown heptatricopeptide repeat-containing protein putative 
PF3D7_0312500 MFR3 major facilitator superfamily-related transporter 

putative 
PF3D7_0318200 RPB1 DNA-directed RNA polymerase II subunit RPB1 
PF3D7_0412300 Unknown phosphopantothenoylcysteine synthetase putative 
PF3D7_0421700 Unknown conserved Plasmodium protein unknown function 
PF3D7_0424400 SURF4.2 surface-associated interspersed protein 4.2 (SURFIN 

4.2) 
PF3D7_0511500 Unknown RNA pseudouridylate synthase putative 
PF3D7_0522400 Unknown conserved Plasmodium protein unknown function 
PF3D7_0526600 Unknown conserved Plasmodium protein unknown function 
PF3D7_0605600 Unknown nucleoside diphosphate kinase putative 
PF3D7_0619600 Unknown conserved Plasmodium protein unknown function 
PF3D7_0704600 UT E3 ubiquitin-protein ligase 
PF3D7_0710200 Unknown conserved Plasmodium protein unknown function 
PF3D7_0807700 DegP serine protease DegP 
PF3D7_0831600 CLAG8 cytoadherence linked asexual protein 8 
PF3D7_0914300 Unknown met-10+ like protein putative 
PF3D7_1004200 Unknown WD repeat-containing protein putative 
PF3D7_1030400 Unknown conserved protein unknown function 
PF3D7_1033100 AdoMetDC/ODC S-adenosylmethionine decarboxylase/ornithine 

decarboxylase 
PF3D7_1035100 Unknown probable protein unknown function 
PF3D7_1102500 GEXP02 Plasmodium exported protein (PHISTb) unknown 

function 
PF3D7_1149600 Unknown DnaJ protein putative 
PF3D7_1219100 Unknown clathrin heavy chain putative 
PF3D7_1465800 Unknown dynein beta chain putative 
PF3D7_1475900 Unknown KELT protein 



60 
 

previously identified as a potential vaccine candidate. Clag8 has high expression in the 

first few hours following erythrocyte invasion (early ring stage), decreased expression 

Figure 20. Figure 20. Heatmap of FPKM values to show 
expression of each of the shared genes in the intraerythrocytic 
stage of the parasite lifecycle. 
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from 5 hours to 35 hours post invasion, and then increased expression during the schizont 

stage.126 

As a proof of concept of the utility of our approach, we used publicly available 

sequence data from Pf3K119 to examine global diversity in clag8 and found high 

nucleotide diversity, Tajima’s D and number of segregating sites in the C-terminal region 

of clag8. This pattern of high diversity in the C-terminal region was consistent when 

comparing data from Malawi (Figure 21A) to data from other regions of the world 

(Figure 22). A haplotype network generated using clag8 sequences from all geographic 

sites showed no evidence of regional adaptation (Figure 21B). Further analysis of 

CLAG8 sequences show regions with high protein disorder and B-cell epitope sites, 

especially in the C-terminal region (Figure 23). To test our initial hypothesis, we 

compared the frequency of clag8 haplotypes based on the C-terminal region of the gene 

in individuals with different levels of immunity and observed that parasites causing 

illness in individuals with higher immunity tended to have clag8 haplotypes that were 

lower in frequency compared to individuals with low immunity (Figure 24, p- 

value=0.099, Wilcoxon rank sum test).  
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Figure 21. Diversity of clag8 in Malawi and globally. A) Diversity statistics along the clag8 
gene in samples from Malawi, represented by Tajima’s D (red line), nucleotide diversity 
(blue line) and number of segregating sites (yellow line).The dotted red lines represent 
different significance levels. B) Haplotype network of clag8 using global data. 
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Figure 22. Diversity statistics along the clag8 gene in samples from A) Ghana, B) Thailand, 
and C) PNG. 
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3.5 Discussion 

Previous studies have shown evidence of allele-specific acquisition of immunity to P. 

falciparum in single genes or proteins45,46,59,69,107,108 that have been identified as potential 

Figure 23. Computational predictions of protein disorder and B-cell epitopes in clag8. The 
green line and blocks show the linear B-cell epitope mapping score and predicted B-cell 
epitope sites, respectively. The red line and blocks show the protein disorder score and 
highly disordered region, respectively. The asterisks along the bottom represent known 
SNPs.  

Figure 24. Haplotype frequency of clag8 C-terminal region (AA position > 1000), from 
Malawian whole-genome sequences used in this study, in individuals from both the 
immunity groups. 
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vaccine antigens based on traditional vaccinology approaches that empirically identify 

immunogenic proteins.  Other studies have performed genome-wide screens to identify 

genomic signatures of balancing selection but lack individual-level associations with 

clinical outcomes that might link specific signatures with protective immune 

responses60,86,114. In this study, we implemented a genome-wide approach to identify 

targets of allele-specific immunity to clinical malaria using P. falciparum whole genome 

sequencing data by identifying parasite genes that are genetically differentiated between 

individuals with different levels of immunity and regions that vary more often than 

expected by chance in parasites causing illness within the same individual versus between 

different individuals. Using both approaches, we identified 25 genes that encode likely 

targets of allele-specific acquired immunity to clinical malaria, including a known 

vaccine candidate antigen CLAG8. Examination of global diversity in clag8 provided 

evidence of immune selection in the C-terminal region of the gene and did not indicate 

local adaptation. Consistent with the hypothesis of allele-specific acquisition of 

immunity, CLAG8 haplotypes in parasites resulting in illness in individuals with higher 

immunity were lower in frequency compared to those causing illness in less immune 

individuals. These findings support the utility of our approach and the further 

investigation of these 25 loci as potential vaccine candidates.  

 In high malaria transmission areas, immunity to clinical malaria caused by P. 

falciparum is associated with age and thought to be acquired through repeated infection4. 

Previous studies have used immunological approaches to analyze the differences in 

antibody responses between immune and non-immune individuals, using age as a proxy 

for immune status127–130. However, use of age as an indicator of immune status does not 
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account for heterogeneous exposure to infectious mosquito bites, which has been 

demonstrated in endemic areas131–136. Thus, in order to better account for heterogeneous 

exposure at an individual level, we used a different metric to define immunity, the 

proportion of symptomatic infections over a two-year time frame. This metric was 

associated with age, consistent with what would be expected in a high transmission area 

such as Malawi.  

The genetic complexity of each infection was estimated to avoid erroneous 

inferences that could result from incorrect phasing of sequencing data in polyclonal 

infections. Individuals in the higher immunity group had, on average, more complex 

infections than individuals with lower immunity. Although not statistically significant 

(perhaps due to small sample size) this pattern is broadly consistent with results from 

other studies that have reported associations between infection complexity and either age 

and/or risk of disease46,137. The greater complexity of infections in individuals with 

higher immunity could suggest a role of polyclonal infections in maintaining immunity 

through continuous exposure to different strains138,139.  We removed highly complex 

infections that lacked a predominant clone from downstream analyses to avoid 

misclassification of the alleles responsible for clinical illness and incorrect phasing of the 

sequencing data. This exclusion criterion led to the removal of a greater proportion of 

infections from the higher immunity group than the lower immunity group, which may 

have resulted in an underestimation of parasite diversity in the higher immunity group. 

However, we do not believe this underestimation significantly affected our conclusions, 

as infections within higher immunity individuals were significantly more diverse at 

differentiated loci even after exclusion of highly complex infections.  
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We hypothesized that individuals who are more immune to malaria would have a 

greater risk of symptomatic malaria when infected with parasites having alleles that are 

of lower frequency in the local parasite population, owing to having already acquired 

immunity to more common alleles. To test this hypothesis, we identified loci that were 

significantly differentiated between individuals with different levels of immunity to 

clinical malaria. When we estimated nucleotide diversity at differentiated loci in both 

immunity groups, we found significantly greater diversity in the group with higher 

immunity compared to the group with lower immunity. This difference in diversity may 

reflect the fact that individuals with higher immunity have symptomatic infections with 

parasites having alleles that are rarer in the population and therefore more likely to be 

different from one another at differentiated loci. This scenario is also supported by our 

finding that the median frequency of the infecting allele was significantly lower in more 

immune individuals compared to less immune individuals when examining differentiated 

loci. These results also demonstrate the importance of accounting for rare alleles in 

vaccine design, as they may also lead to escape from vaccine-induced immunity.   

Genome-wide screens for signatures of balancing selection have previously 

identified some of the same 25 genes that we identified in this study, including 

PF3D7_0710200, clag8 and other genes from the surfin and phist multigene 

families60,86,114. PF3D7_0710200, a gene encoding a conserved protein of unknown 

function, was identified by three separate studies as a potential immune target60,86,114; 

however, little is known about the function of this protein. Indeed, 17 of the 25 genes 

(68%) identified in this study encode for proteins of unknown function, highlighting the 

importance of further genetic screens to determine the role of such genes, which make up 
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~35% of the parasite genome140. A recent study has suggested that most genes involved 

in host-parasite interactions, including many known antigens, are non-essential141; 

however, five of the 17 genes encoding proteins of unknown function identified in this 

study would be considered essential genes, based on their low mutagenesis index score141 

(Appendix, Table 6). Such essential genes may be attractive vaccine targets as there may 

be less redundancy in function that would allow the parasite to adapt and escape vaccine-

induced inhibition.  

Only one of the 25 genes identified in this study, clag8, has been previously 

identified as a potential vaccine candidate antigen. Clag8 belongs to the clag multigene 

family and is one of the least studied genes in the clag family. It is thought to be part of 

the RhopH complex, formed by the members of rhoph1/clag gene families. The RhopH 

complex is an erythrocyte-binding molecule inside the rhoptry and has been suggested to 

play an important role in establishment of the parasitophorous vacuole142–144.  Previous 

studies have reported evidence of positive diversifying selection in this gene, with high 

nucleotide diversity and a high proportion of non-synonymous substitutions (dN)144. Our 

global analysis of clag8 diversity displayed high nucleotide diversity and Tajima’s D 

values in the C-terminal region of the gene, as well as evidence of high protein disorder 

and predicted B-cell epitopes in the C-terminal region of the protein, suggesting that it is 

likely to be immunogenic122. These results were consistent in all the countries included in 

the dataset, which represented parasite isolates from all major malaria endemic 

regions119. Additionally, clag8 haplotypes displayed no evidence of geographical 

adaptation, with major haplotypes being observed in all geographic areas, and seemed to 

cluster into three main groups. Further studies to identify functional epitopes within the 
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protein and potential cross-reactivity are necessary to determine whether related 

haplotypes can be grouped into serotypes for the purpose of designing a broadly 

protective vaccine. At an individual level, and in support of our overarching hypothesis, 

individuals with higher immunity to malaria were infected with clag8 haplotypes that 

were less frequent compared to the clag8 haplotypes infecting individuals with lower 

immunity.    

It is noteworthy that our study did not identify leading blood stage vaccine 

candidates such as AMA1 and the MSPs. Using a protein microarray, Crompton et al. 

found that antibody responses to leading vaccine candidates, such as AMA1, MSP1, and 

MSP2, did not distinguish individuals who were protected from clinical infection versus 

those who were not in a cohort of individuals from Mali38, suggesting the possibility that 

responses to these proteins are not the primary drivers of clinical immunity. Other 

studies45,145,146 have supported the hypothesis that responses to antigens such as AMA1 

contribute to allele-specific clinical immunity but may be short-lived. In our analyses, 

infection pairs within an individual were not necessarily consecutive infections, with the 

time between infections ranging from 27 to 696 days. While we did not see a significant 

correlation between the proportion of allele mismatches and the number of days between 

infections in a pair, it is possible that we could have failed to identify antigens involved 

in allele-specific acquisition of immunity that elicit short-lived immune responses. 

Studies with larger sample size would likely be required to distinguish antigens that have 

different antibody kinetics.   

In addition, analyses in this study included only the core genome, owing to our 

use of selective whole genome amplification to enrich for parasite DNA prior to 
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sequencing, which has been shown to result in poor sequencing coverage in the telomeric 

and centromeric regions84,116.6/24/20 1:44:00 PM Limiting analysis to the core genome 

could have prevented us from identifying members of multigene families that may be 

important for development of immunity to clinical malaria, as many of these genes are 

located in these low-coverage regions of the genome.  

 In conclusion, our whole-genome analyses of P. falciparum isolates collected in 

the context of a longitudinal cohort study in Malawi has identified 25 genes, many of 

unknown function, that encode likely targets of allele-specific immunity to clinical 

malaria which should be further characterized for their potential as vaccine candidates for 

inclusion in a multivalent subunit malaria vaccine. Our results support the utility of this 

genomic epidemiology approach to identify new vaccine candidate antigens. 

 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Chapter 4: Conclusion and Discussion 
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4.1 Study Summary 
 

 Malaria is a major global health concern and a broadly protective malaria vaccine, 

in conjunction with other control strategies, will be critical to further reduce the public 

health burden of this disease. However, malaria vaccine development efforts have been 

hampered by the extensive genetic diversity exhibited in parasite antigens. One approach 

to address the problem of diversity is to understand how such diversity impacts naturally-

acquired immunity to clinical malaria. The main contribution of this dissertation is the 

identification of parasite genes that encode likely targets of allele-specific clinical 

immunity. This work was made possible by our optimization of a parasite DNA 

enrichment method, sWGA, which allowed us to obtain whole genome sequencing data 

from non-leukocyte depleted Malawian field samples. We identified 25 genes encoding 

potential targets of allele-specific clinical immunity, including a known antigen, CLAG8. 

We further characterized the diversity in clag8 using publicly available sequencing data 

from samples around the globe to gain further insight into its potential as a vaccine 

candidate, as well as to demonstrate the utility of our approach to identify novel vaccine 

candidate antigens. Overall, this research has made a significant contribution toward the 

development of a broadly efficacious malaria vaccine.  

 

4.2 Optimization of parasite DNA enrichment approach to obtain high coverage 
whole genome sequences from low parasitemia samples 

 
In this dissertation, an sWGA approach was optimized to allow generation of 

high-coverage whole-genome sequencing data from low parasitemia field samples.  The 

challenge of generating whole-genome sequencing data from non-leukocyte depleted 

field samples has previously impeded genome-wide studies of P. falciparum. Leukocyte 
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depletion75, to reduce the amount of DNA from the human host, is logistically 

challenging in many resource-limited settings. To overcome this challenge and to make 

use of historical samples that have not undergone leukocyte depletion prior to storage, 

researchers have employed several approaches to enrich for parasite DNA, such as 

digestion of human DNA using modification-based restriction endonucleases or whole 

genome amplification.  Digestion of human DNA requires a large amount of starting 

material and whole genome amplification using random primers often does not increase 

the proportion of parasite DNA in a sample, owing perhaps to the highly skewed GC 

content of the P. falciparum genome. Selective whole genome amplification, or sWGA, 

is a promising alternative approach, as it does not require a large amount of starting 

material, preferentially amplifies parasite DNA and can be performed retrospectively; 

however, the most commonly used sWGA protocol has been shown to work best with 

samples with parasite density above ~1200 parasites/µL.84 Although this threshold allows 

for sequencing of samples collected from most clinical infections, it limits the study of 

submicroscopic infections, which make up a significant proportion of the malaria burden 

in high-transmission areas and which usually have lower parasite density.87  

We discovered that filtration of extracted DNA prior to sWGA improves whole 

genome sequence coverage, especially in low parasitemia samples. While further 

experiments will be required to determine the mechanism by which filtration improves 

sWGA, one hypothesis is that filtration removes small DNA fragments that may bind 

sWGA primers which are not efficiently amplified owing to their short length. In 

addition, if the parasite DNA is highly degraded, this optimized approach may not be 

successful, both because small DNA fragments may be removed during filtration and 
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lead to less effective whole genome amplification and because of a general lack of longer 

fragments needed for successful sWGA.  We are currently testing capture-based 

approaches, which may be more appropriate for degraded DNA samples.  

We also addressed the understudied issue of potential amplification bias resulting 

from sWGA and did not observe evidence of preferential amplification of isolates from 

the same geographic region, when mixed in equal proportions, consistent with a previous 

study of sWGA in P. vivax85. Using this optimized approach, we generated whole 

genome sequencing data for 218 field samples, collected as part of a longitudinal cohort 

study in Malawi, which allowed genome-wide analyses to identify targets of allele-

specific immunity to clinical malaria.  

 

4.3 Whole genome analysis to identify targets of allele-specific immunity 
 

 Analysis of whole-genome sequencing data from parasite isolates obtained from 

symptomatic individuals with high or low levels of clinical immunity, defined based on 

the proportion of symptomatic infections during longitudinal follow-up, indicated more 

complex infections in individuals with higher immunity. Although not significant, this 

observation was consistent with results from previous studies46,137 and the increased 

complexity of infections in individuals with higher immunity could indicate a role for 

polyclonal infections in maintaining immunity, as suggested in other studies138,139.  

 Further analysis of differentiated loci between the two immunity groups showed 

greater nucleotide diversity in parasites causing illness in the higher immunity group 

compared to the lower immunity group, indicating that perhaps individuals with higher 

immunity are infected with parasite alleles that are less common in the parasite 
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population and therefore are more likely to be different from other parasites within the 

group. The average frequency of alleles within clinical infections occurring in the higher 

immunity group was significantly lower than that in the lower immunity group, 

supporting the hypothesis that individuals with higher immunity to malaria are more 

likely to become symptomatic when infected with parasites having alleles that are less 

common in the population, having already acquired immunity to more common alleles. 

Although this study had a small sample size, future vaccines should ensure cross-

protection against these rare alleles as they may cause breakthrough infections.  

Additional analysis comparing whole genome sequencing data from parasite 

isolates from infections occurring within the same individual compared to infections 

between different individuals, identified sites that vary more often than expected by 

chance within individuals. Although, the time between infections in a pair varied within 

individuals, no significant correlation was observed between the proportion of 

mismatches and the number of days between infections in a pair. Despite the lack of 

correlation between the proportion of mismatches and time, it is possible that antigens 

eliciting short-lived responses may have been missed, when the time between infections 

is long.  

 These two analytical approaches together identified 25 genes encoding potential 

targets of allele-specific immunity. Many of these genes have been previously reported to 

be under balancing selection, including PF3D7_0710200, clag8 and other genes from the 

surfin and phist multigene families.60,86,114 17 out of the 25 genes (68%) identified in this 

study encode for proteins of unknown function, highlighting the need for more genetic 

screens to determine the functions of such genes. A recent genetic study reported that 
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most genes involved in host-parasite interactions are considered non-essential.141 Five out 

of the 25 genes identified in this study may be essential genes based on their low 

mutagenesis index score.141 Such essential genes could make good vaccine targets and 

should be further studied.   

 Additionally, further analysis of clag8, the only known, potential vaccine 

candidate identified in this study, demonstrated high nucleotide diversity within clag8, a 

pattern that was observed in isolates from around the world. CLAG is one of the most 

conserved multigene families. The C-terminal region of clag8 is similar in the four 

paralogous clag genes within the P. falciparum genome, with studies showing evidence 

of an extracellular domain in this region in clag3147,148, implying a possible role of these 

clag genes in immune escape. Our findings of high diversity, protein disorder, epitope 

binding sites and evidence of balancing selection in in the C-terminal region of clag8 is 

consistent with previous studies.149 Individuals with higher immunity were infected with 

clag8 C-terminal haplotypes that were of lower frequency compared to the clag8 C-

terminal haplotypes infecting individuals with lower immunity, further supporting our 

hypothesis that individuals with higher immunity become symptomatic due to infections 

with less common alleles to which they have not yet developed immunity. Further studies 

are needed to validate these results and determine the immunogenicity of clag8.   

    

4.4 Study Limitations 
 
The optimized sWGA protocol reported in this study enables successful 

generation of high-coverage whole genome sequences from non-leukocyte depleted, low-

parasitemia samples. However, further optimization is required to obtain whole genome 
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sequences from dried blood spots. The multiple displacement amplification (MDA) 

method utilized in sWGA requires long fragments of DNA, and dried blood spots often 

exhibit extensive DNA degradation, leading to failure of MDA. A capture-based 

approach may perform better for such samples. Studies to explore whole genome capture 

are underway to obtain whole genome sequencing data from dried blood spots. 

Our genome-wide approach allowed us to identify novel, previously unidentified 

genes that encode possible targets of allele-specific immunity to malaria, including genes 

of unknown function. However, due to poor coverage obtained with sWGA in the 

telomeric and centromeric regions of the genome83,84, the genome-wide analysis was only 

limited to the core genome. This limitation may have prevented us from identifying other 

members of multigene families, that may be important for development of clinical 

immunity to malaria. Furthermore, future studies utilizing this approach would benefit 

from a larger sample size; as more genes of interest may have been identified with a 

larger sample size. It would also be interesting to apply this approach in an endemic area 

with more seasonal transmission, as transmission is perennial in Malawi.   

 

4.5 Research Implications 
 

 Overall, this dissertation research makes a significant contribution to our 

understanding of how immunity to malaria impacts the within-host dynamics of diverse 

parasite alleles and has important implications for development of the next generation of 

multivalent subunit vaccines against malaria.  

The difficulty of generating whole-genome sequences from clinical samples has 

limited many population genomics studies to high-parasitemia, symptomatic infections. 
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The optimized sWGA approach from this dissertation will enable more genome-wide 

studies, including sub-microscopic infections, to address important questions about the 

role of sub-microscopic infections in drug resistance, immune escape and disease 

transmission. It will also allow sequencing of archived samples to answer questions about 

the evolution of P. falciparum over time.  

 The acquisition of immunity to clinical malaria in individuals from high 

transmission regions provides a strong rationale for development of a malaria vaccine. 

Identification of key antigens, against which natural protection can be acquired, is an 

important step for malaria vaccine design. This study demonstrated the value of whole-

genome data to identify novel vaccine candidates, and future studies should further 

characterize the 25 gene products identified in this study for their potential as vaccine 

targets.  In addition, further immunological studies would be beneficial to validate the 

presence of allele-specific immune responses to these proteins and to design strategies to 

provide broad protection.  

 Most blood stage malaria subunit vaccines have displayed low efficacy in clinical 

trials in part due to extensive diversity in vaccine target antigens67,68. Next generation 

vaccines should account for this diversity, and perhaps, clag8 is a potentially interesting 

vaccine candidate due to the overall lower global diversity compared to earlier vaccine 

candidates and the presence of three dominant haplotypes, which may be able to serve as 

serotypes to be included in the vaccine. Moreover, the highly conserved regions in the 

different paralogous clag genes could be further explored to potentially identify 

protective regions for an anti-CLAG vaccine. Future studies should also explore the 
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structure of clag8 to inform a structure-based vaccine design, which could help identify 

the functionally relevant epitopes, while also accounting for the genetic diversity.  

 In conclusion, genome-wide analyses, using population genomics and molecular 

epidemiological approaches, can help identify novel vaccine targets and better inform 

vaccine design. Future studies that build upon this study will make significant 

contributions in the development of a broadly protective malaria vaccine, leading to 

reduction in deaths and disease caused by malaria.   
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Appendix 

Table 4: Significantly differentiated SNP and gene info. 
Chromosome Position FST P-value GeneID 
Pf3D7_13_v3 2348407 0.141571 0 PF3D7_1359100 
Pf3D7_14_v3 335155 0.124793 0.0002 PF3D7_1408700 
Pf3D7_07_v3 631997 0.157298 0.0004 PF3D7_0713900 
Pf3D7_14_v3 2562559 0.124793 0.0004 PF3D7_1462900 
Pf3D7_14_v3 2856227 0.160844 0.0004 PF3D7_1469600 
Pf3D7_05_v3 530193 0.124793 0.0005 PF3D7_0512200 
Pf3D7_06_v3 162192 0.091396 0.0005 PF3D7_0603900 
Pf3D7_11_v3 1650593 0.089088 0.0008 PF3D7_1141100 
Pf3D7_08_v3 398541 0.313315 0.0009 PF3D7_0807700 
Pf3D7_05_v3 910775 0.160844 0.0011 PF3D7_0522400 
Pf3D7_06_v3 516450 0.09571 0.0011 PF3D7_0612200 
Pf3D7_12_v3 722167 0.122142 0.0011 PF3D7_1218400 
Pf3D7_04_v3 992686 0.119452 0.0012 PF3D7_0421700 
Pf3D7_05_v3 1114485 0.157744 0.0013 PF3D7_0526600 
Pf3D7_10_v3 1327326 0.17795 0.0013 PF3D7_1033100 
Pf3D7_14_v3 2667660 0.085438 0.0013 PF3D7_1465800 
Pf3D7_02_v3 705904 0.315823 0.0014 PF3D7_0217000 
Pf3D7_08_v3 1062654 0.247903 0.0014 PF3D7_0824400 
Pf3D7_09_v3 230882 0.083245 0.0014 PF3D7_0904900 
Pf3D7_10_v3 1373504 0.083245 0.0014 PF3D7_1034500 
Pf3D7_01_v3 506143 0.083245 0.0015 PF3D7_0113300 
Pf3D7_10_v3 1447194 0.085438 0.0015 PF3D7_1036700 
Pf3D7_04_v3 544564 0.228931 0.0016 PF3D7_0412300 
Pf3D7_14_v3 851461 0.1639 0.0016 PF3D7_1420500 
Pf3D7_06_v3 580541 0.083245 0.0017 PF3D7_0613900 
Pf3D7_07_v3 198673 0.085438 0.0017 PF3D7_0704300 
Pf3D7_07_v3 374723 0.130005 0.0018 PF3D7_0708200 
Pf3D7_09_v3 685239 0.085438 0.0018 PF3D7_0916400 
Pf3D7_04_v3 544537 0.263414 0.0019 PF3D7_0412300 
Pf3D7_07_v3 496438 0.085438 0.0019 PF3D7_0711200 
Pf3D7_13_v3 2426432 0.149409 0.0019 PF3D7_1360700 
Pf3D7_04_v3 544534 0.263414 0.002 PF3D7_0412300 
Pf3D7_06_v3 664346 0.053894 0.002 PF3D7_0615900 
Pf3D7_10_v3 957933 0.132792 0.002 PF3D7_1022800 
Pf3D7_08_v3 1362926 0.081015 0.0021 PF3D7_0831600 
Pf3D7_13_v3 2372539 0.083245 0.0021 PF3D7_1359600 
Pf3D7_05_v3 951120 0.118432 0.0022 PF3D7_0522900 
Pf3D7_10_v3 1242160 0.143151 0.0022 PF3D7_1030400 
Pf3D7_10_v3 1242165 0.143151 0.0022 PF3D7_1030400 
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Table 4, continued 
Pf3D7_13_v3 2391868 0.083245 0.0022 PF3D7_1359700 
Pf3D7_14_v3 66304 0.181371 0.0022 PF3D7_1401700 
Pf3D7_12_v3 760531 0.316976 0.0023 PF3D7_1219100 
Pf3D7_13_v3 2341077 0.083245 0.0024 PF3D7_1359000 
Pf3D7_07_v3 223938 0.261726 0.0025 PF3D7_0704600 
Pf3D7_13_v3 442783 0.083245 0.0027 PF3D7_1309700 
Pf3D7_14_v3 1873117 0.091396 0.0027 PF3D7_1445600 
Pf3D7_13_v3 2028373 0.060606 0.0028 PF3D7_1350900 
Pf3D7_03_v3 530553 0.275587 0.0031 PF3D7_0312500 
Pf3D7_13_v3 145577 0.087576 0.0031 PF3D7_1302700 
Pf3D7_14_v3 3140314 0.233372 0.0035 PF3D7_1476300 
Pf3D7_10_v3 295733 0.056842 0.0036 PF3D7_1007300 
Pf3D7_13_v3 580618 0.056842 0.0036 PF3D7_1313600 
Pf3D7_07_v3 471403 0.122142 0.0037 PF3D7_0710200 
Pf3D7_12_v3 679789 0.089088 0.0037 PF3D7_1217200 
Pf3D7_13_v3 513556 0.056842 0.0037 PF3D7_1312100 
Pf3D7_02_v3 254378 0.056842 0.0039 PF3D7_0206300.1 
Pf3D7_14_v3 138977 0.253748 0.0039 PF3D7_1403800 
Pf3D7_14_v3 1127489 0.122142 0.004 PF3D7_1428600 
Pf3D7_05_v3 510223 0.122142 0.0041 PF3D7_0511500 
Pf3D7_12_v3 1170044 0.132792 0.0042 PF3D7_1228800 
Pf3D7_12_v3 406174 0.085438 0.0045 PF3D7_1208800 
Pf3D7_14_v3 2310058 0.170644 0.0045 PF3D7_1456400 
Pf3D7_06_v3 626222 0.119452 0.0046 PF3D7_0615200 
Pf3D7_12_v3 2126271 0.157744 0.0046 PF3D7_1252200 
Pf3D7_04_v3 317120 0.049661 0.0047 PF3D7_0405900 
Pf3D7_10_v3 157280 0.164087 0.0047 PF3D7_1003400 
Pf3D7_06_v3 145570 0.235853 0.0048 PF3D7_0603600 
Pf3D7_06_v3 943311 0.218456 0.0048 PF3D7_0623100 
Pf3D7_10_v3 267973 0.056842 0.0048 PF3D7_1006400 
Pf3D7_13_v3 2587409 0.085438 0.0048 PF3D7_1364400 
Pf3D7_05_v3 1075441 0.056842 0.0049 PF3D7_0525900 
Pf3D7_09_v3 407829 0.230857 0.0049 PF3D7_0908900 
Pf3D7_13_v3 893641 0.092736 0.0049 PF3D7_1321500 
Pf3D7_08_v3 158232 0.122142 0.0051 PF3D7_0802100 
Pf3D7_14_v3 1474255 0.085438 0.0051 PF3D7_1436200 
Pf3D7_14_v3 2982136 0.056842 0.0051 PF3D7_1473200 
Pf3D7_11_v3 432473 0.049661 0.0052 PF3D7_1110900 
Pf3D7_12_v3 701606 0.085438 0.0052 PF3D7_1217900 
Pf3D7_05_v3 1079955 0.085438 0.0053 PF3D7_0526100 
Pf3D7_07_v3 853259 0.241835 0.0053 PF3D7_0719400 
Pf3D7_14_v3 3041228 0.124793 0.0053 PF3D7_1474300 
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Table 4, continued 
Pf3D7_03_v3 115739 0.083245 0.0054 PF3D7_0302100 
Pf3D7_07_v3 492725 0.085438 0.0054 PF3D7_0711100 
Pf3D7_09_v3 615470 0.056842 0.0054 PF3D7_0914300 
Pf3D7_13_v3 1364294 0.056842 0.0054 PF3D7_1333200 
Pf3D7_05_v3 1119264 0.221515 0.0056 PF3D7_0526700 
Pf3D7_13_v3 1910058 0.130005 0.0056 PF3D7_1347700 
Pf3D7_14_v3 465740 0.056842 0.0056 PF3D7_1411400 
Pf3D7_11_v3 1861545 0.209417 0.0057 PF3D7_1147000 
Pf3D7_12_v3 2140511 0.085438 0.0057 PF3D7_1252400.1 
Pf3D7_12_v3 762925 0.083245 0.0058 PF3D7_1219100 
Pf3D7_13_v3 1765540 0.083245 0.0058 PF3D7_1344100 
Pf3D7_14_v3 3125749 0.239347 0.0058 PF3D7_1475900 
Pf3D7_06_v3 962226 0.087576 0.0059 PF3D7_0623700 
Pf3D7_05_v3 288857 0.216022 0.006 PF3D7_0506900 
Pf3D7_07_v3 485072 0.083245 0.006 PF3D7_0710900 
Pf3D7_08_v3 141983 0.083245 0.006 PF3D7_0801900 
Pf3D7_10_v3 1387595 0.083245 0.006 PF3D7_1035000 
Pf3D7_11_v3 119609 0.235412 0.006 PF3D7_1102500 
Pf3D7_05_v3 1049515 0.09834 0.0061 PF3D7_0525200 
Pf3D7_07_v3 1009402 0.053376 0.0062 PF3D7_0724000 
Pf3D7_07_v3 131434 0.083245 0.0062 PF3D7_0703400 
Pf3D7_14_v3 1158319 0.083245 0.0062 PF3D7_1429400 
Pf3D7_01_v3 563801 0.235786 0.0063 PF3D7_0114700 
Pf3D7_07_v3 496337 0.201979 0.0064 PF3D7_0711200 
Pf3D7_13_v3 988389 0.085438 0.0064 PF3D7_1323800 
Pf3D7_05_v3 949158 0.2078 0.0065 PF3D7_0522900 
Pf3D7_10_v3 1392510 0.24186 0.0065 PF3D7_1035100 
Pf3D7_11_v3 493010 0.083245 0.0065 PF3D7_1113000 
Pf3D7_13_v3 1744884 0.083245 0.0065 PF3D7_1343800 
Pf3D7_10_v3 1346014 0.083245 0.0067 PF3D7_1033600 
Pf3D7_14_v3 2860791 0.194736 0.0067 PF3D7_1469600 
Pf3D7_09_v3 228219 0.053376 0.0068 PF3D7_0904900 
Pf3D7_04_v3 352802 0.083245 0.0069 PF3D7_0406800 
Pf3D7_03_v3 573820 0.124793 0.007 PF3D7_0314200 
Pf3D7_04_v3 1100345 0.125952 0.007 PF3D7_0424400 
Pf3D7_13_v3 315401 0.226993 0.007 PF3D7_1306600 
Pf3D7_13_v3 1615644 0.118432 0.0071 PF3D7_1340500 
Pf3D7_12_v3 201573 0.089088 0.0072 PF3D7_1204100 
Pf3D7_11_v3 2001090 0.122142 0.0074 PF3D7_1149600 
Pf3D7_04_v3 1113469 0.053376 0.0075 PF3D7_0424600 
Pf3D7_08_v3 205800 0.081015 0.0076 PF3D7_0803200 
Pf3D7_11_v3 1294711 0.089088 0.0077 PF3D7_1133400 
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Table 4, continued 
Pf3D7_05_v3 848187 0.053376 0.0078 PF3D7_0520700 
Pf3D7_13_v3 429103 0.124793 0.0078 PF3D7_1309300 
Pf3D7_07_v3 730056 0.089088 0.0079 PF3D7_0716700 
Pf3D7_06_v3 962229 0.060606 0.0081 PF3D7_0623700 
Pf3D7_12_v3 1889129 0.056325 0.0081 PF3D7_1245200 
Pf3D7_12_v3 394228 0.138635 0.0082 PF3D7_1208400 
Pf3D7_05_v3 1076999 0.064704 0.0083 PF3D7_0526000 
Pf3D7_07_v3 466576 0.192256 0.0083 PF3D7_0710200 
Pf3D7_12_v3 1292091 0.089088 0.0083 PF3D7_1231400 
Pf3D7_05_v3 1283805 0.091396 0.0085 PF3D7_0531400 
Pf3D7_11_v3 606391 0.087576 0.0085 PF3D7_1116000 
Pf3D7_05_v3 600095 0.161767 0.0086 PF3D7_0514300 
Pf3D7_14_v3 1053925 0.087576 0.0086 PF3D7_1427000 
Pf3D7_03_v3 752038 0.060606 0.0087 PF3D7_0318200 
Pf3D7_06_v3 193129 0.053376 0.0087 PF3D7_0604500 
Pf3D7_13_v3 2591509 0.099259 0.0087 PF3D7_1364400 
Pf3D7_02_v3 257473 0.089088 0.0088 PF3D7_0206300.1 
Pf3D7_05_v3 832903 0.124966 0.0088 PF3D7_0520100 
Pf3D7_07_v3 742201 0.090217 0.0088 PF3D7_0717100 
Pf3D7_03_v3 511434 0.216925 0.0089 PF3D7_0311900 
Pf3D7_03_v3 811855 0.053376 0.0089 PF3D7_0319400 
Pf3D7_06_v3 638394 0.112392 0.0089 PF3D7_0615400 
Pf3D7_14_v3 1518059 0.060606 0.0089 PF3D7_1437400 
Pf3D7_04_v3 144434 0.14631 0.009 PF3D7_0402300 
Pf3D7_03_v3 332302 0.156008 0.0092 PF3D7_0307700 
Pf3D7_06_v3 825760 0.206671 0.0092 PF3D7_0619600 
Pf3D7_10_v3 1336216 0.153175 0.0092 PF3D7_1033200 
Pf3D7_12_v3 1500893 0.092736 0.0092 PF3D7_1235900 
Pf3D7_06_v3 315735 0.1458 0.0093 PF3D7_0607600 
Pf3D7_07_v3 234670 0.053894 0.0093 PF3D7_0704700 
Pf3D7_11_v3 1133484 0.090217 0.0093 PF3D7_1129300 
Pf3D7_06_v3 232071 0.047892 0.0094 PF3D7_0605600 
Pf3D7_10_v3 190637 0.047892 0.0094 PF3D7_1004200 
Pf3D7_10_v3 1320068 0.090217 0.0095 PF3D7_1032900 
Pf3D7_10_v3 1320086 0.090217 0.0095 PF3D7_1032900 
Pf3D7_10_v3 1336213 0.153175 0.0095 PF3D7_1033200 
Pf3D7_11_v3 279924 0.045834 0.0095 PF3D7_1106700 
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Table 5: Top 1% most different loci in the within group compared to the between group   
Proportion of 
Mismatches 

 
 

Chromosome Position Between Within Difference 
(Within - Between) 

GeneID 

Pf3D7_01_v3 528425 0.1208 0.2018 0.0810 PF3D7_0113800 
Pf3D7_01_v3 531963 0.3690 0.4557 0.0867 PF3D7_0113800 
Pf3D7_01_v3 533072 0.1802 0.2688 0.0887 PF3D7_0113800 
Pf3D7_01_v3 534181 0.5031 0.5915 0.0885 PF3D7_0113800 
Pf3D7_01_v3 534236 0.5025 0.6563 0.1538 PF3D7_0113800 
Pf3D7_01_v3 534856 0.4482 0.5294 0.0812 PF3D7_0113800 
Pf3D7_02_v3 278306 0.0568 0.1287 0.0719 PF3D7_0207000 
Pf3D7_02_v3 315716 0.2461 0.3176 0.0715 PF3D7_0207800 
Pf3D7_02_v3 373891 0.3984 0.4783 0.0799 PF3D7_0209000 
Pf3D7_02_v3 373912 0.5018 0.5823 0.0805 PF3D7_0209000 
Pf3D7_02_v3 374062 0.1667 0.2525 0.0858 PF3D7_0209000 
Pf3D7_02_v3 374197 0.4796 0.5915 0.1120 PF3D7_0209000 
Pf3D7_02_v3 389315 0.1621 0.2500 0.0879 PF3D7_0209400 
Pf3D7_02_v3 517408 0.2535 0.3500 0.0965 PF3D7_0212500 
Pf3D7_02_v3 680917 0.2327 0.3097 0.0771 PF3D7_0216500 
Pf3D7_02_v3 784786 0.5037 0.6087 0.1050 PF3D7_0219700 
Pf3D7_02_v3 839251 0.5033 0.5778 0.0745 PF3D7_0220800 
Pf3D7_02_v3 843078 0.1996 0.2788 0.0793 PF3D7_0220800 
Pf3D7_03_v3 246032 0.1817 0.2617 0.0800 PF3D7_0305100 
Pf3D7_03_v3 432356 0.2547 0.3250 0.0703 PF3D7_0310200 
Pf3D7_03_v3 510000 0.4940 0.5842 0.0902 PF3D7_0311900 
Pf3D7_03_v3 530553 0.4599 0.5443 0.0844 PF3D7_0312500 
Pf3D7_03_v3 637453 0.2697 0.3409 0.0712 PF3D7_0315600 
Pf3D7_03_v3 654095 0.4752 0.5714 0.0963 PF3D7_0316200 
Pf3D7_03_v3 751991 0.4949 0.5778 0.0829 PF3D7_0318200 
Pf3D7_04_v3 1102555 0.2820 0.3544 0.0724 PF3D7_0424400 
Pf3D7_04_v3 1102558 0.2939 0.3780 0.0841 PF3D7_0424400 
Pf3D7_04_v3 1102899 0.5040 0.6032 0.0991 PF3D7_0424400 
Pf3D7_04_v3 115195 0.2194 0.3000 0.0806 PF3D7_0402000 
Pf3D7_04_v3 242143 0.3218 0.4125 0.0907 PF3D7_0404500 
Pf3D7_04_v3 276127 0.2440 0.3146 0.0706 PF3D7_0405100 
Pf3D7_04_v3 282524 0.3957 0.4778 0.0821 PF3D7_0405300 
Pf3D7_04_v3 286547 0.3351 0.4167 0.0815 PF3D7_0405300 
Pf3D7_04_v3 300851 0.2584 0.3298 0.0714 PF3D7_0405400 
Pf3D7_04_v3 306875 0.4022 0.5000 0.0978 PF3D7_0405700 
Pf3D7_04_v3 415962 0.1981 0.2842 0.0861 PF3D7_0408600 
Pf3D7_04_v3 428626 0.5020 0.6098 0.1077 PF3D7_0409000 
Pf3D7_04_v3 538971 0.3576 0.4659 0.1084 PF3D7_0412000 
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Table 5, continued  
Pf3D7_04_v3 543724 0.3720 0.4458 0.0738 PF3D7_0412300 
Pf3D7_04_v3 544534 0.2642 0.3455 0.0813 PF3D7_0412300 
Pf3D7_04_v3 544537 0.2512 0.3364 0.0852 PF3D7_0412300 
Pf3D7_04_v3 544673 0.4915 0.5818 0.0903 PF3D7_0412300 
Pf3D7_04_v3 635170 0.3909 0.4810 0.0901 PF3D7_0414100 
Pf3D7_04_v3 794319 0.4398 0.5545 0.1147 PF3D7_0418000 
Pf3D7_04_v3 798105 0.2562 0.3478 0.0916 PF3D7_0418000 
Pf3D7_04_v3 899900 0.4682 0.5690 0.1008 PF3D7_0420000 
Pf3D7_04_v3 899906 0.4682 0.5690 0.1008 PF3D7_0420000 
Pf3D7_04_v3 923964 0.1464 0.2269 0.0805 PF3D7_0420300 
Pf3D7_04_v3 929521 0.4630 0.5340 0.0710 PF3D7_0420400 
Pf3D7_04_v3 992672 0.3363 0.4086 0.0723 PF3D7_0421700 
Pf3D7_05_v3 1113509 0.4837 0.5556 0.0719 PF3D7_0526600 
Pf3D7_05_v3 1164344 0.3476 0.4286 0.0810 PF3D7_0528200 
Pf3D7_05_v3 1308834 0.4665 0.5882 0.1217 PF3D7_0532300 
Pf3D7_05_v3 194211 0.1788 0.2500 0.0712 PF3D7_0504800 
Pf3D7_05_v3 213086 0.4872 0.6238 0.1366 PF3D7_0505000 
Pf3D7_05_v3 329511 0.2792 0.3505 0.0713 PF3D7_0508000 
Pf3D7_05_v3 335910 0.3739 0.5000 0.1261 PF3D7_0508100 
Pf3D7_05_v3 391061 0.3795 0.4528 0.0733 PF3D7_0509400 
Pf3D7_05_v3 496535 0.0976 0.1694 0.0717 PF3D7_0511500 
Pf3D7_05_v3 496537 0.0976 0.1694 0.0717 PF3D7_0511500 
Pf3D7_05_v3 929627 0.2223 0.3214 0.0991 PF3D7_0522400 
Pf3D7_06_v3 1023829 0.1454 0.2185 0.0731 PF3D7_0625100 
Pf3D7_06_v3 1117519 0.3322 0.4268 0.0947 PF3D7_0627800 
Pf3D7_06_v3 1124425 0.4941 0.5657 0.0716 PF3D7_0628100 
Pf3D7_06_v3 1128748 0.3302 0.4327 0.1025 PF3D7_0628100 
Pf3D7_06_v3 1141114 0.4548 0.5287 0.0740 PF3D7_0628100 
Pf3D7_06_v3 1149142 0.3424 0.4250 0.0826 PF3D7_0628100 
Pf3D7_06_v3 1160101 0.3640 0.4444 0.0804 PF3D7_0628200 
Pf3D7_06_v3 1224777 0.5009 0.5851 0.0842 PF3D7_0629700 
Pf3D7_06_v3 185144 0.2120 0.2826 0.0706 PF3D7_0604400 
Pf3D7_06_v3 229484 0.4163 0.5085 0.0922 PF3D7_0605600 
Pf3D7_06_v3 493454 0.2926 0.3644 0.0718 PF3D7_0611800 
Pf3D7_06_v3 577389 0.4996 0.5882 0.0886 PF3D7_0613800 
Pf3D7_06_v3 592118 0.2539 0.3333 0.0794 PF3D7_0614100 
Pf3D7_06_v3 811025 0.2245 0.3028 0.0782 PF3D7_0619300 
Pf3D7_06_v3 825473 0.4223 0.5045 0.0822 PF3D7_0619600 
Pf3D7_06_v3 852549 0.5020 0.5732 0.0712 PF3D7_0620400 
Pf3D7_06_v3 884526 0.3211 0.4382 0.1171 PF3D7_0621700 
Pf3D7_06_v3 884527 0.3211 0.4382 0.1171 PF3D7_0621700 
Pf3D7_07_v3 1015305 0.1001 0.1709 0.0708 PF3D7_0724100 
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Table 5, continued  
Pf3D7_07_v3 1260728 0.1739 0.2571 0.0833 PF3D7_0729700 
Pf3D7_07_v3 1262390 0.5011 0.5714 0.0703 PF3D7_0729700 
Pf3D7_07_v3 126263 0.4896 0.5747 0.0851 PF3D7_0703200 
Pf3D7_07_v3 1360200 0.2673 0.3457 0.0783 PF3D7_0731500 
Pf3D7_07_v3 160439 0.4995 0.5926 0.0931 PF3D7_0703900 
Pf3D7_07_v3 228297 0.4975 0.6029 0.1054 PF3D7_0704600 
Pf3D7_07_v3 333500 0.4397 0.5455 0.1058 PF3D7_0707200 
Pf3D7_07_v3 416615 0.4765 0.5545 0.0780 PF3D7_0709300 
Pf3D7_07_v3 432784 0.4448 0.5476 0.1028 PF3D7_0709600 
Pf3D7_07_v3 452395 0.4047 0.4800 0.0753 PF3D7_0710000 
Pf3D7_07_v3 461399 0.2643 0.3377 0.0734 PF3D7_0710100 
Pf3D7_07_v3 465579 0.4514 0.5472 0.0957 PF3D7_0710200 
Pf3D7_07_v3 469454 0.3349 0.4384 0.1034 PF3D7_0710200 
Pf3D7_07_v3 506750 0.5034 0.5955 0.0921 PF3D7_0711500 
Pf3D7_07_v3 606298 0.1826 0.2537 0.0711 PF3D7_0713100 
Pf3D7_07_v3 614408 0.1929 0.2708 0.0780 PF3D7_0713500 
Pf3D7_07_v3 616290 0.1395 0.2110 0.0715 PF3D7_0713500 
Pf3D7_07_v3 616299 0.1395 0.2110 0.0715 PF3D7_0713500 
Pf3D7_07_v3 717448 0.1513 0.2342 0.0829 PF3D7_0716300 
Pf3D7_07_v3 80694 0.4904 0.5694 0.0790 PF3D7_0701900 
Pf3D7_07_v3 85145 0.1654 0.2473 0.0819 PF3D7_0702000 
Pf3D7_07_v3 85163 0.1669 0.2500 0.0831 PF3D7_0702000 
Pf3D7_08_v3 1143781 0.5031 0.5978 0.0947 PF3D7_0826200 
Pf3D7_08_v3 115528 0.3323 0.4107 0.0784 PF3D7_0801700 
Pf3D7_08_v3 1194820 0.2808 0.3704 0.0896 PF3D7_0827700 
Pf3D7_08_v3 1221638 0.3899 0.4861 0.0962 PF3D7_0828300 
Pf3D7_08_v3 1296885 0.1095 0.1848 0.0753 PF3D7_0830500 
Pf3D7_08_v3 1310862 0.3373 0.4706 0.1333 PF3D7_0830800 
Pf3D7_08_v3 1314649 0.3639 0.4578 0.0940 PF3D7_0830800 
Pf3D7_08_v3 1318079 0.2011 0.3043 0.1032 PF3D7_0830900 
Pf3D7_08_v3 1318108 0.2091 0.3012 0.0921 PF3D7_0830900 
Pf3D7_08_v3 1325177 0.3073 0.4028 0.0955 PF3D7_0831100 
Pf3D7_08_v3 1325187 0.4971 0.5694 0.0724 PF3D7_0831100 
Pf3D7_08_v3 1361801 0.3235 0.4535 0.1300 PF3D7_0831600 
Pf3D7_08_v3 1362947 0.3399 0.4125 0.0726 PF3D7_0831600 
Pf3D7_08_v3 1362956 0.4723 0.5455 0.0732 PF3D7_0831600 
Pf3D7_08_v3 146105 0.4718 0.5783 0.1065 PF3D7_0802000 
Pf3D7_08_v3 398672 0.2866 0.3625 0.0759 PF3D7_0807700 
Pf3D7_08_v3 582204 0.5038 0.5972 0.0935 PF3D7_0811500 
Pf3D7_08_v3 585841 0.4978 0.5814 0.0836 PF3D7_0811600 
Pf3D7_08_v3 585854 0.4711 0.5422 0.0711 PF3D7_0811600 
Pf3D7_08_v3 586054 0.4949 0.5909 0.0960 PF3D7_0811600 
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Table 5, continued 
Pf3D7_08_v3 595033 0.1490 0.2203 0.0713 PF3D7_0811800 
Pf3D7_08_v3 834628 0.4071 0.4825 0.0754 PF3D7_0818300 
Pf3D7_08_v3 885980 0.3989 0.4775 0.0786 PF3D7_0819600 
Pf3D7_09_v3 1005351 0.4300 0.5042 0.0742 PF3D7_0924600 
Pf3D7_09_v3 1202713 0.2881 0.3684 0.0803 PF3D7_0930300 
Pf3D7_09_v3 127688 0.2496 0.3438 0.0942 PF3D7_0902900 
Pf3D7_09_v3 1437244 0.3772 0.4865 0.1093 PF3D7_0936300 
Pf3D7_09_v3 168615 0.4000 0.4940 0.0939 PF3D7_0903600 
Pf3D7_09_v3 597208 0.2302 0.3014 0.0711 PF3D7_0913900 
Pf3D7_09_v3 614687 0.1221 0.1927 0.0706 PF3D7_0914300 
Pf3D7_09_v3 813714 0.4919 0.5644 0.0724 PF3D7_0919900 
Pf3D7_10_v3 1191732 0.4048 0.4752 0.0705 PF3D7_1029100 
Pf3D7_10_v3 1228502 0.4171 0.4894 0.0723 PF3D7_1030100 
Pf3D7_10_v3 1242165 0.1210 0.1927 0.0717 PF3D7_1030400 
Pf3D7_10_v3 1285388 0.2621 0.3478 0.0858 PF3D7_1031900 
Pf3D7_10_v3 1327695 0.3800 0.4810 0.1010 PF3D7_1033100 
Pf3D7_10_v3 1391800 0.2922 0.3797 0.0876 PF3D7_1035100 
Pf3D7_10_v3 1392624 0.2322 0.3086 0.0765 PF3D7_1035100 
Pf3D7_10_v3 1551520 0.4775 0.5500 0.0725 PF3D7_1038600 
Pf3D7_10_v3 194771 0.1771 0.2650 0.0879 PF3D7_1004200 
Pf3D7_10_v3 73509 0.1610 0.2376 0.0766 PF3D7_1001300 
Pf3D7_10_v3 821899 0.2494 0.3248 0.0754 PF3D7_1020300 
Pf3D7_10_v3 922261 0.3699 0.4519 0.0821 PF3D7_1022000 
Pf3D7_10_v3 92749 0.2898 0.3619 0.0721 PF3D7_1001700 
Pf3D7_11_v3 120959 0.3166 0.4070 0.0903 PF3D7_1102500 
Pf3D7_11_v3 1263156 0.3770 0.4615 0.0846 PF3D7_1132500 
Pf3D7_11_v3 1263784 0.4696 0.5614 0.0918 PF3D7_1132500 
Pf3D7_11_v3 1677485 0.3430 0.4167 0.0737 PF3D7_1141900 
Pf3D7_11_v3 2002782 0.1895 0.2673 0.0778 PF3D7_1149600 
Pf3D7_11_v3 632878 0.3961 0.4677 0.0716 PF3D7_1116700 
Pf3D7_11_v3 637436 0.4054 0.5000 0.0946 PF3D7_1116800 
Pf3D7_11_v3 644562 0.2667 0.3425 0.0757 PF3D7_1116900 
Pf3D7_11_v3 785839 0.0825 0.1557 0.0732 PF3D7_1120700 
Pf3D7_12_v3 1660673 0.4404 0.5122 0.0718 PF3D7_1239800 
Pf3D7_12_v3 1670718 0.5026 0.5882 0.0857 PF3D7_1239800 
Pf3D7_12_v3 1998804 0.2344 0.3103 0.0759 PF3D7_1248700 
Pf3D7_12_v3 2054105 0.1622 0.2609 0.0987 PF3D7_1250100 
Pf3D7_12_v3 2140526 0.5010 0.5778 0.0767 PF3D7_1252400 
Pf3D7_12_v3 363786 0.3659 0.4375 0.0716 PF3D7_1208100 
Pf3D7_12_v3 372080 0.4883 0.5631 0.0748 PF3D7_1208100 
Pf3D7_12_v3 397531 0.1292 0.2033 0.0741 PF3D7_1208500 
Pf3D7_12_v3 397536 0.1292 0.2033 0.0741 PF3D7_1208500 
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Table 5, continued 
Pf3D7_12_v3 643241 0.2458 0.3162 0.0705 PF3D7_1215900 
Pf3D7_12_v3 746752 0.3221 0.4054 0.0833 PF3D7_1219000 
Pf3D7_12_v3 760531 0.5025 0.6133 0.1108 PF3D7_1219100 
Pf3D7_12_v3 866322 0.3944 0.4655 0.0711 PF3D7_1221700 
Pf3D7_12_v3 892798 0.4469 0.5250 0.0781 PF3D7_1222400 
Pf3D7_12_v3 95517 0.4569 0.5488 0.0919 PF3D7_1201400 
Pf3D7_12_v3 95535 0.1441 0.2424 0.0983 PF3D7_1201400 
Pf3D7_12_v3 95701 0.4804 0.5875 0.1071 PF3D7_1201400 
Pf3D7_13_v3 1419415 0.3722 0.4494 0.0772 PF3D7_1335100 
Pf3D7_13_v3 1419420 0.4226 0.5111 0.0885 PF3D7_1335100 
Pf3D7_13_v3 1419427 0.3241 0.3958 0.0717 PF3D7_1335100 
Pf3D7_13_v3 1466264 0.1544 0.2258 0.0714 PF3D7_1335900 
Pf3D7_13_v3 1466371 0.4337 0.5694 0.1358 PF3D7_1335900 
Pf3D7_13_v3 1661966 0.4474 0.5258 0.0784 PF3D7_1342200 
Pf3D7_13_v3 1890723 0.4403 0.5128 0.0725 PF3D7_1347200 
Pf3D7_13_v3 1891015 0.4325 0.5062 0.0737 PF3D7_1347200 
Pf3D7_13_v3 1984018 0.4658 0.5362 0.0704 PF3D7_1349400 
Pf3D7_13_v3 2043725 0.3745 0.4694 0.0949 PF3D7_1351200 
Pf3D7_13_v3 2102174 0.4640 0.5577 0.0936 PF3D7_1352700 
Pf3D7_13_v3 211721 0.4736 0.5625 0.0889 PF3D7_1303800 
Pf3D7_13_v3 2176530 0.1636 0.2632 0.0996 PF3D7_1354600 
Pf3D7_13_v3 2417849 0.2305 0.3298 0.0993 PF3D7_1360500 
Pf3D7_13_v3 2435370 0.2647 0.3563 0.0916 PF3D7_1360800 
Pf3D7_13_v3 2481275 0.2072 0.2889 0.0817 PF3D7_1361800 
Pf3D7_13_v3 2614473 0.5029 0.5922 0.0893 PF3D7_1365300 
Pf3D7_13_v3 2666855 0.4766 0.5490 0.0724 PF3D7_1366700 
Pf3D7_13_v3 2708270 0.2440 0.3182 0.0742 PF3D7_1367900 
Pf3D7_13_v3 305931 0.4842 0.5780 0.0938 PF3D7_1306500 
Pf3D7_13_v3 388365 0.3324 0.4074 0.0750 PF3D7_1308400 
Pf3D7_13_v3 518278 0.1612 0.2456 0.0844 PF3D7_1312200 
Pf3D7_13_v3 542106 0.2492 0.3363 0.0870 PF3D7_1312800 
Pf3D7_13_v3 629898 0.4771 0.5584 0.0813 PF3D7_1314800 
Pf3D7_13_v3 639213 0.5014 0.5943 0.0929 PF3D7_1315100 
Pf3D7_13_v3 659516 0.3464 0.4190 0.0726 PF3D7_1315700 
Pf3D7_13_v3 853970 0.4667 0.5789 0.1122 PF3D7_1320700 
Pf3D7_13_v3 911843 0.3266 0.4286 0.1020 PF3D7_1321900 
Pf3D7_13_v3 93019 0.2818 0.3600 0.0782 PF3D7_1301600 
Pf3D7_14_v3 1202249 0.2769 0.3516 0.0748 PF3D7_1430400 
Pf3D7_14_v3 1334365 0.4625 0.5385 0.0760 PF3D7_1433500 
Pf3D7_14_v3 1386651 0.1454 0.2167 0.0713 PF3D7_1434500 
Pf3D7_14_v3 1395386 0.3194 0.3913 0.0719 PF3D7_1434500 
Pf3D7_14_v3 1480704 0.2487 0.3261 0.0774 PF3D7_1436300 
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Table 5, continued 
Pf3D7_14_v3 1480705 0.2396 0.3111 0.0715 PF3D7_1436300 
Pf3D7_14_v3 1669663 0.3090 0.3820 0.0731 PF3D7_1440900 
Pf3D7_14_v3 2128849 0.1424 0.2547 0.1123 PF3D7_1451900 
Pf3D7_14_v3 2169240 0.3148 0.4035 0.0887 PF3D7_1452700 
Pf3D7_14_v3 2245138 0.6545 0.7353 0.0808 PF3D7_1454900 
Pf3D7_14_v3 2296880 0.2527 0.3306 0.0779 PF3D7_1456000 
Pf3D7_14_v3 2355803 0.2563 0.3448 0.0885 PF3D7_1457400 
Pf3D7_14_v3 2621742 0.3613 0.4457 0.0844 PF3D7_1464600 
Pf3D7_14_v3 2672397 0.0712 0.1455 0.0742 PF3D7_1465800 
Pf3D7_14_v3 2929017 0.3061 0.3772 0.0711 PF3D7_1471600 
Pf3D7_14_v3 2999459 0.3816 0.4712 0.0895 PF3D7_1473700 
Pf3D7_14_v3 3124462 0.2396 0.3125 0.0729 PF3D7_1475900 
Pf3D7_14_v3 3124586 0.4121 0.4828 0.0706 PF3D7_1475900 
Pf3D7_14_v3 3125454 0.5042 0.6182 0.1140 PF3D7_1475900 
Pf3D7_14_v3 3125463 0.1321 0.2292 0.0971 PF3D7_1475900 
Pf3D7_14_v3 3126075 0.4804 0.5972 0.1168 PF3D7_1475900 
Pf3D7_14_v3 370534 0.2353 0.3301 0.0948 PF3D7_1409500 
Pf3D7_14_v3 375126 0.2207 0.3153 0.0946 PF3D7_1409600 
Pf3D7_14_v3 393502 0.4810 0.5532 0.0722 PF3D7_1410000 
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Table 6: Protein/Gene features for genes identified with both analytical 
approaches 
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Table 6, continued 
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Table 6, continued 
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Table 6, continued 
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Table 6, continued 
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Table 6, continued 
PF

3D
7_

11
49

60
0 

nu
ll  

D
na

J p
ro

te
in

, 
pu

ta
tiv

e 

3.
33

 

1 

- 0
.4

93
 

1 nu
ll 

3.
7 

4.
25

 

4.
09

 

PF
3D

7_
12

19
10

0 

nu
ll 

cl
at

hr
in

 h
ea

vy
 c

ha
in

, 
pu

ta
tiv

e 

1.
32

 

0.
12

1 

-3
.0

91
 

0 nu
ll  

4.
39

 

4.
09

 

3.
58

 

PF
3D

7_
14

65
80

0 nu
ll 

dy
ne

in
 b

et
a 

ch
ai

n,
 p

ut
at

iv
e 

2.
78

 

1 

-1
.4

29
 

0 nu
ll 

nu
ll 

nu
ll 

nu
ll 

PF
3D

7_
14

75
90

0  

nu
ll  

K
EL

T 
pr

ot
ei

n  

15
.8

6 

1 

-0
.7

03
 

0 nu
ll 

nu
ll 

nu
ll 

nu
ll  

 
 
  



95 
 

References 
 
1.  World malaria report 2019. https://www.who.int/news-room/feature-

stories/detail/world-malaria-report-2019. Accessed January 19, 2020. 

2.  Dhiman S. Are malaria elimination efforts on right track? An analysis of gains 
achieved and challenges ahead. Infect Dis Poverty. 2019;8. doi:10.1186/s40249-
019-0524-x 

3.  Ashley EA, Phyo AP, Woodrow CJ. Malaria. The Lancet. 2018;391(10130):1608-
1621. doi:10.1016/S0140-6736(18)30324-6 

4.  Cowman AF, Healer J, Marapana D, Marsh K. Malaria: Biology and Disease. Cell. 
2016;167(3):610-624. doi:10.1016/j.cell.2016.07.055 

5.  Phillips MA, Burrows JN, Manyando C, Huijsduijnen RH van, Voorhis WCV, Wells 
TNC. Malaria. Nat Rev Dis Primers. 2017;3(1):1-24. doi:10.1038/nrdp.2017.50 

6.  Yang ASP, Boddey JA. Molecular mechanisms of host cell traversal by malaria 
sporozoites. International Journal for Parasitology. 2017;47(2):129-136. 
doi:10.1016/j.ijpara.2016.09.002 

7.  Mota MM, Rodriguez A. Migration through host cells: the first steps of Plasmodium 
sporozoites in the mammalian host. Cellular Microbiology. 2004;6(12):1113-1118. 
doi:10.1111/j.1462-5822.2004.00460.x 

8.  Cowman AF, Tonkin CJ, Tham W-H, Duraisingh MT. The Molecular Basis of 
Erythrocyte Invasion by Malaria Parasites. Cell Host & Microbe. 2017;22(2):232-
245. doi:10.1016/j.chom.2017.07.003 

9.  Alaganan A, Singh P, Chitnis C. Molecular mechanisms that mediate invasion and 
egress of malaria parasites from red blood cells. Current Opinion in Hematology. 
2017;24(3):208-214. doi:10.1097/MOH.0000000000000334 

10.  Boddey JA, Cowman AF. Plasmodium Nesting: Remaking the Erythrocyte from the 
Inside Out. Annu Rev Microbiol. 2013;67(1):243-269. doi:10.1146/annurev-micro-
092412-155730 

11.  Meibalan E, Marti M. Biology of Malaria Transmission. Cold Spring Harb Perspect 
Med. 2017;7(3). doi:10.1101/cshperspect.a025452 

12.  Feachem R, Sabot O. A new global malaria eradication strategy. The Lancet. 
2008;371(9624):1633-1635. doi:10.1016/S0140-6736(08)60424-9 

13.  Hoffman SL, Vekemans J, Richie TL, Duffy PE. The march toward malaria vaccines. 
Vaccine. 2015;33:D13-D23. doi:10.1016/j.vaccine.2015.07.091 



96 
 

14.  Lyke K. Steady progress toward a malaria vaccine. Current Opinion in Infectious 
Diseases. 2017;30(5):463-470. doi:10.1097/QCO.0000000000000393 

15.  Efficacy and safety of RTS,S/AS01 malaria vaccine with or without a booster dose in 
infants and children in Africa: final results of a phase 3, individually randomised, 
controlled trial. The Lancet. 2015;386(9988):31-45. doi:10.1016/S0140-
6736(15)60721-8 

16.  WHO | Q&A on the Phase 3 trial results for malaria vaccine RTS,S/AS01. WHO. 
http://www.who.int/malaria/media/rtss-phase-3-trial-qa/en/. Accessed June 17, 
2019. 

17.  Sissoko MS, Healy SA, Katile A, et al. Safety and efficacy of PfSPZ Vaccine against 
f via direct venous inoculation in healthy malaria-exposed adults in Mali: a 
randomised, double-blind phase 1 trial. Lancet Infect Dis. 2017;17(5):498-509. 
doi:10.1016/S1473-3099(17)30104-4 

18.  Arama C, Troye-Blomberg M. The path of malaria vaccine development: challenges 
and perspectives. Journal of Internal Medicine. 2014;275(5):456-466. 
doi:10.1111/joim.12223 

19.  Laurens MB. The Promise of a Malaria Vaccine—Are We Closer? Annual Review of 
Microbiology. 2018;72(1):273-292. doi:10.1146/annurev-micro-090817-062427 

20.  Ouattara A, Laurens MB. Vaccines Against Malaria. Clin Infect Dis. 2015;60(6):930-
936. doi:10.1093/cid/ciu954 

21.  Sagara I, Dicko A, Ellis RD, et al. A randomized controlled phase 2 trial of the blood 
stage AMA1-C1/Alhydrogel malaria vaccine in children in Mali. Vaccine. 
2009;27(23):3090-3098. doi:10.1016/j.vaccine.2009.03.014 

22.  Ogutu BR, Apollo OJ, McKinney D, et al. Blood Stage Malaria Vaccine Eliciting 
High Antigen-Specific Antibody Concentrations Confers No Protection to Young 
Children in Western Kenya. PLOS ONE. 2009;4(3):e4708. 
doi:10.1371/journal.pone.0004708 

23.  Sirima SB, Mordmüller B, Milligan P, et al. A phase 2b randomized, controlled trial 
of the efficacy of the GMZ2 malaria vaccine in African children. Vaccine. 
2016;34(38):4536-4542. doi:10.1016/j.vaccine.2016.07.041 

24.  Doolan DL, Dobaño C, Baird JK. Acquired Immunity to Malaria. Clin Microbiol 
Rev. 2009;22(1):13-36. doi:10.1128/CMR.00025-08 

25.  Koch: Second Report on the Action of the Malaria Ex ... - Google Scholar. 
https://scholar.google.com/scholar_lookup?hl=en&volume=26&publication_year=
1900&pages=88-
90&journal=Dtsch+Med+Wochenschr&issue=5&author=R+Koch&title=Zweiter+



97 
 

Bericht+uber+die+Thatigkeit+der+Malaria%E2%80%90Expedition. Accessed 
June 18, 2019. 

26.  Koch: Third Report on the Action of the Malaria E ... - Google Scholar. 
https://scholar.google.com/scholar_lookup?hl=en&volume=26&publication_year=
1900&pages=281-
284&journal=Dtsch+Med+Wochenschr&issue=17&author=R+Koch&title=Dritter
+Bericht+uber+die+Thatigkeit+der+Malaria%E2%80%90Expedition. Accessed 
June 18, 2019. 

27.  Koch: Fourth Report on the Action of the Malaria E ... - Google Scholar. 
https://scholar.google.com/scholar_lookup?hl=en&volume=26&publication_year=
1900&pages=397-
398&journal=Dtsch+Med+Wochenschr&issue=25&author=R+Koch&title=Vieter
+Bericht+uber+die+Thatigkeit+der+Malaria%E2%80%90Expedition. Accessed 
June 18, 2019. 

28.  Lindblade KA, Steinhardt L, Samuels A, Kachur SP, Slutsker L. The silent threat: 
asymptomatic parasitemia and malaria transmission. Expert Review of Anti-
infective Therapy. 2013;11(6):623-639. doi:10.1586/eri.13.45 

29.  Cohen S, Mcgregor IA, Carrington S. Gamma-Globulin and Acquired Immunity to 
Human Malaria. Nature. 1961;192:733-737. 

30.  Cohen S, Butcher GA, Crandall RB. Action of Malarial Antibody in vitro. Nature. 
1969;223(5204):368. doi:10.1038/223368a0 

31.  Rotman HL, Daly TM, Clynes R, Long CA. Fc Receptors Are Not Required for 
Antibody-Mediated Protection Against Lethal Malaria Challenge in a Mouse 
Model. The Journal of Immunology. 1998;161(4):1908-1912. 

32.  Brown GV, Anders RF, Mitchell GF, Heywood PF. Target antigens of purified 
human immunoglobulins which inhibit growth of Plasmodium falciparum in vitro. 
Nature. 1982;297(5867):591-593. doi:10.1038/297591a0 

33.  McCallum FJ, Persson KEM, Mugyenyi CK, et al. Acquisition of Growth-Inhibitory 
Antibodies against Blood-Stage Plasmodium falciparum. PLoS One. 2008;3(10). 
doi:10.1371/journal.pone.0003571 

34.  Bouharoun-Tayoun H, Attanath P, Sabchareon A, Chongsuphajaisiddhi T, Druilhe P. 
Antibodies that protect humans against Plasmodium falciparum blood stages do 
not on their own inhibit parasite growth and invasion in vitro, but act in 
cooperation with monocytes. J Exp Med. 1990;172(6):1633-1641. 
doi:10.1084/jem.172.6.1633 

35.  Boyle MJ, Reiling L, Feng G, et al. Human Antibodies Fix Complement to Inhibit 
Plasmodium falciparum Invasion of Erythrocytes and Are Associated with 



98 
 

Protection against Malaria. Immunity. 2015;42(3):580-590. 
doi:10.1016/j.immuni.2015.02.012 

36.  Fowkes FJI, Richards JS, Simpson JA, Beeson JG. The Relationship between Anti-
merozoite Antibodies and Incidence of Plasmodium falciparum Malaria: A 
Systematic Review and Meta-analysis. PLoS Med. 2010;7(1). 
doi:10.1371/journal.pmed.1000218 

37.  Greenhouse B, Ho B, Hubbard A, et al. Antibodies to Plasmodium falciparum 
Antigens Predict a Higher Risk of Malaria But Protection From Symptoms Once 
Parasitemic. J Infect Dis. 2011;204(1):19-26. doi:10.1093/infdis/jir223 

38.  Crompton PD, Kayala MA, Traore B, et al. A prospective analysis of the Ab response 
to Plasmodium falciparum before and after a malaria season by protein microarray. 
PNAS. 2010;107(15):6958-6963. doi:10.1073/pnas.1001323107 

39.  Dent AE, Nakajima R, Liang L, et al. Plasmodium falciparum Protein Microarray 
Antibody Profiles Correlate With Protection From Symptomatic Malaria in Kenya. 
J Infect Dis. 2015;212(9):1429-1438. doi:10.1093/infdis/jiv224 

40.  Woehlbier U, Epp C, Kauth CW, et al. Analysis of antibodies directed against 
merozoite surface protein 1 of the human malaria parasite Plasmodium falciparum. 
Infect Immun. 2006;74(2):1313-1322. doi:10.1128/IAI.74.2.1313-1322.2006 

41.  Jäschke A, Coulibaly B, Remarque EJ, Bujard H, Epp C. Merozoite Surface Protein 1 
from Plasmodium falciparum Is a Major Target of Opsonizing Antibodies in 
Individuals with Acquired Immunity against Malaria. Clin Vaccine Immunol. 
2017;24(11). doi:10.1128/CVI.00155-17 

42.  Tajik S, Sadeghi S, Iravani A, et al. Characterization of Glycoproteins of Native 
19kDa C-Terminal Merozoite Surface Protein-1 from Native Antigen of 
Plasmodium falciparum. J Arthropod Borne Dis. 2019;13(3):324-333. 

43.  Ubillos I, Ayestaran A, Nhabomba AJ, et al. Baseline exposure, antibody subclass, 
and hepatitis B response differentially affect malaria protective immunity 
following RTS,S/AS01E vaccination in African children. BMC Med. 
2018;16(1):197. doi:10.1186/s12916-018-1186-4 

44.  White MT, Verity R, Griffin JT, et al. Immunogenicity of the RTS,S/AS01 malaria 
vaccine and implications for duration of vaccine efficacy: secondary analysis of 
data from a phase 3 randomised controlled trial. Lancet Infect Dis. 
2015;15(12):1450-1458. doi:10.1016/S1473-3099(15)00239-X 

45.  Takala SL, Coulibaly D, Thera MA, et al. Extreme Polymorphism in a Vaccine 
Antigen and Risk of Clinical Malaria: Implications for Vaccine Development. 
Science Translational Medicine. 2009;1(2):2ra5-2ra5. 
doi:10.1126/scitranslmed.3000257 



99 
 

46.  Takala SL, Coulibaly D, Thera MA, et al. Dynamics of polymorphism in a malaria 
vaccine antigen at a vaccine-testing site in Mali. PLoS Med. 2007;4(3):e93. 
doi:10.1371/journal.pmed.0040093 

47.  Gardner MJ, Hall N, Fung E, et al. Genome sequence of the human malaria parasite 
Plasmodium falciparum. Nature. 2002;419(6906):498-511. 
doi:10.1038/nature01097 

48.  Sinden RE, Hartley RH. Identification of the meiotic division of malarial parasites. J 
Protozool. 1985;32(4):742-744. doi:10.1111/j.1550-7408.1985.tb03113.x 

49.  Jiang H, Li N, Gopalan V, et al. High recombination rates and hotspots in a 
Plasmodium falciparum genetic cross. Genome Biol. 2011;12(4):R33. 
doi:10.1186/gb-2011-12-4-r33 

50.  Bopp SER, Manary MJ, Bright AT, et al. Mitotic Evolution of Plasmodium 
falciparum Shows a Stable Core Genome but Recombination in Antigen Families. 
PLOS Genetics. 2013;9(2):e1003293. doi:10.1371/journal.pgen.1003293 

51.  Volkman SK, Sabeti PC, DeCaprio D, et al. A genome-wide map of diversity in 
Plasmodium falciparum. Nature Genetics. 2007;39(1):113-119. 
doi:10.1038/ng1930 

52.  Weedall GD, Conway DJ. Detecting signatures of balancing selection to identify 
targets of anti-parasite immunity. Trends in Parasitology. 2010;26(7):363-369. 
doi:10.1016/j.pt.2010.04.002 

53.  Jeffares DC, Pain A, Berry A, et al. Genome variation and evolution of the malaria 
parasite Plasmodium falciparum. Nature Genetics. 2007;39(1):120-125. 
doi:10.1038/ng1931 

54.  Charlesworth D. Balancing Selection and Its Effects on Sequences in Nearby 
Genome Regions. PLOS Genetics. 2006;2(4):e64. 
doi:10.1371/journal.pgen.0020064 

55.  Ochola LI, Tetteh KKA, Stewart LB, Riitho V, Marsh K, Conway DJ. Allele 
frequency-based and polymorphism-versus-divergence indices of balancing 
selection in a new filtered set of polymorphic genes in Plasmodium falciparum. 
Mol Biol Evol. 2010;27(10):2344-2351. doi:10.1093/molbev/msq119 

56.  Kaewthamasorn M, Yahata K, Alexandre JSF, et al. Stable allele frequency 
distribution of the polymorphic region of SURFIN(4.2) in Plasmodium falciparum 
isolates from Thailand. Parasitol Int. 2012;61(2):317-323. 
doi:10.1016/j.parint.2011.12.003 

57.  Reeder JC, Wapling J, Mueller I, Siba PM, Barry AE. Population genetic analysis of 
the Plasmodium falciparum 6-cys protein Pf38 in Papua New Guinea reveals 



100 
 

domain-specific balancing selection. Malar J. 2011;10:126. doi:10.1186/1475-
2875-10-126 

58.  Tetteh KKA, Stewart LB, Ochola LI, et al. Prospective Identification of Malaria 
Parasite Genes under Balancing Selection. PLOS ONE. 2009;4(5):e5568. 
doi:10.1371/journal.pone.0005568 

59.  Early AM, Lievens M, MacInnis BL, et al. Host-mediated selection impacts the 
diversity of Plasmodium falciparum antigens within infections. Nat Commun. 
2018;9. doi:10.1038/s41467-018-03807-7 

60.  Amambua-Ngwa A, Tetteh KKA, Manske M, et al. Population Genomic Scan for 
Candidate Signatures of Balancing Selection to Guide Antigen Characterization in 
Malaria Parasites. PLoS Genet. 2012;8(11). doi:10.1371/journal.pgen.1002992 

61.  Moser KA, Drábek EF, Dwivedi A, et al. Strains used in whole organism 
Plasmodium falciparum vaccine trials differ in genome structure, sequence, and 
immunogenic potential. Genome Med. 2020;12(1):6. doi:10.1186/s13073-019-
0708-9 

62.  Osier FHA, Weedall GD, Verra F, et al. Allelic Diversity and Naturally Acquired 
Allele-Specific Antibody Responses to Plasmodium falciparum Apical Membrane 
Antigen 1 in Kenya. Infect Immun. 2010;78(11):4625-4633. 
doi:10.1128/IAI.00576-10 

63.  Thera MA, Doumbo OK, Coulibaly D, et al. A field trial to assess a blood-stage 
malaria vaccine. N Engl J Med. 2011;365(11):1004-1013. 
doi:10.1056/NEJMoa1008115 

64.  Waitumbi JN, Anyona SB, Hunja CW, et al. Impact of RTS,S/AS02A and 
RTS,S/AS01B on Genotypes of P. falciparum in Adults Participating in a Malaria 
Vaccine Clinical Trial. PLoS One. 2009;4(11). doi:10.1371/journal.pone.0007849 

65.  Bojang KA, Milligan PJ, Pinder M, et al. Efficacy of RTS,S/AS02 malaria vaccine 
against Plasmodium falciparum infection in semi-immune adult men in The 
Gambia: a randomised trial. The Lancet. 2001;358(9297):1927-1934. 
doi:10.1016/S0140-6736(01)06957-4 

66.  Neafsey DE, Juraska M, Bedford T, et al. Genetic Diversity and Protective Efficacy 
of the RTS,S/AS01 Malaria Vaccine. N Engl J Med. 2015;373(21):2025-2037. 
doi:10.1056/NEJMoa1505819 

67.  Takala SL, Plowe CV. Genetic diversity and malaria vaccine design, testing and 
efficacy: preventing and overcoming ‘vaccine resistant malaria.’ Parasite 
Immunology. 2009;31(9):560-573. doi:10.1111/j.1365-3024.2009.01138.x 



101 
 

68.  Ouattara A, Barry AE, Dutta S, Remarque EJ, Beeson JG, Plowe CV. Designing 
malaria vaccines to circumvent antigen variability. Vaccine. 2015;33(52):7506-
7512. doi:10.1016/j.vaccine.2015.09.110 

69.  Osier FHA, Fegan G, Polley SD, et al. Breadth and magnitude of antibody responses 
to multiple Plasmodium falciparum merozoite antigens are associated with 
protection from clinical malaria. Infect Immun. 2008;76(5):2240-2248. 
doi:10.1128/IAI.01585-07 

70.  Manske M, Miotto O, Campino S, et al. Analysis of Plasmodium falciparum diversity 
in natural infections by deep sequencing. Nature. 2012;487(7407):375-379. 
doi:10.1038/nature11174 

71.  Auburn S, Campino S, Miotto O, et al. Characterization of within-host Plasmodium 
falciparum diversity using next-generation sequence data. PLoS ONE. 
2012;7(2):e32891. doi:10.1371/journal.pone.0032891 

72.  Takala-Harrison S, Jacob CG, Arze C, et al. Independent Emergence of Artemisinin 
Resistance Mutations Among Plasmodium falciparum in Southeast Asia. J Infect 
Dis. 2015;211(5):670-679. doi:10.1093/infdis/jiu491 

73.  Dwivedi A, Reynes C, Kuehn A, et al. Functional analysis of Plasmodium falciparum 
subpopulations associated with artemisinin resistance in Cambodia. Malar J. 
2017;16(1):493. doi:10.1186/s12936-017-2140-1 

74.  Neafsey DE, Volkman SK. Malaria Genomics in the Era of Eradication. Cold Spring 
Harb Perspect Med. 2017;7(8). doi:10.1101/cshperspect.a025544 

75.  Venkatesan M, Amaratunga C, Campino S, et al. Using CF11 cellulose columns to 
inexpensively and effectively remove human DNA from Plasmodium falciparum-
infected whole blood samples. Malaria Journal. 2012;11:41. doi:10.1186/1475-
2875-11-41 

76.  Auburn S, Campino S, Clark TG, et al. An effective method to purify Plasmodium 
falciparum DNA directly from clinical blood samples for whole genome high-
throughput sequencing. PLoS ONE. 2011;6(7):e22213. 
doi:10.1371/journal.pone.0022213 

77.  Oyola SO, Gu Y, Manske M, et al. Efficient Depletion of Host DNA Contamination 
in Malaria Clinical Sequencing. J Clin Microbiol. 2013;51(3):745-751. 
doi:10.1128/JCM.02507-12 

78.  Baumgarten S, Bryant JM, Sinha A, et al. Transcriptome-wide dynamics of extensive 
m6A mRNA methylation during Plasmodium falciparum blood-stage 
development. Nat Microbiol. 2019;4(12):2246-2259. doi:10.1038/s41564-019-
0521-7 



102 
 

79.  Comprehensive human genome amplification using multiple displacement 
amplification | PNAS. https://www.pnas.org/content/99/8/5261. Accessed January 
18, 2020. 

80.  Fuller CW, Middendorf LR, Benner SA, et al. The challenges of sequencing by 
synthesis. Nat Biotechnol. 2009;27(11):1013-1023. doi:10.1038/nbt.1585 

81.  Oyola SO, Manske M, Campino S, et al. Optimized Whole-Genome Amplification 
Strategy for Extremely AT-Biased Template. DNA Res. 2014;21(6):661-671. 
doi:10.1093/dnares/dsu028 

82.  Leichty AR, Brisson D. Selective Whole Genome Amplification for Resequencing 
Target Microbial Species from Complex Natural Samples. Genetics. 
2014;198(2):473-481. doi:10.1534/genetics.114.165498 

83.  Sundararaman SA, Plenderleith LJ, Liu W, et al. Genomes of cryptic chimpanzee 
Plasmodium species reveal key evolutionary events leading to human malaria. Nat 
Commun. 2016;7:11078. doi:10.1038/ncomms11078 

84.  Oyola SO, Ariani CV, Hamilton WL, et al. Whole genome sequencing of 
Plasmodium falciparum from dried blood spots using selective whole genome 
amplification. Malar J. 2016;15. doi:10.1186/s12936-016-1641-7 

85.  Cowell AN, Loy DE, Sundararaman SA, et al. Selective Whole-Genome 
Amplification Is a Robust Method That Enables Scalable Whole-Genome 
Sequencing of Plasmodium vivax from Unprocessed Clinical Samples. mBio. 
2017;8(1). doi:10.1128/mBio.02257-16 

86.  Mobegi VA, Duffy CW, Amambua-Ngwa A, et al. Genome-wide analysis of 
selection on the malaria parasite Plasmodium falciparum in West African 
populations of differing infection endemicity. Mol Biol Evol. 2014;31(6):1490-
1499. doi:10.1093/molbev/msu106 

87.  Bousema T, Okell L, Felger I, Drakeley C. Asymptomatic malaria infections: 
detectability, transmissibility and public health relevance. Nature Reviews 
Microbiology. 2014;12(12):833-840. doi:10.1038/nrmicro3364 

88.  Auburn S, Barry AE. Dissecting malaria biology and epidemiology using population 
genetics and genomics. International Journal for Parasitology. 2017;47(2):77-85. 
doi:10.1016/j.ijpara.2016.08.006 

89.  Agrawal S, Moser KA, Morton L, et al. Association of a Novel Mutation in the 
Plasmodium falciparum Chloroquine Resistance Transporter With Decreased 
Piperaquine Sensitivity. J Infect Dis. 2017;216(4):468-476. 
doi:10.1093/infdis/jix334 



103 
 

90.  Melnikov A, Galinsky K, Rogov P, et al. Hybrid selection for sequencing pathogen 
genomes from clinical samples. Genome Biol. 2011;12(8):R73. doi:10.1186/gb-
2011-12-8-r73 

91.  Cohen-Karni D, Xu D, Apone L, et al. The MspJI family of modification-dependent 
restriction endonucleases for epigenetic studies. Proc Natl Acad Sci USA. 
2011;108(27):11040-11045. doi:10.1073/pnas.1018448108 

92.  Trager W, Jensen JB. Human malaria parasites in continuous culture. 1976. J 
Parasitol. 2005;91(3):484-486. doi:10.1645/0022-
3395(2005)091[0484:HMPICC]2.0.CO;2 

93.  Zainabadi K, Adams M, Han ZY, et al. A novel method for extracting nucleic acids 
from dried blood spots for ultrasensitive detection of low-density Plasmodium 
falciparum and Plasmodium vivax infections. Malar J. 2017;16(1):377. 
doi:10.1186/s12936-017-2025-3 

94.  Assefa SA, Preston MD, Campino S, Ocholla H, Sutherland CJ, Clark TG. estMOI: 
estimating multiplicity of infection using parasite deep sequencing data. 
Bioinformatics. 2014;30(9):1292-1294. doi:10.1093/bioinformatics/btu005 

95.  Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nature 
Methods. 2012;9(4):357-359. doi:10.1038/nmeth.1923 

96.  DePristo MA, Banks E, Poplin R, et al. A framework for variation discovery and 
genotyping using next-generation DNA sequencing data. Nat Genet. 
2011;43(5):491-498. doi:10.1038/ng.806 

97.  Van der Auwera GA, Carneiro MO, Hartl C, et al. From FastQ data to high 
confidence variant calls: the Genome Analysis Toolkit best practices pipeline. 
Curr Protoc Bioinformatics. 2013;43:11.10.1-33. 
doi:10.1002/0471250953.bi1110s43 

98.  Quinlan AR, Hall IM. BEDTools: a flexible suite of utilities for comparing genomic 
features. Bioinformatics. 2010;26(6):841-842. doi:10.1093/bioinformatics/btq033 

99.  Miles A, Iqbal Z, Vauterin P, et al. Indels, structural variation, and recombination 
drive genomic diversity in Plasmodium falciparum. Genome Res. 
2016;26(9):1288-1299. doi:10.1101/gr.203711.115 

100.  Chan ER, Menard D, David PH, et al. Whole Genome Sequencing of Field Isolates 
Provides Robust Characterization of Genetic Diversity in Plasmodium vivax. PLoS 
Negl Trop Dis. 2012;6(9). doi:10.1371/journal.pntd.0001811 

101.  Preston MD, Campino S, Assefa SA, et al. A barcode of organellar genome 
polymorphisms identifies the geographic origin of Plasmodium falciparum strains. 
Nat Commun. 2014;5:4052. doi:10.1038/ncomms5052 



104 
 

102.  WHO | World malaria report 2018. WHO. 
http://www.who.int/malaria/publications/world-malaria-report-2018/report/en/. 
Accessed May 30, 2019. 

103.  Marsh K, Kinyanjui S. Immune effector mechanisms in malaria. Parasite 
Immunology. 2006;28(1-2):51-60. doi:10.1111/j.1365-3024.2006.00808.x 

104.  Ryg-Cornejo V, Ly A, Hansen DS. Immunological processes underlying the slow 
acquisition of humoral immunity to malaria. Parasitology. 2016;143(2):199-207. 
doi:10.1017/S0031182015001705 

105.  Portugal S, Pierce SK, Crompton PD. Young Lives Lost as B Cells Falter: What 
We Are Learning About Antibody Responses in Malaria. The Journal of 
Immunology. 2013;190(7):3039-3046. doi:10.4049/jimmunol.1203067 

106.  Buchwald AG, Sorkin JD, Sixpence A, et al. Association Between Age and 
Plasmodium falciparum Infection Dynamics. Am J Epidemiol. 2019;188(1):169-
176. doi:10.1093/aje/kwy213 

107.  Polley SD, Tetteh KKA, Lloyd JM, et al. Plasmodium falciparum Merozoite 
Surface Protein 3 Is a Target of Allele-Specific Immunity and Alleles Are 
Maintained by Natural Selection. J Infect Dis. 2007;195(2):279-287. 
doi:10.1086/509806 

108.  Cortés A, Mellombo M, Masciantonio R, Murphy VJ, Reeder JC, Anders RF. 
Allele specificity of naturally acquired antibody responses against Plasmodium 
falciparum apical membrane antigen 1. Infect Immun. 2005;73(1):422-430. 
doi:10.1128/IAI.73.1.422-430.2005 

109.  Ouattara A, Takala-Harrison S, Thera MA, et al. Molecular basis of allele-specific 
efficacy of a blood-stage malaria vaccine: vaccine development implications. J 
Infect Dis. 2013;207(3):511-519. doi:10.1093/infdis/jis709 

110.  Serruto D, Spadafina T, Ciucchi L, et al. Neisseria meningitidis GNA2132, a 
heparin-binding protein that induces protective immunity in humans. Proc Natl 
Acad Sci USA. 2010;107(8):3770-3775. doi:10.1073/pnas.0915162107 

111.  Tettelin H, Masignani V, Cieslewicz MJ, et al. Genome analysis of multiple 
pathogenic isolates of Streptococcus agalactiae: implications for the microbial 
“pan-genome.” Proc Natl Acad Sci USA. 2005;102(39):13950-13955. 
doi:10.1073/pnas.0506758102 

112.  Wizemann TM, Heinrichs JH, Adamou JE, et al. Use of a whole genome approach 
to identify vaccine molecules affording protection against Streptococcus 
pneumoniae infection. Infect Immun. 2001;69(3):1593-1598. 
doi:10.1128/IAI.69.3.1593-1598.2001 



105 
 

113.  PlasmoDB : The Plasmodium Genomics Resource. http://plasmodb.org/plasmo/. 
Accessed May 1, 2018. 

114.  Mu J, Awadalla P, Duan J, et al. Genome-wide variation and identification of 
vaccine targets in the Plasmodium falciparum genome. Nature Genetics. 
2007;39(1):126-130. doi:10.1038/ng1924 

115.  Buchwald AG, Sixpence A, Chimenya M, et al. Clinical Implications of 
Asymptomatic Plasmodium falciparum Infections in Malawi. Clin Infect Dis. 
2019;68(1):106-112. doi:10.1093/cid/ciy427 

116.  Shah Z, Adams M, Moser KA, et al. Optimization of parasite DNA enrichment 
approaches to generate whole genome sequencing data for Plasmodium falciparum 
from low parasitaemia samples. Malar J. 2020;19(1):135. doi:10.1186/s12936-
020-03195-8 

117.  Zhu SJ, Almagro-Garcia J, McVean G. Deconvolution of multiple infections in 
Plasmodium falciparum from high throughput sequencing data. Bioinformatics. 
August 2017. doi:10.1093/bioinformatics/btx530 

118.  Danecek P, Auton A, Abecasis G, et al. The variant call format and VCFtools. 
Bioinformatics. 2011;27(15):2156-2158. doi:10.1093/bioinformatics/btr330 

119.  Pf3k pilot data release 5 | MalariaGEN. https://www.malariagen.net/data/pf3K-5. 
Accessed December 23, 2019. 

120.  Clement M, Snell Q, Walke P, Posada D, Crandall K. TCS: estimating gene 
genealogies. In: Proceedings 16th International Parallel and Distributed 
Processing Symposium. Ft. Lauderdale, FL: IEEE; 2002:7 pp. 
doi:10.1109/IPDPS.2002.1016585 

121.  popart: full-feature software for haplotype network construction - Leigh - 2015 - 
Methods in Ecology and Evolution - Wiley Online Library. 
https://besjournals.onlinelibrary.wiley.com/doi/full/10.1111/2041-210X.12410. 
Accessed February 4, 2020. 

122.  Guy AJ, Irani V, MacRaild CA, et al. Insights into the Immunological Properties of 
Intrinsically Disordered Malaria Proteins Using Proteome Scale Predictions. PLOS 
ONE. 2015;10(10):e0141729. doi:10.1371/journal.pone.0141729 

123.  Rozas J, Ferrer-Mata A, Sánchez-DelBarrio JC, et al. DnaSP 6: DNA Sequence 
Polymorphism Analysis of Large Data Sets. Mol Biol Evol. 2017;34(12):3299-
3302. doi:10.1093/molbev/msx248 

124.  Bhatia G, Patterson N, Sankararaman S, Price AL. Estimating and interpreting 
FST: The impact of rare variants. Genome Research. 2013;23(9):1514-1521. 
doi:10.1101/gr.154831.113 



106 
 

125.  Weir BS, Cockerham CC. ESTIMATING F-STATISTICS FOR THE ANALYSIS 
OF POPULATION STRUCTURE. Evolution. 1984;38(6):1358-1370. 
doi:10.1111/j.1558-5646.1984.tb05657.x 

126.  Toenhake CG, Fraschka SA-K, Vijayabaskar MS, Westhead DR, van Heeringen 
SJ, Bártfai R. Chromatin Accessibility-Based Characterization of the Gene 
Regulatory Network Underlying Plasmodium falciparum Blood-Stage 
Development. Cell Host Microbe. 2018;23(4):557-569.e9. 
doi:10.1016/j.chom.2018.03.007 

127.  Metzger WG, Okenu DMN, Cavanagh DR, et al. Serum IgG3 to the Plasmodium 
falciparum merozoite surface protein 2 is strongly associated with a reduced 
prospective risk of malaria. Parasite Immunol. 2003;25(6):307-312. 

128.  Egan AF, Morris J, Barnish G, et al. Clinical immunity to Plasmodium falciparum 
malaria is associated with serum antibodies to the 19-kDa C-terminal fragment of 
the merozoite surface antigen, PfMSP-1. J Infect Dis. 1996;173(3):765-769. 
doi:10.1093/infdis/173.3.765 

129.  Perraut R, Varela M-L, Joos C, et al. Association of antibodies to Plasmodium 
falciparum merozoite surface protein-4 with protection against clinical malaria. 
Vaccine. 2017;35(48 Pt B):6720-6726. doi:10.1016/j.vaccine.2017.10.012 

130.  Tran TM, Ongoiba A, Coursen J, et al. Naturally Acquired Antibodies Specific for 
Plasmodium falciparum Reticulocyte-Binding Protein Homologue 5 Inhibit 
Parasite Growth and Predict Protection From Malaria. J Infect Dis. 
2014;209(5):789-798. doi:10.1093/infdis/jit553 

131.  Kang SY, Battle KE, Gibson HS, et al. Heterogeneous exposure and hotspots for 
malaria vectors at three study sites in Uganda. Gates Open Res. 2018;2. 
doi:10.12688/gatesopenres.12838.2 

132.  Bejon P, Williams TN, Liljander A, et al. Stable and unstable malaria hotspots in 
longitudinal cohort studies in Kenya. PLoS Med. 2010;7(7):e1000304. 
doi:10.1371/journal.pmed.1000304 

133.  Bousema T, Drakeley C, Gesase S, et al. Identification of Hot Spots of Malaria 
Transmission for Targeted Malaria Control. J Infect Dis. 2010;201(11):1764-1774. 
doi:10.1086/652456 

134.  Clark TD, Greenhouse B, Njama-Meya D, et al. Factors determining the 
heterogeneity of malaria incidence in children in Kampala, Uganda. J Infect Dis. 
2008;198(3):393-400. doi:10.1086/589778 

135.  Elissa N, Migot-Nabias F, Luty A, et al. Relationship between entomological 
inoculation rate, Plasmodium falciparum prevalence rate, and incidence of malaria 
attack in rural Gabon. Acta Trop. 2003;85(3):355-361. doi:10.1016/s0001-
706x(02)00266-8 



107 
 

136.  Gaudart J, Poudiougou B, Dicko A, et al. Space-time clustering of childhood 
malaria at the household level: a dynamic cohort in a Mali village. BMC Public 
Health. 2006;6:286. doi:10.1186/1471-2458-6-286 

137.  Färnert A, Rooth I, Svensson Å, Snounou G, Björkman A. Complexity of 
Plasmodium falciparum Infections Is Consistent over Time and Protects against 
Clinical Disease in Tanzanian Children. J Infect Dis. 1999;179(4):989-995. 
doi:10.1086/314652 

138.  Bereczky S, Liljander A, Rooth I, et al. Multiclonal asymptomatic Plasmodium 
falciparum infections predict a reduced risk of malaria disease in a Tanzanian 
population. Microbes and Infection. 2007;9(1):103-110. 
doi:10.1016/j.micinf.2006.10.014 

139.  Sondén K, Doumbo S, Hammar U, et al. Asymptomatic Multiclonal Plasmodium 
falciparum Infections Carried Through the Dry Season Predict Protection Against 
Subsequent Clinical Malaria. J Infect Dis. 2015;212(4):608-616. 
doi:10.1093/infdis/jiv088 

140.  Sexton AE, Doerig C, Creek DJ, Carvalho TG. Post-Genomic Approaches to 
Understanding Malaria Parasite Biology: Linking Genes to Biological Functions. 
ACS Infect Dis. 2019;5(8):1269-1278. doi:10.1021/acsinfecdis.9b00093 

141.  Zhang M, Wang C, Otto TD, et al. Uncovering the essential genes of the human 
malaria parasite Plasmodium falciparum by saturation mutagenesis. Science. 
2018;360(6388). doi:10.1126/science.aap7847 

142.  Sam-Yellowe TY, Perkins ME. Interaction of the 140/130/110 kDa rhoptry protein 
complex of Plasmodium falciparum with the erythrocyte membrane and 
liposomes. Experimental Parasitology. 1991;73(2):161-171. doi:10.1016/0014-
4894(91)90019-S 

143.  Kaneko O, Lim BYSY, Iriko H, et al. Apical expression of three RhopH1/Clag 
proteins as components of the Plasmodium falciparum RhopH complex. Molecular 
and Biochemical Parasitology. 2005;143(1):20-28. 
doi:10.1016/j.molbiopara.2005.05.003 

144.  Iriko H, Kaneko O, Otsuki H, et al. Diversity and evolution of the rhoph1/clag 
multigene family of Plasmodium falciparum. Molecular and Biochemical 
Parasitology. 2008;158(1):11-21. doi:10.1016/j.molbiopara.2007.11.004 

145.  Kinyanjui SM, Conway DJ, Lanar DE, Marsh K. IgG antibody responses to 
Plasmodium falciparum merozoite antigens in Kenyan children have a short half-
life. Malar J. 2007;6:82. doi:10.1186/1475-2875-6-82 

146.  Akpogheneta OJ, Duah NO, Tetteh KKA, et al. Duration of Naturally Acquired 
Antibody Responses to Blood-Stage Plasmodium falciparum Is Age Dependent 



108 
 

and Antigen Specific. Infection and Immunity. 2008;76(4):1748-1755. 
doi:10.1128/IAI.01333-07 

147.  Nguitragool W, Bokhari AAB, Pillai AD, et al. Malaria Parasite clag3 Genes 
Determine Channel-Mediated Nutrient Uptake by Infected Red Blood Cells. Cell. 
2011;145(5):665-677. doi:10.1016/j.cell.2011.05.002 

148.  Nguitragool W, Rayavara K, Desai SA. Proteolysis at a specific extracellular 
residue implicates integral membrane CLAG3 in malaria parasite nutrient 
channels. PLoS ONE. 2014;9(4):e93759. doi:10.1371/journal.pone.0093759 

149.  Gupta A, Thiruvengadam G, Desai SA. The conserved clag multigene family of 
malaria parasites: essential roles in host-pathogen interaction. Drug Resist Updat. 
2015;18:47-54. doi:10.1016/j.drup.2014.10.004 

 


