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Abstract 

 

Dissertation Title: Genomic Epidemiology of the Malaria Parasite Plasmodium 

falciparum: Implications for Whole-Organism Malaria Vaccine Development 

Kara A. Moser, Doctor of Philosophy, 2018 

Dissertation Directed By: Joana Carneiro da Silva, PhD, and Christopher V. Plowe, MD, 

MPH 

JCS: Associate Professor of Microbiology and Immunology, University of 

Maryland School of Medicine 

CVP:   Professor of Medicine and Global Health; Director, Duke Global Health 

Institute 

Whole-organism malaria vaccines have shown great promise in initial clinical trials 

against controlled human malaria infections (CHMI) with homologous P. falciparum 

strains. However, efficacy against heterologous CHMI and against natural infection is 

somewhat lower. While the reason for lower efficacy against non-vaccine strains is 

unknown, several knowledge gaps, if addressed, would assist in developing highly-

efficacious whole-organism malaria vaccines. First, regions of the parasite genome 

responsible for protection have not been identified. Such identification could be achieved 

by comparing breakthrough P. falciparum infections in vaccinated individuals with the 

vaccine strain; however, it is not clear how best to genetically characterize breakthrough 

infections, in vaccinated individuals. Second, vaccine and challenge strains have not been 

characterized and compared at the genomic level to circulating strains from parasite 



  
 

populations in malaria endemic regions. Finally, a rigorous investigation of allele 

frequency fluctuations between temporally isolated parasite populations would help predict 

if such changes would affect vaccine efficacy. Using next- and third-generation sequencing 

technologies, new reference assemblies for whole-organism malaria vaccine and CHMI 

strains were generated, along with reference assemblies for 19 clinical isolates to use for 

improved read mapping and characterization of clinical P. falciparum isolates. Using a 

geographic-specific reference assembly improved the ability to characterize clinical 

isolates through increased read coverage, and so these references may be helpful to 

characterize breakthrough infections (particularly for studies in Southeast Asian 

populations). In addition, assemblies for vaccine and CHMI strains reveal thousands of 

variants between these parasites. CHMI strains also have variants which convey 

differences in immunological potential, thus confirming their appropriateness as 

heterologous CHMI strains. Vaccine and CHMI strains were also shown to representative 

of their respective geographic origins when compared to extant parasite populations from 

malaria endemic regions. Finally, we show that while there were fluctuations in allele 

frequencies between West and East African parasite populations over almost a decade, 

none affected the frequency of vaccine candidate alleles in a way that would meaningfully 

impact vaccine efficacy. These results will greatly assist in the interpretation of whole-

organism malaria vaccine trials, and will pave the way for the design of next-generation 

whole-organism malaria vaccines.  
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Chapter I. Background and Significance 

 

An introduction to malaria: epidemiology and lifecycle 

 

Malaria is a parasitic disease caused by members of the eukaryotic genus 

Plasmodium. Once endemic as far north as the temperate regions of Europe, Asia, and 

North America, during the 20th century malaria was driven back to tropical and sub-tropical 

regions of South America, Africa, South/Southeast Asia, and Oceania.1 Despite continued 

progress in reducing malaria incidence over the past decade,2  malaria remains a significant 

public health burden in these regions: there were approximately 216 million cases of 

malaria (and 445,000 deaths) globally in 2016.3 Africa shoulders much of this burden: 90% 

of malaria cases occurred in Africa in 2016 (74% in sub-Saharan),3 and these numbers are 

comparable to morbidity and mortality estimates from 2015.4 Such stagnation after a 

decade of steady reductions in these metrics is troubling, and may hint at the reversal of 

the recent progress towards achieving malaria elimination goals. 

Five known Plasmodium species infect and cause malaria in humans: P. 

falciparum, P. vivax, P. malariae, P. ovale, and P. knowlesi. Of these five, P. falciparum 

is responsible for most global malaria deaths,3  and is the subject of this dissertation. 

Parasites of the genus Plasmodium belong to the phylum Apicomplexa. Like other 

members of this phylum, the P. falciparum life-cycle consists of multiple stages that make 

up asexual and sexual stages.5 Transmitted by female Anopheles mosquitoes, the parasite 

life cycle in humans begin with the bite of an infected female mosquito, which carries the 

sporozoite stage of the parasite in the salivary glands. When probing for a blood meal, 

sporozoites are released by the mosquito into the skin, where they make their way to the 
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vasculature through gliding motility, possibly mediated through several parasite proteins 

such as the circumsporozoite protein (CSP) and thrombospondin-related anonymous 

protein (TRAP).6,7 Following a brief circulation in the blood, the sporozoites enter 

hepatocytes in the liver. Here, the sporozoites begin to replicate inside the parasitophorous 

vacuole membrane. After 7-10 days, newly formed merozoites rupture from the infected 

hepatocyte into the blood stream. While only ~100 sporozoites are injected through the bite 

of an infected mosquito, each sporozoite can produce tens of thousands of merozoites 

during the course of the liver stage.8  

Once parasites have re-entered the blood stream, the erythrocytic phase of the 

malaria life cycle commences. Merozoites invade uninfected erythrocytes through binding 

of host receptors on the erythrocyte surface with merozoite proteins, such as apical 

membrane protein-1 (AMA-1)9 and merozoite surface proteins (MSPs).10 Asexual 

reproduction occurs within infected erythrocytes and these cells rupture in waves 

approximately every 48 hours (coinciding with cyclic fevers) through parasite 

synchronization.11 Newly released merozoites quickly invade uninfected erythrocytes, and 

the cycle repeats. Eventually, some parasites in infected erythrocytes commit to produce 

gametocytes. While the mechanisms that trigger this switch to the beginning of the sexual 

stage of the parasite are not well understood, it has been shown that transcription of several 

apicomplexan regulatory genes (AP2) are required for this commitment,12 including AP2-

G, which is recognized as the master regulator in the initiation of sexual development.13 

Mature gametocytes are ingested by a feeding Anopheles mosquito; they then travel to the 

mosquitoôs midgut, where they become an extracellular gamete. When male and female 

gametocytes are collected in the mosquito midgut, they fuse to form a zygote to start the 
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diploid phase. Over the course of two weeks, the parasite develops into haploid sporozoites, 

which migrate to the salivary glands. The life cycle begins again once the mosquito takes 

a blood meal from a new host. A person who is bit multiple times by different mosquitoes 

carrying different parasite strains may end up with a case of malaria caused by genetically 

diverse strains of P. falciparum, referred to as polyclonal infections. Polyclonality has been 

shown to be associated with endemicity, with regions of high malaria transmission having 

higher prevalence of polyclonal infections.14,15  

There are several intervention methods recommended by the World Health 

Organization to prevent or treat malaria, and can be grouped into two categories: vector 

control and chemoprevention.3 The former are interventions that target the vector or 

prevent vectors from feeding on people; these methods include the use of insecticide-

treated bed nets and indoor residual spraying. The latter category relies on appropriate drug 

treatments to target the parasite. Combination therapy is encouraged over monotherapy to 

prevent the emergence of drug resistance.16 Chemoprophylaxis is used by individuals 

traveling to malaria endemic regions from non-endemic regions to prevent blood-stage 

infection and subsequent disease. The same idea is expanded to seasonal malaria 

chemoprevention and mass-drug administration campaigns in malaria endemic regions to 

both prevent and treat malaria, which are viewed as ways to accelerate malaria elimination 

in high-risk groups.17  

Whole genome sequencing and population genetics of P. falciparum 

The P. falciparum genome was sequenced in 2002 (reference strain 3D7).18 The 

genome consists of 14 nuclear chromosomes, which vary in length from 0.64 million base 

pairs (Mbp) (chromosome 1) to 3.29 Mbp (chromosome 14). In addition to nuclear 
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chromosomes, the parasite also houses genetic material in two organelles: the 

mitochondrion and the apicoplast (the latter a chloroplast-like organelle likely obtained 

through symbiosis during the evolution of the parasite).19 Together, these two circular 

genomes finalize the 16 chromosomes of the parasite genome, which totals 23.3 Mbp in 

length and contains over 5,500 genes. The genome of P. falciparum is extremely AT-rich, 

with levels of 80% AT in coding regions and up to 90% AT in non-coding regions.18,20 The 

parasite genome is haploid during the human host stages, and is diploid in the Anopheles 

vector after sexual reproduction of the gametocytes and before meiosis, which gives rise 

again to haploid sporozoites. If male and female gametocytes from different parasite 

infections (i.e., different parasite strains) have fused to form the zygote, then novel genomic 

and genic sequences can be created through recombination.  

Recombination is an important mechanism for the generation of new alleles in P. 

falciparum, and has been shown to occur more often in some regions of the genome than 

in others;21 these regions are considered recombination hotspots and often house members 

of multi-gene families (vars, rifins, stevors, surfins, etc.), particularly in sub-telomeric 

regions.18 Multi -gene families are thought to be important for blood stage-specific 

processes that lead to different disease presentations and they have been shown to be 

extremely diverse.22,23 Higher rates of recombination in these regions (compared to the rest 

of the genome) is thought to contribute to the generation of  diversity in these families and 

other diverse antigens throughout the genome,24ï26 and such diversity is maintained by 

balancing selection from immune pressure.27 Along with recombination, mitotic base pair 

mutations20,26 and high indel mutation rates20 may contribute to the diversity observed, with 

upwards of six mill ion new bp substitutions and 55 million new indels (insertions or 
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deletions) occurring in the global parasite population every two days.20 In particular, indels 

appear to contribute to low-complexity regions in non-coding regions, making polymerase 

slippage and recombination events more likely.20,28 

Whole genome sequencing (WGS) technologies have recently become extremely 

useful tools in the study of P. falciparum populations. Next-generation WGS platforms can 

generate short (hundreds of bp) or long (thousands of bp) reads; both have their advantages 

and disadvantages. Long-read sequencing historically has needed a much larger amount of 

parasite DNA as an input, restricting its use to high parasitemia samples, or samples that 

can be adapted to culture for the generation of additional genetic material. In addition, long-

read sequencing platforms tend to have higher error rates; in the case of Pacific Biosciences 

(PacBio) sequencing, the error rate of raw reads can be as high as 15%,29,30 and tends to 

manifest as short (one to two bp) indels.31 However, long-read sequencing allows the 

generation of whole genome assemblies that, while potentially not 100% accurate at the 

nucleotide level, will capture most of the parasite genome, including the diverse members 

of multi-gene families and large structural variants. In comparison, data from second-

generation short-read sequencing platforms (such as Illumina HiSeq), while resulting in 

more fragmented assemblies (given the shorter read length), are much more accurate, with 

error rates around 0.1%.29,30 

Because of the difficulty in obtaining enough parasite DNA for isolate 

characterization using long-read sequencing platforms, short-read sequencing has been the 

most common sequencing method used thus far in the study of P. falciparum. To 

characterize strains, short-reads are mapped to a reference genome (normally 3D7), and 

single-nucleotide polymorphisms (SNPs) and/or indels are called based on a consensus call 
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of all the reads mapping to a specific genomic location. However, most read mapping 

algorithms have strict cut-offs of where a read can map to avoid reads mapping in the 

wrong place. Given the genetic diversity that exists in certain regions of the genome (see 

above), there is a risk of failing to map reads to the reference, and an unintended 

consequence may be a failure to characterize the most diverse regions of the parasite 

genome. The use of a single reference in other organisms has also been shown to introduce 

bias into the types of SNPs recovered.32,33 In addition, if the isolate which has been 

sequenced is a polyclonal infection, these methods will not allow phasing and haplotype 

reconstruction for each strain within the infection. Because of this, analyses may restrict 

their data sets to monoclonal samples,34 severely restricting the overall number of samples 

that can be used for such analyses (particularly from malaria endemic regions). A potential 

way to circumvent this issue is to allow more than one allele to be called at a position and 

removing positions that have more than one allele present at a site,35,36 or removing samples 

or sites that are more heterozygous than expected.37,38 However, these methods may 

potentially remove the most polymorphic sites from the analysis. Developing methods for 

analyzing polyclonal infections is currently an ongoing area of research. 

Despite these limitations, variant discovery through read mapping processes using 

WGS data has provided great insight into the population structure of circulating P. 

falciparum strains. The P. falciparum global parasite population shows distinct population 

structure by geography, with parasite populations in Africa distinct from those in Southeast 

Asia and Oceania,37,39 corroborating earlier observations seen with SNP panels40,41 and 

microsatellite markers.42 Unique subpopulations can also be detected within geographic 

regions, such as the population structure documented among parasites from the Greater 
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Mekong Sub-region.38,43 In addition to the distinct populations caused by geographic 

separation of parasites, there may also be shifts in allele frequencies and population 

structure over time, for which there is a small body of literature. Several studies using 

samples collected in South America over 4-7 year periods have used microsatellite markers 

to detected variations in population structure and haplotypes over the course of the study 

periods.44ï46 Many of these areas are low-transmission settings (particularly compared to 

the high-transmission settings seen in Africa), and so temporal variation may occur more 

(or may be more readily detectable) in low-transmission settings given the lower 

prevalence of malaria and smaller effective population sizes. Another study utilizing 

samples collected in Peru from 1998 to 2006 focused specifically on changes in the 

prevalence of 3D7 allelic versions for several vaccine candidates using targeted 

sequencing, including CSP, AMA-1, and MSP-1.47 Several other studies in Mali have 

explored how haplotype frequencies change over time at the population level for MSP-1,48 

and at the individual level among repeat infections for AMA-1.49 

The use of WGS data on questions related to temporal shifts of parasite populations 

and allele frequency changes has been best addressed to date by Daniels and colleagues,34 

who used a 24-SNP barcode to interrogate ~1,000 samples collected from Senegal between 

2006 and 2013, with an average of 100-200 samples per year. The study was also able to 

generate WGS data for 164 of those same samples from a four-year time period to compare 

methods. The study detected changes in allele frequencies from year-to-year and a 

detectable reduction in effective population size following a period of intense public health 

interventions in the region. These genomic data mirrored trends in epidemiologic data 

(which showed a reduction in malaria incidence following the period of interventions), 
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suggesting that genomic data can be used to assess temporal changes across the parasite 

genome, and can capture the influence of specific selective pressures. 

Elimination challenges for P. falciparum malaria 

There are several possible reasons why elimination of P. falciparum has proven 

difficult , particularly in the regions of the globe where it is most prevalent. Initial 

elimination campaigns in the mid-20th century largely failed due to a combination of vector 

resistance to insecticides, parasite resistance to chloroquine and sulfadoxine-

pyrimethamine (first-line drug treatments at the time), and eventually, a decline in funding 

and overall interest.50 Renewed efforts at the turn of the century have led to a steady decline 

of P. falciparum malaria around the globe;51 however, current efforts are now threatened 

by the continued emergence of resistance of both the vector and the parasite to insecticides 

and first-line treatments.  

Parasite drug resistance poses a particularly urgent threat to current malaria 

elimination efforts. Starting just after the turn of the century, the recommendation from the 

World Health Organization was to give artemisinin, a drug for which resistance had not 

been documented, in combination with other drugs (artemisinin combination therapy, or 

ACT) to slow the emergence of resistance.16 However, treatment failure to ACT was 

documented not long after in the Greater Mekong Subregion.52,53 A molecular marker for 

artemisinin resistance was discovered several years after the first reports of treatment 

failure; a series of mutations occurring in a kelch gene on chromosome 13 (referred to as 

K13) appeared to correlate strongly with delayed parasite clearance in laboratory cultured 

strains exposed to artemisinin.54 Molecular epidemiology studies of K13 mutations soon 

confirmed an association with treatment failures in clinical isolates.43,55,56 In addition, these 
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studies discovered that identical K13 mutations had arisen independently on different 

genetic background in diverse parasite populations,43 indicating that containment of 

resistance may not be feasible. There is growing concern that resistant parasites will 

eventually make their way from Southeast Asia to Africa, with disastrous consequences 

for public health. While no such jump has yet been detected, recently a novel K13 mutation 

was detected in a patient with delayed parasite clearance who had contracted the infection 

in Equatorial Guinea,57 suggesting that artemisinin resistance may arise separately in 

Africa.  

In addition to the ongoing epidemic of artemisinin resistant parasites, resistance to 

a partner drug in ACT, piperaquine, has also been documented.58 Copy number variation 

in the plasmepsin genes II and III have been shown to be associated with piperaquine 

resistance,59,60 although SNPs in the P. falciparum chloroquine resistance transporter 

(pfcrt) and other genes have also been associated with high values of ex-vivo piperaquine 

inhibitory concentrations.36,60 In addition, recent research shows a potential expansion of a 

lineage carrying  a common K13 mutation (580Y), along with the plasmepsin copy number 

variation, spreading and becoming a dominant strain in infections captured in and around 

Cambodia.61 While reversion to chloroquine-sensitive parasites has been observed in 

Africa after chloroquine therapy was discontinued,62 many parasites in Southeast Asia are 

still resistant to chloroquine and sulfadoxinee-pyrimethamine,63 and so the current variety 

and expanse of drug resistance poses substantial threats to ongoing elimination efforts. In 

the absence of new treatment options, it is critical that new tools are developed for malaria 

elimination purposes.  
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A highly efficacious vaccine against P. falciparum would be an extremely 

beneficial tool in the fight for malaria elimination, and thus there are numerous in 

development. Pre-erythrocytic vaccines inhibit sporozoite and/or liver stage development 

of the parasite, thus blocking both disease development and transmission. Erythrocytic 

vaccines block blood-stage development; these vaccines aim to reduce parasite burden in 

the blood, the limiting clinical infection. Transmission blocking vaccines do not prevent 

the development of disease, but should block transmission from one infected person to 

another by blocking targets associated with sexual stages of the parasites. Different vaccine 

types have different advantages and disadvantages, and different types of vaccines may be 

needed depending on their overall efficacy and effect on both disease prevention and 

transmission. Public health leaders estimate a malaria vaccine needs to convey at least 80% 

protection over 6 months to be an effective elimination tool in malaria endemic regions.64,65 

So far, no malaria vaccine has met this mark. 

Most P. falciparum vaccines in development are subunit vaccines (vaccines 

containing one or several proteins or key epitopes). Leading pre-erythrocytic vaccine 

candidates are either expressed on the surface of the sporozoites, such as CSP, or proteins 

expressed during liver stage development, such as liver stage antigen 1 (LSA-1). 

Erythrocytic vaccines tend to elicit antibodies against parasite proteins involved with 

erythrocyte invasion, such as AMA-1 and MSP-1. However, efficacy trials of these vaccine 

candidates testing efficacy in humans have led to disappointing results.66ï68 The only 

vaccine to reach licensure is the RTS,S vaccine, a pre-erythrocytic subunit vaccine based 

an 189 amino acid section of the CSP protein. The structure of CSP consists of conserved 

N and C termini that flank a repetitive repeat region that contains B cell epitopes;69 the C 



11 
 

terminus also contains two regions (Th2R and Th3R) that contain CD8+ and CD4+ T cell 

epitopes70 (which may also function as B cell epitopes).71 The RTS,S vaccine contains the 

most downstream portion of the repeat region, as well as the region of the C terminus that 

contains the Th2R and Th3R sequences. Phase III trials estimate protection in African 

children to be between 30-50% depending on the target age group and clinical endpoint 

used.72ï76 Despite low efficacy of the vaccine, RTS,S became the first malaria vaccine to 

reach licensure in 2015.77 However, the future use of RTS,S is still being debated, given 

the changes in malaria epidemiology over the past decade, combined with factors such as 

the estimated costs and the lack of testing outside of African populations.78 

Genetic diversity in many immunologically important antigens79ï81 may greatly 

contribute to the lack of efficacy seen in these subunit vaccines. The sequence included in 

the RTS,S vaccine is based on the reference (3D7) CSP sequence. Several studies have 

investigated the genetic diversity in regions hypothesized to be important for immunity; 

many molecular epidemiology studies have focused on the T cell epitope-containing 

regions in the C terminus. Studies investigating the prevalence of the 3D7 allele for the 

Th2R/Th3R regions of CSP have shown a wide variety in the number of amino acid 

haplotypes present at these loci; four Th2R/Th3R combined haplotypes were found in 

Peru,47 14 Th2R and 12 Th3R haplotypes were found in an RTS,S vaccine testing in 

Kenya,80 six Th3R haplotypes in the Gambia,81 39 combined Th2R/Th3R haplotypes in 

Sierra Leone,82 five combined Th2R/Th3R haplotypes in Iran/Pakistan/Afghanistan,83 

eight combined Th2R/Th3R haplotypes on the Myanmar/Thailand border,84 and a single 

combined Th2R/Th3R combined haplotype was found in Papua New Guinea.85 Not only 

is CSP diverse in these immunologically important regions, but the prevalence of 3D7-
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specific alleles tended to be extremely low47,82,83 (with one exception in Sierra Leone, 

where the prevalence reached 19%82), which may contribute to low vaccine efficacy seen 

in RTS,S trials. While an initial study found no statistically significant difference in the 

frequency of 3D7 CSP alleles between vaccinees and controls from a phase II clinical trial 

in Kenya,80 the frequency of 3D7-like strains (identical in either the Th2R or Th3R regions) 

in their study population was 1.7% (4/227), potentially preventing this study from detecting 

sieve-like effects from the vaccine. A secondary analysis of a larger RTS,S phase III 

clinical trials in West and East Africa showed that vaccinated individuals were more likely 

to be protected from 3D7-like strains (by matching sequences from infections in the Th2R 

and Th3R regions to that of 3D7) as compared to non-3D7-like strains (50% versus 33%, 

respectively).86 In addition, the frequency of the 3D7 allele varied considerably across 

study sites; in the control (non-vaccinated) group the 3D7 matched alleles ranged from 7-

25% in West African sites, and from 0-6% in East African sites. Similar patterns have also 

been found for an AMA-1 subunit vaccine, FMP2.1; while overall efficacy in a Malian 

phase II trial was 17.4%, efficacy against 3D7-like strains was 64%, and strains matching 

the 3D7 vaccine component were only present in 22 of the 383 study participants who were 

followed for the entirety of the study.68 A secondary analysis of this data not only 

confirmed this strain-specific efficacy, but also found that a single polymorphic residue 

appeared to predict whether an infection would cause clinical disease among vaccinated 

individuals.87 Together, these studies stress the importance of understanding the genetic 

diversity of parasites at the locus of interest when designing a vaccine, and that vaccine 

efficacy may increase when used in regions where a vaccine strain predominates. 

 



13 
 

Whole-organism P. falciparum vaccines 

History of whole-organism malaria vaccines 

The potential protection from inoculation with whole parasites has been 

documented since the early 1900ôs, when pyrotherapy was used as a treatment for 

neurosyphillis. Patients were inoculated with live P. vivax parasites, which generated a 

fever which killed the spirochetes responsible for the syphilis infection. However, repeated 

infections of P. vivax over time led to lower fevers or even asymptomatic infection 

(reviewed in McKenzie et al.),88 suggesting the body might be able to control malaria 

infection after repeated exposure. In 1945, Jules Freund showed it was possible to protect 

Rhesus monkeys against P. knowlesi infection with killed sporozoites and adjuvants.89 In 

1967, the landmark paper by Ruth Nussensweig showed that radiation-attenuated 

sporozoites delivered by mosquitoes, produced by irradiating infected mosquitoes, could 

provide sterilizing immunity against subsequent infection in mice using a homologous 

strain of P. berghei (a rodent Plasmodium species).90 Subsequent studies in the 1970ôs 

brought these experiments back to humans, showing that protection could be achieved in 

this manner against P. falciparum.91 Additional studies showed that similar results could 

be achieved with heterologous challenges92 and against other human malaria species.93 

However, the number of mosquitoes needed to deliver an inoculating dose was not trivial 

(upwards of a thousand bites in a single session),92 and it was not clear how one could 

deliver irradiated sporozoites without the vector. Therefore, these studies were considered 

to be proof-of-concept that protection through vaccination could be achieved, but not 

necessarily with a whole organism vaccine, and moving forward efforts have focused 

almost solely on subunit vaccines. 
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In part because of the failure (or low efficacy) of subunit vaccines, the interest in 

whole-organism vaccines has recently been renewed. Over the past 15 years, Sanaria Inc, 

a company devoted solely to the development and production of a whole-organism malaria 

vaccine, developed methods to mass-produce and formulate a vaccine based on radiation-

attenuated sporozoites; the resulting cryopreserved vaccine is registered as PfSPZ 

Vaccine.94 The strain used in the vaccine is NF54, the initial stock from which the reference 

strain 3D7 was cloned.95,96 An initial phase I/2a trial administering the vaccine 

intramuscularly in humans failed to achieve protection;97 however, results from the same 

study in non-human primates showed that protection could be achieved when administered 

intravenously. 

The first intravenous study in malaria-naïve humans in the United States showed 

100% protection against homologous (3D7) controlled human malaria infection (CHMI), 

in which vaccinated or control participants are exposed to fully infectious sporozoites 

through mosquito bites, in a small number of study participants (n=6) who received the 

highest dose of the vaccine (1.35 X 105 sporozoites).98 Additional trials have confirmed 

that protection against homologous CHMI is high (90-100%) and that long-term (6-12 

month) protection can be achieved.99,100 In addition to the radiation-attenuated PfSPZ 

Vaccine, vaccines based on genetically attenuated parasites (GAP) with disrupted genes 

important to liver stage development (PfSPZ-GAP), and fully infectious sporozoites 

administered under the cover of chemoprophylaxis (cryopreserved P. falciparum 

sporozoite chemoprophylaxis vaccine, or PfSPZ-CVAC) are also being developed.65 While 

PfSPZ-CVAC may generate the most diverse immune response given its ability to progress 



15 
 

through the entire liver stage,101,102 this vaccination method risks a blood stage infection if 

the chemoprophylaxis regimen is not followed. PfSPZ Vaccine and PfSPZ-GAP, in  

contrast, present safer options, since parasite development arrests during early or late liver 

stages, respectively, preventing infection. 

Table 1: Summary of recent whole-organism malaria vaccine trials 

Vaccine CHMI (Strain) 
Efficacy 

(%)* 

Time of CHMI 

After Last 

Vaccination 

Study Population Ref. 

PfSPZ 

Vaccine 
HM (3D7) 100 3 weeks Malaria-naive adults, USA 98 

PfSPZ 

Vaccine 
HM (3D7) 100 1 year 

Malaria-naive adults 

protected against 

homologous CHMI at 3 

weeks, USA 

100 

PfSPZ-

CVAC 
HM (NF54) 100 10 weeks 

Malaria-naive adults, 

Germany 
102 

PfSPZ 

Vaccine 

HM (3D7) 92 

3 weeks Malaria-naive adults, USA 99 

HT (7G8) 80 

PfSPZ 

Vaccine 
HT (7G8) 83 33 weeks 

Malaria-naive adults 

protected against 

homologous CHMI at 19 

weeks, USA 

105 

PfSPZ-

CVAC 
HT (NF135.C10) 15 14 months 

Malaria-naive adults 

protected against 

homologous CHMI at 21 

weeks, the Netherlands 

106 

PfSPZ-

CVAC 

HT (NF166.C8) 11 

14 weeks 
Malaria-naive adults, the 

Netherlands 
107 

HT (NF135.C10) 20 

PfSPZ 

Vaccine 
Natural Infection 34 24 weeks African adults, Mali 108 

Abbreviations: CHMI, controlled human malaria infection; HM, homologous; HT, heterologous 

*Efficacy was calculated as number of protected vaccinees over the total number of subjects vaccinated 
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Potential issues with whole-organism P. falciparum vaccines 

The PfSPZ Vaccine has moved on to clinical trials against heterologous challenge, 

field trials in African populations, and age de-escalation trials from adults to infants. 

Several P. falciparum clones have been used for heterologous CHMI: 7G8 from Brazil,109 

NF166.C8 from Guinea,110 and NF135.C10 from Cambodia.111 However, results from 

these trials indicate that, like subunit vaccines, strain-specific efficacy may be present even 

for a whole-organism vaccination approach. 

Table 1 summarizes the main efficacy findings from CHMI clinical trials using 

homologous and heterologous CHMI strains. Protection against heterologous strains 

assessed using CHMIfor both PfSPZ Vaccine and PfSPZ-CVAC has been lower that that 

provided against homologous strains.101,105ï107 In addition, the first clinical trial conducted 

in an adult African population, showed greatly reduced efficacy against natural infection 

(Table 1).108 Altogether, these results suggest that NF54, by itself and/or at the current 

vaccine dosing regimen, may not be enough to protect against the diverse parasite 

populations that are present in malaria-endemic regions around the world. 

It is difficult, however, to fully interpret the results of these trials, given the 

variation in dose (not shown), time of CHMI after vaccinations, and variation in study 

populations. In addition, the lack of knowledge on the genetic relationship between vaccine 

and heterologous CHMI strains is a critical piece of missing information for interpreting 

the results of CHMI. NF54, the vaccine strain used in PfSPZ Vaccine and the other whole-

organism-based malaria vaccines, has yet to be characterized. NF54 is a case of ñairport 

malaria,ò isolated from a patient living near an airport in the Netherlands but had never left 

the country.109 While a previous genetic analysis has pointed to an African origin for 
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NF54,110 a specific geographic location of origin has not yet been identified. The reference 

strain 3D7 (used as a homologous CHMI strain) was cloned from NF54 several years after 

NF54 was isolated,96 and it has been assumed that these two strains have remained 

genetically very similar despite having been separated in culture for almost 30 years. 

However, it has been documented that cultured strains do accumulate mutations over 

time,20 and therefore any mutations in key antigenic regions would mean that 3D7 is not 

truly a homologous strain and impact the interpretation of CHMI results. There are also 

several documented phenotypic differences between NF54 and 3D7 when grown in culture, 

including the variable ability to produce gametes.111,112  

In addition, 7G8, NF135.C10, and NF166.C8 have not been rigorously compared 

to each other or to NF54 at the whole-genome level, to confirm that they are adequate 

heterologous strains (although they do appear to have distinct infectivity phenotypes when 

used as CHMI strains).107 Uncharacterized vaccine and CHMI strains make it difficult to 

select (1) additional CHMI strains to test how an NF54-based vaccine could protect against 

P. falciparum strains from other regions of the world and (2) appropriate additional vaccine 

strains if a multi-strain whole-organism vaccine were to be attempted. Heterologous CHMI 

results are only a reliable indicator of efficacy against monoclonal infection in field settings 

if the CHMI strains used are characteristic of the geographic region from which they 

originate, and additional vaccine strains should not be antigenically similar to NF54 if the 

goal of a multi-strain vaccine is to stimulate additional, complementary immunological 

responses. Confirmation that they are similar to circulating parasites in the field at both the 

genomic and genetic level before, and not after, they are selected for their use as CHMI or 
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vaccine strains is imperative, given what was found retrospectively on the frequency of the 

3D7 allele for CSP47,80,81 and AMA168 vaccines.  

It also remains unknown what regions of the parasite genome are important for 

protection when a person is immunized with a whole-organism P. falciparum vaccine. 

Genes expressed during the sporozoite and liver stage of the parasite, such as CSP and 

LSA-1, respectively, are obvious candidates, although thus far these genes do not correlate 

perfectly with protection. There is also evidence that there are slightly different subsets of 

genes for which antibody titers are associated with protection with PfSPZ Vaccine (Obiero 

and Felgner, personal communication) or PfSPZ-CVAC.102 Both humoral and cell-

mediated responses have been observed in individuals protected against homologous 

challenge,98,100 although studies in rodents and non-human primates point to a great 

importance of cell-mediated immunity (specifically through CD8+ T cells).97,113ï115 

Identifying specific correlates of protection will be critical to optimizing whole-organism 

vaccines, and for potentially identifying candidates for subunit vaccines (which would be 

easier to mass produce). Identification of these regions using standard antibody-based 

immunological assays has not identified a definite candidate(s).  

Trials for both PfSPZ Vaccine and PfSPZ-CVAC are planned or are now underway 

in Burkina Faso, Equatorial Guinea, Tanzania, Kenya, and Indonesia, which will 

investigate vaccine effectiveness against natural infection in both adults and children under 

five years of age in malaria endemic regions. Characterization of breakthrough infections 

(infections in vaccinated individuals) and comparison of these strains to the vaccine strain 

NF54, could identify regions of the genome that differ and point to correlates of protection; 

such sieve analyses have identified correlates of protection for other vaccines.116,117 Given 
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the documented diversity among parasite populations and the issues with characterizing 

clinical isolates through read mapping processes (see above), such characterization may 

best occur through the use of geographic-specific references, so that the amount of the 

genome that is able to be characterized is maximized. However, currently the only high-

quality reference is the West African 3D7 clone, which took six years to complete with 

Sanger (short read) sequencing.18,120ï124 Recent advances in long-read sequencing 

technologies show great potential for assembling genomes, as was shown recently with a 

3D7 PacBio assembly.123 However, the high error rate of this sequencing platform 

appeared to introduce thousands of bp indels into the assembly. These issues were 

particularly frequent in AT-rich homopolymer runs which are extremely common in both 

coding and non-coding regions, complicating analysis of assemblies generated exclusively 

with PacBio data. Bioinformatic pipelines optimized to handle this error type for P. 

falciparum assemblies are therefore needed. 

Finally, due to the slow progress of malaria vaccine development, there has never 

been a mass vaccination campaign in malaria endemic regions, and it is unknown how this 

will affect the population genetics and genomics of parasite populations. Given how little 

is currently known about how parasite populations change over time, it may be difficult to 

tease apart any vaccine-specific population-level effects after the implementation of a 

vaccination campaign from what would be expected of natural population evolution. Only 

a small number of studies have shown that parasite populations can undergo temporal 

fluctuations at the population level (reviewed above).34,44ï48 Of these studies, only two have 

specifically interrogated the change in prevalence of alleles at loci encoding antigens; these 

studies did not utilize WGS, limiting the number of genes that could be to be analyzed.47 
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Analysis in many different genes and genomic regions may be important when considering 

whole-organism malaria vaccines. Daniels and colleagues utilized WGS data, but only 

looked at broad population genetic measurements such as heterozygosity, and did not 

report specific loci that underwent changes in allele frequency over time.34 Studies utilizing 

microsatellite data45ï47 have been able to show changes in parasite population structure, but 

again, data on allele frequency fluctuations at specific loci was lacking from these analyses. 

Finally, many of the above studies took place in South America, a region of low malaria 

transmission (as compared to regions in sub-Saharan Africa, arguably the most important 

region where an effective vaccine against malaria is needed). More research is needed to 

understand how parasite populations in malaria endemic regions change in allele 

frequencies across the genome and in potentially immunogenically important loci. In 

particular, a specific understanding of how NF54-based alleles change over time would be 

beneficial in informing the development of future whole-organism malaria vaccines, and 

to predict how often strains used in the vaccine should be updated to maximize protection 

from circulating parasite populations in endemic regions. 

In summary, the development of whole-organism malaria vaccines faces 

considerable challenges. The reliance on a single strain (3D7) for both vaccine design and 

strain characterization, as well as the lack of knowledge on the genetic relationship between 

vaccine and CHMI strains are critical knowledge gaps that, if filled, have the potential to 

greatly facilitate the interpretation of clinical trials where homologous and heterologous 

CHMI are used. In addition, the genetic relationship between PfSPZ strains and clinical 

isolates separated by both geography and time would assist in predicting the anticipated 

efficacy of whole-organism malaria vaccines in malaria endemic regions. These issues are 
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viewed as major developmental hurdles by the United States Food and Drug 

Administration,126 further highlighting the importance of addressing these knowledge gaps. 

Study Objectives and Aims 

The study described here will address some of the above questions related to whole-

organism P. falciparum vaccines. Specifically, we will characterize the vaccine strain 

NF54 and CHMI strains 7G8, NF166.C8, and NF135.C10 (hereafter referred to as 

PfSPZ strains) by using a combination of short and long-read sequencing platforms to 

generate new assemblies for these strains. The assembly pipelines developed here will also 

be used to generate assemblies for 19 clinical isolates gathered recently from diverse 

geographic regions, to be used for improved characterization of clinical isolates (and, in 

the future, breakthrough infections) as geographic-specific references. Once characterized, 

the PfSPZ strains can be compared to the circulating parasite population in malaria endemic 

regions to determine how well PfSPZ strains represent the respective geographic origins, 

and how well PfSPZ strains will be able to protect against strains from around the globe. 

Finally, given that other whole-organism vaccines have been shown to influence allele 

frequencies in pathogen populations, cross-sectional samplings of parasites from a single 

geographic region separated temporally will be compared to see how parasite populations, 

and specifically the frequency of NF54-specific alleles, change over time.  

 

Aim 1: Investigate the association between the geographic origin of a reference assembly 

and the ability to characterize P. falciparum isolates through read mapping processes.  

Hypothesis: Clinical isolates characterized against a reference assembly of similar 

geographic origin will allow improved sample description (through higher, and more 
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accurate, coverage), compared to results obtained when a clinical isolates from a more 

distant geographic origin is used. 

Aim 1.1: Develop bioinformatic methods to generate P. falciparum reference genome 

assemblies for several geographic regions, namely West Africa, East Africa, and Southeast 

Asia. 

Aim 1.2: For each isolate, compare the proportion of each reference genome that remains 

uncovered after read mapping and determine whether the ability to call variants is improved 

by using a geographically-close reference for each isolate. 

 

Aim 2: Compare the genetic composition of P. falciparum strains used for vaccination and 

in CHMI studies to the genetic variation among circulating P. falciparum isolates in 

malaria endemic regions. 

Hypotheses: NF54, the current vaccine strain, will be more closely related to African 

isolates than isolates from other geographic origins; CHMI and proposed additional 

vaccine strains (7G8 from Brazil, NF166.C8 from Guinea, and NF135.C10 from 

Cambodia) will cluster with isolates from their respective geographic origins. 

Aim 2.1: Characterize the genomic composition of the NF54, 7G8, and NF166.C8, and 

NF135.C10 using short- and long-read sequencing technologies and assembly generation. 

Aim 2.2: Compare genetic composition genome-wide, and in target antigens and epitopes, 

of the vaccine and CHMI strains with the genetic variation found among clinical isolates 

from around the globe. 

 

Aim 3: Estimate how P. falciparum populations change over time. 
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Hypothesis: In parasite populations in malaria-endemic regions, allele frequencies in key 

antigenic regions will not change over a period of eight years in a manner that may require 

updates to the vaccine composition. 

Aim 3.1: Estimate regions of the genome undergoing allele frequency changes due to 

genetic drift or selection when comparing two cross-sectional samples of parasites 

separated by eight years from the same geographical areas of West and East Africa. 

Aim 3.2: Estimate the dynamics of NF54 allele frequency in regions identified in Aim 3.1, 

as well as in loci encoding pre-erythrocytic antigens, when comparing two cross-sectional 

samples of parasites separated by eight years from the same geographical areas of west and 

east Africa. 

Significance and Innovation 

Whole-organism vaccines against malaria have historically not been considered 

feasible, given the hurdles related to production and administration of irradiated 

sporozoites. However, the initial success of PfSPZ Vaccine and PfSPZ-CVAC have 

renewed interest in these vaccine formulations. This thesis utilized cutting-edge WGS 

technologies to answer pressing questions pertaining to the development of whole-

organism vaccines. The use of a combination of short and long-read sequencing platforms 

for the description of P. falciparum strains is particularly novel. There is currently only 

one published assembly based on long-read sequencing,125 which is for the 3D7 reference 

genome. This thesis will contribute over 20 new assemblies of P. falciparum isolates from 

around the globe, including the PfSPZ strains. This will not only assist in answering 

questions pertaining to whole-organism vaccine development, but will also pave the way 

to study basic biological questions about parasite genomes, which has been difficult with 
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short-read sequencing platforms. In addition, the use of 3D7 as a reference for read 

mapping and variant discovery pipelines has become second nature, but is done without 

considering the implications of parasite diversity on this analysis method. Geographic-

specific high-quality references generated with this aim will allow for enhanced sample 

characterization while still utilizing the short-read sequencing platforms. To the best of our 

knowledge, there have been no published papers utilizing a reference genome for SNP 

calling other than 3D7. 

Selection of vaccine strains (or, in the case of subunit vaccines, selection of alleles 

in target loci) has not, for the most part, been driven by the study of frequency of said 

alleles in malaria endemic regions. This has been hampered by the lack of sequencing data 

for a robust set of clinical isolates for which to conduct molecular epidemiological studies 

of vaccine candidates. This thesis will investigate allelic and parasite strain diversity by 

geography, with emphasis on frequency analyses of the alleles encoded by the vaccine 

strains. Such an analysis of vaccine strains has not been possible in the past, given that 

malaria vaccine development for most of the current vaccine candidates was begun before 

the onset of WGS. With the current sequencing tools, we hope to inform vaccine 

development and tentatively assist in vaccine efficacy prediction before the vaccine reaches 

phase III trials and not after (as was the case with RTS,S).88  

Finally, there are very few studies investigating temporal changes in parasite 

populations over time. The majority have relied on microsatellite data,45ï47 or SNP panels.34 

Here, we propose to utilize WGS data from both West and East Africa to address how 

parasite populations change with respect to loci that may affect efficacy of whole-organism 

sporozoite vaccines. Our temporal comparisons will be eight years in both study regions. 
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To the best of our knowledge, these comparisons will be the longest done with WGS data, 

and will be the first to estimate changes over time to predict changes in vaccine efficacy 

over time with WGS data. This will not only assist in answering basic biological questions 

about parasite population evolution, but also how often malaria vaccines may have to be 

updated to maintain protection against circulating strains.  
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Chapter II. Samples and Methods 

 

The aims for this thesis (described in Chapters III-V) share samples, sequencing 

methods, and many bioinformatics and analytic tools and methodologies. This chapter 

(Chapter II) gives an overview of the above aspects that are core concepts or methods used 

in this dissertation, including sample collection and preparation, generation of whole-

genome sequencing data, and the development of bioinformatic pipelines. 

Samples  

Genomic material for the culture-adapted PfSPZ strains NF54, 7G8, NF166.C8, 

and NF135.C10 was provided by Sanaria, and sequenced at the Institute for Genome 

Sciences (IGS). For clinical isolates, a cross-sectional set of samples from South America 

(Brazil), West Africa (Mali), East Africa (Malawi), and Southeast Asia (Myanmar, Laos, 

Thailand, and Cambodia) were collected from clinical trials and surveys of malaria burden 

through collaborations with the Division of Malaria Research (DMR) in the University of 

Maryland School of Medicineôs Center for Vaccine Development. These samples were 

collected through passive sampling by clinics in the different regions, mainly through 

surveys of malaria burden or drug efficacy studies, providing a representative sample of P. 

falciparum parasites from patients who come to the clinics in these regions. For the drug 

efficacy studies, samples were taken on the day of diagnosis before the patient had started 

drug treatment, ensuring that parasite diversity will not be influenced by drug treatment at 

the time of sample collection.  
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Additional samples from Burkina Faso, Guinea, Kenya, Tanzania, Papua New 

Guinea, French Guiana, Peru, and Colombia were obtained from the NCBIôs Short Read 

Archive (SRA) to ensure that global diversity was represent in our analysis, and to 

represent locations where there are ongoing clinical trials for whole-organism malaria 

vaccines (Burkina Faso, Kenya, and Tanzania). A summary of all clinical samples to be 

used in this thesis and their sources can be found below in Table 2.  

Table 2: Origin of clinical samples for all aims 

Countries Source*  Study Type**  
Year of 

Collection 

Aim 

1 

Aim 

2 

Aim 

3 

PacBio 

Assemblies 

Mali IGS 
Case/control study of 

severe malaria127 
2002 - - 45 2 

Mali IGS 
Cohort study of 

malaria incidence128 
2010 54 54 54 4 

Burkina Faso SRA Unknown39 2008 - 56 - - 

Guinea SRA Unknown39 2011 - 123 - - 

Kenya SRA Unknown39 2007 - 53 - - 

Tanzania SRA Unknown39 2010, 2013 - 68 - - 

Malawi IGS Drug comb. study129 2007-2008 - - 37 4 

Malawi IGS 
Cohort study of 

malaria incidence 
2016 - 113 35 - 

Myanmar IGS 

ACT efficacy study 

(TRAC);55 cross-

sectional survey of 

malaria 

2012-2013 19 19 - 4 

Thailand IGS ACT efficacy study 2013-2014 36 36 - - 
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Generation of whole genome sequencing data 

 

This thesis utilized two main methods of sequencing: short-read sequencing (based 

on Illumina HiSeq platforms) and long-read sequencing (based on the PacBio RS II 

platform). A total of 23 P. falciparum strains (including the four PfSPZ strains) underwent 

both long- and short-read sequencing. All remaining samples underwent short-read whole 

genome sequencing only. The below sections describe sample preparation and sequencing 

methodologies for both types of sequencing platforms. 

 

Table 2, Continued 

Countries Source*  Study Type**  
Year of 

Collection 

Aim 

1 

Aim 

2 

Aim 

3 

PacBio 

Assemblies 

Cambodia IGS 
Cross-sectional survey 

of malaria36,58 
2009-2014 125 125 - 3 

Laos IGS 
ACT efficacy study 

(TRAC)55 
2012-2013 2 2 - 2 

Papua New 

Guinea 
SRA Unknown39 Unknown 45 45 - - 

Brazil IGS Malaria surveillance 2016 - 21 - - 

French Guiana SRA 
Chloroquine 

susceptibility study130 
2009-2013 - 36 - - 

Colombia SRA Unknown39 2011 - 16 - - 

Peru SRA Unknown39 2011 - 11 - - 

Totals 281 778 171 19 

* IGS: Institute for Genome Science, SRA: NCBIôs Short Read Archive 

** Study types without a citation indicate studies for which samples are being used, for the first time, in 

this thesis. 
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Sample processing for PfSPZ strains and 19 clinical isolates for the generation of new 

reference assemblies 

 

Genetic material for the four PfSPZ strains were provided by Sanaria (NF54: WCB 

SAN02-073009; 7G8: WCB SAN02-021214; NF135.C10: WCB SAN07-010410; NF166: 

Mother Cell Bank/research stock SAN30-020613). The 19 clinical isolates that also 

underwent whole-genome sequencing were parasites collected from ongoing or completed 

DMR studies and were grown in culture at DMR to obtain enough parasite DNA for PacBio 

sequencing. Briefly, a cryovial for initiating asexual blood stage cultures stored in liquid 

nitrogen vapor phase was thawed. The parasites were washed in a decreasing saline series 

and then resuspended in complete growth medium. After thawing, the cultures were 

maintained in sealed flasks under hypoxic conditions, and stored in a 37°C incubator. Every 

3-4 days post thawing, fresh uninfected processed human O+ red blood cells were added to 

split the culture at a final 5% hematocrit. The culture was subsequently expanded. The 

complete growth medium was changed daily except during the first 24 hours post splitting. 

Fields-stained thin blood smears from culture samples were used to assess and to monitor 

the parasite growth by light microscopy. Parasites were grown until 10-20 ɛg of DNA was 

collected (anywhere from 1-4 months). 

Sample processing for clinical isolates 

 

Clinical isolates were prepared for whole genome sequencing in two different ways, 

depending on how the samples were collected in the field. All samples from Southeast Asia 

and Malian samples collected from 2010 were collected as ~2 ml venous blood draws, and 

were leukocyte-depleted with cellulose filtration columns (WWARN Procedure)131 at the 
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time of sample collection to increase the parasite-to-human DNA ratio and improve the 

amount of parasite sequence generated. Samples from Brazil, the 2002 Malian samples, 

and the Malawian samples were not leukocyte-depleted before being cryopreserved, and 

so these samples contained a mixture of parasite and human DNA, due to cell lysis after 

cryopreservation. The Malawian samples collected in 2007-2008 had the Buffy coat 

removed at the time of sample collection, which also helps with the reduction of human 

DNA, although the reduction is not as large as that with leukocyte depletion with cellulose 

filtration columns. To improve the parasite-to-human DNA ratio in non-leukocyte depleted  

samples, a selective whole-genome amplification (sWGA) protocol (adapted from Oyola 

and colleagues)132 was used to amplify parasite DNA in the sample using parasite-specific 

probes (Shah et. al., In preparation). 

Whole genome sequencing 

 

Pacific Biosciences (PacBio) sequencing was conducted for 23 P. falciparum 

strains (19 clinical isolates plus four PfSPZ strains). DNA (prepared as above) was 

fragmented with the Covaris E210, and the fragments were size selected to include those 

>15 Kb in length. Libraries were prepared per the manufacturerôs protocol. Three SMRT 

cells were sequenced per library, using P6C4 chemistry and a 120-minute movie on the 

PacBio RS II (Pacific Biosystems, Menlo Park, CA).  

Short-read sequencing data was generated for the 23 P. falciparum strains above 

and for the entire collection of clinical isolates using the Illumina HiSeq 2500 or 4000 

platforms. The sWGA samples were sequenced with HiSeq 4000. All other samples, 

processed two years prior, were sequenced with HiSeq 2500. Genomic DNA libraries were 
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constructed for sequencing on the Illumina platform using the KAPA Library Preparation 

Kit (Kapa Biosystems, Woburn, MA). DNA was fragmented with the Covaris E210 to 

~200 bp. Libraries were prepared using a modified version of manufacturerôs protocol. The 

DNA was purified between enzymatic reactions and the size selection of the library was 

performed with AMPure XT beads (Beckman Coulter Genomics, Danvers, MA). The PCR 

amplification step was performed with primers containing an index sequence of six 

nucleotides in length. Libraries were assessed for concentration and fragment size using 

the DNA High Sensitivity Assay on the LabChip GX (Perkin Elmer, Waltham, MA). The 

library concentrations were also assessed by qPCR using the KAPA Library Quantification 

Kit (Complete, Universal) (Kapa Biosystems, Woburn, MA). The libraries were pooled 

prior to sequencing.  

Bioinformatic methods 

Generation and characterization of assemblies 

Two assemblers were tested to generate high-quality reference genome assemblies. 

The first, the Hierarchal Genome-Assembly Process (HGAP),133 is the assembler that 

comes with the smrtanalysis pipeline from PacBio, and has been used in the past to generate 

a PacBio assembly for 3D7.125 The second, Canu, is a recently published long-read 

assembler based on the Celera assembler.134 Assemblers were run on all default settings, 

with the exception of tweaking the corMaxEvidenceErate parameter for Canu to 0.15 

(recommended for AT rich genomes as of version 1.3). After comparison of raw HGAP 

and Canu assemblies, it was apparent that Canu assemblies were structurally more 

complete (for example, the average number of contigs generated from the HGAP assembler 

was 48, compared to 25 generated from the Canu assembler) (Table 3) and so Canu was  
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 used for all down-stream analyses. (HGAP assemblies were sometimes used for 

confirmation of large structural variants observed in the Canu assemblies.) 

Table 3: Raw assembly characteristics for HGAP and Canu assemblies 

Sample* Origin Assembler # of Contigs 
Cumulative 

Length 
n50 

NF54 West Africa 
HGAP 42 23,795,070 1,541,876 

Canu 32 23,452,658 1,527,116 

NF135.C10 Cambodia 
HGAP 36 23,684,037 1,620,297 

Canu 19 23,540,633 1,631,396 

IGS-MLI -002 Mali 
HGAP 36 23,593,991 1,646,297 

Canu 16 23,193,290 1,649,870 

IGS-MLI -004 Mali 
HGAP 42 23,738,734 1,607,240 

Canu 23 23,396,228 1,634,925 

IGS-MLW-005 Malawi 
HGAP 44 23,915,989 1,517,464 

Canu 24 23,584,659 1,718,245 

IGS-MLW-002 Malawi 
HGAP 40 24,064,177 1,489,505 

Canu 25 23,793,817 1,518,017 

IGS-MLW-003 Malawi 
HGAP 106 24,073,536 975,412 

Canu 51 23264632 1231754 

IGS-CBD-002 Cambodia 
HGAP 55 23,766,586 1,449,282 

Canu 23 23192908 1625351 

IGS-CBD-001 Cambodia 
HGAP 44 23738800 1507825 

Canu 24 22,999,393 1,614,579 

IGS-CBD-003 Cambodia 
HGAP 30 23,481,733 1,625,469 

Canu 21 22,945,207 1,451,852 

IGS-LAO-002 Laos 
HGAP 55 23,925,257 1,431,002 

Canu 25 23,385,768 1,507,600 

IGS-MNM-001 Myanmar 
HGAP 49 23203789 1309875 

Canu 20 22,768,670 1,425,604 

IGS-MNM-002 Myanmar 
HGAP 52 23,267,279 1,557,030 

Canu 27 22,886,141 1,415,383 

IGS-MNM-003 Myanmar 
HGAP 47 23,807,175 1,503,715 

Canu 20 22,965,623 1,648,667 

IGS-MNM-004 Myanmar 
HGAP 45 23710123 1493050 

Canu 21 22412432 1472966 

*Only samples for which an HGAP assembly was generated are shown; because of these initial results, 

HGAP assemblies were not generated for all clones. 
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Given the high error rate of PacBio sequencing, several steps were taken to remove 

as many sequencing errors from the raw assemblies as possible. To optimize downstream 

assembly correction processes and parameters, the assembly for NF54 was compared to 

the 3D7 reference genome; as these strains should be genetically and structurally very 

similar, the percentage of total differences (measured in base pairs and the proportion of 

the 3D7 genome not captured by the NF54 assembly) between the NF54 assembly and the 

3D7 reference (PlasmoDBv24) was calculated after each attempted correction step. Quiver 

(smrtanalysis v2.3)133 and Pilon (v1.13)135 were used to remove any remaining sequencing 

errors from the assembly by using either the PacBio reads (Quiver) or the Illumina reads 

(Pilon). Quiver, 

which works by 

aligning PacBio 

reads to the 

assembly and 

using read 

groupings from a 

region to make 

edits based on 

consensus calls 

across all reads, 

relies heavily on 

the correct 

placement of 

Figure 1: Improvement after correction with Pilon and Quiver. After each iteration 

of Quiver (x-axis), the percentage of differences in the assembly compared to the 

3D7 reference genome (including regions not captured by the assembly) was 

calculated (y-axis). The four PfSPZ strains are shown. 
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potentially error-ridden reads (thousands of bps in length) on a potentially error-ridden 

assembly. 

To improve mapping (and therefore corrections), the output of a first iteration of 

Quiver was fed back in to Quiver, under the assumption that the slightly more accurate 

assembly from the first run of Quiver could serve as a better reference to map reads. Quiver 

was run iteratively in this manner to reach a (stable) maximum reduction in percent 

differences between the two genomes. Pilon was also optimized by seeing what parameters 

reduced the number of differences between NF54 and 3D7. The end pipeline included two 

Quiver iterations, as this consistently led to a stable maximum reduction between not only 

NF54 and 3D7, but also the three other PfSPZ strains and 3D7 (Figure 1), and Pilon was 

run using the following parameters: --fixbases, --mindepth 5, --K 85, --minmq 0, and --

minqual 35.  

Final assemblies were annotated with the 3D7 annotation (PlasmoDBv24) using 

gmap136 (June 10th 2014 version) (-B 5, -t 10, -K 1500, --cross-species). The show-snps 

utilit y of Mummer was used to identify single nucleotide polymorphisms (SNPs) and small 

(<50 bp) indels. To identify structural variants (insertions, deletions, inversions, and 

translocations larger than 50 bp), two programs were used. The first, Assemblytics,137 used 

Mummer alignments of the reference assembly of interest and 3D7 to identify regions with 

structural differences. Secondly, each isolateôs PacBio reads were mapped against the 3D7 

reference genome using the NextGenMap-LR (NGLMR) aligner,138 and regions with split-

read alignments, high-mismatched regions, and/or regions with unexpected coverage 

statistics were identified using Sniffles.138 PacBio read alignments in these regions were 

visualized with Ribbon139 as needed.  
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Read mapping and SNP calling with short-read whole genome sequences 

Read mapping and SNP calling 

using short-read whole genome 

sequencing data was utilized in all three 

Aims of this thesis. Read mapping was 

done using bowtie2 (v2.2.4)140 to generate 

bam files; bam files were prepared for SNP 

calling using GATKôs Best Practice 

Documentation.141ï143 Coverage statistics 

from final bam files were generated using 

samtools144 and bedtools.145  

For SNP identification, a pipeline 

was needed that could handle a normally 

haploid organism, but for which multiple 

strains were possibly present in each 

sample (i.e., polyclonal infections). To 

develop such a pipeline, we first used 

Illumina data 12 clinical isolates from Mali 

collected in 2010 for which polyclonality 

was previously established by 

microsatellite analysis146 and three of the 

four PfSPZ strains sequenced at the 

beginning of this project (NF54, 7G8, and 

Figure 2: Principle coordinate analyses for SNP calls. 

Top:  diploid, allowing het calls. Middle: haploid. 

Bottom: diploid, calling the major allele. Squares are 

monoclonal samples, triangles are polyclonal samples. 
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NF135.C10). SNPs were 

called individually on each of 

the 12 Malian samples using 

joint GATKôs Unified 

Genotyper (v3.1.1), and 

positions with only biallelic 

SNPs were extracted using 

GATKôs Select Variants. 

Additionally, separate runs 

were done specifying 

ploidy=1 (haploid) or 

ploidy=2 (diploid). For 

diploid runs, two data sets 

were developed, one that allowed heterozygous (0/1) calls, and one that converted 

heterozygous calls to homozygous reference (0/0 or homozygous alternate (1/1) allele, if 

the allele depth for either the alternate or reference allele was at 50%. This process is 

hereafter referred to as calling the major allele. To choose which of the three ploidy 

methods (haploid, diploid, or diploid-major allele) to use in downstream analyses, principle 

coordinate analyses (PCoAs) were used to visualize patterns in the dataset. The goal was 

to have PCoA plots for which the first two coordinates (which represent the two 

coordinates explaining the most of the variation in the data set) describing samples based 

on geographic origin, and not by polyclonality. PCoAs were generated by creating a pair-

wise genetic distance matrix using custom python scripts and the cmdscale function in R. 

Figure 3: Relationship between read mapping and uncoverage. For 

Cambodian isolates, the proportion of the 3D7 reference genome that 

remained uncovered by reads after read mapping was plotted against 

the total number of reads that mapped to 3D7. Each sample is a dot; 

samples are also color-coded by the size of the library insert used for 

whole genome sequencing preparation. 
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We saw that calling SNPs on a diploid setting and allowing heterozygous calls (Figure 2, 

left panel) introduced a bias so that several polyclonal samples explained the majority of 

the variation in both coordinates 1 and 2 and collapsed samples from distinct geographic 

origins into a single cluster. Using a haploid dataset, while allowing the first coordinate to 

explain geographic origin, also had the second coordinate explaining variation in several 

haploid samples (Figure 2, middle panel). In contrast, diploid with the major allele called 

at heterozygous positions allowed for the best description of samplesô geographic origin, 

with the least amount of separation passed solely on the status of clonality (Figure 2, 

bottom panel).  

As several analyses in this thesis relied on combining data from publicly available 

sources with data generated at IGS, several other sample and position filters were put into 

place to arrive at final high-confidence SNP data sets designed to eliminate possible biases 

introduced by differences in sequencing platforms and locations. First, samples with less 

than 10 million reads that mapped to the 3D7 reference genome were not included in any 

final analyses, as samples with less than this number tended to have wide ranges in the 

proportion of the 3D7 reference genome left uncovered (and therefore, the amount of the 

clinical isolate that could be characterized through read mapping) (Figure 3). In addition, 

potential false positives were removed from the dataset implementing the following hard 

 

Table 4: Overlap between SNP datasets, from SNPs identified in the reference assemblies and 

SNPs identified through read mapping, for the PfSPZ strains 

Strain 
SNPs Found 

in Assembly 

SNPs Found 

from Read 

Mapping 

% of Assembly SNPs 

shared by Read 

Mapping SNPS 

% of Read Mapping 

SNPs shared by 

Assembly SNPS 

NF54 1,381 402 16.0 61.9 

7G8 43,859 8,727 17.0 86.6 

NF166.C8 51,011 14,190 22.2 79.9 

NF135.C10 53,467 9,678 15.3 84.6 
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filter using GATKôs Variant Filtration: DP < 12 || QUAL < 50 || FS > 14.5 || (MQ0 >= 2 

&& (MQ0 /(1.0 * DP)) > 0.1. The filter was built by 1) observations of the distribution of 

parameter values in our dataset and 2) attempting to maximize the overlap between SNPs 

found in the PfSPZ assemblies (potential true positives) to the SNPs found through read 

mapping and SNP calling. Calling the major allele at 50% was deemed to introduced too 

many false positives into our data, so the threshold was increased to 70% (if no allele was 

present in at least 70% of reads, then the genotype was assigned as missing).  This resulted 

in 62-87% of SNP calls from the read mapping process to also be present in the assembly 

(Table 4). This filter may be overly conservative, in that only ~15-22% of the assembly 

SNPs were recovered in the read mapping dataset, but we deemed this an appropriate trade 

off given the risk of biases introduced by different sources and types of sequencing used 

for this thesis.  

While the above filter was deemed adequate to explore questions related to 

population structure where distinct population structure is known to occur (such as between 

continents and the drug resistance populations of Southeast Asia), it was too stringent to 

answer more subtle questions related to potential shifts in allele frequencies (especially for 

the analysis required for Aim 3). Therefore, a second pipeline was built for those analyses, 

utilizing a joint SNP calling approach which leverages evidence across samples to identify 

rare or hard-to-call variants. Individual g.vcf files were created with GATKôs 

HaplotypeCaller (ploidy=2), combined with CombineGVCFs, and genotyped with 

GenotypeGVCFs. Biallelic SNP positions were selected using VariantFiltration, and the 

major allele (70%) was called for heterozygous calls at those sites. A new hard filter was 
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built in a similar manner described above but, instead, assemblies of samples generated in 

Aim 1 from Mali and Malawi were compare to 3D7, and the resulting SNP differences  

 were used to compare to the SNP calls to generate a filter for joint SNP calling. The filter 

for joint SNP calling was: QD < 2.0, MQ < 15.0, SOR > 3.0, DP < 10, QUAL < 30. The 

overlap between the SNPs that passed this hard filter and SNPs found in each of the Mali 

and Malawian samples that had assemblies is shown in (Table 5). For the Malian samples, 

the overlap between the two SNP sets was similar to Table 3; however, the overlap was 

lower in the Malawian samples, and so in the future the hard filter may need to be re-built 

for specific geographic locations. A second pass was done to remove sites with low minor 

allele frequencies (minor allele must be present in at least two samples per dataset), as these 

sites may represent remaining sequencing error. After this step, the proportion of SNPs 

detected by read-mapping that were also present within the assembly SNPs was around 

95% for all samples. 

 

Table 5: Overlap between SNP datasets, from SNPS identified in the reference assemblies and 

SNPs identified through read mapping, for Mali and Malawian strains 

Sample Origin  
Assembly 

SNPs 

Read Mapping SNPS,  

Hard Filter 

Read Mapping SNPs,  

Hard Filter, MAF > ~2% 

Total 
% Shared by 

Assembly SNPs 
Total 

% Shared by 

Assembly SNPs 

IGS-MLI -004 Mali 50,743 16,142 76.9 5,494 95.2 
IGS-MLI -005 Mali 51,098 13,035 67.6 3,822 93.6 
IGS-MLI -006 Mali 50,966 16,483 69.5 5,241 95.3 
IGS-MLI -001 Mali 45,697 15,044 72.6 5,470 93.9 
IGS-MLI -002 Mali 47,635 16,380 75.6 5,494 94.5 
IGS-MLI -003 Mali 48,069 16,103 76.4 5,506 94.4 

IGS-MLW-001 Malawi 49,686 13,354 42.3 5,000 94.8 
IGS-MLW-005 Malawi 53,337 19,113 34.3 5,193 94.8 
IGS-MLW-002 Malawi 54,006 19,738 32.0 4,913 94.7 
IGS-MLW-003 Malawi 47,662 13,350 41.2 5,182 95.2 
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 Reconstructing gene sequences using targeted assembly of short-read whole-genome 

sequencing data 

 

While SNP calling is very useful in terms of generating a high-confidence panel of 

variants for which to conduct population genetic studies, it may not be as reliable for 

reconstructing the total sequence of a gene, particularly if a sample is extremely 

polymorphic (with variants like tri- or quadrallelic positions) or contains indels of variable 

lengths (causing issues with read mapping). To reconstruct loci of interest, a targeted 

assembly pipeline developed in our lab was used to assemble Illumina reads that mapped 

to the region interest in the reference genome with short-read assemblers (Matsumura et. 

al. In preparation). Using a reference genome and gff3 file, reads were first mapped to the 

loci of interest (identified through coordinates in the gff3 file). Reads that successfully 

mapped to the region of interest are then assembled using first SPAdes,147 and if not 

assembled on the first try, fragments were assembled into larger contigs using HGAP.133 

Sequences from this process were aligned using clustal-omega148 and manually inspected 

in Mesquite to correct misalignments and translate to amino acid sequences.149 

Detecting population structure, drift, and selection 

Population structure 

Population structure was detected using two main approaches. The first were 

PCoAs; as mentioned above, PCoAs are data reduction techniques which use distances to 

construct coordinates that explain the most variation in the dataset of interest. PCoAs were 

chosen over principle component analyses, as they have been shown to be more robust to 

missing data.150 To generate PCoAs from SNP calls, custom python scripts were used to 
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calculate a pairwise genetic distance matrix between each sample in a merged vcf file 

(using only positions that passed the SNP filter), and the cmdscale function in R. The 

program Admixture (v1.3)151 was also used to investigate population structure, which uses 

maximum likelihood estimations to assign a proportion of an individualôs genome to each 

of K populations, given a set of SNPs and a K value. After data sets were pruned for missing 

data, low minor allele frequency sites, and linkage disequilibrium, Admixture was run with 

multiple values of K. To choose the appropriate K, each K was run with 10 replicates; the 

cross-validation (CV) error from the replicate with the highest loglikelihood value were 

plotted, and the K with the lowest CV value was chosen as the final number of populations, 

K. 

Detecting allele frequency changes due to drift or selection 

To detect frequency changes in alleles between timepoints in each region, we 

utilized two commonly used population metrics using vcftools (v0.1.14).152 The first was 

the fixation index, or Ὂ , which is a measure of the differences in the variance of allele 

frequencies between two groups of samples, and is commonly expressed as: 

7ÒÉÇÈÔÓ Ὂ      (1) 

where „  is the variance of an allele frequency between different hypothesized 

subpopulations (in our case, subpopulations were defined as being separated over time) 

and „  is the variance in the total population (both time-points together). Measures of FST 

range from 0 (no difference in allele frequencies between groups, which are deemed to 

have been sampled from the same population) to 1 (complete separation of subpopulations 

in terms of allele frequencies). If the variation in allele frequencies between the two groups 
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of samples is similar to the variation in allele frequencies within the entire population 

(implying that allele frequency variation is explained by the subdivision of those two 

groups of samples), then the ratio will approach one. If the variation in allele frequencies 

between the two subpopulations is very small (implying that the allele frequencies in the 

two population are very similar), then the ratio will approach 0. Wrightôs FST
153 is generally 

not estimable given that it requires knowledge of the variance of allele frequencies in the 

entire population and does not take into account statistical error introduced by sampling 

from the entire population. To account for differences in sampling variation both within 

subpopulations and variation in sampling subpopulations within the total population, we 

used Weir and Cockerhamôs FST estimator:  

ὡὩὭὶ ὥὲὨ ὅέὧὯὩὶὬὥάί Ὂ  
 

  (2) 

where s2 is the variance of allele frequencies, r is the number of populations sampled, n is 

the number of individuals in each population, and h is the observed mean heterozygosity.154 

This estimate is more robust to variations in sample sizes.154 In addition, (1) tends to 

overestimate differentiation at low levels of FST, whereas (2) does not.155 This may be 

important, particularly when comparing regions or timepoints when the estimated 

population differentiation is likely to be small. To detect significant FST values, we 

conducted a one-sided Z-test (H0: x = 0, Ha: x > 0) using the chromosomal average for  Ὂ . 

 FST will detect shifts in allele frequencies, but does not provide specifics in the type 

of selection that may be occurring at a particularly genomic location. To gain a better 

understanding of what selection pressures (if any) may be causing changes in allele 
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frequencies, Tajimaôs D was used. Tajimaôs D is calculated using variants in coding 

regions, and is estimated as: 

ὝὥὮὭάὥί Ὀ  
 

      (3) 

 

where Ὧ is the average number of SNPs found in all pairwise comparisons across the 

sequences of , and Ὓ is the number of segregating sites among the sample population.156 

Both Ὧ and  are estimates of the expected number of polymorphisms between any two 

sequences and, under a neutral model of evolution, should be the same. If balancing 

selection is taking place that causes a higher than expected number of polymorphisms (and 

haplotypes) between sequences, then Ὧ will be larger than  and Tajimaôs D will be 

positive. If directional selection is causing a low number of haplotypes across samples, 

then Ὧ will be smaller, resulting in negative Tajimaôs D values. Tajimaôs D can any take 

value from Ñ Ð. Extreme negative values indicate that the locus in question is undergoing 

directional selection, possibly due to a population bottleneck or a selective sweep. Extreme 

positive values, on the other hand, indicate that there is an excess of mutations at this 

region, possibly being maintained by balancing selection. Values around zero indicate that 

the segregate variation is neutral. A Tajimaôs D surpassing | ± 2 | is considered to be a 

biologically meaningful value, and were the cutoffs used in this thesis to determine 

significant Tajimaôs D values. Tajimaôs D was calculated both using SNP calls and with 

reconstructed gene sequences. Finally, we utilized SNP calls to detect regions with 

extended haplotype homozygosity (EHH) using cross-population tests (XP-EHH) using 
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selscan (v1.2.0a),157 another metric of positive selection that can also detect selective 

sweeps, to complement the Tajimaôs D and  Ὂ  metrics. 
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Chapter II I . New Plasmodium falciparum genome assemblies from 

diverse endemic regions enables the comprehensive genomic and 

genetic characterization of clinical isolates. 

 

Abstract 

 The Plasmodium falciparum 3D7 genome is the only high-quality reference 

assembly available to the research community to guide genetic and genomic studies. The 

characterization of other strains is based on the identification of sequence variants relative 

to 3D7 (which is thought to be of African origin), and both the gene and genome structure 

of 3D7 are viewed as representative of the species. The lack of other reference assemblies 

makes it difficult to describe structural variants that occur in natural P. falciparum 

populations, and may result in the underestimation of genetic diversity in highly 

polymorphic genomic regions obtained through read mapping-based approaches. New 

reference assemblies were generated for 19 P. falciparum strains from West Africa, East 

Africa, and Southeast Asia using a combination of Pacific Biosciences and Illumina 

sequencing technologies. These assemblies capture large structural variants that explain 

copy number variations of drug resistance genes and members of multi-gene families. 

These and other smaller structural variations affecting gene sequences also show specificity 

to different geographic parasite populations. In addition, improved read mapping across 

the genome of short Illumina reads from clinical isolates is found when using a reference 

assembly of a similar geographic origin, particularly for isolates among the subpopulations 

of Southeast Asia, exposing the limitations of SNP calling methodologies that rely only on 

3D7 for the characterization of clinical isolates. These high-quality reference assemblies 
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will provide a new resource for the malaria research community to expand the 

characterization of P. falciparum clinical isolates in novel ways. 

Introduction  

Plasmodium falciparum is the parasite responsible for the majority of malaria 

deaths around the world.3 The 3D7 P. falciparum reference genome was published in 

2002;18 the genome consists of 14 nuclear chromosomes, as well as circular genomes in 

two organelles (the apicoplast and the mitochondria), totaling 23.3 Mbp in length. This 

reference genome has guided malaria research for over a decade. The generation of the 

3D7 reference genome took six years to complete;120ï124 given the labor-intensive process 

of assembly generation in the early days of sequencing, another way to quickly characterize 

malaria parasites was needed. Currently, the process of characterizing clinical isolates 

using the 3D7 reference genome involves the generation of short (one hundred to several 

hundred base-pair in length) reads for a clinical isolate through whole-genome sequencing, 

and mapping these reads against the 3D7 reference through a process called read mapping. 

Read mapping algorithms attempt to locate the position in a reference genome that is 

orthologous to the read based on sequence identity; several popular read mappers include 

bowtie2140 and bwa-mem.158 The accuracy of these aligners is very important, given that 

the mapped reads are used as the input into variant identification pipelines to identify small 

sequence variants like single nucleotide polymorphisms (SNPs) and insertions and 

deletions (indels). 

Read mapping approaches using the 3D7 reference have allowed the discovery of 

distinct parasite population structure37,38 and extensive genetic diversity40 around the globe. 
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However, several limitations exist with using a single reference genome. First, read 

mapping algorithms rely heavily on sequence identity to map reads to their appropriate 

location on the genome. Given the genetic diversity that exists within and between parasite 

populations, reads representing these regions may fail to map to the reference genome, and 

thus the most diverse regions of the genome of a clinical isolate will not be characterized, 

underestimating diversity in these genomic regions. If such an effect exists, it may lead to 

biases in analyses outcomes and interpretation, as has been seen for bacterial isolates.32,159 

In addition, there is no reason to assume that the 3D7 reference genome is 

representative of the structure of all P. falciparum genomes around the world. In other 

organisms, like humans, structural variants account for more nucleotide changes than do 

SNPs or indels.160 Short-reads and read mapping are best used to characterize small 

variants (SNPs and short indels), but identifying larger (>50 bp) structural variants such as 

insertions, deletions, inversions, and translocations with this type of data is much more 

difficult. Due to the short read length, it is difficult to characterize long structural variants, 

and it has been shown that using the Illumina sequencing platform alone has low sensitivity 

and specificity.161 Several studies in P. falciparum have used paired-end short-read data to 

explore the distribution of short indels28,40 and have identified regions of the genome that 

contain possible recombination hotspots and translocations.26,28,162 However, in addition to 

the above limitations, many of these studies have been conducted using the progeny of 

genetic crosses of long-term culture-adapted parasites, which do not necessarily reflect or 

give information on the frequency of structural variants in extant parasite populations in 

malaria-endemic regions.  
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The generation of new reference assemblies for P. falciparum would greatly assist 

in the characterization of clinical isolates both genetically and genomically. Reference 

assemblies could be made from endemic areas known to have distinct parasite populations, 

and these could be used for mapping reads from clinical isolates from the same population, 

hopefully maximizing the ability to characterize these isolates. In addition, assemblies 

would allow a more thorough comparison of structural variants that may occur in parasite 

populations. Recent advances in long-read sequencing technologies show great potential 

for assembling genomes, as was shown recently with a 3D7 PacBio assembly.125 This paper 

presents 19 new reference assemblies from P. falciparum strains isolated from West Africa, 

East Africa, and Southeast Asia from recently collected clinical isolates. These reference 

assemblies can assist in the identification of previously undocumented structural variants 

and improve the characterization of clinical isolates through read mapping using a 

geographic-specific reference assembly. 

Methods 

Samples 

PacBio assemblies for 19 clinical isolates from West Africa (Mali, n=6), East 

Africa (Malawi, n=4), and Southeast Asia (n=9) were generated for this study. These 

isolates were selected from studies conducted by the Division of Malaria Research (DMR) 

or in collaboration with DMR (Chapter II , Table 2); all were from uncomplicated cases 

of clinical malaria. In addition to samples for assembly generation, 179 clinical isolates 

(collected as part of the same studies that the isolates used for assembly generation were 

from) were used to generate short-read data to use for read mapping against the assemblies. 
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Whole genome sequencing  

To generate enough genetic material for PacBio sequencing, each of the 19 clinical 

isolates were grown in culture for three-four months maximum until 10-20 ɛg of DNA 

could be collected. Briefly, a cryovial for initiating asexual blood stage cultures stored in 

liquid nitrogen vapor phase was thawed. The parasites were washed in a decreasing saline 

series and then resuspended in complete growth medium. After thawing, the cultures were 

maintained in sealed flask under hypoxic conditions, and stored in a 37°C incubator. Every 

3-4 days post thawing, fresh uninfected processed human O+red blood cells were added to 

split the culture at a final 5% hemactocrit. The culture was subsequently expanded. The 

complete growth medium was changed daily except during the first 24 hours post splitting. 

Fields-stained thin blood smears from culture samples were used to assess and to monitor 

the parasite growth by light microscopy.  

Total DNA was prepared for PacBio sequencing using the DNA Template Prep Kit 

2.0 (Pacific Biosciences, Menlo Park, CA). DNA was fragmented with the Covaris E210, 

and the fragments were size selected to include those >15 Kb in length. Libraries were 

prepared per the manufacturerôs protocol. Three SMRT cells were sequenced per library, 

using P6C4 chemistry and a 120-minute movie on the PacBio RS II (Pacific Biosystems, 

Menlo Park, CA). These isolates also underwent whole genome sequencing with the 

Illumina Hiseq 2500 platform; briefly, genomic DNA libraries were constructed using the 

KAPA Library Preparation Kit (Kapa Biosystems, Woburn, MA). DNA was fragmented 

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

manufacturerôs protocol. The DNA was purified between enzymatic reactions and the size 

selection of the library was performed with AMPure XT beads (Beckman Coulter 
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Genomics, Danvers, MA). The PCR amplification step was performed with primers 

containing an index sequence of six nucleotides in length. Libraries were assessed for 

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

GX (Perkin Elmer, Waltham, MA). The library concentrations were also assessed by qPCR 

using the KAPA Library Quantification Kit (Complete, Universal) (Kapa Biosystems, 

Woburn, MA). The libraries were pooled and sequenced on a 100PE Illumina HiSeq 2500 

or 4000 run to generate 100bp or 150 bp paired-end reads, respectively (Illumina, San 

Diego, CA). 

Generation of assemblies 

 To generate new assemblies, two assemblers were tried. The first, the Hierarchal 

Genome-Assembly Process (HGAP), is the assembler that comes with the smrtanalysis 

pipeline from PacBio, and has been used in the past to generate a PacBio assembly for 

3D7.125 The second, Canu (v1.3),134 is a recently published long-read assembler that 

replaced the old Celera assembler. Assemblers were run on all default settings, apart from 

tweaking the corMaxEvidenceErate parameter for Canu to 0.15 (recommended for AT rich 

genomes as of version 1.3).  

To optimize downstream assembly correction processes and parameters, we also 

generated PacBio data for the P. falciparum isolate NF54, the stock from which 3D7 is 

cloned.112 As these two should be genetically and structurally very similar, the percentage 

of total differences (by both base pair and proportion of the 3D7 genome not captured by 

the NF54 assembly) between the NF54 assembly and the 3D7 reference (PlasmoDBv24) 

was calculated from the raw assemblies, and after each attempted correction step. Quiver 
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(smrtanalysis v2.3)133 and Pilon (v1.3)135 were used to remove any remaining sequencing 

errors from the assembly by using either the PacBio reads (Quiver) or the Illumina reads 

(Pilon). Quiver was run iteratively to reach a (stable) maximum reduction in percent 

differences between the two genomes (Chapter II, Figure 1). Pilon was run using the 

following parameters: --fixbases, --mindepth 5, --K 85, --minmq 0, and --minqual 35.  

 Characterization of assemblies 

Final assemblies were annotated with the 3D7 annotation (PlasmoDBv24) using 

gmap (72) (June 10th 2014 version) (-B 5, -t 10, -K 1500, --cross-species). The show-snps 

utilitiy  of Mummer was used to identify SNPs and small (<50 bp) indels. To identify 

structural variants (insertions, deletions, inversions, and translocations larger than 50 bp), 

each isolateôs PacBio reads were mapped against the 3D7 reference genome using the 

NextGenMap-LR (NGLMR) aligner138 and regions with split-read alignments, high-

mismatched regions, and/or regions with unexpected coverage statistics were identified 

using Sniffles.138 Shared structural variants between assemblies were identified by 

comparing the vcf files outputted from Sniffles with custom bash scripts. 

SNP calling and admixture analysis 

To explore how the Cambodian clinical isolates used for assembly generation and 

short-read sequencing from subpopulations in the context of Southeast Asian isolates, an 

admixture analyses was done using SNP calls from clinical isolates from Southeast Asia 

and Oceania (Myanmar, Thailand, Cambodia, and Papua New Guinea; n=195). Briefly, 

reads were aligned to the 3D7 reference genome (PlasmoDBv24) using bowtie2 (v2.2.4);140 

samples with less than 10 million reads mapping to the reference were excluded, as samples 



52 
 

with less than this amount had reduced coverage across the genome (Chapter II, Figure 

3). Bam files were processed according to GATKôs Best Practices documentation,141ï143 

and SNP calling was done on individual samples using Unified Genotyper (GATK v3.3.1) 

using a diploid setting. Heterozygous calls were removed by calling the major allele; if the 

major allele was supported by > 70% of reads at a heterozygous position, the major allele 

was assigned as the allele at that position (otherwise, the genotype was coded as missing). 

Additional hard filtering was done to remove potential false positives (DP < 12 || QUAL < 

50 || FS > 14.5 || (MQ0 >= 2 && (MQ0/(1.0 * DP)) > 0.1) and to remove non-biallelic 

SNPs, SNPs with a minor allele frequency less than 0.01, and no more than 20% missing 

genotype values across all samples. The data set was additionally pruned for linkage 

disequilibrium using plink163 (window size of 25 SNPs, window step of 10, R2 of 0.3). The 

final data set consisted of 8,167 SNPs. Admixture (v1.3)151 was used to analyze population 

structure; the number of populations, K, was tested for values between K=1 to K=15 and 

run with 10 replicates for each K. For each population, the cross-validation (CV) error from 

the replicate with the highest loglikelihood value were plotted, and the K with the lowest 

CV value was chosen as the final population number. 

Comparison of coverage using references from different geographic regions and 

statistical analyses 

 

 To choose a reference for read mapping, a PacBio assembly from West Africa and 

another from Southeast Asia were chosen by assessing several assembly characteristics, 

including the number of contigs, n50 (the ability to reconstruct close to entire 

chromosomes), and the cumulative length of the assembly. The latter was especially 

important, given the possible range of assembly lengths; longer assemblies may have 
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incorrectly un-collapsed repetitive regions, and shorter assemblies may have been unable 

to reconstruct these regions (or, these regions may be real and are characteristics of clinical 

isolates from the regions where they originated).  Either of these options may impact read 

mapping statistics and bias results when comparing across assemblies; we therefore 

attempted to choose assemblies with similar cumulative lengths.   

The main outcome of interest was uncoverage, the proportion of the assembly left 

uncovered by reads. This was calculated as the number of base pairs (bp) left uncovered 

after read mapping, divided by the total length of the assembly. A proportion was chosen 

over using the raw number of base pairs in a further attempt to control for variable assembly 

lengths. For each clinical isolate, bam files were used to obtain coverage statistics across 

the entire genome and in coding regions using bedtools (v3.1.1).145  

Clinical isolates from West Africa (Mali) and Southeast Asia (Cambodia) were 

used for read mapping comparisons. Clinical isolates from both locations were mapped 

against each reference assembly, and uncoverage was compared between both sets of 

clinical isolates for each reference assembly separately. Samples with less than 10 million 

reads mapping to the reference assembly were excluded, as samples with less than this 

amount had reduced coverage across the genome (Chapter II, Figure 3). Given the well-

documented parasite population structure that exists amongst samples from Cambodia,37,38 

it is unlikely that an exposure based on geopolitical boundaries represents distinct, 

genetically homogenous populations in this country. Therefore, a secondary analysis was 

done breaking Cambodian isolates into subpopulations based on their assignment from the 

above admixture analysis. For Cambodian isolates only, an additional analysis was done 

using population as a continuous variable (proportion of the clinical isolateôs genome that 
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was assigned to population Ki, with i between i and K, from which the Cambodian reference 

assembly of interest was placed).   

To quantify the association between geographic origin of clinical isolates (or 

proportion of genome assigned to K) on uncoverage, linear regression models were run 

using a log-transformed uncoverage variable as the outcome and geographic location (or 

proportion of the genome assigned to a specific subpopulation) as the exposure. A negative 

association was observed in our data set between library insert size and uncoverage 

(Chapter II, Figure 3). Likewise, even after excluding samples with less than 10 million 

reads mapped to the reference assembly, there may still be slight additional gains in 

uncoverage (Chapter II, Figure 3), and therefore differences in uncoverage between 

clinical isolates of different geographic regions and variable genetic relatedness could be 

overcome by additional sequencing. We therefore also included total number of reads 

mapped to the assembly in the adjusted models. All statistical analysis was done using R 

Studio (v1.0.153).  

Directly comparing a sampleôs uncoverage from different reference assemblies is 

difficult due to different coordinates in each assembly. To directly compare coverage 

results from a single sample using different reference assemblies, the location of each 

protein-coding gene was identified using the gff3 file from the assembly annotation. The 

average coverage of the gene was calculated across all samples for each reference assembly 

used.  The differences in coverage for each gene between the two reference assemblies 

were then calculated.  
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Results 

Assembly characteristics 

 Summary assembly characteristics for the 19 clinical strains are shown in Table 6. 

Overall, the assemblies are structurally very complete (in terms of cumulative length, n50, 

contigs, and number of coding sequences detected). The assemblies were all close to the 

23.3 Mbp length of the 3D7 genome; assemblies for Southeast Asian strains were on 

average slightly shorter compared to assemblies for African strains. The average AT 

content of each genome was around 80%, consistent with the 3D7 reference assembly. 

There are 5,542 annotated coding DNA sequences (CDS) in the 3D7 reference 

(PlasmoDBv24); almost all assemblies identified a similar number of CDS. For the 

assemblies in which not all 5,542 coding sequences were identified, normally the number 

of genes missing was less than 20, with one assembly missing 65 genes. Some of these 

corresponded with missing sections of the genome; for example, PS250 was missing 14 

genes, all of which fall in a 91.5Kbp region at the end of chromosome 9 that is not present 

in our assembly or raw PacBio reads. These missing segments may represent sequencing 

or assembly error, or real deletions (see below). 

 

Table 6: Assembly characteristics for 19 clinical isolates 

Sample n 
# of 

Contigs 

Cumulative 

Length 

N50 

(Mb) 

AT Content 

(%) 

# of 

Annotated 

CDS 

West Africa 6 29.5 23.45 15.94 80.66 5,449 

East Africa 4 27.5 23.49 15.54 80.61 5,452 

Southeast Asia 9 23.0 22.97 15.08 80.68 5,451 

3D7 Reference  16 23.33 1.69 80.66 5,452 

Medians reported for all statistics 
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Structural variations in P. falciparum populations 

 

Large translocations were identified by aligning each reference assembly to 3D7; 

four translocations in one sample each from West and East Africa and two from Southeast 

Asia were identified. All of these translocation events involved either chromosome 5 or 7, 

and the breakpoints fell in regions that housed members of multi-gene families. We have 

previously identified a translocation in the Cambodian culture-adapted strain NF135.C10, 

where a middle section of chromosome 7 had been exchanged (and inverted) for the end 

segment of chromosome 8 (see Chapter IV ). Furthermore, this translocation was well 

supported by PacBio reads (Chapter IV ; Appendix, Figure 17), and so these may 

represent real rearrangements of chromosomes in clinical isolates from malaria endemic 

regions. 

 In addition to translocations, other types of structural variants, including indels, 

deletions, inversions, duplications, and inverted duplications were identified by mapping 

clinical isolatesô PacBio reads to the 3D7 reference genome. Insertions and deletions were 

the most common type of structural variant identified; interestingly, insertions relative to 

3D7 were more common in assemblies from West African strains, while deletions were 

more common among assemblies for Southeast Asian strains (Table 7), possibly 

explaining the difference seen in cumulative assembly lengths in assemblies from these 

 

Table 7: Structural variants identified in assemblies  

Sampled n Insertions Deletions Duplications Inversions 
Inverted 

duplications 

West Africa 6 1,138 936 30 26 3 

East Africa 4 922 877 40 24 7 

Southeast Asia 9 890 1,064 37 21 5 

Medians reported for all statistics 
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regions (Table 6). In comparison, duplications, inversions, and inverted duplications were 

much less common than insertions and deletions. 

By comparing the overlap of structural variant coordinates between samples, 

structural variants unique to different geographic regions could be identified. Several of 

these were quite large; for example, ~21 Kbp region of chromosome 5 (at position 

~946,000) was duplicated in all three of the Cambodian reference assemblies. This region 

contained pfmdr1, duplications of which are associated with drug resistance to mefloquine 

and artemisinin derivities,164,165 and manual inspection of these annotations showed that 

this duplication conveys multiple copies of this gene to a genome. There were several other 

large structural variants that also affected copy number variations. Some of the large 

deletions observed in the Southeast Asian assemblies occurred in regions housing members 

of multi-gene families (vars, ri fins, stevors, etc.) For example, all four Myanmar 

assemblies contained a ~13.5 Kbp deletion on chromosome 8 (at position ~427,000), which 

in the 3D7 reference genome contains two var genes, two rifin  genes, and two Plasmodium 

genes encoding an RNA of unknown function (RUF6). A large ~41.5 Kbp deletion in two 

of the Cambodian assemblies on chromosome 12 (at position ~1,695,000) contained four 

var genes, a rifin  pseudogene, and two RUF6 genes.  

The above structural variants represent the largest shared structural variants 

between groups of samples; however, there were also smaller structural variants that fell 

within individual genes that were also shared between groups of samples. The most 
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biologically interesting was a 191 bp insertion relative to 3D7 that occurred in all but one 

(IGS-MNM-001, Myanmar) of the Southeast Asian assemblies towards the end (gene 

position 7,299) of the transcription factor AP2-G (Figure 4A). AP2-G is possibly the best 

described member of the AP2 transcription factor family, and is considered a master 

regulator of sexual commitment and gametocyte production.13 When the region housing 

AP2-G was extracted from all 19 assemblies and aligned, it confirmed that all African 

assemblies contained the 3D7 version of AP2-G. The end of the 3D7 allele is still present 

in the assemblies from Southeast Asia, but the insertion contains a premature stop codon, 

potentially conveying a completely different end sequence to the AP2-G protein for these 

strains. Blast results using the first part of the insertion up to the stop codon showed that 

this was also present in the culture-adapted strain DD2 from Laos, and that it also had high 

identify to part of the coding AP2-G sequencing of non-human primate Plasmodium 

species (Figure 4B). This suggests that the 3D7 allele was obtained through a 191 bp 

deletion that did not occur in the ancestor of most strains from Southeast Asia. This deletion 

results in a longer and very different C-terminal end to AP2-G in African populations. 

Figure 4: An indel causing a potential protein-coding change to the Cô end of the transcription factor AP2-

G. A. Alignment of the Cô end of AP2-G. Nucleotide positions are color-coded by amino acid; black represent 

stop codons. B. Blast results of the non-repetitive part of the indel up to the stop codon (position indicated 

by the horizontal black dashed bar in A.) has a high identity with non-human primate AP2-G homologs.  
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Furthermore, AP2-G sequences from P. reichenowi and P. praefalciparum are lacking the 

stop-codon within the insertion that is present in Southeast Asian isolates, suggesting that 

an ancestor of Southeast Asian isolates obtained a premature stop-codon within this 

sequence.  

Geographic-specific reference assemblies for the improved characterization of clinical 

isolates through read mapping 

 

 A Malian (IGS-MLI -004) and Cambodian (IGS-CBD-002) reference assembly 

were chosen to compare the ability of read mapping using geographic-specific reference 

assemblies. Besides being structurally complete (Chapter II , Table 3), these assemblies 

were chosen because they came from similar time points and studies as the clinical isolates 

to be used for read mapping. 54 clinical isolates from Mali and 107 clinical isolates from 

Cambodia were mapped against each of these references, and the proportion of the genome 

Figure 5: Improved coverage with a geographic-specific reference genome. Reads from clinical isolates from 

Mali and Cambodia are mapped against A. a Malian reference assembly and B. a Cambodian reference 

assembly. C. Reads from a subset of Cambodian clinical isolates that were from the same subpopulation as 

the Cambodian reference assembly (as identified with an Admixture analysis) and Malian clinical isolates 

are mapped against a Cambodian reference assembly. 
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left uncovered by reads (uncoverage) was compared. When a Malian reference assembly 

was used, clinical isolates from Cambodia had a higher amount of uncoverage as compared 

to the Malian isolates (Figure 5A, P < 0.001). When the same comparison was done using 

a Cambodian reference assembly, Cambodian isolates had a slightly lower amount of 

uncoverage as compared to the Malian isolates (Figure 5B), and this association was only 

weakly statistically significant (P = 0.051). 

To see if population sub-structure in Cambodia was the reason behind the weaker 

signal in Figure 5B, an admixture analysis was done using the Cambodian isolates, as well 

as clinical isolates collected from Thailand, Myanmar, and Papua New Guinea. The 

analysis placed Cambodian isolates in seven subpopulations (Figure 6A). Two 

subpopulations contained a larger (n > 20) number of samples, while there were also 

several clonal subpopulations with smaller numbers (n < 20). The Cambodian reference 

assembly used in this analysis, IGS-CBD-002, was placed in subpopulation K3. When 

uncoverage of Cambodian clinical isolates was stratified by the seven subpopulations, 

clinical isolates that belonged to K3 had lower uncoverage compared to isolates in other 

subpopulations (Figure 6B, P < 0.001). It could also be shown that there was a negative 

relationship between uncoverage and the proportion of the genome that was assigned to 

this population by the admixture analysis (Figure 6C, P < 0.001). 

To see if the improved coverage using a reference assembly of closer geographic 

(or genetic) similarity, the average coverage was calculated across Malian and Cambodian 

clinical isolates for each gene, and for each set of clinical isolates, the change in coverage 

between using a Mali or Cambodian reference assembly as calculated. Among the 

Cambodian K3 clinical isolates, 1,158 genes had increased levels of coverage using a 
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Cambodian reference assembly compared to using a Malian reference assembly. Most 

genes had small (< 1%) increases in coverage, with 247 genes having increases of > 1% 

and 160 genes having increases in coverage over 5%. While some genes saw changes in 

coverage of 80%, all of the genes that had over 5% increase in coverage were members of 

multi-gene families, including vars, rifins, stevors, and phistA/Bs. 24 genes that were not 

members of multi-gene families showed increases in coverage above 1%; these are shown 

in Table 8. Among these genes, there were several protein kinases, conserved proteins of 

unknown function, and ribosomal proteins. Several antigens were also in this list, S-antigen  

 

Figure 6: Identification of subpopulation structure among the Cambodian clinical isolates reveals improved 

read mapping to a Cambodian reference assembly from the same subpopulation as the clinical isolates. A. 

Admixture results for the Cambodian clinical isolates placed isolates into seven subpopulations. The 

Cambodian reference assembly (IVC0_PL_0013) is part of the pink (K3) subpopulation. B. Uncoverage 

results, stratified by subpopulation assignment. C. The proportion of the genome assigned to K3, by 

uncoverage. Each clinical isolate is colored by its assigned subpopulation from A. 
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(PF3D7_1035200), erythrocyte binding antigen-175 (PF3D7_0731500), and a 

gametocyte-specific protein (PF3D7_1038400).  

There were less genes that saw an increase of coverage among Mali clinical isolates 

when using a Malian reference assembly as compared to a Cambodian reference assembly. 

Table 8: Genes with increased coverage among Cambodian and Malian clinical isolates using a 

geographic-specific reference (members of multi-gene families excluded) 

Samples Gene ID Product Description 
# Exons in 

Gene 

Cambodia 

PF3D7_0110100 
selenocysteine-specific elongation factor selB homologue, 

putative 1 
PF3D7_0113800 DBL containing protein, unknown function 4 
PF3D7_0301200 serine/threonine protein kinase, FIKK family 3 

PF3D7_0321200 
UDP-N-acetylglucosamine--dolichyl-phosphate N-

acetylglucosaminephosphotransferase, putative 7 
PF3D7_0418400 conserved Plasmodium protein, unknown function 3 
PF3D7_0419900 phosphatidylinositol 4-kinase, putative 6 
PF3D7_0601600 tetratricopeptide repeat protein, putative 1 
PF3D7_0631000 tetratricopeptide repeat protein, putative 1 
PF3D7_0731500 erythrocyte binding antigen-175 4 

PF3D7_0807200 
conserved Plasmodium membrane protein, unknown 

function 2 
PF3D7_1035200 S-antigen 1 
PF3D7_1035700 duffy binding-like merozoite surface protein 1 
PF3D7_1038400 gametocyte-specific protein 2 
PF3D7_1100900 RESA-like protein, pseudogene 2 
PF3D7_1125300 DNA-directed RNA polymerase 1 

PF3D7_1304900 
DNA-directed RNA polymerase II subunit RPB11, 

putative 4 
PF3D7_1322400 conserved Plasmodium protein, unknown function 3 
PF3D7_1335200 reticulocyte binding protein homologue 6, pseudogene 14 
PF3D7_1335300 reticulocyte binding protein 2 homologue b 2 
PF3D7_1335400 reticulocyte binding protein 2 homologue a 2 
PF3D7_1372200 histidine-rich protein III 2 
PF3D7_1476400 serine/threonine protein kinase, FIKK family, pseudogene 3 
PFC10_API0040 apicoplast ribosomal protein S19 1 
PFC10_API0043 50S ribosomal protein L4, putative 1 
PFC10_API0055 apicoplast ribosomal protein S4 1 

Mali 

PF3D7_0104000 thrombospondin-related sporozoite protein 3 

PF3D7_0206800 merozoite surface protein 2 1 

PF3D7_0424500 serine/threonine protein kinase, FIKK family 3 

PF3D7_0700900 RESA-like protein, pseudogene 2 

PF3D7_0713200 DnaJ protein, putative 1 

PF3D7_0827600 conserved Plasmodium protein, unknown function 2 

PF3D7_1222600 AP2 domain transcription factor AP2-G 1 

PF3D7_1229600 conserved Plasmodium protein, unknown function 2 

PF3D7_1309100 60S ribosomal protein L24, putative 3 

PF3D7_1352500 thioredoxin-related protein, putative 2 

PF3D7_1357000 elongation factor 1-alpha 1 

PF3D7_1357100 elongation factor 1-alpha 1 

PFC10_API0014 hypothetical protein 1 
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154 genes had increased coverage over 1%, and only 93 with an increase in coverage of 

over 5%. 14 genes were not members of multi-gene families. One was AP2-G, which may 

be impacted by the structural variant documented above. Thrombospondin-related 

sporozoite protein (PF3D7_0104000) and merozoite surface protein 2 (PF3D7_0104000) 

were among the potential antigens on the list.  

Discussion 

Given the distinct parasite population structure that exists between and within 

malaria endemic regions, a single reference genome may be inadequate to capture variation 

in genome structure. In addition, it has not been investigated how the use of single reference 

genome affects the characterization of clinical isolates through read mapping. A previous 

limitation to constructing new reference assemblies was that such a task relied on shotgun 

Sanger sequencing, whose relatively short reads made it labor-intensive to piece together 

the highly repetitive P. falciparum genome. Long-read PacBio sequencing platforms allow 

for the generation of structurally complete assemblies, and, combined with the accuracy of 

Illumina data, helps alleviate the high sequencing error of PacBio sequencing.  

The generation of multiple assemblies from different geographic regions here 

allowed for the exploration of geographic-specific structural variations, something that has 

been difficult to do with short-read sequencing platforms. Culture-adaptation may 

introduce mutations or structural changes in the genome as compared to the original clinical 

isolate;20,166 however, these clinical isolates have not been kept in continuous culture like 

strains commonly used for malaria research (such as 3D7), which should keep any such 

potential changes to a minimum. In addition, clinical isolates were also cultured for similar 
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lengths of time, and so the geographic-specific structural variants we identified here should 

not be due to differences in culturing time by groups from different regions. 

The large structural variants identified here are supported by previous studies that 

have attempted to explore structural variants in P. falciparum. Several studies have 

identified recombination hotspots on chromosomes 5 and 7.41,167 Recombination hotspots 

often occur in regions containing multi-copy gene family members,26 as was observed here. 

Large insertions and deletions explaining copy number variations have also been identified 

by other studies; for example, a study using a combination of methods (including 

microsatellites and PCR) to identify the exact location of the amplification breakpoint 

responsible for multiple pfmdr1 copies, and came up with a very similar position (~9.46 

Kbp) that was identified here using the PacBio assemblies.168 Studies exploring structure 

and genome arrangement of multi-copy gene families are difficult, due to the difficulty in 

reconstructing reliable sequences from these genes (let alone the entire region of interest). 

A study of specific var gene domains in Papua New Guinea have shown limited genetic 

diversity as compared to Africa,169 possibly indicating a smaller number of var gene 

sequences in this region (although it may also reflect population structure or a bottleneck). 

Why Southeast Asian parasites would have (or need) fewer var gene sequences is 

unknown; due to the high rates of parasite exposure in Africa, it may be that parasite 

populations in that region have needed to maintain more copies of these and other multi-

gene family members to successfully evade the immune system.  

In addition to the large structural variants influencing gene copy numbers, we also 

identified smaller structural variants that impact the structure of individual genes. The most 

exciting of these was an indel polymorphism in a well-described transcription factor, AP2-
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G, which is fixed (or nearly so) for different variants in Africa and Southeast Asian 

populations. Since the structure of the variant in Southeast Asia is identical to that in sister 

Plasmodium species, the most likely explanation is that the African allele is the derived 

state, resulting from a deletion in African parasites. To the best of our knowledge, this has 

not been reported previously, even though the Southeast Asian allele is present in the 

culture-adapted strain DD2, which has been used in many studies exploring molecular 

mechanisms of P. falciparum. Previous work has shown that DD2 strains produce fewer 

male gametocytes as compared to the stock from which DD2 was originally cloned from.170 

Another study mapped this phenotype using a genetic cross of DD2 and HB3 to a region 

of chromosome 12 which houses AP2-G;171,172 however, a subsequent study identified a 

smaller region upstream of AP2-G containing pfmdv-1, and showed that DD2 had reduced 

transcript levels of pfmdv-1.173 The role of Ap2-G in these phenotypes is currently 

unknown.  

We also determined that the use of a reference of similar geographic origin 

increases the ability to characterize clinical isolates with short-read whole-genome 

sequencin. Samples from one of the many distinct subpopulations observed in Southeast 

Asia had much lower levels of uncoverage using a reference assembly from the same 

subpopulation, as compared to using a reference assembly from Africa. One implication of 

these results is that a reference assembly for each of these subpopulations is needed for 

optimized characterization of Southeast Asia parasites. Unfortunately, we do not have 

assemblies for each of the subpopulations identified in the admixture analyses; besides the 

Cambodian reference assembly used here for read mapping comparisons, the other two 

Cambodian reference assemblies were from population K2, another admixed population. 



66 
 

The population substructure was unknown when these samples were selected for parasite 

culture and PacBio sequencing, and therefore it may be worth generating several new 

assemblies for the various subpopulations. This will not only assist in future read mapping 

projects for drug-resistant parasites in this region, but would allow for the exploration of 

sub-population specific structural variants. Copy number variations have been shown to be 

associated with partner drugs that are contributing to the subpopulation observed in this 

region,59,60,174 so further exploration of structural variants in these populations is warranted. 

One difficulty that comes with using geographic specific references is directly 

comparing across assemblies, or within each assembly to the reference genome. Non-

coding regions are especially difficult to map back to 3D7, given the high AT content 

possibly contributing to polymerase slippage and microsatellite variation in these 

regions.20,175 Here, we restricted the comparisons between assemblies by investigating 

coding regions, as identified by mapping the 3D7 annotation onto the new assemblies. 

While gene coordinates were used for this analysis, to truly investigate the impact that 

geographic-specific reference assemblies have on coding regions, analyses could further 

be restricted to exons. However, we have observed many instances of annotators outputting 

the incorrect coordinates for exons, particularly if indels exist within coding sequence of 

interest (Dwivedi and Moser, unpublished). Better annotation tools are therefore needed 

for Plasmodium assemblies. 

While we did identify genes that had improved coverage when geographic-specific 

references were used, there are several points to consider. First, most of the genes were 

members of multi-gene families which have been shown to be extremely diverse both 

within an individual parasite,146,176 and within and between parasite populations.146,177 
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Therefore, it is probably not unexpected that a geographic specific reference would be 

better able to recruit reads for these genes. Second, many of the genes we identified had 

one or more intronic regions. We therefore cannot rule out that the increase in coverage in 

all genes is not happening only in intron regions; however, we did observe increased 

coverage in genes without introns, and so intronic regions cannot totally explain the 

increase in coverage we see in coding regions. 

What read mapping projects might geographic-specific references be used for? 

Given that the increase in coverage observed was not specific only to coding regions, 

genome-wide association studies (GWAS) may benefit from the use of these assemblies. 

A denser SNP set would allow for the identification of SNPs associated with the 

phenotypes of interest at a finer scale, possibly even identifying the causative SNP. In 

addition, read-recruitment methods are being utilized to reconstruct individual loci of 

interest. For example, entire var genes are able to be reconstructed by recruiting reads to a 

panel of reference var genes, with increased var read recruitment occurring with the use of 

larger gene sets from different genomes.178 This analyses therefore contributes 19 new sets 

of var genes that can be used for read recruitment methods, and could be expanded to any 

gene family of interest. Finally, the identification of specific correlates of protection from 

P. falciparum is of great interest, particularly for whole-organism malaria vaccines, but 

also for subunit vaccine candidates where the description of targets of antibody or cell-

mediated immunity is needed. In general, the coverage of many vaccine candidate loci was 

very high (for example, coverage of the circumsporozoite protein was over 100X regardless 

of the reference used). However, several antigens were identified as having higher 

coverage using a geographic-specific reference. Sieve analyses that compare breakthrough 
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infections in vaccinees to infections in the general population can identify regions of the 

genome (or gene) that differ in the breakthrough infections, and specifically regions that 

are different from the vaccine strain. In the case of whole-organism vaccines where 

protection may be mediated by more than one locus, capturing as much of the clinical 

isolateôs genome would be critical to identify correlates. Our analysis here showed 

increased coverage using samples and assemblies for Mali and Cambodia, and therefore 

analysis of breakthrough infections from planned whole-organism malaria vaccine trials in 

Indonesia may benefit from the use of a Southeast Asian reference genome. The increase 

in coverage observed here may not be as great for populations within Africa; however, it 

still might be beneficial to use country-specific references in these regions (particularly 

East Africa) to ensure the capture of as much variation as possible. A combined reference 

genome that included both 3D7 and non-3D7 sequences, while computationally more 

intensive, may also be a useful long-term goal for the malaria research community.     

Improved characterization of variants in parasite populations has the potential to 

elucidate phenomena that has long plagued elimination efforts, such as the emergence of 

drug resistance and the genetic diversity in genes encoding antigens.  The malaria genomics 

world has heavily relied on the use of the main P. falciparum reference, 3D7, to guide 

malaria research. This new collection of reference assemblies from diverse malaria 

endemic regions will shed light on aspects of the P. falciparum genome that have been 

previously difficult to characterize.  
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Chapter IV . Plasmodium falciparum strains used in controlled 

human malaria infection differ in genome sequence, structure, and 

immunological potential 

 

Abstract 

 

A whole-organism malaria vaccine against Plasmodium falciparum offers great 

promise for protecting travelers to malaria-endemic regions over short time periods. In 

controlled human malaria infections (CHMI), durable protection was significantly higher 

against homologous than heterologous CHMI, suggesting the presence of strain-specific 

factors that lead to evasion of the vaccine-induced protection. We have generated the 

genome assembly of the vaccine strain, NF54, and of the current strains used in 

heterologous CHMI, namely 7G8 from Brazil, NF166.C8 from Guinea and NF135.C10 

from Cambodia, to identify genetic variants between strains that may be associated with 

vaccine evasion, and determine if these strains are representative of circulating parasite 

strains in the regions where they were collected. Tens of thousands of differences exist 

between NF54 and 7G8, NF166.C8 or NF135.C10 across the genome and within 

immunologically important regions. Comparison to a collection of over 500 clinical 

isolates from malaria endemic regions revealed that these four strains are representative of 

their geographic origins. These assemblies were also used to identify several lingering 

errors in the P. falciparum 3D7 reference assembly. These results will assist in 

interpretation of clinical trials using heterologous CHMI, and inform the choices of strains 

for region-specific or multi-strain whole-organism malaria vaccines.  
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Introduction  

 

Malaria was responsible for an estimated 216 million cases of disease and 445,000 

deaths in 2016,3 levels of morbidity and mortality similar to those observed in 2015.4 These 

stagnant statistics, which follow tremendous progress in reducing malaria incidence over 

the past decade2 highlight the pressing need for new tools to control malaria. A highly 

efficacious vaccine against Plasmodium falciparum, the deadliest malaria parasite, would 

greatly assist control and elimination efforts. To date, only one vaccine against P. 

falciparum has reached licensure.77 RTS,S is a pre-erythrocytic subunit vaccine based on 

the circumsporozoite protein (CSP), expressed by sporozoite and early live-stage parasites, 

with efficacy of approximately 40%.76 although efforts are underway to improve 

immunogenicity, which may result in increased protection.179,180 As an alternative to 

subunit vaccines, the entire parasite can be used as the basis for vaccination, greatly 

increasing the number of antigens exposed to the host immune system. Several variations 

of a pre-erythrocytic, whole-organism malaria vaccine are under development, all based 

on the same West African P. falciparum strain, NF54,112 and which utilize different 

mechanisms for sporozoite preparation. 

Of these vaccines, PfSPZ Vaccine (based on radiation-attenuated sporozoites) has 

progressed furthest in clinical trial testing. PfSPZ Vaccine showed 100% short-term 

protection against homologous controlled human malaria infection (CHMI) in an initial 

phase I clinical trial,100 and subsequent trials have confirmed that high levels of protection 

can be achieved against both short-term101 and long-term102 homologous CHMI. However, 

these studies have also shown decreased efficacy against heterologous CHMI,101 assessed 

using a strain from South America (7G8)109 and against natural exposure from diverse P. 
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falciparum isolates in a malaria endemic region in Africa.181 Heterologous CHMI in 

PfSPZ-CVAC (fully infectious sporozoites given under the cover of chemoprophylaxis) 

trials have been conducted with NF135.C10 from Cambodia111 and NF166.C8 from 

Guinea,110 and which also show lower efficacy than homologous CHMI.106,107 A likely 

main reason for the lower efficacy against heterologous P. falciparum strains is the well-

documented genetic diversity in this parasite species, which is particularly high in genes 

encoding antigens.182 hindering vaccine efficacy and complicating the design of broadly 

efficacious vaccines.183,184 Secondary analysis of data from several subunit vaccine trials 

(including RTS,S) have shown evidence of allele-specific efficacy, in that the vaccines are 

more efficacious against parasites encoding the allele(s) identical to the vaccine strain 

compared to non-vaccine alleles;68,88,89 the lower efficacy against heterologous, compared 

to homologous, CHMI suggests that same phenomenon impacts the efficacy of whole 

organism vaccines. While the entire sporozoite may offer multiple targets of protection, no 

high-confidence correlates of protection currently exist, and it is unknown what regions of 

the parasite genome are recognized by the human immune system, and convey protection, 

upon immunization with whole-organism P. falciparum vaccines. Both humoral and cell-

mediated responses have been associated with protection against homologous CHMI, 100,102 

although studies in rodents and non-human primates point to a greater importance of cell-

mediated immunity (specifically through CD8+ T cells) in long-term protection.99,105,116,117  

The current vaccine strain, NF54, was isolated from a patient in the Netherlands 

who had never left the country;112 therefore, the origin of NF54 is unknown. NF54 is also 

the isolate from which the P. falciparum 3D7 reference genome was cloned;97,98 therefore, 

and despite having been separated in culture for over 30 years, NF54 and 3D7 are assumed 
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(but never experimentally confirmed) to be essentially genetically identical. For this 

reason, 3D7 is often used in homologous CHMI.100,101 Several issues hinder the 

interpretation of both homologous and heterologous CHMI experiments using the above 

strains. It remains to be confirmed that 3D7 has remained genetically identical to NF54 

genome-wide, or that the two are at least identical immunogenically; indeed, NF54 and 

3D7 have several reported phenotypic differences when grown in culture, including the 

variable ability to produce gametocytes.114,115 In addition, 7G8, NF135.C10, and NF166.C8 

have not been rigorously compared to each other or to NF54, to confirm that they are 

adequate heterologous strains, even though they do appear to have distinct infectivity 

phenotypes when used as CHMI strains.110 Finally, heterologous CHMI results are only a 

reliable indicator of efficacy against monoclonal infection in field settings if the CHMI 

strains used are characteristic of the geographic region from which they originate. These 

issues could greatly impact interpretation of clinical trials where homologous and 

heterologous CHMI are used, as well as the anticipated efficacy of these vaccines in 

malaria endemic regions, and are viewed as major hurdles for whole-organism malaria 

vaccine development.126 

A rigorous description and comparison of the genome sequence of these strains can 

help address some of these knowledge gaps. High-quality de novo assemblies allow 

characterization of both genome structure and genetic differences between strains; 

however, the high AT content and repetitive nature of the P. falciparum genome greatly 

complicates genome assembly methods.18 Long-read sequencing technologies can 

overcome some of these assembly difficulties, as was shown recently with a 3D7 assembly 

generated using Pacific Biosciences (PacBio) technology.125  
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Here, new reference assemblies for NF54, 7G8, NF166.C8, and NF135.C10 

(hereafter referred to as PfSPZ strains) were generated using approaches to take advantage 

of the resolution power of long-read sequencing data and the low error rate of short-read 

sequencing platforms. These high-quality de novo assemblies allowed for the thorough 

genetic and genomic characterization of the PfSPZ strains. These results will greatly assist 

in the interpretation of clinical trials using these strains as heterologous CHMI and will lay 

the groundwork for next-generation whole-organism vaccines for specific regions and 

multi-strain vaccines. 

Methods 

Samples 

Genetic material for the four PfSPZ strains were provided by Sanaria (NF54: WCB 

SAN02-073009, 7G8: WCB SAN02-021214, NF135.C10: WCB SAN07-010410, NF166: 

Mother Cell Bank/research stock SAN30-020613).  

Clinical P. falciparum isolates from Brazil, Mali, Malawi, Myanmar, Thailand, 

Laos, and Cambodia were collected from cross-sectional surveys of malaria burden, 

longitudinal studies of malaria incidence, and drug efficacy studies done in collaboration 

with the Division of Malaria Research at the University of Maryland Baltimore, or were 

otherwise provided by collaborators (Chapter II, Table 2). These isolates were obtained 

by venous blood draws; almost all samples were processed using leukocyte depletion 

methods to improve the parasite-to-human ratio before sequencing.131 The exception were 

samples from Brazil and Malawi, which were not leukocyte depleted upon collection. 

These samples underwent a selective whole genome amplification (sWGA) step before 
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sequencing, modified from Oyola et al.132 Briefly, the DNA samples were diluted and 

filtered using vacuum filtration prior to sWGA (Shah Z et. al., In preparation). In addition 

to these samples, publicly-available samples for which whole genome sequencing has 

previously been generated were pulled from NCBIôs Short Read Archive (SRA) to 

supplement malaria-endemic regions not represented in our data set (Peru, Columbia, 

French Guiana, Guinea, Papau New Guinea)39,185 and regions where PfSPZ trials are 

ongoing (Burkina Faso, Kenya, and Tanzania)39 (Chapter II, Table 2). 

Whole genome sequencing of PfSPZ strains 

Pacific Biosciences (PacBio) sequencing was done for each PfSPZ strain. Total 

DNA was prepared for PacBio sequencing using the DNA Template Prep Kit 2.0 (Pacific 

Biosciences, Menlo Park, CA). DNA was fragmented with the Covaris E210, and the 

fragments were size selected to include those >15 Kb in length. Libraries were prepared 

per the manufacturerôs protocol. Three SMRT cells were sequenced per library, using P6C4 

chemistry and a 120-minute movie on the PacBio RS II (Pacific Biosystems, Menlo Park, 

CA).  

Short-read sequencing was done for each PfSPZ strain and for our collection of 

clinical isolates using the Illumina HiSeq 2500 or 4000 platforms. Genomic DNA libraries 

were constructed for sequencing on the Illumina platform using the KAPA Library 

Preparation Kit (Kapa Biosystems, Woburn, MA). DNA was fragmented with the Covaris 

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

protocol. The DNA was purified between enzymatic reactions and the size selection of the 

library was performed with AMPure XT beads (Beckman Coulter Genomics, Danvers, 
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MA). The PCR amplification step was performed with primers containing an index 

sequence of six nucleotides in length. Libraries were assessed for concentration and 

fragment size using the DNA High Sensitivity Assay on the LabChip GX (Perkin Elmer, 

Waltham, MA). The library concentrations were also assessed by qPCR using the KAPA 

Library Quantification Kit (Complete, Universal) (Kapa Biosystems, Woburn, MA). The 

libraries were pooled and sequenced on a 100PE Illumina HiSeq 2500 or 4000 run 

(Illumina, San Diego, CA). 

Generation of assemblies 

 Canu (v1.3)134 was used to correct and assemble the PacBio reads 

(corMaxEvidenceErate=0.15 for AT-rich genomes, and using default parameters 

otherwise). For 7G8, the mitochondrial genome was not present as part of the de novo 

assembly; therefore, it was recovered manually, by mapping reads to the both the 3D7 

mitochondrial reference, as well as an existing version of the 7G8 mitochondrion 

(AJ276847.1)186 and assembling the mapped reads with Canu (same parameters as above). 

To optimize downstream assembly correction processes and parameters, the percentage of 

total differences (by both base pair and proportion of the 3D7 genome not captured by the 

NF54 assembly) between the NF54 assembly and the 3D7 reference (PlasmoDBv24) was 

calculated after each round of correction. Quiver (smrtanalysis v2.3)133 was run iteratively 

with default parameters to reach a (stable) maximum reduction in percent differences 

between the two genomes and the assemblies were further corrected with Illumina data 

using Pilon (v1.13)135 with the following parameters: --fixbases, --mindepth 5, --K 85, --

minmq 0, and --minqual 35. Final assemblies were annotated with the 3D7 annotation 
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(PlasmoDBv24) using gmap 136 (June 10th 2014 version) (-B 5, -t 10, -K 1500, --cross-

species). 

Characterization and comparison of assemblies 

Custom scripts were used to generate assembly statistics such as cumulative length, 

N50, etc. Assemblies were compared to the 3D7 reference (PlasmoDBv24) using both 

MUMmerôs nucmer187,188 and the nucmer-based Assemblytics tool137 (unique anchor 

length: 1 kbp) to generate single-nucleotide polymorphisms (SNPs), indels, and larger (>50 

bp) structural variants. Large structural variants were validated by mapping PacBio reads 

to the 3D7 reference genome using the NGLMR long-read aligner138 and visualizing 

alignments with Ribbon.139 Circleator189 was used to visualize indel and SNP distribution 

across the genome. To focus the analysis on regions of the genome that might be important 

for protection, we used several different gene sets: 1) loci identified in the literature whose 

products are expressed in pre-erythrocytic stages and/or are potential pre-erythrocytic 

antigens (16 genes), 2) loci whose products were differentially recognized by sera from 

PfSPZ Vaccine vaccinees compared to controls (10 loci), 3) loci whose products were 

differentially recognized by sera from PfSPZ-CVAC vaccinees compared to controls (22 

loci),104 and 4) loci encoding AP2-family proteins, important for transcriptional regulation 

(27 loci) 190,191. These genes were manually inspected and corrected using Mesquite149 to 

ensure remaining sequencing errors were removed, particularly single base-pair indels 

occurring in homopolymer runs. Sequences were extracted from the assembly using the 

coordinates in the gff3 files produced by gmap, aligned using clustal-omega (v1.1.1)148 and 

analyzed with dnaSP (v5.10.01)192 for non-synonymous and synonymous mutations in 

coding regions. For loci found to have an incorrect sequence in the 3D7 reference, the 
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corresponding sequence from a previously published 3D7 PacBio assembly was used as 

comparator.125  

Epitope analysis 

Epitopes recognized by the class 1 major histocompatibility complex (MHC) were 

predicted in the amino acid sequences of the above genes using NetMHCpan (v3.0)193 for 

each PfSPZ strain. Human leukocyte antigen (HLA) types common to African countries 

where PfSPZ or PfSPZ-CVAC trials are ongoing were used for epitope predictions based 

on frequencies in the Allele Frequency Net Database194 or from the literature195,196 

(Appendix, Table 11). Shared epitopes between NF54 and the three other PfSPZ strains 

were calculated by first identifying epitopes in each gene, and removing duplicate epitope 

entries that occurred due to recognition by multiple HLA types in the gene of interest. 

Epitopes with the same 9mer sequence that were identified in two or more genes were 

treated as distinct epitope entries, and all unique epitope/gene combinations were included 

when calculating the number of shared epitopes. 

Read mapping and SNP calling 

For the full collection of clinical isolates that had whole-genome sequencing data 

(generated either at IGS or downloaded from SRA), reads were aligned to the 3D7 

reference genome (PlasmoDBv24) using bowtie2 (v2.2.4).140 Samples with less than 10 

million reads mapping to the reference were excluded, as samples with less than this 

amount had reduced coverage across the genome (Chapter II, Figure 3). Bam files were 

processed according to GATKôs Best Practices documentation.141ï143 SNP calling was 

done on individual samples using Unified Genotyper (GATK v3.3.1); vcf files were 
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merged using bcftools. Because clinical samples may be polyclonal (that is, more than one 

parasite strain may be present), diploid calls were initially allowed, followed by calling the 

major allele at positions were heterozygous calls. If the major allele was supported by > 

70% of reads at a heterozygous position, the major allele was assigned as the allele at that 

position; otherwise, the genotype was coded as missing. Additional hard filtering was done 

to remove potential false positives based on the following filter: DP < 12 || QUAL < 50 || 

FS > 14.5 || (MQ0 >= 2 && (MQ0/(1.0 * DP)) > 0.1. The pipeline was optimized by 

maximizing the overlap of the SNP calls from each of the four PfSPZ strains with the SNPs 

identified in the PfSPZ assemblies using nucmerôs show-coords (see above), the resulting 

SNP calls were very specific in that the majority were also present in the assemblies, but 

the stringency of our filters (designed to attempt to remove as many low-confidence SNPs 

as possible) means that not all of the SNPs in the assembly are present in our SNP calling 

dataset (Chapter II, Table 4). 

PCoA and Admixture Analysis 

A matrix of pairwise genetic distances was constructed from SNP calls using 

custom python scripts, and principle coordinate analyses (PCoAs) were done to explore 

population structure, and clustering of clinical isolates and the PfSPZ strains, using R 

(cmdscale). To explore how NF135.C10 relates the known population structure in 

Southeast Asia, the program Admixture (v1.3)151 was used to analyze population structure 

of the clinical isolates in Southeast Asia/Oceania (Myanmar, Thailand, and Cambodia, 

Papua New Guinea, n=195). Using the SNP set used for the PCoAs, additional filtering 

was done to remove non-biallelic SNPs, SNPs with a minor allele frequency less than 0.01, 

and no more than 20% missing genotype values across all samples (the latter two values 
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were obtained by plotting the distribution of these parameters and looking for inflection 

points or other reasonable values based on our data set), leaving 11,943 SNPs (0.56 

SNPs/Kb). The data set was additionally pruned for linkage disequilibrium using plink 163 

(window size of 25 SNPs, window step of 10, R2 of 0.3). The final data set consisted of 

8,167 SNPs. The number of populations, K, were tested for values between K=1 to K=15 

and run with 10 replicates for each K. For each population, the cross-validation (CV) error 

from the replicate with the highest loglikelihood value were plotted, and the K with the 

lowest CV value was chosen as the final population number. An admixture analysis for 

West African and South American samples were also done in a similar manner.  

 To compare subpopulations identified in our South East Asia admixture analysis 

with previously identified subpopulations from Cambodia (particularly the sensitive KH1, 

admixed KHA, and resistant KH2,3,4 and 5 subpopulations identified by Miotto and 

colleagues),38 the above SNP calls before pruning for LD (n=11,943) were compared to a 

non-synonymous SNP dataset (n=21,257) from 167 samples used by Dwivedi et al.197 to 

identify eight Cambodian subpopulations (which used a subset of samples used by Miotto 

et al). There were 2,342 shared SNPs between the two datasets, 315 of which were in 

NF135.C10. A pairwise genetic distance (estimated as the proportion of base-pair 

differences between pairs of samples) matrix was generated for all 362 samples from the 

2,342 SNPs, and a dendrogram was built using Ward minimum variance methods in R 

(Ward.D2 option of the hclust function). Mutations in the propeller domain of the kelch 

protein on chromosome 13 (K13) from a subset of clinical isolates were identified using 

nested PCR and Sanger sequencing, as part of a prior study.36 
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Results 

 

Generation of assemblies and validation of the assembly protocol 

 

To create genome assemblies for the four strains used in CHMI studies of whole 

organism malaria vaccines, namely NF54, NF166.C8, 7G8, and NF135.C10 (henceforth 

referred to as PfSPZ strains), total DNA extracted from short term culture was extracted 

and sequenced with both long-read (PacBio) and short read (Illumina) sequencing 

technologies. The raw PacBio reads were first assembled with the Canu assembler.134 Since 

3D7 was cloned from NF54, the two genomes are expected to be nearly identical; therefore, 

we used NF54 as a test case to drive the assembly protocol, by adopting approaches that 

minimized its difference to 3D7. The raw assembly of NF54, while containing 99.9% of 

the 3D7 genome in 31 contigs (Figure 7A), showed ~78K sequence variants relative to 

3D7 (Chapter II,  Figure 1). Many of these differences were small (1-3) bp indels, 

particularly in AT-rich regions and homopolymer runs, strongly indicative of remaining 

sequencing inaccuracy since this is the main pattern of PacBio errors.31 To maximize error 

removal with existing tools, Quiver was run iteratively on the NF54 assembly; running Quiver 

twice on the assembly consistently minimized the number of differences between NF54 and 3D7 

(Chapter II,  Figure 1). In addition, Illumina reads from NF54 were used to further polish the 

assembly using Pilon. The resulting NF54 assembly was 23.4 Mb in length and, when compared to 

the 3D7 reference, contained 8,396 indels and 1,386 single nucleotide polymorphisms (SNPs), a 

rate of ~59 SNPs per million base pairs, the majority of which occur in noncoding regions (Figure 

7B). In fact, the two genome assemblies differed only by 17 non-synonymous mutations in 15 intact 
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protein-coding genes. It is possible that some of the remaining ~1,000 differences correspond to 

existing errors in the reference 3D7 genome (see next section).  

The same assembly protocol was applied to the remaining three PfSPZ strains 

(NF166.C8, 7G8, and NF135.C10). The resulting assemblies were structurally very 

complete, with the 14 nuclear chromosomes represented by 30, 20, and 19 nuclear contigs, 

respectively, with each chromosome in the 3D7 reference represented by one to three 

contigs (Figure 7A). Several shorter contigs in NF54 (67,501 bps total), NF166 (224,502 

bps total), and NF135.C10 (80,944 bps total) could not be unambiguously assigned to a 

Figure 7: Assembly characteristics. A. To determine the likely position of each non-reference contig on the 

3D7 reference genome, mummerôs show-tiling program was used with relaxed settings (-g 100000 -v 50 -i 

50) to align contigs to 3D7 chromosomes. 3D7 nuclear chromosomes (1-14) are shown in grey, arranged 

from smallest to largest, along with organelle genomes (M=mitochondria, A=apicoplast). Contigs from each 

PfSPZ assembly (NF54: black, 7G8: green, NF166: orange, NF135.C10: pink) are shown aligned to their 

best 3D7 match. A small number of contigs were unable to match anywhere to the 3D7 reference genome 

(unmapped). B. Assembly characteristics. All but NF135.C10 had the mitochondria and apicoplast present 

on a single copy each. Syn. = Synonymous, Non-Syn. = Non-synonymous. 
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homologous segment in the 3D7 reference genome; annotation showed that these contigs 

tend to contain members of multi-gene families, and therefore are most likely part of sub-

telomeric regions of these genomes. The cumulative lengths of the four assemblies ranged 

from 22.8 Mbp to 23.5 Mbp (Figure 7B), indicating that there may be some variation in 

genome length among P. falciparum strains. In addition, the NF135.C10 assembly 

contained a translocation between a section of the middle of chromosome 7 (3D7 

coordinates ~520,000 to ~960,000) and the beginning section of chromosome 8 (up to 

coordinate ~440,000) (Appendix, Figure 17A); the boundaries of the translocated regions 

contain members of multi-gene families such as var genes. Several reasons substantiate 

this translocation and suggest it is not an assembly artifact: 1) this translocation was also 

present in an assembly created by a different (HGAP) assembler (Appendix, Figure 17B), 

2) NF135.C10 PacBio reads mapped to the 3D7 reference show that reads mapped to the 

boundary region of the translocation in chromosome 8 also map to regions that flank the 

translocated segment on chromosome 7 (and vice-versa), 3) the mapping pattern of these 

reads is not observed in any of the other PfSPZ strains, but instead their PacBio reads map 

only to the homologous region of the 3D7 reference, and 4) while NF135.C10 PacBio reads 

mapped to the NF135.C10 assembly show no abnormal pattern, mapping PacBio reads 

from the other PfSPZ assemblies to the NF135.C10 assembly show the same mapping 

pattern that occurred when mapping NF135.C10 PacBio reads to 3D7 (Appendix, Figure 

17C-F).  Furthermore, the regions of chromosomes 7 and 8 where the translocation occurs 

are documented recombination hotspots that were identified specifically in isolates from 

Cambodia, the site of origin of NF135.C10.41  
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Many structural variants (defined as indels or tandem/repeat contractions or 

expansions greater than 50 bp) were identified in each assembly when compared to the 

3D7 genome, impacting a cumulative length of 199.0 kb in NF166.C8 to 340.9 kb in 

NF135.C10 (Appendix, Table 12). Several larger structural variants (>10kb) existed in 

7G8, NF166.C8, and NF135.C10. Although many of these regions contained multi-gene 

family members, some did not. Examples include a 31 kb-long tandem expansion of a 

region of chromosome 12 in the 7G8 assembly, and a 22.7 kb-long repeat expansion of a 

region of chromosome 5 in NF135.C10, both of which are supported by ~200 PacBio reads. 

The former is a segmental duplication containing a vacuolar iron transporter 

(PF3D7_1223700), a putative citrate/oxoglutarate carrier protein (PF3D7_1223800), a 

putative 50S ribosomal protein L24 (PF3D7_1223900), GTP cyclohydrolase I 

(PF3D7_1224000), and three conserved Plasmodium proteins of unknown function 

(PF3D7_1223500, PF3D7_1223600, PF3D7_1224100). The expanded region in 

NF135.C10 represented a tandem expansion of a segment housing the gene encoding multi-

drug resistance protein 1 (MDR-1, PF3D7_0523000), resulting in a total of four copies of 

this gene in NF135.C10. Other genes included in this tandem expansion are an iron-sulfur 

assembly protein (PF3D7_0522700), a putative pre-mRNA-splicing factor DUB31 

(PF3D7_0522800), a putative zinc finger protein (PF3D7_0522900) and a putative 

mitochondrial-processing peptidase subunit alpha protein (PF3D7_0523100).  

Identification of errors in the reference 3D7 genome 

A recently published PacBio assembly for the 3D7 genome, by Vembar and 

collaborators,125 allowed us to identify potential errors in the reference 3D7 genome. These 

correspond to cases in which the Vembar et al. assembly supports the final NF54 assembly 
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presented here over the reference 3D7 genome, when a difference between the two exists. 

We identified hundreds of such cases, including transitions, transversions and indels. This 

suggests that at least some of the remaining differences between the NF54 assembly and 

the reference 3D7 assembly correspond to errors in the 3D7 reference, rather than to errors 

in the NF54 assembly or to true differences between the two. It is also possible that a few 

of these cases correspond to recurrent PacBio error that happened independently in the 

Vembar et al. PacBio-based 3D7 assembly and the NF54 assembly reported here. 

In addition to small sequence variants, there are other types of errors remaining in 

the 3D7 reference. Using the same rationale as above, 34 large (>50 bp) structural errors 

in the 3D7 reference genome were identified; in all cases, the Vembar et al. assembly 

supports the NF54 assembly, including 14 variants that affect genic regions (Figure 8). 

One case was a 1,887 bp deletion in 3D7 on chromosome 10, overlapping the region 

containing liver stage antigen 1 (LSA-1, PF3D7_1036400). The structure of this gene in 

the NF54 strain was reported when LSA-1 was first characterized, with N- and C-terminal 

unique regions flanking a repetitive region consisting of several dozen repeats of a 17 

amino acid-long motif.198,199 The CDS of LSA-1 in the NF54 assembly (as well as in the 

3D7 PacBio-based assembly by Vembar et al.) is 5,406 bp in length, in contrast to the 

3,489 bp-long 3D7 allele present in the 3D7 reference. The differences in length between 

the LSA-1 alleles in the NF54 and the 3D7 reference appeared to be a result of the incorrect 

collapsing of the repeat region of LSA-1 in the 3D7 reference, with NF54 and 3D7 PacBio 

having 79 17-mer amino acid repeat units compared to only 43 in the 3D7 reference 

sequence.   
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The largest apparent structural error in 3D7 was a 4,215 bp deletion in the repetitive 

region of Pf11-1 (PF3D7_1038400), a gametocyte-specific protein. This CDS is 33,023 bp 

long in both NF54 and the Vembar et al. 3D7 PacBio assembly (who also reported a large 

insertion in this region 

relative to 3D7; 34), 

but only 28,805 bp-

long in the current 3D7 

reference. The NF54 

assembly was also able 

to resolve a known 

copy number error in 

3D7 for GTP 

cyclohydrolase I 

(PF3D7_1224000); 

the reference 3D7 

assembly contains a 

single copy of this 

gene, while both the 

NF54 and 3D7 PacBio 

assemblies contain 

four copies of this 

gene, matching 

previous observations 

Figure 8: Structural differences between NF54 and reference 3D7 genome 

likely represent errors in the reference. A. Location, by chromosome, of 

possible errors in the 3D7 reference genome. Thickness of line corresponds to 

length of the structural variant. Red=coding regions, blue=noncoding regions.  

B. Genes affected by structural variants. 
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of multiple copies of this gene in 3D7.168,200 Vembar et al. reported several additional large 

duplications in their 3D7 PacBio-based assembly relative to the reference 3D7, ranging 

from 14-29 kb; however, these are not supported by our NF54 assembly. 

Genetic differences between PfSPZ strains and the reference 3D7 genome 

We identified several sequence variants in NF54 compared to the 3D7 reference; 

17 non-synonymous mutations were present in 13 non-pseudogene loci. Short indels were 

detected in 185 genes; many of these indel lengths are not multiple of three and occur in 

homopolymer runs, possibly representing remaining sequencing error. However, some 

may be real and of biologic importance, such as a frameshift mutation in PF3D7_1417400, 

a gene that has previously been shown to accumulate premature stop codons in laboratory-

adapted strains.201 

 It has been reported that 3D7 (unlike NF54) is unable to consistently produce 

gametocytes in long-term culture;114,115 no polymorphisms were observed within or 

directly upstream of AP2-G (PF3D7_1222600), which has been identified as a 

transcriptional regulator of sexual commitment in P. falciparum.13 However, a non-

synonymous mutation from arginine to proline (R1286P) was observed in the C-terminal 

region of AP2-L (PF3D7_0730300), a gene associated with liver stage development; a 

proline was also present at the homologous position in 7G8, NF166, and NF135.C10. Two 

additional putative AP2 transcription factor genes (PF3D7_0613800 and PF3D7_1317200) 

contained a three bp deletion in NF54 relative to 3D7. Although knock-downs of 

PF3D7_1317200 have resulted in a loss of gametocyte production 202, neither mutation was 

located within predicted AP2 domains. 7G8, NF66, and NF135.C10 also contained 
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numerous non-synonymous mutations and indels within putative AP2 genes, but very few 

fell in predicted AP2 domains. Interestingly, the AP2-G in NF135.C10 contained an 

insertion of 61 amino acids located 94 residues from the C-terminus, with an in-frame stop 

codon position 52 of the insertion, resulting in a protein with a shorter and distinct C 

terminus. This insertion is widespread in Southeast Asian isolates (Chapter III, Figure 4) 

and is identical to the AP2-G allele from other culture-adapted P. falciparum strains from 

Southeast Asia, including DD2. 

As expected, the number of mutations between 3D7 and the other three PfSPZ 

strains was much higher than in NF54, with ~40K-50K SNPs and as many indels in each 

pairwise comparison, roughly randomly distributed among intergenic regions, silent and 

non-synonymous sites (Figure 7B, Figure 9A), and corresponding to a pairwise SNP 

density relative to 3D7 of 1.9, 2.1 and 2.2 SNPs/Kb for 7G8, NF166.C8 and NF135.C10, 

respectively. Small indels with lengths of multiples of three (but not others) are common 

in coding regions across the genome, as expected from purifying selection on mutations 

that disrupt the reading frame, whereas indels in non-coding regions are primarily of length 

multiple of two, from unequal crossover or replication slippage in the regions of 

dinucleotide repeats common in the P. falciparum genome (Figure 9B, C). The different 

indel length distribution in functionally distinct partitions of the genome strongly suggest 

that these indels reflect true biological events rather than lingering technical errors from 

sequencing or assembly. However, in both types of regions, single bp indels (and, to some 

extent, two bp) appeared to be overrepresented. For example, the fitness of one bp and four 

bp indels in coding regions, as a first approximation, should not differ greatly, and therefore 
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their frequency should be similar and yet is not. Hence, it is likely that the one bp class 

does represent a technical artifact (in this case, remaining PacBio sequencing errors).  

SNPs were also common across the genomes, including in a panel of 42 potential 

pre-erythrocytic antigens and/or genes whose product was differentially recognized by 

PFSPZ or PFSPZ-CVAC vaccinated individuals compare to controls (Appendix, Table 

13). While NF54 and 3D7 are identical in all these loci, there was a wide range in the 

number of sequence variants per loci between 3D7 and the other three PfSPZ strains, with 

some genes being more conserved than others. For example, CSP shows 8, 7, and 6 non-

Figure 9: Distribution of single-nucleotide polymorphisms (SNPs) and indels in PfSPZ PacBio assemblies. 

A. SNP densities (log SNPs/ 10kb) are shown for each assembly; the scale [0-3] refers to the range of the 

log-scaled SNP density graphs - from 100 to 103. Inner tracks, from outside to inside, are NF54 (black), 7G8 

(green), NF166 (orange), and NF135.C10 (pink). The outermost tracks are the 3D7 reference genome nuclear 

chromosomes (chrm1 to chrm 14, in blue), followed by 3D7 genes on the forward and reverse strand. B. 

Small indels (insertions and deletions < 50 bp in size) were identified in each assembly. Histograms of indels 

in each assembly in coding regions show that indels tend to be a size in length of multiples-of-three, although 

some non-multiples-of-three occur (particularly single-bp indels) possibly representing remaining 

sequencing error). C. Histograms of indels from non-coding regions in each assembly show that non-

multiples-of-three indels are more common. 
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synonymous mutations in 7G8, NF166C8, and NF135.C10, respectively, relative to the 

reference 3D7. However, LSA-1 has over 100 non-synonymous mutations across all three 

strains, in addition to significant length differences in the internal repeat region. 

Immunological relevance of genetic variation among PfSPZ strains  

We assessed the potential impact of these variants on the ability of the immune 

system primed with NF54 to recognize other P. falciparum strains, which determines 

vaccine efficacy. Since evidence suggests protection may be dependent on cellular 

immunity,99,105,116,117 CD8+ T cell epitopes were predicted in 42 established pre-

erythrocytic antigens, based on HLA types common in regions of Africa where whole-

organism malaria vaccine trials are ongoing (Appendix, Table 11). Most epitopes in these 

genes are shared between 3D7 and each of the other strains; however, a few genes 

contained epitopes that were present in 7G8, NF166.C8 and/or NF135.C10 and absent in 

NF54 (Appendix, Table 14). These genes also are, on average, more polymorphic 

(Appendix, Table 13). Some of these differences may have a crucial impact on the long-

term efficacy of PfSPZ Vaccine. For example, while all four strains share critical B cell 

epitopes,203 the Th2R known T-cell epitope region of the 3D7/NF54 CSP allele was 

recognized by both HLA-A and HLA-C allele types; however, the homologous sequence 

in the NF166.C8 and NF135.C10 alleles was only recognized by HLA-A allele types, and 

no epitope at all was detected at that position in the 7G8 allele of CSP with the chosen 

HLA set (Figure 10). The fact that these four strains all differ from each other in this 

immunologically critical region of CSP suggests that additional variants may be found in 

field settings (see below), which may in turn explain the low field efficacy of RTS,S, which 

is based only on the 3D7 allele. Indels and repeat regions also affected the number of 
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predicted epitopes in each antigen; for example, 7G8 

had a ~1,600 amino acid insertion in LISP-2 

(PF3D7_0405300) relative to all other strains, which 

contains additional predicted epitopes (Appendix, 

Figure 18A). Similar phenomena were found in 

LSA-3 (PF3D7_0220000), SIAP-2 

(PF3D7_0830300), AMA-1 (PF3D7_1133400) and 

TRAP (PF3D7_1335900) (Appendix, Figure 18B-

E). 

PfSPZ strains and global parasite diversity 

Recent studies suggest that some loci or 

genomic regions of the parasite are particularly prone 

to mutation,20 generation of structural variations,26 

and shifts in strain dynamics166 during prolonged 

culture. To determine if the PfSPZ strains are still 

representative of the malaria-endemic regions from 

which they were collected, we compared them to over 

500 recent clinical isolates from South America, 

Africa, southeast Asia, and Oceania (Chapter II, 

Table 2), based on SNP calls generated from whole-

genome Illumina sequencing data, using principal 

coordinates analysis (PCoA). Our results confirm the 

existence of global geographic differences in genetic 

Figure 10: Predicted CD8+ T cell 

epitopes in the circumsporozoite protein 

(CSP). The protein domain information 

for 3D7 is found in the first track, and the 

following tracks are epitopes predicted in 

the sequences of NF54, 7G8, NF166.C8, 

and NF135.C10, respectively. Colors of 

epitopes correspond to the HLA type that 

predicted the specific epitope. The Th2R 

region is located at amino acid positions 

311 to 327. 
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variation reported before,37,40 including clustering by continent as well as a separation of 

East and West Africa (Figure 11). South American parasites are most similar to those from 

West Africa, as expected from the relatively recent introduction of P. falciparum to South 

and Central America with the Atlantic slave trade,204 and Oceania parasites are quite 

distinct from all other populations, including those in Southeast Asia. Our analyses also 

Figure 11: Global genetic diversity of clinical P. falciparum isolates shows that the four PfSPZ strains are 

representative of their geographic origins. A. The first three coordinates of a principle coordinate analysis 

(PCoA) are shown for a collection of over 500 clinical isolates from South America, Africa, Southeast Asia, 

and Paupa New Guinea (PNG). PfSPZ strains are labeled. B. First two coordinates of a PCoA using only 

South America and African samples. Samples from Brazil (light green) adnd Guinea (orange red) have been 

added for better comparisons to 7G8 and NF166.C8. C. Admixture analysis using only South American and 

Africa samples. 7G8 was placed entirely in a population containing South American parasites (brown); NF54 

and NF166.C8 were placed completely in an African population (red). A proportion of the clinical isolates 

from both geographic regions are admixed (grey and yellow boxes). 








































































































