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Abstract  

Title of Dissertation: New tools for var gene assembly and analysis of genetic diversity of 

var2csa, the locus encoding a placental malaria vaccine candidate antigen: vaccine 

development implications 

Antoine Dara, Doctor of Philosophy, 2017 

Dissertation Directed by Christopher V. Plowe, M.D., M.P.H., FASTMH, Professor of 

Medicine, Department of Microbiology and Immunology 

Encoded by the var gene family, highly variable Plasmodium falciparum erythrocyte 

membrane protein-1 (PfEMP1) proteins mediate tissue-specific cytoadherence of infected 

erythrocytes (iEs), resulting in immune evasion and severe malaria disease. Sequencing 

and assembling the 40-60 var gene complement for individual infections has been 

notoriously difficult, impeding molecular epidemiological studies and the assessment of 

var-encoded proteins as subunit vaccine candidates. VAR2CSA, a member of this family, 

mediates the binding of iEs to chondroitin sulfate A, a surface-associated molecule 

expressed in placental cells, and plays a central role in the pathogenesis of placental 

malaria. VAR2CSA is a target of naturally-acquired immunity and, as such, is a leading 

vaccine candidate against placental malaria. The gene encoding the VAR2CSA is 

technically challenging to sequence. Published var2csa sequences, mostly limited to 

specific domains, have been generated through the sequencing of cloned PCR amplicons 

using capillary electrophoresis, a method that is both time-consuming and costly. We 

developed and validated novel tools to assemble var gene sequences from clinical 

samples, with a focus on var2csa. These tools include Exon-Targeted Hybrid Assembly 



 
 

(ETHA), which is based on a combination of Pacific Biosciences (PacBio) and Illumina 

data, an amplicon sequencing of var2csa using PacBio, and a pipeline to reconstruct 

var2csa from short sequence reads. Using ETHA, we characterized the repertoire of var 

genes in samples from uncomplicated malaria infections in children from a single Malian 

village and showed them to be as genetically diverse as vars from isolates from around 

the globe. The amplicon sequencing allowed us to recover a segment encoding the first 

four domains in the 5' end of VAR2CSA (~5kb), and the full-length of the VAR2CSA’s 

extracellular region from clinical malaria samples. The reconstruction of var2csa from 

short reads permitted us to generate a worldwide set of var2csa sequences. We used the 

VAR2CSA sequences to show that despite the extreme sequence variation, VAR2CSA 

from around the globe shared conserved motifs supporting the feasibility of VAR2CSA-

based vaccines. The findings presented in this work will aid the understanding of malaria 

pathogenesis and inform the design of malaria vaccines based on PfEMP1, in particular 

VAR2CSA-based vaccines. 
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1 Chapter 1: INTRODUCTION 

 Malaria epidemiology and history 

Malaria remains a public health problem worldwide, particularly in sub-Saharan Africa. 

Remarkable progress has been made during the past few years in reducing the incidence 

and mortality of malaria. Despite these efforts, the disease continues to have a significant 

impact on people’s heath in Africa. According to the World Health Organization (WHO) 

report, an estimated 212 million cases of malaria occurred in 2015, causing 429,000 

deaths globally. Most of these cases and deaths were in children under the age of five 

years and pregnant women in Africa [1]. In addition, the disease has a significant 

economic and social burden for countries with the highest incidence of the disease. These 

countries lost ~1.3% of their annual revenue because of the disease [2, 3]. 

Malaria is caused by a protozoan parasite of the genus Plasmodium in the phylum 

Apicomplexa. On October, 20, 1880, Charles Louis Alphonse Laveran discovered the 

pathogen while looking through a microscope at a blood sample from a febrile soldier in 

Algeria [4, 5]. Today, among the ~100 known Plasmodium species, only five species, P. 

falciparum, P. malariae, P. ovale, P. vivax and P. knowlesi, infect humans. P. falciparum 

is the most common and deadliest, causing most of the severe disease and mortality. 

Malaria is transmitted by the bite of a female mosquito of the genus Anopheles. In 

1897, while working in India, Ronald Ross discovered that mosquitoes transmit P. 

relictum to birds [4]. Within two years of the discovery of the avian malaria vector, 

mosquitoes were confirmed as the vector of human malaria by Italian scientists, including 
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Giovanni Battista Grassi, Amico Bignami, Angelo Celli, Camillo Golgi, and Ettore 

Marchiafava [4]. Mosquito vectors are distributed throughout Africa, Asia, Oceania, and 

the Americas. There are approximately 3,500 species of mosquitoes clustered into 41 

genera, but only 30-40 out of the 430 Anopheles species can transmit malaria [6]. 

Current interventions to reduce the burden of malaria include vector control, 

chemoprevention, diagnostic testing and treatment. However, these control measures are 

only partially effective, due in part to the development of mosquito resistance to 

insecticides and parasite resistance to antimalarial drugs. There is no effective malaria 

vaccine in widespread use. The first licensed malaria vaccine, the pre-erythrocytic RTS,S 

vaccine, has limited efficacy [7, 8], and therefore not recommended by the WHO. 

 Plasmodium life cycle 

The Plasmodium parasite has a complex life cycle that involves an insect vector (Figure 

1). During a blood meal, female Anopheles spp. mosquitoes inoculate the human host 

with Plasmodium parasites. Briefly, the cycle starts with a pre-erythrocytic, or liver, stage 

when sporozoites from the salivary glands of an infected mosquito infect host 

hepatocytes. The sporozoites undergo a pre-erythrocytic maturation, and differentiate into 

schizonts. Within 2-16 days, each schizont multiplies into thousands of merozoites [9]. 

The merozoites are released from the liver into the bloodstream, where they infect 

erythrocytes. In P. vivax and P. ovale, hypnozoites, or dormant forms, can persist in the 

liver for weeks or years before entering the bloodstream. In the erythrocytic stage of the 

infection, merozoites differentiate first into immature and then mature trophozoites 

before maturation into schizonts containing from 8-32 merozoites. Over a 48 hour cycle, 
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P. falciparum schizonts burst and release new merozoites that invade new erythrocytes. 

During this stage, some parasites differentiate into a sexual stage of either female or male 

gametocytes by a mechanism that is not completely understood. The gametocytes are 

then ingested by a mosquito during a blood meal. Female and male gametocytes fuse and 

form a zygote. The zygote develops into a motile form known as the ookinete that 

invades the mosquito midgut wall and becomes an oocyst. The maturation of oocysts 

leads to the release of sporozoites, which migrate to the salivary glands of the mosquito, 

where they can infect new hosts and perpetuate the malaria life cycle. 

The erythrocytic stages result in disease pathology and symptoms such as fever, 

headache, chills and muscle ache, whereas hepatic stages are asymptomatic [10].  

 

Figure 1: Plasmodium life cycle [11] 
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 Pathogenesis of malaria 

 Cytoadherence  

P. falciparum infected erythrocytes (iEs) can adhere to the vascular endothelium of 

various organs such as the brain, intestine, liver, lung, and the syncytiotrophoblast of the 

placenta [10, 12, 13]. This parasite sequestration prevents splenic clearance of the iEs and 

constitutes an immune evasion strategy. Parasites take advantage of a number of host 

endothelial receptors to mediate cytoadherence, including CD36, Complement Receptor 

1 (CR1), Intracellular Adhesion Molecule 1 (ICAM-1), Endothelial Protein C Receptor 

(EPCR), and Chondroitin Sulfate A (CSA) [12-15]. 

CD36 is a glycoprotein expressed on diverse cells, including platelets, monocytes, 

and dendritic cells. This molecule supports the binding of P. falciparum parasites from 

patients with both mild and severe disease [16, 17]. 

CR1 (CD35) is a type I membrane glycoprotein expressed on a variety of cells, 

including erythrocytes, leukocytes, and dendritic cells. The function of CR1 involves the 

transport and clearance of immune complexes, the control of the complement pathway, 

and participation in phagocytosis [18]. 

ICAM-1 is a member of the immunoglobulin superfamily of molecules. It is 

expressed on endothelial cells and monocytes. ICAM-1 is believed to mediate the binding 

of iEs and is involved in fatal cases of malaria that have elevated pro-inflammatory 

cytokines, such as TNF-α, IL-1, and IFN-γ, and these cytokines upregulate its expression 

[19]. 
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EPCR is a type 1 transmembrane protein with structural homology to the major 

histocompatibility class 1 family of proteins. It plays a critical role in the anticoagulation 

pathway by promoting protein C activation. EPCR ligands include factor VIIa, P. 

falciparum erythrocyte membrane protein 1(PfEMP1), and a specific variant of T-cell 

receptor [20]. 

CSA is expressed on the syncytiotrophoblast in the intervillous space of the 

placenta [21]. It is a glycosaminoglycan composed of repeated disaccharide units of D-

glucuronic acid and N-acetyl-D-galactosamine with sulfate group modifications at 

specific positions. A specialized type of adhesion involving CSA is observed during 

malaria in pregnancy, in which iEs accumulate in the syncytiotrophoblast in a process 

known as placental sequestration [22-25] (discussed in more detail below). 

 Rosetting 

P. falciparum iEs can bind to uninfected red blood cells, an adhesion phenotype called 

rosetting [26, 27]. This phenomenon was first described in vitro and later confirmed ex 

vivo [26, 28]. Rosetting occurs 16-18 hours post invasion of the erythrocytes and persists 

throughout the trophozoite and schizont stages. Rosetting has been associated with severe 

malaria [29, 30]. Parasites isolated from patients with severe malaria are more likely to 

form rosettes than those from patients with uncomplicated malaria [29, 30]. A lack of 

anti-rosetting antibodies has been associated with severe malaria [28]. Rosetting is 

believed to contribute to the damage of blood vessels in organs such as the brain. Host 

receptors involved in rosetting include Complement Receptor 1 (CR1) [31], Heparan 

Sulfate, and blood group A antigen on iEs [32].  
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 Clumping 

Activated platelets can also bind to iEs to form a large cluster of cells causing a 

phenotype called clumping [33]. Clumping is also believed to contribute to the 

pathogenesis of severe malaria.  

 Plasmodium falciparum Variant Surface Antigens 

P. falciparum is able to remodel the surface of iEs during the blood stages of 

infection.The iEs are featured by an altered membrane ultrastructure called knobs, which 

are electron-dense protrusions that are visible on electronmicrograph (Figure 2) [34, 35]. 

This remodeling of the RBCs is linked to the ability of the trophozoite and schizont 

stages to sequester in diverse organs. During intracellular maturation, the parasite exports 

several proteins [36] that are important for the cytoadherence, rosetting, and clumping 

phenotypes described above. Three major variant surface antigens (VSA) families have 

been linked with sequestration. These families include Plasmodium falciparum 

erythrocyte membrane protein 1(PfEMP1), subtelomeric variant open reading frame 

(STEVOR), and repetitive interspersed families of polypeptides (RIFINs), with PfEMP1 

being the most well studied. 
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Figure 2: Scanning electromicrograph of Plasmodium falciparum-infected erythrocytes. Knobs (arrow) are 
distributed on the erythrocyte surface. Adapted from Aikawa M, J. Parasitol 1983. 

 

1.3.4.1 PfEMP1s 

The PfEMP1 family [37] of proteins mediates the binding of iEs to receptors on the 

endothelial cells of various tissues and leads to their sequestration [12]. PfEMP1s are also 

known for their role in antigenic variation, an immune evasion mechanism. PfEMP1s are 

variant surface proteins encoded by a family of ~60 var genes in a given parasite genome 

[38, 39]. PfEMP1s are expressed on the surface of iEs during the trophozoite and 

schizont stages (mature stages). Several studies have reported that only one variant is 

expressed at a time in any one given infected erythrocyte [40-44]. However, some recent 

studies have reported conflicting results, showing that multiple vars may be transcribed at 

one time [45-47]. 

PfEMP1s are large molecules with a size ranging from 250 to 350 kDa, encoded 

by two-exon genes. They are composed of an extracellular region encoded by exon 1, a 
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transmembrane domain encoded by exon 2, and an acidic, intracellular, terminal 

sequence encoded by exon 2. The extracellular region is composed of multiple domains 

including an N-terminal sequence (NTS) followed by a segment comprising two families 

of receptor-binding domains, namely a Duffy binding-like domain (DBL) and a cysteine-

rich interdomain region (CIDR) [39, 48]. Each PfEMP1 usually contains two to seven 

DBLs and one to two CIDRs. The DBL domains can be grouped into α, β, γ, δ, and ε 

groups, and the CIDR domains can be categorized into α, β, and γ groups based on 

sequence similarity using phylogenetic analyses [48]. 

PfEMP1s can be classified into four groups based on their upstream promoter 

sequences (Ups) and their chromosomal location. The groups are known as A, B, C and E 

[39, 48, 49]. UpsA is subtelomeric and oriented towards the telomere. UpsB is also 

telomeric, but oriented toward the centromere, whereas UpsC is central and oriented 

toward the centromere. There are subsets of Ups groups that have mixed sequence 

signature, which can be type B/C or type B/A [49]. UpsE has a distinct 5’ upstream 

sequence flanking var2csa [50]. var2csa is described in more detail in the next section 

and is a key virulence factor in placental malaria. 

Domain composition and architectural organization is believed to offer flexibility 

in the binding capacity of PfEMP1 variants to host receptors. Various host receptors for 

PfEMP1 have been identified (some are described in the previous section), such as CD36, 

CR1, ICAM-1, EPCR, and CSA (reviewed in [12] and [51]). Disease phenotypes have 

been associated with specific interactions between host receptors and subset of PfEMP1s. 

The most well-known and well-characterized PfEMP1 associated with a particular 

phenotype is VAR2CSA, which is involved in placental malaria. Efforts to identify a 
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subset of PfEMP1s associated with severe malaria have associated this clinical phenotype 

with the expression of variants containing particular domains and domain cassettes (DC). 

For example, the expression of var genes containing DC8 and DC13 were upregulated in 

severe malaria [52, 53]. These variants bind to EPCR through their CIDR domains [14]. 

1.3.4.2 RIFINs 

RIFINs are approximately 27-45 kDa proteins encoded by rif genes [54], which are the 

largest known family of VSAs, with about 150 copies in the P. falciparum reference 

genome [39]. They are located in the subtelomeric regions of all 14 chromosomes. Rifins 

can be grouped in two subfamilies, rifin A and rifin B, based on their structure. The 

difference between the two subfamilies is characterized by an insertion of 25-amino acids 

downstream of the Plasmodium export element (PEXEL) motif in the A-type RIFINs 

[55].  

Recently, RIFINs have been shown to be important in rosetting and associated 

with severe malaria [56]. RIFINs are targets of naturally acquired immunity [57-61]. 

1.3.4.3 STEVORs 

STEVORs are encoded by stevor genes [54], the third largest multigene family in the P. 

falciparum reference genome [39]. They are also distributed throughout the subtelomeric 

ends of the 14 chromosomes, and encode low molecular weight proteins of 

approximately 35-40 kDa. They are predicted to contain two transmembrane domains and 

an intermediate hypervariable region [62, 63]. Even though the role of STEVORs is still 

being elucidated, the amino acid sequence features of their primary variable region 

suggest that they play an important role in immune evasion. One study has shown that the 
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STEVOR multigene family undergoes antigenic variation [64]. Recently, STEVORs 

were shown to bind glycophorin C of uninfected RBCs, leading to rosetting [65]. 

 Immunity against malaria 

Early in 1900, Robert Koch provided scientific evidence of naturally acquired immunity 

to malaria by comparing parasite density and infection frequency between two 

populations in Africa living in low and high malaria endemic settings [66]. Koch 

concluded that immunity to malaria was acquired after heavy and repeated exposure to 

the parasite. Later, in 1920, his report was confirmed by many cross-sectional studies in 

Africa and Asia, extensively reviewed by Doolan [67]. The characteristics of naturally 

acquired immunity are the following (i) acquisition after heavy and uninterrupted 

exposure; (ii) effectiveness in adults; (iii) loss upon interruption of exposure; and (iv) 

stage and species-specificity [68, 69]. 

In areas of high malaria transmission, children have usually acquired immunity to 

severe malaria by the age of five, but remain susceptible to malaria infections [70]. 

However, the mechanism of immunity to severe malaria is not fully understood. Host 

genetic factors have been reported to play a role in resistance to severe malaria [71, 72]. 

For example, a genome-wide association study found that hemoglobin S (HbS) was 

associated with resistance to severe malaria in Gambian children [73].  Both humoral and 

cellular immunity play important roles in protection against malaria. Understanding the 

correlates of naturally acquired protection will provide insights for the development of 

vaccines against malaria. 
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 Humoral immunity 

Individuals living in malaria-endemic regions develop malaria-specific immunoglobulins. 

The role of humoral immunity has been well-documented both in human and animal 

models. For example, passive transfer of immunoglobulins from people who suffered 

malaria to patients with acute malaria reduced the parasite density in recipients and 

conferred some protection against severe disease [74, 75]. Extensive studies have been 

performed on the role of antibodies in malaria protection. Sero-epidemiological studies 

have shown an association between high level of antibodies to several malaria antigens 

and improved disease outcomes [76-83]. Naturally acquired antibodies to VSAs, such as 

PfEMP1, have been associated with resistance to life-threatening disease. Lack of a 

repertoire of anti-VSA antibodies has associated with increase risk of severe malaria; a 

gradual acquisition of protective anti-VSA antibodies is believed to confer protection 

against fatal outcome [84]. In Kenya, children who had anti-VSA antibodies were less 

likely to have severe disease than children with no anti-VSA antibodies [85]. Recently, 

using a protein microarray, a cohort study in Malian children has shown an association 

between high levels of antibodies against 49 P. falciparum antigens and reduced 

incidence of malaria [86]. 

The mechanisms of humoral immunity include neutralization (anti-adhesion 

antibodies against cytoadherence), opsonization leading to antibody-dependent cellular 

inhibition (ADCI), and complement fixation [87]. ADCI involves binding of cytophilic 

antibodies (IgG1 and IgG3) to the iEs that interact with Fc receptors of monocytes, 

leading to phagocytosis. 



12 
 

 Cell-mediated immunity 

CD8+ cytotoxic T cells, CD4+ T cells, macrophages, natural killer (NK) cells, and 

gamma-delta T cells play critical roles in malaria immunity [88-94]. Early control of 

parasite growth might be restricted by γδ T cells [95] . Later, an adaptive immune 

response helps to control parasite growth. The role of CD4+, CD8+, and γδ-T cells is 

important in the hepatic stages. These cells produce gamma-interferon (INF-γ) to inhibit 

the development of parasites in hepatocytes [96, 97]. 

The CD4+T cell response is essential during the liver and blood stages of malaria 

infection. Experimental models have shown that during blood stages, depletion of 

CD4+T cells results in a higher parasitemia. Adoptive transfer of CD4+T cells to animals 

lacking these cells conferred protection [98]. In humans, increased numbers of CSP-

specific CD4+T cells producing Tumor Necrosis Factor alpha (TNF-α) or interleukin-2 

(IL-2) has been associated with protection against clinical disease [97, 99]. 

Upon P. falciparum infection, different immune cells, including CD4+, γδ, NK-T 

cells, and innate NK cells produce cytokines (IFN-γ) that promote the differentiation of 

M1 type macrophages. CD4+T cells interact with dendritic cells and produce cytokines 

such as IFN-γ to activate macrophages (M1), leading to production of nitric oxide (NO) 

and oxygen radicals, and facilitate the phagocytosis of opsonized merozoites and iEs in 

the spleen [97]. 

 Malaria Vaccines  

Vaccines have been the most cost effective inventions in global health. Vaccines have 

proven their impact against diseases such as smallpox, polio, measles, and diphtheria. 
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Designing safe vaccines to protect young women of child-bearing age would provide a 

positive impact on the heath of women and their offspring in malaria endemic countries. 

Malaria vaccine development falls into three large categories: modified live whole 

organism, killed whole organism, and subunit vaccines. Malaria vaccines based on whole 

organisms are currently under extensive clinical development [100-105]. The leading 

candidate in this group is PfSPZ Vaccine, which has been providing promising results in 

clinical and field trials [100, 106-108]. 

Over the past several decades, research on subunit malaria vaccines has focused 

on a few immuno-dominant proteins that target three critical points of the life cycle. The 

first group of malaria vaccine candidates targets the erythrocytic stage by blocking the 

invasion pathway of the parasite. These vaccines ar intended to prevent clinical 

symptoms of the disease, as they will prevent the infection of erythrocytes. Amongst 

them, apical membrane antigen 1 (AMA-1) and merozoite surface proteins have been the 

most studied. The polymorphism of genes encoding these key antigens has hampered the 

development of effective vaccines. For example, AMA-1 has shown partial allele-specific 

efficacy [109-111]. 

 The second group of vaccine candidates aims to prevent the liver stage of the 

parasite life cycle. Such a vaccine would block sporozoite invasion of hepatocytes. The 

leading candidate in this group is the previously mentioned RTS,S vaccine, which 

contains a fusion of the circumsporozoite surface protein (CSP) and hepatitis B surface 

antigen. RTS,S is the only malaria vaccine candidate that has undergone a phase 3 



14 
 

clinical trial so far. However, the results showed that vaccine efficacy is limited and also 

that there is allelic-specific efficacy, as was the case for AMA-1 [8, 112, 113]. 

 The third group of vaccine candidates are transmission-blocking vaccines that 

aim to prevent the transmission of the parasites to or by the mosquito. The most advanced 

of transmission-blocking vaccine candidates include Pfs25, an antigen expressed on the 

zygote and ookinete, and Pf48/45, a sexual stage gametocyte antigen. Transmission-

blocking vaccines may eventually be important tools in malaria elimination efforts, with 

a potential to reduce the transmission of the disease. 

While development of vaccines to prevent disease burden on a global scale is 

ongoing, specialized vaccines that would prevent severe disease and complications of 

malaria in pregnancy are also being developed. One of the main challenges in the design 

of a vaccine to protect pregnant women is genetic diversity. A vaccine against placental 

malaria (PM), which is a subset of pregnancy-associated malaria (PAM) and the focus of 

this thesis, is described in the PAM section below. 

 Malaria in pregnancy 

 Epidemiology and malaria burden 

Annually, an estimated 25-30 million pregnancies are at risk of malaria in Africa. Similar 

numbers of pregnancies are also at risk of infection in the remaining malaria-endemic 

regions of the world [114]. Malaria infection during pregnancy results in high morbidity 

and mortality in both mothers and babies. A significant proportion of maternal anemia 

during pregnancy is attributable to malaria, which causes an estimated 100,000 maternal 
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deaths per year [115]. Approximately, 75,000-200,000 infant deaths also occur per year 

due to malaria [114]. 

 Prevention and treatment of malaria in pregnancy 

Currently, the WHO recommends Intermittent Preventive Treatment in pregnancy with 

sulfadoxine-pyrimethamine (IPTp-SP) during the second and the third trimesters as part 

of antenatal care in areas with moderate to high malaria transmission. IPTp-SP is not 

recommended during the first trimester for safety reasons [116]. In addition to IPTp, 

WHO recommendations include the use of long-lasting insecticidal nets and rapid, 

effective case management. However, the implementation of these interventions is 

difficult in some African countries. Also, the contraindication of SP both during the first 

trimester and in HIV-positive women remains a limiting factor for IPTp-SP 

implementation.  More importantly, the emergence of P. falciparum resistance to SP and 

that of mosquitoes to insecticides complicate the prevention of malaria in pregnancy. As 

malaria in pregnancy is usually asymptomatic, the effectiveness of case management is 

limited. Thus, a vaccine against placental malaria could be a more effective way to 

reduce the burden of the disease during pregnancy. 

 Pathogenesis of placental malaria 

Malaria during pregnancy has negative effects for both the mother and the fetus. A 

massive accumulation of iEs in the placenta, known as sequestration, is a hallmark of 

placental malaria. This sequestration leads to inflammation characterized by infiltration 

of monocytes and macrophages and cytokine production. The interaction between the iEs 



16 
 

and the placenta is mediated by CSA expressed in the placenta and a parasite ligand 

[117]. 

Given the role of PfEMP1s in mediating adhesion to host receptors, they were 

examined as potential candidate ligands for the receptor CSA. Two studies looking at the 

expression of PfEMP1 variants in two parasite lines, FCR3CSA and CS2, pointed to 

FCRvarCSA (also known as var1CSA) as a potential binding partner of CSA [118, 119]. 

The transcript of this gene was up-regulated in a parasite selected on CSA but not in 

parasites selected on ICAM-1 or CD36. However, a disruption of the var1CSA gene ruled 

out its role in CSA-binding, as the adhesion phenotype could be recovered after repeated 

selection over CSA in the absence of this gene [120]. Finally, the publication of the P. 

falciparum genome has helped to identify a particular member of the PfEMP1 family, 

VAR2CSA, as a ligand for CSA [39, 50]. 

There are several lines of evidence supporting the role of VAR2CSA in placental 

malaria. The first evidence comes from a study that examined the transcription profile of 

the ~60 var genes in P. falciparum isolates. The transcription of var2csa was up-

regulated in laboratory parasites selected on CSA (CSA-binding parasites) as well as in 

clinical isolates collected from the placenta compared to parasites from peripheral blood 

isolates in children and men [121-124]. Furthermore, an in vitro screen has shown that a 

disruption of the locus encoding for VAR2CSA abrogated the ability of iEs to bind to 

CSA [125-127]. Contrary to var1csa disruption in parasites that regained the CSA-

binding phenotype, var2csa mutant parasites lost CSA-binding function, which could not 

be recovered after multiple rounds of selection on CSA [125]. More importantly, other 

evidence that supports VAR2CSA as a CSA ligand includes the ability of antibodies 
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raised to the whole protein or to domains of the protein to block parasite binding to CSA 

[128-132]. In addition, serum from multigravid women with natural immunity to malaria 

in pregnancy recognized VAR2CSA (domains) in a gender-specific manner [121, 133-

137]. 

 Naturally acquired immunity to placental malaria and vaccine development 

In endemic settings, immunity to malaria is acquired over time. After multiple malaria 

exposures, older children and adults develop immunity against clinical malaria [138-142]. 

However, pregnant women, particularly women in their first pregnancy, are susceptible to 

infection and malaria illness. The consequences of malaria during pregnancy include 

severe maternal anemia, stillbirth, and low birthweight due to fetal growth retardation 

[143]. Over successive malaria-exposed pregnancies, women develop immunity against 

placental malaria [144]. For example, women in high transmission areas, usually after 

their first and second pregnancies, give birth to babies with increased weight (improved 

outcomes). These improved outcomes have been associated with antibodies to CSA-

binding parasites women acquire over multiple infections, and these antibodies are able 

to recognize parasites from different geographic areas [144]. However, gravidity-

dependent immunity is lost during HIV infection and the risk of malaria is increased, 

suggesting the importance of naturally acquired immunity to the disease [145, 146]. 

The development of a vaccine against placental malaria has made notable 

progress over the past two decades. The first observation about the feasibility of vaccines 

against placental malaria came from a study by Fried in the late 1990s, which showed 

that infected erythrocytes isolated from the placenta bind to CSA [13] and that serum 

from women who had experienced malaria during pregnancy have anti-CSA adhesion 
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properties [144]. It is believed that the anti-CSA activity is mediated by antibodies and 

blocking the adhesion of parasites to CSA has been the basis of vaccine development. 

This early observation has opened a new era for the development of a vaccine against this 

particular type of malaria that could prevent the 75,000-200,000 infant deaths that are 

estimated to occur annually [147]. It is this seminal work by Fried that has led many 

research groups to focus on the identified ligand for CSA, VAR2CSA, as a potential 

vaccine target. 

Understanding the development of naturally acquired immunity to placental 

malaria is important to guide the rational design of a vaccine. Exposure to placental 

malaria during pregnancy is critical for the acquisition of protective antibodies against 

CSA-binding parasites. However, the mechanism of protective immunity is still under 

investigation. Two models have been proposed to explain the mechanism of naturally 

acquired immunity during pregnancy [148]. In the first model, pregnant women are 

exposed to cryptic invariant VAR2CSA epitopes, and protective antibodies are acquired. 

However, in vitro studies have shown that antibodies generated against recombinant 

VAR2CSA using several laboratory lines displayed limited anti-CSA binding activities 

against clinical isolates [149]. More importantly, a recent study investigating the role of 

individual VAR2CSA domains in protection against placental malaria has shown that 

sera from multigravid women retained their anti-CSA binding activity despite depletion 

using VAR2CSA recombinant proteins [150]. These studies instead support a second 

model, which proposes that a wide repertoire of antibodies targeting a combination of 

semi-conserved polymorphic epitopes of VAR2CSA confers protection. 
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A few studies have investigated the number of genotypes of parasites infecting 

women during their first and second pregnancies [122, 151]. In these studies, sequences 

from particular domains of VAR2CSA have been analyzed, and the authors reported 

multiple genotypes (defined by unique sequences) recovered from placental infections. 

These results suggest that women are broadly exposed to different parasites, which may 

explain the cross-recognition of parasite strains by sera from multigravid women. In low 

malaria transmission areas, multigravid as well as primigravid women are susceptible to 

placental malaria [152], contrary to what is observed in high endemicity areas. This 

observation suggests that repeated exposure or a high multiplicity of infection is 

important for the acquisition of immunity to placental malaria. Repeated exposure may 

boost preexisting immunity, but may also increase the repertoire of antibodies if different 

variants of VAR2CSA are seen in subsequent infections.  

In addition to B cell-mediated immunity, monocyte and macrophage infiltrations into the 

placenta during infection have been reported [153] and have been associated with 

inflammation of the placenta and poor pregnancy outcomes [154-156]. However, 

monocyte infiltration may have a protective role, as opsonizing antibodies are important 

for protective immunity. Immunoglobulin subtypes IgG1 and IgG3 are the most abundant 

antibodies during placental infections, suggesting that antibodies may opsonize the iEs to 

facilitate their uptake by phagocytic cells [157, 158]. 

 VAR2CSA-based vaccine: current challenges 

The early excitement about the identification of anti-CSA binding immunity and the 

ligand mediating the adhesion has waned in the face of practical challenges to vaccine 

design. The large gene size, multiple domains, and sequence variation have been factors 
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that have complicated vaccine design. VAR2CSA is a 340 kDa protein composed of six 

DBL domains and one CIDR domain. Strategies to overcome the size issue have focused 

on defining regions of the protein that interact with CSA. Several studies have reported 

different VAR2CSA domains and domain combinations that bind to CSA [122, 159-163]. 

Some studies have reported conflicting results on the minimal CSA-binding region, 

though the current consensus is that the N-terminal region is most important for binding 

[149, 164, 165]. The use of different assays might explain the discrepancies observed in 

these studies. Current phase I clinical trial vaccine candidates focus on constructs using 

this region. 

The most difficult obstacle to overcome in designing a vaccine to protect against 

placental malaria is the genetic diversity of VAR2CSA. An ideal vaccine should have 

broad coverage, protecting against all genotypes. However, such a vaccine has yet to be 

designed. Understanding the genetic diversity of VAR2CSA is essential for the 

development of effective vaccines against placental malaria. Efforts to develop a vaccine 

for pregnancy-associated malaria have been mainly focused on a few laboratory-adapted 

strains of P. falciparum. However, a vaccine based on laboratory strains was 

unsuccessful in field trials in humans due to the genetic diversity of natural parasite 

populations [111, 166, 167]. Previously, studies have described the sequence 

polymorphism of var2csa based on limited data (Table 1). Most of these studies focused 

only on specific domains, mainly because of the difficulty in generating full-length 

sequences from clinical samples. Thus, developing new ways to sequence and new 

algorithms to target-assemble var2csa would improve our ability to study these proteins 

and guide rational vaccine design.  
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Table 1: VAR2CSA diversity 

Authors Domains Size Sequence 
number 

Source 

Bockhorst 2007 Full length ~9 kb 10 Culture-adapted 
Rovira-Vallbona 
2013 

DBLpam2 ~500 bp 203 Placenta 

Trimnell 2006 DBLpam1-2 ~2 kb 18 Culture-adapted 
Bordbar 2014 ID1-

DBLpam2- 
1.6 kb 247 Peripheral blood 

 
Sander 2009  DBLpam2 ~690 bp 35 Placenta 
Hommel 2010 DBLpam3 1.1 kb 65 Placenta, 

peripheral blood 
Talundzic 2012 DBLpam3 ~900 bp 79 Placenta 
Gnidehou 2010 DBLepam5 ~1 kb 70  Placenta 
 

 Overview of sequencing technologies 

Sequencing platforms can be categorized as first and next generation (or high-

throughput) methods. First generation is based on Sanger Sequencing that has been 

commercialized by Applied Biosytems (ABI). The earlier next generation approaches are 

composed of higher throughput Illumina, Ion Torrent, Roche 454, and SOLiD sequencing 

technologies. The newest next generation series of technologies includes Single Molecule 

Real-Time sequencing by Pacific Biosciences (SMRT, PacBio), Helicos, and Quantum-

dot sequencing. Currently Illumina and PacBio sequencing are the most commonly used. 

Because Illumina and PacBio were used in my thesis work, I will focus on these two 

technologies. 

 Sanger sequencing 

The earliest sequencing technology was developed in the 1970s. In 1977, Sanger 

sequencing, also known as the chain termination method, was published [168] followed 

by its automation a decade later in capillary electrophoresis sequencing. The basic 



22 
 

principle is based on the use of a DNA polymerase to catalyze the incorporation of 

dideoxynucleotide triphosphates (ddNTPs) during DNA amplification (Polymerase Chain 

Reaction). The advantage of this method is that it produces long reads of about 800 

nucleotides with a low error rate. However, the method is low throughput, with only 6 

million mega base pairs (Mb) per day. It is expensive and time-consuming because it 

requires manual editing of reads.  

 The Illumina platform 

Illumina sequencing technology has revolutionized the sequencing field. The principle is 

based on clonal array formation and a proprietary reversible terminator technology. 

Genomic DNA is fragmented following by end repair. Adapters are ligated to both ends 

of the repaired fragments to constitute sequencing templates known as libraries (figure 3 

step 1). Sequencing libraries are immobilized on a solid-phase substrate (flow cell surface 

seeded with primers complementary to the adapters) accessible to enzymes. Templates 

are amplified (bridge amplification, figure 3) creating up to 1,000 identical copies of a 

single DNA molecule. These amplified templates (clusters) are first denatured into 

single-stranded DNA and then sequenced using four fluorescently-labeled nucleotides (A, 

T, C, and G). A single labeled deoxynucleoside triphosphate (dNTP) is added to the 

nucleic acid chain in each cycle. A laser is used to image and identify the incorporated 

nucleotide followed by termination of the reaction (figure 3, right panel). The newly 

added nucleotide is cleaved enzymatically to allow the incorporation of the next 

nucleotide. In this repeated process, up to 10,000 Mb can be generated per instrument/ 

day. Millions of short reads (length 100-300 nucleotides) are generated during this 



23 
 

repeated process. This technology has allowed a drastic decrease in the cost of 

sequencing over the past years.  

Illumina sequencing provides different options based on the method of library 

preparation. The library can be single ended, where only one end of a DNA fragment is 

sequenced, or paired-end, which involves the sequencing of both ends. In paired-end 

sequencing, the insert (DNA fragment to be sequenced) can be short (300-500 bp), 

referred to as short-insert paired end reads, or long (2-5 kb), referred to as long-insert 

paired end reads or mate pair.  Paired-end sequencing provides information about the 

orientation and the distance between the sequenced ends that can be used to identify 

structural variations and resolve repetitive regions. Paired-end reads are useful for de 

novo assembly as they produce longer contigs. 

     

Figure 3: Steps of Illumina sequencing. The first step (left) consist of DNA fragmentation followed by 

adapter ligation (blue and purple). The second step (middle picture) is the bridge amplification step. The 

right panel represents the sequencing.  Source: http://www.cegat.de/en/services/next-generation-

sequencing/  

 Single Molecule Real-Time (SMRT) sequencing 

SMRT technology decodes sequence information during in vitro replication of a DNA 

molecule. Template preparation, in this case, involves the ligation of hairpin adaptors at 

both ends of a double-stranded DNA molecule leading to the formation of a single-
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stranded circular DNA molecule known as a SMRTbell (Figure 4). The sequencing 

reaction is performed on a 100 nm silicon dioxide chip containing thousands of zero-

mode waveguides (ZMW). A ZMW is a very tiny hole tens of nanometers in diameter 

with a single molecule of DNA polymerase attached to the bottom. When the template 

SMRTbell is loaded, it diffuses to the bottom of the ZMW and binds to the immobilized 

polymerase through either the hairpin adaptor or a replication start site [169]. 

Fluorescently-labeled phospho-linked nucleotides with different light emission spectra 

are then added. The incorporation of a single labeled-nucleotide by the polymerase is 

detected as a fluorescent intensity peak in real time and recorded as a movie of light 

pulses. The linker-pyrophosphate product is cleaved away and diffuses out of the ZMW. 

This process is repeated for the next positions and generates a continuous long read 

(CLR) until the polymerase dissociates from the template. As the circular template 

contains both strand of the DNA, the polymerase continues to incorporate bases until it 

dies and the diameter of the SMRTbell (insert size) will define the number of passes of 

the circular template. The read length and the number of adaptors in the output reads are 

used to determine how many times the template has been sequenced. For example, a full 

pass of the template will generate sequence for it twice, once for each strand. In this case, 

the CLR read is split into two separate reads, called subreads, by removing the adapter 

sequences. All of the subreads from a single ZMW are piled up to generate circular 

consensus sequence (CCS) in a process that increases the accuracy of the final read. 

However, when the insert size is large, CSS cannot be generated and CLR is directly used 

for downstream analyses. 
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Figure 4: Steps of PacBio sequencing. The template is a double-stranded DNA molecule (purple and 
orange). Adapters (green) are ligated to both ends of the template to form the so-called SMRTbell. Upon 
denaturation the SMRTbell form a circular single-stranded DNA molecule with a forward and reverse 
strands. A primer (red) and the polymerase (grey) initiate the replication of the template providing a long 
read polymerase read containing the copied DNA strands and the adapters. The adapters are informatically 
removed to obtain subreads, which are clustered to generate consensus sequence. 
Source:files.pacb.com/software/smrtanalysis/2.2.0/doc/.../Portal_PacBio_Glossary.htm 

 

 Scope of the current work 

The overall goal of this thesis work was to develop approaches to generate var2csa 

sequences from clinical isolates and determine the genetic diversity of field derived-

sequences. In chapter 2 (aim 1), we developed sequencing protocols including amplicon 

sequencing using two libraries (~ 5 kb amplicon and 10 kb amplicon). The chapter 3 

(Aim 2) focused on a development of a specialized assembly algorithm of var genes, 

namely exon targeted hybrid assembly algorithm (ETHA), the annotation and 

characterization of var gene sequences. This chapter covered the validation of ETHA and 

the genetic diversity of var genes from clinical samples, particularly var2csa. Then in the 

chapter 4, we developed a pipeline to assemble var2csa from Illumina short reads using a 

combination of in silico capture and de novo assembly. Finally in the chapter 5 (aim 3), 
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we analyzed the extent of the genetic diversity of var2csa around the globe using 

sequences generated in chapters 3 and 4. This is significant is that it provides 

bioinformatic tools to study multigene family to gain insights in malaria pathogenesis and 

new var2csa sequences that can be used to guide development of a vaccine against 

placental malaria. 

Specific aims 

Aim 1: Develop approaches to generate large, full-length sequences of the pregnancy-

associated malaria vaccine target var2csa from clinical samples 

Aim 1A: Develop and optimize 5 kb and 10 kb var2csa amplicon sequencing protocols 

(chapter 2) 

Aim 1B: Target assemble var2csa sequences de novo using short reads from Illumina 

whole genome sequence data (chapter 4) 

Aim 2: Annotate and characterize the var gene repertoire from clinical isolates (chapter 

3) 

Aim 3: Determine the extent of var2csa genetic diversity in different malaria endemic 

settings: West Africa, East Africa, South America, and Southeast Asia (chapter 5) 
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2 Chapter 2: Amplicon sequencing 

A new method for sequencing the hypervariable Plasmodium falciparum gene 

var2csa from clinical samples.  

Antoine Dara, Mark A. Travassos, Matthew Adams, Sarah Schaffer DeRoo, Elliott F. 

Drábek, Sonia Agrawal, Miriam K. Laufer, Christopher V. Plowe, Joana C. Silva  

 Background 

Placental malaria (PM) is characterized by the massive accumulation of Plasmodium 

falciparum-infected erythrocytes in the placental intervillous space. The sequestration of 

infected erythrocytes in host tissue such as the placenta is mediated by adhesin proteins in 

the P. falciparum erythrocyte membrane protein 1 (PfEMP1) family, which are encoded 

by the highly diverse var gene family [38] . PfEMP1s are a complex family of proteins 

ranging from 300-350 kDa that are composed of two to nine Duffy binding-like (DBL) 

domains and one to two cysteine-rich interdomain regions (CIDR) [48, 170]. Parasites 

sequester in many different organs, including the brain, heart, lungs, liver, and placenta 

(reviewed in [12]). P. falciparum-infected erythrocytes collected from placentas display a 

unique cytoadherence phenotype [10], and they bind to glycosaminoglycan chondroitin-

4-sulfate (CSA) expressed in the placenta, but not to endothelial receptors such as CD36 

or ICAM-1 [13, 171]. The ligand mediating this interaction with CSA is a PfEMP1 

protein known as VAR2CSA [50]. VAR2CSA is a target of naturally acquired immunity 

[133, 144, 172, 173], making it an attractive vaccine candidate against placental malaria. 

Optimizing the design of a vaccine based on VAR2CSA is challenging given 

VAR2CSA’s size and high sequence diversity, particularly given that allele specificity 
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has been a concern for malaria vaccines based on other P. falciparum antigens, such as 

the apical membrane antigen 1, AMA-1 [166, 167] or the circumsporozoite protein, CPS 

[8]. VAR2CSA is a multi-domain protein of 340 kDa with an extracellular region 

comprised of six DBL domains and one CIDR domain, a transmembrane domain and an 

intracellular region primarily consisting of an acidic terminal sequence (). Each domain 

contains between 300-500 amino acids. In vitro studies have shown that several domains 

bind to CSA [159], but the minimal CSA-binding region, known as ID1-ID2a, has been 

mapped to the second DBL domain (DBLpam2) flanked by interdomain 1 and the first 93 

amino acids of the CIDRpam domain [165] . This region is currently a target for 

VAR2CSA-based vaccine development, even though other studies have suggested that 

other domains are important for naturally acquired antibodies [128, 133, 160, 172, 174-

178].  

Sequencing var2csa from clinical isolates can provide a framework for 

VAR2CSA-based vaccine development, but var2csa’s genetic complexity and large size 

have limited its successful sequencing from field samples. Capillary sequencing, also 

known as Sanger sequencing, has been used to sequence a limited number of full-length 

var2csa genes from clinical isolates [170, 179]. Most sequences have been generated 

using Sanger sequencing and span only single, specific var2csa domains [179-181], even 

though there is no consensus on which domain(s) is important for a subunit vaccine. This 

method requires a priori knowledge of the sequence of primer-binding regions, limiting 

the number of variants that can be obtained and analyzed. It is also time-consuming, as it 

requires cloning of PCR products prior to sequencing. In the case of polyclonal 

infections, which are common in clinical isolates, this method is even less efficient and 
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may lead to the generation of chimeric sequences. Ilumina next-generation sequencing 

has been used to generate whole genome sequence data of P. falciparum. However, the 

difficulty of assembling var genes from short read next-generation whole genome 

sequence data, such as those generated with Illumina sequencing technologies, has 

resulted in limited success in generating full-length, or even large fragments of, var2csa. 

Therefore, alternative ways to sequence full-length var2csa, or a large critical fragment 

(spanning several domains) of var2csa, from clinical specimens are needed. 

A next-generation sequencing platform from Pacific Biosciences (PacBio) has the 

potential to generate complete var2csa sequences due to its ability to generate long reads. 

PacBio is also appealing because it is high-throughput, as samples can be multiplexed. 

More importantly, the assembly does not require a reference sequence making it suitable 

for a highly polymorphic gene such as var2csa. Targeted PacBio sequencing has been 

used to sequence complex loci humans such [182] as well as in Plasmodium [183] . We 

have modified this approach here to develop a new sequencing assay for var2csa. We 

report the results of a method that combines long-range PCR with PacBio sequencing and 

assembly. Our amplicon sequencing of the var2csa N-terminal region captures 

approximately half of the full-length var2csa, including ID1-ID2a, the primary focus of 

the current VAR2CSA-based phase I vaccine trial. We also evaluated the genetic 

diversity of this segment of VAR2CSA. The methods described here can be adapted to 

other hypervariable genes or gene families. 
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Figure 5: Schematic representation of the locus encoding VAR2CSA, with target-specific primers. The 
arrows indicate forward (F) and reverse (R) primers targets. UPSE: upstream promoter sequence, NTS: N-
terminal sequence, DBL: Duffy-like binding domain, CIDR: cysteine-rich inter-domain, TM: 
transmembrane, ATS: acidic terminal sequence, pam: pregnancy -associated malaria. 

 

 Methods 

Sites and samples 

As part of International Centers of Excellence for Malaria Research (ICEMR) and 

malaria-in-pregnancy (MIP) studies, samples were collected from children, men and 

women in Ndirande, a peri-urban township of Blantyre in Malawi, where malaria 

transmission occurs throughout the year with a seasonal peak during a rainy season from 

December to March. Forty-three specimens, including 19 blood-spotted Whatman 3MM 

filter papers and 24 cryopreserved parasites, were randomly selected. Genomic DNA was 

extracted using a Qiagen Midi Kit according to manufacturer’s instructions. Four positive 

controls were used: 3D7, HB3, and synthetic mixtures of 70% 3D7 plus 30% HB3 and 

vice-versa. 3D7 and HB3 each had an initial concentration of 1ng/ul.  

Primer design and sequencing template preparation 

Primers that flank the region spanning the var2csa upstream promoter (position 500 bp 

upstream of start codon) to the DBLepam4 domain were designed using 20 aligned 
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var2csa sequences from public databases (GenBank and VarDom) along with 12 var2csa 

upstream promoter (UPSE) sequences obtained previously [184]. Each secondary PCR 

primer was labeled using PacBio barcode sequences (listed Appendix 1 Additional file 1: 

Table S1) to identify sequences from individual samples. High-fidelity Takara LA Taq® 

Polymerase (TAKARA BIO INC, Shiga, Japan) was used for the PCR with conditions 

listed in Appendix 1Additional file 1: Table S2 and Table S3. An expected secondary 

PCR product of 5,364 bp was resolved on 0.8% agarose gel and visualized using Gel Doc 

XR+ System (Bio-Rad, Hercules, CA, USA). Successfully amplified samples were 

purified using a MultiScreen filter plate (MultiScreen, Tullagreen, Germany). DNA 

concentration was measured using a Quant-iT PicoGreen dsDNA assay (Life 

Technologies, Carlsbad, CA, USA) according to manufacturer’s instructions. 

Subsequently, 48 equimolar barcoded amplicons were pooled to a final total of 2ug of 

DNA. 

Sequencing 

Purified, pooled amplicons were sequenced using a Single Molecule Real Time 

(SMRTTM) technology on a PacBio RS II sequencer (Menlo Park, Pacific Biosciences, 

California, USA) at the Genomic Resource Center of the Institute for Genome Sciences, 

University of Maryland School of Medicine. Briefly, libraries were constructed by 

ligating SMRTbellTM adapters to the barcoded-pooled amplicon template. One SMRTTM 
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cell with P4-C2 chemistry (P4 polymerase with C2 sequencing chemistry) was used. A 

180-minute movie was performed on PacBio RS II to generate the reads. 

Data processing 

The secondary analysis was performed with the PacBio SMRT Analysis v2.3.0 package, 

using the Long Amplicon Analysis (LAA) algorithm with the following options --

minLength 3250 --minSnr 4. This algorithm enables read clustering, phasing and 

consensus calling, and consensus filtering. The pooled amplicon data were de-

multiplexed by barcode. The predicted accuracy of 95%, which is defined as the 

threshold below which a haplotype (consensus sequence) is considered as noise, was used 

to filter high-quality consensus sequences for downstream analysis. 

To determine the sequene accuracy of the positive controls, amplicon consensus 

sequences were aligned to coding sequences of the respective known strains from which 

the amplicons were generated. The corresponding coding sequences of our tests were 

extracted and the phylogenetic tree was built using the Maximum Likelihood method 

implemented in MEGA 6.0 [185]. 

Sequences from the same sample that shared 99% identity at the nucleotide level 

were clustered using CD-HIT [186]. We chose this conservative threshold assuming that 

the residual sequencing error was 1% based on data from the resequenced positive 

controls. Sequences with depth of coverage equal to or greater than 100X were 
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considered for downstream analysis. We chose the 100X threshold because this was the 

minimum depth of coverage at which we obtained a perfect consensus sequence of the 

reference 3D7. Then the amplicon sequences were fed into OrfPredictor [187] to predict 

open reading frames, and corresponding amino acid sequences were generated. Amino 

acid sequences were used to annotate constituent domains using the VarDom 1.0 server 

[170]. Multiple alignments were performed using MAFFT with L-INS-i accuracy-

oriented options. The region in the multiple alignments corresponding to the FCR3 

variant of ID1-ID2a was extracted (1158 to 3075 corresponding to amino acid position 

N386 to D1025).   

For the genetic diversity analysis, sequences corresponding to the coding regions 

were extracted from the full-length amplicon. Likely frameshift-errors were corrected 

with AlignWise [188]. Sequences were then aligned with MAFFT with the L-iNS-i 

option. DnaSP v5 [189] was used to compute population genetic parameters, including 

nucleotide diversity, which is the average number of nucleotide differences per site 

between any two given sequences; haplotype diversity, which is the probability that two 

randomly sampled alleles are different; and Tajima’s D neutrality test, which is used to 

infer the selective forces acting on a locus based on the differences between the number 

of segregating sites and the average number of nucleotide differences..  

 Results 

Robustness of the amplification protocol on clinical samples  

The amplification protocol was developed using genomic DNA from two laboratory 

parasite reference strains, 3D7 and HB3. Our primers are designed to bind to the 
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VAR2CSA-specific upstream promoter, UPSE, and to the DBLepam4 domain, to 

amplify a segment close to 5 Kb in length (). This primer combination readily amplified 

var2csa from both of these lines. To test the robustness of the protocol, we applied it to 

clinical samples including DNA extracted from blood-spotted filter papers and from 

cryopreserved specimens obtained from 81 clinical malaria samples from Malawi. A long 

PCR amplicon of the expected size was obtained from both of these sample types. The 

PCR was successful for all cryopreserved specimens (24/24), whereas only 33% (19/57) 

of the tested filter samples yielded visible PCR products by gel electrophoresis. We 

therefore started with a total combined pool of 43 amplicons, in addition to the four 

positive controls from 3D7 and HB3 (described in Methods section).  

 

Figure 6: Distribution of read length. A 5.3 Kb-long insert library was sequenced at 180 minutes. The raw 
reads were filtered and split based on adapters to generate subreads that we refer to here as “reads”. The 
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length of each read is plotted against the read counts. The first peak corresponds to reads with length 
around 2.7 kb and the second peak corresponds to reads that spanned the full-length 5kb amplicon. Most of 
the reads were shorter than the amplicon size, but there was a substantial number of long reads that spanned 
the full-length amplicon. With the very long reads (> 5 kb), the adapters delimiting the subreads were either 
missing or not identified. 

 

PacBio-generated long sequence reads 

All 43 amplicons and the 4 controls were multiplexed in one PacBio SMRT cell, yielding 

95,220 raw polymerase reads. The raw reads were processed by removing the 

circularization (barbell) adaptors, resulting in 161,534 subreads. Applying a filter with 

quality score cutoff of 0.75 (Phred score ≥20) and read length ≥50 bp, reduced this set to 

143,603 subreads, with length ranging from 50 to 30,000 base pairs, for an average of 

3,055 subreads per sample. The presence of subreads longer than 5 kb indicates that some 

of the reads contain missing or unidentified barbell adaptors. The subread length 

distribution was bimodal with one peak around 2 kb and a second peak at the expected 

amplicon size of approximately 5 kb, and a median length of 2,728 bp (Figure 6).  

Validation of var2csa reconstruction protocol  

To validate our amplification, sequencing and assembly approach, we compared the 

nucleotide sequence of the positive controls to the published VAR2CSA sequences for 

each strain (PFL0030c, HB3var2csaA, and HB3var2csaB). The sequences recovered 

from positive controls were virtually identical to the reference var2csa sequences in the 

3D7 and HB3 genomes, with nucleotide sequence identity from 99.8%-100% between 

the re-sequenced and the corresponding reference allelic sequences (Table 2).  
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Table 2: Comparison between reconstructed PacBio sequences and the respective reference var2csa alleles 
in 3D7 and HB3. 
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To evaluate our ability to detect polyclonal infections, we sequenced a synthetic mixture 

containing var2csa sequences from the two reference strains. We were able to reconstruct 

each allele from the mixture (Figure 7). Sequences recovered from HB3 alone and from 

synthetic mixtures had between 99.82% and 99.98% identity to HB3 reference sequences 

(Table 2). The lack of complete sequence identity was related to low depth of coverage. 

The non-mixed 3D7 (referred to as 3D7_pacbio100 in Table 2) had 445-fold coverage, 

whereas the HB3 and the mixed-controls have a coverage range between 46 and 167-fold. 

The only difference observed between reconstructed and the reference sequence were 

deletions that occurred at homopolymeric regions (Appendix Additional file 1: Table S4). 

 

 

Figure 7: A maximum likelihood phylogenetic tree of reference and PacBio-reconstructed var2csa allelic 
sequences. Each sequence is named using the strain’s name (e.g 3D7) followed by the sequencing platform 
(pacbio), with the proportion of the DNA composed of the specific strain (30%, 70%, 100%) and the 
number of reads used form the consensus sequences (NumReadsxx). A phylogenetic tree of the 
reconstructed alleles was built using maximum likelihood, as implemented in MEGA v.6 with default 
parameters. The analysis showed PacBio-generated sequences to cluster with reference alleles as expected, 
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and detected minor alleles. 3D7_PacBio denotes PacBio-sequenced 3D7, HB3_PacBio PacBio-sequenced 
HB3, 3D7_70 a 3D7 sequence resolved from a mixture of 70% 3D7 and 30% HB3, and HB3_70 an HB3 
allele from a mixture of 30% 3D7 and 70% HB3. Of note, HB3 has two alleles of var2csa (A and B); 
therefore, a mixture of 3D7 and HB3 are expected to have 3 alleles. The second allele of HB3, representing 
15% of the mixture in theory, was not detected in the 70% 3D7 and 30% HB3 mixture. Bootstrap support 
values are indicated. The scale reflects sequence divergence per base pair. 3D7_ref, HB3var2csaA, and 
HB3var2csaB are the allelic sequences obtained from the VarDom database. 

 

To determine the minimum number of reads required for an accurate assembly, we 

subsampled reads to simulate the 3D7 assembly at different coverage levels. At 100-fold 

coverage, we obtained a sequence identical to the reference. However, when a larger 

number of reads was used, we observed some artifacts in the assemblies, such as one 

deletion at 125-fold and two deletions at 150-fold coverage, suggesting that as read 

coverage increases so does the likelihood of repeated erroneous sequences. Therefore, the 

relationship between accuracy and coverage was not always linear (Table 3). 

Table 3: Simulated 3D7 amplicon assembly at different coverage levels 

Coverage level Number of INDELs Sequence identity (%) 
50x 4 99.91 
75x 3 99.94 
100x 0 100 
125x 1 99.98 
150x 2 99.96 
200x 1 99.98 
250x 0 100 
300x 1 99.98 
445x 0 100 
 

   

Application of the sequencing method to clinical samples 

The parameter settings used for subread assembly, optimized during the reconstruction of 

the reference 3D7 allele, were then applied to the clinical samples. After filtering, read 
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clustering, and chimeric sequence removal, 135 consensus sequences were generated 

from the 43 samples. After collapsing nearly identical sequences (see Methods) from the 

same sample using a threshold for minimum nucleotide sequence identity of 99%, the 

number of sequences was reduced to 101. A subsequent filter, using a minimum coverage 

threshold of 100-fold, yielded 55 sequences from 40 samples, with a mean coverage of 

280-fold (100-500) (Appendix 1Additional file 2: Figure S1). All samples but one 

yielded one or more unique amplicon sequences. 

To further evaluate the specificity of our protocol, in particularly whether in fact 

we had amplified var2csa sequences, we annotated the translated sequences using the 

VarDom 1.0 server [170], which uses a Hidden Markov Model to identify PfEMP1 

protein domains. var2csa-specific homology blocks (HB) and domains (DBLpam1, 

DBLpam2, CIDRpam, and DBLpam3) were detected in all samples with a single, intact 

open reading frame (30 sequences with length ≥ 1,400 amino acids). The remaining 21 

amplicons were also var2csa sequences, validated as such using blast searches against 

NCBI’s non-redundant sequence database, with frameshift mutations that resulted in in-

frame stop codons. These results validate our approach to generating var2csa sequences 

(Appendix 1Additional file 2: Figure S2).  

Genetic diversity of var2csa 

To characterize the genetic variation in the 5' region of the locus, we used the 5 kb 

segment amplified from the var2csa gene. The analyses were based only on sequences 

with an intact open reading frame that spanned the whole 5 kb region; partial sequences 

were excluded. A total of 30 full-length sequences were included in the analysis. A total 
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of 4,613 nucleotide sites (sites with gaps/missing data were excluded) were analyzed, of 

which 1,408 were polymorphic. The overall nucleotide diversity across this region was 

11.16% (𝜋𝜋 = 0.1116). When analyzed by constituent domains, DBLpam3 showed the 

least variation, with a nucleotide diversity of 𝜋𝜋 = 0.056, followed by CIDRpam (𝜋𝜋 = 

0.104) and DBLpam2 (𝜋𝜋 = 0.106), whereas DBLpam1 was the most diverse domain, with 

𝜋𝜋 = 0.138 (Table 4). To further determine the distribution of genetic variation across this 

region of the gene, we calculated nucleotide diversity using a sliding window of 99 

nucleotides in length, and sliding step of 30 nucleotides, across the coding region of the 

5kb segment. We observed that the most polymorphic regions correspond to the 

interdomain region between DBLpam1 and DBLpam2, as well as a central region of 

DBLpam1 and the N-terminal region of DBLpam2 (Figure 8). 
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Figure 8: Distribution of genetic diversity in the N-terminal region of var2csa. A. Distribution of nucleotide 
diversity and Tajima’s D across var2csa. Sliding window analyses of the nucleotide nucleotide diversity 
(blue) and Tajima’s D values (red) are plotted against the length of the coding region, with a window size 
of 99 nucleotides and step size of 30 nucleotides. The highest peak of nucleotide diversity corresponds to 
the interdomain 1 region. An asterisk denotes a position that significantly deviated from neutrality (p-value 
< 0.05), which included positions 666-764, 3563-3694, 3866-3964, and 4391-4573 in the alignment. The 
VAR2CSA segment analyzed in this study is at the top of the plot. B. Sliding window analysis of non-
synonymous to synonymous mutation rate is plotted (Ka/Ks ratio) against the length of the coding region, 
with a window size of 99 nucleotides and step size of 30 nucleotides. The blue dashed line denotes a πN/πS 
ratio of 1; πN/πS > 1 indicates an excess of nonsynonymous mutations, whereas a ratio <1 is indicative of 
an excess of synonymous mutations. The VAR2CSA segment analyzed in this study is at the top of the 
plot. 

 

To better understand the evolutionary forces that shape the genetic variation of var2csa, 

we estimated the distribution of two different statistics across the this segment, namely 

the ratio πN/πS, which measures the ratio of nonsynonymous to synonymous mutations 

per site, with expected value of zero when the types of mutations are randomly 

distributed; and Tajima’s D statistic, which assesses the evolutionary forces operating on 

a locus, with expected value of zero under neutral evolution. A πN/πS ratio greater than 1 
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is suggestive of positive selection, whereas a ratio of less than 1 suggests purifying 

selection. On antigenic loci, positive values of Tajima’s D are suggestive of balancing 

selection, while negative values are likely due to purifying selection. None of the 

statistics showed a statistically significant departure from neutrality either across the 

whole 5kb segment or on individual domains (Table 4). The overall ratio πN/πS was 0.89, 

indicating a slight excess of synonymous over nonsynonymous polymorphism.  

 

Table 4 : Genetic variation across the whole segment and in individual domains 

Domain Region n Haplotype 
Diversity 
(Hd) 

Nucleotide 
Diversity 
(π) 

Tajima 
D 

Tajima 
 D  
p-value 
 

DBLpam1 153-1308 30 0.998 0.1389 0.6013 >0.1 
DBLpam2 1614-3117 30 0.998 0.10627 1.0243 >0.1 
CIDRpam 3144-3831 30 0.998 0.1048 0.9163 >0.1 
DBLpam3 3888-5001 30 0.998 0.05558 0.9847 >0.1 
ID1-ID2a 1185-3297 30 0.998 0.1467 1.2457 >0.1 
Total 1-5169 30 0.998 0.11168 0.9425 >0.1 

 

To determine whether specific short regions of the gene show evidence of positive 

selection, we estimated these two statistics using a sliding window analysis, with a 

window size of 99 nucleotides and a sliding step size of 30 nucleotides (Figure 8). The 

Tajima’s D analysis also identified some regions where the distribution departed from 

neutrality (p<0.05), corresponding to positions 666-764 in the DBLpam1 domain; 3563-

3694 in the CIDRpam domain; and 3866-3964 and 4391-4573 in the DBLpam3 domain 

(Figure 8A). We observed one striking πN/πS peak that mapped to DBLpam3 (alignment 

positions 4041-4139 with πN/πS ratio of 6.47) but with relatively low overall π, 
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suggesting that whatever polymorphism there are in this region are non-synonymous. We 

also observed two intermediate peaks that mapped to the C-terminal regions of the 

CIDRpam domain (alignment positions 3246-3344 with πN/πS of 2.73) and the 

DBLpam3 domain (4707-4856 with πN/πS ratio of 3.92), each with a significantly high 

value of Tajima’s D, suggesting that balancing selection is acting at these regions (Figure 

8). Taken together, these results showed that the N-terminal of var2csa is highly 

polymorphic. To put var2csa genetic diversity in context, its nucleotide diversity is ten 

times higher than that in the P. falciparum apical membrane antigen 1 (AMA1), which 

itself is one of the most diverse loci in P. falciparum [110] .The high values of Tajima’s 

D in the DBLpam1, the CIDRpam, and the DBLpam3 domains of the protein are 

consistent with balancing selection. Our findings are in line with those from other studies 

that found that variable blocks in DBLpam1, DBLpam2 and DBLpam3 are evolving 

under positive selection [180, 190, 191]. Taken together, these analyses suggest that host 

immune pressure drives the diversity in these segments, likely under a selective regimen 

of frequency-dependent selection that favors rare alleles. 

The minimal CSA-binding region, a current vaccine target, is highly diverse 

We sought to characterize the sequence diversity of the CSA binding region, located 

between coordinates 1185-3297 in Figure 8, since this region is a target of the current 

VAR2CSA subunit vaccine. The overall amino acid sequence identity was 74% and the 

average nucleotide diversity was 14.6% (Table 4), with a proportion of segregating sites 

of 53%. The nucleotide diversity in this region is higher than of any of the values 

calculated for individual VAR2CSA domains. 
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 Discussion 

A better understanding of the genetic variation of VAR2CSA is critical for development 

of a broadly effective vaccine against placental malaria. However, characterization of its 

encoding gene from clinical samples has had limited success due to difficulties in 

amplifying and assembling this hypervariable member of a multigene family from 

malaria infections, with issues compounded in polyclonal infections. We developed a 

novel sequencing approach using long range PCR combined with long PacBio 

sequencing of the resulting amplicon spanning ~5 kb of the extracellular region of 

var2csa. This strategy obviated the need for cloning and allowed us to generate 

sequences of large fragments of var2csa, capturing the majority of the sequence encoding 

the extracellular region of the var2csa locus. We validated this approach using published 

sequences from laboratory parasite lines. As proof-of-concept, this approach was 

successfully applied to field samples.  

In this study, we used two well-characterized laboratory strains to optimize the 

amplification and assembly protocols. 3D7 has one allele of var2csa, whereas HB3 

harbors two alleles. The PacBio re-sequenced 3D7 var2csa allele, assembled from reads 

with high depth of coverage, is identical to the reference strain. On the other hand, the 

HB3 var2csa reconstructed alleles harbored some residual sequencing errors. All of the 

errors we observed were deletions in homopolymeric regions. In addition, these errors 

were associated with low coverage. Our findings are in line with those from a previous 

study that used PacBio targeted sequencing for bacterial 16S rRNA [192] and 454 

pyrosequencing amplicon sequencing in Plasmodium [193]. 
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Blood-spotted dried filter papers are widely used for molecular assays in 

epidemiological studies, which can be easily collected and stored during clinical studies. 

Promisingly, we were able to amplify a 5 kb fragment from DNA isolated from such 

filter papers and sequence the resulting amplicon, even though the amplification success 

rate was lower than that of DNA obtained from cryopreserved samples. The limited 

success of the primers on filter papers could be due to degraded and/or limited amounts 

of DNA. We are attempting to further optimize DNA extraction and amplification 

methods from dried dried-blood blood samples.  

In field settings, multiple infections are common and may undermine the ability 

of the traditional Sanger platform to sequence clinical specimens directly, without 

cloning. To examine whether polyclonality poses a challenge for a combined approach of 

PCR amplification and PacBio sequencing, we artificially created a mixture of laboratory 

strains. Our approach successfully reconstructed alleles present at lower frequency in the 

mixture. However, these minor alleles had lower read coverage and, therefore, slightly 

more errors. Therefore, our results suggest that in order to obtain highly accurate allelic 

sequences, additional sequencing may be required when initial consensus sequences are 

derived from low coverage levels. Our method offers a clear advantage over traditional 

cloning approaches, as it allowed generation of long reads, highly accurate sequences, 

and was suitable for clinical samples. More importantly, as the protocol uses de novo 

assembly of full-length amplicons to reconstruct var2csa, it allows the accurate 

reconstruction of var2csa sequences from polyclonal clinical specimens. 

While our method shows a potential value of PacBio amplicon sequencing for 

complex genes, this approach has some limitations. The results reported here were 
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generated from only one SMRT cell, thus limiting depth of overage and potentially 

precluding obtaining high-quality sequences for minor alleles, unless funding is available 

for additional sequencing. Although PacBio sequencing has some residual noise at low 

depth of coverage, we anticipate that increasing the number of SMRT cells or decreasing 

the number of samples to multiplex and the use of the upgraded P6-C4 chemistry will 

improve the outcome of this approach. 

The sequencing protocol presented here could serve as a potential tool to study 

var2csa. The approach will serve as a framework to characterize the extent of the genetic 

diversity in different regions of VAR2CSA, information that can then be used to inform 

rational vaccine design. For example, this protocol can be used to identify the most 

prevalent variants to include in a vaccine that takes into consideration sequence diversity 

or to identify variants or motifs that are likely to have tropism for receptors 

overrepresented in placental tissue.  

 Conclusion 

We have developed a high-throughput method that uses a combination of long amplicon 

and single molecule sequencing for the locus encoding VAR2CSA. Our results show that 

this method is robust in sequencing var2csa. We also showed that the VAR2CSA N-

terminal region, including the receptor-binding region, is highly diverse in Malawian 

samples. The method described here can be an effective approach to study highly 

polymorphic and complex malaria antigens that have historically been challenging to 

sequence with traditional platforms.  
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 Background 

Naturally acquired immunity to malaria appears to occur, at least in part, through the 

acquisition of antibodies to parasite antigens expressed on the surface of infected 

erythrocytes. In epidemiological studies, having antibodies to these parasite-produced 

erythrocyte surface antigens is consistently associated with protection against clinical 

malaria [86, 194]. The best studied of these variant surface antigen (VSA) families, 

Plasmodium falciparum erythrocyte membrane protein-1 (PfEMP1) antigens, are large 

molecules expressed on the surface of the infected erythrocyte [38, 195], that bind to 

endothelial receptors [12, 196-198]. Each PfEMP1 typically contains between two to 

eight Duffy-binding-like (DBL) domains and one to two cysteine-rich interdomain 

regions (CIDR). PfEMP1s are encoded by the var family of genes, 40 to 61 of which 

have been found in the few P. falciparum assembled genomes available to date. An 

infected erythrocyte expresses only one PfEMP1 variant on its surface [199]. P. 

falciparum parasites undergo clonal antigenic variation that is central to their ability to 

evade the host immune response [200]. PfEMP1s mediate tissue-specific cytoadherence, 

which allows infected erythrocytes to sequester in small capillaries of targeted host tissue 

and evade clearance by the spleen, thereby producing devastating pathologic effects 

[201]. Compared to other P. falciparum genes, most var genes exhibit extreme diversity, 

with less than 50 percent shared amino acid sequence identity [202]. Such diversity has 

proven a major obstacle to the development of strategies to amplify and sequence new 

var genes from clinical samples, hampering the understanding of var gene biology and 

the role of PfEMP1 in clinical disease. The full complement of var genes is only known 

for a few reference genomes and two clinical samples [170]. Until now, it has thus not 
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been possible to sequence vars with adequate completeness and from a number of 

samples sufficient to associate specific var elements with clinical outcomes such as 

pregnancy-associated or severe malaria [183]. 

The best characterized PfEMP1, VAR2CSA, is expressed on the surface of 

infected erythrocytes that bind to chondroitin sulfate in the placental matrix [203, 204]. 

Antibodies to this antigen prevent placental cytoadherence and are associated with 

protection from placental malaria [203]. From the limited number of variants sequenced, 

VAR2CSA exhibits significantly greater sequence conservation than other vars, with 

over 75 percent shared amino acid identity among orthologs [180, 202, 205], making it a 

promising subunit vaccine candidate against pregnancy-associated malaria. Better 

characterization of VAR2CSA diversity within and across different geographic locations 

would enable an informed assessment of the need for regionally-based vaccines versus a 

globally effective vaccine approach. 

The study of rapidly evolving genes such as those that encode most variant 

surface antigen families relies on de novo genome assemblies and/or gene-targeted 

sequencing approaches. Assessment of genetic variation based on mapping of re-

sequencing reads requires reads to map uniquely between isolates within a maximum 

sequence divergence cutoff (usually ~2%, or a maximum of 2-3 SNPs in a 100bp read). 

A large proportion of reads originating from var loci often cannot be reliably mapped 

across isolates, either because they map to repetitive regions present in multiple copies in 

the genome or because they differ among orthologous copies by more than the threshold 

cutoff necessary for mapping [206]. The long sequence reads generated with Pacific 

Biosciences (PacBio) technology have great utility as they allow the placement of 
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repetitive regions in an assembly, using flanking unique conserved sequences as a 

genomic anchor [207, 208]. However, if the PacBio reads are short in comparison to the 

length of VSA genes, the high error rate of PacBio-generated sequences, which can top 

15%, may lead to assembly errors, including chimeras among members of multigene 

families. In contrast, Illumina sequencing technologies produce much more accurate data, 

but the short read length poses a challenge for var gene assembly. 

Here, we describe a novel, specialized pipeline that leverages publicly available var 

gene sequences and capitalizes on a combination of relatively low amounts of PacBio and 

Illumina data to reconstruct var gene sequences present in clinical malaria field samples. 

We show that all P. falciparum genomes from uncomplicated malaria infections harbor 

var2csa and also var gene subclasses previously associated with severe malaria. We also 

show a lack of clustering of VAR2CSA by geography and identify segments conserved 

across most var2csa sequences despite high overall sequence diversity at this locus 

among all samples analyzed. Such segments, if immunogenic, suggest the potential of a 

pregnancy-associated malaria vaccine based on a limited number of strains. 

 Methods 

Sample collection, genomic DNA preparation and quantification of host 

contamination  

Three to five milliliters of venous whole blood were obtained from 12 children with 

symptomatic malaria episodes in Bandiagara, Mali, in 2010, as part of a study measuring 

the incidence of malaria at a vaccine testing site [209]. Whole blood samples were 

leukocyte-depleted at the time of collection using CF11 columns [210] and then kept 
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frozen at -80°C until DNA extraction. DNA was extracted using the QIAamp Blood Midi 

kit, yielding 300 microliters of each sample eluted in distilled water. Samples were stored 

at -80°C until DNA sequencing. We determined clonality using six neutral microsatellite 

markers [211, 212]. Host contamination was calculated retrospectively by measuring the 

proportion of sequenced reads that mapped to the human genome (version GRCh37) (see 

below). Isolate NF54 was provided by Sanaria, Working Cell Bank SAN02-073009, 

cultured using standard protocols [213], and DNA extracted as above. 

Generation of Illumina and PacBio whole genome sequence data and genome 

assemblies   

Genomic DNA libraries for all samples were constructed for sequencing on the Illumina 

platform using the KAPA Library Preparation Kit (Kapa Biosystems, Woburn, MA). 

First, 500 ng of DNA was fragmented with the Covaris E210 to about 200 bp. Then 

libraries were prepared using a modified version of manufacturer’s 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 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 100 bp, paired-end, Illumina HiSeq 2500 run (Illumina, 

San Diego, CA). 
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For the Malian clinical samples, DNA was prepared for PacBio sequencing using 

the DNA Template Prep Kit 2.0 (Pacific Biosciences, Menlo Park, CA). First, DNA was 

fragmented with the Covaris E210 to generate fragments ~3, 8, or 10 kb in length. 

Libraries were then prepared per the manufacturer’s protocol. Three SMRT cells were 

sequenced per library, using P4C2 chemistry and a 120 minute movie on the PacBio RS 

II (Pacific Biosystems, Menlo Park, CA). The process for the generation of NF54 PacBio 

data was slightly different; NF54 had a longer insert library size (18,800 bp) and was 

sequenced using P6-C4 chemistry. 

Two assemblies were generated for each sample using PacBio-only sequencing 

data or PacBio plus Illumina data. PacBio-only assemblies were created with Sprai using 

default settings (http://zombie.cb.k.u-tokyo.ac.jp/sprai/index.html); Sprai by default does 

not use reads shorter than 2,000 base pairs. Hybrid assemblies using both PacBio and 

Illumina data were created with Celera assembler, with default settings [214]. 

Extraction of var gene-like sequences from whole genome assemblies  

Sequences resembling var exon 1 were extracted from the whole genome assemblies by 

stitching together lenient amino acid-level alignments to known reference var genes. 

Amino acid alignments were generated using PROmer (promer –maxmatch) [215] 

between each whole genome assembly and the full set of known exon 1 sequences from 

3D7 and VarDom [170]). Matches of at least 50% identity at least 100 bp long were 

grouped together when they were no more than 100 bp apart, and any such group with a 

total length of at least 2000 bp was considered a candidate exon 1 sequence. These 

candidate sequences were then oriented according to the reading frame with the least 
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number of stop codons. Finally, duplicates and subsequences were eliminated by 

removing any sequence that was covered to at least 90% (proportion of length x 

proportion of identity) by another.  

Algorithm for var gene reconstruction using ETHA 

Likely ends (500 bp) of var exon 1 sequences were identified in each PacBio assembly 

by aligning known exon 1 ends from all var genes available in the VarDom database, 

including the var genes from the reference 3D7 genome, against each assembly, using 

NUCmer with option maxmatch [215]. Regions of the assembly from the start of each 

such match to 100 bp past the inferred end of exon 1 were extracted from the assembly 

and then kmer corrected, using all 71mers observed at least 10 times in the Illumina data. 

These repaired sequences were re-aligned to the reference exon 1 ends, the exact end 

identified as the rightmost AAGGT occurring in the rightmost 100bp of the match, and 

the 71mer ending with that AAGGT was added to the set of identified exon 1 end kmers. 

A similar approach was used for some other variants including ACCTT (the reverse 

complement of AAGGT) and other 5mers occurring with low frequency at the end of var 

exon 1. This set of splice site-containing 71mers was then used to start a leftward kmer 

walk. This iteratively follows each 71mer with a new 71mer which overlaps the previous 

exactly over 70 shared base pairs, extending it by one base pair.  

This process is followed iteratively until no overlapping kmers are found (with an 

occurrence count of at least ten), or a stop codon is encountered in all reading frames. 

Kmers at the left-most end of an open reading frame are collected as the starting point for 

a rightward walk following the same method, with the added stopping condition that a 
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walk will end as soon as a kmer is seen which was in the original set of splice site-

containing kmers. These rightward walks are used to identify further splice site kmers by 

finding the rightmost kmer ending in AAGGT, in each kmer walk terminated by the end 

of all reading frames. These new splice-site kmers are added to the original set and the 

leftward walk is repeated, this time using the seeds of the rightward walk as an additional 

stopping condition. All of the kmers encountered in this final leftward walk are saved as 

the set of possible 71mers belonging to exon 1. A final leftward walk is carried out to 

generate all possible sequences that start with the most recent set of splice-site kmers, 

using only the exon 1 71mers. These sequences are filtered to remove any that is shorter 

than 1 Kb and the resulting set forms the candidate exon 1 sequences. These candidate 

exon 1 sequences are aligned to the whole genome assembly and segments are extracted 

of at least 500bp aligning at least 90% identity. The extracted sequences are then 

assembled using a simple unitigger which requires perfectly matching overlaps.  

We then identify all sequences formed by a unique path from the starting kmer 

and add them to the final set of exon 1 sequences if not already present. Duplicates, 

defined as sequences fully contained within any exon 1 unitigs, are removed. Also 

removed are sequences which are completely covered by another sequence with which 

they share >= 95% sequence identity.  

NF54 Validation  

An optimal NF54 PacBio-only assembly was constructed from all PacBio data using 

PacBio's Hierarchical Genome Assembly Process (HGAP) [216]. A second, sub-standard 

assembly that matched features of the 12 Malian clinical samples was generated from 
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reads subsampled from the total NF54 PacBio data to match the lower median read length 

and read number of the datasets for Malian clinical samples. This simulated clinical 

assembly was created with HGAP using the subset of PacBio reads with the whitelist 

option within SMRT Analysis (v2.3). 71mers used for kmer walk by ETHA were 

extracted from NF54 Illumina data. The original standard bioinformatic approach and 

ETHA were then run on this assembly to pull extracted, and to generate reconstructed 

exon 1 sequences, respectively, as described above. For both extracted and reconstructed 

NF54 output, exon 1 sequences were then compared to the complete set of known exon 1 

sequences from the reference 3D7 by alignment using Mummer [215] and coverage and 

percent identity was calculated for the single best match from the ETHA output to each 

reference 3D7 exon 1 sequence with custom scripts. 

Amplification and structural annotation of var2csa sequences from genomic DNA  

Primers flanking var2csa, based on its upstream promoter sequence (UPSE; ~500 bp 

upstream of translation start site) and on the acidic terminal sequence (ATS), were 

designed using sequences from GenBank (accession numbers : EF614224; EF614233; 

EF614230; EF614227; EF614231; EF614225; EF614226; EF614229; EF614232; 

EF614228) and VarDom (clones 3D7, HB3, DD2, IT4/FCR3, PFCLIN, RAJ116, IGH). 

UPSE sequences were provided by Thomas Lavstsen [170]. A single PCR was performed 

using PacBio 96-plex 21 bp padded barcode mode according to manufacturer’s 

instructions. A target specific forward primer Frag1_ExF (5’-

GTGATGTATGTGTTTATGGAATAACTAGC-3’) and a target specific reverse primer 

R_IT4var04_ATS (5’-TCCTTACGTTCCATATTCCACACTTC-3’) were used. The 

cycling conditions were as following: a 50μl reaction containing 5 μl of 10X LA PCR 
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buffer, 8 μl of dNTPs (2.5mM each), 5 μl of each the forward and reverse primer(1 μM), 

0.5 μl of TaKaRa LA Taq (5 units/ μl), and 2 μl of DNA sample. Cycling conditions 

included an initial denaturation step of 2 minutes at 94°C, followed by 10 seconds at 

98ºC denaturation, 10 minutes annealing and elongation step at 60ºC, with 35 cycles 

followed by a final elongation step of 10 minutes at 72ºC. Successful PCR products of 10 

kb from each sample were purified and pooled in equimolar concentrations. The pooled 

amplicons were sequenced using a Single Molecule Real Time (SMRT) RS II amplicon 

sequencing protocol using P6C4 chemistry, and assembled with SMRT analysis v2.3 

ConsensusTools . The VarDom server was used for the var gene domain annotation, 

according to the default protocol parameters.  

Identification of upstream promoter sequence (UPS) for each var gene in the Malian 

samples  

Regions upstream from the translation start positions of var genes in our assemblies were 

extracted for analysis as follows. First, a set of possible exon 1 sequences was created 

from kmers in Illumina reads, as described above. Then, all PacBio reads were mapped to 

these sequences using NUCmer and the best match for each PacBio read extracted if it 

was at least 500bp long and matched the reconstructed exon 1 with at least 95% sequence 

identity. The extracted sequences were then assembled in a simple, greedy fashion to 

create a set of exon 1 unitigs. Those unitigs containing the starts of exon1 sequences were 

matched using NUCmer against contigs in the final assembly. The final set of promoter 

regions consisted of the assembly regions upstream of the exon 1 start of each match (up 

to 2000bp but as short as 900bp if the end of the contig was reached) plus the first 100bp 

of exon 1 coding sequence. 
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To identify the coordinates of each promoter sequence in those upstream regions, 

and the UPS class to which each belonged, a BLAST search was done of known 

promoter sequences against the var gene upstream sequences. Each BLAST hit was then 

scored to determine the best hits. The scores were determined by adding the length, 

percent identity and the bit score of the alignment (inversely proportional to e-value, and 

of the same order of magnitude and the other two parameters). This scoring takes into 

account the three factors that most impact the quality of the BLAST hit. The percent 

identity had little impact on the scores, since nearly all of the hits have a percent identity 

between 90% and 100%. The coordinates for all the BLAST hits were inferred from the 

alignments. The best hits were defined by keeping only those hits within 5% of the score 

of the top hit for each upstream sequence. The 5% threshold represents a natural 

inflection point in the distribution of hit scores (scores tended to drop off after a few very 

highly scoring hits; alternatively, scores declined gradually, but represented redundant 

hits, i.e., alternative alignments of the same promoter to the same target region). All 

redundant hits were removed from the set of best hits, such that only unique best hits 

remained. Most often this resulted in only one remaining hit of a “known” promoter 

against the upstream region of a var, which defined the UPS class, and with the 

alignment coordinates defining the UPS location. In cases where more than one hit 

remained, it was a result of either (i) partially overlapping hit coordinates from “known” 

promoters from the same class, or (ii) perfectly overlapping hits, but from “known” 

promoters of different classes. In (i), the final UPS coordinates were defined by the 

reunion of all overlapping hits. In (ii), the UPS coordinates were common to all hits, and 

the var was assigned to a hybrid class defined by all subject “known” promoters. Finally, 
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a small number of var sequences appear to have more than one non-overlapping upstream 

promoter, although these could represent assembly artifacts. 

Identification of domain cassettes DC 8 and DC13  

DC8 and DC13 containing sequences were retrieved from VarDom server. Each DBL 

and CIDR domains were identified and aligned separately along with the known DC8 and 

DC13. Phylogenetic tree were inferred to identify sequences that clustered with either 

DC8 or DC13 domains. Sequences that contained both DBLα2 and CIDRα1.1 were 

defined as DC8 whereas those with DBLα1.7 and CIDRα1.4 were DC13. 

Phylogenetic tree and recombination analysis 

Multiple sequence alignments were performed with AQUA [217], a program that 

optimizes multiple alignment using MAFFT and MUSCLE. A maximum likelihood tree 

was reconstructed with RAxML-PTHREADS (version 8.2.4) [218], based on the AQUA 

output. The gamma model of substitution with rate heterogeneity was used, together with 

AUTO option, to determine the matrix of substitution that best fits the data. JTT and VT 

were identified as the best-scoring amino acid substitution models. The phylogenetic tree 

was visualized with interactive Tree of Life (iTOL version 3) [219]. To determine 

whether var2csa sequences cluster regionally, a multiple alignment was performed using 

nucleotide sequences with MAFFT L-iNS-i default options followed by careful manual 

evaluation and editing when required. The alignment was used as an input for 

recombination analysis using RDP4 version 4.36 [220]. The program detected regions of 

recombination in the alignment. Therefore, a Neighbor-Net analysis was performed to 



60 
 

reconstruct a phylogenetic network incorporating recombination events, using Splitstree 

version 4.14.4, based on uncorrected p-distances [221]. 

 Results 

De novo whole genome assemblies  

Genomic DNA (gDNA) was obtained from leukocyte-depleted blood from each of 12 

clinical malaria samples collected in Bandiagara, a town in Mali, West Africa. This set 

included samples with both low (5,000 - 25,000 parasites/µL) and high (>150,000 

parasites/µL) parasitemia, as well as monoclonal and polyclonal infections (Appendix 1: 

Table S1). Illumina and PacBio data were obtained for all samples (see Methods). The 

insert size of Illumina libraries varied between 316-346 bp (Appendix 1: Table S2). The 

12 samples were multiplexed in a single Illumina HiSeq2500 channel, and data generated 

corresponded to 78X-141X coverage of the P. falciparum genome per sample. A 3Kb, 

8Kb, and/or 10Kb PacBio insert library was built for each sample (Appendix 1: Table 

S2). The total PacBio data, generated through PacBio's Single Molecule Real Time 

(SMRT) sequencing, was equivalent to 8X-52X coverage, depending on the sample. The 

varying amount of data per sample depended on the percent host contamination, the 

variation associated with multiplexing samples in an Illumina run, the number of PacBio 

SMRT cells sequenced, and the variation inherent to each SMRT cell (Appendix 1: 

Tables S1-S2).  

Assemblies for the 12 Malian clinical samples were created using either Celera 

(PacBio with Illumina) or Sprai (PacBio-only) assemblers (see Methods). In each case, 

the assembly considered to be best was selected based on various combinations of 
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assembly metrics, including number of contigs, cumulative length of assembly, length of 

largest contig, and N50 (the length of the largest contig in the subset containing the 

smallest 50% of all contigs) (Appendix 1: Table S3). The P. falciparum assemblies 

generated from the six monoclonal infections were usually <30 Mb in length, and 

consisted of ~450 large contigs (≥10Kb) of an average maximum size of 325 Kb. These 

large contigs together had an average cumulative length of 22 Mb (~94% of the reference 

genome), corresponding to the core, unique regions of the genome (Figure 9; Appendix 

1: Table S3). The assemblies of the six polyclonal samples were all longer than 30Mb, 

and the number of large contigs was ~20% greater than those in monoclonal samples, 

while the number of small (<10 Kb) contigs from the polyclonal samples was roughly 

twice as big as those from the monoclonal samples, reflecting the presence of multiple 

allelic forms. All assemblies contained at least 500 small contigs of between 2-10 Kb. 

These small contigs map primarily to telomeric and sub-telomeric regions, suggesting 

that they correspond to fragments of repeats or the multigene families preferentially 

located in these regions (Figure 9).  
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Figure 9: Whole genome assembly contigs aligned against the 3D7 Reference. Contigs from Sample 303_1 
(blue) aligned to Chromosome 12 of 3D7 (black); var exon 1 sequences extracted from 303_1 (see 
Methods) and previously identified var exon 1 sequences from 3D7 are labeled as red dots on the contigs 
and chromosome. Exon 1 sequences extracted from the whole genome assembly of 303_1 are found in 
chromosome regions similar to where 3D7 exon 1 sequences have been found. While some are found 
towards the center of the chromosome, a portion are also found on the ends, where complicated repeat 
regions and multi-gene families cause assembly issues, and assembly contigs are seen to pile up in this 
area. 

 

The size of all assemblies was larger than the reference 3D7 P. falciparum 

genome. This is likely due to two primary factors. First, the relatively low amount of 

PacBio data that could be generated for each clinical sample was insufficient to correct 

all internal errors in the PacBio data. As a result, each assembly likely contains redundant 

contigs that could not be merged due to incorrectly reconstructed nucleotide positions 

(Figure 9). Second, more than one clone was detected in half of these samples; therefore, 

some of the redundancy in the assembly is likely due to nucleotide-level differences in 

orthologous regions from multiple parasites. This may explain why most assemblies from 

polyclonal infections are larger than those from monoclonal infections (Appendix 1: 

Table S3). 

Extracted var gene exon 1 sequences in de novo whole-genome assemblies  

Currently available P. falciparum genome assemblies contain 40 - 61 complete var genes 

in addition to several dozen var pseudogenes [222]. These genes are mostly located in 

sub-telomeric regions of the chromosomes, with a few clusters located in the core region 
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of chromosomes 4, 6, 7, 8, and 12 (Figure 9). Each complete var gene consists of two 

exons, the first of which, at 2,500-10,500 bp, is longer and much more variable in length 

than the second (1,000 - 1,500bp) [222]. While the PfEMP1 segment derived from exon 2 

corresponds mostly to the inter-membrane and intra-cellular domains of the protein, exon 

1 gives rise to the motifs involved in cytoadherence and rosetting, and consequently is of 

particular interest in terms of pathogenesis. 

To determine the accuracy of these clinically important exon 1 sequences 

recovered directly from default assemblies with standard bioinformatics approaches, exon 

1 sequences were extracted from each of the 12 Malian whole genome assemblies based 

on amino acid sequence similarity to those of existing var exon 1 sequences from the 

reference P. falciparum 3D7 (Pf3D7) genome, as well as others available through the 

VarDom database [170]. The putative exon 1 sequences extracted were validated as bona 

fide var sequences by comparison with the NCBI nr/nt nucleotide collection. Without 

exception, each sequence was spanned (with or without internal gaps) by at least one 

match to a known var, with a bitscore of at least 200. Between 58 to 177 exon 1 

sequences were extracted from each of the 12 Malian sample genome assemblies in this 

manner, with a higher number from poly- vs monoclonal samples (Appendix 1: Table 

S4). As with Pf3D7 var exon 1 sequences, the median length of extracted exon 1 

sequences in each assembly was ~5Kb for most samples, and the length of individual 

exon 1 sequences fell within a wide range, from 2Kb to >10Kb (Figure 10).  
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Figure 10: Number and length of var exon 1 sequences. A. Complete exon 1 sequence extracted from 
whole genome assemblies using standard bioinformatic methods, requiring a minimum sequence length of 
2 Kb. B. Complete exon 1 sequences reconstructed from whole genome assemblies by ETHA. Distributions 
of var exon 1 lengths in each sample are represented by a box-and-whiskers plot: the median is indicated 
by a dark line, the first and third quartiles by the boundaries of the box, and the minimum and maximum, 
excluding outliers, by the whiskers. Outliers are those points lying beyond the first or third quartile by more 
than 1.5 times the interquartile range. Clinical samples are colored by clonality (polyclonal- orange, 
monoclonal- blue). 3D7 is shown in grey. The number of exon 1 sequences per sample, estimated from the 
counts of extracted exon 1 sequences are listed on the bottom (see Methods). 

 

Several observations suggest the presence of assembly errors in the var exon 1 sequences 

extracted directly from the assemblies of the 12 Malian clinical samples. First, the 

number of exon 1 sequences per sample is much larger than the 40-61 expected. This is 

most likely due to the presence of duplicated segments in the assembly, which could not 

be merged due to incompatible sequencing errors (see above). Secondly, some segments 

in these extracted var sequences have no equivalent in the k-mer Illumina data, i.e., they 

have no identical sequence among all the 71-mers extracted from all Illumina reads 

generated for the same sample. Finally, in these extracted var sequences with missing k-

mer data, no independently-generated k-mer path (tiling paths of 71-mers extracted from 

all Illumina reads) unites the two regions flanking those segments with no k-mer 
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coverage. The second observation can be explained by poor PacBio correction, but the 

final point suggests the presence of larger structural errors, such as chimeras. Therefore, 

the large number of complete exon 1 sequences extracted directly from these assemblies 

is inflated by the presence of chimeras, as well as by duplicated copies. 

Reconstruction of var gene exon 1 sequences by a novel algorithm, ETHA  

Compared to Pf3D7, the var exon 1 sequences extracted directly from each of the 12 

genome assemblies were extremely variable in length and in number. In addition to the 

presence of duplicates and chimeras, the length distribution is skewed toward elements 

smaller than the median length, compared with Pf3D7. For this reason, an algorithm 

named ETHA (Exon-Targeted Hybrid Assembly) was developed to more accurately 

recover exon 1 sequences (Figure 11; Methods). Briefly, Illumina data corresponding to 

the var genes is (i) identified by finding 71 bp segments containing var splice site 

sequences in the assembly and iteratively following possible continuations within the 

Illumina data, (ii) assembled by generating all possible paths within de Bruijn graph of 

71-mers, and (iii) reconciled with the whole genome assembly by choosing paths that 

align best with the whole genome assembly and (iv) assembling reconciled var sequences 

in a sample and removing duplicates. While the original extraction method described 

above was done using the best assemblies, we found that Celera assemblies (while often 

superior as measured by N50 and other assembly metrics) were less effective than Sprai 

assemblies as input to the current pipeline, as measured by coverage of known reference 

var genes. Celera Assembler’s double use of Illumina data may explain this reduced 

coverage. Therefore, the Sprai assemblies were used as input for ETHA. 
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ETHA reconstructs both complete and partial exon 1 sequences. Those sequences 

containing a start methionine residue were judged to include the start of an exon; those 

ending with a known boundary sequence between exon 1 and the intron were judged to 

include an end. Those with neither were considered internal fragments, and those with 

both were considered complete exon 1 sequences. The median length of complete ETHA-

reconstructed exon 1 sequences in each sample was much more similar to Pf3D7 and 

length variation was far lower than that of sequences extracted by the original method 

(Figure 10; Appendix 1: Table S4). Since ETHA includes redundancy reduction steps 

that will remove nearly identical copies likely to result from sequencing error, the number 

of complete sequences reconstructed with ETHA is less than what was found with the 

exon 1 sequences extracted directly from the assemblies, and the total cumulative length 

of all ETHA exon 1s was closer to what was expected (Appendix 1: Table S5). Finally, 

the estimated number of copies recovered by ETHA, which can be inferred from the sum 

of complete elements plus the largest of either the number of exon 1 start or end 

sequences (Appendix 1: Table S5), is also closer to number of complete elements in a 

genome than the number of var sequences extracted directly from each assembly. 
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Figure 11: Overview of the ETHA algorithm for reconstructing exon 1 sequences: Illumina and PacBio 
sequencing data are both used in conjunction with previously characterized exon 1 sequences from 
VarDom [Rask et al] as data inputs for reconstructing exon 1 sequences in clinical whole genome 
assemblies. Pacbio data is assembled, and exon 1 ends are identified by mapping known exon 1 sequences 
from VarDom onto the assembly (steps 1 and 2). Illumina data corresponding to the var genes is identified 
by finding 71 bp segments containing var splice site sequences in the assembly and iteratively following 
possible continuations within the Illumina data (steps 3 and 4). They are then assembled by generating all 
possible paths within de Bruijn graph of 71-mers (step 5), and reconciled with the whole genome assembly 
by choosing those paths which align best with the whole genome assembly (steps 6-8). Data inputs in 
white; processes are in grey. 

 
Validation of ETHA using NF54 

To confirm that ETHA is indeed recovering true, and accurate, var exon 1 sequences, we 

simulated the sequencing, assembly and var sequence recovery process used above for 

the 12 Malian clinical samples now using the P. falciparum isolate NF54. NF54 is the 

isolate from which the reference 3D7 was cloned [223]; therefore, any var exon 1s 

present in NF54 should be very similar to those in the 3D7 genome. Indeed, this was 
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confirmed with the generation of a high-quality PacBio-based whole genome assembly of 

NF54, in which each of the 61 3D7 vars was present in one intact piece. We found no 

evidence in the NF54 assembly of extra var sequences relative to the original 3D7 

assembly, as recently reported in a new PacBio-based 3D7 assembly [208]. The only 

difference detected between the NF54 and original 3D7 assemblies across the 61 genes 

was one small indel. The simulation was conducted by subsampling NF54 Illumina and 

PacBio reads such that the quality metrics for the data used to create the assembly and the 

ETHA pipeline input were on the low end of the Malian samples, in an attempt to 

replicate the relatively poor quality of the sequence data generated from the clinical 

samples (see Methods) (Appendix 1, Table S3). 

To assess sensitivity, specificity, accuracy, and contiguity of the ETHA algorithm, 

exon 1 sequences were extracted directly from the simulated NF54 assembly and also 

reconstructed with ETHA, as done before for the Malian clinical samples, and aligned to 

the known exon 1 sequences in the 3D7 reference. Overall, the ETHA output can be 

characterized as having very high accuracy and specificity at some cost to contiguity and 

sensitivity, while the direct extractions were quite sensitive and contiguous but at a cost 

to specificity and accuracy. ETHA output sequences covered 88.4% of the cumulative 

length of 3D7 var exon 1 sequences with alignments of at least 500 bp and 100% 

identity. Lowering the identity threshold to 90% identity increased the coverage only 

slightly to 92.8% and lowering it further to 80% achieved only 93.6% coverage. By 

contrast, the sequences extracted directly from the assembly covered only 17.2% of the 

cumulative length of the reference at 100% identity, but lowering the threshold to 90% 
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identity increased coverage to 97.3% and lowering it further to 80% achieved 97.8% 

coverage. 

We also calculated coverage and percent identity for the single best match 

between the two sources. For the ETHA output, 38 of the 61 reference 3D7 exon 1 

sequences were covered completely by a single match to reconstructed sequence, all of 

these with 100% identity. For the sequences extracted directly, only one reference exon 1 

was covered completely with 100% identity, but a total of 53 of the 61 were covered 

completely at lower identities (mean identity of 99.91%, range 99.58-99.98%). The high 

number of complete (if not 100% accurate) exon 1 sequences extracted directly was most 

likely facilitated by the nature of the NF54 simulated sample that could not be degraded 

sufficiently to resemble true clinical data (likely due to the difference between clinical 

and cultured parasite genetic material and the longer reads from the updated PacBio 

chemistry used to sequence NF54- see Methods). The ETHA output’s low number of 

completely covered reference 3D7 exon 1 sequences likely reflects ETHA's conservative 

nature, which by design will not merge two pieces of sequences unless they are identical 

across the overlapping region. 

Validation of ETHA using long-range targeted PCR with PacBio sequencing of 

var2csa  

A second validation of the ETHA output was done by sequencing var2csa with PacBio to 

compare the PCR amplicon-based sequence to the sequence reconstructed by ETHA. 

PCR primers spanning the upstream promoter sequence (UPS) and acidic terminal 

sequence (ATS) were used to amplify the extracellular portion of var2csa, corresponding 
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to an amplicon around 10 Kb, and then sequence it with PacBio using P6-C4 chemistry 

(see Methods). For all except two samples (397_1 and 398_1), the var2csa gene was 

successfully amplified and sequenced. The 10 amplicons were pooled before sequencing 

with PacBio. 

We assembled the PacBio reads with PacBio’s Hierarchical Genome Assembly 

Process (HGAP) assembler and further corrected the results using Pilon, with the 

corresponding Illumina reads [224]. Three of the ten samples (309_1, 366_1, and 383_1) 

had very low PCR amplicon product, and did not yield the desired amount (394.94 ng) to 

generate an equimolar 10-sample amplicon pool before sequencing. Therefore, the 

number of PacBio reads for these samples was insufficient to generate a reliable PacBio 

consensus amplicon sequence. Of the remaining samples, two (318_1 and 377_1) failed 

to yield a high-quality assemblies; for the last five samples we obtained a single high-

confidence contig assembly, thus providing an independent source against which to 

assess the accuracy of the ETHA pipeline. In four of these five samples (303_1, 326_1, 

327_1, and 365_1), the assembled amplicon sequence corresponding to exon 1 was 100% 

identical, end-to-end, to the output of the ETHA pipeline, while the fifth (58_1) differed 

by 11 nucleotides from the ETHA output, corresponding to 99.87% identity. In each of 

the five samples, the most similar var2csa-like sequence extracted directly from the 

whole genome assembly differed considerably from the assembled amplicon, with 

differences ranging between 6 and 2,750 nucleotides (median = 287 bp). This validation 

exercise provides further evidence that ETHA produces sequences of higher accuracy 

than those obtained using standard bioinformatic approaches to extract sequences directly 

from a default, low coverage PacBio assembly.  
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As a positive control for this validation approach, we also amplified and PacBio-

sequenced the exon 1 of var2csa from the 3D7 isolate. The sequence obtained was 100% 

identical to that in the published 3D7 genome assembly. 

Subfamily composition 

The upstream regions of var genes have previously been classified into four upstream 

promoter sequence (UPS) classes, namely UPSA, UPSB, UPSC, and UPSE, which 

correspond to various chromosomal locations and clinical phenotypes [170]. UPSA 

(associated with longer var genes) and UPSB (the most common) tend to be sub-

telomeric, whereas UPSC is located centrally on chromosomes. UPSE is associated only 

with var2csa. To determine if the var genes reconstructed from the 12 clinical samples 

shared a similar promoter breakdown, we extracted 2,100 bp-long segments upstream of 

each exon 1 found in the whole genome assemblies of the 12 Malian samples, and 

classified these by sequence similarity to the four UPS classes (see Methods). As has 

been observed in other genomes, UPSB was the most common UPS class for each of the 

clinical samples (Figure 12). While previous work found a similar number of UPSA and 

UPSC classes in a parasite genome [170], UPSA tended to be more numerous than UPSC 

in the 12 Malian clinical isolates studied here. As expected, UPSE-like sequences were 

present at very low numbers in each sample. Five samples had between two to four UPSE 

copies, half of the samples had a single UPSE copy, and none were found in sample 

318_1. In contrast, sample 377_1 had 15 UPSE-like sequences. The large number of 

UPSE sequences relative to the four var2csa genes reconstructed with ETHA from the 

377_1 assembly likely stems from redundancy in these low coverage PacBio assemblies 

and sample polyclonality. 
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Figure 12: Subfamily composition of recovered ETHA exon 1 sequences: Relative frequencies of each UPS 
class (UPSB in red, UPSA in green, UPSC in orange, and UPSE in purple) for each of the 12 Malian 
samples, compared to the frequencies found by Rask et al. [170]. 

 

Structural characterization of var2csa and other vars using VarDom 

All ETHA exon 1 sequences were characterized and annotated using the VarDom server 

[170; www.cbs.dtu.dk/services/VarDom/] (see Methods). Briefly, the exon 1 genomic 

sequences were used to predict open reading frames (ORF); the resulting ORFs were 

translated into protein sequences and submitted to VarDom for domain prediction. The 

output files were parsed with custom Python and Perl scripts to extract domain 

coordinates and determine protein domain organization. The overall domain organization 

was consistent between the samples (Figure 13; Appendix 2: Figure S1), and similar to 

the var composition in the 3D7 reference genome, with NTS-DBLα-CIDRα-DBLδ-

CIDRβ being the most frequent arrangement and NTS-DBLα-CIDRα-DBLδ-CIDRγ the 

second most common domain architecture. While this domain architecture was 

conserved, individual PfEMP1 sequences were highly polymorphic. The most conserved 
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vars from the repertoire were var1, var3, and var2csa. According to the structural 

characterization of all samples, var1, var3, and var2csa variants were present in 9, 7, and 

12 samples, respectively. Complete or nearly complete var2csa exon 1 sequences were 

recovered from all 12 samples, with some samples having more than one var2csa 

sequence, providing cross-validation of the output of the ETHA algorithm. Each sample 

possessed a similar distribution frequency of constituent domains in these three most 

widespread vars as the 3D7 isolate. The most common domain found in each sequence 

was DBLα (Appendix 1: Table S6).  

 

Figure 13: Relative distribution of constitutive domains. Relative domain frequencies compared to the 
reference 3D7. 

 

PfEMP1s play an important role in malaria pathogenesis by mediating the binding of 

infected erythrocytes to specific host receptors in different organs. Particular clinical 

features have been associated with specific domains or the combination of two or more 

domains defined as domain cassettes (DC). In particular, the expression of DC8 and 
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DC13 has been associated with severe malaria [225]. Previously, DC8 was found in six 

of seven genomes from different continents, while DC13 was found in five of these 

genomes [170]. The reference 3D7 genome lacks DC8. To identify these domain 

cassettes in our dataset, we reconstructed phylogenetic trees using amino acid sequence 

of domains from ETHA-reconstructed exon 1 sequences as well as amino acid sequences 

of known DC13 and DC8 domain cassettes. Both domain cassettes were identified in 11 

samples at least once (Appendix 2: Figures S2, S3). Samples 58_1 and 397_1 had more 

than one DC8 (paired domains). We detected neither DC8 nor DC13 in sample 318. 

These results suggest that differences in clinical outcome may be the result of variation in 

var expression and/or host immunity, instead of being directly related to domain 

composition of the var complement in the genome. These findings may also be explained 

by other factors such as the timing of sample collection, the possibility that the DC8s and 

DC13s sequenced in these samples differ, in some critical way, from DC8s and DC13s 

that have been associated with severe malaria, or that these uncomplicated malaria 

infections could have progressed to severe infections if left untreated. 

Genetic diversity of var2csa and other vars 

To characterize the diversity of var repertoires, average amino acid identity was 

calculated for each domain of the major DBL and CIDR classes, as well as the entire 

exon 1 region of var2csa. Among a sample of vars obtained from a collection of isolates 

from around the globe amino acid sequence identity of individual domains varied from 

30% to 92% [170]. The DBLε (31% shared amino acid identify) and CIDRα domain 

(30% shared amino acid identity) classes were the most heterogeneous domains, whereas 

DBLβ and CIDRδ were relatively more conserved, with 43% and 55% shared amino acid 
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identity, respectively (Appendix 1: Table S7). Remarkably, both the relative sequence 

conservation among domains and the range of amino acid sequence identity observed 

among 12 Malian samples are essentially identical to global isolates (Appendix 1: Table 

S7). We also confirmed that VAR1 and VAR3 were among the most conserved vars, 

with 67% and 87% shared amino acid identity, respectively. The high level of 

conservation of these two proteins among parasites suggests particular – and as yet 

undiscovered – niches in malaria pathogenesis that warrant further investigation. 

The genetic variation among VAR2CSA proteins is particularly pertinent to the 

development of a pregnancy-associated malaria vaccine. We identified and characterized 

the genetic diversity among the 19 different var2csa sequences found in the 12 Malian 

samples. The average shared amino acid sequence identity among these sequences was 

79 percent. Sequence identity within the individual constituent domains ranged from 62 

percent (DBLε10) to 92 percent (DBLεpam4). DBLεpam4 was the most homogeneous 

domain, followed by DBLεpam5 and DBLpam3, both with 89% amino acid sequence 

identity (Appendix 1: Table S7). The ID1-ID2a region of the VAR2CSA protein, which 

contains the motif that binds the CSA binding region, is the target of current efforts to 

develop a vaccine against malaria in pregnancy. The average amino acid sequence 

identity for this region was 74%, suggesting that it has considerable heterogeneity even 

among parasites from a single West African village. In addition, all 19 Malian ID1-ID2a 

sequences were unique. 

To determine the relatedness among var2csa sequences from parasites collected 

in different geographic locations, Malian sequences were aligned and compared to 

var2csa sequences retrieved from the VarDom database, which were obtained from 
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parasites from across the globe. A principal component analysis revealed that var2csa 

sequences from Mali did not form a distinct cluster; instead, Malian samples displayed a 

large range of genetic diversity in the PCA (Figure 14). Supporting this conclusion, 

phylogenetic analyses showed Malian var2csa sequences not to be monophyletic; in fact, 

several Malian sequences were more closely related to var2csas from other continents 

than they were to other Malian samples (Figure 15). The phylogenetic network was 

reconstructed to account for recombination, since recombination events were detected in 

the data, both among Malian samples and between these and other samples (Appendix 2: 

Figure S4). An analysis under the assumption of no recombination differed slightly in 

topology but still showed Malian samples to be polyphyletic in the network (Appendix 2: 

Figure S5). These results, taken together, suggest that VAR2CSA sequences are not 

structured according to geography, supporting the idea that a VAR2CSA-based vaccine 

based on a number of strains within a region would still capture considerable global 

var2csa sequence diversity. 

Despite the tremendous variation among var2csa sequences from a single Malian 

village, two VAR2CSA C-terminal extracellular domains, DBLεpam4 and DBLεpam5, 

were remarkably conserved among these isolates. In a recent study using the 3D7 

VAR2CSA variant [226], sera from multigravid women from Mali recognized a fragment 

containing these two domains to a greater extent than sera from nulliparous women, men, 

and children. Other studies have also shown that these domains were targets of maternal 

antibodies [137, 190, 227]. Our results suggest that the high sequence conservation of the 

extracellular C-terminal make it a potential target for a subunit vaccine. Immune 

responses and allele-specific immunogenicity against different variants of these domains 
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are important to characterize, as previous studies suggest that a repertoire of antibodies 

from women recognize both conserved and polymorphic epitopes [228]. 

 

 

Figure 14: Principle Component Analysis (PCA) of reconstructed and known var2csa exon 1 amino acid 
sequences. 19 var2csa sequences reconstructed from the 12 Malian samples were aligned to VarDom 
var2csa sequences and Euclidian distance matrix generated from the multiple alignment was used to plot 
the PCA. The sequences are colored based on their origin. 3D7, FCR3/IT4 (Gambia), HB3 (Honduras), 
Dd2 (Indochina), PFCLIN (Ghana), IGH (India), RAJ116 (India), AAQ73930 (Malayan Camp), and NHP 
(Plasmodium reichenowi, a Non-Human Primate parasite var2csa). 
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Figure 15: Neighbor net of the reconstructed var2csa exon 1 nucleotide sequences based on uncorrected p-
distances. The network is inferred from the 19 var2csa sequences reconstructed from the 12 Malian 
samples and 11 var2csa sequences from the VarDom database multiple alignments. The sequences are 
color-coded based on their origin as in Figure 14. 

 

Conclusions  

Sequence analysis of PfEMP1s from clinical isolates has the potential to provide insights 

into malaria pathogenesis and vaccine design. Challenges in sequencing var genes from 

clinical isolates have limited our understanding of P. falciparum pathogenesis and ability 

to develop interventions focused on this family of variant proteins. We overcame these 

challenges by combining two sequencing technologies and developing and validating a 

novel assembly algorithm. PacBio offered the advantage of long reads, permitting 
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assembly of vars, while Illumina corrected the inherent sequencing errors associated with 

PacBio. ETHA is a novel algorithm for reconstructing variable var exon 1 sequences 

from unfinished, highly fragmented whole-genome assemblies generated from clinical 

samples using PacBio and Illumina data. This approach allowed us to accurately and 

reproducibly reconstruct the sequence of full-length var exon 1 from clinical isolates, in 

an automated fashion, for the first time. While var sequences extracted directly from the 

assemblies likely encompass almost all var exon 1 sequences present in the sample, 

collection of sequences was both chimeric and redundant, and contained sequencing 

errors. In contrast, ETHA removed much of this duplication and reduced chimerism and 

sequencing errors, albeit with a slight cost in sensitivity and contiguity, resulting in some 

fragmentation. The accuracy of ETHA var reconstruction was validated using several 

approaches, including the recovery of known vars and the validation of the motif 

composition of novel reconstructed vars.  

This approach will provide valuable var sequence information for clinical 

infections, with the potential to vastly expand the limited available sequence data from 

the field, with associated clinical and epidemiological data. The pipeline described here 

can be adapted to other surface variant proteins such as those encoded by the repetitive 

interspersed family (rif) and the sub-telomeric variable open reading frame (stevor) gene 

families, which have yet to be sequenced from clinical infections.  

This approach has some limitations. Sequence generation is dependent on the 

acquisition of adequate quantities of venous blood (typically three to five milliliters) with 

a sufficient parasitemia to guarantee enough parasite DNA for at least a small insert 

PacBio library – here, a minimum of 5,000 parasites per microliter. In addition, the cost 
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of necessary next-generation sequencing may be prohibitive for some projects. Finally, 

these blood samples required leukocyte depletion in the field to reduce host DNA 

contamination. New developments to deplete human DNA from mixed host-parasite 

DNA samples, coupled with sequencing technology advances to reduce costs and 

improve sensitivity may soon overcome some of these limitations. 

Comparative sequence analysis showed that the repertoire of var genes found in a 

small number of isolates from a single West African village was as variable as a 

collection of isolates from different continents. However, two immunogenic VAR2CSA 

C-terminal regions of exon 1 [190, 226, 227] exhibited considerable sequence 

conservation, suggesting a potential target for vaccine development. Additional var 

sequence data from different geographic settings would serve to accurately determine 

epitope region variability. Such information would allow better representation of 

PfEMP1 diversity on protein and peptide microarrays used to assay malaria exposure and 

immunity [226, 229-231]. 

We have shown that parasite sequences present in uncomplicated malaria 

infections included var2csas and also var subtypes associated with severe malaria. 

Severity of clinical infection was thus not dictated by the potential for virulence of the 

var repertoire present in an infection. The presence of DC8 and DC13 in the genomes of 

parasites in uncomplicated malaria infections contradicts a hypothesis that severe malaria 

is caused by highly restricted, virulent strains of P. falciparum [232] , even though some 

caveats to this point remain, as mentioned in Results. Additional studies of host 

immunity, specific var gene regulation and expression, and var gene subsets in different 

clinical syndromes are needed to better understand determinants of virulence.  
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4 Chapter 4: Reconstruction of var2csa from short sequence reads 

 

Multiple reference-guided de novo assembly of var2csa from clinical samples using 

short reads from whole genome sequencing 

 

 Introduction 

Pregnancy-associated malaria (PAM) represents a global disease burden for both mothers 

and infants in malaria-endemic countries. An estimated 125 million pregnancies are at 

risk of PAM annually in these countries [233]. Severe maternal anemia, intra-uterine 

growth retardation, low birth weight at delivery and abortion are common symptoms of 

PAM [234]. As a result, 10,000 maternal and 75,000 to 20,0000 infant deaths are 

attributed to PAM each year [233]. The pathology of PAM is characterized by a massive 

sequestration of Plasmodium falciparum-infected erythrocytes (iEs) in the placenta 

leading to an inflammatory response from infiltration of monocytes and macrophages 

[154]. A P. falciparum adhesin, VAR2CSA, a member of the P. falciparum erythrocyte 

membrane protein 1 (PfEMP1) family of proteins, whose members are expressed on the 

surface of iEs, is a key ligand that mediates this sequestration [50, 121]. The interaction 

of iEs with the placenta is through chondroitin sulfate A (CSA) molecules expressed on 

the syncytiotrophoblast in the placenta [13]. 

VAR2CSA is a modular protein of ~340 kilodaltons (kDa) with multiple domains 

encoded by the 2-exon gene var2csa. It has an extracellular region encoded by exon 1, 
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and a transmembrane (TM) and intracellular region encoded by exon 2. The extracellular 

region contains six to seven Duffy binding-like domains (DBL) and one cysteine-rich 

inter region (CIDR) domain in the configuration 2(DBL)-CIDR-4/5(DBL). The 

extracellular region is of particular interest due to its role in cytoadherence and because it 

is a target of naturally acquired antibodies [132, 177, 235, 236]. After repeated malaria-

exposed pregnancies, women have a high titer of anti-VAR2CSA antibodies and reduced 

risk of placental malaria [136]. These observations support the focus on VAR2CSA as a 

potential vaccine candidate to protect against placental malaria. 

Currently, the most challenging issue in VAR2CSA-based vaccine design is the 

genetic diversity of this protein. To date, vaccine design has been based on a few 

laboratory-adapted parasite lines. How well these lines represent natural infections is not 

known. There is a need to generate sequences from clinical malaria samples to guide 

vaccine design. Despite extensive efforts to use Sanger sequencing to generate var2csa 

sequence data, full-length var2csa sequence information is very sparse. A GenBank 

search for var2csa sequences of length greater than 4 kb yielded only ten sequences. 

Most of the sequences in this database are partial and biased toward specific domains of 

the protein. The difficulty of sequencing var2csa from clinical isolates is one of the main 

reasons for this lack of data.  

Recently, we developed a var2csa amplicon sequencing protocol using the Pacific 

Biosciences sequencing platform (Dara et al., manuscript submitted, see chapters 2 and 

3). This method is suitable for sequencing var2csa from whole blood and dried-blood 

spot specimens. Our group has recently developed an algorithm to reconstruct the 

complete var gene repertoire, including var2csa, using a hybrid assembly from combined 
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PacBio and Illumina datasets ([184], see chapter 3). However, generating such a dataset 

from geographically diverse and globally representative samples would be expensive. 

The prohibitively dataset that are publicly available are insufficienly comprehensive to 

serve as the basis for a broadly efficacious VAR2CSA vaccine.  

Recent advances in sequencing technologies have improved the efficiency of 

gene-specific targeted assembly. In particular, the improvements in read length and the 

library preparation have aided in these efforts. A large number of Illumina sequence 

datasets exist for P. falciparum genomes, but var genes are often excluded from 

downstream analyses because of the difficulty in mapping reads streaming from these 

loci onto the reference genome. The assembly of var genes from clinical samples using 

short read data is a challenge mainly because of the existence of frequent repeat regions, 

and because they are highly divergent from the reference genome; two var genes from 

different parasites rarely share more 50% amino acid sequence identity. However, 

var2csa is relatively conserved among var genes. We predicted that the reconstruction of 

var2csa using short, paired-end reads is feasible due to the relatively high level of 

conservation in this gene compared to other members of the var gene family. 

In this study, we took advantage of existing full-length sequences we had 

generated, along with published sequences, to recruit, based on nucleotide sequence 

identity, var2csa-like reads, and target-assemble var2csa from these Illumina whole 

genome sequence data. We did this with SPAdes assembler, which utilizes a Paired de 

Brujin graph approach. This approach is applicable to clinical samples, and can be 

expanded to recover other var gene sequences, providing a powerful tool to generate 

targeted sequence resources using archived, short read whole genome sequence datasets. 
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 Methods 

Full-length sequences and short read datasets 

We used full ten length var2csa sequences from varDom 

(http://www.cbs.dtu.dk/services/VarDom/), 10 from GenBank (accessions: EF614224.1, 

EF614225.1, EF614226.1, EF614227.1, EF614228.1, EF614229.1, EF614230.1, 

EF614231.1, EF614232.1, EF614233.1), and 17 sequences generated using our new 

algorithm, ETHA [184] as bait to extract var2csa-like reads from Illumina whole genome 

sequence datasets downloaded from the Sequence Read Archive (SRA) (Appendix 4).  

All the archived Illumina datasets downloaded from NCBI were sequenced on 

HiSeq (101 or 125 bp paired-end reads), except those from Mali, some of which (8 

samples) were obtained with both HiSeq and MiSeq (250 bp). The samples were from 

Africa (Malawi, Senegal, and Mali), Asia (Cambodia), South-America (French Guiana), 

and Oceania (Papua New Guinea).  

Assembly pipeline 

Full-length var2csa sequences were used to create a database to serve as a reference 

genome. For each sample, whole genome sequence data were mapped to the var2csa 

reference genome sequences using Bowtie2 version 2.1.0 [237] with default parameters. 

(Figure 16) All mapped reads and their mate pairs were filtered using Samtools version 

0.1.19 [238]. These var2csa-like paired-end reads were assembled de novo using SPAdes 

version 3.9.0 [239] with default parameters. Contigs/scaffolds were queried against the 
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var2csa reference genome database using BLASTN [240]. Hits with an open reading 

frame (ORF) of length greater than 7000 bp were selected for domain and motif 

annotation using the varDom server [170] (Figure 16 and Figure 17).  

 

Figure 16: Our reference-guided, targeted de novo assembly pipeline for var2csa.  
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Figure 17: Reference-guided de novo assembly of var2csa. Whole genome sequences (WGS) generated 
using the Illumina platform contain var2csa-like reads, which are color-coded based on known var2csa 
reference sequences represented as reference 1 (green), reference 2 (red), and reference 3 (purple). These 
reference sequences are used to capture the var2csa-like short reads. Properly mapped paired-end reads are 
filtered and subsequently assembled de novo with SPAdes, which uses a multiple k-mers approach to 
reconstruct var2csa exon 1 sequences. 

 Results 

Optimization of the pipeline 

To optimize the assembly, we mapped NF54 (accession SRR629047) reads to 10 var2csa 

sequences retrieved from VarDom [170]. NF54 is a parental strain from which the 

reference 3D7 was cloned and its var2csa sequence is identical to that of 3D7. Reads 

mapped to PFL0030c (PF3D7_1200600) with good coverage, but mapped poorly to 

distant var2csa sequences from other strains (Figure 18). The coverage was skewed to a 

conserved region corresponding to the intracellular portion of VAR2CSA (nucleotide 

positions after 8000 bp). To reconstruct the NF54 var2csa sequence independently of the 

homologous sequence, we removed PFL0030c and mapped the reads against the 

remaining 9 sequences. The reads that mapped properly to these nine references failed to 
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reconstruct the full-length exon 1 of var2csa. We then mapped them to 17 var2csa 

sequences reconstructed from 12 Malian clinical samples. The reads mapped better to 

some sequences than others. For example, sample #1 (sequence 58_var2csa_uni0142) 

was the best reference sequence for NF54, whereas the var2csa sequence from sample 

#17 (sequence 377_var2csa) was the poorest (Figure 19). A total of 43,115 reads mapped 

to the 17 sequences, of which 30,994 were properly paired (71.89%). When these paired-

reads were used to reconstruct NF54 var2csa, a single 7,612 bp contig was generated, 

covering 99.3% of exon 1 with 76X of depth coverage and 100% identity to the reference 

var2csa sequence (Table 5). Taken together, these results suggest that there is no 

universal reference sequence for var2csa, but that multiple var2csa sequences can be 

used as reference to capture additional reads from whole genome sequence data.  
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Figure 18: Read-depth analysis of NF54 var2csa. Short Illumina reads (101 bp) were mapped to 10 known 
var2csa sequences. The depth of coverage (y-axis) was plotted against nucleotide position, represented on 
the x-axis for each reference sequence. PFL0030c is the 3D7 var2csa (and 3D7 was cloned from NF54). 
Reads mapped to PFL0030c with a good depth of coverage, but mapped poorly to var2csa exon 1 
(~position 1- 8000 bp) sequences from varDom. Of note the conserved intracellular portion (which starts 
after position ~8000 bp) had higher coverage than the polymorphic extracellular portion.  
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Figure 19: Count of NF54 reads mapped to 17 var2csa sequences from 12 Malian clinical samples. The x-
axis represents arbitrary sequence names to simplify the plot. The number of mapped reads is plotted on the 
y-axis. Sequence #1 (sample ID 58_1_var2csa_uni00142) is the best hit, as it captures more var2csa-like 
reads from NF54 than do other sequences. Reads missed by one strain might be captured by other 
references.  

 

Table 5: NF54 var2csa assembly statistics 

Assembly # contigs  Total length in bp GC (%) %ID  

NF54 1 7612  30.81 100 

Ref NF54  8000 30 - 

 

Polyclonal infections are very common in natural P. falciparum infections in Africa. 

Therefore, clinical samples can contain more than one parasite genome. Importantly, 

some P. falciparum genomes can harbor more than one copy of var2csa. For example, 

the laboratory strain HB3 has two copies of var2csa. We tested the performance of our 

pipeline on the HB3 strain and polyclonal field samples. The two copies of var2csa from 
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HB3 failed to assemble correctly, suggesting that the pipeline is not able to reconstruct 

var2csa from samples with multiple infections or strains with multiple variants of 

var2csa. We also tested it on a synthetic mixture of known strains, where we mapped 

reads from two samples (303_1 + 397_1) together to the reference sequences. 

Furthermore, we used dipSPAdes, which is a variant of SPAdes optimized for diploid 

genomes. We obtained a contig of 8.6 kb instead of the two expected contigs (data not 

shown). We concluded that it was a chimeric sequence of var2csa.  

We also explored the potential application of our approach to assemble the full var gene 

repertoire using var sequences from the 12 Malian samples and thosed from varDom as 

reference to recruit all var-like reads. We tested it using short reads from 3D7 and 7G8, 

as well as on one clinical sample, and showed that a significant fraction of the var 

repertoire could be recovered (Figure 20).  The domain composition was similar to that of 

the reference 3D7. The var2csa assembled into a nearly full-length exon1. 
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Figure 20: Size distribution of var genes assembled de novo using short reads. Size distribution in base 
pairs of var genes from the reference 3D7 genome and those reconstructed de novo from 7G8 and a clinical 
sample from Cambodia are shown.  

 

Targeted assembly of var2csa from clinical samples 

To test the performance of our pipeline on clinical isolates, we used whole genome 

sequence data downloaded from SRA for 130 samples from the following locations: Mali 

(n=12), Malawi (n=21), French Guiana (n=30), Cambodia (n=39), Senegal (n=13), and 

Papua Guinea (n=15) (Appendix 4). We were able to reconstruct a total of 78 full-length 

var2csa exon 1 sequences from these 130 short read datasets, covering most of var2csa 

exon 1 sequences (≥7000 bp) (Figure 21). The assemblies were better for samples from 

Cambodia and French Guiana than in other areas, presumably because of the lower 

multiplicity of infection in these regions. As the SPAdes program is optimized for a 

single genome, it performed well in samples with a single or predominan t clone, whereas 
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samples with multiple infections or without predominant clone generated fragmented 

assemblies. 

 

 
Figure 21: Length distribution of var2csa exon 1 sequences reconstructed from short reads. Clinical 
samples from Malawi, French Guiana, and Cambodia were used to target assemble var2csa, and the length 
of var2csa nucleotide sequences were compared to known sequences retrieved from the varDom server. 
 

We evaluated the completeness of our assemblies, as assessed from the 

VAR2CSA-specific protein domain composition. Nucleotide sequences generated using 

our pipeline were translated into amino acid sequences and submitted to the varDom 

server (http://www.cbs.dtu.dk/services/VarDom/) for domain annotation. Domain and 

motif compositions were similar to those of canonical VAR2CSA, exhibiting the N-

terminal sequence and tandem C-terminal DBLe domains characteristic of VAR2CSA 

(Figure 22).  
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Figure 22: Example of VAR2CSA domain annotation of VAR2CSA. Domain composition of seven 
VAR2CSA sequences are visualized. For each sample the N-terminal domains (DBLpam1, DBLpam2, 
CIDRpam, and DBLpam3 all in grey bars) and C-terminal DBL (in pink) are shown. The original image 
generated from varDom was edited using Inkscape software [241].  

 

 Discussion 

We developed a targeted de novo assembly pipeline that is based on a recruitment of 

short reads from whole genome sequence data to target known sequences, followed by 

assembly with SPAdes. The target sequences, also referred as to reference sequences, 

were composed of existing full-length exon 1 or nearly complete var2csa coding 

sequences. The pipeline is useful for the assembly of var2csa using short sequence reads 

from Illumina data in particular, with potential broad application for other highly variable 

genes of interest. The pipeline may also have the potential to perform targeted assembly 

of var genes from clinical isolates, as additional var gene sequences are obtained that can 

be used to recruit reads. This new tool alleviates the need to assemble the entire genome 

to extract information about specific genes. From whole genome sequence data, focusing 

on subset of reads specific to a region of interest in the genome also reduces 

computational time.  
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De novo assemblers such as ABySS [242], SOAPdenovo [243], SSAKE [244], 

Velvet [245] and SPAdes [239] have been developed for large-scale genome assemblies, 

which are computationally intensive. Previously targeted de novo assembly algorithms 

using short sequence reads have been reported [246]. One such tool is the TASR 

(Targeted assembly of short sequence reads) [246] algorithm, which is based on the 

SSAKE assembler [244], and has been used to perform the targeted assembly of small 

fragments. This method is based on recruitment of reads with perfect, 15-mer matches to 

the target sequence. However, this approach is not suitable for highly diverse long 

targets, such as var2csa.  

Our choice of SPAdes as an assembler for this study was motivated by several 

features of this assembler. For example, the SPAdes assembler uses modified de Bruijn 

graph models and multiple k-mer sizes to optimize the assembly. This approach is very 

useful when the input is short sequence reads that have been generated from DNA 

libraries with different insert sizes. SPAdes has been reported to perform well on datasets 

with uneven depth of coverage [239], which was observed in our case when we mapped 

reads to our target sequences.  

The var2csa gene has structural variations such as large indels that could be 

captured with de novo assemblies. Although reference sequences are used to anchor reads 

in the initial step of the pipeline, the assembly step is independent of the reference, 

making our approach suitable for the identification or discovery of new structural 

variation. 



98 
 

The assembly of multigene families in P. falciparum using short sequence reads 

alone still remains a challenge. However, the improvement of Illumina read lengths and 

the availability of more var gene repertoires from clinical samples offer improved 

prospects target assembling them from clinical samples, especially clonal infections or 

predominant clone, using the method we describe here.  

The performance of this approach may be influenced by a number of factors, 

including the number of input sequences and the number of clones in a given sample. For 

highly variable genomic regions, increasing the number of input sequences will increase 

the likelihood of capturing more reads and may increase the coverage of the region of 

interest. The de novo assembler’s largest limitation is the difficulty in resolving phase or 

polymorphism when multiple highly similar sequences are present. A de novo assembler 

known as Cortex [247] was developed to detect and genotype complex variants, however 

this approach did not use paired-read information, which is important to resolve repeat 

regions and improve the assembly. Thus, a development of tool combining both SPADes 

and Cortex concepts will be of substantial value to improve our method. 

We have developed a tool that is able to target-assemble specific loci of interest 

from short read sequence datasets. This tool can be used as an insightful approach to 

assemble multigene family genes from clinical samples. We anticipate that the 

improvement of this method, including the incorporation of longer read data, will help to 

reconstruct full the repertoire of var genes from clinical samples, as well as members of 

other multigene families such as rifins and stevors. Sequencing these genes from clinical 

samples will contribute to our understanding of malaria pathogenesis as well as vaccine 

development. 
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5 Chapter 5: Sequence variation of VAR2CSA 

 

Extensive recombination events shape var2csa genetic diversity 

 Introduction 

The extensive genetic diversity of malaria antigens has been one of the major challenge 

in the development of vaccines against malaria has been [248]. VAR2CSA, which is 

highly expressed in parasites sequestered in the placenta [50, 121, 122], is a leading 

vaccine candidate to protect against placental malaria and is not an exception to this rule. 

In in vitro studies, vaccine constructs based on laboratory-adapted parasite strains 

showed limited cross protection against heterologous field isolates due to sequence 

variation of the VAR2CSA protein between P. falciparum strains [149, 249]. One study 

explored the importance of individual domains in the natural acquisition of antibodies 

against VAR2CSA. The authors found that plasma from malaria-exposed multigravid 

women retained anti-CSA adhesion activity, despite depletion of strain specific IgG 

[150]. These findings suggest that a vaccine based on a single strain or domain may not 

provide full protection against the naturally circulating parasite variants infecting the 

placenta. A broadly effective VAR2CSA vaccine design will require a better 

understanding of the geographic distribution, genetic diversity, evolution and forces that 

shape the diversity of the locus encoding the VAR2CSA antigen. 

To date, the largest and most completely analyzed collection of VAR2CSA 

sequences contains only 17 sequences [180]. Previous studies have investigated the 

genetic diversity of VAR2CSA using partial sequences covering a small portion of the 
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protein [179, 181]. Because immunologically important targets or epitopes in the antigen 

are not confined to a specific domain of the protein [128, 178, 236, 250], a 

comprehensive analysis of complete sequences is needed. 

To elucidate patterns of sequence variation, the population structure inferred from 

that genetic variation, and the evolution of VAR2CSA, we performed a comprehensive 

analysis of a large collection of nearly full-length field-derived var2csa exon 1 sequences 

we generated using a combination of different approaches (see Chapters 3, 4). Our 

analysis extends previous findings and highlights the need for including different 

domains and field-derived sequences in VAR2CSA-based vaccine design. Furthermore, 

we have confirmed that recombination plays a major role in the evolution of the 

VAR2CSA locus.  

 

 Methods 

Dataset and sequence analyses 

Sequences used in the chapter were generated using different approaches as described in 

chapters 3 and 4 above. In addition, published sequences retrieved from public database 

were included in the analysis [170, 180]. 

We limited our analysis to full-length, or nearly complete, extracellular 

VAR2CSA sequences with a length greater than 2,000 amino acids (Table 6). The full-

length amino acid sequence of the 3D7 var2csa exon 1 contains ~2,600 amino acid 

residues. A total of 141 sequences were included in our analysis. MAFFT and AQUA 
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were used for the multiple sequence alignment as described above (see Chapter 3). The 

amino acid sequence conservation analysis was performed on the multiple sequence 

alignment using the biostrings library implemented in R [251]. The extent of 

conservation was calculated using a sliding window across the protein (window size = 20 

amino acids).  

To perform the principal coordinate analysis (PCoA) and clustering analysis, we 

first conducted an all-against-all BLASTP search [240]. The output was parsed to 

transform the pairwise percent identity into a dissimilarity matrix. The matrix was used as 

input for the PCoA and hierarchical clustering. We generated PCoA plots and the 

clustering heat map in R, using the prcomp function from stats package and heatmap.2 of 

gplots package, respectively. K-means clustering was used to identify the optimal number 

of clusters. The sequence motif analysis was performed using WebLogo [252]. 

 To detect a recombination event between var2csa sequences, we employed a 

combination of approaches. These approaches included the neighbor net and 

recombination test PHI (Pairwise Homoplasy Index) all implemented in Splitstree version 

4.14.4, [221].  
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Table 6: Number of sequences per region 

Origin Sequence number  

West Africa 39 

East Africa 30 

Southeast Asia 43 

South America 29 

Total 141 

 

 

 

 

 

 

 

 

 

 

 



103 
 

 Results 

Global genetic diversity of var2csa 

A total of 141 sequences were included in this analysis (Table 6). The distribution of 

pairwise percent amino acid sequence identity had a modal value of approximately 80 

with range between 70 and 100(Figure 23).

 

Figure 23: Distribution of pairwise percent identities at the amino acid level.  

 

To determine the sequence variation and conservation across the extracellular region of 

VAR2CSA, we aligned full-length amino acid sequences and computed the percent 

conservation. The N-terminal domains displayed less conservation than the C-terminal 
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domains (Figure 24). The DBLepam4 was the most conserved domain, followed by the 

DBLepam5 domain (Figure 24). 

 

Figure 24: Amino acid sequence conservation across VAR2CSA extracellular regions.The minimal CSA 
binding region (highlighted) is highly variable 

 

VAR2CSA genetic structure 

To elucidate the genetic structure of VAR2CSA and assess whether VAR2CSA 

sequences are geographically structured, we performed a principal coordinate analysis 

based on sequence similarities parsed from BLASTP output. The pairwise percent 

identities from BLASTP were transformed into a distance matrix, which was used for the 

principal coordinate analysis. Sequences from different geographic regions were 

distributed into two discrete clusters (Figure 25), as displayed in the first two coordinates. 

The first axis (PC1) accounted for 25% of the variation between the data, whereas the 
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second axis (PC2) accounted for about 13% of the variation (Figure 25). To identity the 

number of clusters, we performed a k-means clustering analysis and plotted the output to 

identify the inflection point of the scree plot, which displays the eigenvalues of the 

principal components and the number of PCs that explain most of the variation (data not 

shown). The analysis identified four clusters (k=4) as the optimal number of clusters 

visualized in the first four PCs (Figure 26). Out of the 4 clusters, 3 are clearly separated 

in the plot, whereas the small fourth cluster has less pronounced separation (Figure 26). 

 We plotted a heat map to display the relationship between VAR2CSA amino acid 

sequences. The sequences from Southeast Asian and South American samples showed 

less variation than those from African samples (Figure 27). The clustering analysis 

confirmed our PCoA results, suggesting that there was not a clear separation of sequences 

based on their geographic origins.  
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Figure 25: Principal coordinate analysis of full-length VAR2CSA sequences. The full-sequence is 
composed of domains including DBLpam1, DBLpam2, CIDRpam, DBLpam3, DBLepam4, DBLepam5, 
and the DBLe10. The sequences did not cluster by geographic origin. 
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Figure 26: K-means clustering analysis of VAR2CSA. K-means clustering identified 4 clusters. The first 
four principal coordinates separated the 4 clusters. The sizes are the clusters were 18, 52, 48, 20 sequences 
for clusters 1, 2, 3, and 4, respectively. The clusters are color-coded with cluster 1 in red, cluster 2 in green, 
cluster 3 in black, and cluster 4 in blue. 
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Figure 27 : Heap map of VAR2CSA sequences from around the globe. A dendrogram based on the 
complete clustering method is shown. The genetic distance between pairs of sequences is shown in the 
color key; genetically close sequences are represented in blue and genetically distant sequences in red. The 
sequence origins are color-coded column headings. The 3D7 (red) and FCR3 (black) strains are laboratory 
parasite lines used in the current vaccine constructs.  

 

To evaluate the contribution of each domain to the total sequence variation, we 

performed PCoA on the individual VAR2CSA domains (Figure 28). The DBLpam1, the 

DBLpam2, and the DBLepam4 sequences separated into two large clusters each, whereas 

the DBLpam3 and the CIDRpam sequences remained less scattered. PC1 accounted for 

37% of the variation and separated the DBLpam2 sequences into two groups, whereas 

PC2 for this domain accounted for 19% of the variation. PCoA of DBLepam4 showed 

that PC1 (43%) and PC2 (17%) explain most of the variation. However, the sequences 

did not segregate based on sequence origins.  
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Figure 28: PCoA of VAR2CSA constitutive domains. These domains included the DBLpam1, DBLpam2, 
CIDRpam, DBLpam3, DBLepam4, DBLepam5, and the DBLe10. The proportion of variation explained by 
the first two principal coordinates (PC) 1 and 2 are indicated in percent. Sequences are color-coded based 
on their geographic origins: West Africa (purple), East Africa (green), Asia (magenta), South America 
(blue), 3D7 (red), and FCR3 (black). 
  

The minimal CSA-binding region is represented by DBLpam2 flanked with the inter-

domain 1 and the N-terminal of CIDRpam [149, 165]. Because current vaccine efforts 

have concentrated on this region, we sought to elucidate the genetic structure and 

sequence variation of this region. These sequences can be clustered into two major 

groups defined by two motifs as previously described, the 3D7-like group and the FCR3-

like group [205] (Figure 29). Taken together, these analyses show that the region 

containing the receptor-binding domain displays extensive sequence variation. 
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Figure 29: Principal coordinates analysis of DBLpam2. The sequences group into discrete clusters. The two 
largest clusters are defined by motifs that are shown in the conservation logo. Arrows indicate examples of 
fixed residue differences in a motif that defines the difference between clusters. 

  

Evidence of recombination 

Recombination is an evolutionary mechanism by which var genes diversify [170, 181, 

202, 253-256]. The recombination process can complicate the interpretation of genetic 

diversity analysis if it is not taken into account. Understanding recombination may 

inform the design of a strain-transcending vaccine. One should only consider regions of a 

gene that are not subjected to recombination for a potential vaccine target, as 

recombination can obscure cross-protection between parasite strains. 

  



111 
 

To elucidate the presence of recombination events in our dataset, we used a 

combination of approaches. We found the presence of reticulations (box-like unresolved 

branch bifurcation) in the neighbor-net network tree constructed from an alignment of 

VAR2CSA amino acid sequences (Figure 30). More importantly, the pairwise homoplasy 

test showed strong evidence of recombination (p=0.0). This analysis showed that there 

was a strong signal of recombination within var2csa from the same location as well as 

between those from distant locations. Recombination was more marked within sequences 

from the same geographic location than among those from distant geographic origins. 

These findings support the notion of ancient recombination events that likely occurred at 

this locus before geographic separation of P. falciparum isolates [180] and the existence 

of recent recombination events (Figure 30)  

 

Figure 30 : Net-neighbor tree of VAR2CSA sequences collected from around the globe. The analysis is 
based on amino acid sequences using p-distance matrix. The box-like bifurcation in the tree is indicative of 
recombination events between sequences. Sequences are color-coded based on their origins. 
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 Discussion 

We have shown that VAR2CSA proteins do not cluster based on their geographical 

origins, and that recombination is a major evolutionary mechanism driving genetic 

diversity in this protein.  

Sequence clustering relying on multiple sequence alignment can introduce bias if 

the alignment is incorrect. To minimize potential misalignment bias, we not only used a 

pairwise distance approach based on BLASTP percent identity, but also took into account 

the length of input sequences (similar length). The advantage of this approach is that the 

alignment is between two sequences of similar length, reducing misalignment bias. This 

approach allowed us to cluster a large number VAR2CSA sequences and assess their 

relationships. This finding illustrates that, despite the extreme diversity, VAR2CSA 

sequence from distant locations possess shared sequence features. If these shared features 

in the protein are targets of protective immunity, then this would supports the feasibility 

of global VARCSA-based vaccines. 

VAR2CSA sequences did strictly not cluster by geographic origin, even though 

sequences from the same location were on average more similar to each other than to 

those from geographically distant parasites. This observation is different from previous 

studies, which reported that sequences of the VAR2CSA CSA-binding region, also 

known as ID1-ID2Xb, and the DBLpam3 domain displayed geographic differentiation 

[179, 249]. This difference may be explained by our approach to assembling sequences. 

For example, in one of these studies, the authors used one reference strain to map reads 
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and generate consensus sequences [249]. They may have missed some highly divergent 

variants of var2csa that we were able to recover using de novo assembly. 

Analysis of the minimal CSA binding domain shows that most alleles group into 

one of two main clusters, which are mainly defined by differences in one motif. The 

dimorphism of this region has been described previously [205], but its functional 

importance has yet to be determined. Possible functional significance could include 

sequence groups representing different serotypes or differential CSA binding affinity. 

Advances in peptide and protein microarrays, in combination with binding affinity 

assays, would help to address some of these questions in the optimization VAR2CSA-

based vaccines. Clearly, a vaccine based on this region of VAR2CSA would require the 

inclusion of multiple strains to broaden the coverage across different strains, and increase 

vaccine efficacy. 

The DBLepam4 and DBLepam5 C-terminal domains displayed considerably 

higher sequence conservation among parasites collected from distant geographic regions 

than did the DBLpam2 domain. These two most conserved domains of VAR2CSA are of 

particular interest for vaccine development, as they have been reported as immune targets 

[174, 175, 177, 257-259]. These two domains should be considered for inclusion in 

VAR2CSA-based vaccines. 

The immunological relevance of the clustering, which could imply the existence 

of serotypes, should be studied to inform VAR2CSA-based vaccine design. In bacterial 

and viral pathogens, different strains can define sero-groups or serotypes. Classic 

examples are Streptococcus pneumoniae [260] and the influenza A virus serotypes [261, 
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262]. It will be useful to explore whether VAR2CSA sequence grouping can define 

serotypes in malaria-exposed women, specifically whether multigravid women 

differentially recognize proteins or peptides from particular clusters.  

Recombination is a main force that shapes the genetic diversity of the locus 

encoding VAR2CSA. Recombination events among var genes have been documented 

[180, 181]. For example, one study reported occurrence of recombination at the 

VAR2CSA DBLpam3 domain [181]. Our findings are in line with these previous studies, 

highlighting the importance of recombination. Because the var2csa locus is 

recombinogenic, vaccine constructs should take these events into account. 

Recombination is a genetic mechanism that can result in new protein variants, hence 

allowing pathogens to evade the host’s immune response [263]. As such, an the 

recombination can lead to a “vaccine escape” [263] or “vaccine resistance” [248], 

because new variants of the antigen, or new recombinants might not be recognized by the 

immune response mounted against the original antigen. Gaining insights into this process 

has implications for vaccine development. 

In summary, VAR2CSA sequences from around the globe are extensively diverse, 

but share common features. In addition, genetic recombination plays an important role in 

the diversification of this antigen. These findings support the idea that design of 

VAR2CSA-based vaccines should not only consider the inclusion of multiple strains but 

and should take into account a multiple domain approach, specially including the C-

terminal domains. 
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6 Chapter 6: General Discussion and conclusions 

 

The main contribution of this thesis work has been to develop bioinformatics tools and 

sequencing methods to generate sequences of an important large multigene family in 

Plasmodium falciparum, with a particular focus on the var2csa gene, which encodes a 

vaccine candidate antigen involved in pregnancy-associated malaria. We also 

characterized the genetic diversity of var2csa using a large collection of full-length 

var2csa sequences from around the globe, gaining insights that may inform the 

development of a vaccine to prevent complications of malaria in pregnancy. 

Our amplicon sequencing protocols (Chapter 2, see Methods in Chapter 3) makes 

the sequencing of the locus encoding VAR2CSA possible and considerably easier. 

Sequencing full-length var2csa with the Sanger method requires designing multiple sets 

of primers and walking down the length of the gene. Our approach mitigates this problem 

by generating long amplicons using only one to three pairs of primers (only in the reverse 

primer is variable). The optimized protocol is suitable for cryopreserved venous blood, 

which has less degraded DNA, as well as for dried-blood spots that have been preserved 

for a short period of time (~6 to 12 months) prior to DNA extraction. This amplicon 

sequencing approach offers the potential to pool samples, making it high throughput and 

reducing its cost. It is also useful for polyclonal samples and samples containing more 

than one copy of the var2csa gene. Haplotype phasing is one of the major roadblocks in 

de novo assembly using short reads. However, our amplicon sequencing protocol using 

long reads overcomes this issue, making it a powerful tool for analyzing clinical samples, 

which often contain multiple genotypes. 
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The assembly of var multifamily genes from clinical samples has been 

notoriously challenging. The ETHA algorithm (chapter 3) presented in this work is a 

powerful tool to reconstruct the var gene repertoire from clinical samples. We have 

shown that var genes can be target-assembled using whole genome sequence data from 

clinical samples. Even though generating a sequence dataset with both sequencing 

platforms is expensive, the ETHA approach works very well with clinical samples and 

can be used for special research questions that require the reconstruction of the complete 

var repertoire. For example, these data can help measure the transcription of the var 

genes during severe malaria episodes. Thus, this tool has important implications for 

translational research, as it can be used to study PfEMP1 and other variant surface 

antigens, which are key virulence factors of P. falciparum.  

The multiple reference-guided de novo assembly pipeline of var2csa (chapter 4) 

presented in this work provides a framework for functional studies of var2csa. We have 

reconstructed var2csa sequences from whole genome sequences using short sequence 

reads. The approach described here enables us to use archived sequence datasets to 

extract full-length var2csa exon 1 sequences to perform downstream analyses, such as to 

determine diversity and population structure. The targeted de novo assembly is suitable 

for widely available sequence datasets from clinical samples collected from around the 

world. However, it is not efficient with polyclonal infections that lack a predominant 

clone or genomes that contain multiple copies of highly similar variants. These issues can 

be addressed using our amplicon sequencing protocols.  

The sequence variation presents a great challenge in malaria vaccine 

development. A deep understanding of the extent of the genetic diversity is key to the 
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rational design of effective antimalarial vaccines to prevent eventual “vaccine resistance” 

or “vaccine escape”. In chapter 5, we have extended our analysis of sequence variation 

and shown a lack of an absolute geographic structure of VAR2CSA sequences. This 

finding dispels the need, and the usefulness of regionally-based vaccines, despite the 

extensive overall sequence variability. This conclusion was supported by the analyses of 

both the full-length sequences and VAR2CSA domain-specific sequences. However, 

there was a trend for sequences from the same geographic location to be, on average, 

more similar to each other. For example, VAR2CSA from French-Guiana and Cambodia 

were more clonal that those from Malawi or Mali, suggesting that the diversity of 

VAR2CSA mirrors the intensity of transmission.  

Future directions 

The sequences we generated and the diversity analysis we performed could be used to 

design and populate protein or peptide microarrays to serotype VARCSA. The use of this 

high-throughput method could lead to a rapid identification of important epitopes. 

Very few studies have reported the number of P. falciparum clones in the placenta 

[181, 264]. Understanding the number of clones in a placental infection could give 

insights into the acquisition of naturally acquired immunity. The PacBio amplicon 

sequencing described here could be a useful tool to access the multiplicity of infection in 

the placenta.  

The utility of var2csa sequencing goes beyond vaccine development. Chronic and 

asymptomatic P. falciparum infections are believed to contribute to the continued 

transmission of the disease. VAR2CSA could also be a potential marker for studying the 
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dynamics of asymptomatic infections, as in high malaria transmission settings two 

parasites will likely have different VAR2CSA alleles. 

The impact of malaria transmission and the use of intermittent preventive 

treatment in pregnancy (IPTp) on the dynamics of anti-VAR2CSA antibodies have been 

reported [265, 266]. A serosurveillance based on pregnancy-specific antimalarial 

antibodies has been proposed as a tool to estimate the burden of malaria disease [265]. 

We propose VAR2CSA sequences as markers for studying complexity of infections and 

population structure. Historically, polymorphic loci such as msp1, msp2, glurp and 

microsatellites have been used to study the dynamics of malaria parasite populations. 

While testing this is beyond the scope of this thesis, the sequencing protocol described 

herein coupled with VAR2CSA-specific serology could be used as a potential tool 

monitoring malaria transmission to guide malaria elimination efforts.  

The PfEMP1 sequences generated in this work could also be used to design 

probes to capture more var genes sequences or transcripts from clinical samples as 

previously described in other pathogen such as Theileria parva [267].  

This thesis work will contribute to our understanding of malaria pathogenesis, 

naturally acquired immunity to PfEMP1 and inform the development interventions based 

on these proteins such as PfEMP1-based vaccines. 
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Appendices 

 

Appendix 1 

Chapter 2 Additional file 1  

 

Table S1: Barcoded primers 

Primer ID Sequence 
Frag1_InF_BC5  GGTAGACGTACGCTCGTCATAGTGATGTATGTGTTTATGGAATAACTAGC 
Frag1_InF_BC6  GGTAGTGTGAGTCAGTACGCGGTGATGTATGTGTTTATGGAATAACTAGC 
 Frag1_InF_BC7  GGTAGAGAGACACGATACTCAGTGATGTATGTGTTTATGGAATAACTAGC  
Frag1_InF_BC8  GGTAGCTGCTAGAGTCTACAGGTGATGTATGTGTTTATGGAATAACTAGC  
Frag1_InF_BC9  GGTAGAGCACTCGCGTCAGTGGTGATGTATGTGTTTATGGAATAACTAGC  
Frag1_InF_BC10  GGTAGTCATGCACGTCTCGCTGTGATGTATGTGTTTATGGAATAACTAGC  
Frag1_InF_BC11  GGTAGAGAGCATCTCTGTACTGTGATGTATGTGTTTATGGAATAACTAGC  
Frag1_InF_BC12  GGTAGCGCATCGACTACGCTAGTGATGTATGTGTTTATGGAATAACTAGC  
Frag1_InF_BC13  GGTAGCGTAGCGTGCTATCACGTGATGTATGTGTTTATGGAATAACTAGC  
Frag1_InF_BC14  GGTAGATGCTGATGACTGCGAGTGATGTATGTGTTTATGGAATAACTAGC  
Frag1_InF_BC15  GGTAGTGCGTGAGCTGTACATGTGATGTATGTGTTTATGGAATAACTAGC  
Frag1_InF_BC16  GGTAGCGATCATCTATAGACAGTGATGTATGTGTTTATGGAATAACTAGC  
Frag1_InF_BC17  GGTAGCGACGTATCTGACAGTGTGATGTATGTGTTTATGGAATAACTAGC  
Frag1_InF_BC18  GGTAGCACGTCACTAGAGCGAGTGATGTATGTGTTTATGGAATAACTAGC  
Frag1_InF_BC19  GGTAGTGTCGCAGCTACTAGTGTGATGTATGTGTTTATGGAATAACTAGC  
Frag1_InF_BC20  GGTAGCATACGCTGTGTAGCAGTGATGTATGTGTTTATGGAATAACTAGC  
Frag1_InF_BC21  GGTAGAGTCGCATGACTGTGTGTGATGTATGTGTTTATGGAATAACTAGC  
Frag1_InF_BC22  GGTAGCAGTACTGCACGATCGGTGATGTATGTGTTTATGGAATAACTAGC  
Frag1_InF_BC23  GGTAGGTGCTGAGCATCAGACGTGATGTATGTGTTTATGGAATAACTAGC  
Frag1_InF_BC24  GGTAGCACTGATCGATATGCAGTGATGTATGTGTTTATGGAATAACTAGC  
Frag1_InF_BC25  GGTAGTACAGTGTCTGCTGCGGTGATGTATGTGTTTATGGAATAACTAGC  
Frag1_InF_BC26  GGTAGTACAGATAGTGTAGCGGTGATGTATGTGTTTATGGAATAACTAGC  
Frag1_InF_BC27  GGTAGTCGTAGAGCTCGAGACGTGATGTATGTGTTTATGGAATAACTAGC  
Frag1_InF_BC28  GGTAGGAGCTGCGCACTCGATGTGATGTATGTGTTTATGGAATAACTAGC  
Frag1_InF_BC29  GGTAGGCGATGTCGCTATGTGGTGATGTATGTGTTTATGGAATAACTAGC  
Frag1_InF_BC30  GGTAGCGAGAGTCAGCGCATAGTGATGTATGTGTTTATGGAATAACTAGC  
Frag1_InF_BC31  GGTAGTCACGATGAGCACGTAGTGATGTATGTGTTTATGGAATAACTAGC  
Frag1_InF_BC32  GGTAGGACTGAGATCATGATCGTGATGTATGTGTTTATGGAATAACTAGC  
Frag1_InF_BC33  GGTAGACGACATGATACTGCTGTGATGTATGTGTTTATGGAATAACTAGC  
Frag1_InF_BC34  GGTAGATACAGCACAGATGTGGTGATGTATGTGTTTATGGAATAACTAGC  
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Frag1_InF_BC35  GGTAGACAGTCGATATCTCTCGTGATGTATGTGTTTATGGAATAACTAGC  
Frag1_InF_BC36  GGTAGGCTCGATCACATGACGGTGATGTATGTGTTTATGGAATAACTAGC  
Frag1_InF_BC37  GGTAGGTCGTACACGTGCGACGTGATGTATGTGTTTATGGAATAACTAGC  
Frag1_InF_BC38  GGTAGACTCATATCTAGAGTGGTGATGTATGTGTTTATGGAATAACTAGC  
Frag1_InF_BC39  GGTAGACTGATCTGTCGCGCTGTGATGTATGTGTTTATGGAATAACTAGC 
Frag1_InF_BC40  GGTAGCACTAGCTCTGACTACGTGATGTATGTGTTTATGGAATAACTAGC  
Frag1_InF_BC41  GGTAGGCTGTCATGTACTAGCGTGATGTATGTGTTTATGGAATAACTAGC  
Frag1_InF_BC42  GGTAGTATACATACACGCACTGTGATGTATGTGTTTATGGAATAACTAGC  
Frag1_InF_BC43  GGTAGTGTGACGACGCGTCTCGTGATGTATGTGTTTATGGAATAACTAGC  
Frag1_InF_BC44  GGTAGGACGTGAGCATGCACTGTGATGTATGTGTTTATGGAATAACTAGC  
Frag1_InF_BC45  GGTAGCTCGATACGTGTAGCTGTGATGTATGTGTTTATGGAATAACTAGC  
Frag1_InF_BC46  GGTAGGTGTCTAGACAGCTGTGTGATGTATGTGTTTATGGAATAACTAGC  
Frag1_InF_BC47  GGTAGGATGCATGCGTACGCAGTGATGTATGTGTTTATGGAATAACTAGC  
Frag1_InF_BC48  GGTAGTATCAGAGCAGCGATGGTGATGTATGTGTTTATGGAATAACTAGC 
Frag1_InR_BC5  CCATCTACAGCGACGTCATCGGACATAATTGTTGCCGTCTTGGG  
Frag1_InR_BC6  CCATCGCGCAGACTACGTGTGGACATAATTGTTGCCGTCTTGGG  
Frag1_InR_BC7  CCATCGTCTCTGCGATACAGCGACATAATTGTTGCCGTCTTGGG  
Frag1_InR_BC8  CCATCAGTATGAGATAGCTCGGACATAATTGTTGCCGTCTTGGG  
Frag1_InR_BC9  CCATCGCGACGAGTACTCATGGACATAATTGTTGCCGTCTTGGG  
Frag1_InR_BC10  CCATCAGTATCACAGTCGCTGGACATAATTGTTGCCGTCTTGGG  
Frag1_InR_BC11  CCATCATCATATGATGCGACAGACATAATTGTTGCCGTCTTGGG  
Frag1_InR_BC12  CCATCAGACGTAGATCACAGCGACATAATTGTTGCCGTCTTGGG  
Frag1_InR_BC13  CCATCCGTGTCATGCTACTCAGACATAATTGTTGCCGTCTTGGG  
Frag1_InR_BC14  CCATCTGTGAGACTGCATGTCGACATAATTGTTGCCGTCTTGGG  
Frag1_InR_BC15  CCATCGCTCAGTGCGCTACTGGACATAATTGTTGCCGTCTTGGG  
Frag1_InR_BC16  CCATCACTATCGCGCACGCAGGACATAATTGTTGCCGTCTTGGG  
Frag1_InR_BC17  CCATCTGACACTCTGCACGCGGACATAATTGTTGCCGTCTTGGG  
Frag1_InR_BC18  CCATCCAGACGTGACTGATATGACATAATTGTTGCCGTCTTGGG  
Frag1_InR_BC19  CCATCGCACTGTAGTGATCGTGACATAATTGTTGCCGTCTTGGG  
Frag1_InR_BC20  CCATCCAGTGCGAGACAGTAGGACATAATTGTTGCCGTCTTGGG  
Frag1_InR_BC21  CCATCAGTAGTGCTACTCGACGACATAATTGTTGCCGTCTTGGG  
Frag1_InR_BC22  CCATCATGCGAGATCTGCTCAGACATAATTGTTGCCGTCTTGGG  
Frag1_InR_BC23  CCATCTGAGACATACTGAGTGGACATAATTGTTGCCGTCTTGGG  
Frag1_InR_BC24  CCATCATGTGCACTAGTGTACGACATAATTGTTGCCGTCTTGGG  
Frag1_InR_BC25  CCATCTCAGCTGACGATGTGAGACATAATTGTTGCCGTCTTGGG  
Frag1_InR_BC26  CCATCACTGATGCGCACATGTGACATAATTGTTGCCGTCTTGGG  
Frag1_InR_BC27  CCATCCTACTCTCAGCAGTGAGACATAATTGTTGCCGTCTTGGG  
Frag1_InR_BC28  CCATCATCTACATCACGACTCGACATAATTGTTGCCGTCTTGGG  
Frag1_InR_BC29  CCATCATATAGTACAGCGTCTGACATAATTGTTGCCGTCTTGGG  
Frag1_InR_BC30  CCATCGACACGACTAGATCGCGACATAATTGTTGCCGTCTTGGG  
Frag1_InR_BC31  CCATCTACGAGTCTGTCATACGACATAATTGTTGCCGTCTTGGG  
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Frag1_InR_BC32  CCATCACTCAGCTACATAGTGGACATAATTGTTGCCGTCTTGGG  
Frag1_InR_BC33  CCATCACGTATCATAGTGAGAGACATAATTGTTGCCGTCTTGGG  
Frag1_InR_BC34  CCATCGAGTCGTATCGCTCATGACATAATTGTTGCCGTCTTGGG  
Frag1_InR_BC35  CCATCGCGATCACGAGTAGACGACATAATTGTTGCCGTCTTGGG  
Frag1_InR_BC36  CCATCCTAGACGTACATGTCGGACATAATTGTTGCCGTCTTGGG  
Frag1_InR_BC37  CCATCTAGCAGTCACTGTGCGGACATAATTGTTGCCGTCTTGGG  
Frag1_InR_BC38  CCATCCGTCATGCGATAGCTAGACATAATTGTTGCCGTCTTGGG  
Frag1_InR_BC39  CCATCGCGCAGTCGTCTGTATGACATAATTGTTGCCGTCTTGGG 
Frag1_InR_BC40  CCATCATGAGCTACGTACAGAGACATAATTGTTGCCGTCTTGGG  
Frag1_InR_BC41  CCATCGTCGCGAGTCTATCAGGACATAATTGTTGCCGTCTTGGG  
Frag1_InR_BC42  CCATCACATCGATCTGCACTAGACATAATTGTTGCCGTCTTGGG  
Frag1_InR_BC43  CCATCAGTATAGCATAGACGCGACATAATTGTTGCCGTCTTGGG  
Frag1_InR_BC44  CCATCGTGAGAGCGTGACTCTGACATAATTGTTGCCGTCTTGGG  
Frag1_InR_BC45  CCATCTGTCAGTAGATGACTCGACATAATTGTTGCCGTCTTGGG  
Frag1_InR_BC46  CCATCTCGTACGAGATCGACAGACATAATTGTTGCCGTCTTGGG  
Frag1_InR_BC47  CCATCCTACATGTGACTCGAGGACATAATTGTTGCCGTCTTGGG  
Frag1_InR_BC48  CCATCGCGCTATAGTGCTCGTGACATAATTGTTGCCGTCTTGGG 
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Table S2: Primary PCR conditions 
Volume Reagents Temperature in ºC time  

17 H2O 1. 94 2 min 
2.5 Buffer 2. 96 20 sec 

4 dNTPs 3. 60 5 min 
0.125 uL Forw. Primer (10uM) 4. Repeat to step 2, 34   
0.125 uL Rev. Primer (10uM) 5. 72 10 min 
0.25 LA Taq     

1 uL DNA ("x" pg/uL) 6. 4 hold 
25 uL Total Reaction Volume     

 
Expected size of product from PCR 1° ~5kb 
 

Table S3: Secondary PCR conditions 

Volume Reagents per reaction Temperature in ºC time  
29.50 H2O 1. 94 2 min 

5 Buffer 2. 96 20 sec 
8 dNTPs 3. 60 5 min 

2.5 uL Forw. Primer (1uM) 4. Repeat to step 2, 14   
2.5 uL Rev. Primer (1uM) 5. 72 10 min 
0.5 LA Taq     

2 uL DNA ("x" pg/uL) 6. 4 hold 
50 uL Total Reaction Volume     

 
Expected size of product from the secondary PCR is 5364 bp 
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Table S4: Genomic context of PacBio sequencing errors 
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Additional file 2 

 

 

Figure S1: Average depth of coverage of consensus sequences. The x-axis represents type 

of specimen, and the y-axis is the depth coverage. The resequenced 3D7 allele amplified 

alone, denoted as 3D7_pacbio100, has 445-fold depth coverage; the 3D7_pacbio70 

recovered from the 3D7:HB3 mixture (70%:30%, respectively) has 119x depth coverage. 

All samples have a minimum of 100X coverage. “Controls” were from the laboratory 

strains 3D7 and HB3. 
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Figure S2: Annotation of VAR2CSA domains with VarDom server. Laboratory strain 

var2csa IT4var04 and clinical sample (reference VAR2CSA) domains including NTS, 

DBLpam1, DBLpam2, CIDRpam, and DBLpam3 are respectively represented in grey 

bars. Above the domains, homology blocks are drawn in colored rectangles. Below these 

domains, the protein family corresponding to PfEMP1 family is shown in the white 

rectangle.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



127 
 

Appendix 2 

Chapter 3 

Table S1. Samples and respective metadata. Samples were collected in Bandiagara, Mali. 

Samples display a range of high (>150k parasites/µL) and low (<25k parasites/µL) parasitemia, 

and mono- and polyconality. Parasitemia, clonality and percent host contamination were 

estimated as descibed in Methods. 

 

Plasmodium 
sample ID 

Parasitemia 
(parasites/µL) 

Clonality 
gDNA 
(ng) 

Host 
Contamination 

(%) 
58_1 209,050 Polyclonal 18,024 45.1 
303_1 15,400 Polyclonal 1,434 9.6 

309_1 185,400 Monoclona
l 

9,804 28.2 

318_1 23,400 Monoclona
l 

3,906 6.9 

326_1 7,525 Monoclona
l 

1,344 28.9 

327_1 193,800 Monoclona
l 

16,608 6.1 

365_1 10,725 Polyclonal 1,110 44.5 

366_1 19,275 Monoclona
l 

2,448 9.7 

377_1 198,900 Polyclonal 16,320 9.3 

383_1 220,800 Monoclona
l 

2,658 13.8 

397_1 151,200 Polyclonal 7,092 19.8 
398_1 14,650 Polyclonal 2,622 25.3 
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Table S2. Genomic DNA: Illumina and PacBio Sequencing Statistics 
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count 

           
 Isolate 303_1 

 
1 CIDRa 

          

 
1 CIDRa DBLd 

         

 
3 CIDRa DBLd CIDRb 

        

 
4 CIDRb 

          

 
1 CIDRb DBLe 

         

 
1 CIDRg 

          

 
1 CIDRg DBLe DBLz DBLe 

       

 
1 DBLa CIDRa DBLb DBLg 

       

 
1 DBLa CIDRa DBLd 

        

 
1 DBLa CIDRa DBLd CIDRb 

       

 
1 DBLb 

          

 
1 DBLb DBLb DBLd CIDRb 

       

 
1 DBLb DBLg DBLe DBLg DBLz DBLe 

     

 
3 DBLd 

          

 
2 DBLd CIDRb 

         

 
1 DBLd CIDRb DBLg 

        

 
1 DBLe 

          

 
2 DBLz DBLe 

         

 
1 NTS                   

 

 
2 NTS DBLa 

       
  

 

 
7 NTS DBLa CIDRa 

      
  

 

 
1 NTS DBLa CIDRa DBLb 

     
  

 

 
3 NTS DBLa CIDRa DBLb DBLd CIDRb 

   
  

 

 
1 NTS DBLa CIDRa DBLb DBLd CIDRg DBLe DBLe DBLe   

 

 
2 NTS DBLa CIDRa DBLb DBLg 

    
  

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLd CIDRb 

  
  

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLd CIDRb DBLb DBLg   

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLd CIDRd 

  
  

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLg DBLd CIDRb 

 
  

 

 
2 NTS DBLa CIDRa DBLb DBLg DBLz DBLe 

  
  

 

 
2 NTS DBLa CIDRa DBLd 

     
  

 

 
15 NTS DBLa CIDRa DBLd CIDRb 

    
  

 

 
6 NTS DBLa CIDRa DBLd CIDRg 

    
  

 

 
1 NTS DBLa CIDRa DBLd CIDRg DBLz DBLe 

  
  

 

 
1 NTS DBLa CIDRa DBLg DBLd CIDRg DBLe DBLz DBLe   

 

 
1 NTS DBLa CIDRb 

      
  

 

 
1 NTS DBLa CIDRd DBLb DBLg DBLe DBLg DBLg DBLg   

 

 
1 NTS DBLa DBLd CIDRb 

     
  

 

 
1 NTS DBLa DBLg 

      
  

 

 
1 NTSpam DBLpam1 DBLpam2 CIDRpam DBLpam3 DBLe DBLe DBLe     

 
             

 
Isolate 309_1 

 
2 CIDRa 

          

 
1 CIDRa DBLb DBLg DBLd CIDRb 

      

 
1 CIDRa DBLd 
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4 CIDRa DBLd CIDRb 

        

 
1 CIDRa DBLd CIDRg 

        

 
4 CIDRb 

          

 
1 DBLa CIDRa 

         

 
1 DBLa CIDRa DBLb DBLb DBLg DBLg DBLd CIDRb 

   

 
1 DBLa CIDRa DBLb DBLd CIDRb 

      

 
1 DBLa CIDRa DBLb DBLg DBLg DBLg 

     

 
2 DBLa CIDRa DBLd CIDRb 

       

 
3 DBLb 

          

 
1 DBLb DBLb DBLb DBLd CIDRb 

      

 
1 DBLb DBLd CIDRb 

        

 
1 DBLb DBLd CIDRg 

        

 
1 DBLb DBLg 

         

 
4 DBLd CIDRb 

         

 
1 DBLd CIDRb DBLb 

        

 
1 DBLd CIDRb DBLe DBLe DBLe 

      

 
2 DBLd CIDRg 

         

 
1 DBLg DBLz DBLe 

        

 
3 NTS DBLa               

  

 
8 NTS DBLa CIDRa 

     
  

  

 
2 NTS DBLa CIDRa DBLb 

    
  

  

 
1 NTS DBLa CIDRa DBLb DBLb 

   
  

  

 
2 NTS DBLa CIDRa DBLb DBLb DBLg 

  
  

  

 
1 NTS DBLa CIDRa DBLb DBLd 

   
  

  

 
3 NTS DBLa CIDRa DBLb DBLd CIDRb 

  
  

  

 
1 NTS DBLa CIDRa DBLb DBLd CIDRb DBLg DBLz   

  

 
1 NTS DBLa CIDRa DBLb DBLg DBLd CIDRb 

 
  

  

 
2 NTS DBLa CIDRa DBLb DBLg DBLd CIDRg 

 
  

  

 
3 NTS DBLa CIDRa DBLb DBLg DBLz DBLe 

 
  

  

 
2 NTS DBLa CIDRa DBLd 

    
  

  

 
13 NTS DBLa CIDRa DBLd CIDRb 

   
  

  

 
1 NTS DBLa CIDRa DBLd CIDRg DBLz DBLe 

 
  

  

 
1 NTS DBLa CIDRa DBLg DBLd CIDRb DBLe DBLz   

  

 
1 NTS DBLa CIDRa DBLg DBLd CIDRg DBLz DBLe   

  

 
1 NTS DBLa CIDRb DBLg DBLe DBLz DBLe 

 
  

  

 
1 NTS DBLa CIDRd 

     
  

  

 
1 NTS DBLa CIDRd DBLg DBLd CIDRb DBLb 

 
  

  

 
1 NTS DBLa CIDRg DBLb 

    
  

  

 
1 NTSpam DBLpam1 DBLpam2 CIDRpam DBLpam3 DBLe DBLe 

 
  

  

 
1 NTSpam DBLpam1 DBLpam2 CIDRpam DBLpam3 DBLe DBLe DBLe   

  
             

 
Isolate 318_1 
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1 CIDRa DBLb DBLd CIDRb 

       

 
1 CIDRa DBLb DBLg DBLe DBLg DBLz DBLe 

    

 
1 CIDRa DBLd CIDRb 

        

 
1 CIDRa DBLd CIDRg 

        

 
1 CIDRb 

          

 
1 CIDRd DBLb DBLg DBLz DBLe 

      

 
1 DBLb 

          

 
1 DBLd 

          

 
1 DBLd CIDRb 

         

 
1 DBLd CIDRg DBLe 

        

 
1 DBLd CIDRg DBLe DBLz DBLe 

      

 
1 DBLe 

          

 
1 DBLg 

          

 
1 NTS DBLa CIDRa               

 

 
1 NTS DBLa CIDRa DBLb DBLd 

    
  

 

 
1 NTS DBLa CIDRa DBLb DBLd CIDRb 

   
  

 

 
1 NTS DBLa CIDRa DBLb DBLg 

    
  

 

 
2 NTS DBLa CIDRa DBLb DBLg DBLd CIDRg 

  
  

 

 
2 NTS DBLa CIDRa DBLd 

     
  

 

 
7 NTS DBLa CIDRa DBLd CIDRb 

    
  

 

 
2 NTS DBLa CIDRa DBLd CIDRb DBLg 

   
  

 

 
2 NTS DBLa CIDRa DBLd CIDRb DBLz DBLe 

  
  

 

 
7 NTS DBLa CIDRa DBLd CIDRg 

    
  

 

 
1 NTS DBLa CIDRa DBLd CIDRg DBLe 

   
  

 

 
1 NTS DBLa CIDRa DBLd CIDRg DBLe DBLe DBLe 

 
  

 

 
1 NTS DBLa CIDRa DBLd CIDRg DBLe DBLz DBLe 

 
  

 

 
1 NTS DBLa CIDRa DBLd CIDRg DBLg 

   
  

 

 
2 NTS DBLa CIDRa DBLd CIDRg DBLz DBLe 

  
  

 

 
1 NTS DBLa CIDRa DBLg DBLz DBLe 

   
  

 

 
1 NTS DBLa CIDRb DBLg DBLd CIDRg DBLe DBLe DBLe   

 

 
1 NTS DBLa CIDRd DBLb DBLg DBLd CIDRg 

  
  

 

 
1 NTS DBLa CIDRd DBLg DBLd CIDRg DBLz DBLe 

 
  

 

 
1 NTS DBLa DBLd CIDRb 

     
  

 

 
1 NTS DBLa DBLd CIDRg 

     
  

 

 
1 NTS DBLa DBLe 

      
  

 

 
1 NTSpam DBLpam1 DBLpam2 CIDRpam DBLpam3 DBLe DBLe DBLe DBLe   

 

 
1 NTSpam DBLpam1 DBLpam2 CIDRpam DBLpam3 DBLe DBLe DBLe DBLe DBLe 

 
             

 
Isolate 326_1 

 
1 CIDRa 

          

 
1 CIDRa DBLb DBLd CIDRg 

       

 
1 CIDRa DBLb DBLg DBLd CIDRb 
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4 CIDRa DBLd CIDRb 

        

 
1 CIDRa DBLd CIDRg 

        

 
2 CIDRb 

          

 
1 CIDRb DBLg DBLe DBLz DBLe 

      

 
1 CIDRg 

          

 
1 CIDRg DBLb DBLg DBLg DBLz 

      

 
1 CIDRg DBLg DBLd CIDRb DBLb 

      

 
2 DBLa CIDRa DBLb 

        

 
1 DBLa CIDRa DBLd CIDRb 

       

 
1 DBLb 

          

 
1 DBLb DBLd CIDRb 

        

 
1 DBLb DBLd CIDRg 

        

 
1 DBLb DBLd CIDRg DBLz DBLe 

      

 
6 DBLd CIDRb 

         

 
1 DBLd CIDRg 

         

 
1 DBLe 

          

 
1 DBLe DBLe DBLe 

        

 
2 NTS DBLa               

  

 
4 NTS DBLa CIDRa 

     
  

  

 
1 NTS DBLa CIDRa DBLb 

    
  

  

 
1 NTS DBLa CIDRa DBLb DBLb 

   
  

  

 
1 NTS DBLa CIDRa DBLb DBLb DBLg DBLd CIDRb   

  

 
1 NTS DBLa CIDRa DBLb DBLd CIDRb 

  
  

  

 
1 NTS DBLa CIDRa DBLb DBLd CIDRg DBLg DBLz   

  

 
1 NTS DBLa CIDRa DBLb DBLg 

   
  

  

 
1 NTS DBLa CIDRa DBLb DBLg DBLd CIDRb 

 
  

  

 
1 NTS DBLa CIDRa DBLb DBLg DBLd CIDRg 

 
  

  

 
1 NTS DBLa CIDRa DBLb DBLg DBLg DBLd CIDRb   

  

 
1 NTS DBLa CIDRa DBLb DBLg DBLg DBLz DBLe   

  

 
2 NTS DBLa CIDRa DBLb DBLg DBLz 

  
  

  

 
11 NTS DBLa CIDRa DBLd CIDRb 

   
  

  

 
1 NTS DBLa CIDRa DBLd CIDRb DBLg DBLz DBLe   

  

 
3 NTS DBLa CIDRa DBLd CIDRg 

   
  

  

 
1 NTS DBLa CIDRa DBLd CIDRg DBLe 

  
  

  

 
1 NTS DBLa CIDRa DBLd CIDRg DBLg 

  
  

  

 
1 NTS DBLa CIDRa DBLg DBLd CIDRb DBLb DBLg   

  

 
1 NTS DBLa CIDRb DBLg DBLe DBLz DBLe 

 
  

  

 
1 NTS DBLa CIDRd DBLb DBLg DBLe DBLd CIDRb   

  

 
1 NTS DBLa CIDRd DBLb DBLg DBLg DBLe DBLg   

  

 
1 NTS DBLa CIDRd DBLb DBLg DBLz DBLe 

 
  

  

 
1 NTSpam DBLpam1 DBLpam2 CIDRpam DBLpam3 DBLe DBLe DBLe   
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Isolate 327_1 

 
1 CIDRa DBLd 

         

 
6 CIDRa DBLd CIDRb 

        

 
1 CIDRa DBLd CIDRg 

        

 
2 CIDRb 

          

 
1 CIDRg DBLe DBLz DBLe 

       

 
1 DBLb 

          

 
2 DBLb DBLb DBLd CIDRb 

       

 
1 DBLb DBLd CIDRb 

        

 
3 DBLd CIDRb 

         

 
1 DBLg 

          

 
1 NTS 

          

 
2 NTS DBLa CIDRa               

 

 
1 NTS DBLa CIDRa DBLb 

     
  

 

 
1 NTS DBLa CIDRa DBLb DBLb DBLg DBLd CIDRb 

 
  

 

 
1 NTS DBLa CIDRa DBLb DBLb DBLg DBLg DBLd CIDRb   

 

 
4 NTS DBLa CIDRa DBLb DBLd CIDRb 

   
  

 

 
1 NTS DBLa CIDRa DBLb DBLd CIDRb DBLg DBLz DBLe   

 

 
1 NTS DBLa CIDRa DBLb DBLd CIDRg 

   
  

 

 
2 NTS DBLa CIDRa DBLb DBLg DBLd CIDRb DBLb DBLg   

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLd CIDRd 

  
  

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLe DBLg DBLz DBLe   

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLg DBLg 

  
  

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLg DBLg DBLd CIDRb   

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLz 

   
  

 

 
2 NTS DBLa CIDRa DBLb DBLg DBLz DBLe 

  
  

 

 
21 NTS DBLa CIDRa DBLd CIDRb 

    
  

 

 
1 NTS DBLa CIDRa DBLd CIDRb DBLe DBLe 

  
  

 

 
1 NTS DBLa CIDRa DBLd CIDRb DBLe DBLz DBLe 

 
  

 

 
4 NTS DBLa CIDRa DBLd CIDRg 

    
  

 

 
1 NTS DBLa CIDRa DBLd CIDRg DBLe DBLz DBLe 

 
  

 

 
1 NTS DBLa CIDRa DBLd CIDRg DBLz DBLe 

  
  

 

 
2 NTS DBLa CIDRa DBLg DBLd CIDRb 

   
  

 

 
1 NTS DBLa CIDRa DBLg DBLd CIDRb DBLg 

  
  

 

 
1 NTS DBLa CIDRa DBLg DBLd CIDRg 

   
  

 

 
1 NTS DBLa CIDRa DBLg DBLg DBLz DBLe 

  
  

 

 
1 NTS DBLa CIDRb DBLg DBLe DBLz DBLe 

  
  

 

 
1 NTS DBLa CIDRg DBLb DBLd CIDRb 

   
  

 

 
1 NTS DBLa DBLe 

      
  

 

 
1 NTSpam DBLpam1 DBLpam2 CIDRpam DBLpam3 DBLe DBLe DBLe     

 
             

 
Isolate 365_1 
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3 CIDRa 

          

 
1 CIDRa DBLb DBLg 

        

 
1 CIDRa DBLb DBLg DBLd CIDRb 

      

 
2 CIDRa DBLd CIDRb 

        

 
4 CIDRa DBLd CIDRg 

        

 
6 CIDRb 

          

 
1 CIDRb DBLb DBLg DBLe 

       

 
1 CIDRb DBLe DBLe DBLe 

       

 
1 CIDRd DBLb 

         

 
1 CIDRd DBLb DBLg 

        

 
3 CIDRg 

          

 
1 CIDRg DBLg DBLz DBLe 

       

 
2 DBLa CIDRa 

         

 
1 DBLa CIDRa DBLd CIDRg 

       

 
2 DBLb 

          

 
1 DBLb DBLb 

         

 
1 DBLb DBLb DBLg 

        

 
1 DBLb DBLd CIDRb 

        

 
2 DBLd 

          

 
3 DBLd CIDRb 

         

 
1 DBLd CIDRb DBLg DBLz 

       

 
1 DBLd CIDRb DBLg DBLz DBLe 

      

 
2 DBLd CIDRg 

         

 
1 DBLe DBLe 

         

 
1 DBLe DBLe DBLe 

        

 
1 DBLg DBLd CIDRb DBLb 

       

 
1 DBLg DBLd CIDRg 

        

 
1 DBLg DBLz 

         

 
2 DBLz DBLe 

         

 
2 NTS 

          

 
4 NTS DBLa                 

 

 
4 NTS DBLa CIDRa 

      
  

 

 
3 NTS DBLa CIDRa DBLb 

     
  

 

 
1 NTS DBLa CIDRa DBLb DBLd CIDRb 

   
  

 

 
1 NTS DBLa CIDRa DBLb DBLd CIDRb DBLg DBLe DBLe   

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLd CIDRb 

  
  

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLz 

   
  

 

 
2 NTS DBLa CIDRa DBLd 

     
  

 

 
4 NTS DBLa CIDRa DBLd CIDRb 

    
  

 

 
4 NTS DBLa CIDRa DBLd CIDRg 

    
  

 

 
1 NTS DBLa CIDRa DBLe 

     
  

 

 
1 NTS DBLa CIDRa DBLg 

     
  

 

 
1 NTS DBLa CIDRa DBLg DBLd 
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1 NTS DBLa CIDRa DBLg DBLz DBLe DBLe 

  
  

 

 
1 NTS DBLa CIDRd 

      
  

 

 
1 NTS DBLa CIDRd DBLb DBLg DBLz DBLe 

  
  

 

 
1 NTS DBLa CIDRg DBLb DBLg DBLz DBLe 

  
  

 

 
2 NTS DBLa DBLe 

      
  

 

 
1 NTSpam DBLpam1 DBLpam2 CIDRpam DBLpam3 DBLe DBLe DBLe     

 
             

 
Isolate 366_1 

 
1 CIDRa 

          

 
1 CIDRa DBLb DBLd CIDRb 

       

 
1 CIDRa DBLb DBLg DBLe DBLe 

      

 
1 CIDRa DBLb DBLz DBLe 

       

 
2 CIDRa DBLd CIDRb 

        

 
1 CIDRa DBLd CIDRb DBLe 

       

 
2 CIDRa DBLd CIDRg 

        

 
1 CIDRa DBLd CIDRg DBLe 

       

 
1 CIDRa DBLg DBLd CIDRg DBLz DBLe 

     

 
1 CIDRb 

          

 
1 CIDRg DBLz DBLe 

        

 
1 DBLa CIDRa DBLd CIDRb 

       

 
1 DBLa CIDRg DBLg DBLd CIDRb DBLb 

     

 
1 DBLb 

          

 
1 DBLb DBLb 

         

 
2 DBLb DBLb DBLd CIDRg 

       

 
1 DBLb DBLb DBLg DBLd CIDRg 

      

 
2 DBLb DBLd CIDRb 

        

 
1 DBLb DBLd CIDRb DBLb DBLg 

      

 
3 DBLd CIDRb 

         

 
1 DBLd CIDRg 

         

 
1 DBLg 

          

 
1 DBLg DBLz DBLe 

        

 
1 DBLz DBLe 

         

 
1 NTS 

          

 
3 NTS DBLa                 

 

 
2 NTS DBLa CIDRa DBLb 

     
  

 

 
1 NTS DBLa CIDRa DBLb DBLb DBLd CIDRb 

  
  

 

 
1 NTS DBLa CIDRa DBLb DBLd CIDRb 

   
  

 

 
1 NTS DBLa CIDRa DBLb DBLd CIDRg DBLe DBLe 

 
  

 

 
1 NTS DBLa CIDRa DBLb DBLg 

    
  

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLd 

   
  

 

 
2 NTS DBLa CIDRa DBLb DBLg DBLd CIDRb 

  
  

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLd CIDRg 
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1 NTS DBLa CIDRa DBLb DBLg DBLd CIDRg DBLz DBLe   

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLe DBLg DBLz DBLe   

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLg 

   
  

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLg DBLg 

  
  

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLz DBLe 

  
  

 

 
3 NTS DBLa CIDRa DBLd 

     
  

 

 
16 NTS DBLa CIDRa DBLd CIDRb 

    
  

 

 
1 NTS DBLa CIDRa DBLd CIDRb DBLg DBLz 

  
  

 

 
7 NTS DBLa CIDRa DBLd CIDRg 

    
  

 

 
1 NTS DBLa CIDRa DBLg DBLd CIDRg DBLe DBLz DBLe   

 

 
1 NTS DBLa CIDRb DBLg DBLe DBLz DBLe 

  
  

 

 
1 NTS DBLa CIDRd DBLb DBLg DBLd CIDRb 

  
  

 

 
1 NTS DBLa CIDRd DBLg DBLd CIDRb DBLb 

  
  

 

 
1 NTS DBLa CIDRg 

      
  

 

 
1 NTS DBLa CIDRg DBLg DBLg DBLd CIDRb 

  
  

 

 
3 NTS DBLa DBLe 

      
  

 

 
1 NTSpam DBLpam1 DBLpam2 CIDRpam DBLpam3 DBLe DBLe DBLe     

 
             

 
Isolate 377_1 

 
1 CIDRa 

          

 
1 CIDRa DBLb DBLg DBLz DBLe 

      

 
2 CIDRa DBLd CIDRb 

        

 
2 CIDRg 

          

 
1 CIDRpam DBLpam3 DBLe DBLe DBLe 

      

 
1 DBLa CIDRa 

         

 
1 DBLa CIDRa DBLb DBLg DBLd CIDRb 

     

 
1 DBLa CIDRa DBLd CIDRb 

       

 
1 DBLb 

          

 
2 DBLb DBLb DBLd CIDRb 

       

 
1 DBLb DBLd CIDRb 

        

 
1 DBLg 

          

 
1 DBLpam2 CIDRpam DBLpam3 DBLe DBLe DBLe 

     

 
3 NTS DBLa                 

 

 
1 NTS DBLa CIDRa 

      
  

 

 
1 NTS DBLa CIDRa DBLb 

     
  

 

 
2 NTS DBLa CIDRa DBLb DBLb DBLg DBLd CIDRb 

 
  

 

 
1 NTS DBLa CIDRa DBLb DBLd CIDRb 

   
  

 

 
1 NTS DBLa CIDRa DBLb DBLd CIDRg DBLg DBLz 

 
  

 

 
2 NTS DBLa CIDRa DBLb DBLg 

    
  

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLd 

   
  

 

 
2 NTS DBLa CIDRa DBLb DBLg DBLd CIDRb 

  
  

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLd CIDRd 
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1 NTS DBLa CIDRa DBLb DBLg DBLd CIDRd DBLb DBLg   

 

 
2 NTS DBLa CIDRa DBLb DBLg DBLd CIDRg 

  
  

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLd CIDRg DBLz DBLe   

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLe DBLg DBLz DBLe   

 

 
3 NTS DBLa CIDRa DBLb DBLg DBLg DBLd CIDRb 

 
  

 

 
1 NTS DBLa CIDRa DBLb DBLz DBLe 

   
  

 

 
20 NTS DBLa CIDRa DBLd CIDRb 

    
  

 

 
1 NTS DBLa CIDRa DBLd CIDRb DBLg DBLz DBLe 

 
  

 

 
1 NTS DBLa CIDRa DBLd CIDRg 

    
  

 

 
1 NTS DBLa CIDRa DBLd CIDRg DBLe DBLe DBLe 

 
  

 

 
1 NTS DBLa CIDRa DBLg DBLd CIDRb 

   
  

 

 
2 NTS DBLa CIDRa DBLg DBLz 

    
  

 

 
1 NTS DBLa CIDRb DBLg DBLe DBLz DBLe 

  
  

 

 
1 NTS DBLa CIDRg DBLb DBLg DBLg DBLz 

  
  

 

 
1 NTS DBLa DBLd CIDRb 

     
  

 

 
1 NTS DBLa DBLd CIDRg 

     
  

 

 
1 NTS DBLa DBLe 

      
  

 

 
1 NTSpam DBLpam1 

       
  

 

 
3 NTSpam DBLpam1 DBLpam2 CIDRpam DBLpam3 DBLe DBLe       

 
             

 
Isolate 383_1 

 
1 CIDRa DBLb 

         

 
1 CIDRa DBLd 

         

 
10 CIDRa DBLd CIDRb 

        

 
1 CIDRa DBLd CIDRb DBLg DBLz DBLe 

     

 
1 CIDRa DBLd CIDRg DBLb DBLg 

      

 
3 CIDRb 

          

 
1 CIDRb DBLz DBLe 

        

 
1 DBLa CIDRa DBLb DBLd CIDRb 

      

 
1 DBLb DBLb 

         

 
1 DBLb DBLb DBLb DBLd CIDRb 

      

 
1 DBLb DBLb DBLd CIDRb 

       

 
1 DBLd CIDRb 

         

 
1 DBLd CIDRg 

         

 
1 DBLe 

          

 
2 DBLg 

          

 
1 DBLg DBLe DBLz DBLe 

       

 
1 NTS DBLa                 

 

 
3 NTS DBLa CIDRa 

      
  

 

 
1 NTS DBLa CIDRa DBLb DBLb DBLd CIDRb 

  
  

 

 
4 NTS DBLa CIDRa DBLb DBLd CIDRb 

   
  

 

 
1 NTS DBLa CIDRa DBLb DBLd CIDRb DBLg DBLz 
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1 NTS DBLa CIDRa DBLb DBLd CIDRb DBLg DBLz DBLe   

 

 
1 NTS DBLa CIDRa DBLb DBLg 

    
  

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLd CIDRb 

  
  

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLd CIDRb DBLb DBLg   

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLd CIDRg 

  
  

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLe DBLd CIDRb 

 
  

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLe DBLg DBLz DBLe   

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLg DBLd CIDRg 

 
  

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLg DBLg 

  
  

 

 
2 NTS DBLa CIDRa DBLb DBLg DBLz DBLe 

  
  

 

 
1 NTS DBLa CIDRa DBLd 

     
  

 

 
19 NTS DBLa CIDRa DBLd CIDRb 

    
  

 

 
1 NTS DBLa CIDRa DBLd CIDRb DBLg DBLz 

  
  

 

 
5 NTS DBLa CIDRa DBLd CIDRg 

    
  

 

 
1 NTS DBLa CIDRa DBLd CIDRg DBLz DBLe 

  
  

 

 
1 NTS DBLa CIDRa DBLe DBLe DBLe 

   
  

 

 
1 NTS DBLa CIDRa DBLg DBLg DBLz DBLe 

  
  

 

 
1 NTS DBLa CIDRd DBLg DBLd CIDRb DBLb 

  
  

 

 
1 NTS DBLa DBLg DBLe DBLz DBLe 

   
  

 

 
2 NTSpam DBLpam1 DBLpam2 CIDRpam DBLpam3 DBLe DBLe DBLe     

 
             

 
Isolate 397_1 

 
6 CIDRa 

          

 
1 CIDRa DBLb 

         

 
1 CIDRa DBLb DBLg DBLd CIDRb 

      

 
1 CIDRa DBLb DBLg DBLz 

       

 
1 CIDRa DBLd 

         

 
1 CIDRa DBLd CIDRb 

        

 
1 CIDRa DBLd CIDRb DBLg 

       

 
3 CIDRa DBLd CIDRg 

        

 
6 CIDRb 

          

 
1 CIDRg 

          

 
1 DBLa 

          

 
1 DBLa CIDRa DBLb DBLg DBLd CIDRb 

     

 
1 DBLa CIDRa DBLb DBLg DBLg DBLd CIDRb DBLb DBLg 

  

 
2 DBLb 

          

 
1 DBLb DBLb DBLb DBLd CIDRg 

      

 
1 DBLb DBLb DBLd CIDRb 

       

 
1 DBLb DBLb DBLg DBLd CIDRb 

      

 
1 DBLb DBLd CIDRg 

        

 
1 DBLb DBLg DBLd CIDRg DBLe DBLe 

     

 
1 DBLb DBLg DBLe DBLg DBLz DBLe 

     

 
1 DBLd 
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5 DBLd CIDRb 

         

 
2 DBLd CIDRg 

         

 
2 DBLe 

          

 
1 DBLg 

          

 
2 DBLg DBLz DBLe 

        

 
1 DBLz 

          

 
5 NTS 

          

 
3 NTS DBLa                 

 

 
6 NTS DBLa CIDRa 

      
  

 

 
4 NTS DBLa CIDRa DBLb 

     
  

 

 
1 NTS DBLa CIDRa DBLb DBLb 

    
  

 

 
1 NTS DBLa CIDRa DBLb DBLb DBLg DBLd CIDRb 

 
  

 

 
3 NTS DBLa CIDRa DBLb DBLd CIDRb 

   
  

 

 
1 NTS DBLa CIDRa DBLb DBLd CIDRb DBLz DBLe 

 
  

 

 
3 NTS DBLa CIDRa DBLb DBLg 

    
  

 

 
2 NTS DBLa CIDRa DBLb DBLg DBLd 

   
  

 

 
2 NTS DBLa CIDRa DBLb DBLg DBLd CIDRb 

  
  

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLd CIDRb DBLb DBLg   

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLd CIDRg 

  
  

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLg DBLg DBLz DBLe   

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLz 

   
  

 

 
3 NTS DBLa CIDRa DBLb DBLg DBLz DBLe 

  
  

 

 
1 NTS DBLa CIDRa DBLd 

     
  

 

 
9 NTS DBLa CIDRa DBLd CIDRb 

    
  

 

 
2 NTS DBLa CIDRa DBLd CIDRb DBLb DBLg 

  
  

 

 
1 NTS DBLa CIDRa DBLd CIDRg 

    
  

 

 
1 NTS DBLa CIDRa DBLd CIDRg DBLz DBLe 

  
  

 

 
1 NTS DBLa CIDRa DBLg DBLd CIDRg DBLg DBLe 

 
  

 

 
1 NTS DBLa CIDRa DBLg DBLd CIDRg DBLz DBLe 

 
  

 

 
1 NTS DBLa CIDRa DBLg DBLg DBLz DBLe 

  
  

 

 
1 NTS DBLa CIDRb DBLb 

     
  

 

 
2 NTS DBLa CIDRd DBLb DBLg DBLd CIDRg DBLz DBLe   

 

 
2 NTS DBLa DBLe 

      
  

 

 
1 NTS DBLe 

       
  

 

 
1 NTSpam DBLpam1 DBLpam2 CIDRpam DBLpam3 DBLe DBLe DBLe     

 
             

 
Isolate 398_1 

 
1 CIDRa DBLb DBLb 

        

 
2 CIDRa DBLd CIDRb 

        

 
1 CIDRa DBLd CIDRg 

        

 
3 CIDRb 

          

 
1 CIDRg DBLe DBLz DBLe 
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2 DBLb 

          

 
1 DBLb DBLb DBLb DBLd CIDRg 

      

 
1 DBLb DBLd CIDRb 

        

 
1 DBLb DBLg DBLd CIDRb DBLe DBLg 

     

 
1 DBLb DBLg DBLe DBLg DBLz DBLe 

     

 
1 DBLd CIDRb 

         

 
1 DBLg 

          

 
1 DBLg DBLd CIDRg DBLe DBLe DBLe 

     

 
1 NTS DBLa                 

 

 
2 NTS DBLa CIDRa 

      
  

 

 
1 NTS DBLa CIDRa DBLb DBLb 

    
  

 

 
1 NTS DBLa CIDRa DBLb DBLd 

    
  

 

 
1 NTS DBLa CIDRa DBLb DBLd CIDRb 

   
  

 

 
1 NTS DBLa CIDRa DBLb DBLe 

    
  

 

 
7 NTS DBLa CIDRa DBLb DBLg DBLd CIDRb 

  
  

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLd CIDRb DBLb DBLg   

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLd CIDRg 

  
  

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLe DBLg DBLd CIDRb   

 

 
2 NTS DBLa CIDRa DBLb DBLg DBLg DBLd CIDRb 

 
  

 

 
4 NTS DBLa CIDRa DBLb DBLg DBLz 

   
  

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLz DBLe 

  
  

 

 
21 NTS DBLa CIDRa DBLd CIDRb 

    
  

 

 
1 NTS DBLa CIDRa DBLd CIDRb DBLg DBLz 

  
  

 

 
4 NTS DBLa CIDRa DBLd CIDRg 

    
  

 

 
1 NTS DBLa CIDRa DBLd CIDRg DBLe DBLz DBLe 

 
  

 

 
1 NTS DBLa CIDRa DBLg DBLd CIDRb 

   
  

 

 
1 NTS DBLa CIDRa DBLg DBLd CIDRg 

   
  

 

 
1 NTS DBLa CIDRa DBLg DBLz DBLe 

   
  

 

 
1 NTS DBLa CIDRd DBLb DBLg DBLe DBLz DBLe 

 
  

 

 
4 NTS DBLa DBLe 

      
  

 

 
1 NTS DBLa DBLg DBLg DBLd CIDRg DBLe DBLz DBLe   

 

 
1 NTSpam DBLpam1 DBLpam2 CIDRpam DBLpam3 DBLe DBLe DBLe     

 
             

 
Isolate 58_1 

 
2 CIDRa DBLb 

         

 
1 CIDRa DBLb DBLb 

        

 
2 CIDRa DBLd 

         

 
4 CIDRa DBLd CIDRb 

        

 
3 CIDRb 

          

 
1 CIDRb DBLb DBLg 

        

 
1 CIDRb DBLg 

         

 
2 DBLa 
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1 DBLa CIDRa DBLd 

        

 
6 DBLb 

          

 
2 DBLb DBLb 

         

 
1 DBLb DBLb DBLb DBLd 

       

 
2 DBLb DBLb DBLd CIDRb 

       

 
1 DBLb DBLb DBLg DBLd CIDRb 

      

 
7 DBLb DBLd CIDRb 

        

 
1 DBLb DBLg 

         

 
8 DBLd CIDRb 

         

 
1 DBLd CIDRg 

         

 
1 DBLe 

          

 
1 DBLe DBLe 

         

 
1 DBLe DBLg DBLz DBLe 

       

 
1 DBLg DBLd CIDRb 

        

 
1 DBLg DBLg 

         

 
1 DBLg DBLg DBLg DBLd CIDRb 

      

 
2 DBLg DBLz DBLe 

        

 
1 DBLz 

          

 
1 DBLz DBLe 

         

 
1 NTS 

          

 
5 NTS DBLa                 

 

 
6 NTS DBLa CIDRa 

      
  

 

 
5 NTS DBLa CIDRa DBLb 

     
  

 

 
1 NTS DBLa CIDRa DBLb DBLb DBLd CIDRb 

  
  

 

 
1 NTS DBLa CIDRa DBLb DBLb DBLg DBLd 

  
  

 

 
1 NTS DBLa CIDRa DBLb DBLd 

    
  

 

 
4 NTS DBLa CIDRa DBLb DBLd CIDRb 

   
  

 

 
1 NTS DBLa CIDRa DBLb DBLg 

    
  

 

 
3 NTS DBLa CIDRa DBLb DBLg DBLd CIDRb 

  
  

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLd CIDRd 

  
  

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLg DBLd CIDRb 

 
  

 

 
1 NTS DBLa CIDRa DBLb DBLz DBLe 

   
  

 

 
2 NTS DBLa CIDRa DBLd 

     
  

 

 
15 NTS DBLa CIDRa DBLd CIDRb 

    
  

 

 
1 NTS DBLa CIDRa DBLd CIDRb DBLg 

   
  

 

 
1 NTS DBLa CIDRa DBLd CIDRb DBLz DBLe 

  
  

 

 
4 NTS DBLa CIDRa DBLd CIDRg 

    
  

 

 
1 NTS DBLa CIDRa DBLd CIDRg DBLz DBLe 

  
  

 

 
1 NTS DBLa CIDRa DBLe DBLe DBLe 

   
  

 

 
1 NTS DBLa CIDRa DBLg DBLg DBLz DBLe 

  
  

 

 
1 NTS DBLa CIDRb DBLg DBLe DBLz DBLe 

  
  

 

 
1 NTS DBLa CIDRd DBLg 

     
  

 

 
1 NTS DBLa CIDRg 
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1 NTS DBLa CIDRg DBLg DBLd CIDRg DBLe DBLe DBLe   

 

 
1 NTS DBLa DBLd 

      
  

 

 
2 NTSpam DBLpam1 DBLpam2 CIDRpam DBLpam3 DBLe DBLe DBLe     

 
             

 
PFCLIN 

 
1 CIDRb ATS 

         

 
1 DBLa CIDRa DBLd CIDRb 

       

 
1 DBLb DBLb DBLd CIDRb ATS 

      

 
1 DBLb DBLg 

         

 
2 DBLd CIDRb 

         

 
1 NTS DBLa                 

 

 
5 NTS DBLa CIDRa 

      
  

 

 
1 NTS DBLa CIDRa DBLb DBLb 

    
  

 

 
1 NTS DBLa CIDRa DBLb DBLd CIDRd ATS 

  
  

 

 
2 NTS DBLa CIDRa DBLb DBLd CIDRg ATS 

  
  

 

 
1 NTS DBLa CIDRa DBLb DBLd CIDRg DBLg DBLz ATS   

 

 
1 NTS DBLa CIDRa DBLb DBLe DBLd 

   
  

 

 
2 NTS DBLa CIDRa DBLb DBLg ATS 

   
  

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLd CIDRb 

  
  

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLd CIDRb ATS 

 
  

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLe DBLg DBLz DBLe ATS 

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLg 

   
  

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLg DBLd CIDRg ATS   

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLz 

   
  

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLz DBLe 

  
  

 

 
1 NTS DBLa CIDRa DBLb DBLg DBLz DBLe ATS 

 
  

 

 
1 NTS DBLa CIDRa DBLb DBLz DBLe ATS 

  
  

 

 
2 NTS DBLa CIDRa DBLd 

     
  

 

 
8 NTS DBLa CIDRa DBLd CIDRb 

    
  

 

 
6 NTS DBLa CIDRa DBLd CIDRb ATS 

   
  

 

 
5 NTS DBLa CIDRa DBLd CIDRg ATS 

   
  

 

 
1 NTS DBLa CIDRa DBLg 

     
  

 

 
1 NTS DBLa CIDRa DBLg DBLd CIDRg DBLe DBLz DBLe ATS 

 

 
1 NTS DBLa CIDRa DBLg DBLg DBLd CIDRb 

  
  

 

 
2 NTS DBLa CIDRa DBLg DBLz DBLe ATS 

  
  

 

 
1 NTS DBLa CIDRb DBLg DBLd CIDRb DBLz DBLe ATS   

 

 
1 NTS DBLa CIDRd DBLb DBLg DBLg 

   
  

 

 
1 NTS DBLa CIDRd DBLg DBLd CIDRb DBLb 

  
  

 

 
1 NTS DBLa CIDRg DBLb DBLg DBLz DBLe ATS 

 
  

 

 
1 NTS DBLa DBLd CIDRg ATS 

    
  

 

 
1 NTS DBLa DBLe ATS 

     
  

 

 
1 NTSpam DBLpam1 DBLpam2 CIDRpam DBLpam3 DBLe DBLe DBLe 
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Appendix 3 

 

Chapter 3 

Additional File 2: Supplemental Figures 

Figure S1. Domain organization of PfEMP1 in each of 12 Malain isolates. Domain content 

and structural domain architecture of annotated PfEMP1s from each of 12 clinical samples. 

PfEMP1s that contain the N-terminal sequence (NTS) are boxed. The number of each type of 

domain architecture is also shown.              

 
1 NTSpam DBLpam1 DBLpam2 CIDRpam DBLpam3 DBLe DBLe DBLe ATS   

 
             

 
3D7 

 
1 NTS DBLa CIDRa DBLb DBLb DBLd CIDRg ATS 

   

 
1 NTS DBLa CIDRa DBLb DBLb DBLg DBLd CIDRb ATS 

  

 
2 NTS DBLa CIDRa DBLb DBLd CIDRb ATS 

    

 
1 NTS DBLa CIDRa DBLb DBLg ATS 

     

 
1 NTS DBLa CIDRa DBLb DBLg DBLd CIDRb ATS 

   

 
1 NTS DBLa CIDRa DBLb DBLg DBLd CIDRg DBLe DBLe DBLe ATS 

 
1 NTS DBLa CIDRa DBLb DBLg DBLg DBLd CIDRg ATS 

  

 
2 NTS DBLa CIDRa DBLb DBLg DBLz DBLe ATS 

   

 
28 NTS DBLa CIDRa DBLd CIDRb ATS 

     

 
1 NTS DBLa CIDRa DBLd CIDRb DBLe ATS 

    

 
13 NTS DBLa CIDRa DBLd CIDRg ATS 

     

 
1 NTS DBLa CIDRa DBLg ATS 

      

 
1 NTS DBLa CIDRa DBLg DBLd CIDRb ATS 

    

 
1 NTS DBLa CIDRd DBLb DBLg DBLd CIDRb DBLb ATS 

  

 
1 NTS DBLa CIDRd DBLb DBLg DBLz DBLe ATS 

   

 
1 NTS DBLa CIDRg DBLg DBLd CIDRb DBLb ATS 

   

 
3 NTS DBLa DBLe ATS 

       

 
1 NTSpam DBLpam1 DBLpam2 CIDRpam DBLpam3 DBLe DBLe DBLe ATS 
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Figure S2. Maximum likelihood phylogeny of DBLα domain sequences. All domains 

annotated as DBLα from the 12 samples are shown. Color coded are DBLα sequences that 

clustered with known domain cassettes DC8 (red label highlighted in green) and DC13 (blue label 

highlighted in cyan). DBLα2 represents DC8-like DBLα, whereas DBLα1.7 defines DC13-like 

DBLα. The three sequences labeled in blue outside of the highlighted clusters were use as non-

DC8 and non-DC13 controls. 
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Figure S3. Maximum likelihood phylogeny of CIDRα domain sequences. All domains 

annotated as CIDRα from the 12 samples are shown. CIDRα sequences that clustered with known 

domain cassettes DC8 (red branches highlighted in green) and DC13 (blue branches highlighted 

in cyan) are shown as well. CIDRα1.1 represents DC8-like CIDRα, whereas CIDRα1.4 defines 

DC13-like CIDRα.  
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Figure S4. Detection and visualization of recombination events within and between var2csa 

sequences. The left panel represents the recombination events detected between var2csa 

sequences from geographically close and distant parasites using the RDP4 program and the right 

panel is a zoom the first eight sequences of the 12 Malian samples. The full-length exon 1 on 

var2csa is denoted by the long horizontal bar. Below each var2csa are depicted recombinant 

segments and the names of the sequences they recombined with. For example, recombination 

events occurred between the sample shown on top (303_1_var2csa_0097) and 

377_1_var2csa_0068, IGHvar41, DD2var06, etc.     
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Figure S5 - Phylogenetic tree of reconstructed var2csa exon 1 sequences. The tree is inferred 

from the 12 Malian samples (19 sequences) and 12 sequences from VarDom database using 

maximum likelihood. Complete sequences are used, with no regard to possible recombination. 

           

 Appendix 4 

Accession 
number 

Country 

SRR2317711 Cambodia 
SRR2317712 Cambodia 
SRR2317713 Cambodia 
SRR2317714 Cambodia 
SRR2317715 Cambodia 
SRR2317718 Cambodia 
SRR2317719 Cambodia 
SRR2317720 Cambodia 
SRR2317721 Cambodia 
SRR2317722 Cambodia 
SRR2317723 Cambodia 
SRR2317724 Cambodia 
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SRR2317725 Cambodia 
SRR2317726 Cambodia 
SRR2317727 Cambodia 
SRR2317728 Cambodia 
SRR2317729 Cambodia 
SRR2317730 Cambodia 
SRR2317698 Cambodia 
SRR2317700 Cambodia 
SRR2317716 Cambodia 
SRR2317717 Cambodia 
SRR2318024 Cambodia 
SRR2318691 Cambodia 
SRR2318692 Cambodia 
SRR2318703 Cambodia 
SRR2318702 Cambodia 
SRR4005827 FrenchGuiana 
SRR4005856 FrenchGuiana 
SRR4005922 FrenchGuiana 
SRR4005923 FrenchGuiana 
SRR4005924 FrenchGuiana 
SRR4005925 FrenchGuiana 
SRR4005926 FrenchGuiana 
SRR4006025 FrenchGuiana 
SRR4006767 FrenchGuiana 
SRR4006771 FrenchGuiana 
SRR4006776 FrenchGuiana 
SRR4006904 FrenchGuiana 
SRR4006979 FrenchGuiana 
SRR4006984 FrenchGuiana 
SRR4006986 FrenchGuiana 
SRR4007068 FrenchGuiana 
SRR4007112 FrenchGuiana 
SRR4007120 FrenchGuiana 
SRR4007123 FrenchGuiana 
SRR4007291 FrenchGuiana 
SRR4006023 FrenchGuiana 
SRR4006024 FrenchGuiana 
SRR4007093 FrenchGuiana 
SRR4007111 FrenchGuiana 
SRR4007298 FrenchGuiana 
SRR4007461 FrenchGuiana 
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SRR4007709 FrenchGuiana 
SRR4007711 FrenchGuiana 
SRR4007930 FrenchGuiana 
SRR1645627 Senegal 
SRR1645629 Senegal 
SRR1645631 Senegal 
SRR1645632 Senegal 
SRR1645633 Senegal 
SRR1645634 Senegal 
SRR1645637 Senegal 
SRR1645654 Senegal 
SRR1645661 Senegal 
SRR1645639 Senegal 
SRR1645655 Senegal 
SRR1645656 Senegal 
SRR1645657 Senegal 
SRR1645714 Senegal 
SRR1645716 Senegal 
SRR1645341 Senegal 
SRR1645588 Senegal 
SRR1645592 Senegal 
SRR1645619 Senegal 
SRR1645620 Senegal 
SRR609052 Malawi 
SRR609053 Malawi 
SRR609054 Malawi 
SRR609055 Malawi 
SRR609056 Malawi 
SRR609057 Malawi 
SRR609058 Malawi 
SRR609059 Malawi 
SRR609060 Malawi 
SRR609061 Malawi 
SRR609062 Malawi 
SRR609063 Malawi 
SRR609064 Malawi 
SRR609065 Malawi 
SRR609066 Malawi 
SRR609067 Malawi 
SRR609068 Malawi 
SRR609069 Malawi 
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SRR609070 Malawi 
SRR609071 Malawi 
SRR609072 Malawi 
SRR609073 Malawi 
SRR609074 Malawi 
SRR609075 Malawi 
SRR609076 Malawi 
SRR609077 Malawi 
SRR609078 Malawi 
SRR609079 Malawi 
SRR609080 Malawi 
SRR609081 Malawi 
SRR652364 Malawi 
SRR652367 Malawi 
SRR652368 Malawi 
SRR652371 Malawi 
SRR652372 Malawi 
SRR652373 Malawi 
SRR725581 Malawi 
SRR725583 Malawi 
SRR725584 Malawi 
SRR725589 Malawi 
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