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ABSTRACT 
 

Optimizing a Selective Whole Genome Amplification (SWGA) Strategy for Clinical Malaria 
Infections 

Mariah Alawi 

 

Plasmodium is a genus well known for causing malaria, a life-threatening infection for many 

people where malaria is endemic. The blood-borne disease is transmitted by the female 

Anopheles mosquito. Till date, eight parasite species have been reported to cause malaria in 

humans that include P. falciparum, P. vivax, P. malariae, P. ovale curtisi, P. ovale wallikeri, P. 

cynomolgi, P. knowlesi and more recently P. simium. Amongst them, the most genetically 

understood species is P. falciparum, causing most of the deaths in children from malaria. 

Understanding genome variation at the population level of all malaria species is of utmost 

importance, including clinical cases with very low parasitemia. To achieve this purpose, we 

need sufficient amounts of parasite DNA material from the pool of host DNA, which always is 

overrepresented in clinical infections. We utilized a strategy of selective whole genome 

amplification (SWGA) technology on P. malariae and P. ovale curtisi (two neglected human 

infecting malaria parasites that often cause mild yet clinically relevant infections with low 

parasitemia) to efficiently enrich their genomic DNA for high-quality whole genome 

sequencing.  Previous studies on SWGA applied on P. falciparum and P. vivax showed that 

SWGA could efficiently enrich the amount of starting DNA material from inadequate amounts 

of parasites directly from clinical samples without separating the host DNA using specifically 

designed primer sets. 

We have successfully designed multiple sets of primers and tested the efficiency of five best 

primer sets using polymerase chain reaction to enrich the genomes of P. malariae and P. ovale 
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curtisi.  The efficiency of primers in enriching the genome was tested on two clinical samples 

for each of P. malariae and P. ovale curtisi. We were able to enrich the genome of P. malariae 

with an average of 19-fold (19X) enrichment across both samples. For P. ovale curtisi, we 

could achieve an enrichment of 3 folds only. Nevertheless, we still obtained a sufficient 

amount of gDNA to prepare Illumina sequencing libraries and call for SNPs and Indels in a 

biologically reproducible manner at genome-scale. 
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Chapter 1 Introduction 
 
1.1 Human Malaria 
 

Malaria, a life-threatening disease caused by the protozoan parasites of the genus 

Plasmodium and spread by the female Anopheles mosquito that is known for centuries(4). 

Currently, there are eight known species of Plasmodium that cause malaria in humans: P. 

falciparum, P. vivax, P. ovale curtisi, P. ovale wallikeri, P. malariae, P. knowlesi , P. 

cynomolgi, and P. simium(5-7). Amongst them, P. knowlesi, P. cynomolgi, and P. simium are 

natural parasites of non-human primates but are responsible for zoonotic infections in 

human(8). Phylogenetic analysis showed that P. ovale curtisi and P. ovale wallikeri form a 

separate subgroup from the other Plasmodium species. It was also evident that P. ovale sub-

species have split much earlier than P. falciparum and  P. reichenowi (Figure.1)(9). 

 

The disease holds a significant impact on a global scale(10). In 2017, 200 million cases were 

recorded in the African region, which carries the highest burden of malaria-related morbidity, 

of which 99.7% caused by Plasmodium falciparum. In the same year, the South East Asian 

region recorded 11.3 million cases, followed by the Eastern Mediterranean region with 4.4 

million cases(11). Although Saudi Arabia is near to be called a malaria-free country, the disease 

persists in the provinces of Aseer and Jazan(12). The worldwide distribution of the various 

Plasmodium species is different and reflects the presence of each species (Figure.2)(11). 

Parasites also differ in other aspects such as the periodic fever cycle length and the ability to 

form hypnozoites (a dormant liver stage of the parasite)(Table.1)(13). 
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Figure 1 Phylogenetic tree of the Plasmodium species. Maximum likelihood phylogenetic tree showing the P. ovale subgroup 
(blue) and P. malariae subgroup (red). Divergence levels of the species are calibrated to P. falciparum and P. reichenowi split 
(X). Silhouettes show the host specificity for each species. Bootstrap values are indicated at branching points(9). 

 

Table 1 Current malaria parasite species infectious to humans 

Table.1: Current malaria parasite species infectious to humans 
Species Date described𝛂 Periodicity (h) 𝛃 Hypnozoites𝛄(14) 
P. falciparum 1897(15) 48 No 
P. vivax 1890(16) 48 Yes 
P. malariae 1889(17) 72 No 
P. ovale curtisi 2010(1) 48 Yes 
P. ovale wallikeri 2010(1) 48 Yes 
P. cynomolgi 2014(7) 48 Yes 
P. knowlesi 2004(18) 24 No 
P. simium 2017(8) 48 ? 
𝛂 date as per discovery as a human infecting parasite. 
𝛃 refers to the cycle of periodic fever, which corresponds to the length of the parasite developmental 
cycle(19). 
𝛄 dormant forms of certain protozoan parasites during their life cycle(20). 
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This protozoan parasite has a remarkably complex life cycle alternating between the 

invertebrate host (mosquito) and the vertebrate host (depending on the host it infects) 

(Figure.3)(21). In the human host, after an intra-hepatic cycle of development, the parasite 

goes through an asexual intraerythrocytic developmental cycle (IDC) in the Red Blood Cells 

(RBCs), where it morphs through the ring, trophozoite and schizont stages before releasing 

the merozoites by bursting the RBCs(22). This intraerythrocytic developmental cycle, which 

results in schizont rupture and destruction of RBCs is responsible for the clinically visible 

symptoms of the disease in the vertebrate host. Majority of malaria-infected patients 

experience fever, chills, headaches, and diaphoresis. Patients, especially the ones infected 

with P. falciparum may also develop severe malaria rapidly leading to death(23). Severe 

Figure 2  Global distribution of human malaria parasites. Courtesy of Prof. Richard Culleton, Nagasaki University. Please note that P. 
ovale curtisi, P. ovale wallikeri appear as two sympatric non-recombining parasite species causing infections in human in parts of Africa 
and Asia(1). 
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malaria includes cerebral malaria, pulmonary edema/respiratory distress, severe anemia, and 

acute renal failure. In countries with high malaria transmission settings, severe malaria is 

predominantly seen in young children (1 month of 5 years of age)(23). Severe anemia and 

respiratory distress are symptoms that occur mostly in young children(24). Cerebral malaria is 

a neurological complication of P. falciparum infection, and it corresponds to the most severe 

state of the disease affecting young children and has a 20% fatality rate(25, 26).  

Malaria parasite produces an extensive program of temporal gene expression throughout the 

developmental cycle(27).  In Addition to this, P. falciparum evades recognition and host 

immune clearance by sequentially switching between members of the sub-telomeric var 

multigene family which encode the immune dominant surface proteins Plasmodium 

falciparum erythrocyte membrane protein 1 (PfEMP1)(28). Other malaria parasite species also 

possess different members of sub-telomeric gene families, which are thought to take part in 

antigenic variation(29).  The antigenic variation adds to the parasite pathogenicity because the 

host immune system’s ability to clear the parasite is diminished, leading to prolonged 

infections as well as hindering treatment plans(30).  
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Malaria treatment generally is introduced when the diagnosis has been confirmed unless 

urgent circumstances call for a “Presumptive Treatment” without the laboratory 

confirmation. Appropriate treatment is usually guided by the type of Plasmodium species 

causing the infection, patient clinical state, and most crucially, the parasite susceptibility to 

drugs(31). Different classes of antimalarial drugs are used, targeting mainly the asexual blood 

stages. Currently, resistance to nearly all of the known drugs has been acquired by 

Plasmodium falciparum, the deadliest species(32). The emergence of resistance has become 

an urgent matter, and identifying possible molecular markers is a subject of great importance 

to combat the disease and develop better tools and targeted drugs. Resistant strains for 

different antimalarial drugs have been studied worldwide, which has helped immensely in 

identifying drug resistance markers (Table.2)(32). Different mechanisms of resistance are 

adapted by the parasites to fight the drugs such as, amplifying the gene encoding the target 

Figure 3 The complex life cycle of the malaria parasite encompassing both 
vertebrate and invertebrate host(3). 
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enzyme or transporter that pumps the drug out of the parasite. Drug resistance can also be 

mediated by direct catalytic mechanisms or by processes that mitigate toxicity induced by the 

drug(32). Furthermore, Plasmodium parasites have a point mutation rate of approximately 1 × 

10−9 per nucleotide site per mitotic division(33). There is also evidence that P. falciparum has 

a higher mutation rate; this implies that the production of mutants occurs all the time in 

natural settings(33). Efforts to fight malaria are rising, particularly with the spread of 

antimalarial drug resistance, alongside the slow progress in the development of 

alternatives(34). The first step to elimination is the need to correctly diagnose and identify the 

species and molecular characteristics that are specific for each one to develop the best 

intervening method(35). Applications of genomics-driven technologies help in deciphering the 

biology, epidemic transmission pattern, drug resistance profiles of infections in the 

population. However, to gain the aforementioned information, a sufficient amount of DNA 

from the infecting species is needed for performing whole-genome sequencing (WGS). In 

studying population genomics, this is a limiting factor because the genomes of interest (in this 

case, it is the malaria parasite DNAs in a sea of host DNAs)  represent only a very small fraction 

of the total isolated DNA. Hence, generating enough sequencing data for the target microbial 

genome of interest could be very expensive. Parasitemia (the measurement of the amount of 
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parasite in the patient blood(36)) is normally low for Plasmodium species, adding yet another 

obstacle(37). In addition, the disease occurs mostly in rural areas, therefore, sample collection 

is considered a relatively tedious process as well as the difficulty in utilizing high throughput 

technologies that facilitates easier detection(8). 

Table 2 Antimalarial drugs and associated resistance genetic markers 
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1.2 Selective Whole Genome Amplification (SWGA) 

 

SWGA, a PCR-based technology was developed to enrich a pathogen genome of interest 

(foreground) from the host genome (background genome), in a simple, cost-effective 

manner, overcoming the above-mentioned drawbacks that accompany the malaria disease 

(38). The technique utilizes the use of phi29 DNA polymerase combined with specific primer 

sets designed to amplify the targeted parasite DNA in a Multiple Displacement Amplification 

(MDA) technique (Figure.3)(2). The enzyme amplifies the target genome in high processivity 

using the MDA technology. In addition, It has a higher fidelity rate in comparison to Taq 

enzyme(39). 

 

The importance of the technology lies in its 

broad applicability. It can possibly enrich 

any target DNA from the contaminating 

DNA background (40). SWGA data is useful 

for various applications in areas including 

epidemiological studies, evolutionary and 

functional association analyses, 

population genetics, and microbial 

genomics. The technology also enables 

molecular characterization of the target organism precluding the need for mechanical 

separation from the background genome and in-vivo culturing, which is convenient for the 

case of unculturable microorganisms including 7 out of 8 human-infecting malaria species(41). 

Figure 4 Multiple displacement amplification. (A) SWGA primers frequently 
binding to Plasmodium gDNA and less to human gDNA. (B) Phi29 displaces 
the newly synthesized strand upon encounter with double-stranded DNA 
opening for a new primer binding site leading to selective amplification. (C) 
Post-SWGA, the percentage of amplification is larger for Plasmodium gDNA 
in comparison to human gDNA(2). 
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Moreover, SWGA proved to be successful without the need for large amounts of blood, and 

that is advantageous in resource-poor endemic areas(42). 

In studying malaria infections, this technique has proved to be more efficient when applied 

to P. falciparum and P. vivax compared to other methods such as leukocyte depletion and 

hybrid selection using RNA baits(42). Sundararaman et al. performed SWGA on human DNA 

spiked with known quantities of P. falciparum DNA and obtained high selectivity and breadth 

that are more noticeable when the results of independent amplifications were combined (41). 

From the admixture of the lowest parasite content of 0.001%, they remarkably achieved 

70,000 folds of parasite enrichment where nearly 1.7 million MiSeq reads out of 2.5 million 

mapped to P. falciparum 3D7 reference genome(41). Read coverage was also even across all 

14 chromosomes except in the repeated regions such as telomeres which hindered accurate 

mapping(39). 

 

Till date, SWGA has been performed successfully in three human infecting malaria species(2, 

41, 43). The first one is P. falciparum as aforementioned due to severity and mortality it causes 

in human population and the second one is P. vivax, which is the most geographically 

widespread human infecting malaria species of all. The third one is P. knowlesi, that causes 

localized severe zoonotic infections in Malaysian Borneo and the surrounding regions(43). 

Understanding the transmission and molecular epidemics of other malaria species is prudent 

to realize their true occurrences and the disease burden, and to understand the molecular 

epidemiology to establish strategies for malaria prevention. Furthermore, non-falciparum 

infections usually carry low parasite densities that hinder proper detection and parasite 

identification; this might correlate with the poor number of reported cases subsequently 
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affecting the downstream actions taken by organizations involved in policymaking and global 

and regional malaria control programs. Since the complete genomes of all these parasites are 

available, in future, such SWGA-based amplification strategies could be used to study the 

population structure and genome variation across all human-infecting malaria species. Here 

we focused on developing SWGA to enrich P. malariae and P. ovale curtisi DNA from 

unprocessed DNA samples.   

 

 

1.3 Plasmodium malariae and Plasmodium ovale curtisi 

  

P. malariae is a parasite known as “the most neglected” human malaria-causing parasite. It 

produces quartan pattern of fever in patients and hence also called as quartan malaria (44). 

Among the eight parasites that cause the disease, it is the only one that has a 72-hour 

intraerythrocytic developmental cycle that was observed by Camillo Golgi in 1886 (45). The 

longer cycle in combination with other factors such as the low production of merozoites in 

the IDC and the parasite preference to invade the old RBCs is a disadvantage to the parasite 

as it gives the human more time to develop immunity against it (13). Although the parasites 

can live for a long period in a human host, the distribution of P. malariae is considered 

irregular and coincides with P. falciparum as can be observed in (Figure.2). Moreover, P. 

malariae is found usually in mixed infections with P. falciparum, where areas are endemic 

with the latter (13). As the most mysterious compared to the seven other species, P. malariae 

mechanisms of recurrences and pathogenicity are still unclear, and more studies are needed 

(44). 
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On the other hand, P. ovale curtisi, one of the two sympatric species that cause human ovale 

malaria, was established to be genetically distinct and morphologically identical to P. ovale 

wallikeri since 2010 (1). Plasmodium ovale causes tertian malaria in humans, a less common 

form of malaria infection (46). Although similar to P. vivax, P. ovale curtisi species can infect 

individuals lacking the Duffy blood group antigen (DBGA) which is the reason its incidence is 

concentrated in the Sub-Saharan African region where the population is mostly negative in 

the DBGA unlike P. vivax where it penetrates the RBCs using the DBGA (45, 47, 48). P. ovale curtisi 

infections are rare in comparison to P. falciparum and P. vivax although in recent years it has 

started to spread (49). Furthermore, the parasitemia in patients infected with P. ovale curtisi 

is usually lower in comparison to patients infected with P. falciparum or P. vivax (50). On top 

of their low parasitemia levels, molecular detection of P. ovale curtisi cases using small 

subunit ribosomal RNA (ssrRNA) gene-specific primers can be quite tricky due to the lack of 

sufficient DNA amplification products from the samples which result in underestimation of 

the incidence of infections caused by the species (51). Furthermore, any downstream analysis 

becomes challenging due to the unavailability of adequate DNA material. Likewise, P. 

malariae, P. ovale curtisi also cause low parasitemia infections(52). Additionally, P. malariae 

usually occurs in mixed infections with P. falciparum, which is morphologically similar, 

resulting in misdiagnosis and underestimation of P. malariae incidence(53). That confirms the 

need of highly specific, sensitive molecular based diagnostic methods. 

Countless efforts are directed only towards the elimination of P. falciparum, and there is 

evidence of the increase of non-falciparum infections that correlate with decreasing 

incidence of P. falciparum(54). That stresses the need to target all species in hopes of complete 
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eradication of malaria. Unfortunately, as implied earlier, there is a lack of data from the 

neglected Plasmodium species such as information on population structure, transmission 

patterns, pathogenicity mechanisms, drug resistance, etc. to mention a few. Hence, using 

SWGA to design species-specific primers for both P. malariae and P. ovale curtisi can prove to 

be a valuable asset to facilitate the downstream genome sequence-based analyses for both 

species that eventually could contribute to the goal of malaria elimination and tracking. 

 

1.5 Aim of Study 

 

1.5.1 Development of specific primer sets for P. malariae and P. ovale curtisi to perform 
SWGA 

 

To enable efficient, cost-effective whole genome amplification and ultimately the 

downstream analyses for P. malariae and P. ovale curtisi genomes, we used the SWGA 

software(41) to design specific primer sets for each of the two species and tested them 

individually on clinical samples for successful DNA-enrichment and genome coverage. 

 

1.5.2 Analyze profiles of single nucleotide polymorphisms and Insertions and deletions 
associated with P. malariae and P. ovale curtisi clinical samples  
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Chapter 2: Validation of Published SWGA primers and protocols on P. falciparum and P. 
vivax  in our laboratory settings 

 

2.1 Plasmodium falciparum 
 

For the validation of SWGA primers and SWGA  procedures on P. falciparum, we replicated 

the exact experimental conditions as published previously(41). 

 

2.1.1 Materials and Methods 
 

2.1.1.1 Sample Preparation 
 

Genomic DNA (gDNA) was extracted from P. falciparum parasites (3D7 strain) and Human 

Foreskin Fibroblasts (HFF-1, ATCCÒ) cell line using DNeasyÒ Blood & Tissue Kit (Qiagen) 

following the manufacturers' protocol. Following the DNA isolation DNA quantification was 

carried out using fluorometric assay (QubitÒ 2.0 Fluorometer quantification, ThermoFisher) 

using dsDNA Broad Range Assay Kit. The concentration of P. falciparum DNA was 5.16 ng/µL 

while the concentration of HFF DNA was 11.5 ng/µL. DNA was stored at -20°C until later use. 

 

2.1.1.2 Validation of SWGA primer sets 
 

We ran the SWGA software using the parameters published previously for P. falciparum to 

see if we are able to obtain the same set of primers that were used in the previous study for 

genome amplification. We obtained the same sets of published primers of many primer sets 

produced by the SWGA software, which suggests that we were able to run the SWGA software 

successfully. This would allow confidence in running the SWGA software to obtain new primer 
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sets for other malaria species (i.e. P. malariae and  P. ovale curtisi)  for which primer sets for 

SWGA are not available. The two sets of primers: primer set 6A (5’-TAAATAAAAA*A*A-3’, 5’-

CATAAAAAA*A*A-3’, 5’ -TAAATAATAA*T*A-3’ , 5’ -ATCATAATA*A*T-3’ , 5’ -TAACAAAAAA*A*A-3’ , 5’-

TAATAAATAA*A*A-3’, 5’-TAACATAGG*T*C-3’, 5’-TAGTAGTAG*T*A-3’, 5’-ATAATAAATA*A*T-3’, 5’-

CATAATAATA*A*T-3’) and primer set 8A (5’-TTTTTTTATT*T*A-3’, 5’-TATTATTATT*T*A-3’, 5’-

TTTTTTTAT*G*T-3’, 5’-ATTATTATG*A*T-3’, 5’-TTTTTTTTGT*T*A-3’, 5’-TATTTATTAT*T*A-3’, 5’-

GACCTATG*T*TA-3’, 5’-TACTACTAC*T*A-3’, 5’-TATTATTTAT*T*A-3’, 5’ -TATTATTATT*G*T-3’ ) were 

tested using the extracted HFF gDNA spiked with known quantities of P. falciparum 3D7 strain 

DNA. We prepared five different DNA samples with 5, 1, 0.1, 0.01, and 0.001% of P. falciparum 

DNA spiked with human DNA. Asterisks indicate phosphorothioate bonds that are necessary 

to prevent degradation by phi29 enzyme. 

 

SWGA was performed essentially as described(41). Briefly, all reactions were carried out on a 

thermocycler with a ramp down cycling conditions from 35°C to 30°C (10 min at each degree) 

followed by 16 h at 30°C, 10 min at 65°C to degrade Phi29 enzyme. SWGA products were 

stored at 4°C. The total SWGA reaction contained 50 µL comprising of 50 ng of DNA, 3.5 mM 

of each SWGA primer, 1C phi29 buffer (New England Biolabs), 1 mM dNTPs and 30 units of 

phi29 polymerase (New England Biolabs). 4 µL of each resulting SWGA product of the first 

round of amplification by primer set 6A were then subjected to a second round of SWGA using 

primer set 8A keeping the same amplification conditions. Final PCR products were purified 

using Ampure XP beads (Beckman CoulterÓ) and sheared on a CovarisÔ E220 Focused 

ultrasonicator (shearing settings: 40 sec at 5% duty factor, 175 PIP and 200 cycles per burst). 

NEBNext® Ultra™ II DNA Library Prep Kit for Illumina® (New England Biolabs), was used to 
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generate short-insert libraries from 300 ng and 50 ng DNA starting material for SWGA and 

non-SWGA HFF-3D7 admixtures, respectively. Sequencing was performed on an Illumina 

HiSeq® 4000 Sequencing System, yielding 150 bp paired reads.  

 

2.1.1.3 Data Analysis 
 

To test for SWGA efficiency, genome enrichment and coverage are analyzed(40). Enrichment 

in this context refers to the ability to increase the target gDNA from a contaminating 

background. Coverage in Next Generation Sequencing (NGS) is the average number of 

aligning reads to known reference bases, a certain level of coverage can enable the discovery 

of variants with confidence at particular positions in the genome(55). The raw reads that were 

obtained from the HiSeq 4000 were subjected to quality control test using FASTQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc). Low-quality reads and 

adaptor sequences were quality trimmed and removed using Trimmonatic(56). Reads smaller 

than 36 nucleotides long were discarded. Trimmed reads were then mapped against P. 

falciparum reference genome (PalsmoDB release 28) using Burrows-Wheeler Aligner with 

maximal exact matches (BWA-MEM), v. 0.7.17(57). File format conversion, indexing, and 

sorting of bam files and mapped read statistics were obtained using SAMtools(2). Read 

mapping was followed by marking of duplicates and SNPs and InDels calling was done 

according to the best practice guidelines(58) by the Genome Analysis Toolkit (GATK) v.3.8(59). 

The vcf file manipulation and further analysis were carried out using VCFtools v.0.1.17(60). 

Chromosome wise coverage plots were generated using the Integrative Genomics Viewer 

(IGV) software version 2.5.3(61). 
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2.1.2 Results and Discussion 

To validate the SWGA primer sets for P. falciparum, we replicated the previously published 

experiment using human DNA samples mixed with known quantities (0.001–5%) of P. 

falciparum 3D7 DNA. When we compared between SWGA and non-SWGA samples, we found 

that that SWGA successfully amplified P. falciparum genome from the human genome 

background (Figure 3) with great coverage. But this amplification was distinctively observed 

for samples with 5% and 1% P. falciparum DNA samples and slightly for 0.01% P. falciparum 

DNA samples. Of ~52.4 million reads derived from the sample containing 1% 3D7 DNA sample 

subjected to SWGA, ~ 25.6 million mapped to P. falciparum genome (48.8%), on the other 

hand, only 8.3% of total reads mapped to the P. falciparum genome for the same sample 

without SWGA (Figure.5). In contrast to the published study, where ~ 70% of their reads 

derived from the lowest (0.001%) mixture mapped to P. falciparum reference genome, in this 

study, we saw a decrease in the percentage of reads mapped to P. falciparum in the 0.001% 

SWGA sample compared to its non-SWGA partner. 

 

 

 

 

 

 

 

 

 Figure 5 Percentage of reads mapped to the reference genome. Bar graph of P. falciparum sample controls 
(non-SWGA) and SWGA subjected samples for different mixtures spiked with known quantities of parasite 
DNA. 5% (orange), 1% (green), 0.1% (red), 0.01% (purple) and 0.001% (turquoise). 
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Our probable explanation to interpret the disparity between both experiments could be due 

to our independent preparation of the samples for each reaction non-SWGA and SWGA 

samples where it would have been better to prepare samples together for each of the 

different concentrations (0.001%-5%) and then splitting it into two to perform SWGA. There 

could be many other unnoticed reasons for the failure of SWGA in lower dilution samples 

which will be investigated. Nevertheless, the overall SWGA result on initial dilution series 

convincingly showed preferential amplification of the targeted genome. We have also 

observed that the starting DNA material of 50 ng for each of the SWGA reactions increased 

remarkably as can be seen in Table 3, indicating successful production of sufficient amounts 

of DNA from low concentrated samples, which is one of the purposes of performing SWGA. 

 

 

 

 

 

 

We have then calculated the per-base coverage of each nucleotide of the P. falciparum 3D7 

genome for both SWGA and non-SWGA samples (Figure.6). This analysis would provide 

information about how the SWGA increased the per-base coverage, which is crucial for calling 

SNPs and InDels. As we saw for the read mapping analysis,  only 5% and 1% samples worked 

the best while data from the other mixtures did not come out as expected. Table.4 contains 

Table 3 P. falciparum Total DNA amount pre and post SWGA 
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detailed read and mapping statistics for all the samples. Additionally, expanded chromosome 

read depth plots were generated from the sorted bam files for all 14 chromosomes of P. 

falciparum 3D7 genome for each sample using the IGV tool. As observed, coverage plots from 

5% and 1% mixtures comparing both SWGA and non-SWGA samples show excellent coverage 

(Figure.7) compared to the resulting coverage of the other concentrations (0.1%, 0.01% and 

0.001%) (Figure.S1). 

 

 
 
 
 
 
 

Figure 6 P. falciparum 3D7 per base coverage. 2-D Line graph of per-base coverage for sample controls (solid) and SWGA 
subjected samples (square dot) for all used concentrations. 
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Figure 7 P. falciparum read depth plots. Chromosomes are arranged in an ascending pattern from 1 to 14. (A) 
SWGA subjected 5% read depth (blue) and control (red). (B) SWGA subjected 1% (blue) and control (red). 

 

Table 4 P. falciparum selective whole genome amplification from human/3D7 admixtures 
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2.2 Plasmodium vivax 
 

To validate the formerly published P. vivax SWGA species-specific primer sets (2), genomic 

DNA from a total of 10 P. vivax clinical samples provided by JIPD, China were used. 

 

2.2.1 Materials and Methods 
 

2.2.1.1 Sample Preparation 
 

All provided DNA samples were diagnosed, and species identified by microscopy and 

confirmed as single infections by Polymerase Chain Reaction (PCR) in advance by our 

collaborators in JIPD, China. Parasitemia was furthermore quantified and reported in 

parasite/µL values. After receiving the samples, DNA concentration in each sample was 

measured using dsDNA Broad Range Assay Kit in a QubitÒ 2.0 Fluorometer (Table.S1). Quality 

was determined using High Sensitivity Large Fragment 50Kb Analysis KitÒ in a Fragment 

AnalyzerÔ System. 

 

2.2.1.2 Validation of SWGA primer sets 
 

As above-mentioned in section 2.1.1.2, we ran the SWGA software and eventually generated 

the same primer sets published for P. vivax SWGA (2). The first set is pvset1920 which consists 

of the following 12 primers: 5’-AACGAAGC*G*A-3’, 5’-ACGAAGCG*A*A-3’, 5’-

ACGACGA*A*G-3’, 5’-ACGCGCA*A*C-3’, 5’-CAACG CG*G*T-3’, 5’-GACGAAA*C*G-3’, 5’-

GCGAAAAA*G*G-3’, 5’-GCGAAGC*G*A-3’, 5’-GCGGAAC*G*A-3’, 5’-GCGTCGA*A*G-3’, 5’-
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GGTTAGCG*G*C-3’, and 5’-AACGAAT*C*G-3’. The second is pvset1 containing  the following 

10 primers: 5’-CGTTG*C*G-3’, 5’-TTTTTTC*G*C-3’, 5’-TCGT G*C*G-3’, 5’-CGTTTTTT*T*T-3’, 

5’-TTTTTTTC*G*T-3’, 5’-CCGTT*C*G-3’, 5’-CGTTTC*G*T-3’, 5’-CGTTTC *G*C-3’, 5’-

CGTTTT*C*G-3’, and 5’-TCGTTC*G*T-3’. Asterisks indicate phosphorothioate bonds that are 

necessary to prevent degradation by phi29 enzyme. 

SWGA was performed on ten samples following the same conditions and reaction 

components as the source paper (2). We used two samples (Sample 1 and 2) as controls that 

were not subjected to SWGA to compare the pre and post SWGA samples to detect the level 

of fold enrichment of the P. vivax genome.  DNA shearing, library preparation, sequencing 

and data analysis were done as described earlier in section 2.1.1.2 with 150 ng of DNA as 

starting material for the library preparation. 

 

 

2.2.2 Results and Discussion 
 
 
We validated the SWGA primer sets for P. vivax using ten clinical samples. We compared the 

mapped read statistics of non-SWGA and SWGA samples (Figure 6A and Table 5) and found 

that there is a clear enrichment of the P. vivax genome in SWGA samples compared to non-

SWGA samples. This indicates that the published primer sets can selectively amplify the P. 

vivax genome from the human background.  However, we observed a difference in the level 

of enrichment between two samples that might be due to variation in the level of integrity of 

DNA between the samples used. This could be true because the DNA has been extracted for 

an extended time before we performed our experiment. We also saw a different level of 
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enrichment for the other eight samples, which also could be due to the aforementioned 

reason (Figure.8). Table.5 shows the reads and read mapping statistics for all samples. 

 

Figure 8 Percentage of reads mapped to P. vivax reference genome. (A) Bar graph of sample 1 and 2 controls 
(red, green) and SWGA subjected (navy, orange), respectively. (B) Bar graph of across all ten samples subjected to 
SWGA. 
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As for the coverage analysis, we obtained good read-depth for all samples (Figure.S2). We 

also observed a substantial increase in the per-base coverage of SWGA samples compared to 

non-SWGA samples indicating the success of our SWGA (Figure.9). Moreover, our 

chromosome coverage plots (Figure.10) show a good read-depth in the core genome 

compared to the telomeric regions producing an uneven distribution when comparing SWGA 

and non-SWGA samples. This has also been observed and illustrated in multiple published 

studies (2, 41, 42) where SWGA primer distribution results in an uneven coverage which is one 

of the limiting factors for the technique that often hinders the detection of Copy Number 

Variants (CNV). Regardless, as noted in section 2.1.2, we obtained a sufficient amount of DNA 

from our starting material (Table.6). 

 
 
 
 

Table 5 P. vivax selective whole genome amplification from clinical samples 
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Figure 9 P. vivax per base coverage. (A) 2-D line graph of P. vivax sample 1 and 2 per base coverage for SWGA (solid) and controls (dashed). 
(B) per base coverage for all ten samples (solid) plus sample 1 and 2 controls (dashed). 
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Figure 10 P. vivax read depth plots. Chromosomes are arranged ascendingly from 1 to 14. (A) Sample 1 SWGA subjected 
(blue) and control (red). (B) Sample 2 SWGA subjected (blue) and control (red). 

Table 6 P. vivax DNA amount pre and post SWGA 
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Chapter 3 Development of Novel SWGA Primers for Plasmodium malariae and 
Plasmodium ovale curtisi 

 

3.1 Materials and Methods 
 

3.1.1 Primer design 
 

As previously published (62), the SWGA software was used to generate species-specific primer 

sets for P. malariae and P. ovale curtisi. Each malaria species has its specific genomic 

characteristics, and various available options in the SWGA toolkit were utilized to generate 

optimal primers for efficient and even amplification of the malaria species DNA of interest. 

This includes the frequency of motifs across the genome, the size of the motifs (Kmer), the 

Tm of the primers, and a few other parameters as options (Table.7). Three primer sets each 

with different parameters were chosen based on the recommendations of the authors of 

SWGA and were tested on P. malariae, and four primer sets were tested on P. ovale curtisi in 

a first trial run. We then used four additional primer sets as a second trial with the best score 

for the mean distance between primers for the genome of interest to be amplified 

(FG_DIST_MEAN parameter). This exercise was done for both P. malariae and P. ovale curtisi.   
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Table 7 Parameters for primers selection and their description 

 

3.1.2 Selective whole genome amplification 

 

For all trials conducted, SWGA amplification conditions, library preparation, shearing, 

sequencing, and data analysis were performed as mentioned in section 2.1.1.2 with a few 

modifications. Briefly, only two samples from each species were tested using the different 

primer sets in each trial. In the second trial, we have selected samples with a very good overall 

fragment size of the gDNA. This would allow us confidence in evaluating the new primer sets 

for both the genomes. Non-SWGA sequenced libraries from each sample in all trials were 

used as positive controls. In the first trial, samples were subjected to two rounds of SWGA. 

The first round of SWGA with each primer set and then the second round with the 
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combination with other primer sets. In the second trial, one round of SWGA was conducted 

using five different primer sets for each species. All sequences of the primer sets used for P. 

malariae in the 2nd trial are detailed in (Table.S2). 

 
 
3.2 Results and Discussion 
 

3.2.1 Plasmodium malariae 
 

To test the efficiency of our newly designed SWGA primers, we used two samples previously 

identified as authentic P. malariae infections and performed two rounds of SWGA as 

previously described. Our experiment was not considered auspicious as the highest 

percentage of reads mapped to the reference genome obtained was 4.45% by primer set 1, 

compared to P. falciparum and P. vivax SWGA it should have been higher. 

 

Our considerations about the failure of this trial were one of the following: 1- the primer sets 

are indeed unsuccessful, 2- the 2nd round of SWGA increased the number of pooled samples, 

and that resulted in fewer reads for the 1st round which is the primary determinant of the 

primer set’s efficiency, 3- The quality of the DNA samples including degradation with time 

that hindered successful SWGA steps. 

 

The 2nd round of SWGA indeed reduces the number of reads per sample, and although that 

still does not explain our failure, it is the reason why we performed our second trial trying 

new primer sets plus primer set 1 from the 1st trial which was showing the best percentage 

compared to the others. Primer sets summary are shown in (Table.8). 
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Table 8 P. malariae selected primer sets for SWGA 

 
 
 
 
 
We tested five primer sets, one with the best Gini index score and four with the best mean 

foreground genome (in this case P. malariae) distance score. The result from the mapped 

read statistics clearly showed that all the primer sets could amplify P. malariae DNA 

specifically from the human genome background. The best performing sets were found to be 

Primer set1 and 4 for both the samples, which could enrich the P. malariae genome from 2% 

to 43% (21X) and 35% (22X) respectively for sample 1 and from 5% to 82% (19X) and 81% 

(16X) respectively for sample 2 (Figure 11, Table.9).  The difference in the percentage of reads 

mapped between the two non-SWGA samples was due to variation in parasitemia. While 

sample 1 had 4066 parasites/µL, sample 8 had a higher value of 12,000 parasites/µL. 
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Figure 11 P. malariae percentage of reads mapped to the reference genome. Bar graph of sample 1 and 2 controls (non-SWGA), 
Primer set 1 (green), primer set 2 (red), primer set 3 (purple), primer set 4 (turquoise), primer set 5 (orange). 

Table 9 P. malariae selective whole genome amplification from clinical samples 
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The total amount of DNA was also increased as expected. For all the reactions, 10 µL of DNA 

was used to perform the selective amplification. In concordance with the above results,  

primer sets 1 & 4 resulted in a high increase in DNA amount (Table.10). Furthermore, DNA 

integrity was determined by Fragment Analyzer, the products of our samples post-SWGA had 

a mean size of 519bp, this enables further downstream analyses using Illumina sequencing, 

but the fragment size is small to be used in Pacbio. Nevertheless, SNPs and InDels can still be 

called with confidence, using the Illumina or other short-read NGS technologies (detailed in 

Chapter 4). 

 

 

 

 

 

 

 

 

Table 10 P. malariae DNA quality assessment pre and post SWGA 
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Per base coverage results (Figure.12) and chromosome coverage read depth plots further 

complement our observations (Figure.13) that primer set1 & 4 are performing best in 

amplifying the P. malariae target genome. Primer sets 2, 3, and 5 chromosome coverage 

plots can be found in the appendices (Figure.S3). 

 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 12 P. malariae per base coverage. 2-D line graph of samples 1 & 2 non-SWGA controls (dashed) and SWGA subjected 
(solid). Primer set 1 (green), primer set 2 (red), primer set 3 (purple), primer set 4 (turquoise), primer set 5 (orange). 
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Figure 13 P. malariae read depth plots. Chromosomes are arranged in an ascending manner from 1 to 14. (A) (B) (C)  sample 
1 non-SWGA control (light blue), SWGA subjected samples using primer set 1 and primer set 4, respectively. (D) (E) (F) 
Sample 2 non-SWGA control (dark blue), SWGA subjected samples using primer set 1 and primer set 4, respectively. For 
both samples, primer set 1 (green), primer set 4 (turquoise). 
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3.2.2 Plasmodium ovale curtisi 
 

Like the P. malariae experiment, for P. ovale curtisi, we selected five primer sets with best 

mean foreground genome distance score between the primers. However, read map statistics 

showed only a slight increase in the percentage of reads mapped to P. ovale curtisi genome 

in both SWGA samples compared to its non-SWGA counterpart. For sample 1, primer set 4’ 

performed the best with ~4X increase in read map percentage (3.72% to 14.53%) while for 

sample 2, set 4 performed the best (3.44% to 9.62%) among the primers tested (Figure.14). 

 
 
 

 

Figure 14 P. ovale curtisi percentage of reads mapped to the reference genome. Bar graph of sample 1 and 2 controls (non-
SWGA), Primer set 2 (green), primer set 3 (red), primer set 4 (purple), primer set 4’ (turquoise), primer set 5 (orange). 
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Chromosome coverage plots and per-base coverage results also reflected a similar 

observation as seen for genome enrichment analysis (Figure.15 and Figure.16). Although the 

whole genome amplification for P. ovale curtisi was not at par like P. malariae, we could see 

that with about 3x amplification in the percentage of mapped reads, the per-base coverage 

improved drastically which could be used confidently for SNP and InDel calling. Although the 

genome coverage obtained across the parasite genome was even, it is not as high as it is 

expected from SWGA experiments and the protocol for P. ovale curtisi needs further 

optimization. Regardless, we indeed achieved an increase in DNA amounts starting from ~ 81 

ng to > 4 µg as indicated in (Table.12). In conjunction with P. malariae, the average for the 

DNA fragment size obtained (as determined by Fragment Analyzer) post-SWGA was nearly 

450bp.  Primer sets summary are shown in (Table.13). Chromosome coverage plots of sample 

Table 11 P. ovale curtisi selective whole genome amplification from clinical samples 



 46 

8 can be found in the appendices (Figure-S4). All the sequences of the primer sets used in this 

section are detailed in (Table.S3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 13 P. ovale curtisi selected primer sets for SWGA 

 

Table.13: P. ovale curtisi selected primer sets for SWGA 

Primer set ID Set size* Selection parameter 

Primer set 2 10 FG-DIST-MEAN 
Primer set 3 10 FG-DIST-MEAN 
Primer set 4 10 FG-DIST-MEAN 
Primer set 4’ 10 FG-DIST-MEAN 
Primer set 5 10 FG-DIST-MEAN 
*Set size refers to the number of primers in the set 

Figure 15 P. ovale curtisi per base 
coverage. 2-D line graph of samples 1 
and 2 non-SWGA controls (dashed) and 
SWGA (solid). Primer set 2 (green), 
primer set 3 (red), primer set 4 
(purple), primer set 4’ (turquoise), 
primer set 5 (orange). 

Table 12 P. ovale curtisi DNA quality assessment pre and post SWGA 
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Figure 16 P. ovale curtisi read depth plots. Chromosomes are arranged in an ascending manner from 1 to 14. (A) (B) (C) (D) (E) (F)  
Sample 1 non-SWGA control (light blue), SWGA primer set 2 (green), primer set 3 (red), primer set 4 (purple), primer set 4’ 
(turquoise), primer set 5 (orange), respectively. 
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Chapter 4 Identification of SNPS & INDELS to analyze genome variation 
 

 

4.1 Materials and Methods 
 

To evaluate the performance of our SWGA protocol in calling SNPs and InDels in samples that 

have gone through the SWGA in comparison to non-SWGA samples, we called high-quality 

SNPs and InDels from one non-SWGA and SWGA samples each for P. malariae and P. ovale 

curtisi. For SWGA samples, we selected the samples with the best primer set that gave us the 

highest fold of genome enrichment (Primer set1 P. malariae SWGA sample and Primer set 4’ 

P. ovale curtisi). Quality trimmed reads were mapped, and the duplicates were marked, and 

SNPs and InDels calling was done according to the best practice guidelines(58) by GATK v.3.8(59). 

VCF file manipulation and further analysis were carried out using VCFtools v.0.1.17(60).  

 

4.2 Results and Discussion 
 
Our intention for the SNP based analysis was to see how SWGA increases the confidence in 

SNP and InDel calling and to verify if due to PCR based amplification it introduces any false-

positive SNPs that are not present in the original samples that have been subjected to SWGA.  

As expected in SWGA samples, more numbers of SNPs and InDels were detected compared 

to non-SWGA samples (Table.14). 

Table 14 SNPs and InDels detected in P. malariae and P. ovale curtisi non-SWGA and SWGA samples 

Table.14: SNPs and InDels detected in P. malariae and P. ovale curtisi non-SWGA and 
SWGA samples 
Sample SNPs  InDels  
Non-SWGA P. malariae sample 1 14,876 1,054 
SWGA P. malariae sample 1_primer_set1 79,167 19,203 
Non-SWGA P. ovale curtisi sample 4’ 4,719 85 
SWGA P. ovale curtisi sample 1_primer_set4’ 10,220 888 
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We then compared the SNPs detected in SWGA and non-SWGA samples to see if there is any 

parity between SNPs detected. We anticipated that the majority of SNPs detected in non-

SWGA samples would still be there in the SWGA samples. Also, we expected that we would 

detect additional SNPs from the genomic region for which in non-SWGA samples the coverage 

was too low to call any SNPs reliably. In line with our anticipation, we observed that the 

majority of SNPs detected (> 70%) in non-SWGA samples were also detected in SWGA samples 

for both P. malariae and P. ovale curtisi. From the Venn diagrams, it is also evident as 

mentioned before that SWGA allowed for the identification of many additional SNPs that 

were not possible in the non-SWGA sample with a similar overall level of total read depth 

compared to SWGA sample, probably because of low read coverage in the genome.  

 

 
Figure 17 Venn diagram showing the comparison of SNPs detected between non-SWGA and SWGA samples of P. 
malariae and P. ovale curtisi.  Number in bracket shows the percentage of SNPs unique to each SWGA and non-SWGA 
sample. 

 
We also observed that a small percentage of SNPs are also unique to non-SWGA samples. One 

probable reason could be that the primer sets do not amplify all the regions of the genome 

in the same efficiency, and areas of the genome which were not being amplified by the primer 

sets used could be under-represented by mapped reads and SNPs could not be called for 

those regions. However, for non-SWGA samples, all the areas were covered equally as can be 

Non_SWGA_P.#malariae# SWGA_P.#malariae#
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(27%)+
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+
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seen in chromosome coverage plot, which could have allowed identifying additional SNPs in 

those regions compared to SWGA samples. More detailed analysis is needed to confirm this. 

Figure.17 shows the position of SNPs detected throughout the 14 chromosomes of P. 

malariae.  From Figure 18, it is clear that a lot of new SNPs were detected in the P. malariae 

SWGA sample compared to the non-SWGA sample with similar total read level for both 

samples. This result emphasizes the power of SWGA as a tool in helping to identify additional 

SNPs from very low represented target genome from clinical samples overrepresented with 

the human genome.  

 

We then looked at the SNP profile of known polymorphic gene (Apical membrane antigen 1 

and Merozoite surface protein 1) to see the level of concordance between detected SNPs in 

both SWGA and non-SWGA samples (Figure.19). As can be seen in the Figure, the drastic 

increase in the read coverage of apical membrane antigen 1 (ama1) and merozoite surface 

protein 1 (msp1) region of the gene in SWGA samples compared to non-SWGA samples 

identified additional SNPs that is many times crucial to predict the multiplicity of malaria 

infections.  We also further looked at the SNP profile of the known drug resistance marker 

genes in P. falciparum whose orthologs are present in P. malariae.  These genes are dhfr, 

dhps, crt, mdr 1, and kelch13. SNP profile of these genes helps in identifying the drug 

resistance status of an isolate (please refer Table 2 for more details on these genes). For crt 

and dhfr (Figure.20), we detected SNPs in SWGA samples which were not detected in non-

SWGA samples suggesting that with the same level of total read output, SWGA samples will 

provide reliable, valuable information for clinical malaria samples for population genomics 

and drug resistance marker analysis. 
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Figure 18 Distribution of detected SNPs throughout the 14 chromosomes of P. malariae in SWGA and non-
SWGA samples. Each horizontal bar represents a single chromosome. The top horizontal bar in each 
chromosome line represents SNP distribution in non-SWGA sample while the bottom horizontal bar represents 
the chromosome of SWGA sample. Each vertical line represents a single SNP. The red vertical line represents 
detected SNP while blue vertical line represents the corresponding SNP position in the other genome. 
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Figure 19 SNP profile of AMA1 and MSP1 polymorphic genes in P. malariae non-SWGA and SWGA samples. 
(A) SNP profile and barcode of AMA1 gene of P. malariae along with Artemis view of read coverage profile in 
the same region with SNP marks on. (B) SNP profile of MSP1 gene of P. malariae along with Artemis view of read 
coverage profile in the same region with SNP marks on. Two horizontal lines represent the AMA1 and MSP1 
region of the chromosome, and the vertical bar represents the SNP position. The red vertical line represents 
detected SNP while blue vertical line represents the SNP position in the genome without detection. 
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Figure 20 SNP profiles of crt, dhfr, mdr1 drug resistance marker genes in P. malariae. The yellow horizontal lines represent 
the genes. The red vertical line represents detected SNP while blue vertical line represents the corresponding SNP position in 
the genome. 
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CONCLUSION AND PERSPECTIVE 

 
 

In this study, we used SWGA, a technology that has previously shown to be highly specific, 

time-efficient and a robust method in enriching P. falciparum and P. vivax genomes from very 

low densities of parasites in unprocessed clinical samples. SWGA is a broadly applicable 

technique that offers the use of promptly available materials, including gDNAs extracted from 

minute blood spots and historical samples. The ease of the protocol and the relatively short 

amount of time it takes to obtain results compared to other methods are major assets. SWGA 

can be applied to various types of samples from whole blood to dried blood spots enabling 

high quality, cost-effective WGS. To confirm our ability to utilize the technique in our 

laboratory settings, we started by validating the published primer sets and protocols for P. 

falciparum and P. vivax. Next, we designed and tested novel primer sets with different 

parameters on extracted DNA from two clinical samples for each of P. malariae and P. ovale 

curtisi. For P. malariae, we were able to achieve a high percentage of mapped reads to the 

reference genome from two out of five tested primer sets (primer set1 & 4). An average of 

more than 90% of per-base coverage was obtained for both sets, and also the coverage read 

depth elevated across all 14 chromosomes in P. malariae genome. 

 

On the contrary, P. ovale curtisi designed primer sets slightly increased the percentage of 

mapping reads though not to the expected and observed outcome in the other tested species. 

Nonetheless, the total DNA amount increased from the starting material, and the integrity of 

fragments was considered rather feasible for further analysis. Moreover, we were able to 

detect more SNPs and InDels in one sample from each species using the most successful 
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primer set proving the ability of SWGA to enrich the target genome with high specificity and 

facilitate in-depth downstream analyses. 

 

By designing novel species-specific primers and applying the technology on P. malariae and 

P. ovale curtisi, we set the grounds for further investigations to gain a new understanding of 

these species that would naturally be difficult to study at genome levels since they are not 

amenable to routine ex-vivo culturing and also suffer from extremely low parasitemia during 

infections. Further confirmation for P. malariae and testing for P. ovale curtisi is still needed 

to enhance our dataset and results. Thus, our next focus would be on optimizing the results 

we obtained and expanding our application across the remaining human infecting 

Plasmodium species, including P. ovale wallikeri.  

This work is meant to contribute to the many efforts around the world that aim towards the 

study of populations structures of malaria parasites from a minimal amount of starting 

material and help in our efforts towards efficient global tracking of all human malaria 

parasites and for the eventual elimination of the disease. 
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APPENDICES 

Figure.S1: P. falciparum read depth plots. Chromosomes are arranged in an ascending manner from 1 to 14. (A) 
(B) (C) are 3D7 admixtures of 0.1%, 0.01% and 0.001%, respectively. 
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Figure.S2: P. vivax read depth plots. Chromosomes are arranged in an ascending pattern from 1 to 14. 
(A)(B)(C)(D)(E)(F)(G)(H) SWGA subjected samples 3, 4, 5, 6, 7, 8, 9 and 10, respectively. 
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Figure.S3: P. malariae read depth plots. Chromosomes are arranged in an ascending manner from 1 to 14. (A) 
(B) (C) Sample 1 SWGA subjected sample with primer set 2 (red), primer set 3 (purple) and primer set 5 (orange), 
respectively. (D) (E) (F) Sample 2 SWGA primer set 2, primer set 3 and primer set 5, respectively. 
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Figure.S4: P. ovale curtisi read depth plots. Chromosomes are arranged in an ascending manner from 1 to 14. 
(A) (B) (C) (D) (E) (F) Sample 2 non-SWGA control (dark blue), SWGA subjected samples with primer set 2 (green), 
primer set 3 (red), primer set 4 (purple), primer set 4’ (turquoise), primer set 5 (orange), respectively. 
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