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Abstract 
Malaria persists as a global health problem, with 212 million cases and 429,000 

deaths worldwide in 2015 alone.  It is caused by the apicomplexan parasite Plasmodium, 

which follows a complex life cycle that consists of multiple stages spanning from the 

human host to the mosquito vector.  Among the Plasmodium parasites causing human 

malaria, the deadliest species is Plasmodium falciparum.  Most P. falciparum parasites 

follow an asexual cycle in human erythrocytes that is characterized by a tightly 

synchronized continuous cascade of gene expression, although a small proportion 

commits to a sexual fate.  Parasites committed to the sexual stage develop into male and 

female gametocytes over 9-12 days, with mature gametocytes being the only form of the 

parasite transmissible to the mosquito vector.   

This commitment to a sexual fate is rare, and little is known about the 

transcriptional programs related to sexual commitment and mating-type determination.  

Furthermore, discrete changes that occur in these cells are largely undetectable in 

traditional bulk-cell analyses.  Bulk-cell analyses were used to establish models for 

synchronous stage-specific transcriptional programming during the asexual 

intraerythrocytic developmental cycle (IDC) but left little resolved in terms of cellular 

heterogeneity and cell-fate decisions.  Due to these limitations, we developed unbiased 

single-cell approaches on a microfluidic platform to analyze single parasites during late 
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asexual and sexual stages.  This work was divided into two main parts.  The first 

focused on single-cell gene expression in male and female mid-to-late stage gametocytes.  

We captured 90 single parasites and compared the expression of 91 genes, including 87 

gametocyte-specific genes.  Our analysis identified distinct gene clusters whose 

expression associated with male, female, or all gametocytes.  In addition, a small 

number of male gametocytes clustered separately from female gametocytes based on 

sex-specific expression independent of stage.  RNA fluorescent in situ hybridization 

(RNA-FISH) validated the mutually exclusive expression pattern of male and female 

transcripts in gametocytes.  These analyses uncovered novel male and female markers 

that are expressed as early as stage III gametocytogenesis, providing further insight into 

Plasmodium sex-specific differentiation previously masked in population analyses. 

The second part of this work centered on single-cell RNA sequencing (scRNA-

seq) of P. falciparum late asexual and sexual stages.  First, we uncovered a large number 

of previously undefined gametocyte-specific genes.  46 asexual cells were then 

segregated into three separate clusters based on the differential expression of SERAs, 

rhoptries, and EXP2 plus transporters.  RNA-FISH of cluster-specific genes validated 

this distinct stage-specific expression during the IDC and defined the highly variable 

transcriptional pattern of EXP2.  Additionally, these analyses indicated huge variations 

in the stage-specific transcript levels among parasites.  Overall, scRNA-seq and RNA-

FISH of P. falciparum revealed distinct stage transitions and unexpected degrees of 
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heterogeneity with potential impact on transcriptional regulation during the IDC and 

adaptive responses to the host. 
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1. Introduction  

1.1 Human Malaria 

Hundreds of species from the genus Plasmodium cause malaria globally and 

infect a wide range of hosts, including mammals, reptiles, and birds.  Six of these species 

pose a health threat to humans: P. falciparum, P. vivax, P. ovale curtisi, P. ovale wallikeri, P. 

malariae, and P. knowlesi (Cowman et al., 2016).  P. ovale curtisi, P. ovale wallikeri, and P. 

malariae are not significant causes of disease.  P. knowlesi, which normally infects long-

tailed macaques, has recently jumped to the human population in Southeast Asia and 

can cause severe disease (Ahmed and Cox-Singh, 2015).  Overall, P. falciparum and P. 

vivax are responsible for the majority of 212 million malaria cases worldwide and are the 

most widespread, infecting individuals from Africa, Asia, and the Americas (Figure 1) 

(World Health Organization.). 

In 2015, approximately 429,000 people died from malaria, with the majority of 

deaths (92 percent) occurring in Africa (World Health Organization.).  P. falciparum was 

responsible for 99 percent of these deaths and is a major killer of children under the age 

of 5 years (World Health Organization.).  But since 2010, the number of children who 

died from malaria has decreased by 29 percent (World Health Organization.).  

Additionally, between 2000 and 2015, there was a 62 percent decrease in malaria deaths 

globally, and 17 countries eradicated malaria (Figure 1) (World Health Organization.).  

This reduction in malaria, particularly in Africa, was due in large part to increased 
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distribution and use of insecticide-treated bed nets (ITNs), indoor residual spraying, and 

access to effective drugs (O'Meara et al., 2010; World Health Organization.).  Yet the 

emergence of mosquitoes resistant to pyrethroid insecticides and parasites resistant to 

antimalarial drugs has shown that there is still a great need for novel vector controls and 

drug treatments (Cowman et al., 2016; O'Meara et al., 2010; World Health 

Organization.).  This situation became even more alarming when the efficiency of 

artemisinin-based combination therapies (ACTs), used globally, decreased significantly 

in western Cambodia in recent years (Dondorp et al., 2009).  This development of 

artemisinin resistance is reminiscent of the development of chloroquine and 

sulfadoxine-pyrimethamine resistance in P. falciparum during the late 1950s and 1960s, 

which occurred on the Thai-Cambodian border and eventually spread across Asia and 

Africa (Dondorp et al., 2009).  A better understanding of the adaptability of malaria 

parasites, P. falciparum in particular, to such challenges is necessary and will be key to 

global malaria eradication.   
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Current Distribution of Malaria

 

Figure 1: Countries endemic for malaria in 2000 and 2016. 
91 countries and territories were endemic for malaria in 2016, down from 108 in 2000.  
Source: World Malaria Report 2016 (World Health Organization.). 

 

1.2 Life Cycle of P. falciparum 

1.2.1 Overview    

Plasmodium species are single-celled eukaryotic parasites characterized by a 

complex life cycle that includes a mosquito vector.  The Plasmodium species causing 

human malaria are transmitted by ~40 species of the Anopheles mosquito, with Anopheles 

gambiae being a highly efficient vector in Africa (Sinka et al., 2010).  Infection by all 

Plasmodium species starts when a female Anopheles mosquito bites its host and injects 

sporozoites (Figure 2) (Cowman et al., 2012).  Within 30-60 minutes, these sporozoites 

travel to the liver and invade hepatocytes, taking 6-7 days to produce exoerythrocytic 

merozoites (Phillips et al., 2017).  In P. vivax and P. ovale, dormant hypnozoites can also 
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develop during this period and can lead to relapses in infection months or years later 

(Phillips et al., 2017).  Once the hepatocyte ruptures, merozoites enter the bloodstream 

and begin the erythrocytic stage of the disease (Phillips et al., 2017).  Parasite invasion of 

erythrocytes and asexual replication mark the symptomatic stage of malaria, with 

symptoms such as fever occurring after the hemolysis of infected erythrocytes (Phillips 

et al., 2017).  Upon bursting from erythrocytes, merozoites invade new erythrocytes and 

either continue asexual replication or develop into gametocytes (Phillips et al., 2017).  

Mature male and female gametocytes circulate in peripheral blood and are taken up by 

an Anopheles mosquito during a blood meal (Josling et al., 2018).  In the gut of the 

mosquito, male and female gametocytes activate to form gametes, fuse, and fertilize, 

producing a diploid zygote that develops into a tetraploid ookinete (Janse et al., 1986; 

Phillips et al., 2017).  This motile ookinete traverses the epithelium as an oocyst (Phillips 

et al., 2017), which contains tens of thousands of sporozoites that are released in 10-12 

days and migrate to the salivary gland for human reinfection (Josling et al., 2018).  Given 

the clinical implications and complexity of the life cycle during intraerythrocytic 

development, this thesis will focus on the asexual and sexual blood stages of the deadly 

P. falciparum. 
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Life Cycle of P. falciparum

 

Figure 2: Life Cycle of P. falciparum.   
The life cycle of P. falciparum consists of multiple stages in the human host and Anopheles 
mosquito vector.  Source: (Cowman et al., 2012). 

 

1.2.2 Asexual Intraerythrocytic Developmental Cycle 

Plasmodium intraerythrocytic asexual life cycles are highly cyclical and occur in 

multiples of 24 hours.  P. falciparum, P. vivax, P. ovale curtisi, and P. ovale wallikeri all have 

48-hour cycles (CDC, 2018).  On the contrary, P. malariae has a 72-hour cycle while P. 

knowlesi has a 24-hour cycle, meaning it can advance quickly from uncomplicated to 

severe malaria (CDC, 2018).  Each cycle begins with the entry of a merozoite into the 

erythrocyte, characterized by a set of highly specific molecular interactions that only 

take 1-2 minutes to complete (Paul et al., 2015).  First, the merozoite recognizes the 
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erythrocyte membrane and reversibly attaches (Paul et al., 2015).  It then reorients itself 

with stable attachment of its apical end to the erythrocyte and secretes invasion ligands 

from microneme and rhoptry organelles, beginning the formation of the 

parasitophorous vacuole (PV) (Paul et al., 2015).  As the merozoite burrows into the 

erythrocyte cytoplasm, a tight junction is formed that seals the plasma membranes of the 

two cells (Paul et al., 2015).  Invasion is finally complete when the PV, which houses the 

parasite, and the erythrocyte membrane separate (Paul et al., 2015). 

Parasite development in the erythrocyte is characterized by three distinct stages: 

ring, trophozoite, and schizont (Figure 2).  Remodeling of the infected erythrocyte 

begins during the ring stage, although the erythrocyte maintains its biconcave shape and 

can circulate through the peripheral blood (Mills et al., 2007; Sherman et al., 2003).  The 

parasite grows larger into the trophozoite, which has a highly active metabolism 

including glycolysis, ingestion of the host cytoplasm, and degradation of hemoglobin 

into amino acids (Tuteja, 2007).  This transitions to the schizont phase, distinguished by 

multiple rounds of nuclear division without cytokinesis (Tuteja, 2007).  Both 

trophozoite- and schizont-infected erythrocytes contain knob-like outgrowths and can 

adhere to endothelial cells, sequestering from the peripheral blood (Luse and Miller, 

1971).  Eventually, 16-32 merozoites bud from the mature schizont and invade new 

erythrocytes after bursting from the infected cell (Josling et al., 2018).  
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1.2.3 Sexual Commitment and Differentiation 

During the intraerythrocytic developmental cycle (IDC), a small proportion 

(typically fewer than 10 percent) of asexually replicating parasites will commit to a 

terminal sexual fate (Josling et al., 2018).  Sexual commitment and sex determination 

occur before the schizont stage, as merozoites from a single schizont form either asexual 

cells or gametocytes (Bruce et al., 1990), and sexually committed merozoites from a 

single schizont form only male or female gametocytes (Silvestrini et al., 2000; Smith et 

al., 2000).  The commitment rate varies among P. falciparum strains and clones 

(Brockelman, 1982; Kafsack et al., 2014; Rovira-Graells et al., 2012), meaning that genetic 

and epigenetic factors could play a role.  Environmental factors and growth conditions 

also affect commitment rates, as spent media (Williams, 1999), an increase in cAMP 

signaling (Dixon et al., 2009), and antimalarial drugs (Peatey et al., 2009) all contribute to 

increased gametocyte numbers. 

Recently, it was shown that depletion of lysophosphatidylcholine (LysoPC), a 

component of human serum, results in increased gametocyte production in vitro 

(Brancucci et al., 2017).  When present, LysoPC is metabolized to choline and then 

phosphatidylcholine (Brancucci et al., 2017).  This is the first described environmental 

signal that inhibits gametocyte production, leading to metabolic changes in the cell that 

could shape the epigenetics of cell-fate determination (Brancucci et al., 2017).  

Importantly, LysoPC depletion could help explain why gametocytes form abundantly in 
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erythroid precursor cells in the bone marrow (Aguilar et al., 2014; Joice et al., 2014; 

Peatey et al., 2013), which when tested contained significantly reduced LysoPC levels 

(Brancucci et al., 2017).  These findings suggest that certain microenvironments, such as 

the bone marrow, are favorable for sexual commitment and the sequestration of 

immature gametocytes. 

Gametocyte production takes 10-12 days in P. falciparum and is characterized by 

five distinct stages.  Immature gametocytes (stages I-IV) sequester while mature stage V 

gametocytes circulate in the peripheral blood and are the only form of P. falciparum 

transmitted to the mosquito (Josling et al., 2018).  P. falciparum gametocyte populations 

are female biased, with an estimated one male for every five females (Kuehn and Pradel, 

2010; Paul et al., 2002), although morphologically males and females are 

indistinguishable until later stages. 

Once in the mosquito gut, male and female gametocytes are triggered to form 

gametes by a number of signals, including a drop in temperature (Billker et al., 1997) 

and the presence of xanthurenic acid (Billker et al., 1998; Garcia et al., 1998).  The male 

gametocyte replicates its genome three times and divides to form eight flagellated male 

microgametes (Kuehn and Pradel, 2010).  The female gametocyte transforms into a 

macrogamete, which is fertilized by a motile male microgamete to form a diploid zygote 

(Kuehn and Pradel, 2010).  During the following three hours, meiosis occurs and the 
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zygote becomes tetraploid before forming into the ookinete over the next day, ending 

the sexual stage (Janse et al., 1986). 

 

1.3 Transcriptional Regulation in P. falciparum 

1.3.1 Asexual Stage-Specific Expression 

The P. falciparum genome was initially sequenced in 2002 and consists of 22.8 

megabases (Mb) distributed among 14 chromosomes, a circular plastid-like genome, and 

a linear mitochondrial genome (Gardner et al., 2002).  The AT-content is very high, with 

80.6 percent AT overall and 90 percent AT in intronic and intergenic regions (Gardner et 

al., 2002).  The P. falciparum genome has more than 5000 protein coding genes (Gardner 

et al., 2002), with 4800 genes occupying the central chromosome regions while the rest, 

largely associated with antigenic variation, are located in the subtelomeric regions 

(Kirchner et al., 2016).  Greater than 60 percent of these genes had unknown function in 

the original analysis (Gardner et al., 2002), and although many gene functions remain 

unknown, great strides have been made in the last decade plus. 

The vast majority of P. falciparum genes are expressed during the IDC, with 

greater than 75 percent activated only once and only when needed (Bozdech et al., 2003).  

This gene transcription occurs in a smooth and continuous cascade without sharp 

transitions (Bozdech et al., 2003).  Gene expression during the ring and early trophozoite 

stages is associated with glycolysis, ribonucleotide biosynthesis, and cytoplasmic 
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transcriptional and translational machinery (Bozdech et al., 2003; Le Roch et al., 2003).  

The trophozoite and early schizont stages exhibit expression of genes involved in 

deoxyribonucleotide metabolism, DNA replication, and the tricarboxylic acid (TCA) 

cycle (Bozdech et al., 2003; Le Roch et al., 2003).  Parasites in the early- to mid-schizont 

stage express various proteasomal subunits, while serine repeat antigen (SERA) genes, 

important for merozoite egress and invasion, were maximally expressed in the mid-

schizont stage (Bozdech et al., 2003).  A number of genes from the merozoite invasion 

group, including rhoptry-associated genes, exhibited peak expression in late schizonts 

(Bozdech et al., 2003; Le Roch et al., 2003).  Additionally, the expression of molecular 

chaperones involved in host cell invasion began in late schizont stages and persisted 

during the invasion process, with peak expression in the early-ring stages (Bozdech et 

al., 2003; Le Roch et al., 2003).  Interestingly, genes involved in host cell invasion had 

unique expression profiles compared to the rest of the IDC, with large amplitudes and 

narrow peak widths, indicating a sharp induction (Bozdech et al., 2003). 

These microarray analyses established the ‘just-in-time’ transcriptional model 

that has been commonly accepted in the malaria field and is in general agreement with 

more recent RNA sequencing studies (Lopez-Barragan et al., 2011; Otto et al., 2010).  But 

while expression of these genes occurs in a stage-specific manner, their initiation is not 

stage-specific, as evidenced by recent global run-on sequencing (GRO-seq) (Lu et al., 

2017).  Importantly, most genes are actively transcribed during the trophozoite stage, 



 

11 

with RNA polymerase II pausing impeding transcriptional elongation in the ring stage 

(Lu et al., 2017).  This transcriptional control could be influenced by epigenetic factors, 

too, which are known to be important for major P. falciparum developmental changes 

(Brancucci et al., 2014; Coleman et al., 2014) and antigenic variation (Brancucci et al., 

2014; Coleman et al., 2014; Jiang et al., 2013). 

Such epigenetic regulation of gene expression must play a central role during the 

IDC as P. falciparum lacks most canonical eukaryotic transcription factors (Gardner et al., 

2002).  The main family of transcription factors present in Plasmodium species is the 

Apicomplexan AP2 (ApiAP2) protein family, which contain AP2 DNA-binding domains 

(Balaji et al., 2005; Painter et al., 2011).  There are 27 ApiAP2 genes in P. falciparum, and 

they are largely conserved across different Plasmodium species (Balaji et al., 2005; Painter 

et al., 2011).  Most ApiAP2 genes are expressed at distinct times throughout the IDC and 

can bind to diverse DNA sequence motifs, leading to widespread transcriptional 

changes in a number of genes (Campbell et al., 2010).  This helps to explain stage-specific 

transcriptional control during the IDC, although comparative genomics between mRNA 

and protein profiles shows a delay in translation for 30-40 percent of analyzed genes, 

suggesting that not all genes follow ‘just-in-time’ transcription and translation (Foth et 

al., 2011; Le Roch et al., 2004).  This implies that post-transcriptional, translational, and 

post-translational modifications also play a significant role in gene regulation during the 

IDC, although the focus here will remain on transcription.   
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1.3.2 Antigenic Variation 

On a bulk-cell level, the P. falciparum population appears to be largely 

homogeneous, with the majority of parasites replicating asexually in a time-specific 

manner.  However, each individual parasite presents antigens on the erythrocyte surface 

that make it unique and enable the population as a whole to thwart the host immune 

system.  The best characterized of these is P. falciparum erythrocyte membrane protein 1 

(PfEMP1), which is encoded by approximately 60 var genes that are expressed in a 

clonally variant manner (Scherf et al., 2008).  PfEMP1 is a major virulence factor and 

interacts with receptors on endothelial cells and other erythrocytes, leading to 

sequestration of infected erythrocytes in the microvasculature and severe malaria 

(Pasternak and Dzikowski, 2009). 

Each parasite only expresses one var gene, a process that is regulated 

epigenetically and propagated to dividing parasite populations (Voss et al., 2014).  Every 

silenced var locus is enriched with the H3K9me3 (Lopez-Rubio et al., 2009) and 

H3K36me3 (Jiang et al., 2013) markers of heterochromatin, while active var promoters 

are characterized by H3K9ac and H3K4me2/3 (Lopez-Rubio et al., 2007) as well as the 

variant histones H2A.Z/H2B.Z (Petter et al., 2013).   

The var switching mechanism remains unclear, although recent studies indicate 

that var activation occurs in a perinuclear var expression site (VES) and that switching 

requires the silenced locus to be moved into the VES in an actin-dependent manner 
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(Voss et al., 2014).  The incidence of var switching in clonal lines is very low, and strains 

differ dramatically in their switching rates (Fastman et al., 2012; Merrick et al., 2015).  

Such infrequent and variable switching enables subpopulations of the parasite to 

propagate undetected while the immune system wards off the previous PfEMP1 variant.  

An additional layer of complexity is added when the total level of var gene expression 

varies between cells, as increased var levels correlated with increased PfEMP1 on the 

surface of infected erythrocytes and also increased cytoadhesion (Voss et al., 2006).  This 

indicates a differing virulence phenotype from parasite to parasite and demonstrates the 

variability inherent in a P. falciparum population, further complicated by the expression 

of other antigenically variant families like the RIFINs and STEVORs.  This large amount 

of antigenic variation on multiple levels leads to even greater expression heterogeneity 

within the parasite population during the IDC. 

 

1.3.3 Sexual Commitment 

The P. falciparum gametocyte field has advanced significantly in the last five 

years, with a better understanding of the molecular players involved in sexual 

commitment.  Most importantly, transcription factor AP2-G was identified as a key 

regulator of gametocytogenesis in P. falciparum and the rodent malaria P. berghei 

(Kafsack et al., 2014; Sinha et al., 2014).  Parasites lacking AP2-G do not form 

gametocytes (Kafsack et al., 2014; Sinha et al., 2014).  Interestingly, overexpression of 
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ap2-g in P. berghei leads to a dramatic increase in gametocyte production, often times 70 

percent higher than the asexual population (Kent et al., 2018).  This implicates AP2-G as 

a master regulator of the sexual commitment pathway, as the overexpression of this 

gene alone can induce the production of gametocytes (Kent et al., 2018).  Additionally, 

AP2-G binds to the GNGTAC motif found in the promoters of many genes expressed 

during gametocytogenesis, meaning it likely has an effect on the control of these genes 

and has wide-reaching effects during the sexual commitment phase (Kafsack et al., 

2014).   

The AP2-G locus is controlled epigenetically and is associated with the H3K9me3 

and heterochromatin protein 1 (HP1) repressive marks (Flueck et al., 2009; Lopez-Rubio 

et al., 2009).  HP1 binds to H3K9me3 (Flueck et al., 2009; Lopez-Rubio et al., 2009), and 

its depletion in asexually replicating parasites leads to greater than 50 percent 

gametocyte induction in the following cell cycle (Brancucci et al., 2014).  Recently, 

gametocyte development 1 (GDV1) was identified as a regulator of HP1 and was shown 

to associate with heterochromatin and remove HP1 from ap2-g, enabling parasites to 

commit to a sexual fate (Filarsky et al., 2018).  GDV1 overexpression increases this 

commitment rate to above 50 percent (Filarsky et al., 2018).  A long noncoding gdv1 

antisense RNA negatively regulates GDV1 expression, as its deletion upregulates the 

expression of ap2-g (Filarsky et al., 2018).  Additionally, the histone deacetylase Hda2 
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also controls silencing of the ap2-g locus, likely by removing acetyl groups on histones to 

facilitate methylation of H3K9 (Coleman et al., 2014).   

Further studies are needed to identify additional epigenetic regulators, especially 

how they might control sexual commitment in response to environmental signals like 

LysoPC concentration.  Parasites not treated with LysoPC exhibited upregulation of 

many kinases, meaning phosphorylation of proteins may be involved in sexual 

commitment (Brancucci et al., 2017).  Additional work is also necessary on AP2 

transcription factors that may act upstream or downstream of AP2-G, as a few have 

demonstrated important roles during early gametocytogenesis.  The disruption of two in 

particular lead to significant gametocyte losses: PF3D7_1317200 (Ikadai et al., 2013) and 

AP2-G2 (Sinha et al., 2014; Zhang et al., 2017).  PF3D7_1317200 may act upstream of 

AP2-G, as its transcript levels are not affected by ap2-g disruption (Kafsack et al., 2014).  

In P. yoelii, the ortholog of PF3D7_1317200 is located in the nucleus and cytosol and may 

be able to travel between the two in response to environmental signals, providing a 

potential connection for environmental influences and ap2-g activation (Zhang et al., 

2017).  In contrast, AP2-G2 functions later in gametocyte development and acts as a 

transcriptional repressor of genes from the liver, asexual, and mosquito stages (Yuda et 

al., 2015). 

Other transcriptional regulators of sexual commitment have recently been 

described by single-cell RNA sequencing, including AP2 factors PF3D7_1222400 and 
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PF3D7_1139300, although their roles in gametocytogenesis are unknown (Poran et al., 

2017).  Such novel approaches and findings will be discussed in greater detail later in 

this chapter.  Overall, recent advances have greatly contributed to a better 

understanding of what causes parasites to commit to the sexual cycle, although the 

mechanisms that determine male or female fate remain unclear and will need to be 

investigated. 

 

1.3.4 Development of Male and Female Gametocytes 

Male and female gametocytes are morphologically identical until stage IV 

gametocytogenesis, at which point females are distinguished from males by their 

smaller nucleus and blue Giemsa staining pattern, in contrast to the pink color of males 

(Baker, 2010).  Despite these characteristic differences between males and females, early 

gene expression studies on gametocytes looked at whole populations, as it is difficult to 

separate male and female parasites.  Mass spectrometry and microarray studies 

identified approximately 300 genes upregulated during gametocyte development 

(Florens et al., 2002; Lasonder et al., 2002; Silvestrini et al., 2005; Young et al., 2005).  

While the functions of many of these genes remain unknown, a number are commonly 

used as gametocyte markers, most notably pfs16 (Eksi et al., 2008), pfg27 (Lobo et al., 

1999), pfg14.744 (Eksi et al., 2005), pfg14.748 (Eksi et al., 2005), etramp10.3 (Silvestrini et 

al., 2005), and gexp05 (Tiburcio et al., 2015).  RNA sequencing of stage II and V 
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gametocytes provided further clarity regarding the sex-specific transcriptome, including 

the discovery of stage-specific antisense transcripts (Lopez-Barragan et al., 2011).  These 

could play a role in gametocyte gene regulation, similar to how gdv1 expression is 

controlled (Filarsky et al., 2018).  But while these studies give a good overview of 

gametocyte-specific expression, they do not provide the entire picture, as male and 

female expression is averaged across populations.  

Proteomic studies on sorted male and female P. berghei gametocytes first revealed 

that males and females exhibit highly distinct gene expression (Khan et al., 2005).  When 

looking at the proteomes, male gametocytes had 36 percent male-specific proteins while 

female gametocytes had 19 percent female-specific proteins (Khan et al., 2005).  

Additionally, these proteomes were enriched for different types of proteins, with the 

female proteome containing more ribosomal and mitochondrial peptides and the male 

proteome containing proteins involved in DNA replication and axoneme formation 

(Khan et al., 2005).  This is in agreement with separate male and female functions: male 

gametocytes prepare for DNA replication, mitosis, and the production of motile 

gametes, while female gametocytes prepare for meiosis and post-zygotic growth (Khan 

et al., 2005).  Furthermore, proteomic studies revealed two female-specific kinases, two 

male-specific kinases, and four male-specific phosphatases, indicating the potential for 

gender-specific signaling pathways (Khan et al., 2005).  Two of these were chosen for 

functional studies: mitogen-activated protein kinase MAPK2 and NIMA-related kinase 



 

18 

NEK4 (Khan et al., 2005).  In the MAPK2 knockouts, male gamete formation was 

completely inhibited with no nuclear division; in the NEK4 knockouts, the zygotes 

arrested in development and remained diploid without meiotic DNA replication (Khan 

et al., 2005).  Another study showed that calcium-dependent protein kinase 4 (CDPK4) 

regulates essential male-specific events during male gametogenesis, including genome 

replication and cytoskeletal rearrangements (Billker et al., 2004). 

A later flow sorting study on P. berghei confirmed the unique male and female 

gene classifications with RNA sequencing (Yeoh et al., 2017), and similar results were 

also seen with gender-specific RNA sequencing and mass spectrometry in P. falciparum 

(Lasonder et al., 2016).  In addition, many transcribed genes in female gametocytes are 

translationally repressed until later stages in P. berghei and P. falciparum (Lasonder et al., 

2016; Mair et al., 2006).  In particular, in P. falciparum, 512 highly expressed transcripts 

are translationally repressed in females and are not translated until the oocyst or 

sporozoite stage (Lasonder et al., 2016).  This suggests that transcripts can be stored for 

various lengths of time and indicates the potential for many levels of regulation during 

development and after fertilization. 

While these genome-wide studies have provided a better understanding of the 

genes involved in male and female gametocyte development, little is known about sex 

determination in the earliest gametocyte stages.  Bulk-gametocyte studies do not take 

male and female differences into account, and flow-sorting experiments are biased for 
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certain markers that are expressed during stage IV/V gametocytogenesis.  As the earliest 

gametocyte stages are difficult to separate from a heterogeneous population, new 

techniques must be applied to fully understand all stages of sexual development, 

including single-cell analyses. 

 

1.4 Advances in RNA Sequencing Technologies 

1.4.1 Introduction 

For years, RNA analysis was limited to only a few transcripts with quantitative 

PCR and northern blot.  Genome-wide transcriptomics became possible with the 

microarray, which measures the hybridization of nucleic acids in a sample to DNA 

probes.  This technology is used to assess thousands of genes in large numbers of 

samples and is particularly useful in the research of human diseases and drug 

development (DeRisi et al., 1996).  Unfortunately, microarrays are limited in that they 

can only assess expression in known genes.  RNA sequencing is better suited for 

discovery biology and can provide more information than microarrays, including 

alternative splicing events, antisense transcription, DNA variations, and new genes.  

With the introduction of single-cell sequencing, it is now possible to collect this 

information from a single cell and examine cell-to-cell variability within a population. 
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1.4.2 The Advent of Single-Cell Transcriptomics 

Single-cell transcriptomics began with the introduction of single-cell qPCR, 

which is still a popular method for accurate transcript quantification (Bengtsson et al., 

2008; Eberwine et al., 1992; Taniguchi et al., 2009; Warren et al., 2006).  In particular, the 

BiomarkHD from Fluidigm took this technology to a new level with the ability to test 96 

genes in 96 cells, totaling 9,216 PCR reactions on one chip.  This is especially useful for 

the analysis of gene expression in samples with limited cell numbers, such as cells from 

early embryonic development (Guo et al., 2010). 

These advancements gave rise to single-cell microarray technology (Kamme et 

al., 2003; Kurimoto et al., 2006; Kurimoto et al., 2007) and then single-cell RNA 

sequencing (scRNA-seq) (Tang et al., 2009).  The first scRNA-seq study focused on 

mouse blastomeres during embryonic development and found 75 percent more genes 

than microarrays as well as 1,753 novel splice junctions (Tang et al., 2009).  As single-cell 

techniques have expanded and become high-throughput, they have been applied to 

many cell types in a number of organisms, revealing bimodal gene expression in 

immune cells (Shalek et al., 2013) and novel subtypes of intestinal cells (Grun et al., 

2015). 

  When designing a scRNA-seq experiment, there are multiple options to 

consider at each step, all of which can affect the quality, reliability, and cost of the single-

cell data.  Importantly, decisions must be made for which method to use at the capture, 
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reverse transcription, and preamplification steps (Kolodziejczyk et al., 2015).  Multiple 

approaches can be used to isolate single cells: micromanipulation, laser capture 

microdissection (LCM), fluorescence-activated cell sorting (FACS), microdroplets, and 

microfluidics (Kolodziejczyk et al., 2015).  Micromanipulation and LCM are very time 

consuming and result in only a few cells for sequencing (Kolodziejczyk et al., 2015).  On 

the plus side, cells can be visualized and selected based on morphology or expression of 

specific markers (Kolodziejczyk et al., 2015).  FACS, microdroplets, and microfluidics 

yield greater numbers of cells in a short time, with microdroplets producing the greatest 

number of single cells (in the thousands) (Kolodziejczyk et al., 2015).  Additionally, 

microdroplets and microfluidics (commonly using the Fluidigm C1 platform) both 

perform reactions in nanoliter volumes, which lowers the reagent costs per cell 

(Kolodziejczyk et al., 2015). 

Nearly all single-cell reverse transcription methods use poly(T) priming for first-

strand synthesis (Kolodziejczyk et al., 2015).  Second-strand synthesis is achieved using 

two different approaches: poly(A) tailing or template switching (Kolodziejczyk et al., 

2015).  Template switching enables full-length transcript coverage to be obtained, 

reducing 3’ coverage biases, and is used in Smart-Seq (Ramskold et al., 2012) and Smart-

Seq2 (Picelli et al., 2013).  Of note, microdroplet approaches like Drop-Seq (Macosko et 

al., 2015) and 10x Genomics (Zheng et al., 2017) use template switching for reverse 

transcription, but only the 3’ ends of cDNA fragments are sequenced, called 3’ mRNA 
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counting.  They also use a molecular barcoding strategy to mark the cell of origin for 

each mRNA (Macosko et al., 2015; Zheng et al., 2017).  During reverse transcription, 

many methods now incorporate unique molecular identifiers (UMIs) for each individual 

mRNA to distinguish between the original molecules and PCR duplicates (Kivioja et al., 

2011).  Use of UMIs improves mRNA quantification and is used in popular methods 

such as Drop-Seq (Macosko et al., 2015) and 10X Genomics (Zheng et al., 2017).      

After reverse transcription, small amounts of cDNA must be amplified either by 

in vitro transcription (linear amplification) or more commonly PCR (Kolodziejczyk et al., 

2015).  Smart-Seq (Ramskold et al., 2012), Smart-Seq2 (Picelli et al., 2013), Drop-Seq 

(Macosko et al., 2015), and 10x Genomics (Zheng et al., 2017) all use PCR amplification 

before library preparation and sequencing.  After standard sequencing quality control, 

single-cell data should be mined for problems by using a defined set of metrics, 

including the expression of housekeeping genes, the number of mapped reads, the 

number of expressed genes, the portion of reads mapped to endogenous genes, and the 

percentage of reads mapping to external RNA spike-ins (such as ERCCs) or 

mitochondria (Kolodziejczyk et al., 2015).  

Single-cell sequencing technologies are always evolving, and the method of 

choice largely depends on the scientific question being asked.  In a comparison of six 

scRNA-seq methods, Smart-Seq2 detected the most genes per cell while Drop-Seq was 

the most cost-effective (Ziegenhain et al., 2017).  While Smart-Seq2 gives a more 
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complete picture of the transcriptome with its full-length coverage, droplet methods are 

better suited to discovery biology, as evidenced by recent scRNA-seq studies on P. 

falciparum.  

 

1.4.3 Single-Cell RNA Sequencing of Plasmodium 

Single-cell transcriptomics has been applied to Plasmodium species, both in the 

work presented in this thesis and other studies completed in a similar timeframe.  All 

had the goal of resolving the transcriptional variations among individual parasites that 

are masked on a population level, as it is well known that parasite differences attributed 

to antigenic variation and sexual commitment are rare events.  The first published P. 

falciparum scRNA-seq study used Drop-Seq (Macosko et al., 2015) to analyze 18,000 

single parasite transcriptomes (Poran et al., 2017).  These transcriptomes clustered in a 

manner consistent with cell cycle progression, forming 11 distinct clusters, and were 

assessed for their expression of AP2-G (Poran et al., 2017).  In transcriptomes from both 

AP2-G knockdown and NF54 wild-type strains, AP2-G expression rose moderately in 

cluster 3 parasites (trophozoites) before decreasing and then increasing again in late 

clusters (mature schizonts) (Poran et al., 2017).  After comparing AP2-G+ and AP2-G- 

transcriptomes, 19 genes were identified as significantly upregulated in AP2-G+ 

parasites (Poran et al., 2017).  These genes included two additional AP2 transcription 

factors (PF3D7_1139300 and PF3D7_1222400), histone-modifying enzymes, and 
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regulators of nucleosome positioning (Poran et al., 2017).  PF3D7_1222400 is of particular 

interest, as it is genomically adjacent to AP2-G and is prone to accumulating mutations, 

suggesting it is not essential for asexual stages (Claessens et al., 2017).  This AP2 factor is 

upregulated after the initial drop in AP2-G expression in trophozoites, hinting that it 

could be involved in a checkpoint for sexual commitment, although this potential 

functional role will need to be further investigated (Poran et al., 2017). 

The large number of parasite transcriptomes analyzed via the Drop-Seq method 

was necessary to identify subpopulations of sexually committed cells and their unique 

gene expression.  Another group sequenced fewer single parasites but at greater depth 

to study transcriptional dynamics during various life cycle stages.  The first of these 

optimized the Smart-Seq2 protocol (Picelli et al., 2013) for use in P. falciparum and P. 

berghei (Reid et al., 2018).  144 high-quality P. berghei single-cell transcriptomes exhibited 

an average of 1,981 expressed genes in asexual and sexual cells (Reid et al., 2018).  191 P. 

falciparum stage V gametocyte transcriptomes had an average of 2,090 genes expressed, 

while 161 asexual transcriptomes had an average of 1,712 genes expressed (Reid et al., 

2018).  

Pseudotime analysis of the asexual transcriptomes from both malaria species 

revealed abrupt transitions between stages (Reid et al., 2018), which is in stark contrast 

to the continuous cascade of gene expression described previously (Bozdech et al., 2003).  

This suggests a previously hidden transcriptional pattern.  The analysis of gametocyte 



 

25 

transcriptomes in both species uncovered variable expression of contingency genes: var 

in P. falciparum and pir in P. berghei (Reid et al., 2018).  In fact, a set of pir genes whose 

protein products were found in P. berghei male gametes had significant variability in 

male gametocytes, meaning they could play a role in fertilization (Reid et al., 2018).  

Meanwhile, P. falciparum female gametocytes display mutually exclusive expression of 

var genes while males only express a single var gene, var2csa, indicating that this 

multigene family has a potential functional role during the sexual stage (Reid et al., 

2018).  Lastly, this study compared the expression of AP2 transcription factors between 

male and female gametocytes in both malaria species and observed a conserved sex-

specific pattern of expression (Reid et al., 2018).  

Finally, two more recent papers used scRNA-seq to look at gene expression 

during the sexual stage in P. falciparum.  The first developed a capillary-based platform 

for single-cell isolation and then used Smart-Seq2 to sequence 165 parasites from asexual 

and sexual stages (Ngara et al., 2018).  On average, 300-800 genes were detected at each 

stage (Ngara et al., 2018).  As their asexual gene expression pattern followed the 

expected cell cycle progression, the main finding of this paper was the discovery of 

novel early gametocyte markers, five of which were validated via qPCR (Ngara et al., 

2018).  The most recent paper used LysoPC depletion combined with SCRB-Seq 

(Soumillon et al., 2014) of 336 treated parasites (and 48 control parasites) to determine 

which genes are expressed during sexual commitment (Brancucci et al., 2018).  Ten 
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genes, including AP2-G, defined sexually committed parasites, and 125 other genes were 

significantly co-expressed with this group (Brancucci et al., 2018).  These genes include 

kinases, epigenetic regulators, AP2 transcription factors, and rhoptry proteins (Brancucci 

et al., 2018).  Of note, this scRNA-seq dataset overlapped more with bulk-cell RNA 

sequencing data obtained from LysoPC depleted parasites (Brancucci et al., 2017) than it 

did with a previous scRNA-seq study, sharing only three hits (Poran et al., 2017).  This 

suggests that there could be additional regulators of sexual commitment or sex 

determination upstream of AP2-G and reiterates the importance of multiple single-cell 

studies, as Plasmodium parasites are complex.  
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2. Single-Cell Analysis Reveals Distinct Gene 
Expression and Heterogeneity in Male and Female P. 
falciparum Gametocytes 
This chapter is modified from a manuscript (of the same title) published in mSphere 3:e00130-18 

(2018).  The authors are Katelyn A. Walzer, Danielle M. Kubicki, Xiaohu Tang, and Jen-Tsan 

Ashley Chi.     

2.1 Introduction 

In P. falciparum, mature gametocytes are the only form of the parasite 

transmissible to the Anopheles mosquito vector.  Their development takes almost two 

weeks and is characterized by five morphologically distinct stages (Hawking et al., 

1971).  Phenotypically, male and female differences are not evident until stage IV 

gametocytogenesis (Baker, 2010), and the molecular determinants of sex determination 

remain unknown.     

Approximately 300 genes are considered to be gametocyte-specific in P. 

falciparum, but their roles in male and female development have not yet been fully 

defined (Kafsack et al., 2014; Lasonder et al., 2002; Miao et al., 2010; Silvestrini et al., 

2005; Silvestrini et al., 2010; Young et al., 2005).  P. berghei and P. falciparum gender-

specific flow sorting studies have revealed late-stage markers for male and female 

gametocytes, but these studies are based on specific reporter genes and are therefore 

biased for late stages (Khan et al., 2005; Lasonder et al., 2016; Yeoh et al., 2017).  In 

particular, the recent flow sorting study using P. falciparum represents the first 
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transcriptome analysis of male and female gametocytes (Lasonder et al., 2016).  Yet the 

gender-specific expression of some genes is still debated (Schwank et al., 2010).  We 

hypothesize that some of the controversies about gender-specific expression may result 

from reliance on population analyses of mixed gametocytes that include multiple 

differentiation stages and temporal changes in gene expression.  These issues can best be 

resolved using single-cell isolation and expression analyses at distinct time points to 

unequivocally decipher sex-specific transcripts that may ultimately determine male or 

female fate.   

Recently, single-cell RNA sequencing revealed that sexually committed schizonts 

have a distinct program of gene expression (Poran et al., 2017).  Here, we describe our 

efforts using a single-cell approach to define male and female gametocyte gene 

expression in an unbiased manner.  Our study incorporates the first use of the Fluidigm 

C1 for microfluidic capture of single gametocytes, followed by RT-PCR quantitation of 

their sex-specific expression of gametocyte genes on the Biomark HD.  The analysis of 

stage III through stage V gametocytes separates parasites by gender rather than stage 

and reveals a number of new candidate genes for male and female development.  

Additionally, a large female population reveals unexpected cellular heterogeneity 

among single cells, previously undetected on a population level. Therefore, our study 

highlights the power of single-cell transcriptome analysis in dissecting the sex-specific 

gene expression of P. falciparum. 
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2.2 Materials and Methods 

2.2.1 Parasite Strain and Culture 

P. falciparum strain 3d7a, a gametocyte-producing clone of 3d7, was obtained 

from the Malaria Research and Reference Reagent Resource Center (MR4).  Parasites 

were cultured at 2% hematocrit in human B+ erythrocytes at 3% O2/5% CO2 according to 

standard procedures using RPMI 1640 medium supplemented with 0.5% AlbuMAX II 

(Cranmer et al., 1997; Trager and Jensen, 1976).  

 

2.2.2 Gametocyte Culture and Purification  

To obtain synchronous cultures, parasites were treated with D-sorbitol twice, 

approximately 48 hours apart during the ring stage (Lambros and Vanderberg, 1979).  

On the day after the second D-sorbitol treatment, with the parasitemia between 6-10%, 

50 mM N-acetyl glucosamine was added to the culture to eliminate asexual parasites 

(Saliba and Jacobs-Lorena, 2013).  This was day 0.  Treatment with 50 mM N-acetyl 

glucosamine continued for 72 hours, with daily medium changes, and gametocyte 

production was monitored with Giemsa stained blood smears.  On day 5 and day 9, 

mid- and late-stage gametocytes were separated from early gametocytes and uninfected 

erythrocytes by using a 40/70% Percoll density gradient, collecting the gametocytes from 

the 40/70% interface.  To eliminate all uninfected erythrocytes, the sample collected from 

the Percoll gradient was run through a MACS LS column, yielding pure gametocyte 



 

30 

populations (Saliba and Jacobs-Lorena, 2013).  The gametocytes were pelleted by 

centrifugation and resuspended in 100 µL of complete malaria media.  For late-stage 

gametocyte collection, it may be necessary to remove contaminating trophozoites before 

single-cell collection.  We removed rings and early gametocytes 16 hours prior to single-

cell capture by collecting gametocytes from a 40/70% Percoll density gradient and re-

seeding them in culture.  

 

2.2.3 Single-Cell Capture and cDNA Synthesis 

To determine the viability and concentration of the gametocytes, 10 µL of 

gametocytes were mixed with 10 µL of trypan blue stain (0.4%) and loaded onto a 

Countess Automated Cell Counter (Thermo Fisher Scientific).  Viable gametocytes at a 

concentration of 2.9-3.7x105 cells/mL (30 µL) were mixed in a 3:2 ratio with Suspension 

Reagent (Fluidigm) (20 µL) before being loaded onto a C1 Single-Cell Auto Prep 

Integrated Fluidic Circuit (IFC) for Preamp (5-10 µm).  Reagent mixes were prepared 

according to Fluidigm protocol (PN 100-4904 K1) with the exception of the lysis final 

mix, which included DNase I.  1.4 µL of DNase I (Ambion) was added to 12.6 µL of 

Single-Cell Lysis Solution.  From this, 12.75 µL was added to the lysis final mix, which 

also included 4.35 µL of C1 Lysis Plus Reagent (Fluidigm) and 0.9 µL of RNA Standard 

1:100 dilution.  For the RNA Standard, spikes 1, 4, and 7 were used and were prepared 

according to manufacturer’s instructions. 
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Primers were obtained from either Delta Gene Assays or Eurofins Genomics 

(Table 1).  Forward and reverse primers combined at a 100 µM concentration were 

pooled to a final concentration of 500 nM before being used in the preamp final mix, 

prepared according to Fluidigm protocol. 

The IFC was primed and loaded with 7 µL of cell mix according to 

manufacturer’s instructions, using the STA: Prime 1784x and STA: Cell Load 1784x 

scripts.  Once the cells were loaded, each well of the IFC was checked for the presence of 

a gametocyte under a microscope.  Harvest reagent, lysis final mix, RT final mix, and 

Preamp final mix were then added to the IFC according to Fluidigm protocol, and the 

IFC was loaded into the C1 system, running the STA: Preamp 1784x script overnight.  

Amplified products were collected and diluted the following morning, with 3 µL of 

amplicons diluted in 20 µL of C1 DNA Dilution Reagent (Fluidigm).    

Controls were prepared in parallel with the C1 single cell capture.  These 

included positive, no template, and no reverse transcriptase controls.  RNA was 

obtained by using the RNeasy Plus Micro Kit, combining 20 µL of cell mix (2.9-3.7x105 

cells/mL) with 330 µL of Buffer RLT Plus.  Samples were homogenized by vortexing for 

one minute.  The lysate was then transferred to a gDNA Eliminator spin column, and 

RNA was obtained according to the kit protocol.  After RNA was obtained, “Appendix 

A: Run the Tube Controls” was followed, beginning with step 8, replacing 1.0 µL of 
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washed cells with 1.0 µL of RNA where noted.  For the no reverse transcriptase control, 

water was added in place of the Single Cell SuperScript RT (Life Technologies). 

 

Table 1: Primers used in Biomark HD single-cell qPCR. 

Gene ID Gene Description  Forward Primer  Reverse Primer 

PF3D7_1246200 actin I AGAGCTGCTCCAGAAGAACA GTGTCATCCTCTCACGATTTCC 

PF3D7_1475500 

CCp1, LCCL 
domain-
containing protein CCAAAATGTTCCCCAGAACC AGGCGGATTTCCATTCCAA 

PF3D7_1455800 

CCp2, LCCL 
domain-
containing protein AGCTATGATGGTAACGAACCA TCATGAATAGCATGTCTCATATTAACC 

PF3D7_0621100 

conserved 
Plasmodium 
protein, unknown 
function GACCATATCCAATTGGTCCATTCA TCCAGTGGCTATTCTACCTGAC 

PF3D7_0618500 
MDH, malate 
dehydrogenase TCGGAGCAATTGTTGGAGAA TGGTATACCTGGGACTACATCA 

PF3D7_0622800 
leucine--tRNA 
ligase, putative GGACCAGAATTGCCTTAGCA AATAGCACTATTTGCCGTATCAGTA 

PF3D7_0621400 Pf77 
GATGTACCTGTATGTAAATATGTTCC
C TGTACAGCGGGATATGGAAC 

PF3D7_0104400 

4-hydroxy-3-
methylbut-2-enyl 
diphosphate 
reductase CGAAAATGCTAGAGATCCAAACA CCGTTTCTATAGCCCGACTAA 

PF3D7_0111400 GEXP19 
ATTTCTTGTATCAATGGAGAGAAAC
A CAATTGCAAAATGCTTGGTCATA 

PF3D7_0513700 

PSOP12, secreted 
ookinete protein, 
putative GTCGTGCTAGTAAGGATTCTGGTA GCTTTTGGCGTGTGGGTAATA 

PF3D7_1407000 

CCp3, LCCL 
domain-
containing protein GAAATTGCCCTCATGAAACACA TCACCTCCAACACATCCAAC 

PF3D7_0816800 

DMC1, meiotic 
recombination 
protein DMC1, 
putative AGAGGATGAAGGGATAAAGGAAC TGTCTGCAGCGTTTATACCTA 

PF3D7_1325200 

lactate 
dehydrogenase, 
putative AATGGCGGGTGTTCTTCATA TCTCCATGAGCTCCTATCACA 

PF3D7_1113900 

MAPK2, mitogen-
activated protein 
kinase 2 GGTATAGGGCACCAGAGCTTA GCAAATATACAACCAGTCGACCATA 

PF3D7_1216500 

MDV1, male 
development gene 
1 GAGTGTTCTTCAACATCTCCAAC AATCACCTGCTTTTGCTCCTA 
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PF3D7_1228300 
NEK1, NIMA 
related kinase 1 TACCTATATGGCGATGCAGAAA GCGCCTGTTATATTCGCTAC 

PF3D7_0823500 

IMC1i, inner 
membrane 
complex protein 
1i, putative GCACGTTCGGTTACAGGAA GTTGCAGGTCGTACTGATACAA 

PF3D7_1025000 formin 2, putative TGCTCATGCTCAGAATGGTAAC ACAATATCGAAGCTGGGTAAACAA 

PF3D7_1030900 

P28, 28 kDa 
ookinete surface 
protein CTTCATCTAACGGAGGAGGAAA ACGTGTGTTAGGGTTACTCC 

PF3D7_1031000 

P25, 25 kDa 
ookinete surface 
antigen precursor CTGAAATGTGACGAAAAGACTGTA GCGTATGAAACGGGATTTCC 

PF3D7_1031600 

GEXP15, 
conserved 
Plasmodium 
protein, unknown 
function ACAAAACGCGAATTCGAAGCA CCATTTCAGTTGCCAATGTATGTCTA 

PF3D7_1102500 

GEXP02, 
Plasmodium 
exported protein 
(PHISTb), 
unknown 
function ACATGGAGGTGAATCAAAGGTA TGCTTCTACTCATACCAGAATCC 

PF3D7_1122900 
dynein heavy 
chain, putative GTGACTTCAGACAGGGGAAA GTGCAACACCAGCTAATATCC 

PF3D7_1128300 

PFK11, ATP-
dependent 6-
phosphofructokin
ase TTACTGGAGGAAATATGTTCCCAAC GTGAGAAGTAGTTCGGTACTTAACC 

PF3D7_1129900 

MFR5, major 
facilitator 
superfamily-
related 
transporter, 
putative CAAACTGGGCTCAGTGGATA GTCCATTTGCACATGCTGAA 

PF3D7_1311100 

meiosis-specific 
nuclear structural 
protein 1, putative ACGAATATGCTCGAGAACGAA TCATCTGACACGTTCTGTATCC 

PF3D7_1339900 

ABCB5, ABC 
transporter B 
family member 5, 
putative 

TACACAACATATAACACATGGTCAA
C CCCCTACACCTAGTCCTAACA 

PF3D7_1407800 plasmepsin IV GTGGTTCCGAATTTGATGGTATCC TCAACAACAACCGGATCAATAGAAC 

PF3D7_1429600 

GEXP03, 
conserved 
Plasmodium 
protein, unknown 
function CGGCATCAGAAGAGTGTGTT TGTCTTATGCAAGACTTTGTAAGGT 

PF3D7_1430800 

conserved 
Plasmodium 
protein, unknown 
function TTGAAGTACCAATACCTGCACAA GCTTGGATGCGTTTGATATTCC 
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PF3D7_1431100 

conserved 
Plasmodium 
protein, unknown 
function AGTACCAGTCAATGTGTATGTACC CTGGTTCCCCTTTTGCCTTA 

PF3D7_1437200 

ribonucleoside-
diphosphate 
reductase large 
subunit, putative TGCAGACAGGGGTATTTTCA GTAAGCTCCCGTTTTCAATCC 

PF3D7_1458000 

FP1, cysteine 
proteinase 
falcipain 1 

GAAAAGGGTATAGTACATGAGCCA
AAA CAACACTTGCAAAAGCCCAAC 

PF3D7_1461800 

conserved 
Plasmodium 
protein, unknown 
function GATGCTGAAGACGATGTTGAC ACGTTTCATATCTACATGGGGATTA 

PF3D7_1474900  
CITH, trailer hitch 
homolog, putative TTGCGCCATCTAATGAAGTG GCTGGATCGTCTGGGATATT 

PF3D7_0315600 
zinc finger 
protein, putative CATGCCCTCTTTTGGAACTCAA TGACATCCACGAGTCCATTCA 

PF3D7_0320800 

DOZI, ATP-
dependent RNA 
helicase DDX6 AACAGCAGCTTTTGCTATACCC TTCTCGCGTGGGTACCAAA 

PF3D7_0717500 

CDPK4, calcium-
dependent 
protein kinase 4 

AGATGGGTCAGGTAAAATATCAGCA
A CCAACATTCTGAGCTGACATCAC 

PF3D7_0517400 

FACT-L, FACT 
complex subunit 
SPT16, putative GACGAGTATGAGGTGGACGAA TGCCAAGCTTTCGTCTTCAC 

PF3D7_1302100 
G27/25, gamete 
antigen 27/25 AGGACGCAGCAGCAAGAATA GGTGTTACGGGTAAAGCAGGTA 

PF3D7_0904800 

RPA1, replication 
protein A1, small 
fragment GGTCGAGTGTCTATAGCAAATCC CCATCATCTTTCACTTCATGTATTTCAC 

PF3D7_1205600 

conserved 
Plasmodium 
protein, unknown 
function GATTCCGATGTGGACGAACA CGTTCAGCTGCTACGTCATA 

PF3D7_1250100 

G377, osmiophilic 
body protein 
G377 ACGACCACACGAACCAGAAA TTCCGGTTCAGGTTCTCTGAC 

PF3D7_1431500 

MAPK1, mitogen-
activated protein 
kinase 1 TCGATGGTATAGAGCTCCTGAA CTCCCATGATACAACCTAAGGAC 

PF3D7_1346700 
P48/45, 6-cysteine 
protein AGTGCACATATTTCATGTAACGTAC CACCAGGACAATTTAAACCTACC 

PF3D7_1113100 

PRL, protein 
tyrosine 
phosphatase GCGGTAGCAGTTCATTGTGTA GGCATCAATAGGGTCCATTCC 

PF3D7_0209000  
P230, 6-cysteine 
protein CCAGCAGATACAGATGCTAACC GGTTGGAAAAGGTCCAGATTCA 

PF3D7_0208900 
P230p, 6-cysteine 
protein GTTGTGATTTTATAGACACACCATCA GTGAGGATGCATGTGATCCA 
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PF3D7_1215000 

Trx-Px2, 
thioredoxin 
peroxidase 2 

TGACCTTTCCTCTTTTATAGGTCAGA
A TTCTGTTGGACATACGAAGGTA 

PF3D7_1477400 

Plasmodium 
exported protein 
(PHIST), 
unknown 
function TACCAGAACTCAAGCAAAGTTTTCA GGAAGGTAGATTATTTCCCATAATGCA 

PF3D7_1477300 

Pfg14-744, 
Plasmodium 
exported protein 
(PHIST), 
unknown 
function ATTCTTACAGGCGCCAGAAC CCTGTTTATTCCTCGCACGAA 

PF3D7_1477700 

Pfg14-748, 
Plasmodium 
exported protein 
(PHISTa), 
unknown 
function ATTTTAGGAGTCTTATGTGCTGAATT CACTGCTCTAGGAACTACCC 

PF3D7_0935400 

GDV1, 
gametocyte 
development 
protein 1 CGCAACATGCTCAAAAGTAACC GGAGGCGGTTTGTGTTATTCA 

PF3D7_1253000 

GECO, 
gametocyte 
erythrocyte 
cytosolic protein TGTTGTGTGTAGTTGCTTTTGT TTGAACGATAACACACGTTTTCT 

PF3D7_1476600 

Plasmodium 
exported protein, 
unknown 
function ATGTCTCAACATGCGCTACA CGCTAGTATTGGGTGAAGCA 

PF3D7_1476500 

probable protein, 
unknown 
function CGAGTCTTTTCTCGTCCTACC TCTGATTGGATCCTCCTGGAA 

PF3D7_1335000 
MSRP1, MSP7-
like protein GCAAGAAGGACAAACCGACAA CGCCTGTACCTCCTGATTCAA 

PF3D7_1346800 
P47, 6-cysteine 
protein CCCCTGACTAATGTTAAGCCAAC CCCAACGTAGGGTTGTTTATAGTAC 

PF3D7_0406200 

Pfs16, sexual 
stage-specific 
protein precursor AAACGAAGAACGCAGATGATGATA CTCCTTCGTCTCCTTCATCTGTA 

PF3D7_0422000 

steroid 
dehydrogenase, 
putative GGATCAGTGAAAGATGCCATT GGAACATGGCACTGAACTTG 

PF3D7_0920000 

ELO3, long chain 
fatty acid 
elongation 
enzyme, putative CATGGAGCTTTACGGTGGAT TCGTGTGTGTATTTTTCCTGTTTT 

PF3D7_1472900 
dihydroorotase, 
putative CACTTAAGGCAAGGCGACAT CGTGTTCGGCATCACTAAAA 
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PF3D7_0927100 

conserved 
Plasmodium 
protein, unknown 
function TGCTTGTAGACTTGTTGGCTCT TTTATGTTCCCGTTCGCTTT 

PF3D7_0215000 
ACS9, acyl-CoA 
synthetase ACGTTTATAACAGGCGGAGGTA TCCAGTCGTTTCAGTTAATCCA 

PF3D7_1236200 

conserved 
Plasmodium 
protein, unknown 
function AAATTTCCCGTTGATGTCCA AGTTCCGTGATGTTGTTCCA 

PF3D7_0525000 
zinc finger 
protein, putative AATACAAACGCCACATCGAA CTTGCTTCATTCCCTTGGTT 

PF3D7_1305200 

ApiAP2, AP2 
domain 
transcription 
factor, putative TGGTTTAATACAAAACAGCAGGAA CTAGCTGCTTCAAAATTTCGTTTT 

PF3D7_0604100 

SIP2, SPE2-
interacting 
protein GGAATTTGAAATGCAGCAAAA TTCTCCATACCATCCCCTTT 

PF3D7_1143100 

AP2-O, AP2 
domain 
transcription 
factor AP2-O, 
putative CCAACCTGATGAACAACCTG TTCCACCTTACCGCTATTCC 

PF3D7_1408200 

AP2-G2, AP2 
domain 
transcription 
factor AP2-G2, 
putative TCGTGTTAGTTGGAAGGATCAA TCCTGCTTTAGTGGTCCATTTT 

PF3D7_1317200 

ApiAP2, AP2 
domain 
transcription 
factor, putative TTGATAAATCTGGGAGGAGGTG TATTTAGCTTGTGCCTGACCAA 

PF3D7_0404100 

AP2-SP2, AP2 
domain 
transcription 
factor AP2-SP2, 
putative GCCAGCACGTTTGAACCTTA AGTTGTCCCCTTTTCAATGC 

PF3D7_0420300 

ApiAP2, AP2 
domain 
transcription 
factor, putative GATGGGATTCCACGAAAAGA ATTACTAGCGGGTGCTGACG 

PF3D7_0801900 

conserved 
Plasmodium 
protein, unknown 
function TACCACCAACAGCGATACCA GAAGAAACGGATGGAGACCA 

PF3D7_0206300 

AROM, 
pentafunctional 
AROM 
polypeptide, 
putative, 
pseudogene AGGACAGGAAACAGCATACG CACTAAGAACTTTCCATCTTTTCCA 
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PF3D7_1466200 

conserved 
Plasmodium 
protein, unknown 
function TGTGGTGAATGCGGTTAATG TGCGTTATTTCCTTCATTTGC 

PF3D7_0422300 alpha tubulin 2 TGGTGGTGATGATGCCTTTA GTCAACGACGGTGGGTTCTA 

PF3D7_0717700 
serine--tRNA 
ligase, putative TGGAACAATGGTAGCTGCAC ATGTATGGGCGCAATTTTTC 

PF3D7_0202000 

KAHRP, knob-
associated 
histidine-rich 
protein TTTTAGTATGGGTTTTGAAGTGCTC TGTTGCTTTTGTGCTAAAGTTCTC 

PF3D7_0930300 
MSP1, merozoite 
surface protein 1 AACTGGCCTCGAAGCTGATA GGAACCATTTGCTGAATGTG 

PF3D7_1107800  

ApiAP2, AP2 
domain 
transcription 
factor, putative GGAAATGTGGGTTCTACACCA CCCCAGAAGAGACTGCAGAA 

PF3D7_1363800 

GEX1, nuclear 
fusion protein, 
putative GATTAGCGCAAACATCCTTGT TTCGCTGAAATCGTTCTTGA 

PF3D7_1014200 

HAP2, male 
gamete fusion 
factor HAP2, 
putative ATGTCGTACTGTCGTTTATGGAGA CCTCAGACCTTAAAACCTTTAACC 

PF3D7_1426500 

ABCG2, ABC 
transporter G 
family member 2 AAGTGGTGGTCAAAGAAAAAGATT AATCCACTTGTAGGTTCATCCATT 

PF3D7_1222600 

AP2-G, AP2 
domain 
transcription 
factor AP2-G GATGGTGGGAAAATGGAAGA TAGCCATTCTCAATGCACCA 

PF3D7_1114000 

dynein light chain 
Tctex-type, 
putative TGTTGATGACGTGGAGCAAT CGTTCCAAAGAGACTTGGATG 

PF3D7_1413200 

conserved 
Plasmodium 
protein, unknown 
function TGGATACGAGCAGCAGTTGT TGGTTGTTATGGAATGCTTGG 

PF3D7_0719200 
NEK4, NIMA 
related kinase 4 ACCCCTTTTCATTCAACCAA TGCTCTGTAACTTGGTTCTCG 

PF3D7_0525900 
NEK2, NIMA 
related kinase 2 AAGCTTTCGTTGAGGATTGTG TTCTCAGGGATGGGAGTTTC 

PF3D7_0518700 PUF1 CAAACGAGGAGTACAAAACAAAAA GCAAAATCCTACAACCCGTTT 

PF3D7_0417100 PUF2 TCATCAAAAAGATTGTCAACGA TGCATCATAAAATTACCATAGCAG 

 

2.2.4 Biomark HD qPCR 

Reagents were prepared according to Appendix B of the Fluidigm Real-Time 

PCR Analysis User Guide (PN 68000088), skipping the procedures for preamplification 
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and exonuclease treatment and starting with “Preparing Sample Pre-Mix and Samples”.  

Because of the fast ramp rate of the Biomark HD, Sso Fast EvaGreen Supermix with Low 

ROX (Bio-Rad) was used for qPCR.  The 96.96 Dynamic Array IFC was primed and 

loaded according to Fluidigm protocol, using the Prime (136x) and Load Mix (136x) 

scripts, respectively.  After loading, the chip was placed into the reader and the Data 

Collection Software was used to set up the cycling settings.  The application, reference, 

and probe settings were Gene Expression, ROX, Single probe, and EvaGreen.  The GE 

Fast 96x96 PCR+Melt v2.pcl protocol file was used, which includes 30 PCR cycles as well 

as a melting curve. 

 

2.2.5 Data Analysis 

The Fluidigm Real-Time PCR Analysis Software was used to initially process the 

single-cell qPCR data and eliminate assays that failed.  The default quality threshold 

cutoff of 0.65 was used to flag potential artifacts.  The baseline correction field was set to 

linear, and the Ct threshold method was set to Auto (Global).  The processed qPCR 

results were then exported for use in downstream analyses.   

The single-cell gene expression was analyzed using the SINGuLAR Analysis 

Toolset 3.0.  The FluidigmSC library was used in R to perform outlier identification with 

the command identifyOutliers().  This produced a FluidigmSC expression file, which 

was used to perform automatic analysis with the command autoAnalysis().  The limit of 
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detection (LoD) value was set to 24 according to the Fluidigm SINGuLAR Analysis 

Toolset (PN 100-5066 F1) (Livak et al., 2013).  The command autoAnalysis() runs 

principal component analysis (PCA) and unsupervised hierarchical clustering, although 

it does not normalize the data because there is no conclusive way to analyze burst-like 

expression for single cells (Fluidigm SINGuLAR Analysis Toolset, PN 100-5066 F1).  

Similar results for unsupervised hierarchical clustering were obtained using various 

indicated filtering criteria and clustering algorithms. 

To generate the dot plots, the single-cell Ct data was set above the detection limit 

on a log scale.  Log2 expression values were obtained by subtracting the Ct for each gene 

from the LoD.  If the Ct was greater than the LoD or the gene was not expressed in a cell, 

then the Log2 expression value was 0.  The average of all male and all female single cell 

Log2 expression values was used to calculate the mean fold-change in gene expression.  

The Mann-Whitney test was used to determine if expression was significantly different 

among populations.  The error bars represent the mean with the standard deviation.  

Dot plots are ordered by PCA gene score; the uppermost left gene is the most 

informative when separating single cells. 

For Pearson correlation clustering analysis, the –ΔCt was first taken relative to 

the average of the RNA Standard spike-ins.  These gene expressions were centered by 

the mean and then clustered by complete linkage analysis on both genes and arrays 

using Gene Cluster 3.0.  A custom Perl script was generated to perform calculations of 
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Pearson correlation coefficients based on all individual gene expression among 90 single 

cells.  Each coefficient represents the linear correlation between two gene expressions in 

a given sample population.  All Pearson coefficients were clustered by the centroid 

linkage method in Gene Cluster 3.0 to generate the output heatmap. 

 

2.2.6 RNA Fluorescent In Situ Hybridization 

10 mL of a day 9 gametocyte culture was lysed with 0.15% saponin to isolate 

single gametocytes.  Briefly, parasites were pelleted and then washed with PBS twice 

before being resuspended in at least 1 mL of 0.15% saponin.  The parasites were then 

vortexed for one minute before being placed on ice for 20 minutes.  The cells were 

centrifuged at 2100 x g for 12 minutes at 4°C and washed once in PBS.  After 

centrifugation, these cells were fixed in 1 mL of 4% formaldehyde for 30 minutes.  The 

tube was vortexed halfway between the incubation to resuspend the cells.  “Appendix 

A: Sample Preparation Procedure for Suspension Cells” of the QuantiGene ViewRNA 

ISH Cell Assay (Thermo Fisher Scientific) was then followed after the fixation step. 30 

µL of poly-D-lysine (Sigma) was used to coat microscope slides, and a hydrophobic 

barrier was drawn.  Cells were baked on the slides at 50°C for 20 minutes.  The assay 

procedure then continued with the rehydration step.  The probes used were Plasmodium 

falciparum PF3D7_0406200 - Pfs16 (VF4-6000578), PF3D7_1475500 - CCp1 (VF1-6000581), 

PF3D7_1031000 – P25 (VF1-6000732), PF3D7_1311100 (VF6-6000730), PF3D7_1325200 
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(VF6-6000580), and PF3D7_1113900 – MAPK2 (VF6-6000731).  Mounted samples were 

cured overnight with protection from light and were viewed using a DeltaVision Elite 

microscope with a 60x/1.25 numerical aperture phase-contrast oil objective.  Images 

were taken with a CoolSNAP HQ2 high resolution CCD camera with the Cy5, AF594, 

and FITC filters used to detect Cy5, Cy3, and FITC, respectively.  Pfs16 was used to 

mark gametocyte-specific cells for cell counts in Fiji.  These gametocytes were then 

counted for their expression of male and female markers in a merged image. 

 

2.3 Results 

2.3.1 Design and Optimization of Single-Cell qPCR for P. falciparum 

While a number of genes have been previously described as gametocyte-specific 

or enriched, very few studies have elucidated what makes a parasite male or female, 

particularly at the transcript level.  In addition, previous analyses have focused on the 

bulk population, which may include multiple stages and temporal changes in gene 

expression not fully considered during experimental design or data interpretation.  

Therefore, we applied single-cell isolation and expression analyses of enriched 

gametocytes to define male and female gametocyte gene expression in an unbiased 

manner.  We optimized the Fluidigm C1 protocol for eukaryotic pathogens by adding a 

DNase I treatment to the cell lysis step to avoid genomic DNA as confounding factor, a 

necessary modification for genes containing small introns.  We selected a panel of 
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gametocyte-specific transcripts (Table 1) for single-cell qPCR based on several criteria.  

First, we included the genes found by microarray analysis (Silvestrini et al., 2005; Young 

et al., 2005) and mass spectrometry (Lasonder et al., 2002) to be highly upregulated 

during gametocytogenesis.  Second, we prioritized for genes conserved amongst 

Plasmodium species, including P. berghei.  Third, we prioritized for genes exported 

during gametocytogenesis (Silvestrini et al., 2010).  Finally, we selected genes previously 

shown to be involved in early gametocytogenesis (Kafsack et al., 2014).  From these data, 

we selected 87 gametocyte-specific genes, 2 housekeeping genes, and 2 asexual markers 

to design primers for qPCR.  

Gametocytes were enriched in culture by treatment with 50 mM N-acetyl 

glucosamine for 72 hours and were collected for single-cell analyses on days 5 (stage III) 

and 9 (stage IV-V).  Gametocyte-infected erythrocytes were purified from uninfected 

erythrocytes by a 40/70% Percoll density gradient and MACS before being loaded onto 

the Fluidigm C1 Integrated Fluidic Circuit (IFC) for single-cell capture (Figure 3).  Before 

further processing, each microfluidic chamber was visually inspected under an inverted 

microscope to validate the presence of a single parasite.  The rate of capture was 

approximately 76% for stage III gametocytes and 92% for stage IV-V gametocytes.  We 

selected 90 gametocytes (45 from each day captured) to perform multiplex RT-PCR 

profiling of 87 gametocyte-specific genes, one cell of which we later discovered was 

asexual.  Additionally, we included negative (no template and no reverse transcriptase) 
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and positive (bulk population) controls as well as synthetic RNA spike-ins to provide 

normalization standards and technical controls. 

Preparation of gametocytes for single-cell qPCR
Percoll purify and magnetically sort to enrich for gametocytes

Day 5 Day 9

Load and capture gametocytes on C1

Wash and image gametocytes

Day 5 Day 9

Lyse, RT, Preamplification, and Harvest cDNA

Single-cell qPCR on Biomark HD

Figure 1. Preparation of gametocytes for single-cell qPCR.  
Stage III gametocytes were collected on day 5, and stage IV-V 
gametocytes were collected on day 9.  These mid-to-late stage 
gametocytes were separated from rings, early gametocytes, 
and uninfected RBCs by a 40/70% Percoll density gradient 
and were further purified from uninfected RBCs by MACS 
magnetic sorting.  These gametocytes were loaded onto a C1 
IFC for single-cell capture.  After checking each well for the 
presence of a single cell, the single gametocytes were lysed 
and cDNA was synthesized and preamplified with primers for 
qPCR.  This harvested cDNA was then used for single-cell 
qPCR on the Biomark HD, which can run up to 9,216 parallel 
reactions on a 96.96 Dynamic Array IFC.

 

Figure 3: Preparation of gametocytes for single-cell qPCR. 
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2.3.2 Male and Female Gene Expression Is Anti-Correlative at the 
Single-Cell Level 

To group genes by their similarity in expression patterns, we calculated the 

Pearson correlation of all genes used in this study based on their expression among 89 

gametocytes, one asexual cell, and two population controls, with one control for each 

day of capture.  Then we used hierarchical clustering to group the genes based on their 

correlations of expression patterns.  Interestingly, we found that all the genes were 

grouped into 3 major clusters (Figure 4).  When the genes comprising each cluster were 

examined, we found that these clusters were arranged in a sex-specific manner 

according to previously described male and female markers (Figure 4).  One gene cluster 

(pink in Figure 4) contained many genes previously recognized to encode markers for 

female gametocytogenesis, including G377 (de Koning-Ward et al., 2008; Sannella et al., 

2012; Severini et al., 1999), Pf77 (Baker et al., 1995), P25 (Schneider et al., 2015), P47 (van 

Schaijk et al., 2006), and ABCG2 (Tran et al., 2014).  In addition, NEK2 and NEK4 were 

also found in this cluster, suggesting their female-specific expression.  Consistent with 

this concept, the loss of NEK2 or NEK4 in P. berghei abolished ookinete formation, a 

developmental defect linked to the female gametocyte (Khan et al., 2005; Reininger et al., 

2005; Reininger et al., 2009).  Similarly, when DMC1, another gene in the female cluster, 

was knocked out in P. berghei, oocyst formation was greatly reduced (Mlambo et al., 

2012).  The co-clustering of DMC1 with other female genes suggests that this defect is 

female-linked.  Furthermore, these genes, along with CCp1 and CCp3, were found to be 
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upregulated in P47-GFP expressing gametocytes in a recently published study 

(Lasonder et al., 2016), further supporting their association with female gametocytes. 
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Figure 2. Pearson correlation of gene expression identifies distinct groups of male and female-enriched genes.  87 gameto-
cyte-specific genes, 2 housekeeping genes (green circles), and 2 asexual markers (gray circles) were used in single-cell qPCR and 
subsequent analyses.  The raw Ct values for single-cell expression in 89 gametocytes, one asexual cell, and two population 
controls were normalized to the average of the RNA spike-ins before Pearson correlation analysis was performed.  The pink 
cluster denotes female-associated genes while the blue cluster denotes male-associated genes.  The green cluster includes genes 
that are constitutively expressed in all samples.

 

Figure 4: Pearson correlation of gene expression identifies distinct groups of male- 
and female-enriched genes. 
87 gametocyte-specific genes, 2 housekeeping genes (green circles), and 2 asexual 
markers (gray circles) were used in single-cell qPCR and subsequent analyses.  The raw 
Ct values for single-cell expression in 89 gametocytes, one asexual cell, and two 
population controls were normalized to the average of the RNA spike-ins before 
Pearson correlation analysis was performed.  The pink cluster denotes female-associated 
genes while the blue cluster denotes male-associated genes.  The green cluster includes 
genes that are constitutively expressed in all samples.    
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AP2 transcription factors are important for all developmental stages of 

Plasmodium, and recently, AP2-G was found to be critical for sexual commitment in the 

small population of parasites that commit to gametocytogenesis (Kafsack et al., 2014; 

Sinha et al., 2014).  Therefore, eight putative AP2 genes were included in this analysis, 

including five that are translationally repressed by the gametocyte-associated DOZI 

complex: AP2-O, SIP2, AP2-SP2, PF3D7_1305200, and PF3D7_1107800 (Mair et al., 2006; 

Painter et al., 2011).  Of these, only AP2-O and PF3D7_1107800 strongly co-cluster with 

female-specific markers, which suggests that they are transcribed in female gametocytes 

and play a later role in the zygote.  

Additionally, several other genes in the putative female cluster have not been 

previously characterized for their female expression.  These novel candidate female-

enriched genes include ABCB5, MDH, GEXP03, and MAPK1.  MAPK1 stands out as a 

potential regulator of female gametocytogenesis because it is only one of two mitogen-

activated protein kinases identified in P. falciparum, the other being MAPK2 (Doerig et 

al., 1996; Dorin et al., 1999; Lin et al., 1996).  In particular, MAPK2 is essential for male 

gametogenesis in P. berghei (Khan et al., 2005; Rangarajan et al., 2005; Tewari et al., 2005), 

and its male-specific expression pattern holds true in our dataset as well.   

Pearson correlation shows a cluster containing male-specific markers (blue in 

Figure 4).  Besides MAPK2, these markers include HAP2 (Hirai et al., 2008; Liu et al., 

2008), NEK1 (Dorin-Semblat et al., 2011), CDPK4 (Billker et al., 2004), P230p (Eksi et al., 
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2008), PF3D7_1413200 (Tao et al., 2014), PF3D7_1122900 (Khan et al., 2005; Tao et al., 

2014), and PF3D7_1114000 (Khan et al., 2005; Tao et al., 2014), the last two of which code 

for dynein chains.  PF3D7_1311100, PF3D7_1325200, and Pfg14-748, whose functions are 

unknown, are mostly negatively correlated with female-specific genes, such as ABCG2, 

AP2-O, Pf77, and P25.  This indicates that these three genes may be the most strongly 

male-specific markers.  Pfg14-748 was previously described to be an exported protein 

expressed in early gametocytes (Eksi et al., 2012; Silvestrini et al., 2010), but its male-

specific expression in our single-cell data suggests that it may play an unexpected role in 

male gametocytes.  Plasmepsin IV also unexpectedly clusters as male-specific.  

Expressed during trophozoite and schizont stages, plasmepsin IV is an aspartic protease 

that degrades host hemoglobin within the food vacuole (Banerjee et al., 2002).  It has also 

been shown to be expressed in the P. gallinaceum ookinete and may play a role in 

invasion of the mosquito midgut or in ookinete to oocyst development (Li et al., 2010).  

Our data suggests that in P. falciparum, plasmepsin IV may be more important in male 

gametocytes and has an undetermined male-specific role.  In support of our single-cell 

analysis, the genes in this male cluster are also upregulated in PF3D7_1023100-GFP 

(dynein heavy chain) expressing gametocytes, supporting their association with male 

gametocytes (Lasonder et al., 2016).  

In addition to the male- and female-specific clusters, there is a distinct cluster 

(green in Figure 4) which represents genes that are constitutively expressed across both 
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male and female parasites.  This includes known sex-specific marker Pfs16, expressed 

throughout gametocytogenesis (Eksi et al., 2008).  It also includes a number of genes that 

were previously described to be male-specific or enriched, including MDV1, FACT-L, 

alpha tubulin 2, and P48/45 (Kooij et al., 2005; Laurentino et al., 2011; Rawlings et al., 

1992; van Dijk et al., 2010; van Schaijk et al., 2006).  While it is possible that these genes 

are enriched in certain stages of male differentiation, particularly alpha tubulin 2 and 

P48/45, they may not be the most robust markers for male and female specificity.  Male-

specific markers PF3D7_1311100, PF3D7_1325200, and Pfg14-748 may be better suited to 

identifying male gametocytes and the abundance of stage V male gametocytes in 

infected human populations. 

 

2.3.3 Single Male Parasites Cluster Separately from Females Based 
on Their Distinct Transcriptional Profiles 

Next, we used principal component analysis (PCA) (Figure 5A) and hierarchical 

clustering (Figures 5B, 6, and 7) to group individual parasites based on their gene 

expression pattern.  Interestingly, the parasites were clearly arranged based on gender 

and specific differentiation stages.  PCA analysis clearly separated the male gametocytes 

from all female gametocytes (Figure 5A).  The female gametocytes were largely 

separated into two groups, captured at middle (III) and late (IV-V) stages.  These results 

were also recapitulated in hierarchical clustering with males captured on days 5 and 9 

clustering together and females separating by their stage of maturation (Figure 5B).  
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Similar parasite groupings were also obtained by different selection, filtering, and 

clustering algorithms, indicating the robustness of the clustering based on gene 

expression (Figure 6).  Additionally, there were fewer males in the sample size than 

expected.  The strain 3d7a was previously reported to produce 12.8% male gametocytes 

(Schwank et al., 2010), but the single-cell qPCR dataset includes only 5 males, 84 females, 

and, unexpectedly, one asexual cell (5.6% male – Figure 5B).  Even with such a small 

number of male parasites, their distinct gene expression allows us to separate them from 

the outnumbering female parasites. 
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Figure 3. Gene expression separates male and female single gametocytes into distinct populations.  A) Principal component analysis separates single gametocytes into male and female populations based on their gene expression.  
Furthermore, the female population is generally separated by stage, indicating differences in gene expression in mid- and late-stage female gametocytes.  B) The SINGuLAR Analysis Toolset 3.0 was used to perform unbiased 
hierarchical clustering on 89 mid-to-late gametocytes, 1 asexual cell, and six control samples, including positive and negative controls.  87 gametocyte-specific genes, 2 housekeeping genes, and 2 asexual markers were used in this 
analysis.  Genes are clustered based on the Pearson method, while samples are clustered by the Euclidean method.  Complete linkage was used to find similar clusters.  The blue cluster denotes male-enriched genes while the pink 
cluster denotes female-enriched genes.  
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Figure 5: Gene expression separates male and female single gametocytes into distinct 
populations. 
 A) Principal component analysis separates single gametocytes into male and female 
populations based on their gene expression.  Furthermore, the female population is 
generally separated by stage, indicating differences in gene expression in mid- and late-
stage female gametocytes.  B) The SINGuLAR Analysis Toolset 3.0 was used to perform 
unbiased hierarchical clustering on 89 mid-to-late gametocytes, 1 asexual cell, and six 
control samples, including positive and negative controls.  87 gametocyte-specific genes, 
2 housekeeping genes, and 2 asexual markers were used in this analysis.  Genes are 
clustered based on the Pearson method, while samples are clustered by the Euclidean 
method.  Complete linkage was used to find similar clusters.  The blue cluster denotes 
male-enriched genes while the pink cluster denotes female-enriched genes. 

 

These data indicate that a number of gender-specific markers can be used to 

differentiate the two sexes from stage III through stage V.  In line with the Pearson 

correlation analysis (Figure 4), male gametocytes show high expression of 

PF3D7_1311100, PF3D7_1325200, and PF3D7_1114000 (Figures 5, 7, and 8).  This 

includes high expression in all male cells, regardless of stage, indicating that males and 

females can be separated by their gene expression as early as stage III.  In particular, 

PF3D7_1325200 is a putative lactate dehydrogenase, and its significantly high expression 

in male gametocytes suggests that it might be important for male development.  

PF3D7_1311100 is a putative meiosis-specific nuclear structural protein 1, which was 

found in mice to be essential for normal assembly of the sperm flagella (Zhou et al., 

2012).  This suggests a role for this gene in male development and exflagellation. 
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Supplementary Figure 1. Evaluation of the reproducibility of the parasite grouping based on hierarchical clustering.  The gene 
expression of parasites was selected, filtered, and clustered using different filtering criteria and clustering algorithms as indicated.  
All male gametocytes were grouped in the same cluster.  Female gametocytes were largely grouped by differentiation stage by all 
tested criteria and algorithms.

 

Figure 6: Evaluation of the reproducibility of the parasite grouping based on 
hierarchical clustering.   
The gene expression of parasites was selected, filtered, and clustered using different 
filtering criteria and clustering algorithms as indicated.  All male gametocytes were 
grouped in the same cluster.  Female gametocytes were largely grouped by 
differentiation stage by all tested criteria and algorithms. 
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Figure 7: Gene expression separates male and female gametocytes into distinct 
populations.  
The SINGuLAR Analysis Toolset 3.0 was used to perform unbiased hierarchical 
clustering on 45 day 5 gametocytes (A) and 44 day 9 gametocytes plus one asexual cell 
(B).  Both analyses include three control samples.  87 gametocyte-specific genes, 2 
housekeeping genes, and 2 asexual markers were used in these analyses.    
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Figure 4. Individual genes exhibit distinct male-enriched expression patterns.  Dot plots represent the most robust markers for male and female sexual differentiation ordered by PCA gene 
scores, meaning the uppermost left gene is the most informative.  The Mann-Whitney test was used to determine the significance of gene expression differences in males versus females.  The 
error bars represent the mean with the standard deviation.  FC represents the mean fold-change in gene expression between males and females.

 

Figure 8: Individual genes exhibit distinct male-enriched expression patterns.   
Dot plots represent the most robust markers for male and female sexual differentiation 
ordered by PCA gene scores, meaning the uppermost left gene is the most informative.  
The Mann-Whitney test was used to determine the significance of gene expression 
differences in males versus females.  The error bars represent the mean with the 
standard deviation.  FC represents the mean fold-change in gene expression between 
males and females.        
  

 Other genes that cluster with male single cells include PF3D7_1122900, Pfg14-

748, HAP2, and MAPK2.  These genes are independently reported to be associated with 

male gametocytes in PF3D7_1023100-GFP (dynein heavy chain) expressing gametocytes 
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(Lasonder et al., 2016).  Both dynein chain male markers used in this study, 

PF3D7_1114000 and PF3D7_1122900, strongly associate as male (Figures 5 and 8).  

However, it should be noted that these genes are expressed in a few putative female 

gametocytes as well (Figure 8).  Genes found to be male-specific in both Pearson 

correlation and single-cell hierarchical clustering and are expressed in male gametocytes 

at significantly higher levels than females according to the Mann-Whitney test are listed 

in Table 2.  These are identified as the most robust male gametocyte markers. 

These robust male markers show strong concordance with P. falciparum male-

specific transcript expression in a separate study of sorted male and female gametocyte 

populations (Lasonder et al., 2016) (Figure 9).  When compared to the flow-sorted male 

transcriptome, all of the male markers identified in our study are more highly 

upregulated in males than females, many dramatically so and all more than 7.9-fold 

higher in males than females (Lasonder et al., 2016) (Figure 9).  In particular, 

PF3D7_1311100 and PF3D7_1325200 stood out for their high male expression in both 

datasets, with mean fold-changes of 122.4 and 316.9 in our dataset alone (Figures 8 and 

9).   
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Table 2. The most robust markers for male and female gene expression. 

Gene ID Gene Name and Description Cluster 

PF3D7_1031000 P25, 25 kDa ookinete surface antigen precursor Female 
PF3D7_1246200 Actin I Female 
PF3D7_0816800 DMC1, meiotic recombination protein, putative Female 
PF3D7_1143100 AP2-O, AP2 domain transcription factor, putative Female 
PF3D7_0621400 Pf77 Female 
PF3D7_1128300 PFK11, ATP-dependent 6-phosphofructokinase Female 
PF3D7_1475500 CCp1, LCCL domain-containing protein Female 
PF3D7_1407000 CCp3, LCCL domain-containing protein Female 
PF3D7_1426500 ABCG2, ABC transporter G family member 2 Female 
PF3D7_1250100 G377, osmiophilic body protein G377 Female 
PF3D7_1346800 P47, 6-cysteine protein Female 
PF3D7_1107800 ApiAP2, AP2 domain transcription factor, putative Female 
PF3D7_0719200 NEK4, NIMA related kinase 4 Female 
PF3D7_1455800 CCp2, LCCL domain-containing protein Female 
PF3D7_1113900 MAPK2, mitogen-activated protein kinase 2 Male 
PF3D7_1311100 Meiosis-specific nuclear structural protein 1, putative Male 
PF3D7_1325200 Lactate dehydrogenase, putative Male 
PF3D7_1122900 Dynein heavy chain, putative Male 
PF3D7_1114000 Dynein light chain Tctex-type, putative Male 
PF3D7_1014200 HAP2, male gamete fusion factor, putative Male 

	
Transcript levels of genes from purified male 

and female gametocytes 

Supplementary Figure 3. Transcript levels of genes from male and female populations sorted in Lasonder et al., 2016.  The transcript levels, represented by 
normalized RPKM values, were log transformed for the most robust male and female markers from our single-cell analyses (Table 1).  Because the expression 
values were not mean-centered, the transcript abundance is indicated by the intensity of the color scale.  RPKM values below 1 were removed as indicated by 
the color gray in the heatmap.   

 

Figure 9: Transcript levels of genes from male and female populations sorted in 
Lasonder et al., 2016.   
The transcript levels, represented by normalized RPKM values, were log transformed 
for the most robust male and female markers from our single-cell analyses (Table 2).  
Because the expression values were not mean-centered, the transcript abundance is 
indicated by the intensity of the color scale.  RPKM values below 1 were removed as 
indicated by the color gray in the heatmap. 
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To validate the expression of these genes in male gametocytes and to increase the 

male sample size, we performed RNA fluorescent in situ hybridization (RNA-FISH).  

Pfs16 was used to mark gametocyte-specific cells, which were then evaluated for their 

expression of male and female markers.  One male marker was tested in combination 

with a female marker to determine male- and female-specific transcript expression.  

PF3D7_1311100 and PF3D7_1325200 were tested as new markers for male gametocytes, 

as their functions are unknown.  We also included MAPK2 to assess male-specific 

expression, as this gene was previously shown to be upregulated in P. falciparum and P. 

berghei populations (Khan et al., 2005; Lasonder et al., 2016; Yeoh et al., 2017).  These 

were compared against female markers P25 and CCp1, which are both highly 

upregulated in the female-specific transcriptome and our single-cell qPCR data 

(Lasonder et al., 2016) (Figures 5B, 9, and 10).  Furthermore, although P25 has been used 

as a marker to identify gametocytes from field isolates (Schneider et al., 2007), it was 

recently tested and shown to be female-specific (Schneider et al., 2015), consistent with 

our expression profiling. 
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Female-enriched markers
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Figure 5. Individual genes exhibit distinct female-enriched expression patterns.  Dot plots represent the most robust markers for male and female sexual differentiation ordered by PCA gene scores, 
meaning the uppermost left gene is the most informative.  The Mann-Whitney test was used to determine the significance of gene expression differences in males versus females.  The error bars 
represent the mean with the standard deviation.  FC represents the mean fold-change in gene expression between females and males.

 

Figure 10: Individual genes exhibit distinct female-enriched expression patterns.  
Dot plots represent the most robust markers for male and female sexual differentiation 
ordered by PCA gene scores, meaning the uppermost left gene is the most informative.  
The Mann-Whitney test was used to determine the significance of gene expression 
differences in males versus females.  The error bars represent the mean with the 
standard deviation.  FC represents the mean fold-change in gene expression between 
females and males.    
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Our RNA-FISH results clearly show that male and female gametocytes 

differentially express the tested genes (Figures 11 and 12).  In particular, PF3D7_1311100, 

PF3D7_1325200, and P25 were expressed at high levels and showed mutually exclusive 

expression in over 600 gametocytes tested for each experiment (Figure 11).  The number 

of gametocytes expressing PF3D7_1325200 and PF3D7_1311100 was also low (4.8% and 

3.5%, respectively), similar to the results obtained for single-cell qPCR.  MAPK2 was 

expressed in even fewer cells (1.9%) with significant variations among male single cells, 

not seen in bulk cell analyses.  Additionally, some gametocyte cells did not express 

either male or female marker.  This proportion changed for each male marker tested 

(7.4%, 10.8%, and 12.7%, Figure 11B, E, and H), suggesting that some of these 

gametocytes are either earlier stage males/females or an undefined population. 
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Figure 6. RNA-FISH validation of male and female markers.  A) Representative images of gametocytes expressing Pfs16 (gametocyte, 
green), P25 (female, red), and PF3D7_1325200 (male, purple).  Scale bar: 5 µm.  B) Pie chart showing the distribution of P25 and 
PF3D7_1325200 expression in Pfs16+ cells.  C) Diagram representing mutually exclusive expression of P25 and PF3D7_1325200.  D) 
Representative images of gametocytes expressing Pfs16 (gametocyte, green), P25 (female, red), and PF3D7_1311100 (male, purple).  E) 
Pie chart showing the distribution of P25 and PF3D7_1311100 expression in Pfs16+ cells.  F) Diagram representing mutually exclusive 
expression of P25 and PF3D7_1311100.  G) Representative images of gametocytes expressing Pfs16 (gametocyte, green), P25 (female, 
red), and MAPK2 (male, purple).  H) Pie chart showing the distribution of P25 and MAPK2 expression in Pfs16+ cells.  I) Diagram 
representing mutually exclusive expression of P25 and MAPK2. 
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Figure 11: RNA-FISH validation of male markers with P25 female marker.   
A) Representative images of gametocytes expressing Pfs16 (gametocyte, green), P25 
(female, red), and PF3D7_1325200 (male, purple).  Scale bar: 5 µm.  B) Pie chart showing 
the distribution of P25 and PF3D7_1325200 expression in Pfs16+ cells.  C) Diagram 
representing mutually exclusive expression of P25 and PF3D7_1325200.  D) 
Representative images of gametocytes expressing Pfs16 (gametocyte, green), P25 
(female, red), and PF3D7_1311100 (male, purple).  E) Pie chart showing the distribution 
of P25 and PF3D7_1311100 expression in Pfs16+ cells.  F) Diagram representing mutually 
exclusive expression of P25 and PF3D7_1311100.  G) Representative images of 
gametocytes expressing Pfs16 (gametocyte, green), P25 (female, red), and MAPK2 (male, 
purple).  H) Pie chart showing the distribution of P25 and MAPK2 expression in Pfs16+ 
cells.  I) Diagram representing mutually exclusive expression of P25 and MAPK2.   

 

A number of other reported candidate male-specific genes also show enriched 

expression in male single cells, but they do not always cluster with male-specific genes, 

suggesting a more complicated expression pattern than gender identity (Figures 5, 7, 

and 8).  These include CDPK4, alpha tubulin 2, P230p, and PF3D7_1413200.  In 

particular, CDPK4 is an essential regulator of cell cycle progression in the male 

gametocyte and is necessary for parasite transmission to the mosquito (Billker et al., 

2004).  Male single cells generally show higher expression of this gene than females, but 

many females still express it (Figure 8).  A similar pattern is seen in alpha tubulin 2, 

P230p, and PF3D7_1413200, which suggests that their roles in male differentiation are 

more complex and may result from post-transcriptional regulations. 
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Supplementary Figure 4. RNA-FISH validation of male and female markers.  A) Representative images of gametocytes expressing Pfs16, 
CCp1, and PF3D7_1325200.  Scale bar: 5 µm.  B) Pfs16+ cells were counted for their expression of CCp1 and PF3D7_1325200.  C) Diagram 
representing mutually exclusive expression of CCp1 and PF3D7_1325200.  D) Representative images of gametocytes expressing Pfs16, CCp1, 
and PF3D7_1311100.  E) Pfs16+ cells were counted for their expression of CCp1 and PF3D7_1311100.  F) Diagram representing mutually 
exclusive expression of CCp1 and PF3D7_1311100.  G) Representative images of gametocytes expressing Pfs16, CCp1, and MAPK2.  H) 
Pfs16+ cells were counted for their expression of CCp1 and MAPK2.  I) Diagram representing mutually exclusive expression of CCp1 and 
MAPK2.   
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Figure 12: RNA-FISH validation of male markers with CCp1 female marker.   
A) Representative images of gametocytes expressing Pfs16, CCp1, and PF3D7_1325200.  
Scale bar: 5 µm.  B) Pfs16+ cells were counted for their expression of CCp1 and 
PF3D7_1325200.  C) Diagram representing mutually exclusive expression of CCp1 and 
PF3D7_1325200.  D) Representative images of gametocytes expressing Pfs16, CCp1, and 
PF3D7_1311100.  E) Pfs16+ cells were counted for their expression of CCp1 and 
PF3D7_1311100.  F) Diagram representing mutually exclusive expression of CCp1 and 
PF3D7_1311100.  G) Representative images of gametocytes expressing Pfs16, CCp1, and 
MAPK2.  H) Pfs16+ cells were counted for their expression of CCp1 and MAPK2.  I) 
Diagram representing mutually exclusive expression of CCp1 and MAPK2. 

 

We also wished to identify genes that are highly enriched in female gametocytes.  

We found that CCp1, CCp3, and P25 were the best markers to identify female 

gametocytes from male gametocytes.  These three genes were highly expressed in stage 

III to stage V females (Figures 5 and 10).  CCp1 and P25 were additionally validated as 

female-specific using RNA-FISH (Figures 11 and 12).  NEK4 is also strongly female-

specific, although it does not appear to be expressed until stages IV and V, so it is best 

used as a late-stage female marker (Figures 5, 10, and 13).  PF3D7_1107800, a putative 

AP2 transcription factor, strongly correlates as female-specific and has increased 

expression in stage IV-V females relative to stage III (Figure 13).  This suggests that this 

transcription factor may be used as a marker for late stage female gametocytes.  Further 

efforts to identify the targets of PF3D7_1107800 may reveal distinct biological processes 

in the zygote that result from a female-specific transcriptional program.     
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Genes exhibiting heterogeneity in female populations
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Figure 13: Individual genes exhibit distinct stage-specific expression among female 
gametocytes.  
Dot plots, which are ordered by PCA gene scores, show that a number of genes are more 
highly expressed in gametocytes collected on day 9 as opposed to those collected on day 
5.  Many genes also have a bimodal distribution of gene expression on day 5.  The 
Mann-Whitney test was used to determine the significance of gene expression 
differences in samples collected on day 5 versus day 9.  The error bars represent the 
mean with the standard deviation.  FC represents the mean fold-change in gene 
expression between day 9 and day 5 females.   
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Other female markers that are significantly upregulated in female gametocytes 

include ABCG2, P77, G377, CCp2, AP2-O, and P47.  PFK11, an ATP-dependent 6-

phosphofructokinase, is also female-specific but its role in gametocytogenesis is 

unknown.  PF3D7_0621100 also has an unknown function.  PSOP12, another female-

enriched gene in our cluster, encodes the putative secreted ookinete protein 12.  PSOP12 

is expressed during the sexual and ookinete stages of P. berghei and localizes to the 

surface of male and female gametocytes, male and female gametes, and ookinetes.  

Antibodies raised against PSOP12 demonstrate significant transmission-blocking 

capacity both in vivo and in vitro (Sala et al., 2015).  Yet the role of PSOP12 in 

gametocytogenesis remains unknown, and our data suggests that it may be more 

important for female development in P. falciparum.   

These genes are also independently validated as female-enriched by their 

upregulation in P47-GFP expressing gametocytes (Lasonder et al., 2016).  Of note, P47 

associates with female gametocytes, but it is not expressed in all cells, including some 

stage III gametocytes (Figures 5 and 10).  This indicates that P47 likely starts being 

transcribed during stage III, so previous flow sorting based on P47 expression may not 

capture all of the stage III females.  The most robust markers of female 

gametocytogenesis resulting from Pearson correlation, single-cell hierarchical clustering, 

and the Mann-Whitney test are listed in Table 2. 
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When looking more closely at the most robust female markers, it is clear that 

their high expression in female gametocytes is in strong agreement with P. falciparum 

female-specific transcript expression on a population level, with all markers being 

expressed at least 5.7-fold higher in females than males (Lasonder et al., 2016) (Figure 9).  

The most differentially expressed genes between females and males are ABCG2, Pf77, 

and P25, with 44.3-, 39.5-, and 35.6-fold changes, respectively.  In our single-cell dataset, 

these same genes showed 23.8-, 85.3-, and 153.0-fold changes, all significantly higher 

than males (Figure 10).   

Actin I is also a strong marker for female gametocytogenesis, and this was 

unexpected (Figures 5 and 10).  Actin I and PF3D7_0717700, a serine-tRNA ligase, were 

both chosen as constitutive controls and were expected to show relatively uniform 

expression across all cells.  Instead, actin I was enriched 16.6-fold in our dataset and 

13.2-fold in flow sorted P47-GFP females (Lasonder et al., 2016) (Figure 9), while 

PF3D7_0717700 is not even expressed in all female single cells.  This shows the 

variability of gene expression revealed on the single-cell level and exhibits the need to 

identify markers that can be used in all parasite life cycle stages.  

Additionally, there are other genes, like DOZI and MAPK1, which do not cluster 

as female but show significantly higher expression in single female gametocytes (Figure 

10).  This suggests that either transcript level or post-transcriptional regulation is 

important for the female-specific functions of these genes.  In particular, DOZI is 



 

67 

involved in the translational repression of transcripts during gametocytogenesis, with 

RNA immunoprecipitation studies in P. berghei identifying 731 transcripts that are 

associated with either DOZI or another RNA-binding protein called CITH (Guerreiro et 

al., 2014; Mair et al., 2006; Mair et al., 2010).  More recently, this translational repression 

was shown to be important in female P. falciparum gametocytes, with some repressed 

transcripts not being translated until the oocyst or sporozoite stage (Lasonder et al., 

2016).  This includes PF3D7_1107800 and AP2-O, two transcription factors found to be 

female-enriched in our study.  It is possible that the higher transcript levels of DOZI in 

females are regulated in a sex-specific manner, a possibility that will need to be further 

investigated. 

 

2.3.4 Female Parasites Exhibit Stage-Specific Gene Expression 

Our single-cell data indicates that gene expression is stage-specific, at least in 

female gametocytes.  84 female gametocytes generally cluster by the day of 

differentiation, indicating the synchrony of the induced gametocyte population as well 

as the gradual change in gene expression during mid-to-late stage gametocyte 

development (Figure 5B).  Stage III gametocytes cluster together, with many female cells 

not expressing a number of the genes used in this single-cell analysis.  Among those 

genes expressed in the female population, a number of genes show a bimodal 

distribution during stage III with an increase in expression during later stages (Figure 
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13).  This indicates that these genes are turning on during stage III with further 

enhanced expression during differentiation into stage V.   

The right-most cluster in Figure 5B shows higher expression in some genes than 

the adjacent cluster, while the middle cluster of the heatmap shows the highest overall 

gene expression.  This indicates a relative increase in gene expression of female-enriched 

genes over time, as the female gametocyte prepares for entry into the mosquito midgut 

and transcribes many genes that are translationally repressed until later stages in the 

mosquito.  In particular, NEK2, NEK4, and GEX1 in our study show increased 

expression in later stages (Figure 13).  Their mutants from previous studies showed 

defects post-fertilization, specifically in the ookinete or oocyst (Ning et al., 2013; 

Reininger et al., 2005; Reininger et al., 2009).  Therefore, high expression of some genes 

in stage V female gametocytes may be most important for downstream functions in the 

mosquito, such as fertilization, meiosis, and sporogony.  The increase in expression of 

AP2 factors, such as PF3D7_1107800 and PF3D7_1305200, may also serve the same 

purpose, as these transcription factors were shown to be translationally repressed by 

DOZI (Mair et al., 2006; Painter et al., 2011).  The potential functions of these AP2 factors 

in reproduction need to be further investigated.   

Notably, transcript expression of merozoite surface protein 1 (MSP1) was seen in 

a few of the stage V female gametocytes. This is an unexpected finding as MSP1 was 

used as an asexual marker to test for contaminating trophozoites (Figures 5 and 13).  
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MSP1 is the most abundant surface protein of merozoites and plays a role in parasite 

egress from the host erythrocyte by its capacity to bind cytoskeletal spectrin (Das et al., 

2015).  Its unexpected expression in late-stage gametocytes suggests that, if expressed as 

a protein, it may also play a role in gametocyte egress from the host erythrocyte upon 

entry into the mosquito midgut, a previously undefined role for this gene that needs to 

be further investigated.  This implies that single-cell analyses can be used to analyze 

highly heterogeneous cell populations and uncover unexpected expression patterns in 

rare cells, revealing novel functional roles of known proteins, such as MSP1.   

 

2.3.5 Summary 

Together, our data have presented the first single-cell analysis and comparison of 

male and female gametocytes of P. falciparum.  These data have clearly elucidated the 

expression of 87 gametocyte-specific genes in 89 gametocytes and have defined the 

gender identity of individual parasites.  In addition, we have validated the male- and 

female-specific genes in individual gametocytes and have uncovered some unexpected 

findings, including the expression of MSP1 in late-stage gametocytes.  These data 

provide the rationale of using single-cell approaches to dissect sexual differentiation and 

identify the most robust markers that can be used to isolate male or female parasites at 

particular stages.  We expect that such single-cell studies of malaria parasites will likely 

reveal important biological insights that have been masked by population analyses. 
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3. Latent Transcriptional Variations of Individual P. 
falciparum Uncovered by Single-Cell RNA-Seq and 
Fluorescence Imaging    
This chapter is modified from a submitted manuscript (of the same title).  The authors are Katelyn 

A. Walzer, Hélène Fradin, Liane Y. Emerson, David L. Corcoran, and Jen-Tsan Ashley Chi.  

3.1 Introduction 

P. falciparum undergoes a 48-hour intraerythrocytic developmental cycle (IDC) in 

humans, with gene expression commonly thought to occur in a continuous cascade and 

only when it is needed in the asexual ring, trophozoite, and schizont stages (Bozdech et 

al., 2003).  To examine these distinct transcriptional changes, the parasite population was 

studied on a bulk-cell level after chemical synchronization (Bozdech et al., 2003; Le Roch 

et al., 2003; Llinas et al., 2006; Lopez-Barragan et al., 2011; Otto et al., 2010).  In spite of 

synchronization, the P. falciparum population is known to be heterogeneous.  For 

example, one to thirty percent of parasites commits to a sexual fate (Filarsky et al., 2018; 

Kafsack et al., 2014; Sinha et al., 2014) and develops into male and female gametocytes, 

the only stage of the parasite transmissible to the mosquito.  Parasites within the same 

population may also exhibit known and unknown clonal variations, as shown in the 

parasites’ antigenic variations to evade the host immune system (Scherf et al., 2008).  

This suggests that transcript expression is variable from cell-to-cell, an occurrence that is 

missed when averaged in bulk-cell analyses, even with chemical synchronization. 
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To overcome the issue of complexity in cellular populations, many groups have 

applied single-cell RNA-seq (scRNA-seq) to uncover cellular heterogeneity and rare 

gene expression.  These findings include the discovery of rare intestinal cell types (Grun 

et al., 2015), bimodal gene expression and splicing in immune cells (Shalek et al., 2013), 

and regulatory variation before and after stress in budding yeast (Gasch et al., 2017).  

Recently, scRNA-seq of P. falciparum uncovered genes upregulated in sexually 

committed cells (Brancucci et al., 2018; Poran et al., 2017), genes upregulated in early 

stage gametocytes (Ngara et al., 2018), and discrete transcriptional changes during the 

asexual cycle (Reid et al., 2018).  These approaches varied in their capture of the single-

parasite transcriptome, from thousands of cells with low-coverage (Drop-seq) (Macosko 

et al., 2015; Poran et al., 2017) to hundreds of cells with either low-coverage (SCRB-seq) 

(Brancucci et al., 2018; Soumillon et al., 2014) or full-length transcript coverage (Smart-

Seq2) (Ngara et al., 2018; Picelli et al., 2013; Reid et al., 2018).  By capturing thousands of 

synchronized asexual cells at three time points, scRNA-seq with Drop-seq resolved cell 

cycle progression of individual parasites into 11 clusters (Poran et al., 2017).  Higher 

coverage Smart-Seq2 also organized single-parasite transcriptomes by pseudotime but 

relied on previously published bulk-cell analyses to verify cell cycle progression without 

independent verification, potentially missing rare and uncharacterized gene expression 

(Reid et al., 2018). 
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Here, we describe our development of a single-cell workflow to uncover the 

heterogeneity of P. falciparum populations using the Fluidigm C1 for scRNA-seq, 

followed by validation with RNA fluorescent in situ hybridization (RNA-FISH).  Smart-

Seq performed on the microfluidic platform of the C1 yields greater full-length coverage 

and depth than other scRNA-seq methods (Ziegenhain et al., 2017).  To establish our 

single-cell methods, we first compared expression of single asexual parasites and late-

stage gametocytes, uncovering a large number of novel gametocyte-specific genes.  We 

were then able to separate individual trophozoites and schizonts into three distinct 

clusters based on their specific gene expression.  These three clusters were characterized 

by the expression of exported proteins and transporters, SERA genes, and rhoptries, 

respectively.  This was further verified using RNA-FISH with markers for each cluster: 

EXP2, SERA4, and RAP1.  While two clusters (SERA and rhoptry genes) were verified to 

be cell-cycle dependent, the third cluster showed expression throughout multiple times 

in the life cycle.  The cluster-specific genes in this third cluster include EXP2, MDR1, and 

MFR5.  These genes are enriched in the transport of molecules and ions across 

membranes between the parasite and the RBC (Cowman et al., 1991; Garten et al., 2018; 

Gold et al., 2015; Martin et al., 2005; Rohrbach et al., 2006).  Importantly, the genes in this 

cluster, unlike SERA and rhoptry genes, are not expressed in the same stages.  For 

example, RNA-FISH and analysis of temporal expression showed that EXP2 is expressed 

at multiple times, particularly at the early trophozoite and late schizont stages.  
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Additionally, we have found that expression of the stage-specific marker genes is highly 

variable among individual parasites and that transition between stages is shorter than 

previously thought.  Overall, these data allow us to overcome the limitation of bulk-cell 

analysis and decipher which genes are expressed in each individual cell.  Our study 

highlights the power that single-cell analyses have with regards to dissecting complex 

populations of cells to uncover hidden gene expression patterns in P. falciparum.  We 

expect that a similar approach can be applied to other eukaryotic pathogens to enhance 

our understanding of cell-to-cell heterogeneity and the functional consequences of such 

variability. 

 

3.2 Materials and Methods 

3.2.1 Parasite Strain and Culture 

P. falciparum strain 3d7a was obtained from the Malaria Research and Reference 

Reagent Resource Center (MR4).  Using standard procedures, parasites were cultured in 

30 mL of RPMI 1640 medium supplemented with 0.5% AlbuMAX II at 2% hematocrit in 

human B+ erythrocytes at 3% O2/5% CO2 (Cranmer et al., 1997; Trager and Jensen, 1976). 

 

3.2.2 Culture Synchronization and Gametocyte Induction 

To synchronize cultures, parasites were treated with 5% D-sorbitol twice, 

approximately 48 hours apart during the ring stage (Lambros and Vanderberg, 1979).  
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The synchronization was verified by Giemsa stained blood smears.  To enrich for 

gametocytes, 50 mM N-acetyl glucosamine was added to the culture on the day 

following the second 5% D-sorbitol treatment.  This addition of N-acetyl glucosamine to 

cultures with a parasitemia between 6-10% was considered day 0, with drug treatment 

continuing for a total of 72 hours with daily medium changes (Saliba and Jacobs-Lorena, 

2013).  Gametocyte production was monitored with Giemsa stained blood smears.  On 

day 9, before gametocyte collection, the gametocyte culture was treated with 5% D-

sorbitol to eliminate any contaminating trophozoites. 

 

3.2.3 Purification of Individual Parasites 

A 40/70% Percoll density gradient was used to either isolate late stage asexual 

(approximately 34 hours post-invasion) or day 9 gametocytes from rings, early 

gametocytes, and uninfected erythrocytes (Saliba and Jacobs-Lorena, 2013).  To eliminate 

all uninfected erythrocytes, the sample collected from the 40/70% interface was run 

through a MACS LS column, yielding pure trophozoite/schizont and gametocyte 

populations.  The isolated cells were pelleted by centrifugation and resuspended to a 

concentration of at least 2.5x105 cells/mL in complete malaria media. 
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3.2.4 Single-Cell Capture and Sequencing 

To determine the viability and concentration of the isolated cells, 10 µL of cells 

were mixed with 10 µL of trypan blue stain (0.4%) and loaded onto a Countess 

Automated Cell Counter (Thermo Fisher Scientific).  Viable cells were adjusted to 

concentrations of 3.2x105 cells/mL for gametocytes and 4.4-4.9x105 cells/mL for late stage 

asexual parasites.  According to Fluidigm protocol, 60 µL of gametocytes were mixed 

with 40 µL of Suspension Reagent (Fluidigm) before being loaded onto a C1 Single-Cell 

Auto Prep Integrated Fluidic Circuit (IFC) for mRNA-seq (5-10 µm).  We noticed that 

asexual parasite capture rates at this ratio were low, and upon further inspection, saw 

that cells at this concentration fell to the bottom on the cell inlet, indicating that the 

asexual parasite concentration was too dense.  To optimize the cell buoyancy and 

improve capture, we tested various ratios of cell number to suspension buffer using a 

concentration of 400 cells/µL.  We found that 40 to 50 percent of cells making up the final 

suspension buffer was optimal, although capture rates were still low at 24 to 27 percent 

(compared to late-stage gametocyte capture rates of 77 percent in this study and 92 

percent in a previous study (Walzer et al., 2018)).  Therefore, we used two C1 Single-Cell 

Auto Prep IFCs to capture 46 synchronized asexual parasites on two different days.   

For scRNA-Seq library construction, reagent mixes were prepared according to 

the Fluidigm protocol (PN 100-7168 L1).  The IFC was primed and loaded with 6 µL of 

cell mix according to manufacturer’s instructions, using the mRNA Seq: Prime (1771x) 
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and mRNA Seq: Cell Load (1771x) scripts.  Once the cells were loaded, each well of the 

IFC was checked for the presence of a single parasite under a microscope.  Harvest 

reagent, lysis mix, RT mix, and PCR mix were added to the IFC according to Fluidigm 

protocol, with 1 µL of ERCC spike-in sequences (Thermo Fisher Scientific, 4456740) 

added to the lysis mix at a 2.5 x 105 dilution of the original product.  The IFC was then 

loaded into the C1 system, running the mRNA Seq: RT & Amp (1771x) script overnight.  

Amplified products were harvested and diluted, with approximately 3 µL of amplicons 

diluted in 10 µL of C1 DNA Dilution Reagent (Fluidigm). 

Population controls for two asexual and one gametocyte population were 

prepared in parallel with the C1 single-cell capture according to “Appendix A: Run the 

Tube Controls”.  “Protocol A: Tube Controls with Purified RNA” was followed.  

Samples were vortexed for one minute for the homogenization step, and a gDNA 

Eliminator spin column was used for the removal of contaminating genomic DNA.  

When diluting the final products after amplification, 40 µL of C1 DNA Dilution Reagent 

(Fluidigm) was used to every 1 µL of PCR product.  

The Nextera XT kit was then used to generate the sequencing library from the 

cDNA according to the Fluidigm protocol.  Once the libraries were quantified, they were 

sequenced in one lane on an Illumina HiSeq 2500 with 50 bp single-end reads.  10% PhiX 

was used as a spike-in control for P. falciparum’s highly AT-rich genome.  All sequencing 

data is available at NCBI, SRA accession number SRP151825. 
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3.2.5 Generating Gene Counts 

Single-cell RNA-seq data was first processed using the TrimGalore toolkit 

(http://www.bioinformatics.babraham.ac.uk/projects/trim_galore) which employs 

Cutadapt (Martin, 2011) to trim low quality bases and Illumina sequencing adapters 

from the 3’ end of the reads.  Only reads that were 20nt or longer after trimming were 

kept for further analysis.  Using the STAR RNA-seq alignment tool (Dobin et al., 2013), 

reads were mapped to the P. falciparum 3D7 genome and transcriptome sequence, as 

well as the GRCh37v75 version of the human genome and transcriptome to filter out 

human RNA originating from the blood sample.  Reads were kept for subsequent 

analysis if they mapped to a single genomic location of the P. falciparum genome.  Gene 

counts were compiled using the HTSeq tool (Anders et al., 2014). 

 

3.2.6 Cell and Gene Filtering 

QC filtering was performed using the R package scater v1.4.0 (McCarthy et al., 

2017).  As expected, the number of expressed genes for bulk RNA controls was higher 

(between 4,000 and 5,000) than for sequenced single cells (between 1,200 and 3,600) 

(Figure 15).  Principal component analysis (PCA) based on phenotypic data such as 

library size, number of expressed genes or spike-in (ERCCs) proportion, did not expose 

any outliers out of the 51 cells that were sequenced.  To filter out low-abundance genes, 



 

78 

only genes with average counts at least equal to 1 were kept.  4,694 genes remained after 

gene filtering when considering all 51 cells, and 4,463 remained when considering the 46 

non-gametocyte cells. 

 

3.2.7 Normalization of Gene Expression 

To normalize gene expression, size factors were calculated using the R package 

scran v1.4.5 (Lun et al., 2016).  The package scran estimates cell-specific biases by 

deconvolving size factors using cell pools.  The assumption is that most genes are not 

differentially expressed between cells.  Expression values were normalized using the 

previously generated size factors then log-transformed.  Normalization was performed 

independently on two sets of cells: the whole 51 cells and the 46 non-gametocyte cells.  

All downstream applications were performed using normalized gene expression. 

 

3.2.8 Clustering 

To perform clustering, we used the R package SC3 v1.4.2 which generates a 

consensus of multiple clustering methods (Kiselev et al., 2017).  SC3 estimated the 

optimal number of clusters to be four, with the five gametocytes forming a stable cluster 

of their own (silhouette width = 1).  The silhouette widths of the three other clusters 

were 0.51 (cluster 1), 0.81 (cluster 2), and 0.69 (cluster 3).  To analyze the asexual cells 

independently, we performed clustering of the 46 non-gametocyte cells.  Consistent with 
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the first clustering analysis, SC3 suggested three clusters, almost identical to the asexual 

clusters defined in the four-cluster analysis (only three cells clustered differently).  Their 

silhouette widths were 0.49 (cluster 1), 0.88 (cluster 2), and 0.71 (cluster 3).  Both datasets 

with gametocytes and without gametocytes were subjected to PCA analysis for 

visualization of the clusters (Figures 16A and 17A).  

 

3.2.9 Identification of Markers 

To identify candidate marker genes for each cluster, we used SC3 to evaluate the 

potential for each gene to be a marker for the cluster in which its mean expression value 

was the highest.  For each cluster, we retained genes with a non-zero probability of 

being a marker based on a Wilcoxon signed rank test.  We then ordered these candidate 

markers by decreasing area under the receiver operating characteristic (AUROC) for 

further validation.  This was done both for the five gametocytes versus all other cells in 

the four-cluster analysis and for each cluster in the three-cluster analysis. 

 

3.2.10 Inferring a Cell Trajectory 

To order cells, we used the R package monocle v2.8.0 (Qiu et al., 2017).  A 

differential expression test was performed for each gene, using the clusters as indicator 

variables (full model ~cluster and reduced model ~1), to detect genes expressed 

differentially between clusters.  84 genes with a q-value from the likelihood ratio tests 



 

80 

less than 0.01 were chosen as genes to order and infer a trajectory.  We then used the 

DDRTree dimensionality reduction algorithm from monocle to align the cells on a 

branched path, as shown in Figure 17C.  The trajectory includes two very small branches 

that probably result from noise in the dataset and were consequently considered trivial. 

 

3.2.11 Bulk-Cell qPCR 

RNA was extracted from synchronized late stage asexual parasites and day 9 

gametocytes using TRIzol Reagent (Invitrogen).  The RNeasy Mini Kit (Qiagen) was 

used to remove DNA by DNase treatment according to Appendix E: DNase Digestion of 

RNA before RNA Cleanup.  cDNA was synthesized from 50 ng of RNA using 

SuperScript II Reverse Transcriptase (Invitrogen) and 50 ng of random hexamers 

(Bioline).  Primers (Eurofins Genomics) were designed for 8 novel gametocyte-specific 

genes (Table 3), which were tested for their gene expression differences using Power 

SYBR Green (Invitrogen) real-time PCR.  Pfs16 was used as a control for gametocyte 

numbers between asexual and day 9 gametocyte samples.  The ΔCt value was calculated 

relative to the constitutive control, tRNA ligase.  The ΔΔCt value was calculated relative 

to the asexual sample, with the expression fold change of 2^-ΔΔCt representing the 

increase in expression of genes in the gametocyte sample. 
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Table 3. Primers used for bulk-cell qPCR validation of novel gametocyte genes. 

Gene ID Gene Description Forward Primer Reverse Primer 

PF3D7_0717700  
serine--tRNA ligase, 
putative  TGGAACAATGGTAGCTGCAC  ATGTATGGGCGCAATTTTTC  

PF3D7_0406200  

Pfs16, sexual stage-
specific protein 
precursor  AAACGAAGAACGCAGATGATGATA  CTCCTTCGTCTCCTTCATCTGTA  

PF3D7_1121800 
peptidase, M16 
family GCAGATTGGTCCATAATGTTACAC TCAATATATCGACCCTTTTGGTTT 

PF3D7_0205100 

conserved 
Plasmodium protein, 
unknown function TGAATATGAATGCTACGTCAGATG TTGGTTCTCTTCTACTTTCCTCGT 

PF3D7_1474200 

conserved 
Plasmodium 
membrane protein, 
unknown function GCAACTCGAAAGGAATAAAGAAGA TGAGTTTGATAATCTTGTTGGATCA 

PF3D7_1139500 

AAA family 
ATPase, putative, 
unspecified product GGGCTCCCTAATGAAGAATGTAT GGCTCGTTCATAATTTGGTATTTT 

PF3D7_0421700 

conserved 
Plasmodium protein, 
unknown function TGCCGTGTAATTTTTCTTTACTCTC TTAAACTTGTCCCTTCTTTGCTTC 

PF3D7_0417900 

conserved 
Plasmodium protein, 
unknown function AAAAAGGGAAATCGTCAAATTGTA TTCCCTCCTCATCATCTATTTTGT 

PF3D7_1245600 kinesin, putative AAAGCTTCTTCAAGATCCCATTTA TCCTGCTAAATCGACAAGACATAG 

PF3D7_1453600 
RAP protein, 
putative TGGTCCATCACATCACTTCTTAGT GAGTAGCCAATGTTTGAAAATGGT 

 

3.2.12 RNA Fluorescent In Situ Hybridization 

400 µL of a synchronized culture was lysed with 0.15% saponin to isolate single 

parasites.  Briefly, parasites were pelleted and then washed with PBS twice before being 

resuspended in at least 1 mL of 0.15% saponin.  The parasites were then vortexed for one 

minute before being placed on ice for 20 minutes.  The cells were centrifuged at 2100xg 

for 12 minutes at 4°C and washed once in PBS.  After centrifugation, these cells were 

fixed in 1 mL of 4% formaldehyde for 30 minutes.  The tube was vortexed halfway 

between the incubation to resuspend the cells.  “Appendix A: Sample Preparation 
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Procedure for Suspension Cells” of the QuantiGene ViewRNA ISH Cell Assay Kit 

(Thermo Fisher Scientific) was then followed after the fixation step.  30 µL of poly-D-

lysine (Sigma) was used to coat microscope slides, and two hydrophobic barriers were 

drawn on each slide, one on which probes were added and one in which they were not.  

Cells were baked on the slides at 50°C for 20 minutes.  The assay procedure then 

continued with the rehydration step, adding the solutions directly to the slide.  The 

probes used were Plasmodium falciparum Sera4 (VF4-6000578), Rap1 (VF6-21027), and 

EXP2 (VF1-6000683), all from Thermo Fisher Scientific.  Mounted samples were cured 

overnight with protection from light and were viewed using a Zeiss Axio Observer 7.1 

microscope with a 63x oil objective.  DAPI, Cy5, mRFP1.2, and EGFP filters were used to 

detect DAPI, Cy5, Cy3, and FITC, respectively.  The images were processed using Fiji 

software and individual cells were outlined using the freeform tool and measured for 

their mean fluorescence signal.  The background signal from each image and channel 

was eliminated from individual cell fluorescence signals.  Individual cells were also 

scored for their stage-specific progression and gene expression, according to previous 

morphological analysis (Silamut et al., 1999). 
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3.3 Results 

3.3.1 Development of Single-Cell RNA-Seq for P. falciparum 

Studies on P. falciparum, including large-scale transcriptomic and proteomic 

profiling of multiple stages of the life cycle (Bozdech et al., 2003; Florens et al., 2002; Le 

Roch et al., 2003; Llinas et al., 2006; Lopez-Barragan et al., 2011; Otto et al., 2010), have 

mostly focused on bulk-population analyses of synchronized parasites.  Even with 

chemical synchronization, it is possible that there is still significant heterogeneity or rare 

populations that are masked by bulk-cell analyses that measure the average gene 

expression across all cells.  Thus, only single-cell studies can reveal previously 

unrecognized cellular heterogeneity and potential rare/novel cell types.  To this end, we 

used the microfluidic technology of the Fluidigm C1 to capture single parasites and 

perform scRNA-seq with full transcript coverage.  We captured and analyzed 46 asexual 

parasites and 5 late-stage gametocytes to compare between asexual- and sexual-stage 

parasites as well as identify the subtypes among asexual parasites.  The results from 

scRNA-seq were further validated using RT-PCR and RNA-FISH. 

Parasite cultures were sorbitol synchronized twice, each 48 hours apart, before 

collection of late stage asexual parasites that were approximately 34 hours post-invasion.  

Gametocytes were enriched in synchronized cultures by treatment with 50 mM N-acetyl 

glucosamine for 72 hours and were collected 9 days (stage IV-V) after drug treatment 

began.  Parasite-infected erythrocytes were purified from uninfected erythrocytes by a 
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40/70% Percoll density gradient and MACS before being loaded onto the Fluidigm C1 

Integrated Fluidic Circuit (IFC) for single-cell capture (Figure 14).  Each microfluidic 

chamber was visually inspected under an inverted microscope to validate the presence 

of a single parasite before further analysis.  While late-stage gametocytes had high 

capture rates (77 percent and above) on the IFC, trophozoite and schizont capture 

proved more challenging.  Therefore, we used two IFCs to capture a total of 46 single 

asexual parasites for scRNA-seq library construction using a Smart-Seq protocol.  

Sequencing was performed on an Illumina HiSeq with single-end 50 bp reads.  

Generally, gametocytes expressed a greater number of transcripts than asexual cells 

(Figure 15).  On a bulk-cell level, 4805 genes were detected in late-stage gametocytes 

while 4136 and 4313 genes were detected in two different asexual samples.  At a single-

cell level, this number was much lower in both cell types with an average of 3127 

transcripts detected in gametocytes.  In individual asexual cells, 1321 to 3071 transcripts, 

with an average of 2002 transcripts, were detected.  This number of detected transcripts 

in our study is consistent with the average of 1712 detected transcripts found in previous 

scRNA-seq data (Reid et al., 2018). 
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Single-parasite capture and sequencing
Percoll purify and magnetically sort to enrich for parasite-infected RBCs

Late stage asexual Gametocytes

Load and capture single parasites on C1

Wash and image parasites

Lyse, RT, and Harvest cDNA

Library prep and Illumina sequencing

 

Figure 14: The workflow of parasite isolation for scRNA-seq. 
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Figure 15: The distribution of expressed genes in individual asexual cells, 
gametocytes, or the total parasite population.  
Generally, more transcripts were detected in single gametocytes than single asexual 
cells.      

  

3.3.2 Single-Cell RNA-Seq Identifies Gametocyte-Specific Genes and 
Novel Subgroups of Asexual Parasites 

Principal component analysis (PCA) separated the 51 single parasites into four 

distinct clusters, with three asexual clusters and one gametocyte cluster (Figure 16A).  

Among the asexual clusters, cluster 1 was made up of 23 cells, cluster 2 had 12 cells, and 

cluster 3 had 11 cells.  To examine the cell-to-cell similarities and differences within and 

between clusters, consensus clustering was performed and showed that cells in each 

cluster exhibited stronger similarity with each other than with cells in other clusters 

(Figure 16B).  In particular, the 5 gametocytes showed very strong correlation with one 

another but little-to-no correlation with any asexual cells, indicating their distinct 
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transcriptional profiles.  Using Single-Cell Consensus Clustering (SC3 (Kiselev et al., 

2017), detailed in methods), 340 genes were upregulated in the gametocytes relative to 

the asexual cells, with an area under the receiver operating characteristic (AUROC) 

cutoff value of 0.7 (Appendix A).  These markers are ordered according to their 

decreasing AUROC value, with the top 100 differentially expressed in gametocytes 

shown in Figure 16C.  Some of the top expressed genes include known gametocyte 

markers P25 and P230 (Silvestrini et al., 2005; Walzer et al., 2018; Young et al., 2005).  

From these top 100 genes, 8 novel gametocyte-expressed genes were chosen for further 

qPCR validation using population samples from asexual parasites and gametocytes 

(Figure 16D).  Four of these genes have unknown functions while the others putatively 

encode a peptidase, kinesin, RAP protein, and AAA family ATPase.  These 8 genes were 

all shown to be upregulated in late-stage gametocytes when compared to the asexual 

stage, with six genes being upregulated more than 10-fold (Figure 16D).  Over half of the 

340 gametocyte markers have unknown functions, and future studies will prioritize 

these genes to understand their functional roles in gametocytogenesis and 

gametogenesis. 
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Figure 16: Single gametocytes cluster separately from three distinct asexual 
populations and express gametocyte-specific genes revealed by scRNA-seq.  
A) Principal component analysis (PCA) was used to visualize the clustering of 46 late 
stage asexual cells and 5 late stage gametocytes by gene expression highlighting clear 
separation of the gametocyte single cells from three distinct asexual populations.  Two 
gametocytes had very similar first and second component coordinates, overlapping on 
the PCA plot.  B) Consensus clustering matrix of all cell pairs displays very strong cell-
to-cell similarity amongst gametocytes when compared to asexual cells, which are 
grouped together based on their similar gene expression.  The color scale indicates the 
likelihood that two cells are arranged in the same cluster (blue: low (0), red: high (1)).  C) 
340 genes were specifically expressed in gametocytes relative to late stage asexual 
parasites, with the top 100 genes shown in this heatmap.  The SC3 markers function was 
used to determine the potential that each gene could be a marker for the cluster in which 
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its mean expression value was the highest.  Genes are ordered by decreasing area under 
the receiver operating characteristic (AUROC) with a cutoff of 0.7.  D) Eight novel 
gametocyte genes, denoted by black dots in (C), were chosen for qPCR validation on a 
bulk-cell level, n = 2.  Gametocytes collected on day 9 were compared to late stage 
asexual parasites.  Fold changes are relative to the tRNA ligase control and asexual 
samples.  Pfs16 is a positive control for gametocyte-specific expression.   

  

 3.3.3 Single-Cell RNA-Seq Separates Asexual Parasites into Three 
Distinct Clusters   

Having established that scRNA-seq clearly identifies distinct transcriptional 

differences between asexual parasites and gametocytes, we further evaluated the 

heterogeneity among the asexual population.  After removing gametocytes, PCA 

separated the remaining 46 single asexual cells into three distinct clusters (Figure 17A).  

Cluster 1 was made up of 26 cells, cluster 2 had 10 cells, and cluster 3 had 10 cells.  Since 

these individual asexual parasites were collected at the same time after synchronization, 

we performed consensus clustering to group the parasites by gene expression and define 

their similarities and differences across clusters.  Consensus clustering again indicated 

stronger similarity amongst cells within the same clusters than between them, although 

cell-to-cell heterogeneity within clusters is more evident after the removal of 

gametocytes (Figure 17B).  Additionally, pseudotime analysis revealed the clear 

ordering of single parasites into three distinct and separate clusters, which started with 

cluster 2 and progressed to cluster 1, followed by cluster 3 (Figure 17C). 

To identify the genes that best represent each cluster, we used the marker genes 

function of R package SC3 (Kiselev et al., 2017) and ranked the cluster-specific marker 



 

90 

genes by AUROC values (Figure 18).  Cluster 1 showed expression of many serine 

repeat antigen (SERA) genes, including SERA4, SERA5, and SERA7, as well as 

expression of GDV1, which is involved in the induction of sexual commitment (Filarsky 

et al., 2018) (Figure 18A).  Cluster 2 was characterized by the expression of a number of 

exported proteins and transporters (Figure 18B).  This includes EXP2, which is a member 

of the PTEX complex involved in the export of parasite proteins into the host erythrocyte 

(Beck et al., 2014; Elsworth et al., 2014).  Recently, EXP2 was also characterized for its 

role in nutrient transport (Garten et al., 2018; Gold et al., 2015).  MDR1 is another cluster 

2 transporter and is found in the food vacuole; mutations in this gene are associated 

with chloroquine resistance (Koenderink et al., 2010).  Meanwhile, MFR5, another cluster 

2 gene, was previously identified as a putative transport protein of the major facilitator 

superfamily (MFS) (Martin et al., 2005) and may transport similar solutes as other cluster 

2 transporters.  Known exported proteins among cluster 2 genes included MESA 

(Lustigman et al., 1990; Magowan et al., 1995), PIESP2 (Zhang et al., 2018), and a PHIST 

domain-containing gene (PF3D7_0402000) (Parish et al., 2013), all important for 

remodelling the human erythrocyte during infection.  Cluster 3 contained several 

rhoptry genes, including RAP1, ROP14, RON6, RAMA, RAP2, RhopH3, RON5, RON2, 

and RON3 (Figure 18C).  Rhoptries are secreted proteins that function in the invasion 

pathway (Counihan et al., 2013).  An essential AP2 factor (PF3D7_1107800) was also 

associated with this cluster, similarly to the rhoptry cluster in another scRNA-seq 
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dataset (Reid et al., 2018).  This co-expression of AP2 and rhoptry genes may suggest a 

potential regulatory relationship that will need to be further investigated. 
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Figure 17: Single-cell RNA-seq expression of late stage asexual parasites identifies 
three distinct populations.  
A) Principal component analysis (PCA) was used to visualize the clustering of 46 single 
late stage asexual transcriptomes.  B) Consensus clustering indicates that parasites 
within the same cluster show the strongest similarity when compared to parasites from 
other clusters.  However, there is significant heterogeneity even between parasites in the 
same cluster.  Blue indicates low similarity between two cells, whereas red indicates 
high similarity, i.e. that the two cells are always assigned to the same cluster.  C) Single 
parasites were ordered by pseudotiming analysis into three separate clusters with an 
absence of intermediary cells. 
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Figure 18: The top marker genes of each cluster were identified by scRNA-seq.  
The SC3 markers function was used to determine the potential that each gene could be a 
marker for the cluster in which its mean expression value was the highest.  Genes are 
ordered by decreasing area under the receiver operating characteristic (AUROC) in 
clusters 1 (A), 2 (B), and 3 (C). 

 

When comparing the genes expressed in each group, we noticed that genes in 

clusters 1 and 3 seemed to represent known stage-specific markers in the P. falciparum 

IDC.  To determine their time-specific progression during the IDC, we employed two 

validation approaches, 1) comparison to previously published data of IDC progression 

and 2) RNA fluorescent in situ hybridization (RNA-FISH).  First, we compared the 

cluster-specific genes to a previously published microarray dataset, which represents the 



 

93 

most meticulous temporal analysis of the P. falciparum IDC to date (Bozdech et al., 2003).  

As expected, genes in clusters 1 and 3 followed a largely time-specific pattern, with 

cluster 1 characteristic of a trophozoite-to-schizont transition and cluster 3 

representative of schizonts (Figure 19).  As cells were synchronized during the ring stage 

a few hours after re-invasion, the majority of collected asexual single cells were 

predicted to be 34 hours post invasion (hpi).  However, given the limitation of current 

synchronization methods, the exact timing of any individual parasite may vary.  Cluster 

1 had the most cells and exhibited strong expression of SERA4, SERA5, and SERA7 

(Figure 18A).  These genes are highly expressed at 34 hpi, confirming our capture of this 

stage of the parasite and their identity as cluster 1 markers (Figure 19A).  Cluster 3 genes 

were also characteristic of cell cycle progression and represent schizonts past 34 hpi.  In 

previous data, strong upregulation of cluster 3 genes begins at 32 hpi and continues 

through 48 hpi, confirming our cluster 3 and capture of these later-stage parasites 

(Figure 19C).  Importantly, our single-cell data indicate that these genes are 

preferentially expressed in distinct groups of cells (Figure 18).  Unlike the synchronized 

parasite population at 34 hpi which appears to express both SERA and rhoptry genes 

highly (Figure 19), our single-cell transcriptomes show distinct transitions in gene 

expression in single parasites (Figure 18), a finding further validated using RNA-FISH.  

In contrast, the genes denoted as markers of cluster 2 were not expressed at one 

particular stage in bulk-cell microarray data (Figure 19B).  While some genes (e.g., 
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MESA and PIESP2) are highly expressed in early trophozoites, other genes, including 

MDR1 and AP2-L, are expressed in late schizonts and early rings (Figure 19B).  The 

expression timing of these cluster 2 markers is also distinct from the 34 hpi when we 

captured the parasites.  However, because these genes cluster together in single-cell 

analysis, it appears that cluster 2 specific genes exhibit co-expression not previously seen 

on a bulk-cell level.  In particular, EXP2, the top marker for cluster 2, is a component of 

the PTEX complex that is responsible for the export of P. falciparum proteins into host 

red blood cells.  Because it shows co-expression with MDR1 and other transporter genes, 

EXP2 was chosen for further validation of its single-cell expression. 
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 PF3D7_0416600, prohibitin-like protein, putative 
 PF3D7_0826900, conserved Plasmodium protein, unknown function 
 PF3D7_0501800, chromosome assembly factor 1 (CAF1) 
 PF3D7_0709100, Cg1 protein 
 PF3D7_0804400, methionine aminopeptidase 1c, putative (METAP1c) 
 PF3D7_1319400, conserved Plasmodium protein, unknown function 
 PF3D7_0935400, gametocyte development protein 1 (GDV1) 
 PF3D7_1034200, apicoplast ribosomal protein L27 precursor, putative 
 PF3D7_1106100, apicoplast ribosomal protein S15 precursor, putative 
 PF3D7_1249300, protein phosphatase, putative 
 PF3D7_0207600, serine repeat antigen 5 (SERA5) 
 PF3D7_0612200, leucine-rich repeat protein (LRR6) 
 PF3D7_0207700, serine repeat antigen 4 (SERA4) 
 PF3D7_1453200, conserved Plasmodium protein, unknown function 
 PF3D7_1028600, conserved Plasmodium protein, unknown function 
 PF3D7_0207400, serine repeat antigen 7 (SERA7) 
 PF3D7_0413500, phosphoglucomutase-2 (PGM2) 
 PF3D7_0310400, parasite-infected erythrocyte surface protein (PIESP1) 
 PF3D7_1364100, 6-cysteine protein (P92) 
 PF3D7_0904700, bacterial histone-like protein (HU) 
 PF3D7_1320100, ATP-dependent Clp protease adaptor protein ClpS, putative 
 PF3D7_1136000, conserved Plasmodium protein, unknown function 
 PF3D7_1331600, protein tyrosine phosphatase-like protein, putative (PTPLA) 
 PF3D7_1402800, conserved Plasmodium protein, unknown function 
 PF3D7_1033900, ubiquitin-conjugating enzyme, putative 
 PF3D7_1121300, tyrosine kinase-like protein (TKL2) 
 PF3D7_1122700, conserved Plasmodium protein, unknown function 
 PF3D7_0905800, conserved Plasmodium protein, unknown function 
 PF3D7_0607400, G-protein associated signal transduction protein, putative 
 PF3D7_1311400, AP-1 complex subunit mu, putative 
 PF3D7_0905100, nucleoporin NUP100/NSP100, putative (NUP100) 
 PF3D7_1334600, MSP7-like protein (MSRP3) 
 PF3D7_1408700, conserved Plasmodium protein, unknown function 

 PF3D7_0513300, purine nucleoside phosphorylase (PNP) 
 PF3D7_0318100, stomatin-like protein 
 PF3D7_1134000, heat shock protein 70 (HSP70-3) 
 PF3D7_1012400, hypoxanthine-guanine phosphoribosyltransferase (HGPRT) 
 PF3D7_1149100, Plasmodium exported protein, unknown function 
 PF3D7_0402000, Plasmodium exported protein (PHISTa), unknown function 
 PF3D7_0500800, mature parasite-infected erythrocyte surface antigen,erythrocyte membrane protein 2 (MESA) 
 PF3D7_1337100, protein kinase 6 (PK6) 
 PF3D7_0501200, parasite-infected erythrocyte surface protein (PIESP2) 
 PF3D7_1201000, Plasmodium exported protein (PHISTb), unknown function 
 PF3D7_0812500, RNA-binding protein, putative 
 PF3D7_0309600, 60S acidic ribosomal protein P2 (PfP2) 
 PF3D7_1103100, 60S acidic ribosomal protein P1, putative (RPP1) 
 PF3D7_1004000, 60S ribosomal protein L13, putative 
 PF3D7_1323100, 60S ribosomal protein L6, putative 
 PF3D7_1206200, eukaryotic translation initiation factor 3 subunit 8, putative 
 PF3D7_1216900, DNA-binding chaperone, putative 
 PF3D7_0322900, 40S ribosomal protein S3A, putative 
 PF3D7_1426100, basic transcription factor 3b, putative 
 PF3D7_1437900, HSP40, subfamily A, putative 
 PF3D7_1305300, conserved Plasmodium protein, unknown function 
 PF3D7_1426200, arginine methyltransferase 1 (PRMT1) 
 PF3D7_1129900, MFR5, transporter, putative 
 PF3D7_1471100, exported protein 2 (EXP2) 
 PF3D7_0523000, multidrug resistance protein (MDR1) 
 PF3D7_0730300, transcription factor with AP2 domain(s) (AP2-L) 
 PF3D7_1455100, protein tyrosine phosphatase, putative (PTP1) 

 PF3D7_0406000, conserved Plasmodium protein, unknown function 
 PF3D7_1313400, DEAD box helicase, putative 
 PF3D7_1014800, conserved Plasmodium protein, unknown function 
 PF3D7_1031100, conserved Plasmodium protein, unknown function 
 PF3D7_0206700, adenylosuccinate lyase (ASL) 
 PF3D7_0419800, 60S ribosomal protein L7ae/L30e, putative 
 PF3D7_1009800, conserved Plasmodium membrane protein, unknown function 
 PF3D7_1118800, conserved Plasmodium protein, unknown function 
 PF3D7_1112800, conserved Plasmodium protein, unknown function 
 PF3D7_1351600, glycerol kinase (GK) 
 PF3D7_1147200, tubulin--tyrosine ligase, putative 
 PF3D7_1423400, conserved Plasmodium membrane protein, unknown function 
 PF3D7_0515400, conserved Plasmodium protein, unknown function 
 PF3D7_0304100, inner membrane complex protein 1e, putative (IMC1e) 
 PF3D7_1366100, conserved Plasmodium protein, unknown function 
 PF3D7_0908500, conserved Plasmodium protein, unknown function 
 PF3D7_1007300, RING zinc finger protein, putative 
 PF3D7_1107800, transcription factor with AP2 domain(s) (ApiAP2) 
 PF3D7_1344300, conserved protein, unknown function 
 PF3D7_0617900, histone H3 variant, putative (H3.3) 
 PF3D7_0106000, conserved Plasmodium protein, unknown function 
 PF3D7_1401800, choline kinase (CK) 
 PF3D7_0819600, conserved Plasmodium protein, unknown function 
 PF3D7_0917400, conserved Plasmodium protein, unknown function 
 PF3D7_1205200, HAD domain ookinete protein, putative (HADO) 
 PF3D7_0810900, conserved Plasmodium protein, unknown function 
 PF3D7_1017100, rhoptry neck protein 12 (RON12) 
 PF3D7_1146600, CCAAT-box DNA binding protein subunit B (NFYB) 
 PF3D7_0932200, profilin, putative (PFN) 
 PF3D7_1223100, cAMP-dependent protein kinase regulatory subunit (PKAr) 
 PF3D7_1236900, conserved Plasmodium protein, unknown function 
 PF3D7_0831600, cytoadherence linked asexual protein 8 (CLAG8) 
 PF3D7_1129300, conserved Plasmodium protein, unknown function 
 PF3D7_0500900, serine/threonine protein kinase, FIKK family (FIKK5) 
 PF3D7_0501500, rhoptry-associated protein 3 (RAP3) 
 PF3D7_1463900, conserved Plasmodium membrane protein, unknown function 
 PF3D7_1310200, conserved Plasmodium protein, unknown function 
 PF3D7_1337700, conserved Plasmodium protein, unknown function 
 PF3D7_1409500, conserved Plasmodium protein, unknown function 
 PF3D7_0501600, rhoptry-associated protein 2 (RAP2) 
 PF3D7_0528400, palmitoyltransferase (DHHC7) 
 PF3D7_1009700, tubulin--tyrosine ligase, putative 
 PF3D7_1136200, conserved Plasmodium protein, unknown function 
 PF3D7_0613300, rhoptry protein (ROP14) 
 PF3D7_0404700, dipeptidyl aminopeptidase 3 (DPAP3) 
 PF3D7_0423300, conserved Plasmodium protein, unknown function 
 PF3D7_1012200, conserved Plasmodium protein, unknown function 
 PF3D7_0628100, HECT-domain (ubiquitin-transferase), putative 
 PF3D7_0405900, apical sushi protein (ASP) 
 PF3D7_0802600, adenylyl cyclase beta (ACbeta) 
 PF3D7_1452000, rhoptry neck protein 2 (RON2) 
 PF3D7_0707300, rhoptry-associated membrane antigen (RAMA) 
 PF3D7_0722200, rhoptry-associated leucine zipper-like protein 1 (RALP1) 
 PF3D7_1410400, rhoptry-associated protein 1 (RAP1) 
 PF3D7_0217500, calcium-dependent protein kinase 1 (CDPK1) 
 PF3D7_1361800, conserved Plasmodium protein, unknown function 
 PF3D7_0214900, rhoptry neck protein 6 (RON6) 
 PF3D7_0419700, apical merozoite protein (Pf34) 
 PF3D7_1035200, S-antigen 
 PF3D7_0522400, conserved Plasmodium protein, unknown function 
 PF3D7_1343800, conserved Plasmodium protein, unknown function 
 PF3D7_0817700, rhoptry neck protein 5 (RON5) 
 PF3D7_1436200, conserved Plasmodium protein, unknown function 
 PF3D7_0302500, cytoadherence linked asexual protein 3.1 (CLAG3.1) 
 PF3D7_0934800, cAMP-dependent protein kinase catalytic subunit (PKAc) 
 PF3D7_1323700, glideosome associated protein with multiple membrane spans 1 (GAPM1) 
 PF3D7_1335100, merozoite surface protein 7 (MSP7) 
 PF3D7_1140400, conserved Plasmodium protein, unknown function 
 PF3D7_1035900, probable protein, unknown function (M566) 
 PF3D7_1035300, glutamate-rich protein (GLURP) 
 PF3D7_1461400, conserved Plasmodium protein, unknown function 
 PF3D7_1423300, serine/threonine protein phosphatase 7 (PP7) 
 PF3D7_1423100, ankyrin, putative 
 PF3D7_1422200, conserved Plasmodium protein, unknown function 
 PF3D7_1431400, conserved Plasmodium protein, unknown function 
 PF3D7_0515700, glideosome-associated protein 40, putative (GAP40) 
 PF3D7_0905400, high molecular weight rhoptry protein 3 (RhopH3) 
 PF3D7_1252100, rhoptry neck protein 3 (RON3) 
 PF3D7_1228600, merozoite surface protein 9 (MSP9) 
 PF3D7_0929400, high molecular weight rhoptry protein 2 (RhopH2) 
 PF3D7_1229300, conserved Plasmodium protein, unknown function 
 PF3D7_1116000, rhoptry neck protein 4 (RON4) 
 PF3D7_1014900, conserved Plasmodium protein, unknown function 
 PF3D7_1313600, conserved Plasmodium protein, unknown function 
 PF3D7_1013800, conserved Plasmodium protein, unknown function 
 PF3D7_1313500, conserved Plasmodium membrane protein, unknown function 
 PF3D7_1321100, conserved Plasmodium protein, unknown function 
 PF3D7_1437300, conserved Plasmodium protein, unknown function  
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Figure 19: Hierarchical clustering of the top marker genes for each cluster from the 
microarray 48-hour time course published in Bozdech et al., 2003.  
The log2 (Cy5/Cy3) ratios for markers of clusters 1 (A), 2 (B), and 3 (C) were centered by 
the mean and clustered using complete linkage to examine their expression profile 
during the IDC.  The black arrow represents the expected stage of the harvested parasite 
population for scRNA-seq.  
 

3.3.4 RNA Fluorescent In Situ Hybridization Reveals Distinct Stage 
Transitions and Large Variations in Gene Expression Levels 

To more clearly define the distinct cell types associated with expression 

heterogeneity, we used RNA-FISH as a second validation method to determine the 

expression of these cluster-specific transcripts over multiple time points of the IDC.  

Specifically, we chose SERA4, EXP2, and RAP1 as representative markers for each 

cluster.  Parasites were collected approximately 32 to 38 hours post-synchronization and 

were staged based on size and morphology (Silamut et al., 1999).  These cells were 

stained by RNA-FISH for the three markers simultaneously and scored for their stage 

and expression of each marker.  In total, 647 parasites were counted, and 339 parasites 

exhibited expression of at least one of the three markers and were included in further 

analyses. 

First, we determined the percentage of cells expressing each marker at each 

stage.  As expected for genes in clusters 1 and 3, SERA4 and RAP1 showed a stage-

specific expression (Figure 20A).  The percentage of parasites expressing SERA4 began 

to increase dramatically in middle trophozoites and peaked in late trophozoites, with a 

majority of late trophozoites expressing this transcript.  As the percentage of SERA4-
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expressing cells decreased markedly in early schizonts (Figure 20A), RAP1 expression 

peaked and was expressed in nearly all parasites at this stage.  Next, we looked at EXP2 

expression.  Consistent with the previous expression data, EXP2 exhibited a variable and 

more complex gene expression pattern through the IDC (Figure 20A).  It was the only 

marker expressed in merozoites (Figure 20A and B).  In addition, EXP2 was also 

expressed highly in early trophozoites as well as late dividing schizonts (Figure 20A and 

B).  Therefore, the expression of cluster-specific marker genes followed a cluster 2, 

cluster 1, and cluster 3 progression.  This ordering and distinct clustering is consistent 

with the pseudotiming analysis of our scRNA-seq, which reveals the clear ordering of 

single parasites into distinct clusters that started from cluster 2 and progressed to cluster 

1, followed by cluster 3 (Figure 17C).  
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Figure 20: RNA-FISH reveals cell cycle progression of gene expression and a distinct 
pattern among expressing cells for markers SERA4 (cluster 1), EXP2 (cluster 2), and 
RAP1 (cluster 3).  
A) The percentage of cells expressing each marker gene was determined for the 
morphological stage of the parasite and plotted over time, indicating distinct cell cycle 
progression of gene expression with some overlap between markers during stage 
transition.  The number of expressing cells per stage is indicated by n.  B) Representative 
images for expression of markers during cell cycle progression, with parasites 
expressing EXP2 (red), SERA4 (green), and RAP1 (magenta).  Scale bar: 5 µm.  C) The 
pair-wise correlation between expression values measured for RNA-FISH markers 
SERA4 and RAP1 reveal wide variation in expression levels and separate expression.  
Values are relative fluorescence units.  D) The pair-wise correlation between expression 
values measured for RNA-FISH markers RAP1 and EXP2 reveal wide variation in 
expression levels and separate expression.  Values are relative fluorescence units.      
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Among individual parasites, the expression of SERA4 and RAP1 generally did 

not overlap, with dominant expression of either SERA4 or RAP1 in each cell (Figure 20B 

and C).  This indicates stage-specific expression of SERA4 and RAP1 in each cell with a 

distinct transition, a pattern also observed in a previous scRNA-seq study (Reid et al., 

2018).  Such a distinct transition between stages differs from the previously understood 

smooth transition during progression of the IDC (Bozdech et al., 2003) as seen in bulk-

cell datasets (Figure 19).  For instance, RAP1 is highly expressed starting at 32 hours 

post-invasion through 4 hours after reinvasion, spanning around 20 hours, as shown in 

previous microarray data (Figure 19).  However, our RNA-FISH analysis suggests that 

its expression primarily occurs only in schizonts 38-44 hours post-invasion (Figure 20A 

and B).  Additionally, in late schizonts, the expression of EXP2 was separate from RAP1, 

which was expressed in schizonts more than four hours from bursting (Figures 20A, B, 

and D). 

Our single-cell data also revealed unexpected large variations in the expression 

levels of SERA4 and RAP1 among parasites expressing either only stage-specific SERA4 

or RAP1 (Figure 21A and B, Figure 22A and B).  For example, the relative fluorescence 

units (RNA-FISH) of SERA4 in late trophozoites with exclusive SERA4 expression 

ranged from 87.4 to 223.8 (Figure 21A), indicating a wide range of transcription.  

Likewise, a separate RNA-FISH experiment using SERA4 and RAP1 together with actin 

I as marker genes also showed a wide distribution in SERA4 transcript levels in late 
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trophozoites, ranging from 100.9 to 258.6 relative fluorescence units in this independent 

dataset (Figure 22A).  In the scRNA-seq data, the normalized reads of SERA4 in cluster 1 

parasites, which expressed many SERA genes, ranged from 377.8 to 46,103.5. (Figure 

21B).  Similarly, the expression levels of RAP1 assessed by RNA-FISH in individual early 

schizonts with only RAP1 expression ranged from 54.6 to 1338.0 relative fluorescence 

units (Figure 21A).  Such individual heterogeneity was further validated by an 

independent RNA-FISH experiment, showing that the distribution of RAP1 ranged from 

117.2 to 2048.2 relative fluorescence units (Figure 22B).  Among the individual parasites 

in cluster 3, which is characterized by the expression of rhoptry-associated genes, the 

number of normalized RNA-seq reads ranged from 10,223.9 to 96,706.5 (Figure 21B).  

Such wide variations of stage-specific SERA4 and RAP1 expression among individual 

parasites may represent an additional level of regulation not seen in previous analyses.  

However, it is also possible that the apparent varying expression levels may result from 

minor differences in IDC progression of individual parasites that is not distinguished by 

morphological staging. 
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Figure 21: Single-cell analyses indicate wide variation among expressing cells for 
markers SERA4 (cluster 1), EXP2 (cluster 2), and RAP1 (cluster 3).   
A) Individual parasites were measured for their mean fluorescence intensity 
representative of RNA expression for each marker, which showed wide variation in the 
expression levels among the exclusive marker-expressing parasites during each stage.  
Error bars represent the median with the interquartile range.  B) Individual parasite 
single-cell transcriptomes were assessed for their normalized reads of marker genes 
representative of each cluster, which showed wide variation in the number of counts per 
cell.  Only expressed values are shown.  Error bars represent the median with the 
interquartile range.       
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Figure 22: RNA-FISH analyses indicate wide variation among expressing cells for A) 
SERA4 (late trophozoites) and B) RAP1 (early schizonts).   
Individual parasites were measured for their mean fluorescence intensity representative 
of RNA expression for each marker, which showed wide variation in the expression 
levels among the exclusive marker-expressing parasites.  Error bars represent the 
median with the interquartile range. 

 

Among the EXP2-expressing late schizonts, there was also dramatic and large 

individual variation in the levels of EXP2 expression, which ranged from 113.8 to 1149.1 

relative fluorescence units (RNA-FISH) (Figure 21A).  Consistent with this data, cluster 2 

parasites from scRNA-seq showed a distribution of 1669.8 to 15,843.8 normalized reads 

for EXP2 (Figure 21B).  Such variability in gene expression among individual cells was 

undetected at a population level, and could indicate the existence of persistently low or 

high EXP2 expressers within a population or quick bursts of transcription in small 

numbers of cells relative to the larger population.  This trend is in line with wide 

variability in SERA4 and RAP1 expression (Figures 20C, 21A and B, and Figure 22A and 
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B).  If cell-to-cell variability in the expression of EXP2 or other transporters holds true, 

perhaps high expressing cells exhibit different phenotypes, such as enhanced invasion 

ability or a proclivity towards drug resistance.  As an asexually dividing population, 

perhaps P. falciparum exhibits such transcriptional variability as a means to better 

survive its host environment, with some cells inclined to resist stresses better than 

others.  These findings could have great implications for how malaria parasites adapt to 

various stresses and develop resistance under treatment.  

 

3.3.5 Summary 

This chapter presents one of the first scRNA-seq studies of P. falciparum and 

examines the transcriptional heterogeneity that exists in a parasite population.  

Collectively, the single-cell data identify novel gametocyte-specific genes, group asexual 

parasites into three separate clusters, and indicate that there are distinct transitions in 

the transcriptional program during the latest stages of the IDC, a phenomenon 

previously masked in population analyses due to noise from other cells.  Furthermore, 

this analysis shows that EXP2 is expressed at multiple times during the life cycle.  The 

co-expression of EXP2 with transporter genes indicates a potential shared mechanism of 

co-regulation, especially since the expression of other PTEX components is absent in 

scRNA-seq.  An understanding of this unusual and hidden transcriptional timing is 
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fundamental to our knowledge of P. falciparum transcriptional regulation and 

expression, especially as it relates to malaria drug targets. 
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4. Conclusion 

4.1 Key Findings of Single-Cell Studies 

Most malaria studies focus on population analyses that can only capture the 

average gene expression of many parasites.  These studies are limited in their ability to 

detect rare populations and heterogeneous gene expression.  With the recent availability 

of various single-cell based methods, single-cell qPCR and RNA-seq have been applied 

in different biological contexts to reveal cellular heterogeneity, identify rare cell types, 

and unravel developmental pathways.  Recently, single-cell approaches have been 

applied to P. falciparum, including the work presented in this thesis.   

Single-cell technology is most applicable to the gametocyte stage of P. falciparum, 

as much remains unknown about sexual commitment and differentiation of the parasite.  

To this end, we used the Fluidigm C1 microfluidic system for single-cell qPCR of 

annotated male- and female-specific genes, where we uncovered a large number of sex-

specific transcripts involved in gametocyte development, described in chapter 2 of this 

thesis (Walzer et al., 2018).  Other groups have done low-coverage scRNA-seq to resolve 

gene expression in the earliest stages of sexual commitment.  In one study, analysis of 

thousands of single-cell transcriptomes positive for AP2-G expression identified gene 

signatures and 19 additional regulators of sexual commitment in two parasite strains 

(Poran et al., 2017).  A similar study with hundreds of single-cell transcriptomes from 

sexually committed parasites found 10 genes that defined sexual commitment and 125 
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more that were significantly co-expressed with this group (Brancucci et al., 2018).  

However, these two scRNA-seq studies only had three overlapping genes that were 

significantly upregulated in sexually committed parasites (Brancucci et al., 2018), calling 

for more single-cell analyses targeting the commitment stage. 

Three other scRNA-seq studies, using different single-cell isolation methods, 

looked at multiple life cycle stages and optimized high-coverage Smart-Seq protocols for 

use in P. berghei and P. falciparum populations, including the research presented in 

chapter 3 of this thesis (Ngara et al., 2018; Reid et al., 2018).  A comparison of these 

scRNA-seq studies indicates that approximately 2000 genes are expressed during the 

late asexual stages of the P. falciparum IDC, as an average of 2002 transcripts were 

detected in our study and an average of 1712 transcripts were detected in another (Reid 

et al., 2018).  The third study found on average 300-800 transcripts expressed during 

asexual stages (Ngara et al., 2018), suggesting that the sorting method and other 

technical issues could have led to lower numbers of detected genes.  Therefore, this 

makes our scRNA-seq work most comparable to the Reid et al. study, which looked at 

multiple aspects of the P. berghei and P. falciparum life cycles, including gene expression 

in stage V gametocytes.  This revealed male- and female-associated AP2 transcription 

factors (Reid et al., 2018), which strongly supports our single-cell qPCR findings of 

PF3D7_1107800 and AP2-O being female specific (Reid et al., 2018; Walzer et al., 2018).  

Also similar to our single-cell qPCR work (with strain 3d7a) (Walzer et al., 2018), very 
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few P. falciparum male gametocytes were collected, with only 5 males in a sample set of 

191 gametocytes (of strain 3d7-HTGFP) (Reid et al., 2018).  This indicates that the male P. 

falciparum population can be very limiting, which could have big impacts on the success 

of transmission and sexual reproduction.  In fact, higher male ratios result in greater 

transmission success at low gametocyte densities, but they diminish success at higher 

densities (Mitri et al., 2009).  This suggests that sex ratio is density-dependent and could 

aid in the search for signaling pathways involved in mating-type determination.  

The Reid et al. study also focused on P. falciparum and P. berghei late stage asexual 

parasites and revealed abrupt stage transitions.  Our scRNA-seq analysis generally 

agrees with this study but also uncovers significant novel insights.  First, our 

comparison of asexual and sexual parasites identified multiple gametocyte-specific 

genes that were not described in previous proteomic, microarray, or sequencing studies 

(Lasonder et al., 2002; Lopez-Barragan et al., 2011; Silvestrini et al., 2005; Young et al., 

2005), including eight that were validated by qPCR.  Of these eight, four have unknown 

functions and the other four putatively include a peptidase, kinesin, RAP protein, and 

AAA family ATPase, the most highly induced.  Further investigation is needed to 

elucidate their roles in gametocytogenesis and sexual reproduction.  Second, our data 

suggests a more complicated expression pattern during schizogony, with distinct 

transitions from SERA to rhoptry expression and then rhoptry to EXP2 expression, 

previously masked in population analyses.  Reid et al. and Poran et al. also showed these 



 

108 

distinct transitions by using pseudotime analysis.  Additionally, Reid et al. demonstrated 

that expression of microneme and inner membrane complex (IMC) genes followed 

rhoptry expression, but this was only captured in P. berghei and not P. falciparum.  Drop-

seq of thousands of P. falciparum parasites was able to capture the subsequent expression 

of microneme and IMC genes as well as CDPK5 after rhoptry expression in P. falciparum 

(Poran et al., 2017).  In contrast to these studies, our RNA-FISH data, together with 

morphological staging, have independently verified and ordered cells according to their 

gene expression.  In particular, this approach showed that EXP2 is expressed at multiple 

times throughout the life cycle.  Our analyses also revealed a wide distribution in the 

number of transcripts expressed among different marker-expressing parasites, 

uncovering another layer of transcriptional heterogeneity in the population.  These cell-

to-cell disparities in the expression level are most strikingly seen in schizonts expressing 

either RAP1 or EXP2 in our RNA-FISH dataset, and scRNA-seq confirms this variability.  

Importantly, similar validation methods may be used to analyze transcripts with non-

conventional expression patterns and large variations uncovered by scRNA-seq analysis. 

 

4.2 Implications of Cell-to-Cell Expression Variability 

Cell-to-cell expression variability in specific genes/proteins may lead to 

significant functional heterogeneity among different parasites and enhance the overall 

population fitness.  This heterogeneity may contribute to P. falciparum’s ability to adapt 
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to various stresses, different host environments, and drug treatments, with some 

parasites better equipped to handle fluctuations and/or stresses than others.  Recently, it 

was shown that higher expression levels of EXP2 are correlated with higher numbers of 

merozoites produced per dividing schizont, indicating that EXP2 is important for 

parasite fitness (Garten et al., 2018).  These high EXP2 expressers may also have an 

increased ability to invade new erythrocytes or may be more likely to develop drug 

resistance.  Likewise, the varying expression of MDR1 may allow a sub-population of 

parasites to survive drug treatment.  Such clonal fitness under stress may help to explain 

the association of MDR1 expression with the emergence of drug resistance.  Similarly, 

rhoptry proteins of Plasmodium are implicated in the invasion of new host erythrocytes. 

The cell-to-cell variations in the levels of rhoptry expression may affect the parasite’s 

invasion ability and the selection of erythrocytes to invade, including new versus aging 

erythrocytes.  Therefore, such cell-to-cell variations of gene expression may enhance the 

adaptability of the parasite population to maintain homeostasis as it goes through 

different host environments and a wide variety of stresses.  These huge cell-to-cell 

variations in the expression levels could have implications for drug development and 

resistance, immune pressures, and malaria disease severity and clinical outcomes. 
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4.3 Sources of Cell-to-Cell Transcriptional Diversity 

 Importantly, as sexual reproduction only occurs in the mosquito, asexually 

replicating haploid cells putatively form clonal populations with little genetic diversity.  

Furthermore, all of the analyzed single parasites come from a population that has been 

cultured in the same media with identical conditions.  Even with these identical genetic 

and environmental factors, our data clearly indicate that there are incredible levels of 

cell-to-cell variation that have not been recognized in previous population analyses.  

Therefore, elucidating the genetic basis and sources of cell-to-cell variations will be of 

high interest.  

First, it is possible that there are epigenetically controlled mechanisms that 

enhance or repress stage-specific gene expression programs in each individual parasite.  

Such epigenetic regulation of expression levels in P. falciparum has been described for var 

genes (Flueck et al., 2009; Gomez-Diaz et al., 2017) and sexual commitment (Filarsky et 

al., 2018).  Additionally, genetically homogenous parasite populations can be 

epigenetically highly heterogeneous, with transcriptionally diverse populations having 

the ability to quickly adapt to stress (Rovira-Graells et al., 2012).  A previous study has 

also shown that transcript level variation is strongly influenced by parasite genotype 

and can be controlled by several regulatory hotspots in the genome, including a region 

associated with multiple drug resistance (Gonzales et al., 2008).  Transcriptional 

heterogeneity also results from sporadic bursts of gene expression in a small number of 
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parasites that is transient and not passed along to the next generation.  Finally, it is 

possible that cell-to-cell expression variations may also result from the intrinsic and 

extrinsic genetic noise noted in other systems (Raser and O'Shea, 2005).  RAP1 and other 

highly variably expressed genes can be used to investigate the underlying mechanisms 

and potential contributions of transcriptional bursts or genetic noise.  

 

4.4 Future Studies 

4.4.1 Functional Studies of Novel Male Gametocyte Genes 

Our transcriptional analyses of male and female gametocytes identified 

PF3D7_1325200 and PF3D7_1311100 as the top male-specific genes (Walzer et al., 2018).  

These are great candidates for functional study as their roles in Plasmodium species are 

unknown.  Furthermore, both genes are dispensable and do not affect parasite growth 

rates according to a large-scale P. berghei knockout study (PlasmoGEM) (Bushell et al., 

2017).  The introduction of CRISPR-Cas9 technology to P. falciparum has greatly 

enhanced the ability to perform such knockout studies, which can now be completed 

within a month as opposed to the 2-4 months seen with previous methods (Ghorbal et 

al., 2014; Wagner et al., 2014).       

Interestingly, these genes may function at different stages of male development.  

In a flow sorting study of males and females, PF3D7_1325200 was found in both the 

male transcriptome and proteome, while PF3D7_1311100 was only found in the male 
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transcriptome (Lasonder et al., 2016).  This suggests that PF3D7_1325200 functions in 

male gametocyte development while PF3D7_1311100 plays a role in male gametogenesis 

or the fertilization stage.  PF3D7_1325200 is a putative lactate dehydrogenase, which is 

an enzyme that catalyzes the conversion of pyruvate to lactate and back.  As lactate is an 

end product of glycolysis, this suggests that glycolysis is important for male gametocyte 

development, as it is required for male gamete flagellar motility (Talman et al., 2014).  

On the other hand, PF3D7_1311100 is a putative meiosis-specific nuclear structural 

protein 1.  Its homolog in mice was found to be essential for normal assembly of the 

sperm flagella (Zhou et al., 2012), meaning it likely plays a role in exflagellation and 

motility of the male gamete in Plasmodium species.  Likewise, this potentially makes 

PF3D7_1311100 a good target for transmission-blocking strategies, as its disruption 

would likely inhibit P. falciparum fertilization.  

 

4.4.2 Single-Cell Phenotyping   

Genes like PF3D7_1325200 and PF3D7_1311100 are expressed in a gender-

specific manner as early as stage III gametocytogenesis, but the genes and signals 

involved in mating-type determination still have not been resolved.  To this end, we 

developed an extended time-lapse fluorescence microscopy system to follow individual 

parasites during multiple cycles of intraerythrocytic development (Park et al., 2018).  

While our study focused on the temporal dynamics and cell-to-cell variability of the 
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asexual cycle, our system can be applied to parasites from multiple life cycle stages, as 

we were able to measure parasite bursting for over 80 hours (Park et al., 2018).  In fact, 

this system is ideal for gene expression studies on sexual commitment.  In addition to 

AP2-G, a number of genes have been implicated as regulators of sexual commitment, 

but their roles are currently unknown (Brancucci et al., 2018; Poran et al., 2017).  By 

using dual fluorescence reporters (GFP and RFP), the expression timing of these genes 

can be determined, particularly in relation to AP2-G.  This will reveal regulators 

upstream of AP2-G and identify pathways involved in sexual commitment.  

Furthermore, these candidate genes can be assessed for their roles in sex determination 

and male- or female-specific pathways. 

Extended time-lapse microscopy can also be used to assess high versus low 

expressers in a parasite population and determine their fate.  Such cell-to-cell 

transcriptional variability can benefit the entire population by making some parasites 

more resistant to stress and environmental perturbations than others.  For instance, 

parasites with higher expression of invasion-related genes may invade new erythrocytes 

more quickly or have the ability to infect a greater variety of erythrocytes.  Parasites 

with low expression of transporter genes may have a different response to drug 

treatment than parasites with high expression of transporter genes.  With the time-lapse 

system, parasites can be challenged under multiple conditions to see which groups 
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flourish, providing a better idea of how transcriptional dynamics ultimately shape a 

population.    

 

4.4.3 Additional Applications of Single-Cell RNA-Seq for Plasmodium 

We envision that scRNA-seq combined with RNA-FISH will have broader 

applications in the malaria field.  For example, similar single-cell approaches can be 

used to determine gene expression in malaria-infected erythrocytes in patients during 

the natural progression of the disease or during drug treatment.  We can identify the 

rare drug-resistant parasites that emerge during drug treatment due to their fitness 

advantage and devise strategies to prevent drug resistance.  In addition, since 

erythrocytes also have RNA transcripts (Chen et al., 2017) with the potential for 

regulating malaria infection (Walzer and Chi, 2017) and intercellular communication 

(Regev-Rudzki et al., 2013), it will be interesting to perform parallel transcriptome 

profiling of the host erythrocytes and infecting parasites to identify novel genetic 

determinants of invasion.  Preliminary 10x Genomics data from our lab suggests that 

there are multiple subtypes of erythrocytes, as their single-cell transcriptomes cluster 

into at least 11 distinct groups.  Our goal is to perform dual scRNA-seq using 10x 

Genomics to see if parasites are more likely to invade the erythrocytes from one or more 

of these groups.  Similar approaches can also be used to dissect host-pathogen 

interactions in hepatocyte and mosquito host cells.    
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One of the main advantages of scRNA-seq is that it resolves the gene expression 

in rare cell types and developmental transitions.  In Plasmodium, this has already 

revealed additional regulators of sexual commitment (Brancucci et al., 2018; Poran et al., 

2017).  Future single-cell studies must focus on identifying the molecular determinants 

of mating type and the subsequent differentiation into male and female gametocytes.  

Additionally, high-coverage scRNA-seq of sexually committed parasites will provide 

more information about complex transcriptional patterns, including novel splice 

variants and regulatory antisense transcripts like gdv1.  Single-cell studies will also aid 

in our understanding of the transcriptional events that trigger hypnozoite formation and 

activation in certain malaria species.  Finally, scRNA-seq studies are paramount to 

learning more about Plasmodium species that cannot be cultured in the laboratory, 

including the widespread P. vivax.  

 

4.5 Synopsis  

Here we used the Fluidigm C1 microfluidic system to capture individual P. 

falciparum parasites and perform single-cell analyses on the asexual and sexual stages.  

We first optimized the C1 system for single-cell gene expression assays of P. falciparum 

mid-to-late stage gametocytes and compared the expression of 91 genes, including 87 

gametocyte-specific genes, in 90 single cells.  Clustering analysis determined that many 

genes grouped in a gender-specific manner.  Furthermore, a small number of male 
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gametocytes clustered separately from female gametocytes based on gender-specific 

expression independent of stage, a finding validated using RNA-FISH.  These results 

revealed the most robust markers for male and female gametocytes and indicated that 

many are expressed in a mutually exclusive pattern.  Importantly, these gender-specific 

markers can now be used to accurately determine gametocyte numbers and male-to-

female ratios in field isolates.  They are also candidates for transmission-blocking 

strategies.  

Next we isolated asexual and sexual parasites using the C1 microfluidic system 

and applied a Smart-Seq protocol to perform scRNA-seq.  Through scRNA-seq, we 

identified a large number of previously undefined gametocyte-specific genes as well as 

three unexpected populations of asexual parasites with distinct gene expression.  

Furthermore, we validated our scRNA-seq data using RT-PCR (gametocyte-specific 

genes) and RNA-FISH (cluster-specific markers EXP2, SERA4, and RAP1) across 

multiple time points.  While the transcriptional programs of P. falciparum during the 

asexual IDC were originally described as highly choreographed with smooth transitions 

between stages, our scRNA-seq and RNA-FISH data uncovered distinct stage transitions 

as well as additional layers of heterogeneity not previously observed on the population 

level.  SERA4- and RAP1-expressing parasites corresponded to the expected IDC stages 

but exhibited significantly varied expression levels among individual cells of the same 

stage, with high expressers and low expressers.  In addition, the transition from SERA4 
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to RAP1 expression of individual parasites was largely distinct, with dominant 

expression of either SERA4 or RAP1 in each parasite.  This is consistent with another 

scRNA-seq paper (Reid et al., 2018).  The transition from RAP1 to EXP2 expression was 

also distinct and unexpected in late schizonts, indicating the potential for specific 

transcriptional programs over the IDC.  Additionally, EXP2 was transcribed at multiple 

times during the IDC, including the early trophozoite and late schizont stages.  Overall, 

these findings demonstrate the existence of additional regulatory layers and latent 

heterogeneity in P. falciparum populations that have been masked in population 

analyses.  The regulatory mechanisms governing this heterogeneity may provide 

important novel insights into the transcriptional programs and phenotypic fitness of the 

parasite population during different stages of the IDC, with great ramifications on drug 

and vaccine development. 
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Appendix A. Gametocyte-Specific Genes Revealed by 
scRNA-Seq  

This appendix includes a list of the 340 genes upregulated in gametocytes 

relative to asexual parasites.  The area under the receiver operating characteristic 

(AUROC) cutoff value was set to 0.7.    

Table 4. List of 340 gametocyte-specific genes revealed by scRNA-seq. 

Gene_ID Gene_Description AUROC 
PF3D7_0517800 apicortin, putative 1 

PF3D7_0816500 
small heat shock protein HSP20, 
putative (HSP20) 1 

PF3D7_1020300 
cytoplasmic dynein intermediate chain, 
putative 1 

PF3D7_0421900 
conserved Plasmodium protein, 
unknown function 1 

PF3D7_0213800 
conserved Plasmodium protein, 
unknown function 1 

PF3D7_1012500 phosphoglucomutase, putative 1 
PF3D7_1412500 actin II (ACT2) 1 

PF3D7_1466000 
conserved Plasmodium protein, 
unknown function 1 

PF3D7_1247800 dipeptidyl aminopeptidase 2 (DPAP2) 1 

PF3D7_0630200 
secreted ookinete protein, putative 
(PSOP6) 1 

PF3D7_1221100 
conserved Plasmodium protein, 
unknown function 1 

PF3D7_1141100 
conserved Plasmodium protein, 
unknown function 1 

PF3D7_0528900 
conserved Plasmodium protein, 
unknown function 1 

PF3D7_0825700 
conserved Plasmodium protein, 
unknown function 1 
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PF3D7_0722800 
conserved Plasmodium protein, 
unknown function 1 

PF3D7_1141900 
inner membrane complex protein 1b, 
putative (IMC1b) 1 

PF3D7_1429300 CPW-WPC family protein 1 

PF3D7_1031000 
25 kDa ookinete surface antigen 
precursor (Pfs25) 1 

PF3D7_1103500 CPW-WPC family protein 1 

PF3D7_1230100 
thioredoxin-like associated protein 1, 
putative (TLAP1) 1 

PF3D7_1438800 
conserved Plasmodium protein, 
unknown function 1 

PF3D7_1220000 
conserved Plasmodium protein, 
unknown function 0.995652174 

PF3D7_0904200 
conserved Plasmodium protein, 
unknown function 0.995652174 

PF3D7_1121800 petidase, M16 family 0.995652174 

PF3D7_1239400 
conserved Plasmodium protein, 
unknown function 0.995652174 

PF3D7_0715400 
secreted ookinete protein, putative 
(PSOP20) 0.995652174 

PF3D7_0525300 
conserved Plasmodium protein, 
unknown function 0.995652174 

PF3D7_0825300 conserved protein, unknown function 0.995652174 

PF3D7_1006000 
conserved Plasmodium protein, 
unknown function 0.995652174 

PF3D7_0205100 
conserved Plasmodium protein, 
unknown function 0.995652174 

PF3D7_0524800 
ubiquitin fusion degradation protein 
UFD1, putative 0.991304348 

PF3D7_1218800 
secreted ookinete protein, putative 
(PSOP17) 0.991304348 

PF3D7_0825800 
conserved Plasmodium protein, 
unknown function 0.991304348 

PF3D7_1465600 
conserved Plasmodium protein, 
unknown function 0.991304348 

PF3D7_1461700 
conserved Plasmodium protein, 
unknown function 0.991304348 
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PF3D7_1474200 
conserved Plasmodium membrane 
protein, unknown function 0.991304348 

PF3D7_1210200 zinc finger protein, putative 0.986956522 

PF3D7_1466600 
conserved Plasmodium protein, 
unknown function 0.986956522 

PF3D7_0522900 zinc finger protein, putative 0.986956522 
PF3D7_1139500 AAA family ATPase, putative 0.986956522 

PF3D7_0418800 
conserved Plasmodium protein, 
unknown function 0.986956522 

PF3D7_1327300 
conserved Plasmodium protein, 
unknown function 0.986956522 

PF3D7_0915800 glycolipid transfer protein, putative 0.986956522 

PF3D7_1109100 
conserved Plasmodium protein, 
unknown function 0.986956522 

PF3D7_1248400 
conserved Plasmodium protein, 
unknown function 0.986956522 

PF3D7_0320200 CPW-WPC family protein 0.986956522 

PF3D7_0214400 
conserved Plasmodium protein, 
unknown function 0.986956522 

PF3D7_1020200 
conserved Plasmodium protein, 
unknown function 0.986956522 

PF3D7_1410000 
tetratricopeptide repeat family protein, 
putative 0.982608696 

PF3D7_0813800 GDP-mannose 4,6-dehydratase (GMD) 0.982608696 
PF3D7_0209000 6-cysteine protein (P230) 0.982608696 

PF3D7_0936400 ring-exported protein 4 (REX4) 0.982608696 

PF3D7_0421700 
conserved Plasmodium protein, 
unknown function 0.982608696 

PF3D7_1316000 protein kinase, putative 0.982608696 

PF3D7_1361300 
conserved Plasmodium protein, 
unknown function 0.982608696 

PF3D7_0203800 
conserved Plasmodium protein, 
unknown function 0.982608696 

PF3D7_0913800 
conserved Plasmodium protein, 
unknown function 0.97826087 
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PF3D7_0805300 
conserved Plasmodium protein, 
unknown function 0.97826087 

PF3D7_1328600 
conserved Plasmodium protein, 
unknown function 0.97826087 

PF3D7_1409800 
RNA binding protein Bruno, putative 
(HoBo) 0.97826087 

PF3D7_0406900 
conserved Plasmodium protein, 
unknown function 0.97826087 

PF3D7_0417900 
conserved Plasmodium protein, 
unknown function 0.97826087 

PF3D7_0419000 
conserved Plasmodium protein, 
unknown function 0.97826087 

PF3D7_1131700 
conserved Plasmodium protein, 
unknown function 0.97826087 

PF3D7_1311100 
conserved Plasmodium protein, 
unknown function 0.97826087 

PF3D7_1322900 
conserved Plasmodium protein, 
unknown function 0.97826087 

PF3D7_1143100 
transcription factor with AP2 
domain(s) (AP2-O) 0.97826087 

PF3D7_0920300 
conserved Plasmodium protein, 
unknown function 0.97826087 

PF3D7_0417000 
conserved Plasmodium protein, 
unknown function 0.973913043 

PF3D7_1445400 
protein serine/threonine kinase-1 
(CLK1) 0.973913043 

PF3D7_0304100 
inner membrane complex protein 1e, 
putative (IMC1e) 0.973913043 

PF3D7_0828800 
GPI-anchored micronemal antigen 
(GAMA) 0.973913043 

PF3D7_1131500 
conserved Plasmodium protein, 
unknown function 0.973913043 

PF3D7_1250400 
conserved Plasmodium protein, 
unknown function 0.973913043 

PF3D7_1471600 
conserved Plasmodium protein, 
unknown function 0.973913043 

PF3D7_1006300 
conserved Plasmodium protein, 
unknown function 0.973913043 
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PF3D7_1126800 RNA-binding protein, putative 0.973913043 

PF3D7_0114000 exported protein family 1 (EPF1) 0.973913043 

PF3D7_0925100 
conserved Plasmodium protein, 
unknown function 0.973913043 

PF3D7_1245600 kinesin, putative 0.969565217 

PF3D7_0315200 
circumsporozoite- and TRAP-related 
protein (CTRP) 0.965217391 

PF3D7_1413200 
conserved Plasmodium protein, 
unknown function 0.965217391 

PF3D7_1453600 RAP protein, putative 0.965217391 

PF3D7_0318000 
conserved Plasmodium protein, 
unknown function 0.960869565 

PF3D7_0924900 
alpha-tubulin N-acetyltransferase, 
putative 0.960869565 

PF3D7_1466100 
protein phosphatase containing kelch-
like domains (PPKL) 0.960869565 

PF3D7_1471800 
conserved Plasmodium protein, 
unknown function 0.960869565 

PF3D7_1203300 
conserved Plasmodium protein, 
unknown function 0.960869565 

PF3D7_1207700 blood stage antigen 41-3 precursor 0.960869565 

PF3D7_1038400 gametocyte-specific protein (Pf11-1) 0.960869565 
PF3D7_1440500 allantoicase, putative 0.956521739 

PF3D7_0630900 
ATP-dependent RNA helicase HAS1 
(HAS1) 0.956521739 

PF3D7_0628900 RAP protein, putative 0.956521739 

PF3D7_1214800 
conserved Plasmodium protein, 
unknown function 0.956521739 

PF3D7_0108400 mitochondrial carrier protein, putative 0.956521739 

PF3D7_0323800 
conserved Plasmodium protein, 
unknown function 0.956521739 

PF3D7_0805100 
conserved Plasmodium protein, 
unknown function 0.956521739 
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PF3D7_1309900 
conserved Plasmodium protein, 
unknown function 0.952173913 

PF3D7_0810600 RNA helicase, putative 0.952173913 

PF3D7_1023300 
conserved Plasmodium protein, 
unknown function 0.952173913 

PF3D7_0922300 
conserved Plasmodium protein, 
unknown function 0.952173913 

PF3D7_1017400 

haloacid dehalogenase-like hydrolase, 
putative,phosphomannomutase, 
putative (PMM) 0.952173913 

PF3D7_1215400 
conserved Plasmodium protein, 
unknown function 0.952173913 

PF3D7_0616500 TRAP-like protein (TLP) 0.952173913 

PF3D7_1026100 
conserved Plasmodium protein, 
unknown function 0.952173913 

PF3D7_1206600 
DNA-directed RNA polymerase III 
subunit, putative 0.952173913 

PF3D7_0504500 
conserved Plasmodium protein, 
unknown function 0.952173913 

PF3D7_0911500 
conserved Plasmodium protein, 
unknown function 0.952173913 

PF3D7_1114200 GTPase-activating protein, putative 0.947826087 

PF3D7_1222800 
conserved Plasmodium protein, 
unknown function 0.947826087 

PF3D7_0710500 
conserved Plasmodium protein, 
unknown function 0.947826087 

PF3D7_1369300 
conserved Plasmodium protein, 
unknown function 0.947826087 

PF3D7_0831300 
Plasmodium exported protein, unknown 
function (GEXP13) 0.947826087 

PF3D7_1118800 
conserved Plasmodium protein, 
unknown function 0.947826087 

PF3D7_1448600 SNARE protein, putative (VTI1) 0.947826087 
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PF3D7_0603600 
conserved Plasmodium protein, 
unknown function 0.943478261 

PF3D7_0514500 
conserved Plasmodium membrane 
protein, unknown function 0.943478261 

PF3D7_1410100 alpha/beta hydrolase, putative 0.943478261 
PF3D7_0311400 protein kinase, putative 0.943478261 

PF3D7_0531400 
conserved Plasmodium protein, 
unknown function 0.943478261 

PF3D7_1453100 dynactin subunit 4, putative 0.943478261 

PF3D7_0928800 
serine/threonine protein kinase, 
putative 0.939130435 

PF3D7_1461200 
U3 small nucleolar ribonucleoprotein 
protein IMP3, putative (IMP3) 0.939130435 

PF3D7_1322700 
conserved Plasmodium protein, 
unknown function 0.939130435 

PF3D7_1034300 
thioredoxin-like associated protein 2, 
putative (TLAP2) 0.939130435 

PF3D7_0925000 
conserved Plasmodium protein, 
unknown function 0.939130435 

PF3D7_1469900 
conserved Plasmodium protein, 
unknown function 0.939130435 

PF3D7_0724200 
type 2A phosphatase-associated 
protein 42, putative (TAP42) 0.939130435 

PF3D7_1126500 
conserved Plasmodium protein, 
unknown function 0.939130435 

PF3D7_0928100 
conserved Plasmodium protein, 
unknown function 0.934782609 

PF3D7_1333400 conserved protein, unknown function 0.934782609 

PF3D7_0211400 
beta-ketoacyl-ACP synthase III 
(KASIII) 0.934782609 

PF3D7_0409300 
conserved Plasmodium protein, 
unknown function 0.934782609 

PF3D7_1340500 
conserved Plasmodium protein, 
unknown function 0.934782609 



 

125 

PF3D7_0729900 dynein heavy chain, putative 0.934782609 

PF3D7_1008800 nucleolar protein 5, putative (NOP5) 0.934782609 

PF3D7_0523700 
conserved Plasmodium membrane 
protein, unknown function 0.934782609 

PF3D7_1016000 
conserved Plasmodium protein, 
unknown function 0.934782609 

PF3D7_1345100 thioredoxin 2 (TRX2) 0.934782609 

PF3D7_0106700 
small ribosomal subunit assembling 
AARP2 protein (AARP2) 0.930434783 

PF3D7_1429200 
transcription factor with AP2 
domain(s), putative (ApiAP2) 0.930434783 

PF3D7_1147200 tubulin--tyrosine ligase, putative 0.930434783 

PF3D7_0107600 
serine/threonine protein kinase, 
putative 0.930434783 

PF3D7_0406600 
conserved Plasmodium protein, 
unknown function 0.926086957 

PF3D7_1005200 
conserved Plasmodium protein, 
unknown function 0.926086957 

PF3D7_1109400 

U3/U14 snoRNA-associated small 
subunit rRNA processing protein, 
putative 0.926086957 

PF3D7_1111600 
endonuclease/exonuclease/phosphatase 
family protein, putative 0.926086957 

PF3D7_0801600 
conserved Plasmodium protein, 
unknown function 0.92173913 

PF3D7_1005100 conserved protein, unknown function 0.92173913 

PF3D7_1350800 
conserved Plasmodium protein, 
unknown function 0.92173913 

PF3D7_0108800 
conserved Plasmodium protein, 
unknown function 0.92173913 

PF3D7_1110800 
conserved Plasmodium protein, 
unknown function 0.92173913 

PF3D7_0516000 RAP protein, putative 0.917391304 
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PF3D7_1238400 
conserved Plasmodium protein, 
unknown function 0.917391304 

PF3D7_1038300 
conserved Plasmodium protein, 
unknown function 0.913043478 

PF3D7_1202100 conserved protein, unknown function 0.913043478 

PF3D7_1449000 
gamete egress and sporozoite traversal 
protein, putative (GEST) 0.913043478 

PF3D7_0313600 
conserved Plasmodium protein, 
unknown function 0.913043478 

PF3D7_0623500 superoxide dismutase [Fe] (SOD2) 0.908695652 

PF3D7_0606400 
conserved Plasmodium protein, 
unknown function 0.908695652 

PF3D7_0929900 
conserved Plasmodium protein, 
unknown function 0.908695652 

PF3D7_0827100 
translation initiation factor IF-2, 
putative 0.908695652 

PF3D7_0521200 
conserved Plasmodium protein, 
unknown function 0.904347826 

PF3D7_0421300 
erythrocyte membrane protein 1, 
PfEMP1 (VAR) 0.9 

PF3D7_0502300 
conserved Plasmodium protein, 
unknown function 0.9 

PF3D7_0518800 
secreted ookinete protein, putative 
(PSOP13) 0.9 

PF3D7_0721700 
secreted ookinete protein, putative 
(PSOP1) 0.9 

PF3D7_1010500 ankyrin-repeat protein, putative 0.9 
PF3D7_1346700 6-cysteine protein (P48/45) 0.9 

PF3D7_1372100 
Plasmodium exported protein (PHISTb), 
unknown function (GEXP04) 0.9 

PF3D7_1416700 
conserved Plasmodium protein, 
unknown function 0.9 

PF3D7_1471000 
RNA 3'-terminal phosphate cyclase-like 
protein, putative 0.9 
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PF3D7_1474900 trailer hitch homolog, putative (CITH) 0.9 

PF3D7_0303900 
phosphatidylethanolamine-binding 
protein, putative 0.897826087 

PF3D7_0509700 
conserved Plasmodium protein, 
unknown function 0.897826087 

PF3D7_0510700 
conserved Plasmodium protein, 
unknown function 0.897826087 

PF3D7_0615100 enoyl-acyl carrier reductase (ENR) 0.897826087 

PF3D7_1020400 
S-adenosyl-L-methionine-dependent 
methyltransferase, putative 0.897826087 

PF3D7_1032200 
conserved Plasmodium protein, 
unknown function 0.897826087 

PF3D7_1363800 nuclear fusion protein, putative (GEX1) 0.897826087 

PF3D7_0726600 
conserved Plasmodium protein, 
unknown function 0.895652174 

PF3D7_0924800 
telomeric repeat binding factor 1, 
putative (TRF1) 0.895652174 

PF3D7_1214500 
conserved Plasmodium protein, 
unknown function 0.895652174 

PF3D7_1301900 
Plasmodium exported protein, unknown 
function 0.895652174 

PF3D7_1341700 
conserved Plasmodium protein, 
unknown function 0.895652174 

PF3D7_1310700 RNA-binding protein, putative 0.895652174 
PF3D7_0630000 CPW-WPC family protein 0.893478261 

PF3D7_0909100 
conserved Plasmodium membrane 
protein, unknown function 0.893478261 

PF3D7_1369100 
conserved Plasmodium protein, 
unknown function 0.893478261 

PF3D7_1456400 
conserved Plasmodium protein, 
unknown function 0.893478261 

PF3D7_0805800 
conserved Plasmodium protein, 
unknown function 0.893478261 
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PF3D7_1206500 
Tat binding protein 1(TBP-1)-
interacting protein, putative 0.893478261 

PF3D7_1316300 
conserved Plasmodium protein, 
unknown function 0.893478261 

PF3D7_0825900 
conserved Plasmodium protein, 
unknown function 0.891304348 

PF3D7_1466500 
conserved Plasmodium protein, 
unknown function 0.889130435 

PF3D7_1144100 
mitochondrial large subunit ribosomal 
protein, putative 0.889130435 

PF3D7_0410400 
exosome complex component RRP4, 
putative (RRP4) 0.886956522 

PF3D7_0422700 eukaryotic initiation factor, putative 0.886956522 

PF3D7_1332800 translation initiation factor 6, putative 0.886956522 
PF3D7_1348800 E1-E2 ATPase, putative 0.886956522 
PF3D7_1422900 14-3-3 protein, putative 0.886956522 

PF3D7_1302400 
conserved Plasmodium membrane 
protein, unknown function 0.886956522 

PF3D7_0518700 mRNA-binding protein PUF1 (PUF1) 0.886956522 

PF3D7_1475500 
LCCL domain-containing protein 
(CCp1) 0.886956522 

PF3D7_0921800 
nucleolar preribosomal assembly 
protein, putative 0.884782609 

PF3D7_1462500 
conserved Plasmodium protein, 
unknown function 0.884782609 

PF3D7_0604800 RAP protein, putative 0.884782609 

PF3D7_1143600 
conserved Plasmodium protein, 
unknown function 0.884782609 

PF3D7_1102300 
Plasmodium exported protein, unknown 
function 0.882608696 

PF3D7_0612400 
conserved Plasmodium protein, 
unknown function 0.880434783 

PF3D7_0931700 
conserved Plasmodium protein, 
unknown function 0.880434783 
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PF3D7_1037200 
conserved Plasmodium protein, 
unknown function 0.880434783 

PF3D7_1146300 
conserved Plasmodium protein, 
unknown function 0.880434783 

PF3D7_0621400 Pf77 protein (ALV7) 0.880434783 

PF3D7_0728300 
conserved Plasmodium protein, 
unknown function 0.87826087 

PF3D7_1146100 
conserved Plasmodium protein, 
unknown function 0.87826087 

PF3D7_1367300 
conserved Plasmodium protein, 
unknown function 0.87826087 

PF3D7_0422300 alpha tubulin 2 0.87826087 

PF3D7_1015300 
methionine aminopeptidase 1b, 
putative (METAP1b) 0.87826087 

PF3D7_1224200 
conserved Plasmodium protein, 
unknown function 0.87826087 

PF3D7_1207300 
conserved Plasmodium protein, 
unknown function 0.876086957 

PF3D7_1207400 
conserved Plasmodium protein, 
unknown function 0.876086957 

PF3D7_1207900 
conserved Plasmodium protein, 
unknown function 0.876086957 

PF3D7_1241400 RNA-binding protein, putative 0.876086957 

PF3D7_0531300 
conserved Plasmodium protein, 
unknown function 0.873913043 

PF3D7_1128600 
CCR4-NOT transcription complex 
subunit 2, putative (NOT2) 0.873913043 

PF3D7_1454300 
serine/threonine protein kinase, 
putative (KIN) 0.873913043 

PF3D7_0408600 
sporozoite invasion-associated protein 
1 (SIAP1) 0.873913043 

PF3D7_0829600 
early transcribed membrane protein 8 
(ETRAMP8) 0.873913043 

PF3D7_0913400 
conserved Plasmodium protein, 
unknown function 0.873913043 

PF3D7_1146200 
conserved Plasmodium protein, 
unknown function 0.873913043 
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PF3D7_1213500 
integral membrane protein GPR180, 
putative 0.873913043 

PF3D7_1241300 
conserved Plasmodium protein, 
unknown function 0.873913043 

PF3D7_1325600 
mitochondrial fission 1 protein, 
putative (FIS1) 0.873913043 

PF3D7_1403200 
conserved Plasmodium protein, 
unknown function 0.873913043 

PF3D7_1455000 protein phosphatase, putative 0.873913043 

PF3D7_1434600 
methionine aminopeptidase 2 
(METAP2) 0.873913043 

PF3D7_1222900 
conserved Plasmodium protein, 
unknown function 0.87173913 

PF3D7_1327100 
conserved Plasmodium protein, 
unknown function 0.87173913 

PF3D7_1204700 
conserved Plasmodium protein, 
unknown function 0.869565217 

PF3D7_0921000 
ubiquitin-conjugating enzyme, 
putative 0.869565217 

PF3D7_0318400 
conserved Plasmodium protein, 
unknown function 0.867391304 

PF3D7_0623200 ferredoxin--NADP reductase (FNR) 0.867391304 

PF3D7_1003900 
conserved Plasmodium protein, 
unknown function 0.867391304 

PF3D7_1235100 
conserved Plasmodium protein, 
unknown function 0.867391304 

PF3D7_0310100 
calcium-dependent protein kinase 3 
(CDPK3) 0.867391304 

PF3D7_1119100 
tRNA m(1)G methyltransferase, 
putative 0.867391304 

PF3D7_0529700 
conserved Plasmodium protein, 
unknown function 0.865217391 

PF3D7_0730200 AP-4 complex subunit beta, putative 0.865217391 

PF3D7_1319900 
conserved Plasmodium protein, 
unknown function 0.865217391 
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PF3D7_0506200 TATA-box-binding protein (TBP) 0.863043478 

PF3D7_1305700 
conserved Plasmodium protein, 
unknown function 0.863043478 

PF3D7_0903000 conserved protein, unknown function 0.863043478 

PF3D7_0609600 probable protein, unknown function 0.860869565 

PF3D7_0715100 
conserved Plasmodium protein, 
unknown function 0.860869565 

PF3D7_1023700 
conserved Plasmodium protein, 
unknown function 0.860869565 

PF3D7_0418900 
conserved Plasmodium protein, 
unknown function 0.858695652 

PF3D7_1006700 
conserved Plasmodium protein, 
unknown function 0.858695652 

PF3D7_0215200 
conserved Plasmodium protein, 
unknown function 0.858695652 

PF3D7_0815900 lipoamide dehydrogenase (aLipDH) 0.858695652 

PF3D7_1030900 28 kDa ookinete surface protein (Pfs28) 0.858695652 

PF3D7_1437100 
conserved Plasmodium protein, 
unknown function 0.856521739 

PF3D7_1026600 
conserved Plasmodium protein, 
unknown function 0.856521739 

PF3D7_1038500 
Plasmodium exported protein, unknown 
function 0.854347826 

PF3D7_1236500 
conserved Plasmodium protein, 
unknown function 0.854347826 

PF3D7_1476200 
Plasmodium exported protein (PHISTb), 
unknown function 0.854347826 

PF3D7_1016700 
Plasmodium exported protein (PHISTc), 
unknown function 0.852173913 

PF3D7_0608200 
conserved Plasmodium protein, 
unknown function 0.85 
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PF3D7_0728700 alpha/beta hydrolase, putative 0.847826087 

PF3D7_1366100 
conserved Plasmodium protein, 
unknown function 0.843478261 

PF3D7_0903500 
conserved Plasmodium protein, 
unknown function 0.841304348 

PF3D7_1003700 
conserved Plasmodium protein, 
unknown function 0.841304348 

PF3D7_0203700 
nucleolar preribosomal assembly 
protein, putative 0.839130435 

PF3D7_1225900 
conserved Plasmodium protein, 
unknown function 0.839130435 

PF3D7_1470300 
conserved Plasmodium protein, 
unknown function 0.839130435 

PF3D7_0112800 
Plasmodium exported protein (hyp11), 
unknown function 0.8 

PF3D7_0115500 
erythrocyte membrane protein 1 
(PfEMP1), pseudogene 0.8 

PF3D7_0411700 
conserved Plasmodium protein, 
unknown function 0.8 

PF3D7_0814100 
conserved Plasmodium protein, 
unknown function 0.8 

PF3D7_0611200 
transcription factor with AP2 
domain(s), putative (ApiAP2) 0.795652174 

PF3D7_0711700 
erythrocyte membrane protein 1, 
PfEMP1 (VAR) 0.795652174 

PF3D7_0936600 
Plasmodium exported protein (PHISTc), 
unknown function (GEXP05) 0.795652174 

PF3D7_1238200 
conserved Plasmodium protein, 
unknown function 0.795652174 

PF3D7_0313500 GTP-binding protein EngA, putative 0.791304348 

PF3D7_1026500 
conserved Plasmodium protein, 
unknown function 0.791304348 

PF3D7_1137700 
conserved Plasmodium protein, 
unknown function 0.791304348 
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PF3D7_1147100 
conserved Plasmodium protein, 
unknown function 0.791304348 

PF3D7_0314700 zinc finger protein, putative 0.791304348 

PF3D7_1134700 
DNA-directed RNA polymerase I 
subunit RPA2, putative (RPA2) 0.791304348 

PF3D7_1473500 
conserved Plasmodium protein, 
unknown function 0.791304348 

PF3D7_0723700 
metallo-hydrolase/oxidoreductase, 
putative 0.786956522 

PF3D7_1471700 
conserved Plasmodium protein, 
unknown function 0.786956522 

PF3D7_0104700 transporter, putative 0.786956522 

PF3D7_0109000 
photosensitized INA-labeled protein 1, 
PhIL1, putative 0.786956522 

PF3D7_1103700 casein kinase II beta chain (CK2beta1) 0.786956522 

PF3D7_1327900 
conserved Plasmodium protein, 
unknown function 0.786956522 

PF3D7_1430500 
conserved Plasmodium protein, 
unknown function 0.786956522 

PF3D7_1477500 
Plasmodium exported protein (PHISTb), 
unknown function 0.786956522 

PF3D7_0622300 
vacuolar transporter chaperone, 
putative 0.782608696 

PF3D7_0906800 probable protein, unknown function 0.782608696 

PF3D7_0104600 
conserved Plasmodium protein, 
unknown function 0.782608696 

PF3D7_1231300 
conserved Plasmodium protein, 
unknown function 0.782608696 

PF3D7_0410500 
conserved Plasmodium protein, 
unknown function 0.77826087 

PF3D7_0620300 
conserved Plasmodium protein, 
unknown function 0.77826087 

PF3D7_0724300 
3-demethylubiquinone-9 3-
methyltransferase, putative 0.77826087 
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PF3D7_1005300 
conserved Plasmodium protein, 
unknown function 0.77826087 

PF3D7_1215300 10 kDa chaperonin (CPN10) 0.77826087 

PF3D7_1243200 
conserved Plasmodium protein, 
unknown function 0.77826087 

PF3D7_1331500 
conserved Plasmodium protein, 
unknown function 0.77826087 

PF3D7_0501300 skeleton-binding protein 1 (SBP1) 0.773913043 

PF3D7_1014200 
male gamete fusion factor HAP2, 
putative (HAP2) 0.773913043 

PF3D7_1214600 adrenodoxin-type ferredoxin, putative 0.773913043 

PF3D7_1402100 
conserved Plasmodium protein, 
unknown function 0.773913043 

PF3D7_1425500 
conserved Plasmodium protein, 
unknown function 0.773913043 

PF3D7_0302000 
golgi organization and biogenesis 
factor, putative 0.769565217 

PF3D7_0909200 

GDP-fucose protein O-
fucosyltransferase 2, putative 
(POFUT2) 0.769565217 

PF3D7_0107200 
carbon catabolite repressor protein 4, 
putative 0.765217391 

PF3D7_0217700 
E2F-associated phosphoprotein, 
putative 0.765217391 

PF3D7_0906890 
conserved Plasmodium protein, 
unknown function 0.765217391 

PF3D7_1470600 RAP protein, putative 0.765217391 

PF3D7_0100300 
erythrocyte membrane protein 1, 
PfEMP1 (VAR) 0.7 

PF3D7_0301500 
Plasmodium exported protein, unknown 
function 0.7 

PF3D7_0306500 
conserved Plasmodium protein, 
unknown function 0.7 

PF3D7_0324400 rifin,PIR protein (RIF) 0.7 
PF3D7_0400500 rifin,PIR protein (RIF) 0.7 
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PF3D7_0400600 
erythrocyte membrane protein 1 
(PfEMP1), exon 1, pseudogene 0.7 

PF3D7_0412700 
erythrocyte membrane protein 1, 
PfEMP1 (VAR) 0.7 

PF3D7_0530600 XAP-5 DNA binding protein, putative 0.7 

PF3D7_0718800 
conserved Plasmodium protein, 
unknown function 0.7 

PF3D7_1009100 
conserved Plasmodium membrane 
protein, unknown function 0.7 

PF3D7_1137800 
conserved Plasmodium protein, 
unknown function 0.7 

PF3D7_1146500 leucine-rich repeat protein (LRR10) 0.7 

PF3D7_1319800 probable protein, unknown function 0.7 

PF3D7_1329700 
apicoplast calcium binding protein 1 
(ACBP1) 0.7 

PF3D7_1414800 
small nuclear ribonucleoprotein-
associated protein B, putative (SNRPB) 0.7 

PF3D7_1440800 major facilitator superfamily, putative 0.7 

PF3D7_1447600 
conserved Plasmodium protein, 
unknown function 0.7 

PF3D7_1470200 
conserved Plasmodium protein, 
unknown function 0.7 

PF3D7_1476000 
conserved Plasmodium protein, 
unknown function 0.7 

PF3D7_1477400 probable protein, unknown function 0.7 
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