
 

 

Analysis of transcription of the Plasmodium interspersed repeat 

(pir) multigene family across the life cycle of Plasmodium 

species 
 

 

 

Timothy Stephen Little 
 
 

Department of Life Sciences, Imperial College London 

and 

The Francis Crick Institute 

PhD Supervisor: Jean Langhorne and George Christophides 

 

 

A thesis submitted for the degree of 

Doctor of Philosophy 
Imperial College 

October 2022 
 



 

 

 
2 

Declaration 
 

I Timothy Stephen Little confirm that the work presented in this thesis is my own. Where 

information has been derived from other sources, I confirm that this has been indicated 

in the thesis. 

 

Part of this thesis has been published previously as: 

 

Little, T. S., Cunningham, D. A., Vandomme, A., Lopez, C. T., Amis, S., Alder, C., 

Addy, J. W. G., McLaughlin, S., Hosking, C., Christophides, G., Reid, A. J., & 

Langhorne, J. (2021).  

Analysis of pir gene expression across the Plasmodium life cycle.  

Malaria Journal, 20(1), 445. https://doi.org/10.1186/s12936-021-03979-6 

 

  



 

 

 
3 

Copyright Statement 
 

The copyright of this thesis rests with the author. Unless otherwise indicated, its 

contents are licensed under a Creative Commons Attribution-NonCommercial 4.0 

International Licence (CC BY-NC). 

Under this licence, you may copy and redistribute the material in any medium or format. 

You may also create and distribute modified versions of the work. This is on the 

condition that: you credit the author and do not use it, or any derivative works, for a 

commercial purpose. 

When reusing or sharing this work, ensure you make the licence terms clear to others by 

naming the licence and linking to the licence text. Where a work has been adapted, you 

should indicate that the work has been changed and describe those changes. 

Please seek permission from the copyright holder for uses of this work that are not 

included in this licence or permitted under UK Copyright Law. 

 



 

 

 
4 

Abstract……. 
 

The Plasmodium interspersed repeats (pirs) are described as the largest multigene 

family found in the genome non-Laveranian species of the malaria parasite, 

Plasmodium; however, their function remains unknown. In this thesis, I analyse pir 

transcription across the lifecycle of three Plasmodium species, using published and 

unpublished data, to identify potential targets for investigating pir function. RNAseq data 

from the rodent parasite Plasmodium berghei demonstrated that pir transcription peaks 

in the liver merosomes/merozoites, the asexual blood stages, and the male 

gametocytes. Detailed analysis of synchronous in vivo asexual blood stages of another 

rodent parasite, Plasmodium chabaudi chabaudi, showed that pir transcription peaks in 

the late trophozoites. Schizont stages of both rodent species demonstrate an enrichment 

for L-form pirs, linking this sub-family to schizogony. With de novo transcriptomics 

methods applied to the pirs of the human parasite Plasmodium vivax, I observed that 

transcription of pirs in the mosquito stages was minimal, in agreement with the data from 

P. berghei. The P. vivax asexual blood cycle pattern of pir transcription also showed 

high expression, but timings contrasted to that of P. c. chabaudi as transcription peaked 

in late schizonts/early rings. Overall, the results suggest that pirs are important during 

the lifecycle stages in the blood, and not in the insect vector. In all three Plasmodium 

species, I found the conserved ancestral pir to be highly transcribed, indicative of an 

essential function. In conclusion, by collating data from a range of sources I have 

identified consistent patterns of pir transcription between Plasmodium species at 

different stages of their lifecycle. Based on these results, I have postulated on the 

possible role of pirs in the biology of the parasite. This study will enable more targeted 

future studies into elucidating the function of this elusive multigene family. 
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Chapter 1. Introduction 

1.1 Malaria parasites and disease 

The Plasmodium sp. represent some of humanity's most formidable infectious foes from 

across history and into the present day. The protozoan parasites have afflicted humanity 

for so long that modern human genomes have been shaped by their influence (Allison, 

1954; Haldane, 1949). The UN states that malaria obstructs many of the Millennium 

Development Goals (Hunt, 2007). While mortality from malaria has been reduced 

significantly over the last few decades, efforts have been unable to maintain this 

decrease in recent years. Because of the plateauing effectiveness of interventions and 

the disruptive COVID-19 pandemic, in 2020 there were 14 million more malaria cases 

and 69,000 more deaths than the year prior (WHO, 2021). In total this means that there 

were 241 million cases of malaria infections in 2020, culminating in 627,000 deaths. The 

majority of these are due to Plasmodium falciparum, the deadliest, but by no means the 

only, human-infecting malaria parasite. Hence it is premature to state that malaria is 

under control, especially in the face of poorly predictable threats such as global warming 

and antimalarial resistance. 

 

The burden of malaria is not evenly distributed across the world, or within populations. 

85% of infections in 2020 developed in Africa, and two African nations bore over 10% of 

the world’s malaria cases each - Nigeria and Democratic Republic of the Congo. In fact, 

Nigerians alone experienced 27% of the global number of infections in 2020. Other 

worldwide foci of malaria infections include South-East Asia, the Western Pacific and 

Central and South America. Again, within these regions, there were countries that bore 

the brunt of the malaria caseload (India, Papua New Guinea and 

Brazil/Venezuela/Colombia respectively) (WHO, 2021). Just a glance at these statistics 

reveals that malaria remains a disease of poverty (Tusting et al., 2013). Although local 

elimination is both possible and achievable, it is still only a long-term goal for many 

poorer nations. Even when a region does eliminate malaria, as Europe, Sri Lanka, 

Argentina, China, and many others, have done, this status is delicate and must be 

rigorously maintained. Notably Sri Lanka was on the precipice of eliminating malaria 

within its borders back in 1963 but lost the political will and the disease resurged. 

Decades later, in 2016, Sri Lanka was declared malaria free and the country has kept 

this status ever since (WHO, 2016). 
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The potentially deadly symptoms of malaria vary greatly both between and within 

different Plasmodium sp. strains, and furthermore differ from host to host. This can be 

seen even with P. falciparum, which can cause asymptomatic infections, mild fevers, 

coma, or lethal respiratory distress. Multiple factors have been identified to affect the 

symptoms of an infection in different models, including host immunity (Langhorne et al., 

2008), host nutritional state (Mancio-Silva et al., 2017) and parasite genetics (Rorick et 

al., 2013), however much variation in virulence remains unexplained. A consistent 

pattern is that the least immune are the most susceptible, and in endemic regions this is 

the burden of the youngest in society. Children under the age of five accounted for 77% 

of worldwide deaths in 2020 (WHO, 2021). 

 

1.2  The Apicomplexan parasite responsible for malaria  

Plasmodium parasites are an ancient lineage, and hence they are highly diverse in both 

their pathology and the animals they can infect. The earliest evidence of Plasmodium 

comes from amber-preserved remains of a greater than 15-million-year-old mosquito 

infected with structures that resemble oocysts and sporozoites (Poinar, 2005). The 

Plasmodia are Apicomplexan parasites, part of a huge phylum that includes Toxoplasma 

spp., Cryptosporidium spp. Babesia spp., and Eimeria spp (Levine, 1970). Drilling 

deeper into the taxonomy, the Order Haemosporida encompasses the many different 

parasites considered historically to cause malarial disease. The detailed phylogenies are 

often changing with new studies and are by no means certain. Modern evidence 

suggests that the Plasmodium genus itself is polyphyletic; split across different clades, 

with other genera more closely related to some species than other Plasmodium spp. 

(Galen et al., 2018). This nomenclature disaster helps explain the diversity of malaria 

parasites; many of them are not at all closely related to each other. Among the 

Haemosporidians less closely related to human malarias are parasites that infect birds, 

lizards and deer.  

 

1.2.1 The human, rodent and simian malarias 

As we zero in on the human malarias, we see that they too are split into different clades: 

the Laverania sub-clade that includes P. falciparum and other closely-related simian 



 

 

 

18 

18 

malaria parasites, and another clade that includes the human malaria parasites P. vivax, 

P. knowlesi, P. ovale, and P. malariae, simian malaria parasites, and small mammal-

infecting malaria parasites (Galen et al., 2018). So, as well as being the most 

dangerous, P. falciparum is phylogenetically distinct from the other human malaria 

parasites.  

 

The clade of parasites that infect small mammals includes some of the most important 

models of malarial disease. Extracted from West African thicket rats, the rodent malarias 

P. berghei, P. chabaudi and P. yoelii are able to infect laboratory animals and thus 

provide a tractable model for the study of malaria parasites (Landau, 1965; Landau & 

Killick-Kendrick, 1966; Vincke & Lips, 1948; Yoeli & Hargreaves, 1974). With the most 

up-to-date phylogenies in mind, these models are most closely related to non-falciparum 

human malaria parasites, including P. vivax.  

 

1.3 The life cycle of Plasmodium sp. 

The success of Plasmodium sp. as parasites is closely linked to their life cycle. They are 

vector-borne protozoa, transmitted between hosts by flying, biting insects (Ross, 1898). 

All human-infecting Plasmodia are transmitted by mosquitoes, a creature whose 

relationship with malaria is central to understanding the parasite and the disease, as well 

as how to control it.  

1.3.1 Malaria parasites in the mosquito – from infected blood meal to infective 
insects 

When a mosquito feeds on infected blood, it may take up the Plasmodium sexual stages 

(male and female gametocytes) which differentiate into gametes. The male gametocyte 

undergoes exflagellation upon exposure to the internal conditions of the mosquito (such 

as a lowering of the temperature and chemical factors), producing multiple flagellated, 

motile male gametes (Billker et al., 1998; Kligler & Mer, 1937; Laveran, 1881; 

Maccallum, 1897). A male and female gamete fuse in the mosquito midgut, within the 

bloodmeal mid-digestion, forming a zygote, which further differentiates into the ookinete 

(Grassi, 1901; Maccallum, 1897). The ookinete is a highly specialised motile form of the 

parasite, with the purpose of breaking through the mosquito midgut barriers to penetrate 

the epithelium (Sieber et al., 1991). If the ookinete is successful then it will implant itself 
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and become the oocyst, which expands like a balloon of proliferating parasite. Inside the 

oocyst many individual sporozoites develop – the stage of the life cycle which is infective 

to humans (and other Plasmodium sp. hosts) (Grassi, 1901; Ross, 1897). The oocyst 

bursts after several days and the sporozoites migrate through the mosquito haemocoel 

to the salivary glands, where they reside until the vector takes a new blood meal. Upon 

biting a host, the mosquito secretes saliva laden with sporozoites.  

 

1.3.2 Exo-erythrocytic stages of malaria in the host 

The malaria parasite has now entered the host, and must move from the skin/circulation, 

where it was injected, to new tissue for further development (Boyd & Kitchen, 1939). 

Across other Haemosporidian parasites, these exo-erythrocytic stages can form in 

endothelial cells and monocytes (James & Tate, 1938). However, in the known clades 

that infect humans, mice, and primates, sporozoites invade hepatocytes and begin to 

grow, forming exo-erythrocytic schizonts (Shortt et al., 1948; Shortt & Garnham, 1948). 

This time the proliferating developmental stages inside the ‘mother’ parasitic cell are 

merozoites – the red blood cell infective stage. These cells are released through the 

budding off portions of membrane, termed merosomes (Sturm et al., 2006). When these 

burst forth from the exo-erythrocytic schizont they are released into the sinusoidal 

vessels and can invade erythrocytes that they encounter – forming infected red blood 

cells (iRBCs).  

 

1.3.3 The asexual and sexual stages of parasites in the blood 

The liver-borne merozoite instigates the asexual blood cycle of development for the 

parasite, in which the invader matures from a ‘ring’ stage, into a trophozoite, and finally 

another schizont stage. Thus, the infected cells support a progression of clonal 

proliferation of new merozoites which can perpetuate the infection upon release. Some 

of the iRBC, at an unknown stage of development, will sexually commit to become 

gametocytes. This then completes the cycle, as these gametocytes can reproduce in a 

feeding mosquito. 

 

The asexual blood cycle is the cause of clinical symptoms, and the association between 

the timing of the cycle and paroxysm of symptoms in patients was observed early in the 
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history of malariology (Golgi, 1886). Furthermore, there is evidence that some of the 

deadliest symptoms of some malarias are a consequence of infected red blood cell 

sequestration around the circulation of the body, such as the occurrence of P. falciparum 

parasites stuck to the brain endothelium in coma patients (Marchiafava & Bignami, 

1892). This is believed to be an adaptation to avoid clearance in the spleen, which will 

selectively target the iRBC that try to pass through (Barnwell et al., 1983). Parasite 

sequestration and the proteins underlying it are discussed in 1.4.3.  

 

1.3.4 The importance of understanding vector stages of development 

Although the asexual blood cycle receives a lot of study because of its relevance to 

clinical malaria, investigating the remaining parasite developmental stages is essential 

for controlling other aspects of Plasmodium sp. infection and transmission. The growth 

of Plasmodium in the mosquito is when they are at their most vulnerable, as the 

population undergoes multiple bottlenecks until eventually proliferating again in the 

oocyst. The most prominent bottlenecks of transmission occur during parasite 

fertilisation and attack by the mosquito immune response. The success rate of 

fertilisation between Plasmodium sp. gametes in the mosquito midgut is low, and almost 

immediately after entering the vector the parasite cell population drops several-fold 

(Poudel et al., 2008). Even if the zygote is successfully formed and can develop into an 

ookinete, the mosquito possesses several immunological barriers to the parasites as 

they attempt to migrate out of the midgut. Often infections of several thousand cells are 

reduced to a single cell by this stage or cleared altogether. These present the greatest 

population bottlenecks of the entire malarial life-cycle; gametocyte-to-ookinete (greatest 

fold change) and ookinete-to-late-oocyst (fewest surviving cells) (Vaughan, 2007). The 

exo-erythrocytic stages of the parasite, which initiate the asexual blood cycle, can be 

central to the chronicity of parasite infections. Most notably the human malaria P. vivax, 

and some other species, can develop into a long-term quiescent liver form known as the 

hypnozoite. These cells can lie dormant for months or years until they reactivate and 

initiate a recrudescent infection (Krotoski et al., 1980, 1982). 
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1.4 Multigene families in biology and malaria 

The molecular toolkits employed by pathogens such as Plasmodium spp. are ultimately 

determined by their genes. Scrutinising DNA sequence reveals that many genes cluster 

together, demonstrating that genes in a genome do not develop independently of one 

another. Groups of related genes form gene families, and usually when they are several 

members or greater in size (there is no set definition) they are termed multigene 

families.  

 

1.4.1 The evolution of multigene families 

How different loci gain related sequence has been debated often over the years, and the 

mechanism likely depends on the genes in question (Nei & Rooney, 2005). Ultimately 

the fundamental unit of multigene generation is gene duplication from an ancestral gene, 

creating a nascent gene family of two members. Further duplication expands the family, 

and the same gene family can range hugely in member number between different 

species. Until the early 1990s, the prevailing thought was that multigene families 

subsequently developed through ‘concerted evolution’ – in which duplications were 

homogenised by constant swapping of sequence via partial gene conversion (essentially 

the replacement of homologous sequence from one locus to another). This explained 

the finding of high intraspecies and lower interspecies conservation of rRNA genes at 

different loci, first described in Xenopus sp. (Brown et al., 1972). However, this did not 

explain multigene families in which there was high polymorphism between members, 

and where sub-lineages persisted between different species (i.e. some groups of genes 

which have higher interspecies than intraspecies conservation within the same 

multigene family). A new model was proposed, the ‘birth-and-death’ model, in which 

genes duplicate and then diverge in sequence, with gene conversion occurring more 

rarely. As the family grows the members further duplicate and diverge with evolutionary 

time, leading to highly similar but distinct genes dotted around the genome. Some of 

these genes lose function and become pseudogenes – strongly predicted to be defective 

due to premature stop codons or frameshifts (Nei et al., 1997). With this paradigm, one 

can go beyond species phylogenies and analyse the phylogenies of genes themselves. 

Multigene families derived from birth-and-death processes will have a phylogenetic tree 

that links them to each other by evolution, and by tracing the tree right to the root you 

can see that this genealogy is derived from a predicted common ancestral gene. 
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Sometimes even a highly basal, but extant, gene can be found, which may be the 

surviving form of the original gene. With this model, the sub-lineages are understood to 

have been formed from the individual lineages of genes derived from the ancestral 

sequence, and they can be classified into distinct units. 

 

1.4.2 Multigene families and superfamilies across species 

A number of similar multigene families can be grouped into larger superfamilies. Many 

are reservoirs of genetic diversity since they harbour strong redundancy of function – so 

if an individual gene loses/gains function the operation of the organism is minimally 

impacted. The immunoglobulin (Ig) superfamily is one example; the most populous gene 

family of the human genome with 765 known members (Lander et al., 2001). All these 

genes share a common structural fold and most have a role in cell signalling/receptor 

binding in immunity. However, their function can escape from this paradigm, such as 

IZUMO1 which is involved in cell-to-cell communication during mammalian zygote 

fertilisation (Inoue et al., 2005). This superfamily is ancient among the Domains of life, 

having been found in Streptococcus agalactiae and other bacteria (Bateman et al., 

1996). 

 

1.4.3 The importance of multigene families for malaria parasites – the var genes 

It is striking that Plasmodium spp. also have expansive gene families, particularly as 

their genomes only contain approximately 6000 genes in total. In fact, the overall lack of 

redundancy is demonstrated in knock-out screens of P. berghei, in which around 45% of 

the ‘core’ genome are found to be essential for blood-stage development (Bushell et al., 

2017). However, Plasmodium indeed utilises numerous gene families, some of which 

are essential for infection. The best studied example is the var gene family of P. 

falciparum, which encode the Plasmodium falciparum Erythrocyte Membrane Proteins 1 

(PfEMP1). These genes are important for sequestration of the parasite in the host; the 

parasite will express and export PfEMP1 to the infected cell surface which will attach to 

ligands in different endothelial tissue (Su et al., 1995). Since they are on the surface of 

the iRBC they are exposed to the immune system and are targets of attack. This is 

where the gene family nature of the vars becomes important. As expression of a given 

PfEMP1 protein on the iRBC leads to their elimination by adaptive immunity, the 
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population can ‘switch’ to a new PfEMP1 as cells expressing this new protein are 

selected for (Smith et al., 1995). Only one var gene will be transcribed in an iRBC at a 

time, enabling this behaviour. The structure of the vars is modular, comprising distinct 

sequence blocks, and since the vars are positioned in sub-telomeric regions, these 

blocks of sequence can be recombined between each other, permitting great degrees of 

diversity of the genetic code (Smith et al., 2000). Although the underlying sequence can 

change, the function of the PfEMP1 (that has been selected for) remains cell-to-cell 

binding, showing a structural conservation where sequence is divergent (Lau et al., 

2015). However different var genes can target different ligands. This is observed most 

starkly in malaria of pregnancy, characterised by the accumulation of stationary 

parasites in the placenta (Clark, 1915). In these infections P. falciparum expresses a 

particular conserved var locus (var2csa) which binds CSA protein in the placenta (Fried 

& Duffy, 1996). As with the immunoglobulins, the PfEMP1s do not all function 

exclusively in immune interactions. One such protein is produced in the sporozoite to 

enable liver cell invasion; a member of the vars which must have a divergent function 

from the rest but retains the cell-to-cell binding activity (Zanghì et al., 2018). 

 

1.4.4 “Hedge-betting” and immune evasion 

Multigene families such as the var can enable ‘hedge-betting’ strategies (i.e. investing in 

a plethora of options instead of relying on one) in organisms when entering a new 

environment or situation. By expressing as many different variants of a protein as 

possible, the hope is that at least some will be fit and enable the survival of individuals or 

a population. The adaptive immune system provides another example here, as hedge-

betting applies to the purposefully generated extreme diversity of the B-cell and T-cell 

receptors (BCR/TCR respectively). By producing numerous different sequences, and 

selecting for those that are still functional, the immune system has covered as many 

bases as possible for binding a pathogen when it attacks the body. Working in 

opposition to this process is the antigenic diversity of pathogens, such as that encoded 

by the var genes. It is hypothesised that when the pathogen enters a new human host it 

has no idea which PfEMP1 they have already developed immunity to, if any. If the 

population expresses many different variants, then there is more likely to be a sub-

population that survives and can proliferate. Indeed, NF54 strains grown in vitro show 

upregulation of only one var gene (var2csa), but populations of NF54 from controlled 

human infections, via sporozoite injection, demonstrate wide ranging var transcription 
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across sub-groups in comparison (Bachmann et al., 2016). This process then repeats 

when the major PfEMP1 becomes the target of antibody, and a new surface protein is fit. 

This strategy can be severely hampered by interfering with the monoallelic expression of 

similar hedge-betting proteins, as shown with the variant antigens of other parasites 

Giardia lamblia and Trypanosoma brucei. When the pathogen cells produce multiple 

different proteins at once then the host can quickly target them all (Aresta-Branco et al., 

2019; Rivero et al., 2010). 

 

1.5 The Plasmodium interspersed repeats multigene family 

While the Laverania sub-genus possesses the var genes, another multigene family is 

found in the other, neighbouring clade of Plasmodium spp. Across the sequenced 

genomes of the parasites of this clade, a multigene family known as the Plasmodium 

interspersed repeats (pirs) has been detected. Members of the family generally share a 

three-exon structure; a short first exon, a long second exon with a central variable region 

and trans-membrane domain (TM), and alpha helices conserved both in sequence and 

position. The gene family was initially discovered as clusters of closely related genes in 

the sub-telomeric sequence of P. vivax (termed the vivax interspersed repeats - virs) 

and hypothesised to be immune interactors in species lacking var genes. Since the virs 

were described, their sequence was recruited to predict fellow members across the 

genomes of different malaria species, using hidden Markov models (HMMs) (Janssen et 

al., 2004). The gene family has been found in the genomes of rodent, primate, and 

human-infective malarias at highly variable copy numbers (del Portillo et al., 2001; 

Janssen et al., 2002; Otto et al., 2014; Pain et al., 2008). For some species the number 

of pirs is relatively low, such as the 134 of P. berghei, while for others it can be in the 

thousands, such as P. ovale, P. yoelii and P. vivax P01 strain (Auburn et al., 2016; Otto 

et al., 2014; Rutledge et al., 2017). For these latter pathogens the pir family 

astonishingly makes up about one-sixth of the total number of genes. Additionally, four 

similar genes have been discovered in avian malarias (Böhme et al., 2018). Hence, pirs 

are described as the most widespread gene family in the genomes of malaria parasites 

(Janssen et al., 2004). Their presence in the Laverania has been a matter of dispute, 

due to having both similarity and major differences with the rifin/stevor multigene family 

(Frech & Chen, 2013; Janssen et al., 2004). The crystal structure of a P. c. chabaudi AS 
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PIR fragment further distanced the two families, as it showed no discernible similarity to 

RIFIN or STEVOR structure of P. falciparum (Harrison et al., 2020). 

 

1.5.1 The sub-families of the pirs 

Constructing phylogenies of the pirs across species has shown that they can be divided 

into sub-families; gene groups which likely share a more recent common ancestor than 

the overall common ancestor. In the rodent malarias, the pir phylogeny separates into 

two groups with distinctively different average gene lengths (see Figure 1.1). The longer 

pirs, of around 1000-2400 aa in length, were termed the Long-form pirs, and could be 

further sub-divided into clades of L1-4 sequences. Their extended sequence was found 

to be caused by the presence of repeat regions. The Short-form pirs encompass many 

more sequences ranging from 800-1000 aa long predicted proteins and can also be sub-

divided into the S1-8 groups. Most of these clades include a few pirs from each of the 

rodent malarias analysed, however they tend to be dominated by representatives from 

only a few of the species, especially P. vinckei spp., P. c. chabaudi AS and P. yoelii 

(which all had more annotated pirs than P. berghei) (Otto et al., 2014; Ramaprasad et 

al., 2021). This structure holds across the rodent malarias, suggesting that genetic 

divergence occurred in the common ancestor of these species. Separate sets of sub-

families exist in the simian-lineage, designated by letters of the alphabet (see Figure 1.1) 

(Cunningham et al., 2010; del Portillo et al., 2001). The membership of these families, 

and even membership of the pir family at all, has undergone revision based on 

publication of a full genome sequence of P. vivax and domain structures of the predicted 

genes (Carlton et al., 2008; Lopez et al., 2013). These P. vivax-defined sub-families 

include pir genes from P. ovale spp., P. malariae and P. knowlesi, with each of these 

species potentially containing species-unique clades too (Cunningham et al., 2010; 

Lopez et al., 2013; Rutledge et al., 2017). The updating and refinement of multigene 

families and sub-families underscore how their definitions can be fuzzy, and their 

classifications fluid. 

 

The existence of the sub-families and the polymorphism across the pirs suggest that pir 

diversity was created through the birth-and-death process of multigene generation (as 

discussed in section 1.4.1). Since the rodent and simian clades possess separate sub-

families of pir genes, there is the curious possibility that each lineage had expansions of  
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Figure 1.1 – Phylogeny and pir sub-families of the Plasmodium genus.  
The species phylogeny is presented on the left, based on the results of (Galen et al., 
2018). On the right is the pir phylogeny. Highlighted in green are the P. vivax lineage 
species and pir sub-families, with dotted lines to indicate a currently undetermined 
phylogeny. Without highlights are the rodent malaria lineage phylogenies, with the 
pir phylogeny adapted from Otto et al., 2014. S1-8 indicates the Short-form pirs and 
L1-4 indicates the Long-form pirs. Colours show the pirs derived from the genome 
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the pir repertoire independently of one another, both following a separate trajectory of 

expansive pir duplication from the small copy number of an ancestor. 

 

1.5.2 The evasiveness of understanding pir function 

The first hypotheses of function were that these genes were part of the antigenic 

evasion mechanism of this Plasmodium spp. clade, which lacked the Laveranian vars. 

Indeed, the initial study found that VIR proteins were recognised by only some patient 

sera and localised to the surface of the few iRBCs that expressed them (del Portillo et 

al., 2001). These behaviours suggest that only subsets of infections express given 

members of the PIR family, important for antigenic switching, and furthermore that they 

localise to where the immune system would encounter them. In the rodent malaria P. 

yoelii it was observed that immune responses changed the pirs being transcribed. Pre-

exposed mice altered the restriction fragment length polymorphism profile of pir RNA 

products in a secondary infection, compared to primary infection in the same mice strain 

and secondary infection of immunocompromised RAG-/- mice (Cunningham et al., 2005). 

Furthermore, transgenic over-expression of a VIR protein in P. falciparum iRBCs 

demonstrated binding to ICAM1 on spleen fibroblasts, so that selected PIR/VIR may be 

involved in cell-to-cell binding and sequestration (Bernabeu et al., 2012; Fernandez-

Becerra et al., 2020).  

 

A direct link between pir genes and any given function or aspect of infection, including 

immune evasion, is currently lacking. This is partly because genetic knock-out studies 

suffer from a difficulty in choosing targets from the large number of pir genes that exist. 

Large genetic ablation screens, such as PlasmoGEM, often experience limited success 

with variable genes like multigene families, leading to both few results and the lack of 

existing genetic tools pertaining to these groups (Bushell et al., 2017). There have been 

suggestions that the pirs may be involved in immune modulation. A P. falciparum RIFIN 

assemblies of each rodent species used, with blue corresponding to P. c. chabaudi 
AS (PcAS), red to P. berghei ANKA (PbA), and yellow to P. yoelii YM (PyYM). In red 
highlight is the Laverania sub-genus, an outgroup to this phylogeny, which does 
not have canonical pir genes, but does have multigene families such as the vars. 
With the exception of the Otto et al., 2014, diagram all branch lengths are for 
illustrative purposes only. 
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has been shown to mimic human LILRB1 and downregulate NK cell activation (Saito et 

al., 2017), although, as mentioned above, a shared ancestry of RIFINs with PIR proteins 

is unlikely. Some pirs of P. knowlesi were observed to share 50% of their sequence the 

T-cell protein CD99, which could represent molecular mimicry in action (Pain et al., 

2008).  

 

The answer likely will not be particularly clear, as evidence is accruing that PIR proteins 

have different functions. For instance, their localisation within the iRBC varies between 

the host or parasite cytoplasm, iRBC surface, or in the parasitophorous vacuole. As 

identified by immunofluorescence in P. c. chabaudi AS, P. berghei and P. yoelii, this 

depends on the PIR protein (Fougère et al., 2016; Yam et al., 2016), the stage of the 

asexual cycle (Omelianczyk et al., 2020), and even on the method of transmission 

(Giorgalli et al., 2022). Giorgalli and colleagues used pan-sub-family antibodies to 

identify the localisation of S7 and L1 pirs in P. c. chabaudi AS, comparing mosquito-

transmitted (MT) and serially blood-passaged (SBP) infections (discussed further in 

chapter 1.6.1) at their acute and chronic stages. The MT iRBCs showed mainly 

parasitophorous vacuolar membrane (PVM) expression of S7 PIRs during the acute 

infection, however in the recrudescing infection many more S7s were exported into the 

host cytoplasm and were also membrane-associated. In SBP infections the S7s were 

present in the iRBC cytoplasm throughout, while the L1s showed fewer changes 

between different parasite sources, remaining in the PVM. In vitro grown merozoites 

showed S7 and L1 expression to differing amounts (80% positive for S7s, and 95% 

positive for L1s) and in slightly different cytoplasmic structures (S7s in one focus and 

L1s in multiple cytoplasmic dots). Staining of unfixed cells (which are not permeable to 

antibody) was always negative, suggesting that the PIRs analysed were not exposed to 

the exterior of the host cell. Despite this, proteomic analysis across iRBC fractions 

showed that many PIRs, including L1s and an S7, could be found in the membrane 

fraction. A separate proteomic study of P. berghei that used surface shearing to 

distinguish intracellular from surface proteins also suggested that only some PIRs are 

found on the iRBC surface (Pasini et al., 2013). In summary, since the proteins are not 

always located at the surface of iRBCs, only some of them could be involved in cell 

surface interactions with the immune system.  

 

A further major difference from variant antigen protein families such as the var/PfEMP1 

is that transcription of pirs does not appear to be monoallelic, as revealed by single-cell 
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RNA sequencing and immunofluorescence of multiple PIRs (Cunningham et al., 2009; 

Reid et al., 2018). Selection of P. yoelii iRBC that express a given pir gene also show 

consistent expression of others, revealing that epigenetic control is certainly involved in 

regulating transcription but the production of one pir’s transcripts does not restrict the 

production of all others (Omelianczyk et al., 2020). An alternative hypothesis is that the 

PIR proteins could form an immunological smokescreen, blinding the immune system 

with an abundance of unimportant antigen, however this is yet to be tested. The 

evidence taken together presents an inconclusive picture, however it is likely that only 

some, if any, of the PIRs play a role in direct immune interactions. 

 

1.6 High-throughput RNA sequencing has shed light on pir 
transcription across the life cycle 

In the era of high-throughput sequencing, a new powerful avenue of understanding pir 

behaviour was opened. Before, the microarrays used to quantify gene expression 

frequently omitted the highly variable multigene families. Now that the total transcript 

content of cells could be converted to cDNA, amplified, and sequenced in its totality, 

these genes were no longer excluded and could be globally analysed. The muddy 

understanding of the role of this multigene family in Plasmodium sp. is reflected in 

transcriptomic studies of the pirs. Despite this, numerous investigators have shown that 

the data can be examined piece-by-piece to find consistent patterns of behaviour. 

1.6.1 P. c. chabaudi AS transcriptome analysis suggests a role of pirs in 
pathogenicity 

Perhaps the closest insights into function have come from P. c. chabaudi AS RNAseq 

analysis. A link between the pir genes and virulence of P. c. chabaudi AS infection was 

found by comparing two different modes of inoculation; the natural method of mosquito 

transmission (MT) and serial blood passaging (SBP) of infected samples between mice 

(Spence et al., 2013). When mice were infected by mosquito bite, this gave rise to a low-

grade infection and eventual clearance by the host (although the parasites recrudesce 

later in the chronic phase of infection). Transferring the infected blood between naïve 

mice lead to a steady increase in virulence of infection with each iteration (Spence et al., 

2013; Wéry, 1967). These more dangerous infections were characterised by high 

parasitaemias, potent hypothermia and anaemia, cachexia and liver damage. This 
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phenotype could be returned to ‘normal’, however, by transmitting these parasites 

through a mosquito again. This observed reversion/moderation of virulence through the 

vector could potentially be the result of returning to a hedge-betting strategy for new, 

unknown environments, after adapting to the immune environment of host mice. 

Notably, there were major changes in the pir RNAseq repertoire between MT and SBP 

infections. Although around 10% of the transcriptome showed significant changes 

between the transmission populations, the pirs were enriched among the differentially 

expressed genes. The MT parasites demonstrated a diverse and broad pir RNAseq 

profile in comparison to the SBP parasites. In the latter, one pir was highly upregulated 

to a major degree, suggesting selection of this specific pir for maximal fitness.  

 

P. c. chabaudi AS was used to highlight another association between the pirs and 

pathogenicity, as a similar pattern to MT vs SBP infections was observed when acute 

and chronic infections were compared (Brugat et al., 2017). When acute or chronic 

infections of mice were passaged into naïve mice, the transferred acute parasites 

showed a broad, diverse pir repertoire, but pir expression of the transferred chronic 

parasites was dominated by a much smaller subset. Again, this change was in tandem 

with an increased virulence of chronic-derived parasites in naïve mice (the chronic 

infection in the original mouse, which by now had developed immunity, causes minor 

symptoms). Another notable observation was how these changes corresponded to sub-

families and chromosomal locations of the genes involved. It was found that the pirs 

upregulated in acute/chronic infections tended to group in given loci. These genetic 

clusters of co-expressed pirs were termed acute-associated pir loci (AAPLs) and 

chronic-associated pir loci (ChAPLs) depending on which stage of infection they were 

primarily associated with. The loci were enriched for given sub-families, with S7s found 

to dominate the AAPLs and L1s the ChAPLs, highlighting the potential use of the 

groupings in identifying functional distinctions. A similar signal, albeit a much-reduced 

change, was also observed in P. berghei samples from a chronic model of Norwegian 

brown rats. Intriguingly quite the opposite effect is found in chronic P. coatneyi infections 

of rhesus macaques, with the chronic pir profile showing upregulation overall (but 

variable between genes) (Cordy et al., 2019). There is a consistent pattern of the pirs 

changing alongside an adaptation of the parasites to a given immune environment, 

which in the case of P. c. chabaudi AS exacerbated the pathogenicity of infection in non-

immune mice. 
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1.6.2  RNAseq data from other species demonstrates patterns among pir 
transcription  

The rodent-infecting P. berghei remains the dominant model in mice, and it has had its 

transcriptome sequenced many times in different contexts. The earliest such study, Otto 

et al, 2014, covered the asexual/sexual blood stages as well as mosquito stages, and 

they observed that while many pirs were transcribed among the former samples, the 

latter generally showed little-to-no pirs. This is a pattern that is frequently noted when 

the transcriptome of P. berghei mammalian stages are compared to those that develop 

in the mosquito, suggesting that the pirs do not play an important role in the mosquito. 

This is one such example of how transcriptomic studies can enlighten broad functional 

understanding. It was not long before methods had enhanced resolution and one could 

perform RNAseq of individual cells (single cell RNAseq; scRNAseq). scRNAseq was 

applied to P. berghei sexual cells, showing for the first time the difference in pir 

transcription between male and female gametocytes. The female cells seldom 

transcribed any pirs, while the male gametocytes showed highly variable but much-

expanded transcription (Reid et al., 2018).  

 

P. vivax RNAseq was used to quantify the pir transcriptome across the asexual blood 

cycle, using synchronised cells cultured ex vivo (Zhu et al., 2016). As with P. berghei a 

broad swathe of pirs were transcribed across the entire cycle, however there were 

extremes of transcription observed at the end of schizogony/beginning of the ring 

stages. Hence even within the life cycle stages that transcribe high numbers of pirs, 

there are differences to be found with the timing of development. These could suggest 

the importance of pirs or sub-divisions of pirs primarily at certain points of the asexual 

cycle. By comparing two different patient isolates of the parasites, they also observed a 

group of pirs transcribed highly in both isolates, as well as groups of pirs that were only 

transcribed in one isolate and not the other, hinting at the diversity of pir repertoires 

between infection populations and/or hosts.  

 

Despite the insights these studies have garnered about when pirs may be necessary in 

Plasmodium sp. infection, seldom are the pirs incorporated into the analysis of the 

numerous other studies that extracted the transcriptomes of these species. These 

studies present rich data which have not yet been mined for their pir potential.  
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1.7 The aims and hypothesis of this thesis 

With this multitude of studies, an opportunity arises of not only analysing the change of 

pir transcription across many stages of the life cycle, but also assessing the consistency 

of results. For a multigene family, results can be starkly different between experiments, 

however where consistency emerges, we can identify reproducible moments when pir 

mRNA is likely to be required by malaria parasites. This thesis uses published (P. 

berghei and P. vivax) and novel (P. c. chabaudi AS) data to investigate an open 

question about pir genes in infection across species and life cycle stages; Which pir 

genes, and pir sub-families, are consistently associated with stages of Plasmodium sp. 

development? By understanding when pirs are transcribed across species it will be 

possible for future investigators to hone their studies to the time of the life cycle most 

relevant to PIR function. These observations may also improve hypotheses on the 

functions of PIRs/PIR clades, as the timing of transcription will be linked to given 

processes that the parasite undertakes to survive, such as proliferative stages or stages 

exposed to adaptive immunity. 

 

With multiple species included, I can also compare between species, and I hypothesise 

that pir gene transcriptional patterns will be conserved between them. Furthermore, I 

suggest that, although pir sub-families do not have direct phylogenetic relations between 

the rodent and the primate malaria clades, there will be equivalent sub-families 

identifiable through their expression profiles. Finding conserved transcriptional patterns 

of pirs between species will suggest conserved functions of the genes between rodent 

models and human infections. 

 

Another important resolve of this thesis is to identify targets for future experimentation, 

such as localisation studies and gene KOs. Multigene families make initiating these 

investigations challenging as there can be thousands of members to sift through for the 

choice to target. Many may be redundant, leading to experiments with few insightful 

results. The genes which show a clear and consistent signal for overall development or 

development at certain stages make clearer, delineated options for studying a 

phenotype. Even sub-family associations present a subset of targets for a mid-

throughput screen. 

 

In summary, my objectives are to: 
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1. Use ten P. berghei published RNAseq datasets from across the life cycle to find 

consistent associations of pir genes and sub-families with given stages of 

development. (Chapter 3) 

2. Identify constitutively transcribed pirs as prime targets for future study (Chapter 3) 

3. Use a novel dataset of P. c. chabaudi AS RNAseq taken across the asexual life 

cycle, in different methods of transmission, to gain greater resolution of this stage 

of development and how pirs associate with each time point. (Chapter 4) 

4. Compare and contrast the transcription of pir genes between different rodent-

infective species, and between rodent and human-infective species. (Chapters 4 

and 5) 

5. Use published P. vivax RNAseq datasets for de novo transcriptomic assembly to 

ascertain the diversity and amount of pir transcription between samples, 

conditions, and life cycle stages. (Chapter 5) 
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Chapter 2. Materials and Methods 

2.1 P. c. chabaudi AS culturing and RNAseq extraction 

2.1.1 Attribution of labour 

Note that this section of the Materials and Methods was entirely performed by others, as 

described in the text. 

2.1.2 Mice 

Infections of P. c. chabaudi AS were maintained in female C57Bl/6 mice of 6-8 weeks of 

age. These mice were reared in a specific pathogen free environment at The Francis 

Crick Institute Mill Hill site (National Institute of Medical Research), at temperatures of 

20–22 °C, and with access to mouse breeder diet/water at all times. They were raised in 

normal light (light 07.00–19.00, dark 19.00–07.00 GMT) and reverse light (light 19.00–

07.00, dark 07.00–19.00 GMT) conditions, the latter environment for minimum a week 

before infections were performed. Care of mice was performed by Audrey Vandomme, 

Thibaut Brugat, other members of the Langhorne Lab and staff of The Francis Crick 

Institute Biological Research Facility. The study conformed to the UK Animals (Scientific 

Procedures) Act 1986 (operating under the Home Office licences 80/2538 and 70/8326) 

and received ethical confirmation from The Francis Crick Institute Ethical Committee. 

2.1.3 Mosquitoes 

Anopheles stephensi mosquitoes were bred at The Francis Crick Institute Mill Hill site. 

They were kept at 26°C and fed with 8% (w/v) D-Fructose (Sigma, cat. no. F0127) and 

0.05% (w/v) para-aminobenzoic acid (Sigma, cat. no. A9878) solution in dH2O (sterilised 

through filtration) which was always available and replaced every two days. To instigate 

egg production the insects were provided with defibrinated horse blood (E & O 

Laboratories Ltd) from a Hemotek membrane feeder. Egg bowls were provided as 

0.3g/L sea salt solution with moist filter paper partially submerged. Eggs were collected 

and placed in larger trays, and as the eggs hatched and larvae grew the colony was split 

into further trays. Larvae were fed Liquifry No. 1 (Interpet) and pool pellets (Dr Clarke’s 

pond foods). Mosquitoes were reared by Prisca Hill, Irene Tumwine, Audrey Vandomme, 

Thibaut Brugat, and other members of the Langhorne lab. 
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2.1.4 Parasite maintenance 

All P. c. chabaudi AS strain used in these experiments was originally sourced from a 

clonal isolate provided by Professor David Walliker, University of Edinburgh, UK. The 

stock was maintained and boosted by infecting mice by i.p. injection of iRBCs and 

passaging inoculum between naïve individuals for new cryopreserved stabilates to be 

frozen in liquid nitrogen (SBP). For infection studies or maintaining parasite stock SBP is 

only iterated four times between mice (the cryopreserved stock is itself a product of SBP 

so overall the parasite has been through up to six passages since last mosquito 

transmission). Mosquito transmitted (MT) infections of P. c. chabaudi AS used 

Anopheles stephensi insects and was performed as described in (Spence et al., 2012). 

Briefly, SBP-infected mice (at least two weeks post infection) with gametocytaemia 

above a threshold of 0.1% (i.e. with ³ 0.1% i.e. of all blood cells infected with 

gametocytes), as determined by light microscopy of Giemsa-stained thin blood films 

(Giemsa - BDH (VWR), cat. no. 352603R), were terminally anaesthetised and placed 

onto the mosquito cages with access for the insects to bite. After four days the 

mosquitoes were provided with an egg bowl, and they were given a second feed at six 

days to enrich P. c. chabaudi AS infection. Recently mosquito transmitted (RMT) 

infections were obtained by infecting naïve mice with iRBCs from MT infections. These 

singly-passaged infections have been shown to retain the transcriptional and phenotypic 

characteristics of MT parasites, but the mice can be given a consistent iRBC 

administration instead of variable sporozoite numbers from mosquito bite. All iRBC 

inoculum were injected i.p. at a constant number of 105 infected cells. The raising of 

parasite in mice, blood collection and parasitaemia counts were performed by Audrey 

Vandomme, Thibaut Brugat, and other members of the Langhorne Lab. 

 

2.1.5 RNA extraction and sequencing 

Blood for RNA was removed from 3 exsanguinated mice at each timepoint of infection 

(02:00, 05:00, 08:00, 11:00, 14:00, 17:00, 20:00, 23:00) seven days from inoculation. 

The blood was filtered through Plasmodipur (Euro Proxima) to deplete leukocytes. Host 

RNA was depleted by saponin lysis and centrifugation. RNA extraction itself was 

performed by the protocol of (Spence et al., 2013) in which the purified parasites were 

mixed with Trizol (Invitrogen 15596026), frozen at -80°C, and later resuspended in water 

for library preparation. The samples were converted into 150-350 bp fragment Illumina 
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TruSeq libraries through 12 cycles of PCR amplification, then for sequencing they were 

tagged, pooled and ran on two Illumina HiSeq2500 lanes. Each sample was present on 

both lanes and sequenced as 100bp reads. RNA extraction and library preparation was 

performed by Audrey Vandomme, Thibaut Brugat, other members of the Langhorne Lab, 

and staff of The Francis Crick Institute’s High-Throughput Sequencing Science 

Technology Platform. 

 

2.2 RNAseq analysis of the P. c. chabaudi AS and P. berghei data 

2.2.1 Dataset download and processing 

The P. c. chabaudi AS data and the P. berghei data from Witmer et al., 2020, and 

Ukegbu and Giorgalli et al., 2020, were transferred manually from lab storage. All other 

P. berghei RNAseq data was downloaded from the Sequence Read Archive (SRA) with 

SRA-Tools (SRA_Toolkit_Development_Team, n.d.). The cut-off date for inclusion in the 

study was December 31st, 2020 for P. berghei. The technical replicates among these 

data were concatenated before processing. For analysis the rna-seq pipeline v1.4.2 

(from nf-core, with Nextflow workflow software v20.07.1) was used (di Tommaso et al., 

2017; Ewels et al., 2020). Paired-end and single-end samples were analysed with 

identical but separate workflows. As part of this workflow FastQC v0.11.8 (Andrews, 

n.d.) and MultiQC v1.7 (Ewels et al., 2016) were used for quality control, Trim Galore! 

v.0.6.4 (Krueger, 2015) removed adapter sequences from the RNAseq data, HISAT 

v.2.1.0 (Kim et al., 2015) aligned the sequences to the reference genomes, and 

featurecounts v1.6.4 (Liao et al., 2014) functioned to calculate the gene counts from the 

alignment. The configuration profile used for Nextflow was a locally maintained profile for 

The Francis Crick Institute (https://github.com/nf-

core/configs/blob/master/docs/crick.md). The gene annotations, including for the 

different pirs, and reference genomes (Brugat et al., 2017; Fougère et al., 2016) for 

featurecounts gene counting were taken from PlasmoDB v48 (a resource supported by 

GeneDB) (Aurrecoechea et al., 2009; Logan-Klumpler et al., 2012). For ChAPL and 

AAPL designation I followed Brugat et al., 2017. I excluded the annotated pirs 

PBANKA_0524600 and PCHAS_0524800 due to their two-exon structure which differs 

from most other pirs. The gene counts were further analysed in R v4.0.2 (R Core Team, 

2018). They were converted into TPM by normalizing for gene length and library size, a 
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metric chosen over RPKM/FPKM (RNA/Fragments Per Kilobase of exon per Million 

reads mapped) as the latter varies in its total between samples (Wagner et al., 2012). 

2.2.2 Data filtering and analysis in R 

The similarity and correlation between the samples’ global TPM values were 

investigated using Principal Components Analysis (PCA – with the inbuilt prcomp 

function in R with ‘center’ and ‘scale’ set to TRUE), hierarchical clustering (R’s hclust 

function) and Pearson correlation. It was decided based on this that some of the times 

and conditions of the original RNAseq samples should be combined due to 

transcriptional similarity, and others were removed due to poor quality or dissimilarity to 

other samples. The samples combined were from nearby timepoints and minor condition 

changes; liver stage samples at 4h post-infection or earlier (Liver.pre4h), liver stage 

samples at 48h post infection or later (Liver.post48h), liver stages from the same 

timepoints but different cell lines, the chronic and acute samples from Brugat et al., 2017 

(Asexual.Mixed), the different times of ookinete development from Otto et al., 2014 

(Ookinete), the ‘activation’ state of gametocytes from Ukegbu and Giorgalli et al., 2020 

(Gametocytes), and 3h post-uptake and earlier blood meal samples from Ukegbu and 

Giorgalli et al., 2020. (BloodMeal-Pre3h). The 6h Liver samples from Caldelari et al., 

2019 (E06), were removed due to low read counts, as performed in the original 

publication. A 2h Liver sample (SRR11142819) from Toro-Moreno et al., 2020 (E08), 

and two schizont samples (SRR3437888 and SRR3437912) from Modryzynska et al., 

2017 (E03), were removed due to being different to other samples from the same 

experiment by hierarchical clustering of the entire transcriptome (see Figure 3.2).  

 

2.2.3 Statistical analysis of differential expression in R 

I treated each biological replicate from each experiment as an independent sample. For 

comparison of gene set transcription (such as the pirs, pir sub-families and pir loci) I 

used Qusage v2.22.0 (Meng et al., 2019) with the TPM data and 2x1018 iterations. With 

P. c. chabaudi AS I only included genes in a gene set if they were transcribed above 10 

TPM in at least one timepoint sample, using the re-normalized data without pseudogene 

PCHAS_0420800. The sub-families L2 and the three unannotated P. c. chabaudi AS 

pirs were not included as they had only three members or fewer, which Qusage 

recommends not including. I made pairwise contrasts between consecutive timepoints 
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within recently mosquito transmitted (RMT) and serially blood passaged (SBP) (including 

log fold changes between 02h and 23h, as this is when the cycle theoretically restarts), 

and between the same timepoints of RMT and SBP. The L-form statistical comparisons 

between the schizonts and other asexual stages, for P. c. chabaudi AS and P. berghei, 

were conducted using the prop.test function in R, as Qusage cannot handle different 

genomes. 

 

For statistical comparison of the transcription of individual genes between samples I 

used DESeq2 v1.28.1 (Love et al., 2014). Log fold change shrinkage was applied with 

the ashr model (M. Stephens, 2016) so the genes with low transcription have less of an 

effect on the results. Differential expression was considered statistically significant if the 

adjusted p-value (multiple testing correction by the false discovery rate (Benjamini & 

Hochberg, 1995)) was less than 0.05. 

 

2.2.4 Deconvolution of P. c. chabaudi AS bulk RNAseq 

This was performed by Adam Reid following the protocol of Aunin et al., 2020. Briefly, 

the single-cell transcriptomes from the Malaria Cell Atlas were used to produce 

pseudobulk samples of circulatory stages of the parasite which were supplied as the 

reference for CIBERSORT v1.06 (default settings) (Newman et al., 2015). 

2.3 Phylogenetic analysis of the pir ‘ancestral’ sequences 

To find orthologs of the ancestral pir gene (Frech & Chen, 2013) ‘transformation by 

orthology’ search (which invokes OrthoMCL (L. Li et al., 2003)) was performed on 

PlasmoDB v48 using PBANKA_0100500. The ancestral gene for P. c. chabaudi CB was 

extracted using a BLAST search of the genome (it was 100% identical to the P. c. 

chabaudi AS gene) (Lin et al., 2018). This found nineteen orthologs across the 

Plasmodia. These were uploaded to the Seaview platform (Gouy et al., 2010) and 

aligned using MUSCLE v3.8.31 (Edgar, 2004) and a phylogenetic tree was built with 

PhyML v3.1 (Guindon et al., 2010) with LG model 100 bootstrap replicates (otherwise 

default settings). The tree was trimmed by removing sequences from strains of the same 

species for simplification. To design and visualise the tree, in R, the packages treeio 

v.1.12.0 (Wang et al., 2020), ggtree v2.2.1 (Yu et al., 2017), and ape v5.4 (Paradis & 

Schliep, 2019) were used. 
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2.3.1 Transcriptional comparisons of the ancestral pir across the Plasmodia 

Using these orthologs, transcription data from published studies (see Table 3.2) was 

analysed to see in which percentage of the global transcriptome the ancestral pir was 

found in e.g. was it among the 10% highest transcribed genes? The published 

TPM/RPKM files from these studies were used to calculate this. 

. 

2.4 De novo transcriptomic analysis of P. vivax RNAseq data 
Methods 

2.4.1 P. vivax data download and adapter trimming 

Datasets were downloaded using the FetchNGS pipeline v1.5 available from nf-core 

using Nextflow v21.10.3 and Singularity v3.6.4. Default settings were used except for ‘--

force_sratools_download’ to use SRA-toolkit for the download, and an additional custom 

config file (https://github.com/timslittle/Thesis_Github_221023/blob/main/custom.config) 

supplied via ‘-c’ to permit the SRA-toolkit function ‘prefetch’ to use larger files than 

default. As before, the configuration profile used for Nextflow was a locally maintained 

Crick profile (https://github.com/nf-core/configs/blob/master/docs/crick.md). Samples 

were quality filtered and adapter trimmed using fastp v0.20.0 (Chen et al., 2018) with the 

settings “--compression 9 --detect_adapter_for_pe” for maximum file compression and 

automatic adapter sequence detection. At this point files were concatenated together if 

they constituted the same isolate of P. vivax, to maximise the amount of information for 

the transcriptome assemblers, but minimise the erroneous assembly of transcripts from 

stitching reads of different sources. One dataset which was considered for this study, 

Roth et al., 2018, was excluded because the source of the parasite isolates was not 

clear from the methods. See Chapter 7 - Appendix for the full list of files concatenated 

together and the rationale for this. 
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2.4.2 P. c. chabaudi AS RNAseq pre-processing, de novo transcriptome 
assembly and analysis 

The P. c. chabaudi AS RMT 14h RNAseq samples were aligned to the GRCm39 Mus 

musculus genome (Genome Reference Consortium: https://www.ncbi.nlm.nih.gov/grc) to 

remove reads which aligned. HISAT2 v 2.1.0 was the aligner used with parameters ‘-q -x 

--un-conc-gz’, with the last parameter saving the sequences which do not align 

concordantly to the reference (Kim et al., 2015). Bbduk (BBMap v36.20) was then 

employed to perform k-mer depletion for rRNA reads (Bushnell et al., 2017), using the 

SILVA rRNA database (138.1) (Quast et al., 2013), and the following parameters ‘k=25 

mcf=0.9’.  

 

It is upon this processed 14h RMT sample and the concatenated full P. c. chabaudi AS 

RMT and SBP dataset that de novo transcriptome assembly was performed. Trinity 

v2.2.0 was used with the parameters ‘--seqType fq --max_memory 128G’ (Haas et al., 

2013). SPAdes v3.9.0 was used with the parameter ‘-m 128’, with the python script 

rnaspades.py used for rna-spades assemblies, and spades.py and the ‘--sc’ parameter 

for sc-spades assemblies (Bankevich et al., 2012; Bushmanova et al., 2019). CD-hit-est 

v4.8.1 redundancy removal was performed on the 14h RMT samples, with parameters ‘-

n 10’ and ‘-c’ set to 0.9, 0.95 or 0.99 (Fu et al., 2012; W. Li & Godzik, 2006).  

 

To evaluate how well the output captured the pir transcripts of P. c. chabaudi AS I used 

BLAST+ v2.9.0 to align the de novo transcriptomes to PlasmoDB v53 annotated P. c. 

chabaudi AS pir sequences (Altschul et al., 1997; Aurrecoechea et al., 2009). The 

parameters ‘-evalue 1e-20 -num_threads 6 -max_target_seqs 50 -outfmt "6 std qcovs 

qcovhsp slen nident”’ were used to filter the results and increase the number of reported 

output statistics (mainly for the ‘qcovhsp’ metric). The results from BLAST were finally 

analysed in R (R Core Team, 2018). 

 

2.4.3 P. vivax RNAseq pre-processing and de novo transcriptome assembly  

The P. vivax RNAseq datasets (both the concatenated RNAseq files and individual files) 

were aligned similar to above but using a concatenation of the Mus musculus genome 

(due to the mouse fibroblasts in the Gural et al, 2018 system), the Homo sapiens 

genome GRCh38 (Schneider et al., 2017), Anopheles dirus WRAIR2 mosquito AdirW1 
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genome (due to the mosquito-sourced samples of Boonkaew et al., 2020) (Amos et al., 

2022; Neafsey et al., 2015), as well as the primate Saimiri boliviensis SaiBol1 genome 

(Chiou et al., 2011) and Aotus nancymaae GCA_000952055.2 genome (Babb et al., 

2011) (the monkeys used in Gunalan et al., 2019). The HISAT2 alignment removal and 

bbduk k-mer depletion were performed as described above except with the relevant 

parameters altered for the single-end and paired-end stranded P. vivax samples: for the 

stranded libraries of Kim et al., 2017 and 2019 samples HISAT2 was performed with ‘--

rna-strandness FR’; for the single-end libraries of Muller et al., 2019, and Gural et al., 

2018, HISAT2 was performed with ‘--un-gz’ instead of ‘--un-conc-gz’. 

 

The fastp-processed, HISAT2-filtered and bbduk-depleted RNAseq datasets were then 

used for building de novo assemblies with sc-spades (SPAdes v3.9.0, parameters ‘-m 

128 --sc’). Only the concatenated isolate files were used for this purpose unless an 

isolate was made up of only one RNAseq dataset and hence it was not concatenated. 

CD-hit-est v4.8.1 was used with a redundancy threshold of 95%: ‘-c 0.95 -n 10’.  

2.4.4 P. vivax pir transcript detection 

The sequence assemblies were processed using getorf (EMBOSS v6.6.0, parameters ‘-

minsize 300 -table 0 -find 1’) to detect and translate open reading frames, with a 

minimum length of 300bp (100aa), between a standard eukaryotic start and a stop 

codon (or alternative eukaryotic initiation codons) (Rice et al., 2000). These ORF files 

were used to calculate BUSCO scores with BUSCO v4.0.5 and settings ‘-m proteins’ 

and ‘apicomplexa_odb10’ and ‘plasmodium_odb10’ as references (Manni et al., 2021; 

Simão et al., 2015). HMMer v3.3.2 is then used to identify the sequences which 

resemble the Plasmodium_Vir Pfam model (PF05795) (Mistry et al., 2021), then 

matches with an E-value of less than 1e-3 were extracted (Eddy, 2011). The ORFs are 

then filtered to get those at least 200aa long using seqkit ‘seq -m 200’ (Shen et al., 

2016). 

 

Transcriptional quantification of the samples was then used to both detect which of the 

proposed pir transcripts have RNAseq reads map back to them, and to evaluate how the 

pirs are being transcribed. All the original biological replicates (after fastp, HISAT2 and 

bbduk processing) were aligned to their corresponding assemblies using the transcript-

aware aligner Salmon v1.9.0 (Patro et al., 2017). The parameters ‘-p 8 --
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validateMappings -I A’ were used for all alignments, with ‘-l SR’ specified instead of ‘-I A’ 

for the stranded libraries. Salmon calculates TPM automatically, so these results were 

used directly to filter the HMMer ORF outputs for the PIR sequences with evidence of 

transcription (greater than or equal to 1 TPM in at least one sample). 

 

2.4.5 Creating networks of PIRs and sub-family assignment 

To create networks of the PIR ORFs and work out which sub-family they belong to/how 

well existing definitions describe these PIRs, I downloaded the already published PIR 

sequences from P. vivax strains P01 and Sal1, as well as the de novo PIRs from Zhu et 

al., 2016 (denoted as Zhu16). For P01 and Sal1 a PlasmoDB v56 search was performed 

for “PIR protein” in ‘Product Description’ as well as a Pfam search for Plasmodium_Vir. 

For Zhu16 the original de novo gene sequences were processed through getorf in the 

same manner to the original de novo sequences of this thesis, which gave 116 ORFs 

from 102 mRNAs, out of the original 179 total mRNAs. These ‘known’ PIRs were 

combined with the de novo PIRs and BLASTp v2.9.0 was performed between this 

dataset and itself (‘-evalue 1e-3 -num_threads 6 -max_target_seqs 500 -outfmt "6 std 

qcovs qcovhsp slen nident"’).  

 

The results were minimally filtered for at least 10% identity alignments and 20aa long 

alignments (and removing all same-to-same alignments) before performing MCL 

clustering with varying inflation values (influence the number of clusters) of 1.2, 1.4, 1.8, 

2, 2.5, 3, 4 and 6 (mcxload parameters: ‘--stream-mirror --stream-neg-log10 -stream-tf 

'ceil(200)'’; mcl and mcxdump parameters all default) (van Dongen & Abreu-Goodger, 

2012). The networks were further filtered for only alignments with at least 20, 30, 40, 50, 

60, 70, 80, 90% identity and 50, 75, 100, 150, 200, 250 and 300aa length in order to 

assess the best networks. As reported in the results, the best compromise between 

minimal exclusion of PIRs from the network, minimal total number of clusters and 

minimal mixing of Sal1 sub-family sequences was found with 30% identity and 25aa long 

BLAST alignments, and an MCL inflation value of 1.4. Based on the MCL clusters sub-

families were assigned based on the majority Sal1 sub-family sequence in the cluster. If 

a cluster had no assigned Sal1 sub-family sequence (note that there may be unassigned 

Sal1 sequence present) then it was Unassigned. These were then numbered if the 

assigned name was not unique. 
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The network was visualised using Gephi (Bastian et al., 2009) and the OpenOrd layout 

algorithm (Martin et al., 2011) with 10% Liquid stage, 50% Expansion stage, 5% 

Cooldown stage and no Crunch or Simmer stage of the simulated annealing process, 

0.9 edge cut, 7 threads, 1000 iterations, 0.2 fixed time and a random seed of 234, 

followed by briefly running the Noverlap algorithm to reduce overlapping nodes with 

speed set to 3, ratio 0.5 and margin 5. 

 

2.5 Other packages used in R throughout analysis 

R packages used in manipulating and analysing this data include dplyr (Wickham et al., 

2019), data.table (Dowle & Srinivasan, 2019), reshape2 (Wickham, 2007), stringr 

(Wickham, 2019), tibble (Müller & Wickham, 2019), readr (Wickham et al., 2018), and 

readxl (Wickham & Bryan, 2019).  

 

Visualization was achieved using ggplot2 (Wickham, 2016), RColorBrewer (Neuwirth, 

2014), corrplot (Wei & Simko, 2017), plotly (Sievert, 2020), viridis (Garnier, 2018), 

circlize (Gu et al., 2014), and ComplexHeatmaps (Gu et al., 2016). 

 

2.6 Availability of R code 

Code used in R for analysis can be found at 

https://github.com/timslittle/Thesis_Github_221023. 
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Chapter 3. Results - Analysis of P. berghei pir 
transcription across the life cycle 

3.1 Introduction 

Major indicators for the role of a Plasmodium gene can come from its association with 

stages of the life cycle. For example, the gene p47 is upregulated in (female) 

gametocytes and is involved in protection of the Plasmodium ookinete from the innate 

immunity of the mosquito (Molina-Cruz et al., 2013; Ukegbu et al., 2017). The 

Plasmodium falciparum var genes are (almost) exclusively transcribed in the asexual 

blood stages, which is because of the function of the encoded PfEMP1 proteins in 

facilitating the binding of infected red blood cells (iRBCs) to endothelial tissue (Su et al., 

1995). Transcriptional analysis of the pir gene family, the subject of this thesis, has also 

been important in improving our understanding of these genes. By utilising RNAseq data 

from the rodent malaria parasite P. berghei we know that these genes are likely to be 

important in the asexual blood stages compared to potential unimportance in the 

mosquito stages (Otto et al., 2014). Additionally, P. c. chabaudi AS transcriptomes have 

revealed a link between the genes and both virulence and chronicity of infection (as 

elaborated upon in Chapter 1) (Brugat et al., 2017; Spence et al., 2013). Single-cell 

RNAseq has been used to expand the coverage of the P. berghei transcriptome to the 

entire life cycle, reinforcing previous conclusions, revealing the dearth of liver-stage 

transcription, and the disparity between the different sexes of gametocytes (Howick et 

al., 2019; Reid et al., 2018). However, the resolution of single-cell technology comes 

with the cost of a loss of gene sensitivity. Current single-cell technology can only reliably 

capture genes transcribed at higher levels, and pir genes are often under-detected 

(Howick et al., 2019; Kharchenko et al., 2014). Hence it is important also to have a full 

life-cycle analysis of this gene family using bulk RNAseq data.  

 

Although a full life-cycle analysis of bulk RNAseq for the pir genes has not been 

performed, the data needed already exist. There are extensive RNAseq datasets 

covering most stages of the P. berghei life cycle from multiple different published 

studies. This parasite lends itself well to experimentation since it infects laboratory mice, 

and all stages of its life cycle can be easily isolated (Sinden et al., 2002; Yoeli & 

Hargreaves, 1974). Additionally, there are relatively few pir genes (134 canonical pir 
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genes in total) in the P. berghei genome. This compactness is an advantage for 

experimental investigation as it gives fewer targets to study, and there may be less 

redundancy in gene function between the pirs. The Plasmodium berghei pir genes have 

also been assigned into different sub-families based on phylogeny and sequence length 

(Otto et al., 2014). This includes broader groupings such as the 106 Short pirs (S-forms), 

27 Long pirs (L-forms), and a single distinct clade for a gene thought to be the ancestor 

of the family (Frech & Chen, 2013). The L and S-forms can be further sub-divided into 

smaller groups. I can hence perform analysis over defined subsets of the family instead 

of just all the genes or individual members. 

 

I identified ten published datasets which cover virtually the whole life cycle of P. berghei, 

including the asexual cycle, liver stages, sexual stages and the beginning/end of 

mosquito passage (see Figure 3.1 and Table 3.1) The P. berghei asexual cycle is 

asynchronous, meaning that extractions from blood will yield multiple stages. Therefore, 

most of the RNAseq data from the five different studies covering asexual stages uses 

mixed samples. One paper (Otto et al., 2014) used brief in vitro culture to synchronise 

the parasite growth, and to enable extraction of individual life cycle stages in the blood. 

Most analyses of the sexual stages similarly did not discriminate based on sex, while 

two studies separated male and female gametocytes for RNAseq. One experiment 

sampled the mosquito blood meals, which includes a mixture of asexual, sexual and 

ookinete stages. All the liver-stage experiments covered multiple time points along the 

progression from sporozoite to mature exoerythrocytic schizont.  

 

The major problem with the comparison of RNAseq data from diverse publications is 

variation between the different laboratories performing the investigations. Laboratory-

specific effects can be influenced by the people who performed the experiments, the 

exact strain and isolate of the parasite used, the different types/strains of mice, cell 

cultures and mosquitoes used, the batches of reagents utilised, the timings during 

procedures, the protocols employed, etc. These are ultimately unknowable, and can only  
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Figure 3.1 - Schematic of the life cycle stages of P. berghei covered by the different 
RNAseq publications used in this investigation. 
Experiment codes as specified by Table 3.1. Designed by Ana Antonello. 
 

be estimated by internal controls, or by comparing samples of the same stage (Risso et 

al., 2014). Unfortunately, this is impossible to do for all these data, as the liver-stage 

experiments (E06-08) have no overlapping samples with other experiments (E01-E05, 

E09-10). Hence, it was necessary for me to investigate the robustness of the data before 

any comparisons could be made.  

 

After re-analysing the raw sequences through a common pipeline, I was able to confirm 

that batch effects were minor. The transcriptional analysis demonstrated consistent 

patterns of pir mRNA activity across different life cycle stages of the parasite, as well as 

associations of given individual genes and sub-families. 

 

3.2 Aims  

• Verify the robustness of the experimental P. berghei RNAseq datasets and the 

presence of batch effects between publications. 
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• Observe the amount and consistency of P. berghei pir transcription across the life 

cycle, between different stages and datasets. 

• Identify individual and sub-groups of pirs which are enriched in given stages of 

the life cycle or transcribed throughout. 

3.3 Results 

3.3.1 RNAseq samples from different stages of the P. berghei life cycle robustly 
cluster by the parasite developmental stage 

As this investigation uses RNAseq datasets from multiple different publications 

(conducted in different labs, by different people (see Table 3.1) there are many variables 

between the results which cannot be controlled for. Hence, the first step of this 

comparison is to test whether the life cycle stages of P. berghei are more similar to 

samples extracted from the same stage of the life cycle than samples extracted as part 

of the same experiment/publication. The latter case would indicate extreme batch effects 

and could invalidate the results of comparisons without major correction. In order to 

reduce the possibility of batch effects influencing the investigation as much as possible, 

the raw sequencing data from the original studies were re-analysed using a common 

bioinformatics pipeline. The resultant count data for individual genes were then further 

normalized as TPM (Transcript-per-million).  

 

Initially, the data in each publication were assessed separately to look for intra-

experiment outliers. To do this, hierarchical clustering was performed on the global 

transcriptional profile of each sample from each publication. While the vast majority of 

samples associate with others taken from the same stage of the life cycle, a few are 

noticeably different. While this could be due to capturing a distinct biological 

phenomenon, as there are generally few highly divergent samples, I make the 

assumption that this is due to error, and they should be removed from the study.  
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Experiment 
Code 

Reference Stages 

E01 A comprehensive evaluation of rodent malaria 
parasite genomes and gene expression – Otto et al., 
2014 

Asexual: Rings; Trophs; 
Schizont. 
Gametocytes; 
Ookinetes. 

E02 Antibody-independent mechanisms regulate the 
establishment of chronic Plasmodium infection – 
Brugat & Reid et al., 2017 

Asexual: Mixed. 

E03 A Knockout Screen of ApiAP2 Genes Reveals 
Networks of Interacting Transcriptional Regulators 
Controlling the Plasmodium Life Cycle – Modrzynska 
et al., 2017 

Asexual: Schizont; 
Gametocytes; 
Ookinetes. 

E04 Nutrient sensing modulates malaria parasite 
virulence – Mancio-Silva et al., 2017 

Asexual: Mixed 

E05 Comparative transcriptomics of female and male 
gametocytes in Plasmodium berghei and the 
evolution of sex in alveolates – Yeoh et al., 2017 

Asexual: Mixed; 
Gametocyte: Female; 
Gametocyte: Male 

E06 Transcriptome analysis of Plasmodium berghei 
during exo-erythrocytic development – Caldelari et 
al., 2019 

Sporozoites; 
Liver: 24h; 
Liver: post 48h (48h, 
54h and 60h); 
Liver: Merozoites 

E07 Dual RNA-seq identifies human mucosal immunity 
protein Mucin-13 as a hallmark of Plasmodium 
exoerythrocytic infection – LaMonte et al., 2019 

Sporozoites; 
Liver: 24h; 
Liver: post48h (48h) 

E08 RNA-Seq Analysis Illuminates the Early Stages of 
Plasmodium Liver Infection – Toro-Moreno et al., 
2020 

Sporozoites; 
Liver: Pre4h (2h and 
4h); 12h; 18h; 24h; 
36h; 48h 

E09 An epigenetic map of malaria parasite development 
from host to vector – Witmer et al., 2020 

Asexual: Mixed; 
Gametocyte: Female; 
Gametocyte: Male; 
Ookinetes 

E10 PIMMS43 is required for malaria parasite immune 
evasion and sporogonic development in the 
mosquito vector – Ukegbu & Giorgalli et al., 2020 

Blood Meal: Pre3h (1h 
and 3h); 
Blood Meal: 24h; 
Ookinetes 

 
Table 3.1 - Published studies from which P. berghei RNAseq datasets were used in 
this chapter, including the stages of P. berghei extracted and the experimental code 
used to identify sample origins. 
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Based on this rationale three samples were removed; a 2h Liver infection sample 

(SRR11142819) from Toro-Moreno et al., 2020, and two schizont samples  

 
Figure 3.2 - Hierarchical clustering of the P. berghei RNAseq samples in TPM 
from E03 and E08. 
Uses base R ‘hclust’ function on the Euclidean distance between samples, 
drawn with ggdendrogram package (de Vries & Ripley, 2020). Samples 
highlighted in red were selected for exclusion from downstream analyses due 
to their dissimilarity to other samples from the same experiment based on the 
clustering and other signals. 
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(SRR3437888 and SRR3437912) from Modryzynska et al., 2017 (these hierarchical 

clusters are shown in Figure 3.2). Additionally, some of the different  

 

 
Figure 3.3 - Density plots of the RNAseq sample ln(TPM+1) values for E06 and E09.  
Experiment codes as in Table 3.1. Drawn using the average bandwidth of every 
sample from each experiment: The bandwidth used is 0.262, which determines the 
smoothing of the density line. The mean bandwidth and density profiles were 
calculated using the base R ‘density’ function. Vertical black line shows the value of 
TPM = 1 (ln2). The number of genes included in each distribution (N) is 5245, all the 
genes annotated in P. berghei.  
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conditions/time points defined in the original publications were highly similar to one 

another. I combined the groups of these samples based on these similarities (See 

Materials and Methods). The remaining samples were then compared based on the 

distribution of TPM values per gene, as this is a metric that TPM does not control for 

(Hart et al., 2013). These distributions of gene TPMs for representative experiments 

(E06 and E09) are shown in Figure 3.3 as density plots. For the vast majority of life-

cycle stages, the traces show a double peak; an initial peak of genes that are not 

transcribed above noise, and then a subsequent peak of genes being actively 

transcribed (Hebenstreit et al., 2014). The trough between both peaks could be seen as 

a measure of threshold transcription, above which a gene is being actively transcribed 

and below which it is indistinguishable from noise. For most experiments and samples, 

 
Figure 3.4 – Principal component analysis (PCA) plot of the genome TPM data 
coloured by the different stages and shapes determined by the originating 
experiment.  
PCA was conducted using the ‘prcomp’ function in R with zero centring and scaling 
to unit variance. The x axis represents principle component 1 (PC1) while the y axis 
represents PC2. Percentages on the axes show the variance of the data covered by 
each component. 
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the commonly used threshold of 1 TPM (the vertical lines in Figure 3.3) is a good 

estimator of this trough. Interestingly the sporozoite samples show distinct transcriptional 

traces compared to other life cycle stages, only clearly possessing a single peak at low 

TPM levels. Since this pattern is common to sporozoites across experiments, it is 

probably a biological result as opposed to an artefact. This is likely due to low numbers 

of transcripts in the sporozoite stage, with minimal active transcriptional activity and a 

relatively small repertoire of stored, repressed transcripts (Roch et al., 2004; Silvie et al., 

2014).  

 

After these initial quality control steps, the samples were analysed together to detect 

associations between published studies. Figure 3.4 shows the PCA (principal 

components analysis) plot of the transcriptional profiles of each sample from all 

experiments. From this plot, I saw how across 51.3% of the variation in the data that the 

samples associate closely with other stages from the same life-cycle stage. By 

constructing a biplot (see Figure 3.5 – this plots shows the PCA overlaid with the effect 

that each gene is having on the PCA results, so the location of each gene on the plot 

shows the direction it is influencing the samples in the principle component space), I 

observe that the distinct groups formed in the PCA were influenced by known marker 

genes, such as chitinase and secreted ookinete adhesive protein (SOAP) distinguishing 

the ookinete samples (Dessens et al., 2003; Huber et al., 1991), and P25/28 

transcription associating with female gametocyte samples (Paton et al., 1993). I then 

averaged the data across life-cycle stages, but within experiments. Figure 3.6 shows the 

correlation heatmap of these data, further confirming how transcriptional profiles from 

different stages of the P. berghei life cycle group together, and do not form strong 

associations with samples from the same experiment but different life cycle stages. This 

is especially clear for the distinct clusters of P. berghei life cycle stages, roughly 

described as: post 24h liver schizonts and asexual blood stage schizonts; male 

gametocytes; mixed asexual blood stages and 12-24h liver schizonts; sporozoites; 

ookinetes; and female/mixed gametocytes.  

 

Most of the published studies of the transcriptomes of asexual blood stages of P. 

berghei use mixed samples, i.e. not separating the ring, trophozoite, schizont or 

merozoite development stages in this part of the life cycle. These already heterogenous 

samples could also contain the sexual stages of the parasite, which develop in the 
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circulation of the host. To ensure that the mixed asexual samples are not contaminated 

with sexual stages, I determined the transcription of four gametocyte markers (p28 and 

nek4 (NIMA-related kinase) – markers for female gametocytes and ookinetes 

 
Figure 3.5 - Biplot of the P. berghei experimental samples, highlighting the top 15 
genes influencing the PCA results.  
PCA was drawn as in Figure 3.4 and then the loadings for the 15 genes with the 
highest absolute loading values were superimposed as points (the actual loading 
values were multiplied by a factor of 0.005 to fit onto the plot). Lines show which 
gene label corresponds to which loading. The position of the genes indicates in 
which ‘direction’ it ‘pulls’ the stages on the PCA. For example, the ookinete surface 
proteins in the bottom left of the plot indicate that these genes are transcribed 
highly in nearby samples and that this distinguishes them. We know from the 
sample IDs and the literature that this is characteristic of ookinetes and female 
gametocytes. ETRAMP stands for the Early-Transcribed Membrane Protein family. 
P25 is the 25 kDa ookinete surface antigen precursor and P28 is the 28 kDa 
ookinete surface protein. ‘put.’ Refers to a putative annotation. 
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Figure 3.6 – Pearson correlation plot (-0.04-1.00) of each transcriptome calculated 
from genome TPM values for each stage from each experiment.  
The colour of the boxes is determined by the Pearson correlation between every 
gene in each collated sample. The samples were clustered by hierarchical clustering 
using Ward’s clustering criterion (‘ward.d2’ setting in corrplot function (Wei & 
Simko, 2017)), and six clusters are highlighted in boxes. Six clusters were chosen as 
most optimal with the ‘elbow method’ (Thorndike, 1953), as implemented through the 
factoextra package function ‘fviz_nbclust’ using k-means clustering and within 
cluster sums of squares.  
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Figure 3.7 - Transcription of gametocyte markers among the P. berghei experiments 
and life cycle stages.  
Transcription of four gametocyte-specific marker genes across the life cycle stages of 
P. berghei in the different experiments. The genes included are p28 
(PBANKA_0514900) and nek4 (NIMA-related kinase 4) (PBANKA_0616700), markers 
for female gametocytes and ookinetes; mapk2 (mitogen-activated protein kinase 2) 
(PBANKA_0933700), marker for male gametocytes; hap2 (hapless orthologue) 
(PBANKA_1212600), gamete fusion protein. Bar height corresponds to median TPM, 
with error bars showing the range of TPM values across replicates. Colours 
correspond to different experiments. Abbreviations are the same as previous figures. 
 

(Paton et al., 1993; Reininger et al., 2005); mapk2 (Mitogen-activated kinase 2) – a  

marker for male gametocytes (Dorin et al., 1999); and hap2 (hapless orthologue) – a 

marker for gametocyte stages in general (Liu et al., 2008). Figure 3.7 shows that the 

gametocyte markers are transcribed in the mixed asexual samples at only a low level, 

confirming the sample purity.  

 

ge
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From the above analyses I conclude that the published experiments robustly captured 

the different stages of the P. berghei life cycle, and that the transcriptional profiles can 

be accurately compared between the studies. Additionally, the mixed asexual stages, 

though inherently heterogeneous, are pure captures of the asexual stages and have 

minimal contamination from gametocytes. 

3.3.2 The total transcription of pirs across the life cycle of P. berghei 
consistently oscillates with given sub-family enrichment at certain stages 

The broadest method by which to analyse the transcription of a multigene family is to 

look at the family as a whole. I used this to analyse when the pir genes are most needed 

across the P. berghei life cycle, and when they likely are not required. From this 

overview I then used smaller sub-classifications of the family to investigate how their 

transcription is altered by time of development, finding patterns which indicate when 

given subsets of pirs are transcribed. Finally, I asked how individual pir genes change 

transcription across the life cycle. 

 

Overall, the pir gene family is transcribed at a lower level than the rest of the genome in 

every stage of the life cycle (Figure 3.8). The median TPM is lower than that of 134 

randomly selected genes from across the transcriptome. A comparison of transcription 

of the families of P. berghei pir genes shows that the sporozoites and early liver stages 

transcribe almost no pir genes, however transcription of pir increases with progression 

through liver stage schizogony (Figure 3.9). There is a high degree of variation in the 

experimental values of the pir TPM at these early stages, suggesting that they 

sometimes transcribe pir genes (high maximum) but usually do not (low median). This 

increase in overall transcription is concomitant with an increase in the number of distinct 

pirs being detected at an ‘active’ level. An upsurge of pir transcription is observed in the 

liver merozoites that burst out of the liver schizonts (note that this is from one 

experiment (Caldelari et al., 2019) and hence there are no inter-study replicates). This 

represents the first major peak of pir transcription in the P. berghei life cycle. A high level 

of pir transcription is maintained throughout the asexual stages, with the separated 

asexual blood stage data (with the ring and trophozoite stages again from a single 

RNAseq publication (Otto et al., 2014)) suggesting that  
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there is a decrease of pir transcription from ring to schizont stages. At the sexual stages 

of the life cycle, a stark difference can be observed between the different sexes of 

gametocytes, as observed by Reid and colleagues, 2018. There is a diminished 

transcription of pir genes in the female gametocytes, while the male gametocytes 

represent another peak of pir transcription. The standard deviations of the female 

gametocyte TPM values indicate that variation is quite low.  

 
Figure 3.8 - The median TPM of pir genes (right) and 134 randomly selected non-pir 
genes (left) across the life cycle.  
Each dot represents the median TPM for a given life-cycle stage across either the 
random non-pir genes or the pir genes. Lines link median values from the same 
stage of the life cycle, coloured as shown in the legend. Life-cycle stage 
abbreviations include: Sporoz (Sporozoite); Liv (Liver stage); Liv.Meroz (Liver 
stage-released merozoites); Asex (Asexual blood stages); Gam (Gametocytes); 
BldMl (Mosquito blood meal); Ook (Ookinetes). 
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Figure 3.9 - Transcription of pir genes throughout the P. berghei life cycle, split by 
sub-family designation. 
Error bars show one standard deviation across all samples (restricted so they 
cannot go below zero). The y-axis shows the mean pir transcription for each sub-
family as a stacked bar chart. n = the number of genes in each sub-family. 
 

This suggests that the few pirs being transcribed are likely to be of importance, as 

female gametocytes are always found with at least some pir transcripts. At the mosquito 

stages of development (the ookinetes) I see relatively low levels of pir transcription, 

similar to the female gametocytes and early liver stages. The ookinete pir transcriptome 

is actually skewed to be higher by the results of one experiment (Modrzynska et al., 

2017) which I believe is more gametocyte-like in profile (suggested by the presence of 

gametocyte-exclusive markers in Figure 3.7), perhaps due to immature ookinetes or 

gametocyte contamination. This is shown by the high variation of the Short-form pir 

transcription at this stage, which is due to a mix of samples with high and low 

transcription. Overall, both the mosquito stages, the ookinetes and  
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sporozoites, show minimal pir transcription, which has been observed before (Otto et al., 

2014). 

 

Three major peaks of pir transcription are suggested by these data; liver merozoites, 

asexual blood stages (which overlap with the early mosquito blood meal), and male 

gametocytes. Figure 3.9 and Figure 3.10 also show how the transcripts are partitioned 

into different pir sub-families; the Short (S), Long (L) and ancestral (a single pir believed 

to be the ancestral sequence) (Otto et al., 2014). The proportions of these different 

families in the RNAseq profile vary somewhat between different stages of the life cycle, 

such as 7-9% of L-form transcription in the rings and trophozoites (from Otto et al., 

2014) increasing to 33-34% in schizont samples (although the change of expression is 

not statistically significant – see below). One of the starkest changes in sub-family 

proportion between life-cycle stages can be observed in the post-48h liver stages, which 

 

Figure 3.10 - Proportions of total pir TPM contributed by different sub-families 
across the life cycle.  
The final column represents the composition of the genome. Note that each column 
(life cycle stage) across the three sub-families adds up to one, as this is showing 
proportional data of the total. N = the number of genes in each sub-family. 
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is enriched for L-form pirs (61%). I can further sub-classify the pirs to find a greater 

granularity in these observations (see Figure 3.10). The post-48h liver stage enrichment 

of L-forms is mostly due to the L1 group of Long pirs. This contrasts with the asexual 

schizonts in which the higher L-form transcription is dominated by the L2 group. The S-

forms are transcribed to the greatest extent in most stages of development, especially 

the S1 group which is the largest sub-family group in the genome.  

 

Differential expression analysis was then employed to find the changes in sub-family 

transcription between individual life cycle stages which were supported statistically. 

These comparisons of groups of genes require large enough sample sizes of gene sets, 

so the sub-families with fewer than 5 members (ancestral, S5 and S6) were not 

included. The comparisons chosen (Figure 3.11) were based on consecutive stages of 

the life cycle, but I also directly compared male and female gametocytes, as well as the 

major peaks of transcription (Gam.Male, Asex.Mixed and Liv.Meroz). As demonstrated 

in Figure 3.11 there are several differentially expressed pir sub-families between the life 

cycle stages, however most of these changes follow the overall pir transcriptome 

upregulation or downregulation. For example, multiple pir sub-families, and the pir genes 

overall, are significantly upregulated in the liver merozoites (Liv.Meroz) compared to late 

liver schizonts (Liv.post48h), as well as in the male gametocytes (Gam.Male) compared 

to female gametocytes (Gam.Female), which is expected from Figure 3.9. The 

enrichment of the Long-form pirs in the late liver schizonts (Liv.post48h) is confirmed by 

this analysis. Although there are no significant differences between gene set enrichment 

of the 36h and post-48h samples, by comparing post-48h liver stages and 24h liver 

stages I see that there is a much greater log-fold increase of L-form pir expression than 

for the pirs overall (all pirs between liver post 48h and 24h: log2 fold change 0.67, FDR 

0.004; L-form pirs: log2 fold change 1.56, FDR < 1x10-10; S-form pirs: non-significant). 

Additionally, the only pir sub-family not significantly upregulated in liver merozoites 

compared to mature liver schizonts is the L2 sub-family (with overall a slightly negative 

log fold change). Differential expression results that defy  
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Figure 3.11 - Heatmap of the log-fold change of the pirs and pir sub-families between 
sequential and selected stages of the P. berghei life cycle.  
Numbers within the boxes show the adjusted p value of statistically significant 
differential expression comparisons (adjusted p < 0.05). The comparison is between 
the first and second stage in the names (on the right-hand side of the heatmap), so for 
example the positive log-fold changes between Gam.Male and Liv.Meroz show 
upregulation in the Gam.Male compared to Liv.Meroz, and vice-versa. 
 

the overall change of the pir gene family are the L2 and L3 groups between asexual 

schizonts and male gametocytes (Asex.Schiz and Gam.Male). There is a general 

upregulation of pirs if asexual schizonts differentiate into male gametocytes (assuming 

that asexual schizont profiles are similar between sexually-committed and uncommitted 

cells), however the L2 pirs are significantly downregulated in the male gametocytes 

compared with asexual schizonts. Between the major peaks of pir transcription, there 

are only statistically significant changes between the male gametocytes and asexual 

stages: lower transcription of L2, L3 and S8 pirs in Gam.Male vs Asex.Mixed. The S8 

pirs are also expressed to a much lower extent in the liver merozoites compared to  
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mixed asexual stages (Asex.Mixed), however this, and other liver merozoite 

comparisons, do not reach significance because of the low sample size of liver 

merozoites (n=3). So, it cannot be concluded from these data whether samples of 

asexual mixed-stage parasites are indeed enriched for S8 pirs, but it is strongly 

suggested by the expression evidence. Overall while there are some specific 

enrichments for sub-families in given stages of the life cycle, they are mostly either 

upregulated or downregulated together, with few occasions when there is statistical 

evidence for both up and down regulation of sub-families in the same stage transition. 

These P. berghei data sets provide evidence that there is specific enrichment for the 

expression of Long-form pirs in late liver schizonts, S8 pirs in mixed asexual stages, and 

L2 pirs in asexual blood schizonts.  

 
Figure 3.12 - Heatmap of the log fold changes of individual pir genes with statistical 
evidence for differential expression (FDR < 0.05) between given stages of the P. 
berghei life cycle.  
The log fold change shows the difference in the former stage compared to the latter, 
so a positive log fold change (in red) of a pir in the Liv.Meroz_Liv.post48h row 
shows that the pir is significantly upregulated in liver merozoites compared to late 
liver schizonts. The pirs (each column) are split into the sub-families (any sub-
family not included have no members with significant differential expression). The 
‘a’ sub-family refers to the ‘ancestral’ pir PBANKA_0100500. 
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When performing differential expression of individual genes, a similar pattern is 

observed, whereby most of the genes with altered transcription across a given life-cycle 

transition are either all upregulated or downregulated (Figure 3.12). The conversion from 

late liver schizonts to liver merozoites remains the most dramatic; a huge upregulation of 

pir gene expression is induced. Notably, most of the Long-form pirs which were 

upregulated as 24h/36h liver stages mature into Liv.post48h stages, are not further 

upregulated as the Liv.post48h stages differentiate into the liver merozoites. This may 

indicate that the general enrichment observed of Long-form pir RNA in late-liver 

schizonts is caused by a subset of the genes. Two of these L2 genes are also among 

the three L2 genes that are significantly downregulated in male gametocytes compared 

to asexual blood schizonts. Long-form pirs may be among the earliest pirs to play a role 

in mammalian invasion, as there is differential expression here even between early liver 

stage (Liv.pre4h) and Sporozoite samples (two L1s, an L2, and an S1 downregulated; 

one L1 upregulated). 

 

Some of the sub-family comparisons which were indicated to be significant in Figure 

3.11 give conflicting results when the differential expression of individual genes was 

examined. Expression of S8 pirs was found as a group to be significantly upregulated in 

mixed asexual stages and male gametocytes; however only a single individual gene is 

identified. This may be a consequence of enhanced power from combining the gene set; 

whereby individual genes do not change enough to give sufficient evidence for 

differential expression, but their combined signal is enough to conclude that the gene 

subset is differentially expressed. Sometimes members of the sub-families are changing 

transcription in different directions, even when the gene-set statistics showed an overall 

trend one way. An example is the significantly downregulated expression of L1s 

between female gametocytes and asexual schizonts, shown in Figure 3.12, which turns 

out to be a mix of both significantly up- and down-regulated genes. The transcriptional 

changes of members of sub-families are not always correlated with one another. This 

can be especially seen in the comparisons between the highest pir expressors, where 

different members of the same sub-families may be either up- or down-regulated as the 

parasite progresses through the life cycle. 

 

Certain individual pirs showed a strong association with given stages of the life cycle. As 

examples, the L1 pir PBANKA_0317181 was significantly upregulated in male 

gametocytes (compared to mixed asexual stages: log fold change 4.95, FDR < 5x10-9; 
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compared to liver merozoites: log fold change 7.52, FDR < 1x10-6), and the L1 pir 

PBANKA_0600031 showed enrichment in the liver merozoite samples (compared to 

mixed asexual stages: log fold change 5.25, FDR < 5x10-6; compared to male 

gametocytes: log fold change 5.72, FDR < 5x10-5).  

 

The pir genes experience major changes in transcription across the life cycle, 

consistently showing peak transcription during the liver merozoite, asexual blood and 

male gametocyte stages. While there is an upregulation of pirs as liver schizonts 

develop, concentrated in the Long-forms, there is a dramatic upregulation of almost the 

entire family upon the burst of the merosomes containing the merozoite forms which 

initiate blood-stage infections. Female gametocytes are particularly distinct from the 

males in their pir repertoire, as there is a major dip in pir transcription upon the 

differentiation into female gametocytes. Overall, the strongest signals of differential 

expression occur when large swathes of the family are being up or down-regulated 

collectively. Some patterns of enrichment, such as S8-enrichment in the mixed asexual 

stages, may be obscured by low statistical power. 

 

3.3.3 The ancestral pir gene is consistently transcribed at high levels across the 
Plasmodium genus. 

The above sections focussed on the major P. berghei pir sub-families; the Long and 

Short pirs. The single ‘ancestral’ pir (PBANKA_0100500) is kept in a grouping of its own 

as it is phylogenetically distinct from its genetic compatriots, and indeed its transcription 

stands out from the rest of the family. From both Figure 3.9 and Figure 3.10 it is clear 

how highly transcribed the ancestral pir is when pirs are generally upregulated. This 

individual pir is the most transcribed pir in most life-cycle stages, and individual samples. 

The ancestral pir has been highlighted before because of its high degree of conservation 

across Plasmodium sp. (Frech & Chen, 2013). The fact that an (often syntenic) ortholog 

of this pir is found across almost all genomes which contain canonical members of the 

family demonstrates its claim to being the parental gene from which the pir lineage 

initially emerged. Expanding upon earlier work, a particular region of conservation was 

aligned between the ancestral pir ortholog of multiple Plasmodium genomes including 

those only recently sequenced (Figure 3.13). The alignments contained numerous 

sections of high (90-100%) conservation, which is unusual for this variable gene family.  
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Figure 3.13 - Alignment of the ancestral pir from multiple Plasmodium spp. shows 
high degrees of conservation.  
A. 15 orthologs of the ancestral gene from P. berghei, PBANKA_0100500, were 
included and aligned to show regions of homology. B. Close-up of the 234 aa block 
which is the most highly conserved of them all. A sequence logo and percentage 
match of the consensus sequence is included below the sequences. Data analysed 
and figure created by Deirdre Cunningham in (Little et al., 2021). 
 

As this high degree of transcription of the ancestral pir is also a feature of the P. 

chabaudi chabaudi AS transcriptome across the asexual cycle (see Chapter 4), I 

Figure 5
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Figure 3.14 - Phylogenetic and gene expression analysis of the ancestral pir gene. 
Cladogram of the 15 orthologs, with heatmap of expression of the gene relative to the 
rest of the genome, where data is available (from multiple transcriptomic datasets as 
RPKM (reads per kilobase of transcript) or TPM – see Table 3.2). 
 

hypothesised that the ancestral pir ortholog in each species would be among the most 

transcribed genes in RNAseq data. To investigate this, the RNAseq datasets of species 

with published data were collected and processed to calculate whether the ancestral pir 

was transcribed among the higher transcribed genes in the whole transcriptome (see 

Table 3.2). Where possible, data from asexual blood stages were included, however 

they were not always available. While this comparison uses both TPM and RPKM as 

input (depending on the results included with the original paper), I believe that this is 

sufficient for comparison within transcriptomes. This analysis shows that for most 

species the ancestral pir is detected within the top 50% of all gene transcription, often 

higher than 70%. The heatmap of transcriptome percentile is included alongside a 

phylogeny of the ortholog to show how it matches the lineages expected given the 

tropism of the species (separating by simian and rodent malarias). Species with lower 

relative transcription of the ancestral pir include P. vivax, P. ovale and P. yoelii, which 

notably have thousands of pirs in their genome, suggesting that there may be enhanced 
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Table 3.2 - Published studies from which transcriptome data was taken from different 
Plasmodium spp. and used in Figure 3.14. 
 

redundancy of function of the ancestral pir. The lowest transcription of the ancestral pir 

relative to total transcription is in the P. cynomolgi RNAseq data, however these 

RNAseq data are obtained from liver stages in which I would expect (based on the P. 

berghei data) that transcription could be lower.  

3.4 Conclusions  

By using multiple RNAseq datasets collected from different published studies, I was able 

to analyse the dynamics of the pir transcriptome transcending most of the life  

cycle of P. berghei. With this collection, I observe that the peak of P. berghei pir 

transcription occurs during the liver merozoites/merosomes, the asexual stages, and in 

male gametocytes. There are troughs of pir transcription during the mosquito stages, 

with sporozoites transcribing virtually no pir. These differences are observed consistently 

across different experiments. Sub-family changes are associated with certain stages, 

such as enhanced Long-form transcription in liver and asexual schizont development 

(corroborating the results of Otto et al., 2014 for the latter), especially mediated by L2s, 

while Short-forms such as the S8s are possibly enriched in asexual blood stages. This 

may attest to different functions of these cladistic groups. An outlier to the generally low 

pir transcription was also the phylogenetic outlier, the ancestral pir, which shows high 

transcription when pirs are generally transcribed. The syntenic orthologs of this 

conserved pir across different Plasmodium spp. also show high transcription. 

Reference Species Stage 
(Siegel et al., 2020) P. vivax Asexual.Schizont 

(Hart et al., 2019) P. yoelii Gametocytes 

(Ramaprasad et al., 2019) P. vinckei Asexual.Mixed 

(Lin et al., 2018) P. c. chabaudi CB Asexual.Mixed 

(Brashear et al., 2019) P. ovale Asexual.Mixed 

(Voorberg-van der Wel et al., 2017) P. cynomolgi Liver.Schizonts/Hypnozoites 

(Cordy et al., 2019) P. coatneyi Asexual.Mixed 
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A study such as this could be limited by batch effects between published studies, 

however clustering analysis performed here demonstrated that the batch effects 

between experiments were not strong enough to overcome the biological signals of 

different P. berghei life-cycle stages. I chose to use this as evidence that no more 

correction or normalisation was required, however there are methods available which 

may be able to remove any batch effects present and provide additional robustness. 

Trimmed Means of Medians (TMM) is one such method, which corrects for the 

distributions of transcripts in samples – which would also be useful for correction 

between samples even within the same study (Robinson & Oshlack, 2010). This method 

is predicated on the assumption that most genes are not differentially regulated, which is 

an assumption I believe does not hold for different life-cycle stages of Plasmodium spp. 

Other examples include ComBat-seq, which uses methods from edgeR to estimate the 

mean batch effect and batch dispersion, and then maps the counts to a negative 

binomial distribution, which often fits count/TPM data (Robinson et al., 2009; Y. Zhang et 

al., 2020), and Remove Unwanted Variation (RUV), which uses control genes/samples 

which are not expected to vary between the experimental conditions for correction 

(Risso et al., 2014). It is impossible to fully account for variation between different 

experimental results because many of the studies do not cover overlapping life cycle 

stages with other experiments for direct comparison. Nonetheless, for P. berghei I was 

able to verify that the major variance in the samples is due to the different life cycle 

stages, and not due to experiment. 

 

Many of the techniques used to obtain sufficient material for RNAseq from certain life 

cycle stages of P. berghei will have an unknown impact on the transcriptome of the 

parasites. All the gametocyte samples, and the blood used for ookinete samples, were 

taken from phenylhydrazine-treated mice (in order to stimulate reticulocyte production 

and gametocyte formation), except for Otto et al., 2014, which did not report using 

phenylhydrazine. One can only account for so much when doing these extractions, but it 

needs to be mentioned that this is an additional variable compared to other blood 

stages. Modrzynska et al., 2017 used phenylhydrazine for the schizont samples as well, 

which could offer an opportunity to investigate the impact of phenylhydrazine directly on 

the parasite transcriptome independently of development. There may also be differences 

induced between samples as a consequence of in vitro culture. Brief culture was 

required for extraction of synchronised asexual blood cycle stages, since the P. berghei 
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circulatory infection is naturally asynchronous. Ookinetes too were generated not in vivo 

but by inducing gametocytes to begin sexual reproduction in ‘ookinete media’. The 

culturing of the liver stages uses a host considerably distinct from the natural parasite 

environment. All experimental datasets in this thesis were from infecting human-derived 

cell cultures with sporozoites, such as HeLa cells, and not rodent cells. The 

exoerythrocytic forms of the parasite are remarkably versatile, being able to grow not 

just in human cells but can be induced to form ex situ without being inside a cell at all 

(Kaiser et al., 2003). Evidence from P. yoelii suggests that parasites develop normally 

inside human hepatoma cell culture (this species does not grow in HeLa cells), indicated 

by their ability to form infectious merozoites (Calvocalle et al., 1994). I am not aware of 

infectivity being tested for P. berghei merozoites grown in human tissue. Primary liver 

culture from mice is a laborious and time-sensitive process, so perhaps immortalised 

human liver cell lines (such as hepatomas) or immortalised mice liver cell lines (Risal et 

al., 2011) would provide closer physiological matches to the natural environment of P. 

berghei exoerythrocytic stages. Single-cell RNAseq taken from in vivo conditions may 

also be able to help elucidate whether the methods required to extract enough material 

for bulk RNAseq impact the parasite transcriptome directly. 

 

The transcription of pirs is much higher in the rodent blood than during the mosquito 

stages of development, or during exoerythrocytic growth. The lower transcription of pirs 

in the mosquito compared to the vertebrate stages has been reported before (Otto et al., 

2014; Witmer et al., 2020), and this body of evidence continues to suggest that pir genes 

are not transcribed in the insect vector. Since pir transcription is low during this entire 

section of the life cycle (as far as they have been covered by transcriptome studies) it is 

likely that the pir genes do not have a constitutively-required housekeeping function, or 

any function that is required for propagating within the vector, such as motility. There is 

the possibility, however, that these data available for P. berghei may be hiding a role of 

PIR proteins at this stage. Plasmodium parasites frequently repress translation such that 

the transcription of a gene may be temporally decoupled from production of the protein 

(Mair et al., 2006a). The high transcription of pirs in the ookinete’s predecessor, the 

male gametocyte, may include transcripts which are translated later in the life cycle. 

Only studies looking at the protein level would be able to discern the presence of PIRs at 

this stage. The earliest proteomic study found multiple PIR peptides in P. berghei 

ookinete, oocyst and sporozoite results (Hall et al., 2005), and PIRs have also been 

found in more recent studies of P. berghei sporozoite stages (Hamada et al., 2021). 
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Given the negligible transcription of pir genes in the RNAseq samples included here, the 

appearance of any PIR in the sporozoites is unexpected. Indeed, proteomic analysis of 

both oocyst and salivary-gland sporozoites of P. yoelii (which has about a thousand pir 

genes in the genome) detected no PIR peptides at all (Lindner et al., 2019). However, 

since overall transcription is so low in the sporozoites, it is possible that the mRNA 

production for any pirs translated occurs earlier. This has been observed for the single 

P. falciparum Erythrocyte membrane -1 (PfEMP1) protein found on P. falciparum 

sporozoites, which is essential for liver cell invasion but not actually detected to be 

transcribed in the sporozoite stage. Instead, the sporozoite var gene is transcribed 

during the late oocyst stages, when sporozoites are formed (Zanghì et al., 2018). In fact, 

there is some evidence that the oocysts may be a focus of pir transcription during the P. 

berghei life cycle, as seen in the earliest oocyst stages analysed by the single-cell 

malaria cell atlas (Howick et al., 2019). This stage of the life cycle is absent from all bulk 

RNAseq studies, a knowledge gap which should be rectified by investigating a time 

course post-ookinete.  

 

Although the liver schizonts are predominantly only transcribing low levels of pirs, there 

is a great upsurge of Long-form pirs in the later times of liver-stage development. There 

are no studies of any Long-form PIR protein expression in liver samples, so it remains to 

be confirmed experimentally to see if the PIRs are indeed being translated. IFA studies 

of 30/44/48h timepoints of liver stages of P. berghei found evidence of the presence of 1 

out of the 4 canonical Short-form PIR proteins investigated, an S4 PBANKA_1400300 

(another PIR identified as transcribed during the liver stages, PBANKA_0524600, is not 

a canonical PIR, as discussed below. (Fougère et al., 2016)). The same study found 5/5 

PIR proteins in the asexual blood stages (which matches the high transcription at this 

point in time) and the singular PIR investigated in oocyst and sporozoite stages to be 

absent. There is a huge peak of transcription of most of the pir gene family once 

merozoites burst forth from the mature liver schizonts. Hence it may be expected to see 

multiple PIR proteins in the liver merozoite proteome, but despite this, there is only 

peptide evidence for the top expressed pir – the ancestral protein (Shears et al., 2019). 

This may be a consequence of the low sensitivity of current proteomic methods, which 

often only uncover an upper proportion of the proteome. It is known that the pir genes 

tend to be under-transcribed compared to the rest of the transcriptome, so it is possible 

that the proteins are only found at relatively low levels too. Therefore, the highest 
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transcribed pir, the ancestral PBANKA_0100500, would be the one most likely to appear 

in proteomic studies. 

 

The difference in pir transcription between the female and male gametocytes presents 

the tantalising possibility that the PIR proteins may play a role in fertilisation. This 

conclusion from these bulk RNAseq data supports similar observations from single-cell 

data (Reid et al., 2018), but with the higher coverage afforded by the bulk method. 

However, from differential expression analysis between the male gametocyte stages and 

other high pir expressors, it seems that the peaks of pir transcription express many of 

the same sub-families and pir genes. This suggests that few of the pirs upregulated in 

male gametocytes could have a role only in fertilisation. I did find an individual male 

gametocyte-enriched pir PBANKA_0317181, which is a candidate for having a more 

specific function in male gametocytes. 

 

The differential expression comparisons used above include many pair-wise tests. 

Adjusting for multiple testing is an essential part of the statistical analysis in order to 

have confidence in the results. However, this presents a problem for the biologist, as a 

test of interest may give a statistically significant result only when a smaller number of 

tests are performed. If a result is no longer ‘significant’ after adjustment, that is not to 

say that it is not a true biological result. I have tried to mitigate the impact of multiple 

testing adjustment by only investigating the genes of interest (i.e. the pirs) and using the 

suggested/inbuilt filters of DESeq2 software to independently remove pirs which have 

low baseline values (which will likely be of no consequence to the analysis beyond 

creating extra tests for adjustment) (Kozak & Powers, 2017; Love et al., 2014). 

 

I removed one pir (PBANKA_0524600) from analysis that had been annotated in the 

genome as a member of the gene family (as of PlasmoDB v48), however I was not 

convinced that it was sufficiently related to the other family members to be considered 

such. Not only had this pir previously escaped sub-family classification due to its 

divergent nature, it also only had two exons instead of the normal three. It is probably 

best understood as pir-like since it is certainly closely related to the family, as confirmed 

by the presence of part of the crystal structure of the PIR domain by Phyre2 (Harrison et 

al., 2020; Kelley et al., 2015). 
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One of the starkest results from initial overviews of the life-cycle data was the 

domination of the transcriptome by a single pir, the ancestral sequence. Indeed, close 

examination of RNAseq studies of P. c. chabaudi AS (Brugat et al., 2017; Spence et al., 

2013) and single-cell RNAseq of P. berghei (Howick et al., 2019), demonstrate the same 

gene/ortholog as being among the most highly transcribed pirs across samples, 

although it is not discussed by these publications. I explored the hypothesis that this 

gene and its orthologs are present and highly transcribed across disparate Plasmodium 

spp. which contain pirs. Every recent genome with an annotated pir family appears to 

have an ortholog of this gene, with only the most divergent of species absent for it (avian 

malarias, which only have some pir-like genes (Böhme et al., 2018), and the Laverania 

sub-genus which only have the similar rifin/stevors multigenes which may not be related 

to the pirs (Harrison et al., 2020)). This continues to suggest that this sequence is the 

one from which the other members of the family are derived, expanding through gene 

conversion/duplication and developing divergent sequence over time (Frech & Chen, 

2013). The gene must retain an important function given that it is so highly conserved 

and slow to mutate - as shown by the 100% conservation between P. c. chabaudi AS 

and CB strains. It is interesting to ponder whether the last common ancestor of these 

species possessed only one copy of the ancient pir gene, or whether the gene had 

started duplicating into a gene family before the lineages diverged. Why would evolution 

favour the spawning of such a large family of closely-related genes? Do they provide 

redundancy, novel functionalities, both, or neither? The high transcription across most of 

the Plasmodium spp. datasets (those from gametocytes and asexual blood stages at 

least) suggest that this pir gene is important across the species that possess it. I believe 

that this would make a pertinent target for gene localisation and knock-out/down studies 

in order to learn more about this protein and its function. Although its distinctive 

expression levels and sequence may mean it may have a different function from the rest 

of the family, the fact that it likely gave rise to the family suggests that the function of the 

ancestor may at least be similar to its descendants.  
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Chapter 4. Results - Transcription of the pir genes 
across the intraerythrocytic development cycle of P. c. 
chabaudi AS 

4.1 Introduction 

Although the asexual cycle of Plasmodium in the mammalian host is often considered as 

a single entity when extracting RNA from blood samples, the cycle is highly dynamic 

with different developmental stages. Each stage has a different role in the continuation 

of infection and the manifestation of symptoms; merozoites invade red blood cells, “ring” 

stages parasites begin hijacking host cellular machinery, trophozoites initiate 

proliferation, and schizonts can bind to endothelial cells and can cause clinical 

symptoms through haemolysis and localised capillary blockage/inflammation. 

Transcriptome analyses at time points of development across the intraerythrocytic 

development cycle (IDC), have found major changes of many genes over its 

progression. P. falciparum microarray analysis demonstrated that around 60% of all 

identified genes are transcribed during the asexual cycle, showing the extensive 

transcriptional activity of this stage of development (Bozdech et al., 2003). Three-

quarters of these transcribed genes has a single major peak of transcription (based on 

the authors’ definitions and Fourier transformations), showing an mRNA periodicity 

substantially stronger than that of fission yeast (Spellman et al., 1998), which 

emphasises the precise timing of transcriptional regulation. Many of these co-transcribed 

genes have similar functions to one another, suggesting tight epigenetic control over 

cellular operations. Similarly, P. vivax microarray analysis revealed that over 3500 genes 

have peaks of transcription at given time points which can be double their lowest phases 

of expression (Bozdech et al., 2008). These transcriptional profiles can be ordered into 

neat ‘phaseograms’ of normalised peak/minimal transcription values for individual genes 

spread across the asexual cycle (Bozdech et al., 2003). 

 

In this context, it is clear that samples from single time-points during the asexual cycle, 

or from ‘mixed’ combinations of the stages, do not fully capture the diverse 

transcriptional profiles of the parasites in the blood. Often single time-point 

measurements are necessary because of the asynchrony of malaria erythrocytic cycles 

in vivo in the blood or in vitro cultures, when Plasmodium quickly loses any natural 
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synchronicity. Although synchronicity can be enforced through treatments, such as the 

chemical lysis of mature cells (Lambros & Vanderberg, 1979), this can add another 

laborious step in the production of parasite RNA, with potentially artefactual or 

population-depleting consequences. The rodent malaria parasites, P. berghei and P. 

yoelii exhibit asynchronous development even during in vivo erythrocytic cycle in rodents 

(Cambie et al., 1990; Thurston, 1951). Indeed, the exact periodicity of the P. berghei 

asexual cycle in mice has vexed researchers since it was first investigated, as 

microscopy of blood films at any given time showed all blood-borne stages of 

development (Thurston, 1951; van den Berghe et al., 1950). Since P. berghei has 

asynchronous infections in laboratory mice, the existing RNAseq data does not cover 

individual stages of development for the asexual cycle, except for synchronised in vitro 

culture (Janse & Waters, 1995; Modrzynska et al., 2017; Otto et al., 2014) and single-

cell analysis (Howick et al., 2019; Reid et al., 2018). In order to obtain bulk RNAseq of 

the in vivo asexual cycle I turned to the closely-related species P. chabaudi chabaudi, 

AS strain. 

 

P. c. chabaudi AS is another Plasmodium species infecting rodents, which was 

discovered in African thicket rats in the Central African Republic by Irene Landau 

(Landau, 1965). This species is generally less virulent than P. berghei in laboratory 

mice, causing symptoms such as anaemia, weight loss and hypothermia, but seldom 

killing the animal (Bafort, 1968). After reduction of the acute blood blood-stage 

parasitaemia, the parasite recrudesces, leading to the establishment of the chronic 

infection (Yoeli et al., 1966), in contrast to P. berghei, which is too virulent to reach a 

chronic stage in normal laboratory strains of mice, such as C57Bl/6. Importantly for my 

study, P. c. chabaudi AS has 211 pirs in its genome and a synchronous asexual cycle in 

the circulation of mice (Hawking et al., 1972; Otto et al., 2014). The cycle lasts 24h, and 

under a natural day-night schedule schizogony and merozoite invasion occur around 

midnight (Killick-Kendrick & Peters, 1978). The P. c. chabaudi model has been useful for 

the investigation of sequestration and rosetting of mature iRBCs (Cox et al., 1987), the 

role of inflammation in cerebral malaria independently of brain sequestration (Sanni et 

al., 2004), the interactions between the parasite and host circadian rhythms (Subudhi et 

al., 2020), and drug resistance (Cowman & Lew, 1989) (uses in research reviewed by 

(R. Stephens et al., 2012)). In particular, P. c. chabaudi has been employed to 

investigate the immune response to malaria parasites, such as the role of regulatory 

cytokines like IL-10 in mediating pathology (Linke et al., 1996), the importance of B-cells 
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for clearance of infection (von der Weid et al., 1996), the characterisation of atypical 

memory B cells (Pérez-Mazliah et al., 2018), and the immune controls of Th1 responses 

to acute and Th2 responses to chronic infection (Langhorne et al., 1989, 1998; Linke et 

al., 1996). 

 

This species has already been used in studies of the role of the pir genes (as discussed 

in more detail in Chapter 1). In summary, by comparing the virulent SBP and the less-

virulent MT methods of infection, it was found that the mosquito vector did not just impact 

the severity of the disease but also the diversity of pirs transcribed, as the transcriptome 

of SBP P. c. chabaudi was dominated by a singular pir mRNA (the SBP-high pir) and that 

of MT parasites more broadly spread out across the repertoire (Spence et al., 2013). The 

related strain P. c. chabaudi CB also exhibits this difference, in a model that is generally 

more virulent to laboratory mice (Lin et al., 2018). A similar pattern was seen with acute 

and chronic infections, the latter of which caused more pathogenic infections (when 

inoculated into nonimmune mice), and similarly to SBP parasites, strongly transcribed only 

a few pirs compared with parasites of the acute population (Brugat et al., 2017). These 

hint towards a contribution of pirs to virulence and how this may link with parasite hedge-

betting are some of the most tantalising links to pir function that we have. Like many 

studies, the above investigations used a single time point in the erythrocytic cycle; in this 

case the trophozoite stage, providing a limited view of pir transcription in P. c. chabaudi. 

How the different conditions impact pir transcriptional patterns across the development of 

the asexual blood stages remains an open question. It is unknown whether the diverse pir 

transcription in MT parasites or the restricted pir transcription of SBP parasites is observed 

across the entire 24h cycle or just at the single time measured. Furthermore, the timing of 

the global and pir transcriptome of the parasites may be affected by serial blood passage 

of P. c. chabaudi, thus rendering SBP parasites a poor reflection of overall pir transcription 

in the more natural blood-stage infection. The studies of pir genes in P. c. chabaudi 

(Brugat et al., 2017; Lawton et al., 2012; Spence et al., 2013), as well as studies from 

other species (e.g. Otto et al., 2014, and Zhu et al., 2016) show that pirs are transcribed 

highly overall in the asexual blood stages, even in the SBP/chronic infections which 

downregulated pirs relative to acute MT. Hence it is reasonable to suggest that the PIR 

proteins may play an important role in the asexual blood cycle. However, an open question 

remains as to whether they are required throughout the entire cycle or just at particular 

times, and which different sub-families of pir genes need to be transcribed at different 

points of development. 
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Microarray data of RNA levels of 49 pir genes across the IDC showed that they are 

transcribed at different times across the cycle (Lawton et al., 2012). 

Immunofluorescence has indeed demonstrated the expression of some PIR proteins 

across many P. c chabaudi trophozoites and merozoites, however not in all the cells 

observed (Giorgalli et al., 2022; Yam et al., 2016). Zhu and colleagues (Zhu et al., 2016) 

showed in P. vivax that the pir transcriptional profile varies across the asexual cycle, 

peaking around merozoite development. Data from P. berghei, although limited to three 

time points corresponding to the rings, trophozoites and schizonts, also showed a 

change of transcription with time – peaking in rings but lowest in schizonts (Otto et al., 

2014). Both these datasets are from parasites grown in vitro, which can vary 

substantially from those developing in vivo, as in the case of P. falciparum (reviewed by 

(LeRoux et al., 2009)). These differences can clearly be seen in the transcriptional 

 

Figure 4.1 – Schematic of the RNAseq extraction across the asexual life cycle for 
both SBP and RMT infections of P. c. chabaudi AS.  
Figure drawn using BioRender (https://app.biorender.com). 
 

RMT 
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patterns of multigene families such as var, and the SICAvar in P. knowlesi (Bachmann et 

al., 2016; Lapp et al., 2015). However, the P. berghei and P. vivax samples had been 

minimally cultured (could be described as ex vivo culture – fresh sample cultured for one 

cycle or less outside the host) as these species have no long-term in vitro system, 

meaning that they would have had little time to adapt compared to biologically relevant 

conditions. Notwithstanding this, an ideal model would be entirely in vivo. 

 

Hence P. c. chabaudi provides the opportunity to investigate synchronised stages of 

asexual development, in vivo, to compare the pir transcription across the erythrocytic 

cycle, and investigate the interplay of transcription with different severities of infection. 

Experiments conducted by others in the Langhorne lab (see Materials and Methods) 

have extracted RNAseq of asexual blood stages across a twenty-four-hour period every 

three hours, from a recently mosquito-transmitted (RMT) infection (one passage since 

MT – see Materials and Methods). A similar time course was performed with an SBP 

infection included for comparison as a more virulent and synchronous model, albeit one 

less relevant for real-world conditions (see Figure 4.1). In addition, the RMT cells were 

cultured ex vivo briefly to achieve schizont samples, as these stages are absent from the 

circulatory samples taken from these infections. Using these data, I have investigated 

the global and pir transcriptome across the P. c. chabaudi AS asexual cycle, and how 

this varies based on transmission method and the pir sub-family. 

4.2 Aims 

• Evaluate pir gene transcription changes across the asexual blood cycle of P. c. 

chabaudi AS. 

• Does transcription over time depend on the pir subfamily or genomic locus? 

• Does serial blood passage (SBP) of P .c. chabaudi AS affect the transcriptional 

profile of pirs over the 24h cycle?  

• Do the P. c. chabaudi pir transcriptional changes during the asexual blood cycle 

match those seen with the limited P. berghei data available? 

• Predict when given members or groups of the pirs are needed during the asexual 

development cycle. 
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4.3 Results 

4.3.1 RMT samples are mildly asynchronous but still dominated by expected 
stages of the IDC 

By counting the stages corresponding to the RNAseq time-points via light microscopy 

(Figure 4.2A) the dynamics of RMT asexual development can be observed; with ring 

forms becoming trophozoites (midpoint at 5h), trophozoite numbers peaking at 11h, 

followed by trophozoites becoming depleted and rings dominating around 17h post-

invasion. Schizonts remain negligible at all time-points as they bind the endothelium in 

the tissues and organs and will not be seen in the circulation. These quantifications are 

supported by the RNAseq-based deconvolution (using 1-to-1 orthologues in scRNASeq 

data of P. berghei) in Figure 4.2B. The major disparities between the light microscopy 

counting and deconvolution are the presence of merozoites and schizonts at 14/17h, 

and female gametocytes at 17/20h. The merozoite differences can be explained by the 

fact that merozoites cannot be quantified by light microscopy, and the detection of 

schizonts and female gametocytes in the deconvolution could be due to marginal cases 

that were too immature to be defined by microscopy but had sufficient change of gene 

expression to be classified by the deconvolution tool. Based on Figure 4.2 there were no 

time-points of the RMT infection where there were ‘pure’ extractions of one stage of 

development. This is to be expected as P. c. chabaudi AS infections initiated by 

mosquito inoculation are slightly asynchronous. Hence, the time-points of stage 

transitions can blur into one another. As expected, the SBP stage composition is more 

synchronous than that of RMT, but also has slightly shifted times of stage transition, as 

discussed in more detail at the end of this section.  

 

I investigated global differences between the transcriptomes of the samples, including 

the RMT schizont cultures (sch.culture), using Principal Component analysis (PCA). The 

first PCA plot (Figure 4.3A) demonstrated that the RMT and SBP samples were distinct 

from one another along PC2. The RMT samples also did not appear to form an expected 

cyclical structure. A major reason for this was a single pseudogene PCHAS_0420800, 

located at the very end of the assembly of chromosome 4. Figure 4.3B shows the TPM 

values of this pseudogene across the time-points.  
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There is a disparity of transcription between RMT and SBP samples, and in some RMT 

RNAseq data this singular RNA accounts for over 0.6% of the total TPM. With such a 

large contribution by one, possibly defective, gene, I decided to investigate the variability 

between the samples when this gene was removed and the TPM data re-normalized. As 

Figure 4.3C demonstrates this makes a pivotal difference to the second biggest 

component of variation in the samples as they now do not separate by type of infection. 

The transition across time points during the RMT asexual cycle is much clearer, 

although the SBP 20h and RMT schizont cultures remain outliers. For the rest of this 

analysis, I have used the re-normalized TPM data without PCHAS_0420800. 

 
Figure 4.2 – Proportions of parasite blood stages for each timepoint. 
A. The differential counts of each stage of the asexual blood cycle (Rings, 
Trophozoites and Schizonts) for each transmission method, enumerated through 
light microscopy by Deirdre Cunningham. They are shown as proportions of total 
iRBC. B. Deconvolution of the RNAseq data to identify what proportion of the reads 
are explained by different stages of the life cycle. This used 1-to-1 orthologues 
between P. c. chabaudi AS and P. berghei single cell data (Howick et al., 2019). 
Female and Male refers to the respective sex of gametocyte. Conducted by Adam 
Reid. 
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Figure 4.3 – Variation within and between the RMT/SBP asexual blood cycle samples. 

A 

B 

C 

RMT 
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A. PCA plot of the RNAseq samples using all gene TPM values. Shape is based on 
transmission method and coloured by the time-point of extraction/schizont culture. B. 
Bar chart of the TPM values for the pseudogene PCHAS_0420800, which is 
transcribed much higher in RMT samples than SBP. C. PCA plot of the RNAseq 
samples using the gene TPM values without the RMT-high pseudogene (re-
normalised to sum to 1e6). Both PCAs were scaled to unit variance and zero-centred. 
 

By calculating z-scores across the twenty-four-hour time points I have been able to 

observe the variation of global gene transcription (see Figure 4.4A). By ordering the 

heatmaps based on when genes are transcribed at their maximum a highly ordered 

pattern of gene transcription can be observed, as has been with other Plasmodium sp. 

IDCs (Bozdech et al., 2003, 2008). There are major times of upregulation at 5h, 14h, 

and 17h of the life cycle (corresponding generally with periods of cell stage transition: 

rings-to-trophozoites, trophozoites-to-schizonts, and possibly merozoite-to-early rings). 

 

Although both RMT and SBP have similar asexual blood cycle rhythms to one another, 

there are differences which must be addressed before they can be compared. For 

example, the return of ring stages in the blood films begins earlier in RMT samples 

(14h), and the SBP samples have a higher proportion of schizonts, peaking near 10% at 

17h post-invasion (Figure 4.2A). This is also reflected in the deconvolution results 

(Figure 4.2B), which show that the appearance of merozoites occurs earlier (14-17h) in 

RMT samples than SBP (17-20h). From Figure 4.4A and B it can be observed that there 

are swathes of genes which peak in transcription at the same time in infections initiated 

by both methods of transmission. However, there are also many genes which are ‘out of 

sync’ when comparing RMT and SBP, usually peaking earlier/later by one time-point. It 

is unclear whether this is a biological effect or an artefact of experimentation (such as 

variation between parasite clones/mice/researchers). These shifts may be attributable to 

the differences in the proportions of different asexual stages found across the twenty-

four-hour cycle. Given that the underlying causes cannot be evaluated by this study I 

noted that direct comparison between time-points of RMT and SBP may be impacted by 

the altered proportions of IDC stages in each infection. 
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Figure 4.4. Phaseograms of maximum/minimum transcription of every gene of the 
transcriptome across the twenty-four-hour asexual life cycle of P. c. chabaudi.  
Main heatmaps show the z-scores of genes; a measure of the variation of the 
transcription of a gene, with the stages of maximal transcription having higher z-
scores and minimum more negative z-scores. More consistent transcription across 
time points will lead to lower absolute values of the z-scores. Z-scores were 
calculated for the RMT (without the schizont culture samples) and SBP experiments 
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4.3.2 Transcription of pir genes peaks during the later trophozoite stages  

I next sought to investigate how pir transcription changes during asexual blood 

development. Using PCA again, except this time just with the pir genes, I created an 

overview of the variation of the pir profile with time (see Figure 4.5). This shows that the 

pir transcriptome is diverse across the IDC, with a progression of transcription as the 

parasite cells develop and then complete the cycle. This is apparent across both 

components of variation, covering 91.5% of total variation of pir gene transcription. 

However, the SBP samples are clearly separated from the RMT time-points, mostly by 

PC2 (11.7% of the variation). Additionally, the majority of variation is among the RMT 

samples, which are far from one another while the SBP samples form a tight cluster, 

which shows that the RMT parasite populations have more heterogeneous pir profiles.  

 

By analysing total pir gene transcription levels across the asexual life cycle, a consistent 

peak at the 14h time-point can be observed, during the late trophozoite stage of 

development in P. c. chabaudi (see Figure 4.6). This is the same between RMT and 

SBP transmission despite the reduced transcription of pir genes overall in SBP. After the 

RMT peak, there is an abrupt drop in pir transcript abundance (at 17h). This may be 

explained by this moment being a time of trophozoite-to-schizont transition, and the 

RMT samples not capturing the sequestering schizont stage effectively (Figure 4.2). The 

in vitro cultured schizont samples suggest that these stages are indeed enriched for pir 

gene transcription compared to the parasites in the 17h circulation. This is an example 

of how the cultured schizonts can help to plug the ‘schizont gap’ in the RMT time course. 

Further evidence for this explanation comes from the SBP transcriptional pir profile, 

which has non-sequestered schizonts in the samples taken and shows no such major 

drop after the 14h peak. Overall, there is a cyclical pattern of transcription, with lower 

transcription when ring stages predominate at the first and last time-points, and a peak 

during late trophozoites. 

independently using the averaged TPM values. The heatmaps are ordered by which 
genes are transcribed at their maximum level (most positive z-scores) from 02h to 
23h in RMT (A) and SBP (B). Side heatmaps show the minimum/maximum log(TPM 
+ 1) from across the time-points for comparison with the absolute expression 
levels. Note that high value z-scores do not reflect high transcription, just high 
variation of transcription. 
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As observed with P. berghei and other Plasmodium spp., the ancestral pir 

(PCHAS_0101200) is transcribed during the asexual cycle and is often the most highly 

transcribed individual pir. Plotting this gene on its own (see Figure 4.7) I can clearly see 

that transcription peaks with most of the other pirs in RMT, at 14h. Once again, this peak 

may be influenced by the ‘schizont gap’, as RMT schizont transcription of the ancestral 

pir is high and the pir is transcribed highest at 17h in the SBP parasites. It is possible 

that RMT would show the same peak at 17h were it plausible to extract the sequestered 

schizonts alongside the circulating parasites for RNAseq. Throughout the asexual cycle 

transcription of this gene remains high (relative to other pirs) reaffirming the potential 

importance of this conserved gene in the parasite. I also looked directly at the 

transcription of the SBP-high pir gene PCHAS_1100300 (see Figure 4.8), as Spence  

 

 
Figure 4.5. PCA plot of the RNAseq samples using the pir gene TPM values.  
Shape based on transmission method and coloured by the time-point of 
extraction/schizont culture. PCAs were scaled to unit variance and zero-centred, so 
the TPM data did not need to be re-normalised beforehand. 
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et al, 2013 found that this pir was transcribed at much higher levels in SBP samples 

compared to MT samples. In contrast to the results obtained previously, in these 

infections the transcription of this gene looks similar between both RMT and SBP at 

most time-points. Perhaps this is because a population of parasites transcribing this pir 

were selected for by the conditions of the Spence et al, 2013, experiment, but those 

 
Figure 4.6 – Bar chart of pir gene TPM across the asexual cycle and RMT schizont 
cultures of P. c. chabaudi AS transmitted by RMT or SBP.  
Each ‘stack’ of the bar represents the TPM of a single gene. The stacks are sorted 
first by sub-family (the colours) and then by TPM value, so stacks in the same 
position on different bars do not necessarily represent the same gene. Genes were 
filtered by only including those transcribed above 1 TPM in at least one sample. 
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conditions are not in place for these later experiments. Alternatively, the SBP-high pir 

may now be part of a stochastic broad repertoire of pirs transcribed in the RMT infection. 

These results demonstrate the same patterns that Spence et al., 2013 observed, 

although the individual genes involved may change even within these laboratory 

isolates. 

 

To observe the peak of expression for every pir, I made similar phaseograms to those 

above to compare when maximum transcription occurs for the pirs (see Figure 4.9). 

While most pir genes indeed peak at the 14h time-point, there are many which peak at 

other time points. The z-scores demonstrate that multiple pirs peak in transcription as 

early as at the 8h time-point, especially some of those from the Long-form clade. It is 

important to consider that transcription for a gene may still be high before and/or after 

the peak itself, as comparison between Figure 4.6 and Figure 4.9 demonstrates that the 

 

Figure 4.7 – Bar chart of TPM of the ancestral pir gene PCHAS_0101200 across the 
asexual blood cycle and RMT schizont cultures.  
Each dot represents a biological replicate (n=2-3) and colours show the method of 
transmission. Bars show median TPM. 
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L-form pirs peak early but are still transcribed during the overall pir peak at 14h. 

Compared to natural infection, blood passaging appears to refine the peak of 

transcription, perhaps due to increasing the synchrony of the parasites. While most pirs 

peak at 14h, there are multiple which are transcribed highest at other times of the IDC, 

and in RMT these earlier transcribing pirs are mostly L-forms. 

 

4.3.3 Differential transcription patterns of the pir sub-families and the 
relationship to chronic and acute-associated loci 

My investigations above suggest that there is a relationship between the timing of 

transcription of pir genes and the sub-family a pir belongs to. To further delineate the 

relationship between sub-family and transcription I constructed a heatmap of  

 
Figure 4.8 – Bar chart of TPM of the SBP-high pir gene PCHAS_1100300 (an 
individual pir massively upregulated in SBP samples compared to MT in Spence et 
al, 2013) across the asexual blood cycle and RMT schizont cultures. 
Each dot represents a biological replicate (n=2-3) and colours show the method of 
transmission. Bars show median TPM. 
 

0.0

107.5

215.0

322.5

430.0

02
h

05
h

08
h

11
h

14
h

17
h

20
h

23
h

sc
h.

cu
ltu

re

Asexual blood stage development cycle

To
ta

l S
BP

−h
ig

h 
 p

ir 
TP

M

transmission
RMT

SBP



Chapter 4 Results 

 

 

 
88 

 

 

RMT
02

h
05

h
08

h
11

h
14

h
17

h
20

h
23

h

su
bf

am
ily

SBP

02
h

05
h

08
h

11
h

14
h

17
h

20
h

23
h

z−score

−3
−2
−1
0
1
2
3

Min/Max log(TPM + 1)

0
2
4
6
8

sub−family
ancestral
L
S
unk

RMT

02
h

05
h

08
h

11
h

14
h

17
h

20
h

23
h

su
bf

am
ily

SBP

02
h

05
h

08
h

11
h

14
h

17
h

20
h

23
h

z−score

−3
−2
−1
0
1
2
3

Min/Max log(TPM + 1)

0
2
4
6
8

sub−family
ancestral
L
S
unk



Chapter 4 Results 

 

 

 
89 

the transcription of the pirs split by sub-families within the Long- and Short-forms (see 

Figure 4.10). For example, the L1 pirs in RMT infections begin transcribing ‘earlier’ in the 

cycle. This can start at the 02h time-point, corresponding to mature ring stages which 

have not yet developed into trophozoites, and continuing for several time-points. The L4 

pirs begin transcribing highly across the 08h-14h time-points, especially among the 

group of 8 L4s with the highest overall transcription in the sub-family. It is possible that 

the subsequent dip of L4s at 17h is a consequence of schizont sequestration, as 

schizont cultures also show high L4 transcription. In contrast, the S-form pirs, most 

clearly observable with the S7s, tend to transcribe acutely at the 14h trophozoite peak. 

From this, we can see that digging further into the sub-family membership uncovers 

better detail on how they influence the timing of pir transcription. 

 

The P. c. chabaudi AS pirs can also be grouped into putative functional groups based on 

their genomic location and relative transcription levels in acute or chronic infections 

(Brugat et al., 2017). These chronic-associated pir loci (ChAPLs) and acute-associated 

pir loci (AAPLs) are closely linked with the sub-families, as the former are enriched for 

Figure 4.9 – Phaseograms of the z-scores of the pir genes compared 
between RMT and SBP.  
Main heatmaps show the z-scores of pir genes; a measure of the variation 
of the transcription of a gene, with the stages of maximal transcription 
having higher z-scores and minimum more negative z-scores. More 
consistent transcription across time points will lead to lower absolute 
values of the z-scores. Z-scores were calculated for the RMT (without the 
schizont culture samples) and SBP experiments independently using the 
averaged TPM values. The heatmaps are ordered by which genes are 
transcribed at their maximum level (most positive z-scores) from 02h to 
23h in RMT (A) and SBP (B). Right heatmaps show the minimum/maximum 
log(TPM + 1) from across the time-points for comparison with the absolute 
expression levels. Left heatmap shows the sub-family designation of each 
pir. Note that high value z-scores do not reflect high transcription, just 
high variation of transcription. 
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Figure 4.10 – Heatmap of the log(TPM+1) values of the pir genes across the twenty-
four-hour cycle of P. c. chabaudi AS in both RMT and SBP transmitted infections, 
and RMT schizont cultures.  
Genes are grouped and the heatmap split by the sub-family of the pir genes. Ref 
genes are three housekeeping genes for comparison; HSP70, MSP1 and AMA1. 
Genes were filtered to remove any that were not transcribed above 10 TPM in any 
time-point average. Sub-family labels on the left also show the number of members 
of the sub-family, which may not correspond to the number on the heatmap due to 
the filtering step. Genes in each section of the heatmap are ordered by average 
transcription across all samples. 
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S7s and the latter for L1s. Even though this experiment does not include any chronic 

infections, the transcription of these groups in natural RMT infections is clearly 

distinguished in the way one would expect from the pir sub-families that make them up 

(see Figure 4.11). The AAPL genes show a distinctive peak of transcription around 14h. 

The ChAPL genes show a broader timing of transcription across the time-points from as 

early as 2h to 14h. Sometimes this transcription is so early that the proportion of 

transcripts is decreasing by 14h, and the rise of transcripts occurs at 23h. By looking at 

the sub-families it appears that the transcriptional pattern within the ChAPL genes 

depends on whether a gene is L1 (early transcription from 2-14h) or L4 (transcription 

from 8-14h). The L4 pirs are found in both AAPLs and ChAPLs, however only those in 

the ChAPLs appear to show such a broad timing of transcription. So, the L4 sub-family 

itself can be divided into the sharply peaking AAPL-L4s (~14h, like the S-forms) and the 

broadly peaking ChAPL-L4s (8-14h, like the L1s).  

 

To corroborate the observed patterns, gene set enrichment was used for statistical 

analysis of the pirs and pir groupings between consecutive time-points of the asexual 

cycle (see Figure 4.12). The only significant upregulation of the whole pir family in RMT 

is at 8h after the 5h time-point, while pir downregulation occurs at 17h. In contrast to the 

peak of pir transcription at 14h (late trophozoites), the main upregulation of pir gene 

transcription actually occurs at 8h in these infections (maturing from early to mid-

trophozoites). The broad transcription of L-form and ChAPL pirs, compared to the more 

acute activation of S-form and AAPL pirs, is also evident. The slow decrease of 

transcription for the L1s after the 14h peak means that there is no statistically significant 

decrease found from each pairwise comparison across time, suggesting that 

transcription remains high even if it is changing. The L4s demonstrate a major 

upregulation at 8h, and then a reduction at 17h that is probably a consequence of the 

schizont gap (as L4 transcription is high in the schizonts - Figure 4.10). The L4s are split 

across ChAPLs and AAPLs, and comparing these groups in RMT indicates that the 

ChAPL L4s are transcribed highly for longer (upregulated at 8h then downregulated at 

17h), while the AAPL L4s have a sharper peak (upregulated at 8h, then again at 14h, 

before sharp downregulation at 17h, similar to the S-forms) (Figure 4.10 and Figure 

4.11). One ChAPL locus, on the right-hand arm of chromosome 6, is downregulated 

early, by the 14h peak of pir transcription. This analysis suggests that pir upregulation 

generally occurs at the 8h time-point of the asexual cycle and downregulation by the 17h  



Chapter 4 Results 

 

 

 
92 

 
Figure 4.11 - Heatmap of the log(TPM+1) values of the ChAPL/AAPL pir genes 
across the twenty-four-hour cycle of P.c. chabaudi AS in both RMT and SBP 
transmitted infections, and RMT schizont cultures.  
Genes are grouped and the heatmap split by the individual AAPL and ChAPL loci 
of the pir genes. The number and letter before the AAPL/ChAPL correspond to the 
chromosome number and sub-telomere location (left L or right R chromosome 
end) of the locus. Ref genes are three housekeeping genes for comparison; 
HSP70, MSP1 and AMA1. Genes were filtered to remove any that were not 
transcribed above 10 TPM in any time-point average. Sub-family heatmap on the 
left-hand side of the heatmap shows the sub-family membership of each pir. 
Genes in each section of the heatmap are ordered by average transcription across 
all samples. 
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time-point (perhaps a loss of signal due to schizont sequestration, although the L1s 

appear to be transcribed more broadly across the IDC). 

 

These patterns from the natural infections are not all evident in the SBP asexual cycle; 

although L1 transcription still occurs across a broad timescale, there is no signal to 

suggest that L4s begin transcribing earlier than the 14h time-point, and their 

transcription is mostly gone by 20h (see Figure 4.12). This acute peak of SBP L4 

transcription across only one or two time-points better matches the behaviour of the S7s. 

In SBP, the first statistically significant upregulation of the entire pir gene family occurs 

at 11h, later than the RMT 8h time-point. The time-point of pir downregulation for both 

transmission methods occurs at 17h with additional significant decreases for SBP by 

20h, likely because the SBP schizonts have now progressed in the IDC. The SBP L1s 

start being upregulated as early as the 5h time-point, however their TPM values and 

their post-17h significant downregulation suggest that SBP does not show the same 

broadly high transcription of L1s as the RMT samples, except for a few individual genes. 

Nonetheless the L1s remain an early-transcribing group of pirs in both RMT and SBP. 

Although these are not major differences, this suggests that SBP is an inaccurate model 

for pir transcription across the IDC (and perhaps transcription of many other genes too). 

 

Comparing contemporaneous time-points between RMT and SBP provides statistical 

support for the higher pir transcription in RMT, as observed by Spence et al, 2013 (see 

Figure 4.13). When broken down by groups I saw that the extent of this enrichment 

varied greatly within the pirs. The L-form pirs, particularly the L4s, show the highest 

number of statistically significant time-point comparisons as well as the greatest log fold 

changes. The S-form pirs show quite a contrasting pattern; the only times of significant 

enrichment in the RMT samples compared to SBP are at the 8h time-point. At the 17h 

time-point the S-form pirs (overall, not found for the S7s specifically) are actually 

enriched in the SBP samples, the only time-point and gene set among those included 

which showed this. Among the AAPLs and ChAPLs, the latter group has a greater log 

fold enrichment in the RMT samples, and this is significant for almost every time-point 

comparison and individual ChAPL locus. Across the time-points enrichment for pir 

subsets in RMT tends to be strongest at 8h and weakest at 17h (the latter of which could 

be due to the ‘schizont gap’ of RMT). These differences described above are 

summarised in the schematic of Figure 4.14. 
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Figure 4.12 - Heatmap of the log fold change of gene set transcription comparing 
consecutive time-points of the asexual cycle for RMT and SBP infections.  
A positive log fold change indicates higher transcription in the later time-point of 
the label at the bottom of the heatmap (e.g. for 14h-11h, a positive log fold change 
means higher transcription in the 14h samples compared to 11h). Only statistically 
significant (FDR <0.05) comparisons are included. Insignificant comparisons are 
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4.3.4 Common patterns of pir transcription between P. c. chabaudi AS and P. 
berghei 

I investigated similarities between this study of P. c. chabaudi AS and the previous 

studies of P. berghei. While the samples presented here are only from the asexual blood 

cycle, there were numerous asexual blood samples analysed from P. berghei infections. 

Most of these, however, were heterogeneous for blood stages due to the asynchrony of 

P. berghei parasites (see chapter 4.1). A few exceptions include ex vivo generation of 

rings and trophozoites (from one experiment, Otto et al, 2014) and schizonts (from two 

experiments; Otto et al, 2014, and Modryzynska et al, 2017). With RNAseq data from 

these stages, I could potentially make the same analysis in P. berghei to contrast pir 

expression across the asexual cycle. One notable difference is that the total pir 

transcription of these stages does not appear to follow the same pattern in each species, 

as for P. berghei the progression from rings into trophozoites and then schizonts leads 

to non-statistically significant changes Figure 3.11. This could be a consequence of the 

definitions of ring and trophozoite stages used by Otto et al., 2014, as the peak of 

transcription in P. c. chabaudi AS is observed in the late trophozoite stages, just before 

schizont maturation and rings begin to appear in the circulation again. Hence early rings 

may show a high pir level and early trophozoites a low pir level if those were analysed 

for P. berghei. Although Otto et al., 2014, does not define exactly when the stages are 

extracted from synchronised culture, it states that the trophozoites are ‘late’ samples. 

Hence more synchronised asexual samples from P. berghei are required to verify if 

there is a disparity between the species. It also is not clear from these P. berghei studies 

whether the asexual blood samples were obtained from mosquito-transmitted or blood-

passaged infections.  

 

coloured white. The heatmap is split based on the grouping of the gene sets, 
including all the pirs, the sub-families and ChAPL/AAPL loci, and also split based 
on RMT or SBP transmission. S and L refer to all the S-form and L-form pirs 
respectively. L4 genes are included as one gene set, and then the L4s which are 
also AAPLs/ChAPLs are included are two further groups. Any gene sets with fewer 
than four members or no significant log fold changes are not included. Any time-
point comparisons with no significant log fold changes are not included. Gene set 
enrichment performed using Qusage in R. 
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Figure 4.13 – Heatmap of the log fold change of gene set transcription 
comparing the same time points of RMT and SBP infections.  
A positive log fold change indicates higher transcription in the RMT samples. 
Only statistically significant (FDR <0.05) comparisons are included. 
Insignificant comparisons are coloured white. The heatmap is split based on 
the grouping of the gene sets, including all the pirs, the sub-families and 
ChAPL/AAPL loci. S and L refer to all the S-form and L-form pirs respectively. 
Any gene sets with fewer than four members or no significant log fold changes 
are not included. Gene set enrichment performed using Qusage in R. 
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 Another difference between these Plasmodium spp. are the sub-family group members. 

Although P. berghei and P. c. chabaudi AS share Short and Long-form groupings, there 

are some subsets of these groups only present in the genome of one and not the other. 

The L3s, S2s, S4s, S5s and S8s are found in P. berghei and not P. c. chabaudi AS, and 

vice-versa for the L4s, S3s and S7s. Hence the only sub-families they have in common  

 

 
Figure 4.14 – Schematic of the approximate changes of pir gene transcription 
across the IDC for RMT (grey) and SBP (orange) parasite populations.  
Red arrows signify statistically significant upregulation, and blue significant 
downregulation, as shown in Figure 4.12. The size of the arrow roughly shows the 
log fold change of these transcriptional changes/whether all of the gene set or only 
a subset of the gene set showed the behaviour. The sharper peaking of S-
forms/AAPLs/AAPL-L4s is demonstrated, while the L1s show a broader peak over 
time. Overall pir transcription is greatest at 14h. 
 

RMT 

RMT 
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are the L1s, L2s and S1s. Brugat et al., 2017, observed similarities between the P. c. 

chabaudi AS L1s and some chronicity-associated P. berghei L2s. The numbers of Short 

and Long-form pirs in each species are skewed in opposite directions: P. c. chabaudi AS  

 
Figure 4.15 – Filled bar chart showing the proportion of P. c. chabaudi AS non-ancestral pir 
sub-family transcription across every sample.  
Bars are coloured by sub-family, ordered by L-forms, then S-forms, then unknown clade. 
The chart is facetted by RMT (left) and SBP (right) transmission methods. 
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has 118 Long-form and 89 Short-form pirs, and P. berghei has 27 Long-form and 106 

Short-form pirs. Therefore, it is not unexpected that infections of P. berghei 

predominantly transcribe S-forms (see Figure 3.9) and RMT infections of P. c. chabaudi 

AS mostly transcribe L-forms (Figure 4.6). The SBP infections show a much more S-

 
Figure 4.16 – Filled bar chart showing the proportion of P. berghei non-ancestral pir sub-
family transcription across the non-mixed asexual samples of E01 and E03 (see Table 3.1);  
Bars are coloured by sub-family, ordered by L-forms, then S-forms. The chart is facetted by 
E01 (left) and E03 (right).  
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form skewed infection, however. This phenomenon is observable in Figure 4.6, the lack 

of significant downregulation of S-forms compared to RMT in Figure 4.12, and clearest 

in Figure 4.15 which shows proportions of sub-family transcription in the samples 

(excluding the ancestral pir). Driven primarily by relative S7 upregulation, there are some 

SBP samples for which S-form transcription constitutes the majority of pir sub-family 

transcription e.g. the 17h time-points. It is interesting that both P. berghei infections and 

SBP P. c. chabaudi AS infections are more virulent and express more S-form pirs than 

more benign RMT P. c. chabaudi AS infections.  

 

Notably this runs counter to the paradigm that the more-virulent chronic P. c. chabaudi 

infections are dominated by L-form ChAPL transcription (Brugat et al., 2017). The most 

proportionally L-form enriched RNAseq samples of the P. c. chabaudi asexual cycle 

were the RMT schizont cultures, with 94-92% of non-ancestral pir TPM coming from L-

form genes in these samples (see Figure 4.15). The schizont RNAseq samples obtained 

in previous experimentation on P. berghei suggests that this life cycle stage is similarly 

L-form skewed, even though L-forms are much less abundant in the genome (see Figure 

4.16 and Otto et al., 2014). In RMT P. c. chabaudi AS RNAseq the enrichment of L-

forms is mostly due to L4 pir transcription, while in P. berghei this increase of transcripts 

is distributed between the L1, L2 and L3 pirs. I performed statistical tests to compare the 

proportions of L- form pirs relative to all non-ancestral pir transcription, separately for P. 

c. chabaudi AS and P. berghei. When comparing the proportion of L-form pir 

transcription of the three RMT P. c. chabaudi AS schizont culture samples to the rest of 

the RMT asexual cycle, every pairwise comparison showed a significantly (adjusted p < 

0.05) higher proportion in the schizont cultures except for samples 2 and 3 compared to 

02h sample 1. Similarly, the only non-significantly higher L-form proportions found when 

performing pairwise comparisons of the E01 and E03 P. berghei schizont samples to the 

E01 ring and trophozoite samples were E01 schizont sample 2 compared to E01 rings 

sample 1 and trophozoite sample 1. In summary, most of the tests of whether there is 

higher proportionality of L-form transcription in the schizont sample versus other defined 

asexual cycle stages came back positive, for both P. c. chabaudi AS and P. berghei. As 

a final point of evidence, the statistical comparison performed for Figure 3.11 showed 

that when transitioning from asexual schizonts to male gametocytes, although the pir 

family is significantly upregulated as a whole, the L2 and L3 sub-families in contrast are 

downregulated. 
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4.4 Conclusions 

Given that the closest links between pir genes and possible functions have been made 

from P. c. chabaudi AS in the host blood, gaining greater understanding of the 

transcriptome of this period is essential. Using RNAseq of P. c. chabaudi AS taken from 

time-points across the asexual cycle in the blood, seven days post-infection, I have been 

able to quantify the change of pir gene transcription as asexual development 

progresses. With data from parasites obtained from a recently mosquito-transmitted 

infection and from serial blood passage I have compared how the patterns change 

depending on level of virulence in the host and determined that the latter is an 

unsuitable model for this analysis. The peak of pir transcription occurs at 14h, 

suggesting that late trophozoites are the major pir transcribers of the P. c. chabaudi AS 

IDC and a possible role of PIRs in schizont/merozoite biology. Phylogenetic and 

chronicity-derived groupings of pir genes show similar but different patterns of 

transcription, peaking at 17h but with L-forms/ChAPLs exhibiting broader, earlier 

transcription and S-forms/AAPLs demonstrating a more sharply demarcated peak. In 

addition, the L-forms are statistically enriched in schizonts, corroborating observations 

from P. berghei, and pointing towards a particular conserved function of L-forms in 

schizogony/merozoites across rodent malarias. Although the ancestral pir still peaks at 

14h/schizonts similar to other members of the family, it is transcribed highly across the 

entire cycle and remains one of the most transcribed pirs, reaffirming that this gene may 

be of particular importance for Plasmodium spp.. 

 

Plasmodium spp. are thought to transcribe shortly before translation, with a delay of just 

a few hours in the asexual blood cycle. This ‘just-in-time’ model was predicted by RNA 

measurements and concomitant protein measurements (Foth et al., 2011). This means 

that the PIR product may be needed not for the late trophozoites but the next stage; the 

schizonts. Indeed, the schizonts themselves are high pir transcribers, and it is likely that 

many instances of pir transcription drop-off observed at the 17h time-point in RMT are 

due to the ‘schizont gap’ when these cells sequester. Given this timing, pirs may be 

involved in the proliferation machinery of schizogony, or perhaps a merozoite function 

such as cell invasion ligand-binding.  

 

The peak of pir gene transcription at 14h may coincide with a timing of enhanced 

variability in the malaria parasite transcriptome. Comparing microarray transcriptomes of 
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several Plasmodium sp., including P. c. chabaudi AS, it was found that the genes that 

peaked in the late trophozoite stages of P. falciparum were significantly enriched for 

orthologous genes which had shifted peaks of transcription between species (Hoo et al., 

2016). Similarly, this was seen for genes which peaked in the early schizont stages for 

P. knowlesi, P. vivax, and P. berghei. P. c. chabaudi AS only had statistically significant 

enrichment for genes with inter-species shifted peaks in the early ring stages, which was 

seen for every species analysed. Although Hoo et al., 2016, did not see the gene peak 

variability at this time-point in their P. c. chabaudi AS samples, it is clearly a time of 

enhanced variability for other closely-related species P. vivax, and P. berghei. This may 

represent a time of the life cycle when the conservation of expressed genes is less 

important, such as for invasion genes, and the different species have evolved new 

transcriptional strategies from shared genes. Although the pirs (excluding the ancestral 

pir) were not included in that study as they are not orthologous across species, they 

peak alongside divergently transcribed genes. These genes, which likely have 

transcription that can be varied to suit the requirements of the parasites for their host, 

include those involved in fundamental processes “such as intracellular trafficking, 

transcription, translation, mitochondrial functions and DNA replication”. If PIR proteins 

were involved in these mechanisms that would be a surprise, although intracellular 

trafficking could involve the movement of cargo to the cell surface, where PIRs are often 

located. 

 

There is a discrepancy between the microscopy and RNA-based deconvolution (Figure 

4.2) at certain time-points. For instance, even though gametocytes would have been 

enumerated as part of the counting process, their numbers were always negligible by 

light microscopy. However, at 17h and 20h time-points in RMT, the deconvolution results 

suggest a proportion of female gametocytes are present. Merozoites are also present in 

the deconvolution data and not the light microscopy counts, however this stage is so 

physically small that enumeration is not performed by eye. The gametocyte signal may 

be an artefact of sexually-committed asexual cells which cannot be distinguished yet by 

Giemsa stain. Ultimately the major distinction between the methods is that microscopy 

will catch morphological changes and mRNA deconvolution will capture transcriptional 

changes. Where one of these attributes is altered with minimal change to the other, 

there will be discrepancy. An interesting method to investigate this may be to do a 

reverse deconvolution of the microscopy proportions, i.e. how much of the RNAseq data, 

and which transcripts, can be explained by the stages counted by eye? Highly 
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transcribed genes which are not explained by the count data may be due to stages 

missed by microscopy (such as merozoites or early transitions) or shifts in gene 

transcription not captured by the scRNAseq data which underlies the deconvolution 

method. Ultimately the best way to overcome any complications from stage composition 

would be to perform single-cell RNAseq for these infections. This would, for example, 

identify asexual trophozoites which are sexually committed which could be mis-identified 

as female gametocytes by deconvolution – possible sexual commitment signals have 

been found as early as liver stages (Mancio-Silva et al., 2022). ScRNAseq would also 

open the chronic phase IDC to analysis, which would enable comparison of more/less 

virulent parasites within an RMT-initiated infection. The parasitaemia of chronic P. c. 

chabaudi AS is so low that it is difficult to extract sufficient material for bulk RNAseq, 

especially for RMT infections which have even fewer parasites than the corresponding 

times in SBP. For bulk RNAseq, one would have to raise the parasitaemia of chronic 

infections by passaging the chronic parasites into an immunocompromised mouse, or by 

therapeutically depleting the immune response in immunocompetent mice during 

recrudescence.  

 

When it came to the RNAseq data itself, a substantial source of variation within the RMT 

samples, and a major distinguisher with the SBP samples, was a single pseudogene, 

PCHAS_0420800. The differential expression of PCHAS_0420800 was so strong that it 

alone dominated the second largest principal component of the data (Figure 4.3). Using 

the information on PlasmoDB (Aurrecoechea et al., 2009) it can be seen that this 

pseudogene is annotated as being the terminal gene of chromosome 4, within sub-

telomeric sequence, and that it neighbours a pir gene PCHAS_0420700. The transcript 

length is predicted to be 981bp long, and the existence of the RNA transcript also has 

substantial evidence from analysis of the P. c. chabaudi IDC from Subudhi, et al., 2020. 

The RNAseq data from Spence et al., 2013, also supports the assertion that this is an 

MT-high pseudogene. Translation of the sequence reveals a high proportion of histidine; 

the largest predicted open reading frame (from the first frame in the 5’3’ direction) of 

220aa is 58% histidine residues. This translation also reveals the four stop codons which 

likely led to the annotation of PCHAS_0420800 as a pseudogene. For my analysis I 

removed PCHAS_0420800 as it was a significant cause of unwanted variation. I, 

therefore, assumed that the RMT samples account for the production of 

PCHAS_0420800 RNA by increasing global transcription, such that the proportions of 

other genes can be comparable to the SBP samples with low PCHAS_0420800 
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transcription. I am also assuming that this is not a pseudo-pseudogene: a misannotated 

pseudogene that actually possesses function either as an RNA molecule or a processed 

polypeptide. A number of examples of misannotated pseudogenes have now been 

described, such as a transcription-regulating RNA from an ABC transporter 

‘pseudogene’ in humans (Piehler et al., 2008) and read-through translation of an 

olfactory ‘pseudogene’ in Drosophila sechellia (Prieto-Godino et al., 2016). Proteomics 

continues to identify ‘pseudogenes’ which actually have peptide products (Wright et al., 

2016). Given the high levels of transcription after vector transmission, further 

investigation of PCHAS_0420800 would be important to rule it out as an important 

player in the differences between MT and SBP. 

 

Once again, the ancestral pir is a consistently highly transcribed pir gene. It is 

transcribed across the entire asexual cycle and most of the time it is the highest 

transcribed pir. In RMT there is a major drop-off in transcription at 17h, however the high 

transcription in schizonts and corresponding SBP time-points suggest that this is an 

artefact of the ‘schizont gap’. Despite being transcribed constitutively, the ancestral pir 

still peaks in transcription at 14-17h like most other pirs and the family as a whole, 

suggesting that it has an important function throughout but is mostly needed in late 

trophozoites/early schizonts. This also indicates that its function does not diverge too far 

from the function of other members of the family. Although SBP parasites have 

diminished pir repertoires the ancestral pir still presents a strong signal, so this gene is 

still transcribed when other pirs are deprioritised.  

 

Division of pirs into Short or Long-forms, or AAPLs or ChAPLs, shows that these 

groupings define transcriptionally distinct pirs. Transcription of the Long-form pirs is 

upregulated more strongly earlier in the IDC than the Short-form pirs. Although they are 

both significantly upregulated at the 8h time point (early trophozoites), the Long-form 

pirs experience a greater log-fold change and experience no further significant 

upregulation to reach their peak. The L1 sub-group and the ChAPL pirs behave similarly, 

which is understandable given the extensive shared membership. Similarly, the S-form 

and AAPL pirs overlap and have comparable transcriptional behaviour. One group that 

bridges this divide is the L4 subfamily, which contains members of both AAPL and 

ChAPL loci. Indeed, separating these two L4 gene sets suggested that the L4s are 

better defined by whether they are also members of a ChAPL or AAPL locus. It would be 

worth investigating whether these genes phylogenetically diverge too, to see if the 
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sequences have changed based on their different loci. The potential functional relevance 

of the ChAPLs even in RMT is surprising, given the similarities between the virulence of 

SBP and chronic parasites. The ChAPL transcription seen in these acute infections may 

be the pattern selected for in the parasites that grow in the chronic phase. ChAPLs are 

still more highly transcribed, and over a longer period of time, in RMT parasites, despite 

the fact that SBP parasites recrudesce earlier (Brugat et al., 2017). This may be a 

consequence of the broad transcription of pirs in RMT parasites, which includes the 

ChAPLs, whereas in later chronic infections the ChAPLs are the few remaining 

components of a smaller pir repertoire. The variation in the duration of gene transcription 

is an observation that could not have been made without looking across the IDC. 

 

It is difficult to hypothesise why one group of pirs may be required slightly earlier in the 

intra-erythrocytic life cycle than another. This could potentially be investigated by 

targeted knock-down of the entire L1 contingent in a P. c. chabaudi AS isolate. Similar 

mass targeting screens have been achieved using CRISPR-interference: the guide RNA 

mapped a conserved region of a GC-rich non-coding RNA family (which regulated var 

gene transcription) (Barcons-Simon et al., 2020). Using the existing data, one could also 

analyse which other gene group transcriptomes correlate with the different pir subsets, 

however care needs to be taken to account for the statistical implications of TPM data 

being a proportion (Lovell et al., 2015; Pearson, 1897). 

 

It is clear that using SBP parasites alone would give rise to different conclusions from 

those obtained from RMT parasites, as some of the patterns of RMT pir sub-family 

transcription are not clear or are totally absent in SBP. These differences demonstrate 

how SBP, despite being historically the standard method of maintaining experimental 

infections, does not capture the natural patterns of P. c. chabaudi AS pir gene 

transcription. From the microscopy stage enumeration and the RNA deconvolution 

(Figure 4.2) a caveat was identified in directly comparing RMT and SBP; the proportions 

of each asexual developmental stage were different between the methods of infection. 

The most notable difference is the presence of schizonts in the circulation of SBP 

infections around 17h, while their abundance is negligible in RMT. Schizonts are thought 

to be absent from the circulation for most strains of P. c. chabaudi and many 

Plasmodium spp. since they bind the vessel epithelium and do not continue flowing 

through in the blood (Cox et al., 1987). Cox et al., 1987 observed that a particular strain, 

PC7, that did not seem to sequester (in the liver), had greater schizontaemia than other 
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strains that did sequester. Indeed, this strain also appears to be particularly lethal to 

infected mice, although it is unclear from the publication whether this virulence is just 

due to the SBP transmission, or whether schizont sequestration is influenced by number 

of passages (Hommel et al., 1982). So, when schizonts are found in the circulation this 

is likely a consequence of a deficiency of binding the epithelium. Cox et al., 1987 also 

observed negligible schizont levels in the blood infections of a P. c. chabaudi AJ strain 

selected for sequestration. Although there may be a greater proportion of blood-borne 

schizonts in SBP infections, the parasites still sequester in the liver, lungs, and spleen 

after being transmitted this way, like RMT (Cunningham et al., 2017). Other studies have 

shown that mouse knock-outs of RAG, IFNγR and IL-10, do indeed alter levels of 

sequestration of P. c. chabaudi, meaning that immunity influences sequestration 

patterns (Brugat et al., 2014). 

 

The stage composition is the easiest explanation for the ‘phase shift’ of some genes 

between after blood passage of parasites. With this dataset, it is difficult to tease apart 

the effect of biological difference within the individual stages of the life cycle, but that 

cannot be excluded. To resolve these differences (aside from using single-cell RNAseq) 

one could make use of identified rhythmic genes in P. c. chabaudi and observe how 

these vary across the RMT/SBP samples, such as those defined by Subudhi et al., 

2020. Serpentine Receptor 10 is one such gene, and also a regulator of the rhythmicity 

of many genes. Timing of the asexual blood cycle is influenced by environmental cues 

(Prior et al., 2018), but in these experiments some of the possible signals, such as day-

night cycles and feeding times, have been kept constant. However, RMT and SBP 

induce different host immune responses, including levels of immune cells, IgG and 

cytokines (Spence et al., 2013). Immunity can confer an alteration to the circadian cycle, 

as observed with the de-synchronicity of P. c. chabaudi AS when infecting RAG-/- and 

TNFa-/- mice (although mice with disrupted T-cells or immunoglobulin responses did not 

show a loss of circadian regulation) (Hirako et al., 2018). Preliminary results in P. 

berghei also suggest that lipopolysaccharide-induced inflammation delays progression 

of the IDC (Lansink et al., 2021). Variations in the peak period calculated from rhythmic 

genes that match the overall transcriptional ‘shift’ may suggest that the differences 

observed are due a life cycle shift and not gene transcription changes at the same point 

of the life cycle. Alternatively, mixture models could be applied to tease out the impact of 

the developmental timing sub-populations. 
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The S-form pirs are the only ones to show statistically significant downregulation at any 

timepoint when comparing time-matched RMT and SBP samples, at 17h. This could be 

due to the RMT schizont loss in the RNAseq data mentioned above, however the 

heatmaps do not suggest that S-form transcription in the RMT schizont cultures is 

particularly high (Figure 4.10). As well as the changes in the amount of transcription of 

these groups, there are also distinctive patterns in when the sub-families/loci start being 

transcribed in the cycle, and for how long. The statistical evidence for the different times 

of up- and down-regulation of these gene sets within both transmission methods 

demonstrates that there is an intrinsic change in gene transcription timing and the 

differences are not just a consequence of the smaller overall pir repertoire in SBP. The 

shift in SBP parasite populations towards less overall pir transcription but with a higher 

proportion of S-form transcription matches the model of a more ‘refined’ pir 

transcriptome for these mouse-adapted infections. 

 

As previously reported, a broad swathe of the pirs are transcribed more highly in RMT 

samples than time-matched SBP, however this pattern is not the same across the entire 

IDC. The previous major comparison by Spence et al., 2013, used a singular time-point 

at 8h (in accordance with the times used in this thesis). Using the data provided here 

would give the same conclusion, as shown by the differential expression of major gene 

sets of the pirs (Figure 4.13). Indeed, this is one of the times when the difference 

between pir transcription of RMT and SBP is particularly high. If singular time-points 

were taken at other points of the IDC, the outcome could have been different. A 

comparison at 17h with these data may have led to a different overall conclusion, as the 

pir gene set would not have enough evidence to be deemed differentially expressed. 

The SBP-high pir defined by Spence et al. only appears to show the expected behaviour 

at 17h in this experiment (Figure 4.8) – and this too may be an artefact of schizont loss 

in RMT. At 8h, when Spence at al. took their samples, schizont differences should not 

be impacting the data as both their results and Figure 4.2 indicate that schizont 

proportions in SBP are low and trophozoites dominate (Spence et al. reported average 

>97% trophozoites in both conditions). Given that SBP infections preferentially 

transcribe a smaller subset of pir genes, it may be that this subset changes and, for 

these experiments, this subset does not happen to include the SBP-high pir. Note that 

the SBP-high pir is still transcribed highly, but there is no major difference between SBP 

and RMT infections. There is no other obvious candidate for an SBP-high pir among the 

data included in this thesis, although the S-form pirs do form a subset of the multigene 
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family which the SBP parasites sometimes transcribe more highly than the RMT 

population. These observations highlight the importance of covering multiple time-points 

across the IDC when investigating Plasmodium spp. intraerythrocytic biology, as well as 

using more biologically-relevant mosquito transmitted infections. 

 

Comparison of pir transcription between species is not trivial because of the  

different sub-family constitution of pirs in each genome. P. berghei and P. c. chabaudi 

are probably the closest models for which extensive RNAseq data exist, making them 

the best for comparison. Even though P. berghei has an S-form dominated genome, and 

P. c. chabaudi AS the opposite, the P. berghei and P. c. chabaudi schizont samples both 

showed an L-form enrichment. This is far from a conclusive result as the P. berghei 

schizont sample pir repertoires in Otto et al., 2014, are not that similar to one another 

and it would have been more desirable to have additional replicates. The Modryzynska 

et al., 2017, samples have more replicates and show better consistency (among the 

samples included after quality control); however that experiment did not extract any 

other synchronised stage of the IDC for direct intra-experimental comparison. Given the 

frequent issue of asynchrony in P. berghei infections, and sequestration in P. c. 

chabaudi AS, single-cell RNAseq may be the best method to investigate L-form 

transcription in schizonts in the future, even if this limits analysis to just the dominating 

pirs. Male gametocytes of P. c. chabaudi AS should also be included in future analysis, 

as they appear to have strong L-form (particularly L4) enrichment also, which is not seen 

with P. berghei male gametocytes (Cunningham and Reid et al., in review). 

 

The evidence from P. berghei does not suggest a similar overall pattern of total pir 

transcription in the asexual blood stages (see Figure 3.11) as transcription shows no 

statistically significant change between ring and trophozoite stages. This could be an 

artefact of needing to synchronise P. berghei and then grow it in vitro to delineate 

different stages of the IDC, as well as the cellular stress response external culture may 

induce in the parasites. P. vivax microarray data showed that the pirs tended to be part 

of a group upregulated in the early-late ring stages, although there was also a smaller 

group of late trophozoite/early schizont pirs which corresponds better with these data 

(Bozdech et al., 2008). This smaller microarray data set was corroborated by RNAseq 

data based on the same samples, which is re-analysed and discussed in depth in 

Chapter 5 (Zhu et al., 2016). P. knowlesi microarray transcriptomes suggest that the 

largest significant upregulation of pirs occurs at the early trophozoite stage, although this 
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is based on four genes out of only eight found to be differentially expressed (Lapp et al., 

2015). Evidence from other P. berghei stages however shows that high pir transcription 

occurs at times when the parasite is preparing for proliferation, such as late liver 

schizonts and male gametocytes. The most highly transcribing samples found by my 

analyses, the liver merozoites, may suggest that the PIRs are important for an aspect of 

highly-motile short-lived stages of parasite development. Indeed, the timing of pir 

transcription coincides with that of DNA replication and deoxyribonucleotide synthesis in 

the Plasmodium falciparum IDC, in anticipation of proliferation (Bozdech et al., 2003). 

These are indications that pirs are transcribed for times when the parasite is mass 

producing daughter cells. 
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Chapter 5. Results - Analysing the P. vivax pir 
transcriptome using de novo transcriptomics 

5.1 Introduction 

Plasmodium vivax is the major human malaria parasite after P. falciparum. While P. 

falciparum is most prevalent in Africa, P. vivax is the major contributor to malaria 

infections in the Americas and most of Asia. Globally the proportion of all malaria cases 

attributable to P. vivax has been decreasing since 2000, however in South-East Asia this 

figure has remained at about 54-35% over the last two decades, while in the WHO 

Western Pacific region it has increased from around a fifth to a third of all human malaria 

infections. The parasite is prevalent in the Americas, where 67-78% of malaria infections 

are accountable to P. vivax, peaking in 2018 at 78.2% (WHO, 2021). It has traditionally 

been seen as unable to penetrate into the African continent to any great degree due to 

the high Duffy antigen-negativity among people (Boyd & Stratman-thomas, 1933; 

Hamblin & Di Rienzo, 2000; Mayne, 1932; Miller et al., 1976). However, it has since 

been shown that P. vivax can indeed invade erythrocytes independently of the Duffy 

antigen and cause infection in Duffy-negative individuals (Ménard et al., 2010). 

Increasing evidence of seropositivity in African nations, and significant sequestration of 

parasite in the spleen (away from the circulation), have led some to suggest that P. vivax 

in the continent is much more endemic and problematic than common mantra suggests 

(Baird, 2022; Culleton et al., 2009; Kho et al., 2021). As a consequence, P. vivax 

presents an unknown threat to African populations. Given its prevalence around the 

world and the possibility of hidden transmission/future intrusions into Africa, P. vivax is a 

major focus of public health research. 

 

P. vivax and closely related species exhibit a number of biological distinctions to P. 

falciparum of importance to human infection. P. vivax has a strong preference for 

immature erythrocytes (reticulocytes) and possesses a quiescent liver stage of 

development, the hypnozoite, which can effectively hibernate, escape antimalarial 

treatment, and cause recrudescent infections in hosts (Kitchen, 1938; Krotoski, 1985). 

Additionally, P. vivax is the major human malaria parasite to have pir genes; indeed, pirs 

were originally discovered in this parasite (del Portillo et al., 2001). P. vivax contains 

1216 members of the pir gene family in the P01 strain reference genome, constituting 
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around a sixth of the total number of predicted genes for this strain (Auburn et al., 2016). 

A recent high quality genome assembly of the Thai-origin W1 contains as many as 1145 

predicted pir genes (Minassian et al., 2021). This suggests that the comparatively few 

pirs found in earlier genome assemblies, such as Sal1 (Carlton et al., 2008), were 

artefacts of the limited technology of the time as opposed to biological differences. The 

major dedication of a human malaria genome to a single multigene family means that 

greater understanding of its role in infection is of high importance. 

 

While rodent malaria parasites have been used extensively for pir investigations, as 

detailed in previous sections, these models cannot infer the true variation within the 

gene family, as these parasites have been highly selected after many years of culturing 

in the laboratory. This is an advantage for minimising the variability of results between 

experiments, as genetic variation is low and reference genomes are close matches to 

the specimen under study. However, they probably do not reflect the extensive variation 

of the pir multigene family in wild isolates, and thus their use for elucidating pir functions 

across species, including human plasmodia, could be limited. Among the different 

species, P. vivax is particularly diverse between isolates, and this is heavily 

concentrated within multigene families such as the pirs (Neafsey et al., 2012). 

Sequenced genomes across different geographic regions show that there are 

differences not just in the pir repertoire but also in the proportions of pir sub-family 

members (Merino et al., 2006; Chen et al., 2017). In transcriptomic studies, pirs may be 

missed when mapping divergent clinical isolates to a generic, probably unrepresentative, 

reference genome. Therefore, studies that seek to answer key questions about the pir 

gene involvement in P. vivax infection, such as when they are transcribed and which 

sub-families are transcribed at different stages, have major limitations if they use the 

currently annotated genomes. 

 

One approach to obtain a more comprehensive overview of the number and variability of 

pir genes in P. vivax is to use de novo transcriptomics on the available P. vivax RNAseq 

data, a method in which the sequenced reads are used for assembly of the RNA being 

transcribed, without need of a reference genome. In this process, the reference is 

constructed from the RNAseq output itself. Hypothetically this technique could identify 

unknown pirs in data from disparate P. vivax isolates. Similar analyses conducted for the 

var genes of P. falciparum have revealed high rates of variation in novel transcripts 

between individual isolates. One example is a study that used de novo transcriptomics 
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to elucidate var genes being transcribed in clinical samples, which was then used to 

guide peptide-identification in concomitant proteomics (Kamaliddin et al., 2019).  

 

De novo transcriptomic assembly has previously been performed for species with 

missing or inadequate reference genomes, including the assembly of pir gene 

transcripts. An example from rodent-infecting malaria was an investigation into P. yoelii 

nigeriensis transcription, which showed that this strain possessed novel pirs not found in 

the reference strains of the P. yoelii reference genomes (Zhang et al., 2021). Similar 

methods have been applied to P. ovale and P. vivax, although most studies of the latter 

have not used de novo assembly methods (Brashear et al., 2019; Kim et al., 2017; Zhu 

et al., 2016). In one of the P. vivax studies 179 novel transcripts were annotated as pir-

like, many with RNAseq read evidence of active transcription, providing high confidence 

in the accuracy of the assemblage (Zhu et al., 2016). All these studies demonstrated 

marked difference between the pir repertoires of the reference genomes and the de 

novo transcriptomes, suggesting that without the new assembly a subset of pirs would 

have been completely missed. Using de novo transcriptomics permits the identification 

of novel members of highly variable multigene families and assessment of their level of 

transcription.  

 

As described above, de novo assembly has only been performed in a small number of 

P. vivax investigations so far. These have demonstrated the information that can be 

gleaned from the technique, but not gone as far as matching these de novo transcripts 

to the defined sub-families. So far, Trinity has been the only programme used for this 

purpose, and other tools were not reported to have been tested. I seek to compare 

different assemblers for the reconstruction of accurate and complete pir transcripts using 

a gold-standard model of P. c. chabaudi AS. In this chapter I have analysed transcription 

of pirs by de novo transcriptome assembly using published datasets of P. vivax RNAseq 

(see Table 5.3). This will allow me to study the kinetics and magnitude of P. vivax pir 

gene expression during the infection cycle and determine, for the first time from de novo 

transcript data, which sub-families are transcribed at particular times in the parasite life 

cycle and how sub-family transcription differs between isolates. I will test whether high 

transcription in asexual blood-stage parasites and low transcription in mosquito-stages is 

also true for P. vivax. This would lend weight to the idea that the pir family has 

conserved function between divergent species, thus rendering the rodent model 

infections more relevant for understanding human infection. These timings of the family 
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and sub-families may give insight into functional roles of the pirs and whether this is 

conserved across the Plasmodia. Hypnozoites of P. vivax are of particular interest to 

malariologists because they may facilitate recurrence of the parasite even through drug 

treatment (Baird, 2009; Krotoski, 1985). This dormant liver hypnozoite stage found has 

not been analysed for pir expression in this manner, and cannot be elucidated using 

Plasmodium that infect rodents, as they lack hypnozoites. I will examine whether pirs are 

transcribed in this quiescent cell type, as this may suggest that they play a role in 

hypnozoite biology. 

 

5.2 Aims 

• Use a well-established reference genome to test the best programme to 

assemble pir mRNAs de novo from RNAseq reads (P. c. chabaudi AS) 

• Apply these methods to P. vivax data to construct novel pirs and derive the sub-

families they belong to from clustering similarity networks. 

• Map each RNAseq dataset to its assembled transcriptome to measure the 

transcription levels of the pirs and pir sub-families. 

• Assess which pir sub-families are transcribed consistently across experiments at 

given stages of the P. vivax life cycle. 

• Determine whether there is any comparable similarity between transcription 

patterns of P. vivax pirs and the P. berghei and P. c. chabaudi AS pirs described 

in chapters 3 and 4. 
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5.3 Results 

5.3.1 De novo transcriptomes of P. c. chabaudi AS data recover known pirs 

To demonstrate that de novo transcriptomic analysis will work with the pir genes, and to 

identify which software works best for my requirements, I started by performing this 

method on a species for which we had ample data and a well-annotated reference 

genome. Plasmodium chabaudi chabaudi AS is ideal for this as I had access to multiple 

RNAseq data sets of a high pir-transcribing stage of development (from the recently 

mosquito transmitted/serially blood passaged (rMT/SBP) intra-erythrocytic development 

cycle experiments of Chapter 4). As this is a lab isolate from the strain (AS) of P. c. 

chabaudi used for generating the reference genome, the data should deviate minimally 

from the genome of the sequenced parasites. As an initial proof-of-concept, all the data 

from the P. c. chabaudi AS experiment in chapter 4 were concatenated together 

(401,066,418 reads in total) and put through one of three de novo transcriptome 

programs; Trinity (Haas et al., 2013), RNAseq SPAdes (Bushmanova et al., 2019), and 

single-cell SPAdes (Bankevich et al., 2012). This is not exactly what will be done with 

the P. vivax samples as in that case I will be, as far as possible, keeping different 

isolates separate to prevent the mis-assembly of transcripts from different 

transcriptomes. Hence the number of reads for each P. vivax assembly will be 

substantially smaller than the total included for this P. c. chabaudi AS analysis. The 

purpose of this validation step using P. c. chabaudi AS transcripts is to ascertain 

whether these methods can recover high-quality pir transcripts at all, and which 

programme may work best. Hence, to minimise loss of reads for constructing transcripts, 

only a small amount of filtering and quality control was performed. The resulting 

assemblies were then aligned to the known pir transcripts with BLAST to ascertain the 

amount and accuracy of annotated pir recovery (see Table 5.1). As a conservative 

metric of performance, I have counted the number of known pir transcripts with a BLAST 

alignment to at least one de novo transcript in each assembly, in which the alignment 

covered ³95% of the known transcript sequence with an identity of ³95% (cov95-id95). 

As a less stringent measure I have also quantified the number of known transcripts with 

³75% of sequence covered. Some de novo transcripts cover most of the known 

transcript they align with, but the known transcript covers proportionally much less of the 

de novo transcript sequence, suggesting potential chimeric transcripts. Hence, I have 

included how many of the cov95-id95 alignments cover less then 50% of the de novo  
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transcript. We would not expect to assemble the entire pir transcriptome from these 

samples as not all pirs are transcribed. Table 5.1 shows that the number of pir genes 

recovered varies substantially with each programme. Trinity, one of the most commonly 

used de novo RNAseq programmes, assembled a greater number of transcripts (as 

expected given that SPAdes combines similar transcripts), but few of these matched the 

known pirs. The SPAdes algorithms performed well, recovering over a third of known 

pirs with 95% converage and identity, and overall these alignments were highly accurate 

(low median mismatch and gap number). The main possible weakness of the SPAdes 

assemblies was the length of the de novo transcripts often proving much longer than the 

annotated ones. This high potential chimera rate is not necessarily an error, as the 

transcripts may be mis-annotated. However, I will assume that the initial annotation is 

correct and view high possible chimera rates as a limitation of the tools. Interestingly the 

single-cell algorithm from SPAdes performed better for assembling pirs than the 

Assembly 
programme  

Total num. 
of 
transcripts 
assembled 

cov95-
id95 
(percen
tage of 
all 211 
pirs) 

Median 
mismatch
es of 
cov95-
id95 
alignment
s 

Median 
gap 
number 
of cov95-
id95 
alignment
s 

Num of 
possible 
chimeras 
(percenta
ge of 
cov95-
id95 pirs) 

cov75-
id95 
(percenta
ge of all 
211 pirs) 

Trinity 118,514 13 

(6.2%) 

2.5 0.5 2 (15.3%) 26 

(12.3%) 

Rna-SPAdes 100,080 71 

(33.6%) 

0 0 23 

(32.4%) 

131 

(62.1%) 

Sc-SPAdes 108,129 

 

79 

(37.4%) 

0 0 27 

(34.2%) 

139 

(65.9%) 

Table 5.1 – De novo transcriptome assembly statistics for the pir transcripts from 
the rMT and SBP data combined, using different assembly programs.  
‘cov95-id95’ stands for the number of known pir transcripts with a BLAST alignment 
to at least one de novo transcript, in which the alignment covered ³95% of the 

known transcript sequence with an identity of ³95%. ‘cov75-id95’ is the same except 

covering ³75% of sequence. ‘Num of possible chimeras‘ is the number of cov95-id95 

alignments which cover £50% of the de novo transcript – note that this may be an 
underestimate as shorter chimeric transcripts may not reach the 50% threshold. 
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programme specific for RNA. Other investigators have also found that sc-SPAdes can 

outperform rna-SPAdes for some metrics of de novo transcriptome assemblies (Hölzer & 

Marz, 2019). One aspect in which Trinity performed better was in the assembly of the 

ancestral pir (PCHAS_0101200). Neither of the SPAdes methods assembled a 

PCHAS_0101200 transcript which covered at least 95% of the known sequence (they do 

so with at least 75% sequence coverage, and 100-99.9% identity). This is an 

unexpected result given that the ancestral pir should be highly represented in the 

RNAseq reads compared to other pirs, and it could show that Trinity performed better for 

transcripts transcribed at higher levels and SPAdes performed better at handling low 

transcription transcripts (such as most of the pirs). This initial analysis demonstrated that 

full-length, high quality pir transcripts can be assembled from P. c. chabaudi AS RNAseq 

data, and that SPAdes potentially functions best for this process. There are also 

warnings about the number of longer-than-expected/chimeric transcripts appearing. 

 

Next, I decided to pursue a test of the methods on a more realistic data set compared to 

the size of the P. vivax data. For this, I took the RNAseq data of a sample containing 

highly transcribed pirs according to Chapter 4: a 14h rMT sample. I processed this in the 

same manner as I plan for the P. vivax data to minimise contamination with unwanted 

reads (see the dotted outline boxes in Figure 5.1 for the workflow of these data). After 

fastp processing, alignment to remove mouse-derived reads, and rRNA depletion, this 

leaves 3,895,080 paired-end reads in total for assembly. From Table 5.2 and Figure 5.2 

it can be seen that the previous results are recapitulated in the smaller dataset. Trinity 

assembles the highest number of transcripts but the fewest pirs, and the pirs it does 

assemble have the poorest accuracy. SPAdes performs better, with sc-SPAdes now 

clearly assembling the greatest number of pir transcripts (28 assemblages meet my 

highest criterion of similarity and more are recovered at lower stringency - see Figure 

5.2), with the highest overall accuracy and lowest number of possible chimeras. The 

ancestral pir is now also accurately assembled by all three algorithms (over 95% 

coverage and 100% identity), demonstrating that SPAdes may have been struggling with 

noise when too many reads are present. Despite only having less than 1% of the 

number of reads accessible for transcriptome assembly than in the previous analysis 

shown in Table 1, all programmes produced over 10% of the former number of 

transcripts and experienced at most a ~78% reduction in pir recovery. Trinity found only 

three fewer pir transcripts compared to the first test, when it was using every available  
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read for assembly. There was a cost in accuracy for the transcripts that were 

assembled, but the proportion of possible chimeras fell. Of the 28 sc-SPAdes pir 

transcripts which had BLAST alignments covering ³95% of the known transcript 

sequence with ³95% identity, the alignments also covered >50% of the de novo 

sequence. Hence, fewer information/reads provided to the assemblies do not linearly 

lead to a reduction in the accuracy and completeness of the de novo transcriptome. The 

assemblers still function with far fewer sequences akin to many of the smaller available 

P. vivax datasets. 

 

De novo transcriptome assemblies frequently produce many highly similar transcripts. 

Although these may be biological correct, due to small genetic variations like SNPs or 

isoforms, they clog up downstream analysis and may not be helpful for answering 

biological questions. Hence, the first step of post-assembly processing that I performed 

is clustering the sequences to remove redundant sequences using CD-HIT (Figure 5.1) 

(Fu et al., 2012; W. Li & Godzik, 2006). CD-HIT clusters the sequences based on 

identity, identifies a representative for each cluster to include, and removes the other 

sequences from the clusters. To test how this affects the pir recovery (transcripts of 

which may be highly similar to one another) I used CD-HIT with 99%, 95%, and 90% 

identity thresholds (for similarity-based removal of sequences) on these three P. c. 

chabaudi AS assemblies (Table 5.2). As expected, given that SPAdes had a redundancy 

removal step built-in to the algorithm, Trinity had the most transcripts removed by CD-

HIT. Although none of the assemblies had any pirs removed by a lenient 99% threshold,  

 

Table 5.2 - De novo transcriptome assembly statistics for the P. c. chabaudi AS pir 
transcripts from a 14h rMT sample, using different assembly programs and CD-hit-est 
redundancy removal thresholds (90%, 95% and 99%).  
‘cov95-id95’ stands for the number of known pir transcripts with a BLAST alignment 
to at least one de novo transcript, in which the alignment covered ³95% of the known 

transcript sequence with an identity of ³95%. This is highlighted in bold as it is 
probably the most important statistic in the table for my study. ‘cov75-id95’ is the 
same except covering ³75% of sequence. ‘Num of possible chimeras‘ is the number 

of cov95-id95 alignments which cover £50% of the de novo transcript – note that this 
may be an underestimate as shorter chimeric transcripts may not reach the 50% 
threshold. 
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Trinity did ‘lose’ one pir at 95% and 90% thresholds. The SPAdes assemblies were 

unaffected. Therefore, the de novo transcriptome assemblers, especially those from the 

SPAdes family, can build accurate, distinct transcripts of pir genes from P. c. chabaudi 

RNAseq reads derived from individual samples. 

 
  

 
Figure 5.1 – Flow chart of the analysis of P. vivax RNAseq datasets to produce and 
investigate de novo transcriptomes of the pir genes.  
The names of programs used are underlined, and the action they are performing is in 
bold. The pink background refers to quality control/filtering steps of the RNAseq 
reads, red for the de novo assembly itself, and yellow for post-assembly 
processing/analysis. Boxes enclosed by dotted lines were also performed when 
testing the methodology with P. c. chabaudi AS data (performing HISAT2 alignment 
to the mouse genome). Designed using Lucid Chart (lucid.app/lucidchart).  
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Figure 5.2 – The numbers of known P .c chabaudi AS pirs covered by de novo 
transcripts from the assemblies of a 14h rMT RNAseq sample.  
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5.3.2 Asexual blood cycle RNAseq of P. vivax can produce many de novo 
assembled pir transcripts  

Having shown that de novo transcriptomics can assemble high-quality pir transcripts 

from RNAseq data, I decided to proceed with applying the best performing assembler, 

sc-SPAdes, to the P. vivax data. These data come from a variety of isolates, geographic 

locations, and stages of the life cycle, as summarised in Table 5.3. I chose 95% as the 

identity threshold for CD-HIT to remove duplicates but minimise the chance of losing pir 

information. In order to find the putative pir transcripts I must also identify the ORFs 

among these assemblages, apply a hidden Markov model to predict which ORFs have a 

P. vivax pir domain, and extract the transcripts with pir ORFs at least 200 amino acids 

long (see Materials and Methods and Figure 5.1). This workflow found 4485 transcripts 

with putative pir ORFs across all the experimental data. 

 

The quality of these assemblies was assessed using Benchmarking Universal Single-

Copy Orthologue (BUSCO) analysis to quantify how many core genes are constructed 

within the assemblies, comparing to both a collection of Apicomplexan BUSCOs and 

Plasmodium BUSCOs (see Figure 5.3). The BUSCO score shows the percentage of 

expected, conserved genes from similar organisms that were found in the assembly. In 

general, the assemblies with more pir genes predicted are in the upper right of the 

graph, indicating higher quality assemblies from experiments E01, E07, E09, E10, and 

many samples from E02 and E06. The poorest quality assemblies are the E03 liver 

hypnozoite samples, with less than three BUSCOs found complete/fragmented for both 

samples with both BUSCO datasets. Other samples in the lower left quadrant of the 

graph include many asexual samples which did not assemble well from E02, E04, and 

E06. These may explain the low recovery of pirs from where we expect them to be found  

The graphs are separated by the different assembly programme used, and 95% CD-
hit-est was used for all assemblies. The x axis shows the threshold of percentage 
coverage of the known pir transcripts by the individual alignment/de novo transcript 
with the highest coverage. More pirs are found as this becomes more lenient (lower 
threshold of coverage). Different colours show different percentage identity 
thresholds for the BLAST alignments. Dotted horizontal lines correspond 
approximately to one quarter, one half, and three quarters of the total pir number 
(211).  
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Reference Life cycle stages Strains used 
Experiment 

code 
(Zhu et al., 2016) IDC (different 

lengths of time in ex 

vivo culture) 

NW Thai patient isolates 

(Mae Sot) 

E01 

(Kim et al., 2017) Mixed blood stages 

(and one sporozoite) 

Ratanakiri, Cambodia E02 

(Same 

authors as 

E06) 

(Gural et al., 2018) Mixed liver stages 

and ‘hypnozoite-

enriched’ (in vitro 

human organelle 

system) 

Thai patient isolates E03 

(Cheng et al., 2019) Mixed blood stages 5 N Thai and 5 S Thai 

patient isolates 

E04 

(Muller et al., 2019) Sporozoites Thai patient isolates 

(Tak/Ubon) 

E05 

(Kim et al., 2019) Mixed blood stages 

(with differential 

counts) 

26 Ratanakiri, Cambodia 

patient isolates 

E06 

(Same 

authors as 

E02) 

(Gunalan et al., 

2019) 

Mixed blood stages 

from two species of 

monkey 

P. vivax Sal I (El Salvador 

origin (Collins et al., 

1972)) 

E07 

(Boonkaew et al., 

2020) 

Ookinete (18h) and 

Oocyst (7days) 

Thai patient isolates 

(Ubon and Yala) 

E08 

(Siegel et al., 2020) Schizonts Cambodia patient isolates E09 

(Rangel et al., 2020) IDC (4, 20, 36, 44 

and 72 hours post-

thaw) 

Acre, Brazil 

E10 

Table 5.3 – Summary of the publications from which P. vivax RNAseq data was 
taken and used for de novo assembly.  



Chapter 5. Results 

 

 

 
123 

in high quantities (smallest pir recovery from asexual blood stage samples was zero in 

one sample each from E02, E04 and E06). Mosquito stages show low pir recovery but a 

mixed pattern of BUSCO recovery. The E08 samples (including ookinetes and oocysts) 

show reasonable Apicomplexan BUSCO levels but poor Plasmodium BUSCO levels, 

outliers to the general trend of these two BUSCO scores being correlated. Most of the 

sporozoite samples of E05 are reasonably well assembled, however they still have low 

numbers of pirs (0-5 pir mRNAs), with one exceptional sample of 84 pir transcripts. The 

relationship of pir transcript discovery to total transcripts assembled is shown in Figure 

5.4. In the bottom left of this figure are assemblies which have low total numbers of 

transcripts recovered, including some as few as ~2000. These include the E03 

hypnozoite-enriched liver samples which also showed negligible BUSCO recovery. 

 

It is impossible to conclude from the low-read RNAseq datasets whether they are 

genuinely lacking in pir transcription since the total amount of the transcriptome 

assembled is tiny. This may also include the E03 liver schizont samples, although these 

transcriptomes are several thousand transcripts larger than the hypnozoites and 

contained a higher proportion of BUSCOs. We have better evidence of a dearth of pir 

transcription in the datasets which produced higher numbers of total transcripts and 

BUSCOs, but negligible de novo pir transcripts, such as the E08 mosquito stages and 

most of the E05 sporozoite samples. This matches observations from P. berghei that pir 

transcription is mostly absent in the analysed mosquito stages of development. There is, 

however, the one exceptional sample from E05 that gave rise to tens of pir transcripts, 

hinting that this paradigm is not absolute. IDC de novo transcriptomes can be found all 

over the figure, representing results too small to make conclusions from (particularly 

from E06), results with high numbers of transcripts but low pir recovery (many from 

E04), results with average numbers of transcripts but high pir recovery (E01, E02 and 

E06 samples, and the schizonts of E09), and finally the E07 assembly which has high 

overall transcriptome and pir transcriptome size. The fact that the greatest pir recovery is 

obtained from the asexual blood stages mirrors both P. berghei and P. c. chabaudi. 

There is high variation of the number of pir transcripts found with reference to the total 

de novo transcriptome.  

 

The study reference, life cycle stages/conditions extracted, geographic source of 
the isolates and experimental code used in this thesis are all included. 
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This could be a consequence of the stage composition when samples were taken from 

the circulation, as results in this thesis and elsewhere have demonstrated that the 

delineated classes of cells of the IDC have different amounts of pir transcription in the 

rodent malarias. However, this does not explain why several of the asexual blood  

 
Figure 5.3 – Percentage of BUSCOs present in the assemblies.  
BUSCOs are conserved genes that are expected to be found in assemblies from 
given organisms, in this case the Apicomplexan (y-axis) and Plasmodium (x-axis) 
BUSCO datasets were used. BUSCOs found includes ‘Complete’, ‘Duplicate’, and 
‘Fragmented’. Colour corresponds to the experiment of origin of the assembly, and 
size indicates the number of predicted pir transcripts (with ORFs over 200aa in 
length). Note that the x axis is shorter than the y axis. 
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assemblies have some of the highest numbers of total transcripts but well under twenty 

pir transcripts. The lone assembly in the top right of the graph, which possesses one of 

the largest de novo transcriptomes with ~200 putative pir transcripts, is from E08 which 

used the P. vivax Sal1 strain. This is a reference strain of the parasite, which is probably 

more clonal than wild isolates after years of being passaged through monkeys (Collins et 

al., 2009). Having a less heterogeneous pool of sequences may make the assembler 

more efficient with the construction of gene transcripts. 

 

To further validate these de novo transcripts, I aligned the original RNAseq data to the 

assemblies. This permitted me to ascertain which of the transcripts with pir ORFs can be 

mapped directly onto the original RNAseq reads. With such a variation in the size of the 

de novo transcriptomes, I was concerned that this would impact the TPM values of 

transcripts after mapping and quantification (since TPM for a given sample always sums  

 

Figure 5.4 – The number of de novo pir transcripts with predicted pir ORFs at least 
200aa long against the total number of transcripts for different de novo assemblies 
of P. vivax RNAseq.  
The experiment is shown by the colour, and the stage of the life cycle the RNAseq 
samples are derived from is shown by the shape. 
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Figure 5.5 – Percentage of the de novo transcriptome transcribed over 1 TPM against 
the total size of the transcriptome.  
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to 1 million, with more mapping reference sequences individual TPM values are likely to 

be diluted, and with a small reference they may be inflated). However, plotting the 

percentage of the transcriptome which is transcribed above 1 TPM in each of the 

samples shows that there is no relationship between the size of the de novo 

transcriptome and the proportion of said transcriptome found to be actively transcribed 

(see Figure 5.5A).  

 

This is the same for the pir portion of the transcriptome, perhaps with a slight negative 

correlation due to more lowly-transcribed pirs being assembled (see Figure 5.5B). The 

assemblies with high transcript numbers but poor mapping of RNAseq reads may be 

indicative of sequencing libraries/transcriptomes with low complexity, which may be the 

case for the sporozoite and ookinete samples in Figure 5.5A.  

 

I applied a threshold of each pir transcript being transcribed above 1 TPM in at least one 

sample to the original set. This selection for evidence of transcription trims the original 

4485 total number of putative pir transcripts to 2833 (possessing 2889 ORFs). Notably 

this removes almost all the handful of potential pir transcripts from sporozoite samples, 

with the exception of one from E05 (which was not the sample with a high number of pirs 

noted above). 

 

Overall, I found 2833 de novo pir transcripts (2889 ORFs) in the assemblies with 

transcriptional evidence. These were massively enriched in the asexual blood stage 

samples, and virtually absent from mosquito stages. The liver hypnozoite samples, in 

particular, had so few assembled transcripts that this stage is likely under-sampled and 

hence I cannot conclude about pir abundance at this point of development. 

  

Shown for all genes (A) and subsetting by the pirs (B). Different experiments are 
shown by colours and life cycle stages by shape. Each point represents one 
biological replicate of RNAseq mapped against its cognate assembly. Some 
replicates were combined to construct assemblies (see Materials and Methods) so 
these will have the same x-axis position. Note that E10 was not used for transcription 
quantification due to an undiagnosed software error. 
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Figure 5.6 - Visualisation of the 30% identity and 25aa length similarity PIR network, 
showing the top twenty clusters, using an MCL inflation value of 1.4.  
The rest of the 33 total clusters are coloured grey. Only the main component is 
shown, a second three-member component is not present. Layout was produced 
using OpenOrd in Gephi. Each node corresponds to a PIR ORF. Singletons are not 
included. Colours correspond to the top 20 MCL cluster assignments, with all other 
clusters shown as ‘grey’. 
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Figure 5.7 - Visualisation of the 30% identity and 25aa length similarity PIR 
network, showing the assigned Sal1 sub-family sequences.  
All other sequence nodes are coloured white. Only the main component is 
shown, a second three-member component is not present. Layout was 
produced using OpenOrd in Gephi. Each node corresponds to a PIR ORF. 
Singletons are not included. The major sub-families of different visible clusters 
in the network are highlighted by the letters overlaying the figure. 
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5.3.3 De novo pir transcripts both cluster within previously described sub-
families and describe novel groups 

Using the 2889 pir ORFs of at least 200aa in length, and transcribed by at least 1 TPM 

in one sample, I produced a similarity network of BLAST alignments. Also included in 

this network was the 1216 P. vivax P01 PIR protein sequences and 247 P. vivax Sal1 

PIR protein sequences identified from a search of PlasmoDB (Aurrecoechea et al., 

2009), as well as 116 de novo ORFs identified by the initial Zhu et al., 2016, study 

(Zhu16). These ‘known’ sequences permit comparison of my results with those of 

previous investigations. Importantly the Sal1 sequences were used to define the sub-

families of P. vivax pir genes (sub-families B, C, E, G, I, J and K), so we can investigate 

the assignment of sub-families to the de novo pirs (del Portillo et al., 2001; Lopez et al., 

2013). By performing BLAST on this collection of protein sequences (the 2889 de novo 

PIR ORFs and the 1579 published PIRs, giving a total of 4468 PIRs in the network) 

against itself I created a similarity network which can be used for clustering. I tested 

several different given thresholds of BLAST coverage and percentage identity, as well 

as ‘inflation’ values of the MCL clustering algorithm, to see which produced the best 

clusters of the pir genes. The optimal network/clustering would include as many of these 

4468 total PIRs as possible, have a number of clusters which enables meaningful  

analysis, and also minimise mixing of the previously defined sub-families. Comparing the 

different parameters found that a set of thresholds defining edges by a minimum 25aa 

long BLAST alignments with at least 30% identity produced a network which included 

4423 (99.0%) of the input sequences. This network was composed of almost entirely 

one component, however MCL clustering (with an inflation value of 1.4) assigned 59 

clusters (32 with more than two members) within this structure. The only separate 

component from the main conglomeration was made up of three Zhu16 sequences.  

 

To obtain visual verification of the integrity of the clustering assignment, I constructed 

the network within Gephi visualisation software (Bastian et al., 2009). Even though this 

highly interconnected network forms a ‘hairball’, the network layout algorithm employed  
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Figure 5.8 – The distribution of the Sal1 sequences across the largest twenty-five clusters 
of the 30% identity and 25aa length similarity PIR network, clustered using an MCL 
inflation value of 1.4.  
Colours show the sub-family assignment of the PIR sequences, including those which 
were ‘unassigned’ in black. Those clusters without any Sal1 sequence are included 
without any bar in the chart. 
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was able to find structure which strongly corresponded to the MCL assignments (see 

Figure 5.6). Overlaying the Sal1 sub-family sequences onto this network showed that 

they too segregated neatly into different clusters (see Figure 5.7). Perhaps the biggest 

disagreement between the Gephi network layout and the MCL clustering is that the 

largest cluster (E sub-family) may be more accurately described as two separate but 

highly connected groups. Cluster 18 (yellow) contained the sporozoite PIR, and it is  

Cluster Num. 
PIRs 

Sal1 sub-family 
sequences 

Sub-family 
assignment 

1 1826 B (n = 2); E (n = 111) E 
2 362 C (n = 34) C_1 
3 358 G (n = 13) G 
4 314 C (n = 19) C_2 
5 295 C (n = 1); I (n = 15) I 
6 185 N/A unassigned_1 
7 166 J (n = 6) J 
8 146 N/A unassigned_2 
9 118 K (n = 2) K_1 
10 73 N/A unassigned_3 
11 72 N/A unassigned_4 
12 65 N/A unassigned_5 
13 59 B (n = 1) B_1 
14 56 N/A unassigned_6 
15 53 N/A unassigned_7 
16 42 K (n = 1) K_2 
17 42 K (n = 1) K_3 
18 29 B (n = 1) B_2 
19 28 N/A unassigned_8 
20 26 N/A unassigned_9 
No BLAST alignments 45 N/A N/A 
 
Table 5.4 – The largest twenty clusters from the 30% identity and 25aa length 
similarity PIR network, clustered using an MCL inflation value of 1.4.  
Includes the total size of the cluster, the number of Sal1 sub-family sequences 
in each, and the sub-family assigned to each sequence in the cluster based on 
this. The last row includes information on the 45 PIR sequences not included in 
the network (noCluster). Colours correspond to those used to distinguish these 
sub-family pirs in the transcriptional graphs (Figure 5.10, Figure 5.11, and 
Figure 5.12).  
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Figure 5.9 – The composition of the largest ten clusters among the experimental and 
known de novo PIRs sequences from the 30% identity and 25aa length similarity PIR 
network, clustered using an MCL inflation value of 1.4.  
Cluster labels show the total number of different sequences in each one, and the 
Experiment labels show the total number of de novo sequences from each. The right 
hand side of the graph shows the ‘known’ PIR sequences from the P01 and Sal1 
reference genomes and the original Zhu16 de novo transcripts. 
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noteworthy that this cluster does not show any structure in the Gephi visualisation. 

Clusters around the same size, such as 30 members or fewer, tend to show little 

similarity to the Gephi visualisation and should be interpreted with caution.  

 

Previous pir sub-family analysis has identified distinct clades that may be classified into 

longer or shorter groups based on their average peptide lengths. Otto et al.,  

2014, showed that the phylogeny of rodent malaria split into the Long-forms and the 

Short-forms, with the former group’s subdivisions ranging from an average length of 

~1000-2400aa and the latter group’s subdivisions ranging from an average length of 

~800-950aa. To see whether this pattern can be observed among the P. vivax pirs, I 

have analysed the median PIR ORF length of the P. vivax clusters - with the Zhu16 de 

novo ORFs removed as they tended to be particularly short. Cluster 8 contains the 

longest average sequences, with a median of 482aa, which is shorter than the shortest 

average of rodent malaria Short-forms. To determine that these P. vivax de novo 

transcripts are full-length would require identification of C- and N-termini of the predicted 

peptides, so it is possible that these medians are skewed down by fragmentary 

sequence. Even with this caveat, I observe that longest P. vivax PIRs overlap only with 

the Short-form PIRs, and no sequence extends into the lengths of the Long-forms, so 

they do appear to be consistently shorter than rodent parasite PIRs. Furthermore, there 

is no obvious split between longer and shorter groups, suggesting that the Long-form 

and Short-form structure has no equivalent in the P. vivax-lineage pir family, or even that 

all P. vivax pirs are an expansion of an ancestral Short-form family. 

 

Among the sequences within these clusters there was almost no mixing of different Sal1 

sub-families (see Figure 5.8). The E sub-family, the largest, was the only sub-family in 

the biggest cluster of 1826 sequences, except for two B sequences. This was also the 

only cluster to contain E sequences. The two other B sequences, of the four in total, 

were found in separate clusters with no other sub-family sequence, suggesting that the 

B designation is not a particularly accurate sub-family on its own, and is split between 

the E family as well as up to two distinct other groups. Aside from the largest cluster, the 

only other sub-family mixing was a singular C sequence in the cluster dominated by the I 

sub-family. It is surprising that there is not more mixing of the C or the E sub-family 

given that they are the largest sub-families. The rest of the C sequences were found in 

the second and fourth largest clusters, with the third largest cluster containing only G 

sub-family members. This suggests that the C sub-family can be split into two individual  
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Figure 5.10 – Transcription of de novo assembled pir genes from RNAseq alignment 
to the assemblies for E07 and E09.  
Graphs on the left show the absolute TPM of all pirs and on the right show 
proportions of the total pir TPM contributed by individual genes and coloured by 
their sub-family. Each pairing of absolute/proportional TPM graphs denotes a given 
assembly, which may be constructed from, and mapped against, multiple samples 
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groups, C_1 and C_2. The C_2 sub-family includes the ancestral pir genes from P01 

and Sal1, as well as >50% identity BLAST matches of de novo pirs from the E02, E04, 

E06 and E07 assemblies – presumably these isolates’ ancestral pir sequences 

constructed from the RNAseq reads. It is curious that only a few experimental 

assemblies contained high quality ancestral pir sequences, however perhaps other 

assembly tools would pull this particular gene from the RNAseq reads for the other 

isolates, as seen with P. c. chabaudi AS data. The major sub-families that are found in 

each cluster can then be used to assign a sub-family to other sequences within the 

same groups, as identified in  

Table 5.4. In clusters smaller than cluster 9 (K_1) the sub-family associations are based 

on single sequences, which makes them spurious. These network thresholds excluded 

45 total PIR sequences which lacked the requisite similarity to one another. Twenty of 

these sequences were not found to be similar to any other sequence by the initial 

BLAST alignment (maximum 50 matches at least with an E value of 1x10-3) and are 

likely divergent pir sequences, fragments or mis-annotations. 

 

Observing the spread of the cluster assignments across the de novo PIRs from the 

experimental RNAseq data I note that they are generally mixed throughout. For the 

largest ten clusters there is a de novo PIR in almost every cluster from each experiment 

(see Figure 5.9). This is reassuring for the clustering and classification process, as it 

shows that the variation within the data is not only due to the experimental source. This 

also matches previous studies which have shown extensive overlap between PIR 

sequence clusters of different isolates (Minassian et al., 2021). The larger sources of 

PIRs tend to have representation in all the top twenty largest clusters, including from 

E01, E02, E06 and the P01 reference genome. A particularly large proportion of P01 

PIRs are members of cluster 9 (K_1), while P01 is depleted from clusters 1 (E), 4 (C_2) 

and cluster 10 (Unassigned_3). The relatively small number of E sub-family members in 

P01 makes this genome assembly stand out, as it is by far the largest sub-family overall. 

Unassigned_3 has the highest proportion of de novo PIRs among the largest twenty 

(as in A) or just one (as in the B graphs). A shows the results of E07 (Sal1 infection of 
Aotus/Saimiri monkeys), as well as the key for sub-family colours, and B shows the 
results of E09 (patient isolate schizonts). The sub-families which were coloured were 
selected by size and interest, all other sub-family/cluster pirs present are grouped as 
‘Other’ (turquoise). 
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clusters, with no assigned Sal1 sub-family members, a striking enrichment of E04 de 

novo PIRs (which is absent from many other clusters (see Figure 5.9)), and 

conspicuously few E01 sequences. 

 

The similarity of the transcribed de novo PIR sequences and those from reference 

genomes demonstrates strong overlap. Clusters associate with most of the Sal1-

reference sub-families, although some clusters require new classification, most notably 

Unassigned_3 which is under-represented by the published genomes included in this 

thesis. 

 

5.3.4 Transcription of de novo pirs is both spread over the major sub-families 
and diverse between parasite isolates 

Finally, I used the Salmon RNAseq alignments of the original samples to observe the 

patterns of pir sub-family transcription within and between isolates/conditions. Many of 

the assemblies with low BUSCO scores showed much lower pir diversity across the 

transcriptional profile compared to those with higher numbers of pirs and better BUSCO 

scores. For this reason, I focussed on showing the results from assemblies which had 

BUSCO recoveries >50% for both the Apicomplaxan and Plasmodium datasets. This 

excludes all the E04 samples, which gave rise to comparatively poor assemblies despite 

recovering pir genes. This also removes the E05 sporozoite sample which transcribed a 

singular pir gene at low levels (<10 TPM).  

 

As the largest sub-family, it is not surprising that the E pirs constitute the highest 

transcribed group across most samples, however the exact proportion can vary 

substantially. In Figure 5.10 I contrast the transcription of the pirs in both E07 (A –

infections of splenectomised simian hosts with the Sal1 reference isolate) and E09 (B - 

schizont samples from different patient isolates). In Figure 5.10A we see that the 

different hosts do not majorly impact pir gene transcription, both in terms of absolute 

transcription levels and sub-family proportion. In this experiment it is reasonable to say 

that the source isolate is determining the pir transcriptional patterns; over 50% E pirs 

(blue), and high C_1 (brown) and C_2 (orange) transcription. Figure 5.10B shows 

separate isolates/assemblies, with more substantial variations in the sub-family  
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Figure 5.11 – Transcription of de novo assembled pir genes from RNAseq 
alignment to the assemblies for E06.  
Graphs on the left of each pair show the absolute TPM of all pirs and on the right 
show proportions of the total pir TPM contributed by individual genes and coloured 
by their sub-family. Each pairing of absolute/proportional TPM graphs denotes a 
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proportions between them. In this case only one sample (Schizont 3) has over 50% E pir 

transcription, at the expense of much depleted C_1 transcription. Schizont 4 shows C_1 

transcription rivalling that of the E sub-family, and Schizont 2 has a major component of 

the transcriptional profile from a single pir that is dissimilar to the others in this analysis 

(marked as noCluster - white). Across both Figure 5.10A and B, a relatively small cluster 

that frequently appears to be highly transcribed is Unassigned_3 (hot pink). In E07 two 

pirs from this sub-family are transcribed at over 10% of the total pir transcription, while in 

E09 two separate schizont samples (1 and 2) have a prominent band of Unassigned_3 

transcription from individual pirs. Note that this corresponds to cluster 10 in Figure 5.9, a 

cluster with particularly low representation from the reference genomes of P01 and Sal1. 

Together these figures demonstrate a common pattern of lower intra-isolate variation 

compared to inter-isolate. Although different isolates can vary substantially from one 

another, it is still worth noting that many patterns remain the same, such as most 

transcription coming from the larger sub-families (particularly E and C_2), and most of 

the major sub-families being transcribed at least a little bit. 

 

The above patterns are replicated by the E06 data, which looked at patient isolates 

before and after the administration of chloroquine (CQ). The different isolates show 

strong variation to one another, while variation of sub-family proportions of the same 

infection between therapeutic conditions is less stark (see Figure 5.11). Some examples 

of this are the strong C_1, G (yellow), I (green), or J (dark blue) sub-family signals 

present in some samples but being absent in others. The most conserved behaviours 

appear to be strong E sub-family signatures and at least some C_2 transcription. Once 

again Unassigned_3 is represented by a small number of pirs being transcribed at high 

proportions in most of the patient isolates in both conditions. The absolute values do 

show a major change of pir TPM values after the P. vivax infections are treated with 

chloroquine, and this response itself varies greatly between isolates. The original study 

also observed this differential expression across their samples when aligning to a 

reference genome, and since overall transcription (by PCA) does not show major  

given assembly constructed and mapped against a pair of samples (before and 
after chloroquine (CQ) treatment. The sub-families which were coloured were 
selected by size and interest, all other sub-family/cluster pirs present are grouped 
as ‘Other’ (grey). 
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Figure 5.12 – Transcription of de novo assembled pir genes from RNAseq alignment 
to the assemblies for E01 across the IDC, including patient isolate 1 (A) and patient 
isolate 2 (B).  
Graphs on the left show the absolute TPM of all pirs and on the right show 
proportions of the total pir TPM contributed by individual genes and coloured by 
their sub-family. Each pairing of absolute/proportional TPM graphs denotes a given 
assembly constructed from and mapped against the samples taken across the IDC 
for each isolate. The sub-families which were coloured were selected by size and 
interest, all other sub-family/cluster pirs present are grouped as ‘Other’ (turquoise). 
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variation caused by the chloroquine the pirs were one of only few gene sets to majorly 

respond to drug treatment (Kim et al., 2019). Once again, most transcriptional profiles 

involve many pir sub-families dominated by the Es with strong C_2 contribution. 

 

Having established that asexual blood stage transcription of pirs is high, and that sub-

family distributions of transcription are influenced majorly by isolate, I looked at the E01 

results from across the IDC (see Figure 5.12). These results also show transcriptome 

changes which can be compared to that of P. c. chabaudi AS from Chapter 4. Both 

Figure 5.12A (SMRU1 isolate) and B (SMRU2 isolate) demonstrate a pattern of pir 

transcription peaking in early rings (earliest time point is 6hr), troughing around early 

schizonts (36hr), before showing signs of upregulation by the final timepoint, late 

schizonts, of the complete cycle. Given that the first timepoint used is 6hr into the ex 

vivo incubation, it is possible that an earlier timepoint would correspond better the end of 

the cycle shown. However, by the final timepoint the cells will be struggling to grow, as 

P. vivax cannot be cultured ex vivo for long, so low pir transcription at the end of the 

cycle compared to the start may be due to cellular stress. Comparison with P. c. 

chabaudi AS shows that, although both species demonstrate unimodal distribution of pir 

transcription across the IDC, the timings of peaks and troughs are different. For P. vivax, 

pir transcription appears to peak when it is lowest in P. c. chabaudi AS (early ring 

stages) and troughs when it is highest in P. c. chabaudi AS (late trophozoites/schizonts). 

These results correspond with those of the original microarray and RNAseq 

investigations based on these samples (Bozdech et al., 2008; Zhu et al., 2016). There 

are compositional changes of the sub-families across the IDC as well as the absolute 

TPM changes. Early rings to late trophozoites show some transcription of the I sub-

family, while this is absent by the time schizonts appear. Smaller groups of pirs expand 

in their proportional transcription when pirs overall are downregulating, suggesting that 

changes in the major families of pirs, such as the Es, are the major drivers of IDC 

transcriptional changes. In Isolate 1 the transcription of the E-family by 30h (just before 

pir transcription is at its minimum) is replaced mostly by the C_1s and C_2s, while in 

Isolate 2 it is replaced by Unassigned groups 2 and 3. Once again, the two isolates have 

variation in the pir sub-families transcribed, with the second isolate showing more 

Original publications describe 6hr as ‘early ring’, 18hr as ‘late ring’, 24hr as ‘early 
trophozoites’, 30hr as ‘late trophozoites’, 42hr as ‘mid schizont’, and 46hr as ‘late 
schizont’ (Bozdech et al., 2008; Zhu et al., 2016).  
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diverse transcription even though the two isolate assemblies have similar Plasmodium 

BUSCO scores (Figure 5.3). 

 

When pirs are transcribed highly in P. vivax samples, they tend to include the major sub-

families even though the proportions of these sub-families vary. When the same isolate 

is used for infections of different hosts or across different conditions and time-points of 

asexual blood stage development, the pir sub-family repertoire stays mostly the same, 

with only subtler changes observed. It is between isolates that most variation can be 

observed, with large changes in the proportions of different sub-families even if the 

larger families remain expressed. Total pir transcription shows a unimodal distribution 

across the IDC of P. vivax, however by peaking in early rings/late schizonts it 

demonstrates the opposite pattern to that observed in P. c. chabaudi AS. 

5.4 Conclusions 

Although they may be relevant for human infections, transcription of the P. vivax pir 

genes can frustrate study due to their diversity between isolates and reference 

genomes. To overcome this, I used de novo transcriptome assembly to construct the 

pirs from the RNAseq data and then apply these as a mapping reference. After testing 

on P. c. chabaudi AS data, which we used as a ‘gold standard’ laboratory strain with 

well-annotated pirs which should vary minimally compared to the genome reference, I 

proceeded with SPAdes single-cell mode for the P. vivax assemblies. The results of 

these assemblies and mapping back to the original RNAseq reads demonstrated that 

hundreds of pirs can be constructed by this method from individual samples. Mosquito 

samples displayed negligible pir recovery and asexual blood stages had high numbers 

of de novo pir; results which match the rodent malaria models. Analysis of the similarity 

network of the ORFs of these de novo sequences and reference genome sequences 

showed high intermingling of sequence from different experimental sources, and close 

matching of clusters to existing sub-family definitions with a few additional groups not 

covered by the current definitions (Lopez et al., 2013). Transcriptional profiles show that 

many of the predicted sub-families are transcribed in infections, and proportions of sub-

family transcription from the same isolate tend to remain minimally unaffected by 

different hosts and drug treatment. There is stronger variation of these proportions 

between different isolates, suggesting that pir-transcription is isolate-specific and not 

random upon infection. Analysis of transcription across the IDC suggests that 



Chapter 5. Results 

 

 

 
143 

expression in P. vivax is high, as seen in P. c. chabaudi AS, but pir expression peaks 

and troughs appear at different times. 

 

Despite being one of the most common tools (and the default for many 

bioinformaticians) and assembling the largest number of transcripts in total, Trinity 

performed poorly with recovering pir genes. This suggests that the previous de novo 

assembly studies in P. vivax, which used Trinity, may have underestimated the pir 

repertoire (Kim et al., 2017; Zhu et al., 2016). Trinity’s algorithm ranks all the k-mers in a 

dataset before assembling based on the upper proportions, so this may have filtered out 

the low frequency k-mers of pir gene transcripts. The SPAdes assembly worked 

considerably better, however this threw another surprise when the single-cell algorithm 

appeared to return better results than the dedicated de novo RNAseq algorithm. The 

superior performance of sc-SPAdes has been observed before, particularly for yeast 

transcriptome assembly which may suggest that it would be preferable for other 

unicellular eukaryotic organisms (Hölzer & Marz, 2019). 

 

No individual assembler works better than all others in every metric for each data source 

(Amin et al., 2014; Chopra et al., 2014; Francis et al., 2013; Hölzer & Marz, 2019; 

Madritsch et al., 2021; Rana et al., 2016; Yahav & Privman, 2019). Hence, using 

multiple de novo transcriptome assemblers and combining them into a high-quality 

master assembly would be a preferable method to utilise the expertise of each tool and 

obtain comprehensive assembly. Such an approach could incorporate assemblers not 

tested in this thesis but which produce high quality de novo transcriptomes, such as 

Bridger (Chang et al., 2015), Trans-ABySS (G. Robertson et al., 2010), and 

SOAPdenovo-trans (Xie et al., 2014). Some of these approaches also accept different k-

mer length parameters for their algorithms, which should be applied across a range of 

values in order to obtain expansive transcript construction. Combining these assemblies 

together requires a redundancy-removal step, such as that performed with CD-HIT in 

this thesis. However, CD-HIT chooses the longest transcript as the ‘representative’ 

sequence of each cluster of redundant transcripts, and this is not necessarily the most 

correct one (D. G. Gilbert, 2019b). Tools such as EvidentialGene provide alternative 

methods of removing redundancy and extracting the highest quality representative 

sequences (D. Gilbert, 2016a, 2016b; D. G. Gilbert, 2019a). A downside to 

EvidentialGene is that the programme’s methods are not well described, making it a 

software black-box. Other steps that could be added to the de novo assembly workflow 
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include further steps of quality control, such as those provided by TransRate (Smith-

Unna et al., 2016) and rnaQUAST (Bushmanova et al., 2016). All-in-all the most 

comprehensive assessment of a de novo transcriptome with existing tools requires a 

huge amount of scripting and learning new commands. A pipeline software, such as 

Nextflow used with the P. berghei and P. c. chabaudi AS analyses in this thesis, could 

make this substantially easier to obtain (di Tommaso et al., 2017). There are some 

existing Nextflow pipelines for de novo transcriptome assembly, such as TransPI 

(Rivera-Vicéns et al., 2022). I was unable to make that particular pipeline operational, so 

perhaps a Nextflow pipeline built to the standardised specifications of the nf-core 

pipeline database is the best next step (Ewels et al., 2020). 

 

When these techniques were applied on P. vivax RNAseq data the assemblies included 

many pirs, the number of which varied greatly from experiment-to-experiment. Some of 

these differences could be explained by the small amount of data extracted, such as that 

for the liver hypnozoite samples of Gural et al., 2017. Their study found that the model of 

human liver tissues surrounded by mouse fibroblasts produced hypnozoite commitment 

varying from nearly 75% to a negligible percentage of schizont load. Estimations from 

human liver tissue in live mouse models (in vivo, but still a mouse environment) suggest 

maximum estimates of 15 hypnozoites per 100 mm2 of liver section (Flannery et al., 

2022). By taking a maximum estimate of square hepatocyte cross-sectional area (900 

µm2) (Qin & Crawford, 2018) I derive 111,111 hepatocytes per 100 mm2. This suggests, 

at what is likely a high estimate, 1 hypnozoite per 7000 hepatocytes. Given that 

hypnozoites are quiescent stages anyway, this shows that P. vivax hypnozoite RNA will 

be massively under-represented in the samples. Indeed, the experimenters used hybrid 

capture sequences based on the P01 reference to enrich for P. vivax genic RNA. This 

would reduce the number of novel sequences that my assembling could recover 

anyway, and while the method was able to improve mRNA recovery enough for their 

study it was insufficient for de novo transcriptomics. The same group have since used 

single-cell RNAseq for extracting liver stages and this presents a better opportunity for 

analysing pir transcription (Mancio-Silva et al., 2022).  

 

The mosquito stages of Boonkaew et al., 2020 give mixed results from the BUSCO 

analysis, since the Apicomplexan BUSCOs results were good but the Plasmodium 

BUSCOs results were poor. This suggests that the Plasmodium BUSCO dataset is 

lacking mosquito stage transcribed genes (in comparison to IDC genes), although the 
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number of Plasmodium BUSCOs is much larger than those orthologs conserved for all 

Apicomplexa. The sporozoite samples had generally good BUSCO scores, so from 

these data it is likely that most of the vector developmental stages of the parasites do 

not transcribe or require pir. Despite this, there was one sporozoite sample, from Muller 

et al., 2019, which gave rise to a singular pir transcript that was found to have an ORF 

over 200aa long and also had RNAseq evidence of transcription. While the assembly did 

not reach the 50%/50% BUSCO threshold I used for filtering transcription profiles of 

interest to show, the Salmon mapping evidence suggests that this is a real signal. This 

pir is a member of cluster 18 (sub-family B_2), alongside 28 other transcripts. However 

the network visualisation, and designation based on a single B sequence. cast doubt on 

the integrity of this cluster and sub-family assignment. Indeed, from this analysis the 

existence of the B sub-family is spurious, as half of members share the same cluster as 

the E sub-family. Since this sporozoite pir is found in one of the smaller clusters its 

sequence is divergent compared to most transcribed pirs. Transcription of individual var 

genes has been observed in late oocysts/sporozoites (Gómez-Díaz et al., 2017) and one 

of these was verified to have importance in hepatocyte invasion (Zanghì et al., 2018), a 

divergent function from the rest of the vars. Hence, there is a precedent for blood-stage 

multigene families being transcribed in sporozoites. 

 

The highest BUSCO scores and numbers of pir transcripts came, unsurprisingly, from 

the asexual blood stages. This corresponds with the results from P. berghei and P. c. 

chabaudi AS presented earlier in this thesis, confirming a conserved requirement of pirs 

during the IDC. There was still some disparity across the P. vivax experiments in the 

quality of the assemblies, as many of the Kim et al., 2019 (E06) and all the Cheng et al., 

2019 (E03), samples were far from the higher quality samples in terms of BUSCO 

scores and pir numbers. The Zhu et al., 2016 (E01), Rangel et al., 2020 (E10), and 

Gunalan et al., 2019 (E07) experiments, produced some of the highest quality 

assemblies, likely due to the combination of so many RNAseq samples from one isolate. 

This is not possible with patient isolates extracted directly from the host, so many of 

these samples suffer from low numbers of reads. Even among the better assemblies 

there was a wide range in the heterogeneity of the pir sub-families being actively 

transcribed, which complicated conclusions about which experiments/conditions had 

greater proportions of given sub-families. By including the low-quality assemblies which 

had pir transcription, it was clear that there was a relationship between the number of 

sub-families transcribed and the sample quality. A metric that could be used to analyse 
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whether the assemblies are capturing as much of the transcriptome as possible would 

be saturation curves of BUSCO scores and pir predicted transcripts. By sub-sampling 

from the RNAseq data (e.g. starting with 10% of the original reads and working up to the 

full library) and using each of these limited datasets for a separate de novo assembly, 

one can observe whether the BUSCO scores/pir numbers continue increasing as you 

incorporate more of the original reads, or whether they plateau. The latter result would 

suggest incomplete assembly due to lack of sufficient reads even in the total available 

library. I also hypothesise that the pir sub-families will suffer from drop-out in these data, 

in which existing groups of sequence but with low abundance can be ‘missing’ in the 

final assemblies if they are lacking the read evidence to be included. This is much like 

how in single-cell RNAseq sequences are often lost due to a combination of poor 

transcription and random factors. Analysis of these datasets may need to take drop-out 

into account in their statistics, such as by trying methods adapted for single-cell analysis 

(Jiang et al., 2022). 

 

When the de novo assembled P. vivax pirs were combined with pirs from the reference 

genomes (Auburn et al., 2016; Carlton et al., 2008) and previously described de novo 

assembled pirs (Zhu et al., 2016), a network with clear sub-structure was formed, 

despite the use of lenient BLAST thresholds. The MCL cluster algorithm and visual 

inspection of the similarity network match well, although with smaller clusters (most 

notably cluster 14 and beyond) there is no obvious relationship between the sequences 

based on the network visualisation, so I focussed on the larger clusters for this thesis. 

Despite the lack of sequence data available when del Portillo et al., 2001 first defined 

sub-families of P. vivax pirs, they are still relevant for the expanded pir pool used in my 

analysis. The network clusters generated in this thesis associate cleanly with the Sal1 

sub-family members, and only a few of the larger clusters do not fit into any existing 

definition. Although the network and clustering algorithm parameters included here were 

selected for purity of Sal1 sub-family members in clusters, it was noteworthy that the 

overall amount of mixing in any network was very low. Beyond being relevant for an 

updated set of pir sequences, the sub-families also showed relevance for pir 

transcription, as the majority of transcription for most samples came from pirs which 

grouped with Sal1 sub-family sequences. The largest clusters (E, C_1, G, and C_2) 

dominated most of the transcription profiles, as would be expected given their size. This 

was found across experiments, geographic locations, and conditions. Although 

extensive diversity exists in the P. vivax pirs, the defining groups are still found broadly 
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across isolates and are not unique to any strains in this investigation. This corroborates 

the results of Minassian and colleagues., 2021, which showed in a recent high-quality 

genome assembly from Thailand that the assembled genomic pirs nest with Sal1 and 

P01 pir sequence. 

 

However, there were clusters which did not match any Sal1 sub-family. These clusters 

are not necessarily ‘new’, as unassigned Sal1 and P01 sequence was present in them, 

however these have yet to be defined. Cluster 10 (unassigned_3) had little Sal1 or P01 

sequence and appears to be dominated by de novo assembled pirs (including those 

from the original Zhu16 publication). Like the assigned sub-family clusters, the largest 

three unassigned clusters are found across the experimental assembled pirs, however 

they are not so evenly distributed across transcriptional profiles. Although Unassigned_1 

pirs are all transcribed in at least one sample over 1 TPM (as per the selection process) 

this group is under-represented in the transcriptional data, especially when compared to 

the smaller Unassigned clusters 2 and 3. As an example, from the IDC data of Zhu et 

al., 2016 (E01), the Unassigned_1 pirs appear in the transcriptional profiles at the start 

and end of the cycle, but when transcription troughs by late trophozoites it has been 

depleted, and for isolate 2 (Figure 5.12B) completely drowned out by Unassigned_2 and 

3. Hence Unassigned_1 appears to represent a group of pirs with particularly low 

transcription levels. In contrast Unassigned_3 is frequently represented in transcriptional 

profiles usually only by one or two high transcribing pirs. Close analysis of the BLAST 

results may show that these pirs from different isolates are similar enough to be classed 

as orthologues and could represent conserved transcribed pirs, similar to the ancestral 

pir observed in previous chapters. The ancestral pir itself is a member of sub-family C_2, 

and does not form a lone, separate lineage as it does in rodent species. Hence, 

sequences more conserved with the ancestral pir have been retained in P. vivax 

compared to the rodent-infecting species, perhaps suggesting that the function 

performed is more essential, or that redundancy is more important, in P. vivax. 

 

Overall, there is a common pattern of sub-family proportions generally being conserved 

in samples of the same isolate, while proportions vary between different isolates. From 

the Gunalan et al., 2019 (E07), results, which used a reference strain Sal1 for infections, 

the pir responses of the parasite within the four independent hosts (of two different 

species) are highly similar. This may be because Sal1 is a reference strain of P. vivax 

(Collins et al., 1972) and has reduced capacity for diversity of pir transcription as a 
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consequence of genetic bottlenecking from original extraction and being reared in the 

lab. However, it could also be because the host environment has little impact on the pir 

transcriptome. The monkeys in this study were splenectomised, and if any PIRs are 

involved in sequestration in that organ (or to avoid splenic clearance) I can only suppose 

that this could also influence the relative stability of pir sub-family proportions between 

infections. The original publication observed the upregulation of over 20 pirs in the Aotus 

infections, and only 3 in the Saimiri infections, by mapping to the Sal1 reference. This is 

a low proportion of the total pir gene repertoire of Sal1 but may also be reflecting that 

there are many missing many pirs in this reference genome. PCA of the global 

transcriptomes showed that P. vivax infections in the two different species of host are 

distinct from one another, however pirs likely do not contribute much to this difference.  

 

From Kim et al., 2019 (E06), we can see paired timepoints of the same human 

infections, demonstrating how the populations at both timings of extraction have similar 

pir sub-family proportions (Figure 5.11), although some of the lower-transcribed sub-

families ‘drop-out’ of the profile. For each of these samples mapped to the same de novo 

assembly reference it would be possible to use QUsage gene set enrichment analysis, 

as performed in Chapters 3 and 4, to test for statistically significant changes in sub-

family transcription between timepoints/conditions (Meng et al., 2019). 

 

Comparing the total pir transcriptome between pre- and post-chloroquine (CQ) patient 

samples (from Kim et al., 2019, E06) I observe that most of the time there is a major 

depletion of the multigene family after chloroquine treatment (Figure 5.11).  There are 

three possible explanations for this response; 1) pir transcription is downregulated by the 

parasite after drug exposure; 2) CQ directly interferes with pir transcriptional regulation; 

3) and/or that the parasites’ transcriptional patterns are errant as many parasites are 

dying. Even if the parasite is actively regulating pir activity this could be necessary 

because pir expression is detrimental under CQ conditions, or because the parasite is 

shifting resources towards other processes. Since the pirs are downregulated, it is likely 

that their function to the parasite at this stage of development may be something the 

parasite can use sparingly when under duress. Notably the middle-right sample of 

Figure 5.11 shows an infection depleting pir transcription from over 2000 TPM to under 

100 TPM. These parasites are dying, so even if this behaviour is unfit for the cells, it 

could still be seen in this population. Transcriptional changes before-and-after drug 

treatment have been measured multiple times in P. falciparum infections, and multigene 
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families like the vars/PfEMP1, rifins, and stevors have been among the genes showing 

changes between conditions, albeit with varying patterns. Surface antigens, including 

these P. falciparum multigene families, frequently have altered transcription patterns 

upon drug treatment (Natalang et al., 2008), an effect which may extend across species 

including P. yoelii (Silveira et al., 2007). Microarrays have shown that artemisinin 

treatment of trophozoites lead to enhanced transcription of four vars, three rifins, three 

stevors, and multiple pseudogenes of these groups, with one var and one rifin down-

expressed (Shaw et al., 2015). RNAseq data of artemisinin-treated rings from the same 

study showed three rifins to be upregulated. Proteomics after bisthiazolium T4 exposure 

demonstrated some PfEMP1 upregulation (le Roch et al., 2008). Evidence against the 

importance of these genes in drug-response phenotypes comes from the transcriptomes 

of P. falciparum isolates possessing artemisinin-resistance phenotypes. These were 

collected from two separate studies, and the results gave no indication of the 

vars/PfEMP1, rifins, or stevors, being differentially transcribed in both sets compared to 

susceptible parasites, beyond one upregulated var gene (Zhu et al., 2022). Testing a 

range of compounds to find general perturbation signals in the parasite found the three 

multigene families to be major signals (Hu et al., 2010). Hence, in P. falciparum, cellular 

stress often impacts multigene family transcription without it being a specific response to 

given conditions. Even taking those general changes into account, however, microarray 

RNA transcription measurements after exposure of in vitro P. falciparum to pyronaridine 

and chloroquine showed a significant downregulation of some vars (especially after 

chloroquine) and a significant upregulation of a handful of rifins (especially after 

pyronaridine) (Kritsiriwuthinan et al., 2011). The relationship between multigene family 

transcription and treatment molecule responses is complex and warrants a systematic 

review or meta-analysis to clarify exactly what the literature is telling us. 

 

Inter-species comparisons of the pir genes are complicated by the lack of orthologs and 

common families between the P. vivax and rodent malaria lineages. However, it is 

possible to find some tests we can make to investigate whether pir behaviour is 

conserved across these species. The results from P. berghei, P. c. chabaudi AS and P. 

vivax all agree that transcription in the blood is high, and the P. berghei and P. vivax 

data agree that mosquito and most liver-stage pir transcription is negligible. 

Transcriptional patterns across the IDC, however, do not agree. P. c. chabaudi AS pirs 

peak in the late trophozoite stages and perhaps early schizonts, while P. vivax pirs peak 

in the early rings and perhaps late schizont/merozoite forms. The data from P. berghei 
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collected by Otto et al., 2014, suggests that P. berghei and P. vivax both show peak 

transcription in rings, however the single cell data of Howick et al., 2019, when arranged 

by pseudotime, suggests that the trophozoites are the peak transcribers. The single-cell 

atlas of P. vivax (obtained using four different strains infecting Aotus and Saimiri 

monkeys) currently lacks ring stages which restricts using this resource to verify the bulk 

RNAseq results (Sà et al., 2020). These pieces of evidence are not ideal, as the Otto et 

al., 2014, evidence is based on only a few replicates and but three timepoints of the IDC, 

while single-cell technology often misses low transcribing genes like the pirs. The in vitro 

P. vivax and P. berghei data may also have been impacted by the toxicity of culturing 

conditions to both species, which could alter natural gene transcription at later time 

points. Ultimately for these asynchronous species scRNAseq provides the best hope of 

acquiring correct signals from different stages of the IDC, and as technology improves 

the resolution of the method will too. 

 

Given the variation of samples there are also novel opportunities in these data to 

understand the dynamics of the pir gene family compared to laboratory models, 

including genetic and geographical variation of transcribed members. As well as 

exploring the pir diversity across geographic regions, as previous studies have done, 

one could further ascertain whether these genes are actually being transcribed. I would 

hypothesise that sub-families with transcription rates that vary substantially between 

sites may indicate groups of pirs which are less essential to the fundamental processes 

of the parasite, but which respond to environmental cues. Unfortunately, this was difficult 

for me to perform with the samples that have transcriptional profiles reported here. 

Existing Brazilian samples will provide a major new geographic region for comparison 

with the Thai/Cambodian samples currently included, such as those not incorporated in 

my analysis due to concerns over which samples to use for unique assemblies (Roth et 

al., 2018) and data availability at time of investigation (Bourgard et al., 2021). With a 

more comprehensive contingent of South American samples a comparison between 

continental pir transcription would become possible. 
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Chapter 6. Conclusion 

 

Even after over a hundred years at the forefront of medical research, the disease of 

malaria caused by Plasmodium spp. parasites continues to plague low- and middle-

income nations around the world. The genus includes species which invade many 

different classes of organism, with rodent-infecting/simian-infecting malaria parasites 

used as a model for the human infection. The genetics of the pathogen is now open to 

scientific investigation, permitting a greater understanding of how to counter the disease, 

but sometimes what researchers find opens a Pandora’s box of further questions. 

Multigene families are found across the breadth of life, and the deadly malaria parasite 

is no exception. Identifying their purposes during the complex life cycle of Plasmodium 

spp., interacting with both human and mosquito hosts, is a focus of modern study. The 

pir genes, perhaps the largest and most widespread gene family across the Plasmodia, 

has frustrated many attempts to elucidate function since their discovery by del Portillo 

and colleagues in 2001. Possible redundancy between the protein products in knock-out 

screens (Bushell et al., 2017), as well as inconsistent cellular localisation patterns 

between different PIRs (Fougère et al., 2016; Giorgalli et al., 2022; Yam et al., 2016), 

are two reasons why new results sometimes feel like they are merely muddying the 

water. The closest insight investigators have achieved so far is finding associations 

between groups of the pirs and virulence/chronicity. Generally, the broad transcription of 

many pirs is a signature of acute, mosquito-transmitted, low virulence infections. In 

contrast, limited subsets of pirs show higher transcription in the high-virulence blood-

transmitted and chronic infections (Brugat et al., 2017; Spence et al., 2013). These 

studies underscored the potential importance of the genes in mediating pathophysiology, 

but represent only a step towards a comprehensive understanding of the family.  

 

The thesis describes a systematic approach to analysing pir transcription across the life 

cycle of multiple species of malaria parasites (for a summary of the results see Figure 

6.1). For this purpose, I used published data of rodent malaria P. berghei and human 

malaria P. vivax, which covered exoerythrocytic, asexual blood cycle, sexual and 

mosquito stages of each parasite, and the separate stages of the asexual blood cycle 

from novel P. c. chabaudi AS data. To combat issues with diversity in wild P. vivax 

isolates I applied de novo transcriptomics to analyse the pirs of this particular species. 

From these results, I aimed to postulate upon the function of pirs and pir sub-families by 
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identifying consistent patterns of gene expression associated with certain times of 

development. Furthermore, I discuss the conserved pir behaviours between rodent and 

human malarias, and the relevance of the former as a model for the latter. By looking 

across the P. berghei life cycle I observed peaks of pir transcription upon release of liver 

merosomes, the asexual blood cycle, and differentiation into male gametocytes. Upon 

fertilisation and development in the mosquito, pir transcription drops considerably, 

showing the consistency of previous results across different experiments. Although not 

necessarily the peaks of transcription, the asexual and exoeryrthrocytic schizonts are 

enriched for Long-form pirs, further linking this gene set to schizogony since Otto and 

colleagues observed the L-form association with their asexual schizonts in 2014. The 

related rodent malaria parasite P. c. chabaudi AS was used to investigate the asexual 

blood cycle in detail due to its synchrony. This showed high pir transcription across the 

asexual cycle but peaking during the late trophozoites and perhaps the early schizonts. 

As in P. berghei, the Long-form pirs are enriched in the asexual schizonts, and 

furthermore are transcribed across a broader set of the asexual cycle than the Short-

form pirs. This matched the temporal distinction between ChAPL and AAPL pir 

behaviours respectively, showing that chronicity pirs display transcriptional differences 

even in acute infection. In P. vivax I showed that the de novo generation of pirs can 

produce hundreds of expressed transcripts which show sequence similarity with 

previously defined pir sub-families. Despite this, one new pir sub-family appeared to be 

highly transcribed across samples (Unassigned_3) with overall dissimilarity with 

reference genome pirs. The pir transcription across the intra-erythrocytic development 

cycle differed to that of P. c. chabaudi AS, with peaks during late schizonts and early 

ring stages. Although similarity was found between this human malaria parasite and the 

rodent models when it is observed that mosquito and exoerythrocytic transcription of pirs 

is minimal, and asexual transcription is high. Possible roles of Long-form pirs in 

schizogony, and of the pir family in asexual blood stages (but not exoerythrocytic or 

mosquito stages), are likely. The ancestral pir sequence is highly transcribed across 

multiple life cycle stages in different species, strongly suggesting an important role of 

this gene in particular. 
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Although many stages of the life cycle are covered it is important to remain cognizant of 

where the data here is from. For example, the liver stages of P. berghei and P. vivax are 

not from in vivo livers, but cell cultures, which may change transcriptional patterns of the 

parasites to one that they’d never demonstrate in the wild (Lapp et al., 2015). Mosquito 

stages are from various insect vectors, and it is unknown how transcriptional patterns 

are impacted by infecting different species. Comparison of RNAseq of the same parasite 

species infecting different mosquito species would be of general interest to many 

aspects of parasite-vector biology. Other missing sources of variation include that 

caused by the time-of-day of extraction (not just within the IDC), the length of infection 

 
Figure 6.1 – Summary figure of pir transcriptional patterns observed in this thesis 
across the life cycle of P. berghei, P. c. chabaudi AS, and P. vivax.  
Presence of a bar indicates that transcriptional data was available for that stage in 
that species and corresponds approximately to the expression level in TPM. 
Absence of a bar completely shows a lack of available data. Question marks 
highlight existing uncertainty even given the data. Within the bar are the sub-family 
enrichments where they have been observed. This figure also highlights the gaps 
in knowledge of given species as well as where existing results are in need of 
replication. ‘Early oocysts’ are a sample missing from all bulk RNAseq datasets for 
each species but one of particular interest. Figure drawn using Biorender 
(app.biorender.com). 
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(oocysts may last for over two weeks), host species/strain, and the tissue of residence 

(especially for sequestering schizonts/gametocytes (Ebbinghaus & Krücken, 2011)). 

 

Evidence of a dearth of pir transcription at given stages of the life cycle does not 

necessarily mean that the peptide products are not playing a role at that stage. 

Plasmodium spp. engage in translational regulation strategies to control their production 

of protein, and this occurs strongly during the gametocyte stages (Mair et al., 2006a; 

Yuda et al., 2015), although it occurs across the life cycle (Balu et al., 2011; Lindner et 

al., 2019). Male gametocytes transcribe huge quantities of pir, and although translational 

repression may not be as active in the males compared to female gametocytes 

(Lasonder et al., 2016; Mair et al., 2006b), mechanisms of mRNA abundance regulation 

still occur (Hart et al., 2019). Proteomics offers a method to circumvent the problems 

with the disparity between mRNA evidence and actual product levels. The low levels of 

PIR protein present can frustrate attempts, however prior studies have been successful 

in finding PIR peptides despite this (Hall et al., 2005). The evidence of PIR peptides from 

the multiple different proteomic studies that exist for different species would be worth 

collating, and perhaps re-analysing, in a similar strategy to this thesis with RNAseq 

datasets. 

 

Analysing independently derived published data sets, I have confirmed/shown that 

mosquito stages of the P. berghei and P. vivax parasites barely transcribe pir. Even with 

de novo assembly, the sporozoites of P. vivax did not give rise to any expressed pir 

signal. Hence, this pattern may be conserved across species. This is not to say that pirs 

are completely missing; P. berghei ookinetes still transcribe significantly more pir than 

sporozoites, and one P. vivax sporozoite sample showed a tiny signal of a B_2 pir. This 

latter case may be an example of a singular divergent multigene member with a new 

function in a different stage (Zanghì et al., 2018), but could also just be leaky 

transcription or even erroneous. Immunofluorescence of five select PIRs did not show 

any expression in P. berghei day 8 or 12 oocysts, or salivary gland sporozoites (Fougère 

et al., 2016). These samples do not cover the full picture of mosquito development, 

however. The sporozoites are known to undergo physiological changes during their 

progression from the oocyst to host invasion (Bogale et al., 2021; Lindner et al., 2019; 

Roth et al., 2018; Sato et al., 2014), so the full breadth of sporozoite and other vector 

development stage transcription is not necessarily encapsulated by these data. To fully 

exclude pir transcription at all stages of vector development, time courses of bulk 
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RNAseq of the parasite from blood feed, through oocyst growth, to salivary gland 

sporozoites, would be worth investigation.  

 

The liver stages of Plasmodium spp. are a key target of study since they represent the 

first growth in the mammalian host and are a source of relapsing infections from 

quiescent cells. When I analysed these stages of P. berghei, pir transcripts were 

detected; this has not been previously described from bulk RNAseq. Transcription 

seems to be gradual from invasion of low-pir sporozoites to the higher-transcribing late 

liver schizonts in P. berghei. This transcriptional explosion culminates in the liver 

merozoites/merosomes, which transcribe more pir than any other stage, in a novel 

phenomenon reported here. Fluorescent microscopy studies of five select PIR proteins 

(the same mentioned above for oocyst and sporozoite investigations) in P. berghei liver 

stages demonstrated expression of two after 40h of culture, corroborating the RNAseq 

evidence of later transcription in exoerythrocytic stages (Fougère et al., 2016). 

Unfortunately, the P. vivax datasets of liver stages, including the quiescent hypnozoite, 

did not have enough sample for the de novo assemblers to find pirs. It cannot be 

concluded therefore from this data whether the P. vivax exo-erythrocytic stages 

transcribe pir or not. The liver stages are difficult to obtain as they are usually so few in 

number, and they are often grown in unrealistic culturing systems to increase parasite 

RNA yield. Single-cell RNAseq represents the best hope for targeting these elusive 

stages, although bulk RNAseq could be combined with laser-capture microdissection for 

removing the relevant sections from infected livers (Cubi et al., 2017). Mass sporozoite 

infections of laboratory hosts, combined with microscopy dissection, could provide an 

avenue to obtain bulk RNAseq of in vivo liver parasites of these species and P. c. 

chabaudi AS. Using luciferase/fluorescing parasite strains may permit organ-scale 

imaging to narrow down highly-infected regions of the livers (Cunningham et al., 2017).  

 

The intra-erythrocytic development cycle is potentially the most pir-intensive time of 

Plasmodium spp. infection. The evidence from all three species analysed in this thesis 

supports this assertion, with this thesis presenting novel data on the cycle of P. c. 

chabaudi AS as well as a novel de novo transcriptome of P. vivax asexual stages. When 

the individual cell types of the asexual blood stages are separated, I see transcriptional 

disparities between the species. At first glance, P. berghei and P. vivax appear to 

upregulate pirs at the late schizont/early ring stages (note that P. vivax has a 48h-long 

cycle compared to the 24h cycle of these rodent malarias). These transcriptional 
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changes are not statistically significant in P. berghei, possibly due to the low number of 

samples of the separate asexual stages, and they seem to disagree with the single-cell 

atlas (Howick et al., 2019; Otto et al., 2014). The evidence from P. vivax is more recent, 

but also based on just two replicates and cannot be verified from the existing single-cell 

data (Zhu et al., 2016). These conclusions need repeating with greater replicate 

numbers. If one or both results are reproducible, then it would present a contrast with 

the P. c. chabaudi AS pir transcriptome that peaks in late trophozoites and troughs 

during the ring stages. A comparison made across 1-1 orthologs between paired species 

in microarray data of P. falciparum, P. knowlesi, P. vivax, P. yoelii, P. berghei and P. 

chabaudi showed that genes with transcriptional variation between species were 

enriched among those genes primarily transcribed during the early ring and early 

schizont stages for individual species. Although these studies would have included few 

pirs, the expression of pirs coincides with genes identified by the investigations as 

transcriptionally variable.  

 

Comparing between rodent- and human-infecting species of Plasmodium permits a 

verification of using mammalian models for the human disease. Similarities in broader 

transcription (and possibly function) are observed in the minimal mosquito and the 

higher asexual blood stage expression. The contrast between P. vivax and P. c. 

chabaudi AS IDC transcription is one observed distinction, however this needs further 

verification. Other preliminary results described here show that the P, vivax pirs may not 

have distinct long and short groups of pirs like the rodent parasites (in fact it may be 

more correct to say that they only have short pirs). Many important stages cannot be 

compared between P. vivax and P. berghei with existing bulk RNAseq data, such as 

male gametocytes and late liver schizonts. These could be performed with single-cell 

data, which will show further the similarities/differences between these species. Of 

course, making a sweeping statement over comparing the human/simian-infecting 

lineages and the rodent-infecting lineages would require incorporating more species 

from both sides. However, the bulk and single-cell RNAseq from across the life cycle are 

mostly unavailable for these organisms. 

 

Separated gametocytes (and separated gametocyte sexes) were only available from P. 

berghei in this thesis. The P. c. chabaudi AS datasets contained negligible gametocyte 

levels by light microscopy, and only a small percentage by deconvolution. One P. vivax 

study, Kim et al., 2019, investigated gene clusters associated with the different 
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gametocyte sexes within their mixed data, but I have treated the samples just as mixed 

asexual stages. Confirming the conclusions of Reid et al., 2018, the bulk RNAseq of P. 

berghei gametocytes from different experiments shows that they have a consistent and 

massive divergence in pir transcription, with females not transcribing much and males 

transcribing a lot. Single-cell data shows that this is not the full story, as the male pir 

transcriptome is massively variable and can be both high and low (Howick et al., 2019). 

It would be intriguing to further interrogate the single-cell RNAseq to see if and which 

other genes in male gametocytes associate with high or low pir transcription. This may 

help elucidate whether either of these states are associated with aberrant development, 

as high proportions of male gametocytes grow defectively upon gametogenesis 

(Matthews et al., 2022; Sinden et al., 2010). Male gametocyte-associated proteins tend 

to be evolving faster than female sequences (Khan et al., 2013) - a general 

phenomenon seen across myriad species when male and female reproductive genes 

are compared (Civetta & Singh, 1995; Swanson & Vacquier, 2002) - and a multigene 

family would enable plenty of diversity for selection to act upon. Khan et al., 2013, 

further demonstrated that male-associated genes with immune epitopes are evolving 

particularly fast. Given the distinction between male and female gametocyte 

transcription, a tantalising possibility emerges of pirs playing a role in fertilisation. Male 

gametocytes transcribe some pirs more than the other peaks of transcription, and these 

could be candidates for reproductive functions. Preliminary data from P. c. chabaudi AS 

gametocytes suggests that the males also transcribe more pir then females, but with 

less of a difference than in P. berghei, suggesting that the role of pirs in gametocytes or 

gametes could be different between species, or indicative of sexual selection for 

variation (Cunningham and Reid et al., in review). Multigene families are often 

expressed in the sexual cells of organisms, including rifins in P. falciparum (Petter et al., 

2008), and even implicated in male reproductive fitness, such as the 6-cys family in P. 

berghei (van Dijk et al., 2010). In multicellular organisms multigene families are involved 

in sperm competition (Civetta & Ranz, 2019), for example, the male secreted short (mss) 

genes in Caenorhabditis briggsae (Yin et al., 2018), and the sperm-specific dynein 

intermediate chain (Sdic) genes in Drosophila melanogaster (Nurminsky et al., 1998). 

The Sdic family members are arranged adjacent to one another on a tandem gene 

locus, with variable copy numbers between strains, and are considered a ‘recent’ gene 

family encoding a sperm motility protein (Clifton et al., 2020; Nurminsky et al., 1998; 

Ponce & Hartl, 2006). Despite being relatively new, these genes confer sexual 

advantage versus knock-outs (Yeh et al., 2012). In another similarity with pirs, the major 
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transcribed gene of the Sdic family is the one considered to be the original/ancestral 

copy (Ponce & Hartl, 2006). It may be noteworthy also that seminal proteins interact with 

the female immune system to prevent destruction of spermatozoa and the embryo 

(Kelly, 1995; S. A. Robertson et al., 2009), while Plasmodium male 

gametocytes/gametes need to avoid immune destruction in the circulation and blood 

meal. Male reproductive proteins often have pleiotropic functions, which would explain 

why transcription of fertilisation genes could occur outside of gametocytes (Poiani, 

2006). When pir KOs are generated it would be important to assess whether they have 

deficiencies in fertilisation and/or transmission, including in competition assays with wild-

type gametocytes. 

 

Transcriptional changes across the life cycle of the malaria parasites are not distributed 

evenly between the sub-families. This is exemplified by patterns first observed in this 

thesis. Most notably the likely enrichment of S8 pirs in the asexual blood cycle of P. 

berghei, the broader peak of transcription of L-form pirs in the P. c. chabaudi AS asexual 

blood cycle, and the loss of I-family pirs in late trophozoite/early schizont transcriptomes 

of P. vivax. These groupings were defined by similarity/phylogeny, so it is interesting to 

see that they likely correspond to distinct functional units too. The AAPLs and ChAPLs 

of P. c. chabaudi AS also showed different transcription patterns over the IDC even 

though these loci were originally identified using transcription from chronic infections, 

which were not analysed in this thesis. The method of transmission (with a 

corresponding change of virulence) from natural infection via mosquito bite to blood 

passaging impacted both the absolute amount of pir transcription of P. c. chabaudi AS, 

as previously known, and how the sub-families changed over the IDC, suggesting that 

the transcriptional patterns can adapt to conditions. However, this demonstrates that 

blood-passaged samples are insufficient models for understanding natural conditions of 

parasite transcription. Otto et al., 2014, first suggested that the schizont stages may 

show preferential Long-form transcription in P. berghei. Comparing within and between 

species demonstrates that the schizont stages of both the rodent malarias are enriched 

for Long-form pirs. In P. berghei this is seen for both the asexual and the exoerythrocytic 

schizonts, but not necessarily the same members; the later liver schizonts are enriched 

for L1s, while asexual schizonts are enriched for L2s. Unlike in P. berghei, the male 

gametocytes of P. c. chabaudi AS are also enriched for Long-form pir transcription, so in 

sexual stages the L-forms may have divergent behaviour across the rodent malaria 

parasites (Cunningham and Reid et al., in review). The P. vivax sub-families do not 
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show the same bimodal distribution of average lengths that the rodent clades do, which 

means that there is currently no evidence of longer or shorter sequence lineages, or that 

the schizonts in this species prefer longer PIRs. However, the current pool of de novo 

pirs should be tested for fragmented genes by identifying intact N- and C-terminal 

domains.  

 

The coincidence of pir transcription with stages preceding mass cell production has led 

me to hypothesise that some pirs are involved in cell replication or the functions of 

nascent cells. This matches the high pir transcription of P. berghei male gametocytes, 

late liver schizonts, and asexual stages, of P. c. chabaudi AS late trophozoite stages, 

and P. vivax late schizont stages. This hypothesis is disputed by the possible timing of 

P. berghei pir upregulation (in the rings) and the lack of P. vivax oocyst transcription 

(although this may be about the time of oocyst development analysed, as shown by the 

single-cell atlas of Howick et al., 2019, which suggests that early oocysts are major pir 

transcribers). Some of these discrepancies may be explained by the nature or purpose 

of the cell division at these times. Liver and erythrocytic schizogony both produce 

merozoites which need to invade a new erythrocyte, which is a function that L-form pirs, 

enriched in these stages in rodent malarias, may perform. Male gametogenesis takes 

place much faster than schizogony and sporogony, and the resulting gametes need to 

bind and fuse with female gametes but not invade any host cells. If oocyst mitosis does 

not require pirs when other stages do, this could be because of differences in sporogony 

compared to schizogony, or that sporozoites do not need to invade cells until after they 

have exited the vector. With PIR-specific antibodies it would be possible to view the 

localisation of the proteins during schizogony, and it would be of interest to see where 

they move during the process and if this differs between sub-families.  

 

P. vivax offered the opportunity to compare pir sub-family diversity between different 

isolates of the parasite. This showed that within the same infection by the same strain, 

the sub-family proportions tended to remain stable. The constitution of the sub-families 

varied across different isolates, although the larger sub-families are almost always 

present, highlighting constrained diversity of transcriptional patterns. This corroborates 

evidence from genomes of P. vivax sequenced globally which have shown strong 

overlaps of pir gene sub-families (Auburn et al., 2016; Brashear et al., 2020; Chen et al., 

2017; Merino et al., 2006; Minassian et al., 2021). Clusters not defined by the sub-

families of del Portillo et al., 2001, and Lopez et al., 2013, were also found. However, 
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none of these were completely unique to the de novo transcripts in this thesis as they 

also contained sequences from the P01 and/or Sal1 genomes. One cluster identified, 

Unassigned_3, was notably under-represented in the Papua New Guinean P01 and 

Salvadorian Sal1 genomes. This may represent a geographically-enriched sub-family 

that is also relatively highly transcribed in these mostly Thai/Cambodian datasets. Future 

work could incorporate additional genomic pir sequences from the existing genomes of 

Thai and Chinese/Burmese isolates for comparison, and to test if Unassigned_3 is 

enriched in South-East Asian samples (Auburn et al., 2016; Chen et al., 2017; Minassian 

et al., 2021). Much like the proportions of the numbers of sequences, the transcriptional 

profiles themselves are variable but generally show the same major sub-families. Sub-

family E is the largest family across assemblies, and this is reflected in the 

transcriptional data. It would be of interest to obtain RNAseq data from China-Myanmar 

border cases of P. vivax, as genome assemblies suggest that the C sub-family among 

isolates there is nearly as large as the E sub-family (note that the C sub-family family is 

split into two in this thesis as this better matched the similarity network), so perhaps the 

C sub-family will be both genomically and transcriptionally enriched in the upper Mekong 

region (Brashear et al., 2020). 

 

The ancestral pir was highlighted as highly conserved across Plasmodium species by 

Frech and Chen et al., 2013. I observed from the transcriptional data of P. berghei and 

P. c. chabaudi AS that it is also one of the most consistently and highly transcribed pirs. 

In a field of generally low transcribing members of the multigene family, it stood out. 

Expanding my focus to virtually all known species with pir genes, I have evidence that 

this gene is often highly transcribed and hence probably plays a conserved, important 

role across the parasites. This extends to P. vivax, although not all the de novo 

transcriptome assemblies made contained this pir. I suggest that this is due to the fidelity 

of the assembly software as opposed to a lack of ancestral pir transcription, as P. c. 

chabaudi assemblies with known samples also did not always construct it. The next step 

would be to perform genetic knock-outs in rodent models to see if it genuinely does play 

an essential role in Plasmodium biology, or if there is a growth phenotype. Even if 

neither of these are observed, RNAseq of the KO may show that other pirs are 

upregulated to compensate for the loss of one member.  

 

Collating existing and novel data of pir transcription has identified consistent patterns 

across the P. berghei life cycle, the P. c. chabaudi AS intra-erythrocytic development 
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cycle, and the P. vivax life cycle and IDC. Comparing between these species finds 

aspects of agreement and disparity of pir transcription, highlighting conserved 

behaviours as well as divergent ones. While there is no evidence of substantial pir 

transcription in the mosquito, the asexual blood stages show patterns of enhanced 

transcription of pirs. The IDC may show divergent pir behaviour between species. The 

role and localisation of PIRs in late liver schizonts, liver merosomes and male 

gametocytes are all exciting focusses for future study. Each of these transcriptional 

signals should be investigated in the species in which they are missing or in need of 

replication. The ancestral pir was found to be one that was highly expressed in most 

samples and species, hinting at an important and conserved function. These results can 

guide future targeted gene studies and create hypotheses about the functions pirs may 

or may not have, such as the putative role of Long-form pirs in schizogony or invasion.
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Chapter 8. Appendix 

Experimental 
Code 

Samples 
names 

Cat Sample 
stage(s) 

Concatenated 
Files 

Rationale Geographic 
source 

Run 
accession 

E01 SMRU1 Asexual_Mixed SMRU1 Clinical 
isolate 
SMRU1 

NW 
Thailand _ 
Mae Sot 

SRR1571697 

E01 SMRU1 Asexual_Mixed SMRU1 Clinical 
isolate 
SMRU1 

NW 
Thailand _ 
Mae Sot 

SRR1571698 

E01 SMRU1 Asexual_Mixed SMRU1 Clinical 
isolate 
SMRU1 

NW 
Thailand _ 
Mae Sot 

SRR1571699 

E01 SMRU1 Asexual_Mixed SMRU1 Clinical 
isolate 
SMRU1 

NW 
Thailand _ 
Mae Sot 

SRR1571700 

E01 SMRU1 Asexual_Mixed SMRU1 Clinical 
isolate 
SMRU1 

NW 
Thailand _ 
Mae Sot 

SRR1571701 

E01 SMRU1 Asexual_Mixed SMRU1 Clinical 
isolate 
SMRU1 

NW 
Thailand _ 
Mae Sot 

SRR1571702 

E01 SMRU1 Asexual_Mixed SMRU1 Clinical 
isolate 
SMRU1 

NW 
Thailand _ 
Mae Sot 

SRR1571703 

E01 SMRU2 Asexual_Mixed SMRU2 Clinical 
isolate 
SMRU2 

NW 
Thailand _ 
Mae Sot 

SRR1571704 

E01 SMRU2 Asexual_Mixed SMRU2 Clinical 
isolate 
SMRU2 

NW 
Thailand _ 
Mae Sot 

SRR1571705 

E01 SMRU2 Asexual_Mixed SMRU2 Clinical 
isolate 
SMRU2 

NW 
Thailand _ 
Mae Sot 

SRR1571706 

E01 SMRU2 Asexual_Mixed SMRU2 Clinical 
isolate 
SMRU2 

NW 
Thailand _ 
Mae Sot 

SRR1571707 

E01 SMRU2 Asexual_Mixed SMRU2 Clinical 
isolate 
SMRU2 

NW 
Thailand _ 
Mae Sot 

SRR1571708 

E01 SMRU2 Asexual_Mixed SMRU2 Clinical 
isolate 
SMRU2 

NW 
Thailand _ 
Mae Sot 

SRR1571709 

E01 SMRU2 Asexual_Mixed SMRU2 Clinical 
isolate 
SMRU2 

NW 
Thailand _ 
Mae Sot 

SRR1571710 

E01 SMRU2 Asexual_Mixed SMRU2 Clinical 
isolate 
SMRU2 

NW 
Thailand _ 
Mae Sot 

SRR1571711 

E01 Mixed Asexual_Mixed Mixed Mixed 
SMRU1 
and 
SMRU2 

NW 
Thailand _ 
Mae Sot 

SRR1571712 

E01 Mixed Asexual_Mixed Mixed Mixed 
SMRU1 
and 
SMRU2 

NW 
Thailand _ 
Mae Sot 

SRR1571713 

E01 Mixed Asexual_Mixed Mixed Mixed 
SMRU1 
and 
SMRU2 

NW 
Thailand _ 
Mae Sot 

SRR1571714 

E01 Mixed Asexual_Mixed Mixed Mixed 
SMRU1 
and 
SMRU2 

NW 
Thailand _ 
Mae Sot 

SRR1571715 

E02 V_DJK_8 Asexual_Mixed   Separate 
clinical 
isolates 

Cambodia SRR5646671 

E02 V_DJK_10 Asexual_Mixed   Separate 
clinical 
isolates 

Cambodia SRR5646670 
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E02 V_DJK_16 Asexual_Mixed   Separate 
clinical 
isolates 

Cambodia SRR5646669 

E02 ER_0 
before CQ 
(no after) 

Asexual_Mixed   Separate 
clinical 
isolates - 
before and 
after CQ 
for each 
patient 
combined 

Cambodia SRR8347533 

E02 AR_0 
before CQ 
(no after) 

Asexual_Mixed   Separate 
clinical 
isolates - 
before and 
after CQ 
for each 
patient 
combined 

Cambodia SRR8347532 

E02 FR_0 
before CQ 
(no after) 

Asexual_Mixed   Separate 
clinical 
isolates - 
before and 
after CQ 
for each 
patient 
combined 

Cambodia SRR8347510 

E02 Sp_1 
Anopheles 
albimanus 

Sporozoite   Separate 
clinical 
isolates 

Cambodia SRR5646668 

E03 Hyp1 Liver_Hypnozoit
e 

  Difficult to 
tell? 

Thailand SRR6371896 

E03 Hyp2 Liver_Hypnozoit
e 

  Difficult to 
tell? 

Thailand SRR6371897 

E03 Mixed1 Liver_Mixed   Difficult to 
tell? 

Thailand SRR6371894 

E03 Mixed2 Liver_Mixed   Difficult to 
tell? 

Thailand SRR6371895 

E04 None Asexual_Mixed   Separate 
clinical 
isolates 

N or S 
Thailand a 

ERR2541707 

E04 None Asexual_Mixed   Separate 
clinical 
isolates 

N or S 
Thailand a 

ERR2541708 

E04 None Asexual_Mixed   Separate 
clinical 
isolates 

N or S 
Thailand a 

ERR2541709 

E04 None Asexual_Mixed   Separate 
clinical 
isolates 

N or S 
Thailand a 

ERR2541710 

E04 None Asexual_Mixed   Separate 
clinical 
isolates 

N or S 
Thailand a 

ERR2541711 

E04 None Asexual_Mixed   Separate 
clinical 
isolates 

N or S 
Thailand b 

ERR2541712 

E04 None Asexual_Mixed   Separate 
clinical 
isolates 

N or S 
Thailand b 

ERR2541713 

E04 None Asexual_Mixed   Separate 
clinical 
isolates 

N or S 
Thailand b 

ERR2541714 

E04 None Asexual_Mixed   Separate 
clinical 
isolates 

N or S 
Thailand b 

ERR2541715 

E04 None Asexual_Mixed   Separate 
clinical 
isolates 

N or S 
Thailand b 

ERR2541716 

E05 Thai1 Sporozoite   Separate 
clinical 
isolates 

Thailand _ 
Tak/Ubon 

SRR5298190 



Reference List 
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E05 Thai2 Sporozoite Thai2 Separate 
clinical 
isolates 

Thailand _ 
Tak/Ubon 

SRR5298184 

E05 Thai2 Sporozoite Thai2 Separate 
clinical 
isolates 

Thailand _ 
Tak/Ubon 

SRR5298185 

E05 Thai3 Sporozoite Thai3 Separate 
clinical 
isolates 

Thailand _ 
Tak/Ubon 

SRR5298182 

E05 Thai3 Sporozoite Thai3 Separate 
clinical 
isolates 

Thailand _ 
Tak/Ubon 

SRR5298183 

E05 Thai4 Sporozoite Thai4 Separate 
clinical 
isolates 

Thailand _ 
Tak/Ubon 

SRR5298180 

E05 Thai4 Sporozoite Thai4 Separate 
clinical 
isolates 

Thailand _ 
Tak/Ubon 

SRR5298181 

E05 Thai5 Sporozoite Thai5 Separate 
clinical 
isolates 

Thailand _ 
Tak/Ubon 

SRR5298178 

E05 Thai5 Sporozoite Thai5 Separate 
clinical 
isolates 

Thailand _ 
Tak/Ubon 

SRR5298179 

E05 Thai6 Sporozoite Thai6 Separate 
clinical 
isolates 

Thailand _ 
Tak/Ubon 

SRR5298188 

E05 Thai6 Sporozoite Thai6 Separate 
clinical 
isolates 

Thailand _ 
Tak/Ubon 

SRR5298189 

E05 Thai7 Sporozoite Thai7 Separate 
clinical 
isolates 

Thailand _ 
Tak/Ubon 

SRR5298176 

E05 Thai7 Sporozoite Thai7 Separate 
clinical 
isolates 

Thailand _ 
Tak/Ubon 

SRR5298177 

E05 Thai8 Sporozoite Thai8 Separate 
clinical 
isolates 

Thailand _ 
Tak/Ubon 

SRR5298174 

E05 Thai8 Sporozoite Thai8 Separate 
clinical 
isolates 

Thailand _ 
Tak/Ubon 

SRR5298175 

E05 Thai9 Sporozoite Thai9 Separate 
clinical 
isolates 

Thailand _ 
Tak/Ubon 

SRR5298172 

E05 Thai9 Sporozoite Thai9 Separate 
clinical 
isolates 

Thailand _ 
Tak/Ubon 

SRR5298173 

E06 A_0 
before CQ 

Asexual_Mixed Kim19_A Separate 
clinical 
isolates - 
before and 
after CQ 
for each 
patient 
combined 

Cambodia SRR8347515 

E06 A_1 after 
CQ 

Asexual_Mixed Kim19_A Separate 
clinical 
isolates - 
before and 
after CQ 
for each 
patient 
combined 

Cambodia SRR8347514 

E06 J_0 Asexual_Mixed Kim19_J Separate 
clinical 
isolates - 
before and 
after CQ 
for each 
patient 
combined 

Cambodia SRR8347502 

E06 J_1 Asexual_Mixed Kim19_J Separate 
clinical 

Cambodia SRR8347501 



Reference List 
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isolates - 
before and 
after CQ 
for each 
patient 
combined 

E06 K_0 Asexual_Mixed Kim19_K Separate 
clinical 
isolates - 
before and 
after CQ 
for each 
patient 
combined 

Cambodia SRR8347526 

E06 K_1 Asexual_Mixed Kim19_K Separate 
clinical 
isolates - 
before and 
after CQ 
for each 
patient 
combined 

Cambodia SRR8347527 

E06 L_0 Asexual_Mixed Kim19_L Separate 
clinical 
isolates - 
before and 
after CQ 
for each 
patient 
combined 

Cambodia SRR8347528 

E06 L_1 Asexual_Mixed Kim19_L Separate 
clinical 
isolates - 
before and 
after CQ 
for each 
patient 
combined 

Cambodia SRR8347529 

E06 M_0 Asexual_Mixed Kim19_M Separate 
clinical 
isolates - 
before and 
after CQ 
for each 
patient 
combined 

Cambodia SRR8347522 

E06 M_1 Asexual_Mixed Kim19_M Separate 
clinical 
isolates - 
before and 
after CQ 
for each 
patient 
combined 

Cambodia SRR8347523 

E06 N_0 Asexual_Mixed Kim19_N Separate 
clinical 
isolates - 
before and 
after CQ 
for each 
patient 
combined 

Cambodia SRR8347524 

E06 N_1 Asexual_Mixed Kim19_N Separate 
clinical 
isolates - 
before and 
after CQ 
for each 
patient 
combined 

Cambodia SRR8347525 

E06 O_0 Asexual_Mixed Kim19_O Separate 
clinical 
isolates - 
before and 

Cambodia SRR8347530 
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after CQ 
for each 
patient 
combined 

E06 O_1 Asexual_Mixed Kim19_O Separate 
clinical 
isolates - 
before and 
after CQ 
for each 
patient 
combined 

Cambodia SRR8347531 

E06 P_0 Asexual_Mixed Kim19_P Separate 
clinical 
isolates - 
before and 
after CQ 
for each 
patient 
combined 

Cambodia SRR8347504 

E06 P_1 Asexual_Mixed Kim19_P Separate 
clinical 
isolates - 
before and 
after CQ 
for each 
patient 
combined 

Cambodia SRR8347503 

E06 Q_0 Asexual_Mixed Kim19_Q Separate 
clinical 
isolates - 
before and 
after CQ 
for each 
patient 
combined 

Cambodia SRR8347518 

E06 Q_1 Asexual_Mixed Kim19_Q Separate 
clinical 
isolates - 
before and 
after CQ 
for each 
patient 
combined 

Cambodia SRR8347509 

E06 S_0 Asexual_Mixed Kim19_S Separate 
clinical 
isolates - 
before and 
after CQ 
for each 
patient 
combined 

Cambodia SRR8347508 

E06 S_1 Asexual_Mixed Kim19_S Separate 
clinical 
isolates - 
before and 
after CQ 
for each 
patient 
combined 

Cambodia SRR8347507 

E06 T_0 Asexual_Mixed Kim19_T Separate 
clinical 
isolates - 
before and 
after CQ 
for each 
patient 
combined 

Cambodia SRR8347506 

E06 T_1 Asexual_Mixed Kim19_T Separate 
clinical 
isolates - 
before and 
after CQ 
for each 

Cambodia SRR8347505 
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patient 
combined 

E06 B_0 Asexual_Mixed Kim19_B Separate 
clinical 
isolates - 
before and 
after CQ 
for each 
patient 
combined 

Cambodia SRR8347513 

E06 B_1 Asexual_Mixed Kim19_B Separate 
clinical 
isolates - 
before and 
after CQ 
for each 
patient 
combined 

Cambodia SRR8347512 

E06 U_0 Asexual_Mixed Kim19_U Separate 
clinical 
isolates - 
before and 
after CQ 
for each 
patient 
combined 

Cambodia SRR8347535 

E06 U_1 Asexual_Mixed Kim19_U Separate 
clinical 
isolates - 
before and 
after CQ 
for each 
patient 
combined 

Cambodia SRR8347534 

E06 C_0 Asexual_Mixed Kim19_C Separate 
clinical 
isolates - 
before and 
after CQ 
for each 
patient 
combined 

Cambodia SRR8347519 

E06 C_1 Asexual_Mixed Kim19_C Separate 
clinical 
isolates - 
before and 
after CQ 
for each 
patient 
combined 

Cambodia SRR8347511 

E06 D_0 Asexual_Mixed Kim19_D Separate 
clinical 
isolates - 
before and 
after CQ 
for each 
patient 
combined 

Cambodia SRR8347517 

E06 D_1 Asexual_Mixed Kim19_D Separate 
clinical 
isolates - 
before and 
after CQ 
for each 
patient 
combined 

Cambodia SRR8347516 

E06 E_0 Asexual_Mixed Kim19_E Separate 
clinical 
isolates - 
before and 
after CQ 
for each 
patient 
combined 

Cambodia SRR8347521 
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E06 E_1 Asexual_Mixed Kim19_E Separate 
clinical 
isolates - 
before and 
after CQ 
for each 
patient 
combined 

Cambodia SRR8347520 

E06 F_0 Asexual_Mixed Kim19_F Separate 
clinical 
isolates - 
before and 
after CQ 
for each 
patient 
combined 

Cambodia SRR8347494 

E06 F_1 Asexual_Mixed Kim19_F Separate 
clinical 
isolates - 
before and 
after CQ 
for each 
patient 
combined 

Cambodia SRR8347493 

E06 G_0 Asexual_Mixed Kim19_G Separate 
clinical 
isolates - 
before and 
after CQ 
for each 
patient 
combined 

Cambodia SRR8347496 

E06 G_1 Asexual_Mixed Kim19_G Separate 
clinical 
isolates - 
before and 
after CQ 
for each 
patient 
combined 

Cambodia SRR8347495 

E06 H_0 Asexual_Mixed Kim19_H Separate 
clinical 
isolates - 
before and 
after CQ 
for each 
patient 
combined 

Cambodia SRR8347498 

E06 H_1 Asexual_Mixed Kim19_H Separate 
clinical 
isolates - 
before and 
after CQ 
for each 
patient 
combined 

Cambodia SRR8347497 

E06 I_0 Asexual_Mixed Kim19_I Separate 
clinical 
isolates - 
before and 
after CQ 
for each 
patient 
combined 

Cambodia SRR8347500 

E06 I_1 Asexual_Mixed Kim19_I Separate 
clinical 
isolates - 
before and 
after CQ 
for each 
patient 
combined 

Cambodia SRR8347499 

E07   Asexual_Mixed PRJNA515743
_Guna19 

Same 
strain 

Salvador 
(Sal1) 

SRR8452526 
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E07   Asexual_Mixed PRJNA515743
_Guna19 

Same 
strain 

Salvador 
(Sal1) 

SRR8452527 

E07   Asexual_Mixed PRJNA515743
_Guna19 

Same 
strain 

Salvador 
(Sal1) 

SRR8452528 

E07   Asexual_Mixed PRJNA515743
_Guna19 

Same 
strain 

Salvador 
(Sal1) 

SRR8452529 

E08 Infected 
Songkhla 
1 Day 7 

Oocyst   Two 
separate 
locations 

Thailand _ 
Songkhla 

SRR10106503 

E08 Infected 
Yala Day 
7 

Oocyst   Two 
separate 
locations 

Thailand _ 
Yala 

SRR10106504 

E08 Infected_2 
18h 
Songkhla 

Ookinete   Two 
separate 
locations 

Thailand _ 
Songkhla 

SRR10149834 

E08 Infected_1 
18h Yala 

Ookinete   Two 
separate 
locations 

Thailand _ 
Yala 

SRR10149833 

E09 None Asexual_Schizo
nt 

  Separate 
clinical 
isolates 

Cambodia ERR1717084 

E09 None Asexual_Schizo
nt 

  Separate 
clinical 
isolates 

Cambodia ERR1717085 

E09 None Asexual_Schizo
nt 

  Separate 
clinical 
isolates 

Cambodia ERR1717086 

E09 None Asexual_Schizo
nt 

  Separate 
clinical 
isolates 

Cambodia ERR1717087 

E10 PvJBC_Ai
m V_20_1 

Asexual_Mixed PvJBC Three bio 
replicates  

Brazil _ Acre SRR10203168 

E10 PvJBC_Ai
m V_20_2 

Asexual_Mixed PvJBC Three bio 
replicates  

Brazil _ Acre SRR10203284 

E10 PvJBC_Ai
m V_36_1 

Asexual_Mixed PvJBC Three bio 
replicates  

Brazil _ Acre SRR10203176 

E10 PvJBC_Ai
m V_36_2 

Asexual_Mixed PvJBC Three bio 
replicates  

Brazil _ Acre SRR10203158 

E10 PvJBC_Ai
m V_4_1 

Asexual_Mixed PvJBC Three bio 
replicates  

Brazil _ Acre SRR10203194 

E10 PvJBC_Ai
m V_4_2 

Asexual_Mixed PvJBC Three bio 
replicates  

Brazil _ Acre SRR10203273 

E10 PvJBC_Ai
m V_4_3 

Asexual_Mixed PvJBC Three bio 
replicates  

Brazil _ Acre SRR10203254 

E10 PvJBC_D
MEM_20_
1 

Asexual_Mixed PvJBC Three bio 
replicates  

Brazil _ Acre SRR10203207 

E10 PvJBC_D
MEM_20_
2 

Asexual_Mixed PvJBC Three bio 
replicates  

Brazil _ Acre SRR10203187 

E10 PvJBC_D
MEM_36_
1 

Asexual_Mixed PvJBC Three bio 
replicates  

Brazil _ Acre SRR10203272 

E10 PvJBC_D
MEM_36_
2 

Asexual_Mixed PvJBC Three bio 
replicates  

Brazil _ Acre SRR10203253 

E10 PvJBC_D
MEM_4_1 

Asexual_Mixed PvJBC Three bio 
replicates  

Brazil _ Acre SRR10203231 

E10 PvJBC_D
MEM_4_2 

Asexual_Mixed PvJBC Three bio 
replicates  

Brazil _ Acre SRR10203230 

E10 PvJBC_D
MEM_4_3 

Asexual_Mixed PvJBC Three bio 
replicates  

Brazil _ Acre SRR10203214 

E10 PvJBC_IM
DM_20_1 

Asexual_Mixed PvJBC Three bio 
replicates  

Brazil _ Acre SRR10203266 

E10 PvJBC_IM
DM_20_2 

Asexual_Mixed PvJBC Three bio 
replicates  

Brazil _ Acre SRR10203248 

E10 PvJBC_IM
DM_36_1 

Asexual_Mixed PvJBC Three bio 
replicates  

Brazil _ Acre SRR10203215 

E10 PvJBC_IM
DM_36_2 

Asexual_Mixed PvJBC Three bio 
replicates  

Brazil _ Acre SRR10203195 

E10 PvJBC_IM
DM_4_1 

Asexual_Mixed PvJBC Three bio 
replicates  

Brazil _ Acre SRR10203196 



Reference List 
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E10 PvJBC_IM
DM_4_2 

Asexual_Mixed PvJBC Three bio 
replicates  

Brazil _ Acre SRR10203177 

E10 PvJBC_IM
DM_4_3 

Asexual_Mixed PvJBC Three bio 
replicates  

Brazil _ Acre SRR10203159 

E10 PvJBC_M
cCoy's 
5A_20_1 

Asexual_Mixed PvJBC Three bio 
replicates  

Brazil _ Acre SRR10203171 

E10 PvJBC_M
cCoy's 
5A_20_2 

Asexual_Mixed PvJBC Three bio 
replicates  

Brazil _ Acre SRR10203152 

E10 PvJBC_M
cCoy's 
5A_36_1 

Asexual_Mixed PvJBC Three bio 
replicates  

Brazil _ Acre SRR10203280 

E10 PvJBC_M
cCoy's 
5A_36_2 

Asexual_Mixed PvJBC Three bio 
replicates  

Brazil _ Acre SRR10203232 

E10 PvJBC_M
cCoy's 
5A_4_1 

Asexual_Mixed PvJBC Three bio 
replicates  

Brazil _ Acre SRR10203281 

E10 PvJBC_M
cCoy's 
5A_4_2 

Asexual_Mixed PvJBC Three bio 
replicates  

Brazil _ Acre SRR10203233 

E10 PvJBC_M
cCoy's 
5A_4_3 

Asexual_Mixed PvJBC Three bio 
replicates  

Brazil _ Acre SRR10203216 

E10 PvMRMS_
Aim 
V_20_1 

Asexual_Mixed PvMRMS Three bio 
replicates  

Brazil _ Acre SRR10203169 

E10 PvMRMS_
Aim 
V_20_2 

Asexual_Mixed PvMRMS Three bio 
replicates  

Brazil _ Acre SRR10203150 

E10 PvMRMS_
Aim 
V_36_1 

Asexual_Mixed PvMRMS Three bio 
replicates  

Brazil _ Acre SRR10203223 

E10 PvMRMS_
Aim 
V_36_2 

Asexual_Mixed PvMRMS Three bio 
replicates  

Brazil _ Acre SRR10203229 

E10 PvMRMS_
Aim 
V_4_1 

Asexual_Mixed PvMRMS Three bio 
replicates  

Brazil _ Acre SRR10203175 

E10 PvMRMS_
Aim 
V_4_2 

Asexual_Mixed PvMRMS Three bio 
replicates  

Brazil _ Acre SRR10203156 

E10 PvMRMS_
Aim 
V_4_3 

Asexual_Mixed PvMRMS Three bio 
replicates  

Brazil _ Acre SRR10203271 

E10 PvMRMS_
Aim V_44 
DNA 
high_1 

Asexual_Mixed PvMRMS Three bio 
replicates  

Brazil _ Acre SRR10203179 

E10 PvMRMS_
Aim V_44 
DNA 
high_2 

Asexual_Mixed PvMRMS Three bio 
replicates  

Brazil _ Acre SRR10203225 

E10 PvMRMS_
Aim V_44 
DNA 
low_1 

Asexual_Mixed PvMRMS Three bio 
replicates  

Brazil _ Acre SRR10203164 

E10 PvMRMS_
Aim V_44 
DNA 
low_2 

Asexual_Mixed PvMRMS Three bio 
replicates  

Brazil _ Acre SRR10203278 

E10 PvMRMS_
DMEM_20
_1 

Asexual_Mixed PvMRMS Three bio 
replicates  

Brazil _ Acre SRR10203264 

E10 PvMRMS_
DMEM_20
_2 

Asexual_Mixed PvMRMS Three bio 
replicates  

Brazil _ Acre SRR10203245 

E10 PvMRMS_
DMEM_36
_1 

Asexual_Mixed PvMRMS Three bio 
replicates  

Brazil _ Acre SRR10203213 
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E10 PvMRMS_
DMEM_36
_2 

Asexual_Mixed PvMRMS Three bio 
replicates  

Brazil _ Acre SRR10203193 

E10 PvMRMS_
DMEM_4_
1 

Asexual_Mixed PvMRMS Three bio 
replicates  

Brazil _ Acre SRR10203212 

E10 PvMRMS_
DMEM_4_
2 

Asexual_Mixed PvMRMS Three bio 
replicates  

Brazil _ Acre SRR10203252 

E10 PvMRMS_
IMDM_20
_1 

Asexual_Mixed PvMRMS Three bio 
replicates  

Brazil _ Acre SRR10203205 

E10 PvMRMS_
IMDM_20
_2 

Asexual_Mixed PvMRMS Three bio 
replicates  

Brazil _ Acre SRR10203185 

E10 PvMRMS_
IMDM_36
_1 

Asexual_Mixed PvMRMS Three bio 
replicates  

Brazil _ Acre SRR10203270 

E10 PvMRMS_
IMDM_36
_2 

Asexual_Mixed PvMRMS Three bio 
replicates  

Brazil _ Acre SRR10203251 

E10 PvMRMS_
IMDM_4_
1 

Asexual_Mixed PvMRMS Three bio 
replicates  

Brazil _ Acre SRR10203192 

E10 PvMRMS_
IMDM_44 
DNA 
high_1 

Asexual_Mixed PvMRMS Three bio 
replicates  

Brazil _ Acre SRR10203170 

E10 PvMRMS_
IMDM_44 
DNA 
high_2 

Asexual_Mixed PvMRMS Three bio 
replicates  

Brazil _ Acre SRR10203151 

E10 PvMRMS_
IMDM_44 
DNA 
high_3 

Asexual_Mixed PvMRMS Three bio 
replicates  

Brazil _ Acre SRR10203265 

E10 PvMRMS_
IMDM_44 
DNA 
low_1 

Asexual_Mixed PvMRMS Three bio 
replicates  

Brazil _ Acre SRR10203237 

E10 PvMRMS_
IMDM_44 
DNA 
low_2 

Asexual_Mixed PvMRMS Three bio 
replicates  

Brazil _ Acre SRR10203220 

E10 PvMRMS_
IMDM_44 
DNA 
low_3 

Asexual_Mixed PvMRMS Three bio 
replicates  

Brazil _ Acre SRR10203200 

E10 PvMRMS_
McCoy's 
5A_20_1 

Asexual_Mixed PvMRMS Three bio 
replicates  

Brazil _ Acre SRR10203279 

E10 PvMRMS_
McCoy's 
5A_20_2 

Asexual_Mixed PvMRMS Three bio 
replicates  

Brazil _ Acre SRR10203282 

E10 PvMRMS_
McCoy's 
5A_36_1 

Asexual_Mixed PvMRMS Three bio 
replicates  

Brazil _ Acre SRR10203174 

E10 PvMRMS_
McCoy's 
5A_36_2 

Asexual_Mixed PvMRMS Three bio 
replicates  

Brazil _ Acre SRR10203155 

E10 PvMRMS_
McCoy's 
5A_4_1 

Asexual_Mixed PvMRMS Three bio 
replicates  

Brazil _ Acre SRR10203228 

E10 PvMRMS_
McCoy's 
5A_4_2 

Asexual_Mixed PvMRMS Three bio 
replicates  

Brazil _ Acre SRR10203211 

E10 PvMRMS_
McCoy's 
5A_44 
DNA 
high_1 

Asexual_Mixed PvMRMS Three bio 
replicates  

Brazil _ Acre SRR10203208 

E10 PvMRMS_
McCoy's 

Asexual_Mixed PvMRMS Three bio 
replicates  

Brazil _ Acre SRR10203188 
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5A_44 
DNA 
high_2 

E10 PvMRMS_
McCoy's 
5A_44 
DNA 
low_1 

Asexual_Mixed PvMRMS Three bio 
replicates  

Brazil _ Acre SRR10203260 

E10 PvMRMS_
McCoy's 
5A_44 
DNA 
low_2 

Asexual_Mixed PvMRMS Three bio 
replicates  

Brazil _ Acre SRR10203241 

E10 PvTCF_Ai
m V_20_1 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203203 

E10 PvTCF_Ai
m V_20_2 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203183 

E10 PvTCF_Ai
m V_36_1 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203267 

E10 PvTCF_Ai
m V_36_2 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203249 

E10 PvTCF_Ai
m V_4_1 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203209 

E10 PvTCF_Ai
m V_4_2 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203189 

E10 PvTCF_Ai
m V_44 
DNA 
high_1 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203268 

E10 PvTCF_Ai
m V_44 
DNA 
high_2 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203263 

E10 PvTCF_Ai
m V_44 
DNA 
high_3 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203244 

E10 PvTCF_Ai
m V_44 
DNA 
low_1 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203161 

E10 PvTCF_Ai
m V_44 
DNA 
low_2 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203275 

E10 PvTCF_Ai
m V_44 
DNA 
low_3 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203256 

E10 PvTCF_Ai
m V_72 
DNA 
high_1 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203219 

E10 PvTCF_Ai
m V_72 
DNA 
high_2 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203199 

E10 PvTCF_Ai
m V_72 
DNA 
mid_1 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203236 

E10 PvTCF_Ai
m V_72 
DNA 
mid_2 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203240 

E10 PvTCF_D
MEM_20_
1 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203257 

E10 PvTCF_D
MEM_20_
2 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203222 
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E10 PvTCF_D
MEM_36_
1 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203172 

E10 PvTCF_D
MEM_36_
2 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203153 

E10 PvTCF_D
MEM_4_1 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203190 

E10 PvTCF_D
MEM_4_2 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203226 

E10 PvTCF_D
MEM_44 
DNA 
high_1 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203149 

E10 PvTCF_D
MEM_44 
DNA 
low_1 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203218 

E10 PvTCF_D
MEM_44 
DNA 
low_2 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203198 

E10 PvTCF_D
MEM_44 
DNA 
low_3 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203180 

E10 PvTCF_D
MEM_72 
DNA 
low_1 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203160 

E10 PvTCF_D
MEM_72 
DNA 
low_2 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203274 

E10 PvTCF_D
MEM_72 
DNA 
mid_1 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203163 

E10 PvTCF_D
MEM_72 
DNA 
mid_2 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203277 

E10 PvTCF_D
MEM_72 
DNA 
mid_3 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203259 

E10 PvTCF_IM
DM_20_1 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203166 

E10 PvTCF_IM
DM_20_2 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203148 

E10 PvTCF_IM
DM_36_1 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203201 

E10 PvTCF_IM
DM_36_2 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203227 

E10 PvTCF_IM
DM_4_1 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203173 

E10 PvTCF_IM
DM_4_2 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203154 

E10 PvTCF_IM
DM_44 
DNA 
high_1 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203157 

E10 PvTCF_IM
DM_44 
DNA 
high_2 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203283 

E10 PvTCF_IM
DM_44 
DNA 
high_3 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203247 

E10 PvTCF_IM
DM_44 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203181 
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DNA 
low_1 

E10 PvTCF_IM
DM_44 
DNA 
low_2 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203162 

E10 PvTCF_IM
DM_44 
DNA 
low_3 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203276 

E10 PvTCF_IM
DM_72 
DNA 
high_1 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203184 

E10 PvTCF_IM
DM_72 
DNA 
high_2 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203165 

E10 PvTCF_IM
DM_72 
DNA 
high_3 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203147 

E10 PvTCF_IM
DM_72 
DNA 
low_1 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203234 

E10 PvTCF_IM
DM_72 
DNA 
low_2 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203238 

E10 PvTCF_IM
DM_72 
DNA 
mid_1 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203255 

E10 PvTCF_IM
DM_72 
DNA 
mid_2 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203224 

E10 PvTCF_IM
DM_72 
DNA 
mid_3 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203204 

E10 PvTCF_M
cCoy's 
5A_20_1 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203262 

E10 PvTCF_M
cCoy's 
5A_20_2 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203243 

E10 PvTCF_M
cCoy's 
5A_36_1 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203210 

E10 PvTCF_M
cCoy's 
5A_36_2 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203191 

E10 PvTCF_M
cCoy's 
5A_4_1 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203269 

E10 PvTCF_M
cCoy's 
5A_4_2 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203250 

E10 PvTCF_M
cCoy's 
5A_44 
DNA 
high_1 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203206 

E10 PvTCF_M
cCoy's 
5A_44 
DNA 
high_2 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203186 

E10 PvTCF_M
cCoy's 
5A_44 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203167 
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DNA 
high_3 

E10 PvTCF_M
cCoy's 
5A_44 
DNA 
low_1 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203235 

E10 PvTCF_M
cCoy's 
5A_44 
DNA 
low_2 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203258 

E10 PvTCF_M
cCoy's 
5A_44 
DNA 
low_3 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203239 

E10 PvTCF_M
cCoy's 
5A_72 
DNA 
high_1 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203221 

E10 PvTCF_M
cCoy's 
5A_72 
DNA 
high_2 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203202 

E10 PvTCF_M
cCoy's 
5A_72 
DNA 
high_3 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203182 

E10 PvTCF_M
cCoy's 
5A_72 
DNA 
low_1 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203217 

E10 PvTCF_M
cCoy's 
5A_72 
DNA 
low_2 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203197 

E10 PvTCF_M
cCoy's 
5A_72 
DNA 
low_3 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203178 

E10 PvTCF_M
cCoy's 
5A_72 
DNA 
mid_1 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203246 

E10 PvTCF_M
cCoy's 
5A_72 
DNA 
mid_2 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203261 

E10 PvTCF_M
cCoy's 
5A_72 
DNA 
mid_3 

Asexual_Mixed PvTCF Three bio 
replicates  

Brazil _ Acre SRR10203242 

Table 8.1 – RNAseq read files of P. vivax and which were combined for de novo 
transcriptome assembly.  
Files with the same name in the ‘Concatenated Files’ column were all combined 
before assembly construction, with ‘Rationale’ detailing the reasons why these 
samples were concatenated together. If the ‘Concatenated Files’ cell is blank for a 
given read sample, then that read file was used alone for assembly construction. 
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