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ABSTRACT 
 
 
 

 
Title of Thesis: THEILERIA PARVA GENOMICS, 

TRANSCRIPTOMICS, AND HOST-PATHOGEN 
INTERACTIONS  

  
 Kyle Tretina, Doctor of Philosophy in Molecular 

Microbiology and Immunology, 2016 
  
Thesis Directed By: Dr. Joana C. Silva, University of Maryland 

School of Medicine 
 
 

Intracellular pathogens have evolved intricate mechanisms to subvert host 
signaling pathways and ensure their own propagation. The protozoan parasite Theileria 
parva infects bovine lymphocytes, induces host cell proliferation, and synchronously 
divides with it, segregating into both host daughter cells. Since an accurate compendium 
of parasite gene structures is critical to understanding the unique biology of this parasite, 
we used the first RNAseq dataset generated for the schizont parasite life cycle stage and 
significantly updated the annotation of the parasite genome. This more accurate 
annotation informed valuable insights into parasite transcriptional gene regulation, which 
could be valuable to future re-annotation and basic biology research. In order to leverage 
these data toward investigating host-pathogen interactions, we used transcriptomics, 
comparative genomics, and surface plasmon resonance to discover that a key enzyme in 
isoprenoid biosynthesis in T. parva, TpGcpE, also moonlights as a host mitogen by 
binding to host tumor suppressor retinoblastoma-1 (RB). We show in vitro that TpGcpE 
impedes binding of endogenous epigenetic regulators to RB. We show that the TpGcpE-
RB interaction also prevents RB complexes from repressing both E2F transcription factor 
activity and downstream host proliferation ex vivo. The pleiotropic role of GcpE has 
enabled the evolution host cell transformation in the phylum Apicomplexa, a path 
uniquely followed by the transforming Theileria species.  
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Preface 
 

In the time-honored tradition of graduate students attempting to capture years of toil and 
growth into a single collection of chapters, here is my thesis document. The topic of this research 
is something that I feel passionate about, a disease of cattle in a large swathe of sub-Saharan 
Africa called East coast fever (ECF) caused by the parasite Theileria parva. This disease has 
economic effects for many people in endemic regions that depend on their cattle to survive. The 
unique cancer-like phenotypes in infected cells also drew me in, given my background in viral 
transformation and bone marrow transplant immunology, and I wanted to look into how these 
phenotypes occur. Looking for a solid training in bioinformatics, genomics, and transcriptomics, 
I was fortunate to be able to work with the impressive group at the Institute for Genome Sciences 
(IGS). The overall goal of this project was to leverage the first RNAseq dataset ever generated 
for this parasite to re-annotate the parasite genome, and then use this updated annotation to 
provide insight into parasite gene regulation and virulence. A significant tool for accomplishing 
this was the improved use of comparative genomics, using methods developed at the IGS. This 
approach to parasitology is particularly powerful for parasites where there are no established 
genetic systems, and fewer pathogen-specific experimental tools, such as T. parva, and allowed 
us to define a novel mechanism that the parasite uses to transform its host cell. 
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List of Abbreviations 
 
Autophagy: a process whereby cells degrade intracellular components in order to promote their 
own survival in response to cellular stress. 
 
Bromodeoxyuridine (BrdU): a synthetic nucleoside that is an analog of thymidine, and is 
commonly used in the detection of proliferating cells in living tissues. 
 
Classical dendritic cells: leukocytes that sense tissue injury, capture antigens and present those 
antigens to T lymphocytes to induce immunity to foreign antigens and enforce tolerance to self-
antigens. 
 
Eukaryotic Cluster of Orthologous genes (KOG): a set of genes with sequence similarity to 
each other at or above a pre-defined threshold, and which are presumed to be related by 
orthology. 
 
Eukaryotic Linear Motifs (ELM): linear protein sequence patterns found in eukaryotic proteins 
and having known functions in eukaryotic cells. 
 
E2F Dimerization Partner (DP): proteins that bind to E2F transcription factors and regulate 
their transcription factor activity. 
 
Frequently Associated in Theileria (FAINT) domains: a Theileria-specific protein domain of 
unknown function, but high prevalence within Theileria. 
 
Fas Ligand: a protein that binds the Fas receptor and induces apoptosis upon binding, a 
mechanism used by cytotoxic T lymphocytes to induce apoptosis in target cells. 
 
Histone Deacetylase 1 (HDAC1): a gene that encodes a protein which is an enzyme that 
removes acetyl groups from lysine amino acids on histones, allowing the histones to wrap the 
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Hypoxia inducible factor 1α (HIF-1α): a transcription factor that regulates the cellular response 
to low oxygen conditions by activating the transcription of genes involved in energy metabolism, 
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IκB Kinase complex (IKK complex): an enzyme complex consisting of three monogenic 
protein subunits (α, β, γ) that catalyzes the specific phosphorylation of the inhibitory IκB-α 
protein. IκB-α phosphorylation causes the dissociation of IκB-α from NFκB, which then 
migrates to the nucleus and activates gene expression.  
 
Interferon γ (IFN-γ): a cytokine produced mostly by T cells and natural killer cells that has anti-
proliferative, immunoregulatory and pro-inflammatory activity during host defense. 
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Tumor growth factor β (TGF-β): a cytokine that is secreted by many cell types and regulates 
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Tumor necrosis factor α  (TNF-α): a cytokine produced by many immune and epithelial cell 
types that plays a central role in systemic inflammation, apoptosis, and immune system 
development. 
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 1 

Chapter 1: Theileria-transformed bovine leukocytes have cancer hallmarks 1  

 

Abstract 

The genus Theileria includes tick-transmitted apicomplexan parasites of ruminants with 

substantial economic impact in endemic countries. Some species, including Theileria parva and 

Theileria annulata, infect leukocytes where they induce phenotypes that are shared with some 

cancers, most notably immortalization, hyper-proliferation and dissemination. Despite 

considerable research into the affected host signaling pathways, parasite proteins directly 

responsible for these host phenotypes remain unknown. In this review, we outline current 

knowledge on the manipulation of host cells by transformation-inducing Theileria and we 

propose that comparisons between cancer biology and host-Theileria interactions can reveal 

chemotherapeutic targets against Theileria-induced pathogenesis based on cancer treatment 

approaches. 

 

Theileria-induced bovine immune cell transformation 

Out of the estimated 1.2 - 10 million species in the phylum Apicomplexa, only ~6000 

have been described [1]. Almost all are intracellular parasites of vertebrate and invertebrate 

hosts, and yet the degree of diversity amongst these species is astounding. They have complex 

life cycles with diverse morphologies and are distributed over much of the globe. A member of 

                                                
1 This chapter is based on material from this review: Tretina K, Gotia HW, Mann DJ, Silva JC: 
Theileria-transformed bovine leukocytes have cancer hallmarks. Trends in Parasitolgy 2015, 
31(7):8. 
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the Hematozoa class, the genus Theileria includes tick-transmitted parasites of wild and 

domestic ruminants. Despite the fact that parasites in this genus cause a substantial economic 

burden, little is known about their unique biology (Box 1.1). A single species, Theileria parva, is 

responsible for >1 million cattle deaths per year in sub-Saharan Africa, at a cost of >US$300 

million [2]. The United States government’s Feed the Future initiative [3] and the reformed 

Committee on World Food Security [4] have focused on reducing poverty and eliminating 

hunger from the world. In the wake of these renewed efforts, there has been a considerable boost 

in funding aimed at curbing the impact of T. parva in sub-Saharan Africa.   

 

Box 1.1. Outstanding questions and potential experimental approaches to address them. 
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Theileria parasites have several characteristics that make them unique among the known 

apicomplexa (Figure 1.1). During tick feeding, sporozoites are inoculated into the blood and 

infect white blood cells where they develop into schizonts [5]. Unlike many apicomplexans, 

Theileria resides free in the host cytosol instead of a inside a parasitophorous vacuole. During 

host cell mitosis, the schizonts bind to the host mitotic spindle, ensuring segregation into both 

daughter cells with great efficiency in order to maintain the infection rate [6].  

 

 

 

 

 

 

 

 

 

 

Figure 1.1.  The life cycle of transformation-inducing Theileria.  

Parasites in the genus Theileria are dixenic. The definitive host is a tick (Rhipicephalus for T. 

parva and Hyalomma for T. annulata), which ingests piroplasms from the blood of an infected 

bovine host.  Tick feeding can occur over 4-5 days, but engorgement happens over a 24-hour 

period. Even though the tick ingests millions of infective piroplasms, only a small fraction will 

survive to undergo sexual reproduction and be transmitted to the next host. Ingested piroplasms 
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that survive in the presence of gut digestive enzymes and microbiota develop into micro- and 

macrogametes in the gut lumen, where syngamy and, therefore, meiotic recombination occurs. 

Theileria zygotes then must evade tick phagocytic cells and invade basal lamina epithelial cells, 

where they differentiate into the complex and motile kinete stage. During the molting of the tick, 

the kinete stage migrates to the salivary glands and selectively enters certain salivary gland 

acinar cells. Proliferation results in a sporoblast syncytium, which, upon segmentation, forms the 

bovine-infective sporozoite stage. Tick feeding typically occurs on the bovine head, where the 

tick inoculates the bovine host blood with sporozoites that infect varying subsets of leukocytes, 

depending on the Theileria species –characteristically all lymphocytes for T. parva, and 

macrophages, B cells and dendritic cells for T. annulata. In these cells, the Theileria sporozoites 

develop into multinucleated schizonts. Infected bovine leukocytes then migrate to the draining 

parotid lymph node, where they clonally proliferate and disseminate into various host tissues. 

This is generally believed to be the most pathogenic stage of the transformation-inducing 

Theileria life cycle. Upon some signal (temperature increase for T. annulata and an unknown 

signal for T. parva), the schizont will undergo cytokinesis and develop into the uni-nucleate 

merozoite stage, which is infective to bovine red blood cells (RBCs). Presumably, the parasite 

then induces apoptosis of the host cell, and the merozoites are released into the blood stream, 

invade new RBCs and develop again into multinucleated tick-infective piroplasms.  

 

With the fates of parasite and host cell closely intertwined, some Theileria species have 

evolved mechanisms to induce proliferation, immortalization and dissemination of the host cell 

[7], arguably the phenotypes that most define cancer. In this review, when discussing Theileria 
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parasites, we are only referring to transformation-inducing species in their cattle hosts (see 

Glossary). The most thoroughly studied are T. parva, which transforms bovine B and T 

lymphocytes, and T. annulata, which transforms macrophages, dendritic cells and B cells [8]. 

Transformation in both cases is induced during the schizont stage (Figure 1.1). Both T. parva and 

T. annulata transform B cells, but whether or not the mechanism of host cell transformation is 

the same in both species remains to be established. Unfortunately, many relevant studies to date 

used only one or the other of these species; therefore, several comparative genomic studies have 

assumed the mechanism of host cell transformation to be the same [9-11]. Here we follow the 

same premise. T. parva and T. annulata are likely to have co-evolved with different buffalo 

species (Syncerus caffer for T. parva and Bubalus bubalis for T. annulata), since these ruminant 

species appear to host the most diverse parasite populations and are not known to succumb to 

disease upon infection [12]. However, if left untreated, these parasites can kill susceptible cattle 

in less than three weeks, with a mortality that approaches 80% in some areas [13]. The 

conversion of Theileria schizont-infected cells into immortal cell lines depends on acquired 

characteristics that are remarkably similar to those exhibited by some cancerous cells, such as 

immune evasion and resistance to apoptosis. Each of these characteristics provides an 

opportunity for the development and use of cancer therapies for treating Theileria infections, and 

possibly a better understanding of the molecular interactions underlying these phenotypes. The 

goal of this review is to outline what is known about host cell manipulation by the 

transformation-inducing Theileria in the context of hallmarks of infection that are shared with 

many cancers [14].  
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Phenotypes of Theileria-infected immune cells share with cancer cells 

 Despite many well-characterized differences among them, all cancer types share a 

defined set of phenotypes [14]. Several of these properties are also observed during Theileria 

infection. 

 

Mechanisms of Theileria-induced proliferative signaling 

Theileria-induced transformation leads to activation of nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-κB)-dependent proliferative signaling. NF-κB regulates a 

multitude of biological processes and is ubiquitously activated in hematological malignancies 

[15, 16]. Pattern recognition receptors can also activate NF-κB to induce in vivo antimicrobial 

programs that are critical for innate and adaptive immunity [17], and many pathogens have the 

ability to suppress NF-κB signaling [18, 19]. The IkB kinase (IKK) complex activates NF-κB 

and Theileria schizonts have been shown to constitutively activate the IKK complex on their cell 

surface, possibly by trans-auto-phosphorylation [20]. Consequently, investigations into the 

mechanisms by which Theileria parasites manage to evade the immunostimulatory effects of NF-

κB signaling provide an opportunity to discover novel therapeutics against Theileria infection. 

 Most healthy cells require a growth signal in order to undergo mitotic division as a 

mechanism to prevent inappropriate proliferation. For example, the multiplication of mature, 

naïve lymphocytes is largely regulated by antigen receptor stimulation as well as a second, co-

stimulatory signal [21]. While bovine leukocytes transformed by T. parva [22-24], but not by T. 

annulata [25, 26], can produce interferon γ (IFN-γ) and interleukin 2 (IL-2), both produce and 

respond to tumor necrosis factor α (TNF-α) [27, 28]. However, it has been suggested that some 
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Theileria-transformed cell lines may grow independently of growth factors [15]. Cancer cells 

have been shown to achieve growth factor independence by (i) producing growth factor ligands 

themselves; (ii) sending stimulatory signals to nearby cells that provide growth factor ligands in 

return; (iii) becoming hyper-responsive to otherwise limiting levels of growth factor ligands; or 

(iv) constitutively activating downstream signaling pathways of a growth factor receptor [14]. A 

comparison of cell cycle-regulated genes between cancer and normal tissues revealed significant 

differences in proliferation programs and potential drug targets [16]. Since these proliferation 

genes are cell-cycle regulated, a genome-wide transcriptome analysis of cell cycle-synchronized 

Theileria-infected cells and uninfected cells could provide an initial list of host or parasite genes 

that may play a role in Theileria-induced hyper-proliferation. 

Several other pathways are involved in the proliferative signaling of Theileria-

transformed cells, although a direct link to a single parasite molecule has not been shown. These 

have been extensively reviewed elsewhere [20] and include mitogen-activated protein kinases, 

src family kinases, casein kinase-2, phosphatidylinositide 3-kinase, as well as miRNA 

deregulation [29]. These other cancer-related affected pathways may also yield alternative 

chemotherapies to Theileria infection. For example, T. annulata was recently shown to secrete a 

prolyl isomerase called TaPIN1 that interacts with host ubiquitin ligase FBW7, which promotes 

host proliferation by stabilizing the transcription factor c-JUN [30]. Delineating the mechanisms 

by which the parasite manipulates these pathways and how they affect pathogenesis will be a 

critical aspect to understanding Theileria host–pathogen interactions. 
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Theileria-induced replicative immortality 

A very distinctive and enigmatic phenotype of Theileria-transformed cells is that they can 

be cultured in vitro indefinitely, just like any standard established cell line [17]. This in vitro 

phenotype may play a role in persistence in vivo, since host survival during a natural infection or 

vaccination of cattle with a live T. parva or T. annulata vaccine induces a carrier state in the 

recipient, raising some cautionary notes regarding the potential spread of these parasite stocks 

associated with the movement of vaccinated cattle [18]. 

Most primary cells will rapidly die in culture due in part to the gradual shortening of 

telomeres with each cell division. Approximately 85% of cancers surmount this barrier by 

increasing the activity of telomerase [19], a reverse transcriptase that enzymatically elongates 

telomeres de novo. Mechanisms of telomerase-dependent immortalization have been the target of 

intense study in the cancer research community. Telomerase inhibitors effectively restrict T. 

parva-induced transformation [31]. Recent work has shown that human telomerase, hTERT, can 

bind to the p65 NF-κB subunit and direct it to a subset of NF-κB promoters to initiate the 

transcription of a number of genes including hTERT [32]. It is, therefore, tempting to speculate 

that constitutive activation of the IKK complex by Theileria parasites could induce a similar 

positive feedback on the expression of bovine telomerase, bTERT. A bTERT-targeted vaccine 

against Theileria infection is also an intriguing possibility, since hTERT has been the target of 

vaccine trials for human cancers [33]. However, bTERT was not reported to be differentially 

expressed during infection of bovine B-lymphosarcoma cells by T. annulata [34, 35], indicating 

that Theileria transformation may use an alternative mechanism to lengthen telomeres, or that 

existing telomerase may be hyper-activated. 
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Activation of invasion and metastasis 

 Theileria-transformed host cells home to the draining lymph node where they proliferate 

and disseminate into various organs, causing lymph node swelling, fever, anorexia, and frothy 

nasal discharge. In fact, pulmonary edema is often the cause of death for cattle infected with 

Theileria [13, 36]. T. annulata-infected macrophages invade tissues via an amoeboid invasion 

mechanism [37], for which matrix metalloproteinase 9 (MMP-9), transforming growth factor β 

(TGF-β), and TNF-α are essential [27, 38, 39]. Theileria parasites have been shown to have a 

close association with host microtubules, which play a critical role in metastasis [40]. T. 

annulata recruits end binding protein 1, a critical component of host microtubule regulation, to 

its cell surface via interactions with T. annulata polymorphic piroplasm antigen, p104 [41]. The 

T. annulata proteins TaSE (T. annulata secretory protein) [42] and the conserved 

glycosylphosphatidylinositol-anchored protein gp34 [43] also localize to host microtubules, 

although the precise roles of these proteins are not yet well understood.  

Recent developments in genome-scale technologies have led to the description of human 

metastasis suppressor genes with potential for therapy targeting [44]. Standard cancer cell 

invasion assays are well suited for investigating the role of the bovine orthologs of these genes in 

Theileria-induced pathogenesis [37] or for the discovery of new metastasis suppressor genes by 

comparing infected bovid cells that are resistant or susceptible to Theileria pathogenesis [45]. 

 

De-regulation of cellular energetics 

Metabolism is a key regulator of leukocyte function and fate, with functionally different 

cell subsets having distinct biosynthetic and energy requirements [46] that might be relevant to 
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the manipulation of host cells by Theileria [47]. Theileria parasites are prototrophic for only 3 of 

the 20 amino acids [48], and the acquisition of other metabolites from the cytosol depletes 

nutrients from the host. T. annulata schizonts also induce a Warburg effect in host cells, defined 

by a shift in ATP generation from predominantly oxidative phosphorylation to glycolysis [49]. 

This metabolic switch is associated with a deregulation in the concentration of reactive oxygen 

species (ROS) and activation of the protein hypoxia-inducible factor 1α (HIF-1α) [50]. This may 

represent the need of the host cell to survive despite nutrient depletion by the parasite, or active 

manipulation by the parasite to bolster host cell proliferation. The targeting of ROS, HIF-1α, or 

glycolysis in T. annulata-transformed cells reverses this effect, just like in certain cancers [51, 

52]. In some cancers, genetic alterations in the genes TP53, MYC and PI3K play a role in the 

induction of a Warburg effect [53,54]. Since these host proteins are manipulated by Theileria 

parasites, they provide starting points for further study of the Warburg effect during infection.  

Cells can survive metabolic stress by the induction of autophagy, a process which not 

only allows degradation and recycling of cellular components, but also leads to signaling that 

inhibits cell death, inflammation and DNA damage [54]. However, autophagy could result in the 

clearance of Theileria parasites from the host cytosol [55]. Since defects in autophagy have been 

associated with increased tumorigenesis in some cancers [54], determining how Theileria 

parasites avoid autophagic clearance, perhaps by directly blocking autophagy [55], without 

inducing metabolic stress-induced cell death could provide key insights into the co-regulation of 

autophagy and metabolism. 
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Inhibition of cell death in Theileria-infected cells 

 A critical strategy that many intracellular protozoan parasites use to ensure advancement 

into the next stage of their life cycle, as well as transmission between hosts, is to block apoptosis 

of the infected host cell, prolonging its life [56]. Theileria schizonts induce anti-apoptotic 

proteins such as cellular FLICE-like inhibitory protein (cFLIP) and cellular inhibitor of apoptosis 

proteins (cIAPs) [20] by activating host IKK complexes [57] and up-regulating or maintaining 

high c-MYC expression [34, 58]. Theileria can also inhibit host pro-apoptotic signaling by 

sequestering host p53 [59] on their cell surface via unknown receptor(s). T. parva infection also 

confers resistance to Fas/FasL-induced apoptosis [60], which might be critical for the evasion of 

cytotoxic T lymphocytes (CTLs) [61] and activation-induced cell death [62]. Investigations into 

how Theileria parasites evade activation-induced cell death and CTL-mediated killing could lead 

to insights that improve vaccine development and therapeutics for protection against many 

pathogens and some cancers [63]. 

 

Immune evasion and inflammation in Theileria-infected cells 

Despite Theileria immune evasion, live vaccines against Theileria parasites have had 

some success. Vaccinations with cocktails of live parasites can provide reasonable cross-

protection against disease [64]. For T. parva [65] and T. annulata infection [66], there is 

evidence that major histocompatibility complex I (MHC I) restricted CD8+ T cells mediate 

protective immune responses. Antigen variation is thought to play a role in immune evasion at 

the population level, inducing a very restricted CTL response [67, 68].  
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Immune evasion may also involve modulation of the host immune response.  Even 

though possible molecular mechanisms are unclear, some patterns are emerging. T. annulata-

infected bovine macrophages down-regulate some macrophage markers and lose functions such 

as Fc-mediated phagocytosis and production of antimicrobial molecules, including nitric oxide 

and TNF-α [69]. They also up-regulate a number of cytokines that are known to play a critical 

role in immune responses against parasites [70, 71]. However, there is evidence that 

inflammatory cytokine production (e.g. IFN-γ) is somehow delayed by the parasite in vivo until 

after schizont development, when signaling is not as effective [72]. This may be one reason why 

T. annulata is not cleared by a Th1 response, even though this is typically the case for other 

macrophage-resident protozoan infections [71, 73]. 

While T. annulata-infected macrophages are efficient antigen-presenting cells [74], they 

are also able to induce memory-independent proliferation of autologous αβ and γδ T cells from 

naïve donors in vitro in a manner similar to a super-antigen [75]. During in vivo T. annulata 

infection, activated T cells migrate from the lymph nodes to the efferent lymph, where an anti-

parasite response is not required, and down-regulate CD2, a critical adhesion molecule for 

cytolytic activity [76]. Unlike T. parva, and perhaps due to this misdirected T cell response, it 

has not been possible to isolate T. annulata-specific T-cell lines from infected cattle [73]. 

 T. parva-infected lymphocytes can also up-regulate a number of immunoregulatory 

molecules, including IFN-γ and IL-2, both of which improve the transformation efficiency of 

host lymphocytes [23, 24]. Since MHC I is essential for T. parva invasion of bovine lymphocytes 

[77] and IFN-γ is known to up-regulate MHC I [78], the expression of IFN-γ is an apparent 

mechanism by which the parasite can increase the susceptibility of circulating lymphocytes to 
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infection, and proliferative cytokines likely aid the division of parasitized cells. However, 

cytokine profiles often vary among T. parva-infected bovine T cell clones [79]. One cytokine 

that has been consistently associated with T. parva infection is IL-10, which may have 

significant immunoregulatory roles during infection [79], although these roles are not well 

defined.  

Interestingly, T. parva-parasitized cells constitutively express MHC class II (MHC II) 

molecules on their surface that have a higher molecular mass than those of uninfected cells [80]. 

Since MHC class II molecules have conserved N-linked glycosylation sites, post-translational 

modifications could play a critical, novel role in regulating immune responses to these pathogens 

[81].  

Despite the facts that T. parva infects all subsets of B and T cells with varying effects on 

the pathogenicity following infection [82], and that there is an expansive literature and taxonomy 

of T cell subsets, the effect of T. parva infection on the differentiation of infected and uninfected 

T cells in vivo is not well known. Pathogens and tumors have also been known to use other 

immune evasion strategies, such as dormancy, sequestration, failure of antigen display, and 

antigenic variation [83]. Investigations into these potential mechanisms of immune evasion in 

cattle and buffalo could lead to insights that are critical for the improvement of vaccine 

regimens.  

Differences between Theileria-infected bovine cells and cancer cells 

In contrast to the phenotypes already reviewed, Theileria-transformed bovine cell 

proliferation may lack some of the characteristics of cancer cells. Alternatively, the relevant 
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evidence may have yet to be uncovered. Two such phenotypes are the evasion of growth 

suppression and a breakdown in genomic integrity.  

 

Evasion of growth suppression 

 Most somatic cells stop proliferating at a certain density due to interactions with other 

cells, a feature called contact inhibition. Cancer cells must overcome this barrier to proliferation 

in order to grow [84]. In contrast to both normal somatic cells and many cancer cells, T. parva-

transformed lymphocytes require contact with other infected or uninfected cells in order to 

proliferate [85]. The expression levels of known regulators of contact inhibition Merlin or liver 

kinase B1 are not reportedly regulated by T. annulata during infection [34, 35], suggesting that 

Theileria-infected cells may achieve contact independence via an as-yet undiscovered 

mechanism. 

 Despite its well-known role as a growth suppressor, in some late-stage tumors TGF-β 

signaling can induce a context-dependent cellular program that enhances metastasis as a result of 

mutations that either inhibit core TGF-β signaling components, or regulate tumor suppressor 

signaling components downstream of TGF-β receptor signaling (e.g. increased MYC, decreased 

nuclear p53) [86]. T. annulata-transformed leukocytes appear to induce the latter mechanism, 

since TGF-β signaling drives metastasis while altering transcript levels of many TGF-β regulated 

genes [39], while the core signaling components have mostly unaffected expression levels [87]. 

Theileria parasites are also known to induce the expression of host MYC [34, 58] and sequester 

host p53 in the cytosol [59] to prevent host apoptosis, so these proteins may also play a role in 

regulating host cell invasiveness. 
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 Genomic integrity  

 With all of the hallmarks that Theileria transformation has in common with many kinds 

of cancers, the question remains as to whether or not these parasites actually induce cancer in 

host cells. As stated by Vogelstein and Kinzer [88], ‘Cancer is, in essence, a genetic disease’; 

consequently, in order to properly answer this question it must be resolved whether or not these 

parasites induce genomic mutations in their host. There is evidence that Theileria parasites 

impose some irreversible effects on host cells. For example, an established bovine leukemia cell 

line infected with T. annulata and then chemically cleared of the parasite exhibits some 

irreversible gene expression changes and, eventually, dies from apoptosis within a couple days 

[35,39]. The cytokine profiles of infected cells also varies considerably among T cell clones, 

even within T cell subsets [79], indicating that Theileria parasites may cause stochastic effects 

on their host cells. 

Although there are no reports of genomic instability in Theileria-transformed cells, there 

is evidence that Theileria parasites and other apicomplexans such as Cryptosporidium and 

Toxoplasma affect host DNA integrity [89]. Theileria parasites have been shown to sequester 

p53 on their surface, in the host cytosol, presumably preventing it from executing its role in 

maintaining genomic stability [59]. The p53 negative regulator mouse double minute 2 homolog 

(MDM2) is also upregulated in T. parva-infected cells [31]. In addition, infected host cells up-

regulate miR-155 upon infection, which could induce genome instability by down-regulating 

genes involved in DNA repair [90]. T. annulata transformation also up-regulates host SET and 

MYND Domain Containing 3 (SMYD3), a histone 3 lysine 4 methyltransferase that plays a role 

in transformation [38]. Methylation has been shown to have an essential role in maintaining 
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genome integrity [91], as well as tumor suppressor gene inactivation [92]. Therefore, SMYD3 

may impact host genome integrity as a result of Theileria transformation. 

Multi-gene families 

A mesmerizing question persists in the study of Theileria-host interactions: which 

parasite molecules (proteins, lipids, RNA, other) are required for, or contribute to, these cancer-

like phenotypes? Since these parasites induce an acute infection in cattle, one might expect that 

interactions with host signaling ‘hubs’ play a critical role in transformation, such as NF-κB [93]. 

Scale is a primary reason why this matter remains unresolved: while viral genomes tend to be 

~103 to 105 base pairs in size and encode tens to hundreds of genes, Theileria genomes are close 

to 107 base pairs long, and have ~4000 genes, approximately half of which still have no predicted 

function. However, evidence is slowly accruing that two secreted multi-gene families, SVSP 

(sub-telomere-encoded variable secreted protein) and TashAT (Theileria annulata schizont AT-

hook protein), play a role in host-parasite interactions.  

 The SVSP family is the largest gene family in both T. parva and T. annulata and has 

been suspected of playing a role in immune evasion, given that they are sub-telomere encoded, 

are under positive selective pressure, have extensive nucleotide and length diversity, and atypical 

codon usage [94]. Most SVSP proteins have predicted secretion signals, and 

immunofluorescence studies of an individual SVSP protein showed expression in only a small 

percentage of T. parva parasites [95], reminiscent of what has been found for other telomeric 

multi-gene families involved in immune evasion [96]. However, one has been shown to localize 

to the host nucleus, implicating a potential role in host transformation [95].   
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 TashAT-family proteins are secreted by the parasite, some of which localize to the host 

nucleus, and one has been found to alter the expression of the interferon-inducible bovine gene 

ISG15 [97]. These proteins display a high degree of sequence conservation in their DNA binding 

domains in T. annulata. These domains have not, however, been found in their T. parva 

homologs. It is unclear whether this implies a functional divergence of these proteins between T. 

parva and T. annulata, or if these domains are not functionally important for the cancer-like 

phenotypes of Theileria transformed leukocytes [94].  

 

Concluding remarks 

Theileria parasites bind the host mitotic spindle to maintain an approximately 1:1 host-to-

parasite ratio, and the proliferation of infected cells is rapid and unchecked. Therefore, it is not 

surprising that some Theileria species have evolved mechanisms to directly modify host 

signaling pathways similar to some cancers [34, 35]. We propose that each of the hallmarks that 

Theileria transformation shares with some cancer cells represents an opportunity for insights into 

host pathogenesis (Box 1.1) and potentially new therapeutic approaches for parasite infection. In 

fact, this approach is already producing results [53].  

Looking forward, investigations into Theileria-induced pathogenesis could yield insights 

into the basic biology underlying cancer hallmarks. Several characteristics of the model lend 

itself to this use (Table 1.1). In fact, the use of Theileria-transformed bovine cells to study these 

phenotypes has already begun, with Theileria-transformed bovine cells being used as a xenograft 

model in mice [98]. Using standard cancer biology assays, in vitro systems have been developed 

as well [29]. The fact that no genomic instability has been reported in infected cells may indicate 
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an absence of the confounding effects of the 99.9% bystander mutations found in most cancer 

cell lines [99]. There are Theileria parasites that vary in their pathogenic potential and host cell 

types that differ in susceptibility, providing excellent natural experiments for investigations into 

parasite-induced phenotypes. In fact, many species of Theileria do not seem to induce cancer 

hallmarks in their host cells, and hence provide an excellent opportunity for comparative 

investigations into the proliferative phenotype of host cells.  Only recently have parasite effector 

proteins been identified, with the most effective method being the screening of parasite cDNA 

libraries in bovine B-cell lines [54]. However, bioinformatics-based approaches have garnered 

recent attention [30] and will probably remain an important part of this field. Future Theileria 

research should focus on questions about each cancer hallmark exhibited by Theileria-

transformed leukocytes (Table 1.2) and take advantage of the vast trove of resources and insights 

developed by cancer biologists over the years. 
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Table 1.1. Advantages and limitations of Theileria infection as a model to study the cellular 

mechanisms that underlie cancer phenotypes 

Property of 
Theileria infection 
model 

Biological effect Experimental design  

     Advantages 

No reported 
genomic instability 

No confounding mutations 
due to lack of bystander 
mutations (usually 99.9% of 
all mutations in cancer) 

Parasite-affected pathways 
are more likely to be relevant 
to transformation and 
pathogenesis 

Entirely parasite-
dependent host 
malignancy  

All phenotypes induced by a 
defined parasite-encoded 
interactome 

Chemically cleared and 
uninfected cells can be used 
as isogenic controls 

Existence of host 
cells of varying 
degree of 
susceptibility to 
pathogenesis 

Cattle and buffalo Theileria-
transformed cells may differ 
in their cancer hallmarks 

Cattle and buffalo cells can 
be used as a comparative 
model of pathogenesis in 
vitro and in vivo 

     Limitations 

5% of human genes 
have no homologs in 
the Bos taurus 
genome 

Some molecular 
mechanisms of Theileria 
transformation may be 
bovine-specific 

The generality of all 
observations in this model 
should be investigated 

Cellular products are 
host and parasite 
derived 

Even “clearance” of 
infection results in cytosolic 
parasite cellular components 
in the host cytosol 

Careful consideration of 
reagents/antibodies/probes is 
required 
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Table 1.2. Potential chemotherapeutic targets of cancer-like phenotypes in Theileria-transformed 

leukocytes. Each hallmark of cancer that transformed leukocytes possess offers new 

chemotherapeutic options.    

Cancer hallmark Potential targets 

Proliferative signaling NF-κB or PIN1  

Enabling replicative immortality TERT  

Activating invasion and metastasis MMP-9/TNF-α  

Deregulating cell energetics HIF1α  

Evading growth suppression TGF-β  

Resisting cell death IAP  

Immune evasion and inflammation TERT vaccine 

Genomic integrity MDM2  
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Chapter 2: Re-annotation of the Theileria parva genome 

 

Introduction 

East Coast Fever (ECF) in eastern, central, and southern Africa causes an estimated loss 

of about ~1 million head of cattle yearly, equaling an economic loss of >$300M USD, impacting 

mainly smallholder farmers [100]. Cattle are the most valuable livestock possession of 

smallholder farmers in eastern, central and southern Africa. They are a source of milk, meat and 

hides, provide manure and traction in mixed crop-livestock systems, and their revenue pays for 

school fees and dowries [101, 102]. ECF is a tick-transmitted disease caused by the 

apicomplexan parasite Theileria parva. Lymphocytes infected with T. parva proliferate 

uncontrolled in the regional lymph node draining the tick bite site, and then metastasize into 

various lymphoid and non-lymphoid organs with susceptible cattle typically dying within three 

to four weeks of infection [36, 103, 104]. T. parva control is vital to food security in this region 

of the world, which is already plagued by a range of other infectious diseases of humans and 

their livestock, including malaria.  

Efficacious and affordable chemotherapeutics and vaccines are essential tools in the 

effective control of infectious disease agents [105]. A reliable structural annotation of the 

genome, consisting of the correct location of all coding sequences (CDSs), enables the 

identification, prioritization and experimental screening of potential vaccine and novel drug 

targets [106, 107]. The accurate identification of the complete proteome can greatly bolster 

microbiological studies, and brings to light metabolic processes unique to pathogens [48]. In 
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turn, a better understanding of the biology of transmission, colonization and pathogenesis, 

facilitated by the annotation, may reveal novel drug or vaccine targets [108]. Currently there is a 

lack of information outside of the CDSs, and many gene models containing only CDSs are 

supported by very little experimental evidence. RNAseq data, or data generated through deep 

sequencing of cDNA using next generation sequencing technologies, can provide an 

extraordinary level of insight into gene structure and regulation [109]. We generated here the 

first high-coverage RNAseq data for this species, with the goal of improving existing gene 

models, identification of correct start and stop codons, primary intron splice sites and 

untranslated regions (UTRs).  

 

The annotation of the Theileria parva genome is significantly improved, revealing a genome 

denser than previously thought 

The nuclear genome of the reference T. parva Muguga isolate consists of four linear 

chromosomes which are currently assembled into eight contigs (Supplemental Table 2.1): 

chromosomes 1 and 2 are assembled into a single contig each, chromosome 3 is in four contigs 

and chromosome 4 in two [9]. The current genome re-annotation was based on this assembly, on 

extensive RNAseq data (Supplemental Table 2.1; Figure 2.1), on automated annotation 

approaches and finally on the manual curation of each individual gene. The revised annotation 

resulted in many novel insights into T. parva genome organization and gene regulation, the 

evolution of multi-gene families involved in pathogenesis and genes that may play a crucial role 

in the transformation of host cells. 



 
 

 23 

 

Figure 2.1. Architecture of the Theileria parva Muguga genome and associated new 

structural annotation and RNAseq expression data.  

Data are shown for each of the 4 T. parva chromosomes. The five concentric rings, from 

outermost to innermost, represent (i) the boundaries of each contig, (ii) the deviation from the 

average GC percentage, (iii) the genes on the forward strand (green = SVSP family genes, purple 

= Tpr genes, red = TpHN genes), (iv) the genes on the reverse strand (same colors as forward), 

and (v) RNAseq coverage depth. The figure was generated using the Circleator software. 

 

 We performed a comprehensive revision of the entire T. parva genome, including 

automated structural annotation and a double-pass manual curation of each locus (Methods). 

This process resulted in the discovery of 128 new genes, 274 adjacent gene models were merged, 
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157 gene models were split, and 38 genes were replaced by new genes encoded in the reverse 

orientation (Figure 2.2). In addition, exons boundaries have been corrected in over a thousand 

genes. Overall, 83% of all nuclear genes in the original annotation were altered in some way, 

with changes made on every contig (Supplemental Table 2.1). This resulted in significant 

alterations to the proteome, with 53% of the nuclear proteins in the original annotation having 

altered amino acid sequences in the new annotation, a ~50 bp increase in average CDSs length, a 

reduction of the average length of intergenic regions by close to 100 bp and the addition of 

200,000 base pairs (or 2.5% of the genome), previously classified as intergenic or intronic 

sequences, to the proteome. This results in a genome that is denser than previously thought, with 

an overall increase in the coding fraction of the genome from 68% to 71%, more closely 

resembling T. annulata Ankara, which has a coding fraction of 72.9% (Table 2.1). The resulting 

re-annotation is publicly available in GenBank and can be visualized at the following online link 

(http://jbrowse.igs.umaryland.edu/t_parva/). 
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Figure 2.2. Manual gene model curation examples.  

Several tracks are shown:  updated (2014) gene model (beige background), original (2005) gene 

annotation (grey background), RNAseq data (white background), transcript assembly (dark 

green, on green background), and EVM predictions (orange, on green background). (A) A new 

gene discovered on the basis of RNAseq data (TpMuguga_03g02005). (B) A case where two 

genes in the 2005 annotation merge in the new annotation on the basis of RNAseq read coverage 

(TpMuguga_04g02435).  (C) A case where a gene in the 2005 annotation has been split into two 

genes in the new annotation (TpMuguga_04g02190 and TpMuguga_04g02185). (D) A case 

where a gene has been reversed in orientation on the basis of RNAseq data 

(TpMuguga_02g02095). (E) A case where overlapping genes led to ambiguity in UTR 

coordinates, and so the UTRs were not defined in this intergenic region (TpMuguga_01g00527 

and TpMuguga_01g00528). (F) A case of a single gene where alternative splicing exists (as seen 
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by significant read coverage in at least one intronic region), but there is one most prevalent 

isoform (TpMuguga_03g00622). (G) A case of two genes that overlap by coding sequences. 

Coding exons are colored by reading frame (TpMuguga_05g00017 and TpMuguga_05g00018). 

 

Table 2.1. A comparison of genome characteristics of T. parva Muguga to several other 

piroplasms and Plasmodium falciparum 3D7. 

Features Tp14 Tp05 Ta Te Bb Pf 
Size (Mbp) 8.3 8.3 8.35 11.6 8.3 22.8 
Number of chromosomes 4 4 4 4 4 14 
Total G+C composition (%) 34.1 34.1 32.5 39.5 41.8 19.4 
Number of nuclear coding genes 4084 4035 3087 5330 3670 5368 
Average CDS length (bp) 1454 1407 1600 1472 1514 2283 
Percent Genes with introns 72.9 73.6 70.6 52.4 61.5 53.9 
Mean length of intergenic region (bp) 307 405 396 550 589 1694 
G+C composition of intergenic regions 30.9 26.2 24.1 39.3 37 13.8 
G+C composition of exons 36.5 37.6 35.7 39.8 44 23.7 
G+C composition of introns 24.7 25.4 24.4 37.6 35.9 13.6 
Percent Coding 71 68.4 72.9 69.3 70.3 52.6 
Gene Density* 2044 2057 2195 2185 2228 4338 

All numbers except Tp14 from Kappmeyer et al., 2012; *Gene density = genome size / number 

of protein-coding genes; Pf = Plasmodium falciparum strain 3D7; Tp14 = Theileria parva strain 

Muguga (2014 annotation); Tp05 = Theileria parva strain Muguga (2005 annotation); Ta = 

Theileria annulata strain Ankara; Bb = Babesia bovis strain T2Bo; Te = Theileria equi strain 

WA. Mean intergenic length calculated as the distance between coding sequences of adjacent 

genes. 

 

Several lines of evidence suggest that this annotation represents a very significant 

improvement of the T. parva proteome relative to the original annotation. First, there was an 
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increase in the proportion of proteins with at least one PFAM domain in the new proteome 

compared to the original proteome, implying that the new annotation captures functional 

elements that were previously missed (Figure 2.3a). Given the close evolutionary relationship 

and near complete synteny between T. parva and Theileria annulata [110], their respective 

proteomes are expected to be very similar. Indeed, a comparison of the two proteomes results in 

119 additional reciprocal best hits and protein length differences in orthologs between T. parva 

and T. annulata also decreased significantly (Figure 2.3b). The total number of non-canonical 

splice sites in the genome increased from 0.15% to 0.36% of all introns, but the diversity of non-

canonical splice sites decreased from eight non-canonical splice donor and acceptor site 

combinations to only a single splice site pair – GC/AG donor and acceptor dinucleotides, 

recognized by the U2-type spliceosome [111] (Figure 2.3c). The new annotation is also 

considerably more consistent with the RNAseq data, with a larger number of introns, a higher 

proportion of which is supported by at least one RNAseq read (Figure 2.3d). A total of 118 

introns have been removed, due to contradicting RNAseq evidence. 
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A B

C D
2005 2014

Splice Sites Frequency (#) Splice Sites Frequency (#)

GT…AG 10406 GT…AG 12456
GC…AG 5 GC…AG 45
TG…TA 4    
TG…AA 2  
AT…TG 1    
AA…TA 1  
GT…AA 1    
AT…TA 1  
AC…TA 1    
Total 10422 Total 12501

Species Proteome 
Size

% >= 1 
PFAM 
hit

Year 
Published

Theileria parva Muguga (2014) 4084 60% 2014
Theileria parva Muguga (2005) 4079 58% 2005
Theileria annulata Ankara 3792 60% 2005
Theileria equi WA 5332 53% 2012
Theileria orientalis Shintoku 4002 59% 2012
Babesia bovis T2Bo 3703 63% 2007
Plasmodium vivax SalI 5393 62% 2008
Plasmodium falciparum 3D7 4555 61% 2002

RNAseq-validated Introns

   8599

2005$ 2014$

118 3573

 

Figure 2.3. Comparative metrics of original and new T. parva annotations.  

(A) The percentage of proteins with at least one PFAM domain found by Hidden Markov Model 

searches of the predicted proteomes of the new T. parva Muguga annotation was 2% higher than 

those in the 2005 annotation, implying that the new annotation captures functional elements that 

were previously missed. (B) The 2014 T. parva Muguga annotation has more reciprocal best-hit 

orthologs with T. annulata Ankara than the 2005 T. parva Muguga annotation. The new 

annotation also varies 23% less in protein length compared to their T. annulata orthologs. Only 

nuclear genes were used for this analysis. The x-axis was limited to the range -300 to +300 for 

easy visual interpretation. Given the close evolutionary relationship and near complete synteny 

between T. parva and T. annulata [110], their respective predicted proteomes are expected to be 

very similar. (C) The number of canonical GT/AG intron splice sites increased and the number 
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of non-canonical intron splice site combinations decreased in the 2014 T. parva Muguga 

annotation compared to the 2005 annotation. (D) The number and proportion of introns validated 

by at least one RNAseq read increased in the 2014 T. parva Muguga annotation compared to the 

2005 annotation. This suggests that the new annotation is also considerably more consistent with 

the RNAseq data, as expected. 

 

The tremendous power of RNAseq to inform on gene and isoform structure revealed a 

significant amount of diversity and complexity in the transcriptome of this parasite. First, the 

proportion of loci, defined here as a continuous genomic region encoding the length of a CDS 

and its flanking UTRs, that appear to overlap an adjacent locus increased from 2% to 10% in the 

new annotation. In many of these instances, read coverage, coding potential, and other evidence 

support the presence of adjacent genes with overlapping UTRs. In 125 cases, the overlap 

includes not only UTRs but also CDSs (Supplemental Tables 2.2-2.3). Secondly, in instances of 

overlapping loci in which the respective CDSs are encoded in the same strand, no UTRs were 

defined in the intervening intergenic region, since their exact boundaries could not be defined. 

Finally, during manual curation, we observed many instances of potential alternative splicing, 

the most clear of which were the cases of well-supported introns where RNAseq coverage was 

nevertheless significantly higher than zero. In these cases, only the most prevalent isoform was 

annotated (Figure 2.2f). Finally, in the cases of genes for which the evidence supported 

alternative structures but no one gene model was clearly favored over another, the gene model in 

the original annotation was kept by default. Interestingly, the vast majority of the genes appear to 

have only one or two most prevalent isoforms, as has been proposed for Plasmodium [112], 
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although this was not defined quantitatively here. The median length of the annotated mRNA 

reported here is ~1,500bp, and the maximum length <15,000bp (Supplemental Figure 2.1); 

therefore, the sequencing of full-length transcripts with Pacific Biosciences sequencing 

technology would provide a comprehensive description of the T. parva transcriptome, including 

alternatively spliced variants and the boundaries of overlapping transcripts, and likely resolve 

most of the issues described above.  

 

Most genes are transcribed during the schizont stage of the Theileria parva life-cycle, and 

antisense regulation is widespread 

We sequenced cDNA generated from polyA-enriched total RNA collected from a T. 

parva-infected schizont transformed bovine cell line (Methods section). A total of 1.5x1013 

paired-end reads were obtained with an Illumina HiSeq2000 platform, 70.04% of which mapped 

to the T. parva reference genome (Supplemental Table 2.1). RNAseq provided a complete and 

quantitative view of transcription revealing that most of the genome of this parasite is transcribed 

during the schizont stage of its life cycle (Figure 2.4a,b). In fact, of the 4,085 predicted protein-

coding nuclear genes, only 74 had an estimated reads per kilobase of transcript per million reads 

(RPKM) of zero and an additional 154 had RPKM<1. These data confirm a study published in 

2005, which used MPSS to estimate expression levels of T. parva genes in the schizont stage of 

the parasite [113]. The expression levels in the sense strand for each gene, as quantified by 

RPKM, when log-transformed followed a unimodal distribution similar to a normal distribution 

(Figure 2.4a). These observations support a general model of transcription in the schizont stage 
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of T. parva according to which there is some amount of basal transcription of most genes, 

characterized by a widespread state of constitutive transcriptional activation that relies on 

downstream molecular mechanisms to further modulate the intensity of transcription [113]. A 

wide range of transcript expression levels, as measured by RPKM (Figure 2.4a), was observed 

suggesting that there are likely important cis regulatory motifs that control the level of 

expression or mRNA stability [114].  
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Figure 2.4. Distribution of RNAseq RPKM values for T. parva Muguga genes  

(A) A histogram of sense RPKM values after logarithmic transformation of the data. Frequencies 

on the y-axis correspond to probability density. The blue line shows a normal distribution around 

the same median, while the red line shows a more reliable fixed width Gaussian kernel smoothed 

estimate of the probability density. (B) The sense (green) and antisense (red) reads per kilobase 

transcript per million reads (RPKM) after fourth root transformation of the data. Genes are sorted 

by position on the chromosome for all four nuclear chromosomes of T. parva Muguga. RNAseq 

provided a complete and quantitative view of transcription, revealing that most of the parasite 

genome is transcribed during the schizont stage of its life cycle.  
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 In yeast and humans, antisense transcription, defined by the existence of non-coding 

RNA encoded on the DNA strand opposite to, and overlapping with, that encoding the mRNA, is 

rare compared to sense transcription [115]. In T. parva, however, antisense transcription is 

highly prevalent throughout the genome (Figure 2.4b) and arises from potential bidirectional 

(Figure 2.5a) as well as cryptic promoters (Figure 2.5b). Most of the antisense seem to 

completely overlap with their sense counterparts (e.g. Figure 2.5d), although the functional 

relevance of this observation has yet to be determined. 

 

 

Figure 2.5. Types of transcription initiated in Theileria parva.  

Transcription in T. parva Muguga results from potential bidirectional (A) and cryptic promoters 

(B). Antisense transcription can be spliced (C), and may result from run-through transcription 

from an overlapping gene encoded in the opposite strand (D). The model of transcription that 
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emerges from these data is one of ubiquitous sense transcription of most genes in the schizont 

stage, but with a wide range of expression levels.  

 

Gene expression of T. parva multi-gene families 

Large gene families are known to play a role in the pathogenesis of protozoan infections, 

perhaps the most well known being the var gene family in P. falciparum. These genes encode 

proteins that are critical for red blood cell sequestration, a critical biological feature of cerebral 

malaria [116]. Using the OrthoMCL algorithm as described previously [9], we clustered paralogs 

in this genome, identifying changes in the sizes of several of the largest gene families in T. parva 

(Table 2.2), finding variable patterns in their levels of expression (Supplemental Figure 2.2). The 

roles of most of these gene families are not known. For example, the Tpr (T. parva repeat) gene 

family, a rapidly evolving gene family, is isolate-specific and not highly expressed in the 

schizont stage (Supplemental Figure 2.2), although it has been suggested to be expressed in the 

piroplasm stage [9].  

 

Table 2.2. A description of the top 20 largest multi-gene families defined by OrthoMCL in T. 

parva Muguga and their conservation in T. annulata (Ta), T. orientalis (To), and T. equi (Te), as 

defined by Jaccardi-filtered clusters of orthologous genes. 
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Evidence is steadily emerging that two gene families in particular seem to play a role in 

host-pathogen interactions, the Subtelomere-encoded Variable Secreted Protein family (SVSP), 

and the Theileria parva Host Nucleus (TpHN) gene family. The largest gene family in the T. 

parva genome is the SVSP family, consisting of 90 genes (5 more than the previous annotation). 

This is also the largest gene family in T. annulata, with 48 members.  
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Discussion 

The re-annotation of the T. parva genome has yielded significant improvement to the 

accuracy of gene models, showing that this genome is denser than previously thought, with 

addition of 2% predicted protein encoding sequences and some overlapping genes. The model of 

transcription that emerges from these data is one of ubiquitous sense transcription of most genes 

in the schizont stage, but with a wide range of expression levels. Transcription can arise from 

potential bidirectional and cryptic promoters with highly prevalent antisense transcription.  

Multi-gene families appear to have played a prominent role in the evolution of the lineage 

leading to T. parva and T. annulata, implying a role for these genes in host-pathogen 

interactions. These genes have diversified or have been duplicated, possibly as an adaptation to a 

particular niche. We now have a clearer picture of the structure, conservation, and potential 

transcriptional regulation of these genes.  

Methods 

1) RNA sequencing and genome annotation 

An RNA sample was obtained from the reference T. parva isolate (Muguga) from the 

haploid shizont stage of the parasite life cycle, which proliferates in host lymphocytes. The 

extraction method included complement lysis of shizont-infected host lymphocytes, DNAse 

digestion of contaminating host DNA and differential centrifugation to enrich for shizonts [113, 

117]. RNA was sequenced using Illumina sequencing technology, to produce strand-specific 

RNAseq data. RNAseq reads were aligned with TopHat and RPKM values calculated using an 

in-house Perl script. 
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2) Genome re-annotation 

For the re-annotation of the Theileria parva genome, a number of evidence tracks were 

generated and loaded into the genome browser JBrowse [118] for manual curation using the 

WebApollo plugin [119]. RNAseq reads were aligned to the genome with Bowtie [120], which is 

not splice-aware, and TopHat [121], which is splice-aware. These alignments were used to 

generate strand-specific read alignment coverage glyphs and XY plots for visualization in 

WebApollo. TopHat alignment also yields a file of all reported splice junctions using segmented 

mapping and coverage information, which is useful for curating intron splice sites. RNAseq 

reads were also assembled into transcripts using CuffLinks [122] and mapped to the genome 

with TopHat. We also generated two genome-dependent Trinity/PASA [123] transcriptome 

assemblies (one reference annotation-dependent and one independent of the reference 

annotation), as well as one completely de novo Trinity transcriptome assembly. A variety of 

other data were aligned to the genome with AAT [124] and used as evidence tracks, including 

previously generated Theileria annulata mass spectrometry data [125], and all non-Theileria 

apicomplexan proteins from NCBI’s RefSeq.  

In order to assess gene prediction accuracy before the manual curation phase, a set of 342 

high-confidence gene models were selected from the current reference annotation on the basis of 

two criteria: (1) RNAseq reads must cover each exon in the gene, (2) Trinity de novo assembled 

transcripts and read coverage must be concordant with the presence or absence of any introns in 

the gene model. Out of these 342 genes, 50 were randomly selected as a validation set and the 
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remaining 292 were used for training gene predictions. The exon distribution of the validation set 

closely resembles that of the training set (Supplemental Table 2.4).  

 A battery of gene predictions were also run and assessed by comparison to our validation 

set using an in-house script. We predicted parasite genes in the whole genome with Augustus 

using RNAseq reads, the training gene set, or no evidence. Semi-HMM-based Nucleic Acid 

Parser (SNAP) [126] and Glimmer [127] predictions used the training gene set. Fgenesh [128] 

predictions used a pre-existing training set of Plasmodium genes offered on their website. We 

ran the completely ab initio predictor GeneMark-ES [129]. We also predicted genes with the 

consensus predictor Evidence Modeler (EVM) [130] using 57 combinations of the other 

evidences in order to maximize prediction accuracy (Supplemental Figures 2.3, 2.4). Based on 

their performance in comparison with the validation set, only the top four EVM predictions were 

loaded as evidence tracks for use in the manual curation phase. tRNA and rRNA predictions 

were also generated using tRNAscan-SE [131] and RNAmmer [132] and loaded as evidence 

tracks, along with the reference T. parva Muguga referene annotation. In retrospect, EVM out-

performed the other gene predictors, with GeneMark-ES in close second (Supplemental Figure 

2.5). A genome-wide, double-pass manual curation of the genome was completed, weighing the 

RNAseq evidence over the evidence alignments from other species and the gene prediction 

programs. The annotation assignments were given in 50kb segments, with different annotators 

doing adjacent segments, as well as altering the annotator for the first and second pass in order to 

reduce annotator bias. 

Functional annotation of the T. parva proteome consisted of HMM3 searches of the 

complete proteome against our custom HMM collection that includes TIGRFams [133], Pfams 
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[134], as well as custom-built HMMs [135] and BlastP searches against SWISSPROT (with a 

cutoff of 1x10-10). These searches were used to assign gene product names, EC numbers, GO 

terms and gene symbols to genes conservatively where possible. Localization predictions were 

made with TargetP [136], transmembrane domain predictions with TMHMM [137], GPI 

predictions were made with GPI-SOM [138], all using the default parameters. The entire ELM 

database was downloaded from http://elm.eu.org/ and custom scripts were used to search the 

proteome of each Apicomplexan in the Sybil database using regular expressions in Python and a 

p-value cutoff of 0.001. 

 

3) Multi-gene family clustering 

Genes were clustered with OrthoMCL, using an inflation value of 4 and a BLAST p-

value cutoff of 10-5 as was previously done [9]. All individual conserved domain searches were 

done using the NCBI’s conserved domain database version 3.11 with 45,746 PSSMs, with an E-

value threshold of 0.01 and a composition based statistics adjustment (ncbi.nlm.nih.gov). HMM 

searches of the entire PFAM database were done using the default settings. 
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Supplemental Figures and Tables 

Supplemental Table 2.1. RNAseq read counts, length and GC content of each T. parva 

chromosome 

Chromosome GenBank Locus ID 
Reads 
Mapped 

No. of 
Genes 
2005 

No. of 
Genes 
2014 

Length 
(bp) 

GC 
content 
(%) 

1 AAGK01000001 4778302 1240 1224 2540030 34.16 
2 AAGK01000002 3971696 969 984 1971884 34.38 
3 AAGK01000005 1619758 630 635 1317241 33.87 
3 AAGK01000006 2072524 289 283 570487 33.63 
3 AAGK01000007 2238 19 18 41585 38.74 
3 AAGK01000008 264 7 6 13275 40.90 
4 AAGK01000004 2738272 8 10 1835834 33.95 
4 AAGK01000003 11408 935 935 17691 31.04 
Apicoplast AAGK01000009 7834 71 70 39579 19.48 

Out of the 21704856 total mapped reads, 15,202,296 (70.04%) mapped to T. parva, and 

6,502,560 (29.96%) mapped to B. taurus with TopHat. 
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Supplemental Table 2.2. The terminal coordinates of all unique gene pairs that overlap by CDS 

by at least 1bp.  

Contig Gene 1
CDS 
min

CDS 
max

Gene 2 CDS min CDS max

tp.assemb
ly.567478
335.1

TpMuguga
_02g02405

274682 276247
TpMuguga
_02g02410

276218 276869

tp.assemb
ly.567497
685.1

TpMuguga
_03g00842

457406 459186
TpMuguga
_03g02000

457009 457415

tp.assemb
ly.567492
885.1

TpMuguga
_03g00412

855140 855935
TpMuguga
_03g00413

855931 857238

tp.assemb
ly.567468
735.1

TpMuguga
_01g00718

1516306 1517189
TpMuguga
_01g00719

1517172 1518427

tp.assemb
ly.567468
735.1

TpMuguga
_01g02680

2037716 2038304
TpMuguga
_01g02675

2038285 2039684

tp.assemb
ly.567492
885.1

TpMuguga
_03g02185

1217853 1218074
TpMuguga
_03g00565

1214371 1218456

tp.assemb
ly.567497
685.1

TpMuguga
_03g00833

438314 439509
TpMuguga
_03g00832

437727 438318

tp.assemb
ly.567485
535.1

TpMuguga
_04g02320

1717951 1719216
TpMuguga
_04g02435

1711580 1717962

tp.assemb
ly.567468
735.1

TpMuguga
_01g00196

391880 393883
TpMuguga
_01g02045

393860 394695

tp.assemb
ly.567497
685.1

TpMuguga
_03g00803

379735 380491
TpMuguga
_03g02025

379493 380106

tp.assemb
ly.567468
735.1

TpMuguga
_01g01065

2203776 2205923
TpMuguga
_01g01064

2202530 2203798

tp.assemb
ly.567497
685.1

TpMuguga
_03g00732

234212 234782
TpMuguga
_03g00733

234778 235750

tp.assemb
ly.567485
535.1

TpMuguga
_04g02240

652066 652678
TpMuguga
_04g02045

650504 652067

tp.assemb
ly.567478
335.1

TpMuguga
_02g02240

1190953 1192505
TpMuguga
_02g02450

1192422 1194966
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Supplemental Table 2.2 continued. 

tp.assemb
ly.567485
535.1

TpMuguga
_04g02560

37656 38744
TpMuguga
_04g02555

38736 40137

tp.assemb
ly.567478
335.1

TpMuguga
_02g02165

161095 163422
TpMuguga
_02g02465

163402 165043

tp.assemb
ly.567468
735.1

TpMuguga
_01g02190

71574 72540
TpMuguga
_01g02180

72536 73025

tp.assemb
ly.567492
885.1

TpMuguga
_03g02465

38975 40318
TpMuguga
_03g02460

38112 38976

tp.assemb
ly.567468
735.1

TpMuguga
_01g02560

1841618 1842575
TpMuguga
_01g00881

1840741 1841647

tp.assemb
ly.567485
535.1

TpMuguga
_04g00501

995348 998483
TpMuguga
_04g02225

998475 999143

tp.assemb
ly.567468
735.1

TpMuguga
_01g00294

606046 607012
TpMuguga
_01g02155

606046 606985

tp.assemb
ly.567478
335.1

TpMuguga
_02g02670

633145 633793
TpMuguga
_02g00315

631116 633178

tp.assemb
ly.567485
535.1

TpMuguga
_04g00235

447818 448985
TpMuguga
_04g00234

446735 447843

tp.assemb
ly.567468
735.1

TpMuguga
_01g02170

109629 111415
TpMuguga
_01g00051

111411 113295

tp.assemb
ly.567468
735.1

TpMuguga
_01g02330

82852 84520
TpMuguga
_01g00031

80670 82864

tp.assemb
ly.567485
535.1

TpMuguga
_04g00089

156127 159501
TpMuguga
_04g02455

159497 160102

tp.assemb
ly.567492
885.1

TpMuguga
_03g02310

562717 563173
TpMuguga
_03g00270

560791 562721

tp.assemb
ly.567468
735.1

TpMuguga
_01g01175

2416481 2423389
TpMuguga
_01g02545

2423349 2433428

tp.assemb
ly.567485
535.1

TpMuguga
_04g02195

642448 644320
TpMuguga
_04g02715

641497 642468
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Supplemental Table 2.2 continued. 

tp.assemb
ly.567485
535.1

TpMuguga
_04g02050

786713 787208
TpMuguga
_04g00401

785364 786742

tp.assemb
ly.567497
685.1

TpMuguga
_03g00629

26023 28737
TpMuguga
_03g02115

28726 29793

tp.assemb
ly.567468
735.1

TpMuguga
_01g00440

898864 900481
TpMuguga
_01g02100

900470 908692

tp.assemb
ly.567485
535.1

TpMuguga
_04g00722

1416549 1417495
TpMuguga
_04g00720

1415620 1416553

tp.assemb
ly.567485
535.1

TpMuguga
_04g02510

898435 899557
TpMuguga
_04g02505

897960 898436

tp.assemb
ly.567485
535.1

TpMuguga
_04g02145

949123 949174
TpMuguga
_04g00475

947598 949174

tp.assemb
ly.567478
335.1

TpMuguga
_02g02590

8565 9104
TpMuguga
_02g00004

8969 10745

tp.assemb
ly.567478
335.1

TpMuguga
_02g00146

296264 299067
TpMuguga
_02g00145

295461 296291

tp.assemb
ly.567468
735.1

TpMuguga
_01g00150

303916 305413
TpMuguga
_01g02590

305409 305754

tp.assemb
ly.567500
085.1

TpMuguga
_05g00026

21621 21915
TpMuguga
_05g00025

21404 21629

tp.assemb
ly.567500
085.1

TpMuguga
_05g00023

18204 19713
TpMuguga
_05g00024

19697 21287

tp.assemb
ly.567500
085.1

TpMuguga
_05g00013

11880 12504
TpMuguga
_05g00012

11302 11881

tp.assemb
ly.567500
085.1

TpMuguga
_05g00012

11302 11881
TpMuguga
_05g00011

11019 11355

tp.assemb
ly.567500
085.1

TpMuguga
_05g00011

11019 11355
TpMuguga
_05g00010

10555 11020

tp.assemb
ly.567500
085.1

TpMuguga
_05g00017

13342 13717
TpMuguga
_05g00018

13682 14354
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Supplemental Table 2.2 continued. 

tp.assemb
ly.567500
085.1

TpMuguga
_05g00016

12908 13331
TpMuguga
_05g00015

12795 12912

tp.assemb
ly.567500
085.1

TpMuguga
_05g00015

12795 12912
TpMuguga
_05g00014

12524 12830

tp.assemb
ly.567468
735.1

TpMuguga
_01g00800

1682947 1685243
TpMuguga
_01g02340

1685226 1686284

tp.assemb
ly.567468
735.1

TpMuguga
_01g02260

2248262 2249942
TpMuguga
_01g02290

2249938 2251714

tp.assemb
ly.567468
735.1

TpMuguga
_01g02665

1775025 1776168
TpMuguga
_01g02550

1776154 1776817

tp.assemb
ly.567485
535.1

TpMuguga
_04g00759

1483391 1485354
TpMuguga
_04g00758

1481015 1483395

tp.assemb
ly.567492
885.1

TpMuguga
_03g00011

30324 31005
TpMuguga
_03g00012

28510 30458

tp.assemb
ly.567468
735.1

TpMuguga
_01g00077

157476 158365
TpMuguga
_01g00078

158317 163830

tp.assemb
ly.567492
885.1

TpMuguga
_03g00154

300524 301206
TpMuguga
_03g00155

301196 302088

tp.assemb
ly.567485
535.1

TpMuguga
_04g00444

884192 885443
TpMuguga
_04g00443

882534 884201

tp.assemb
ly.567478
335.1

TpMuguga
_02g00699

1395484 1397164
TpMuguga
_02g00698

1394585 1395504

tp.assemb
ly.567492
885.1

TpMuguga
_03g02660

1222604 1223260
TpMuguga
_03g00567

1220353 1222605

tp.assemb
ly.567500
085.1

TpMuguga
_05g00004

7892 8129
TpMuguga
_05g00005

8121 8820

tp.assemb
ly.567500
085.1

TpMuguga
_05g00004

7892 8129
TpMuguga
_05g00003

7168 7909

tp.assemb
ly.567500
085.1

TpMuguga
_05g00006

8836 9262
TpMuguga
_05g00007

9251 9455
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Supplemental Table 2.2 continued. 

tp.assemb
ly.567500
085.1

TpMuguga
_05g00007

9251 9455
TpMuguga
_05g00008

9447 9810

tp.assemb
ly.567492
885.1

TpMuguga
_03g00127

247817 248342
TpMuguga
_03g00128

248321 252470

tp.assemb
ly.567485
535.1

TpMuguga
_04g02100

330174 330708
TpMuguga
_04g00176

330174 330708

tp.assemb
ly.567485
535.1

TpMuguga
_04g00809

1587929 1590233
TpMuguga
_04g00808

1586402 1587933

tp.assemb
ly.567492
885.1

TpMuguga
_03g00607

1298041 1299922
TpMuguga
_03g02630

1299918 1300181

tp.assemb
ly.567485
535.1

TpMuguga
_04g00611

1205844 1207665
TpMuguga
_04g00610

1205278 1205873
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Supplemental Table 2.3. The number of overlapping gene pairs in the current and in the 

original T. parva Muguga genome structural annotation.  

Strand 2005 2014 
Same  101 [23] 417 [61] 
Other 82 [22] 791 [64] 
Sum 183 [45] 1208 [125] 

The number of genes with overlapping coding sequences is shown in brackets. 
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Supplemental Table 2.4. The exon distribution of the validation and training sets used for gene 

prediction. 

Exon # validation training 

1 12 163 

2 8 74 

3 5 26 

4 3 2 

5 4 5 

6 3 5 

7 3 3 

8 4 5 

9 1 1 

10 3 3 

11 1 1 

12 2 1 

13 1 1 

14 0 1 

15 0 1 

Total 50 292 
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Supplemental Figure 2.1. A histogram of the mRNA lengths of all genes in this T. parva 

Muguga annotation. 20 mRNAs longer than 8000bp were left out for ease of visual display. 
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Supplemental Figure 2.2. The RPKM distribution of the top 20 gene families in T. parva 

Muguga.  

Gene family numbers are indicated in brackets next to the gene family names on the x-axis.  
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Supplemental Figure 2.3. A representation of the relative weights of each evidence in each 

EVM prediction tested.  

Augustus: the ab initio predictor AUGUSTUS [139]; TA-MS: Theileria annulata mass 

spectrometry data [125]; PASA genome-guided assembly: a gene prediction by the Program to 

Assemble Spliced Alignments using the reference annotation to guide the assembly [140]; PASA 

genome-guided, reference-guided assembly: a gene prediction using the Program to Assemble 

Spliced Alignments using the reference annotation to guide the assembly as well as the reference 

annotation; de novo Trinity transcript assembly: an RNAseq transcript assembly using the 

RNAseq data generated in the present study, using the Trinity program [123]; Protein 

alignments: alignments of all non-T. parva proteins in the GenBank; Full ESTs: all full-length T. 

parva EST data in GenBank; Partial ESTs: all partial-length T. parva EST data in GenBank; 

GeneMark-ES: a gene model prediction using the GeneMark-ES gene prediction software [129]; 

FGENESH: a gene model prediction using the FGENESH gene prediction software [128]; 

SNAP: a gene model prediction using the SNAP gene prediction software [126]; Glimmer: a 

gene model prediction using the Glimmer gene prediction software). Each EVM prediction (x-

axis) was evaluated and weights were changed to compensate for the kinds of errors (over-

merged/split genes, missed genes, etc.) that the last prediction showed, relative to a validation 

gene set. 
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Supplemental Figure 2.4. The percentage of validated genes, or coding exons correctly 

predicted by EVM with each evidence combination.  

In order to determine if our gene predictions were improving, we tested the ability of each EVM 

prediction to correctly predict the locations of exons/introns in the high-quality, independent, 

validation set of T. parva genes. Gene predictions increased in the number of true-predicted 

(perfectly predicted) genes at both the gene (blue) and CDS level (red).  
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Supplemental Figure 2.5. A comparison the prediction accuracy of each gene predictor 

used in this study.  

Only the top four EVM predictions are shown. Given the unusual nature of the T. parva genome 

(and piroplasms in general), which is small, dense, and AT-rich, we wanted to retrospectively 

determine which gene prediction programs most accurately predicted the final T. parva genome 

annotation. While the top four EVM predictions performed the best (EVM 1-4), GeneMark-ES 

true-predicted accuracy was comparable at both the gene (blue) and protein-coding sequence 

(CDS) level (red). 
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Chapter 3:  Cis regulatory motifs and antisense transcriptional control in the apicomplexan 

Theileria parva1 

 

Abstract 

Theileria parva is an intracellular parasite that causes a lymphoproliferative disease in 

cattle. It does so by inducing cancer-like phenotypes in the host cells it infects, although the 

molecular and regulatory mechanisms involved remain poorly understood. RNAseq data, and the 

resulting updated genome annotation now available for this parasite, offer an unprecedented 

opportunity to characterize the genomic features associated with gene regulation in this species. 

Since pathogen gene regulation is critical to control virulence, this is an important endeavor to 

understand how this parasite causes disease. Our previous analyses revealed a T. parva genome 

even more gene-dense than previously thought, with many adjacent loci overlapping each other, 

not only at the level of untranslated sequences (UTRs) but even in coding sequences.  

Despite the compactness of Theileria genomes, Theileria intergenic regions show a 

pattern of size distribution indicative of monocistronic gene transcription. Three previously 

described motifs are conserved among Theileria species and highly prevalent in promoter 

regions near or at the transcription start sites. We found novel motifs at many transcription 

termination sites, as well as upstream of parasite genes thought to be critical for host 

transformation. Adjacent genes that could be regulated by antisense transcription from an 

overlapping transcriptional unit are syntenic between T. parva and P. falciparum at a frequency 
                                                
1 This chapter is based on material from this published paper: K. Tretina, R. Pelle, J. C. Silva, 
“Cis regulatory motifs and antisense transcriptional control in the apicomplexan Theileria 
parva.” BMC Genomics, 2016, 17(1):128. 
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higher than expected by chance, suggesting the presence of common, and evolutionary old, 

regulatory mechanisms in the phylum Apicomplexa.  

We propose a model of transcription with conserved sense and antisense transcription 

from a few taxonomically ubiquitous and several species-specific promoter motifs. Interestingly, 

the gene networks regulated by conserved promoters are themselves, in most cases, not 

conserved between species or genera.  

Introduction 

 Theileria parva infection induces a lymphoproliferative disease, called East coast fever 

(ECF), in cattle in eastern, central, and southern Africa, where it causes >$300M USD of 

economic loss per year [2]. T. parva sporozoites in the salivary glands of ticks are introduced 

into the bloodstream of cattle, where they infect lymphocytes. In the lymphocyte cytoplasm, 

sporozoites develop into multinucleate schizonts, which transform the infected cell to exhibit 

several cancer-like phenotypes, including hyper-proliferation and replicative immortality [141]. 

The parasite genes regulating these processes are only beginning to be uncovered. However, our 

understanding of how those genes are regulated remains limited by the lack of knowledge 

regarding transcriptional regulation in T. parva. No genetic modification systems have been 

developed for T. parva, and only recently has a successful transfection system been reported 

[142], making it exceedingly difficult to investigate gene function and regulation by standard 

molecular biology approaches in this parasite. Bioinformatics methods provide a powerful 

complementary approach to molecular biology in the characterization of mechanisms of gene 

regulation [143]. 
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The identification and characterization of core promoters and transcription start sites is 

key to understanding gene regulation in any organism [144]. Although early models of RNA 

polymerase II transcription suggested that a core promoter, such as a TATA box, directs 

transcription from a single defined nucleotide position, recent genome-wide studies favor a more 

intricate model that includes multiple promoters and start sites for most genes. This is a 

potentially significant source of transcriptome diversity [145]. Apicomplexans are notable for 

their lack of canonical eukaryotic transcription factors, and until the relatively recent discovery 

of the ApiAP2 transcription factor family it was thought that transcription was not a very 

important mechanism of gene regulation in apicomplexans [146-148]. While Plasmodium 

species now have extensive transcription factor binding site information for the ApiAP2 family 

[149], no such resource exists for T. parva, even though it could significantly enrich further 

research and an understanding of its pathogenesis. Interestingly, in Plasmodium, the DNA 

binding motifs for orthologous ApiAP2 transcription factors are conserved across the genus, but 

the genes that they regulate are not [149]. It is not, however, known if this is the case within 

Piroplasmida, the order to which Theileria and Babesia species belong. Here, we use the first 

published RNAseq dataset for T. parva, as well as a variety of bioinformatics methods to predict 

cis regulatory motifs in T. parva and other piroplasmids, and investigate the sequence and 

evolution of genomic motifs that regulate gene expression.  

Aside from early bioinformatics predictions of potentially functional cis regulatory motifs 

in the T. parva genome [150], very little is known about the basic transcriptional unit in this 

species. Those analyses revealed that in T. parva 5´5´ intergenic regions (i.e., those flanked by 

genes in head-to-head orientation) are significantly longer than 5´3´ intergenic regions (genes 
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head-to-tail), which in turn are significantly longer than 3´3´ intergenic regions (genes tail-to-

tail), a clear signature of spatial requirements imposed by upstream regulatory motifs in a very 

compact genome [112, 150, 151]. A similar pattern is also found in fungal genomes [152, 153]. 

Those analyses were based only on a small subset of genes in the original annotation of the T. 

parva genome [9, 150], and without knowledge of the location of transcription start sites. The 

extensive T. parva RNAseq data recently made available in Genbank formed the basis for the 

improved re-annotation of its genome and provides information on the start and end sites of 

transcripts and UTR composition in this species. The updated genome annotation, with close to 

50% of the genes with revised coding sequences, together with the RNAseq data, form a 

powerful dataset to mine for core promoters and other gene transcription regulatory motifs. Even 

though the motifs identified here are based solely on in silico analyses, we attempt to provide 

potential biological context and extrapolate on potential implication by drawing parallels with 

similar observations in other taxa. 

Potentially functional cis regulatory motifs include G-box and Spe2 and motifs near 

transcription termination sites of genes expressed in the T. parva schizont stage 

 We now expand the original T. parva cis regulatory motif analyses to the whole genome, 

and investigate similar patterns in the other three Theileria species for which a genome assembly 

is publicly available, namely T. annulata, T. orientalis and T. equi [9, 10, 110, 154]. As would be 

expected for a genome that includes primarily monocistronic transcriptional units, the ratio of 

5´5´ : 5´3´ : 3´3´ intergenic regions is approximately 1:2:1, respectively (Table 3.1). The rather 

small size of the intergenic regions, and the correlation between their length and the number of 
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flanking 5´ gene ends, indicate that genome space is tightly regulated and at a premium in these 

organisms, with longer intergenic regions reflecting increased functionality added by cis-acting 

elements (Table 3.1, Figure 3.1).  

 

Table 3.1. Comparisons of the number, type, and size of intergenic regions (IGR) in four 

sequenced Theileria parasites (T. parva, T. annulata, T.orientalis, and T. equi).  

Species IGR 
Typea n Ratio of 

IGR typesb 
Median 

Size 

Ratio of 
Median 

Sizeb 
T. parva 5´5´ 851 1.00 493 3.21 
  5´3´ 1968 2.30 309 2.01 
  3´3´ 854 1.00 154 1.00 
T. annulata 5´5´ 908 1.00 438 3.49 
  5´3´ 1949 2.14 277 2.21 
  3´3´ 910 1.00 126 1.00 
T. orientalis 5´5´ 1056 1.00 424 2.09 
  5´3´ 1838 1.74 302 1.49 
  3´3´ 1054 1.00 203 1.00 
T. equi 5´5´ 1203 1.00 645 4.76 
  5´3´ 2853 2.38 394 2.91 
  3´3´ 1198 1.00 136 1.00 

a IRG type: genes in head-to-head (5´5´), head-to-tail (5´3´) and tail-to-tail (3´3´) orientation. b 

Ratio used as a reference (denominator) the value for 3´3´ IGRs. 
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Figure 3.1. Length of the three types of intergenic region (IGR) length in the genomes of T. 

parva, T. annulata, T. orientalis, and T. equi.  

IGR length, shown in base pairs, correlates with the directionality of the transcriptional units that 

flank them. Boxplot shows median (orange line), second and third quartiles (within box) and 

max value below 75% + 1.5 interquartile range and minimum value above 25% - 1.5 

interquartile range (whiskers). Intergenic region types within each species were significantly 

different from each other (p < 0.005, two-tailed Student’s t-test).  
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 We then searched for additional cis-regulatory motifs in the T. parva genome. The 

extremely biased content in intergenic regions in Plasmodium, with GC nucleotide content close 

to 10%, hinders the application of some motif-finding tools [155]. Theileria species do not have 

the same limitation, since they have considerably smaller intergenic regions, with higher GC 

content. De novo motif searches in Toxoplasma gondii, which has a relatively GC-rich genome, 

identified potential cis regulatory motifs that are different from any that have been identified in 

T. parva [156]. Here, specific genomic regions were extracted and motifs found to be enriched in 

these sequences were identified de novo using the MEME suite. The distribution of these motifs 

relative to transcription or translation initiation or termination sites was determined with FIMO, 

and their distribution in different genomic regions was determined with MAST (Methods).   

 

Upstream motifs 

Recent work in the piroplasma species Babesia bovis has identified the consensus 

sequence TYAYWWW with a tight distribution around transcription start sites, that suggests 

similarity to an initiator-like motif [157]. As validation to our updated gene models, we have also 

found this motif with start site peaking in distribution 3bp upstream of transcription start sites in 

the T. parva genome (Figure 3.2).  
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Figure 3.2. Distribution of the TYAYWWW motif around transcription initiation sites.  

The horizontal axis represents sequence areas from -1,000bp to +1,000bp around transcription 

initiation sites with single nucleotide resolution. Position 0 represents the transcription initiation 

site, with a peak observed at the -3 position. The vertical axis represents the normalized 

frequency of the motif.  

 

Since the typical size of promoter regions in T. parva is unknown, MEME searches were 

conducted on genomic sequences of 50, 100, and 150 base pairs centered on the annotated 

transcription start site of all mRNAs that do not overlap other transcripts. Many identical motifs 

were identified in all three searches, with three distinct motifs found among the top four 

(Supplemental Figure 3.1), suggesting a tight distribution around the transcription initiation sites. 

Three of these motifs were previously identified [150], and our expanded analyses find 

additional information on their localization: in particular, two of the motifs were found 
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predominantly near or at annotated transcript start sites, and were located most often in 5´5´ 

intergenic regions compared to other intergenic regions, coding regions, UTRs or introns, a 

pattern that holds true in all four Theileria species with an annotated genome assembly (Figure 

3.3, Supplemental Table 3.1).  

 

Figure 3.3. Metrics of the top 3 motifs identified by MEME searches around transcription 

initiation sites.  

(A) The top three motifs (G-box, Spe2, and NFkB-like), their p-value identified by MEME, and 

their frequency in different genomic regions of four Theileria species and in the three types of 

intergenic regions (IGR) (Tp=Theileria parva; Ta=Theileria annulata; To=Theileria orientalis; 

Te=Theileria equi). 
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 (B) Distribution of the three motifs in the vicinity of transcription initiation sites in T. parva. All 

three motifs are located predominantly at or near transcription start sites (TSS).  

 

One of these motifs, CCCCAT, shares a high level of similarity to the G-box motif found 

to be functional upstream of heat-shock proteins in Plasmodium species. This motif is bound by 

the P. falciparum ApiAP2 transcription factor PF13_0235_D1 [149], which does not have a 

bioinformatically identifiable homolog in T. parva. PF13_0235_D1 was found to be upstream of 

ribosomal and proteins involved in the unfolded protein response, indicating that this 

transcription factor regulates a biologically critical gene network. This motif has a very localized 

distribution in B. bovis, where it peaks 50bp upstream of transcriptional start sites and has been 

implicated as an essential part of the core promoter [157]. A protein in C. parvum (cgd8_810) 

binds this motif, but the domain ortholog in T annulata (TA12015) does not [114]. A divergence 

in the function of the gene network regulated by the G-box motif in T. annulata is also indicated 

by the finding that it is enriched in promoters of genes that are up-regulated from the merozoite 

to piroplasm stages [114].  

The second motif, AATGTGTAA, consists of a completely conserved core of five 

thymine and guanine nucleotides, with the two flanking and more labile adenines at each end. 

The core is identical to a motif over-represented in B. bovis promoter regions [157]. 

Interestingly, the orthologs TA11145 of T. annulata and PF3D7_0802100 (formerly 

MAL8P1.153) of P. falciparum, both have been shown to bind this motif [114]. In fact, a family 

of transcription factors conserved throughout hematosporidians have been predicted to be auto-

regulated and compete for binding to these motifs as a critical step in the stochastic 
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differentiation process from macroschizont to merozoite life cycle stages [114]. A third motif, 

GATTCCA, is similar to the motif bound by NFκB in mammals [158]. Previous work has 

established this motif as being enriched upstream of genes involved in protein fate (i.e. post-

translational modification, degradation/stabilization, and targeting), and a BLASTP analysis 

identified a T. parva protein, TP02_0125, to have and domain with 55% identity to the DNA-

binding domain of NFκB and therefore predicted to bind this motif [150]. Our BLASTP searches 

also identify strong homology (>80% identity over >70% of the gene) to proteins in T. annulata 

(TA11490), T. orientalis (TOT_020000113), and B. bovis (BBOV_IIII010230), but not in T. 

equi, where the best hit (BEWA_051930) had only 41% identity over 13% of the gene. 

Interestingly, and possibly not coincidentally, this third motif was not found in T. equi, and so 

might not be functional in T. equi. 

 

Downstream motifs 

The region downstream of genes may contain motifs involved in both termination of 

sense transcripts and the initiation of antisense transcripts encoded in the opposite strand. 

Antisense transcripts can arise from promoters near the terminal ends of their sense counterparts, 

and their expression is regulated by many of the same factors as sense genes [159]. Eukaryotic 

transcription termination is typically assumed to use the same mechanisms as model yeast 

systems, where the RNA polymerase II transcribes well past the polyadenylation signal (PAS), 

but a series of allosteric protein-protein interactions result in the cleavage of the transcript 11-

30bp downstream of the PAS and the degradation of the remaining RNA by endonucleases [160, 

161]. Since there are no cis regulatory motifs reported to be involved in antisense transcription or 
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transcription termination in T. parva, we searched for motifs around the annotated 3´ ends of 

transcripts. To this end, MEME searches similar to those described for promoter regions were 

conducted around transcript termination sites of annotated mRNAs. A few motifs were found to 

be over-represented around the 3´ end of transcripts, some of which were AT-rich and/or 

conducive to forming hairpin-like structures (Supplemental Figure 3.2c). One of these motifs 

(Supplemental Figure 3.2a, 50bp region, motif 4) was identified in all 3´ motif searches, was 

enriched in 3´3´ intergenic regions of all four sequenced Theileria species (Figure 3.4a, 

Supplemental Table 3.1), and was absent around transcription initiation sites. This AT-rich motif 

had pronounced peaks in distribution at transcript 3´ ends (Figure 3.4b). Given the high AT-

content and self-complementary nature of these motifs, with their hairpin potential, it could also 

be postulated that they may play a structural role in transcription termination. Interestingly, 

another of the motifs  (Supplemental Figure 3.2a, 25 and 50bp regions, motif 1) is identical to the 

central region of the second upstream cis-regulatory motifs described above. Therefore, it is 

tempting to postulate a possible double role for this motif in both transcription termination and 

antisense transcription initiation. 
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Figure 3.4. Metrics of the top motif identified by MEME searches of transcription 

termination sites.  

(A) Motif 2 was conserved in tail-to-tail intergenic regions in four Theileria species 

(Tp=Theileria parva; Ta=Theileria annulata; To=Theileria orientalis; Te=Theileria equi) and 

(B) peaked in distribution at transcription termination sites genome-wide in T. parva. The 

horizontal axis represents sequence areas from -1,000bp upstream to +1,000bp downstream 

around transcription initiation sites with single nucleotide resolution. Position 0 represents the 

transcription termination site. The vertical axis represents the frequency of the motif.  

 

3´ UTRs also can play an additional significant role in gene regulation [162, 163] by 

potentially containing a signal for polyadenylation. Since the RNAseq protocol used in the 

present study included the enrichment of polyadenylated transcripts, we then took advantage of 

this dataset in order to predict possible canonical and non-canonical polyadenylation signals 
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(PAS). It should be noted that non-polyadenylated, high-AT content parasite transcripts might 

also be pulled down using this protocol. With a previously established algorithm [164], we 

discovered that T. parva most likely uses a PAS that closely resembles, but is not identical to, 

that of other eukaryotes, including mammals, and found several other hexamers that we predict 

to play a role in polyadenylation (Supplemental Table 3.2).  

 

UTR motifs and non-coding exons 

Motifs found in 5´ UTRs contribute to post-transcriptional gene regulation in a number of 

organisms [165]. In T. parva, annotated 5´ UTRs, with median size of close to 150bp, are 

significantly longer than 3´ UTRs, of median length <50bp (Supplemental Figure 3.3), a pattern 

also found in Plasmodium and Babesia [112, 157]. Together with the presence of >100 RNA 

binding proteins in T. parva (Supplemental Table 3.3), this pattern is highly suggestive of a 

functional role for 5´ UTRs. In order to identify potential regulatory motifs encoded in UTRs, 

four separate motif searches were conducted: searches in 5´ and 3´ UTRs longer than 8bp, each 

separated into those that either did or did not overlap an adjacent gene model. Out of these four 

UTR sets, conserved motifs were only identified in 5´ UTRs that do not overlap other transcripts 

(Supplemental Figure 4a, all motifs summarized in Supplemental Figure 3.4b). The motifs 

identified in these "non-overlapping" 5´ UTRs are considerably longer than the potential 

regulatory motifs found near transcription start sites and are rich in G and C nucleotides (GC-

rich). The GC content of UTRs can affect protein translation efficiency; elevated GC content is 

associated with a decrease in translation efficiency [166]. The fact that the motifs found in these 

regions are GC-rich may indicate their role in post-transcriptional regulation.  
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 Another mechanism by which 5´ UTRs have been found to impact gene expression is 

through the synthesis of small, upstream open reading frames (uORFs). In Arabidopsis, uORFs 

are present upstream of genes that encode regulatory products such as transcription factors [167]. 

Recent evidence suggests that they might play a role in translation delay in P. falciparum, 

perhaps by delaying translation of the main ORF or by encoding regulatory peptides themselves 

[168]. Small peptides translated from uORFs could also possibly be presented antigens on host 

MHC I, just like host defective ribosomal products [169], making uORFs important features to 

report. At least 5% of T. parva genes have potential uORFs; 217 genes have at least one uORF 

that starts with a methionine, often considered the minimal ORF length for bona fide protein-

coding gene, indicating that these peptides might play a significant role in T. parva biology 

(Figure 3.5).  
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Figure 3.5. Length distribution of upstream open reading frames (uORFs) and reference 

open reading frames (rORFs).  

Only ORFs starting with a methionine were included in these distributions. Legend as in Fig 1, 

with outliers are represented by ‘+’. Boxplot shows median (orange line), second and third 

quartiles (within box) and max value below 75% + 1.5 interquartile range and minimum value 

above 25% - 1.5 interquartile range (whiskers). uORF lengths were significantly lower than than 

rORF lengths (p < 0.001, two-tailed Student’s t-test). 

 

Antisense transcription is highly prevalent in the T. parva genome and constitutes a potentially 

conserved mechanism of gene regulation 

Antisense transcripts can play a role in the cis regulation of sense gene expression via 

epigenetic, transcriptional, post-transcriptional, or even translational interference mechanisms. 

They can also play trans regulatory roles in the expression of other genes in the genome [159]. 

Overlapping transcripts encoded on opposite strands, which are widespread in the T. parva 

genome and can result from run-through transcription, have the potential to affect the expression 

level of neighboring gene when RNA polymerases transcribing in opposite directions collide 

[170, 171]. It is important to note that the temporal expression of overlapping genes cannot be 

determined from the RNAseq data used in the present study, since the RNA was extracted from 

unsynchronized cells.  

Given the large percentage of overlapping transcripts from opposite strands in this 

genome, the question arises of whether overlapping antisense transcription is merely “leakage” 
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of the transcription machinery in a highly compact genome, or if instead it is the reflection of a 

carefully orchestrated transcriptional process, molded by selective pressure to optimize the level 

and timing of gene expression. Previous studies in humans have taken a comparative genomics 

approach to this question, assuming that if consecutive pairs of genes encoded on opposite 

strands improve organismal fitness (e.g., by temporal expression interference) then there will be 

strong selective pressure to preserve their synteny. In fact, they found that 23.3% of human 

adjacent gene pairs encoded in opposite strands (i.e., those in tail-to-tail or head-to-head 

orientation), with overlapping transcripts, have conserved synteny in the pufferfish Takifugu 

rubripes, compared to only 13.5% of consecutive head-to-tail gene pairs, i.e., those encoded in 

the same DNA strand [172]. We find similar evidence in T. parva: while of the 805 head-to-tail 

consecutive gene pairs in T. parva Muguga with orthologs in P. falciparum only 16% have the 

same syntenic position in the genome of the latter species, the proportion is larger for pairs of 

consecutive genes encoded in opposite strands (23%) and more than doubles to 35% for genes 

pairs with evidence of potential transcriptional interference (Table 3.2). Therefore, we 

hypothesize that antisense overlapping of transcripts constitutes an important mechanism of 

transcriptional regulation in T. parva. Antisense transcripts are increasingly recognized as a vital 

part of gene regulation and antigenic variation in Plasmodium [173], particularly  in the 

regulation of expression of virulence genes [174]. Given the paucity of identifiable transcription 

factors in these parasites [146, 175], antisense transcription may play a much more prominent 

role in gene regulation in apicomplexans than previously appreciated.  
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Table 3.2. Conservation of orientation of homologous gene pairs between Theileria parva 

Muguga and Plasmodium falciparum 3D7.  

Classification of 
Theileria gene 
pairs a 

Theileria consecutive 
gene pairs with 
orthologs in P. 
falciparumc 

Pairs in Theileria with 
conserved synteny in 
Plasmodiumb 

Percent 
conserved 
pairsd 

Opposite strand 940 64 22.66 
Opposite strand 
Overlap 182 64 35.16 
Same-strand 805 125 15.53 

a Classification of groups of Theileria consecutive gene pairs. Opposite strands: pairs of genes in 

head-to-head or tail-to-tail orientation, according to the 2014 T. parva Muguga annotation. 

Antisense: gene pairs for which a sesne-antisense relationship was observed in RNAseq data.  

Same strand: pairs of consecutive genes that are encoded on the same strand (head-to-tail 

orientation). b Pairs of consecutive orthologous genes that preserved their gene order and 

orientation in T. parva Muguga and P. falciparum 3D7. c Pairs of genes that are consecutive on 

the T. parva Muguga genome and have orthologs in the P. falciparum 3D7 genome.  d 

Percentage of linked pairs.  

 

Unique cis regulatory motifs regulate multi-gene families that are potentially involved in host 

pathogenesis and parasite immune evasion 

Many apicomplexans have lineage-specific, telomeric multigene families which are often 

involved in host-pathogen interactions and evasion of the host immune system [96]. In T. parva, 

the Subtelomere-encoded Variable Secreted Protein (SVSP) family is the largest gene family and 

has been suggested to play a role in either immune evasion or the manipulation of host cell gene 



 
 

 71 

expression [9, 95, 141]. Another gene family, the T. parva Host Nucleus (TpHN) family, is 

homologous to a family of genes in T. annulata, which have been shown to localize to the host 

nucleus and alter host gene expression [110, 176]. Given the interest in these gene families as 

potentially significant in the pathogenesis of ECF, we ran motif searches upstream of all genes in 

each of the top 20 gene families. Since little is known about the regulation of their expression, 

predictions of cis regulatory motifs that control the expression of these genes can provide rich 

information for future investigations. MEME searches of potential promoter regions of these 

genes revealed novel motifs that vary significantly from the motifs found in the previously 

mentioned motif searches (Supplemental Table 3.4-3.19). For the SVSP and TpHN gene 

families, several of these motifs showed conserved distribution relative to transcription initiation 

sites (Supplemental Table 3.20) as well as conserved enrichment in 5´5´ intergenic regions 

(Supplemental Table 3.21-3.25), indicating that they are likely functional and specific to the 

regulation of these genes, possibly acting in concert with the most common T. parva upstream 

motifs mentioned above, which are also found associated with many genes in these families. 

 

Gene regulatory motifs and their corresponding networks are not well conserved within 

piroplasmids 

A set of regulatory motifs and the genes they regulate can be maintained through 

evolutionary time, or they may evolve in one of several ways: 1) a motif sequence may remain 

conserved, but the genes it regulates vary through time; 2) the motif sequence may evolve while 

the genes it regulates remain constant; 3) there is both a change in (or deletion of) the motif 
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sequence and a rewiring of the networks of co-regulated genes. DNA binding motifs for 

orthologous ApiAP2 transcription factors are conserved between P. falciparum and Plasmodium 

vivax, although the genes that they regulate are not [149], reminiscent of scenario (1) above. This 

conservation occurs despite the fact that the two species are distantly related and likely diverged 

from each other over 60 million years ago [177].  

In order to assess the conservation of the primary upstream cis regulatory motifs 

identified in the piroplasmids, we extracted all intergenic regions 8-300bp long from four 

Theileria and one Babesia species, B. bovis, and searched for over-represented motifs and their 

conservation across species. In contrast to the conservation of possibly multiple ApiAP2 binding 

motifs across Plasmodium species, among the most common motifs found in Theileria species, 

only three are shared by two or more species (Figure 3.6). These are the same three most 

conserved and significant motifs in T. parva, including the G-box and the Spe2 motifs. In 

addition, we find that these motifs do not regulate the same gene networks (Supplemental Table 

3.26), suggesting a motif turnover pattern similar to that found in other eukaryotes [178]. Out of 

these three motifs, we found that the G-box motif is enriched upstream of secreted or 

transmembrane protein-encoding genes in T. annulata and T. orientalis, as well as in T. parva 

[150], although this motif is not found among the top 10 motifs in T. equi (Figure 3.7). Since 

secreted and transmembrane pathogen proteins are often immunogenic, the association with the 

G-box motif may have important implications for the study of interactions between Theileria 

species and their hosts. Finally, the NFkB-like motif was found upstream of transmembrane 

motifs in B. bovis, but not in Theileria species, which may indicate a distinct divergence in 

function between these piroplasmid gene networks (Figure 3.8). The fact that only two motifs are 
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common to all Theileria species, and that the sets of genes downstream of each motif differs 

between species, indicates that in fact both motifs and gene networks evolve at a significant rate 

in this genus, suggestive of scenario (3).  
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Figure 3.6. The relationships of motifs found in T. annulata, T. equi, T. orientalis, T. parva, 

and B. bovis intergenic regions.  

The tree was created with STAMP and the tree generated with iTOL (Methods). A=Spe2 motif; 

B=G-box motif; C=NFkB-like motif. 

 

Figure 3.7. Theileria genes regulated by the G-box motif are enriched in genes that encoded 

secreted or transmembrane proteins. 
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Figure 3.8. B. bovis genes regulated by the NFkB-like motif are enriched in genes that 

encoded transmembrane proteins. 

 

In order to further investigate the rate of motif turnover in these piroplasms, we looked at 

the G-box, Spe2 and NFkB-like motifs as prototypical piroplasm upstream regulatory motifs. For 

each set of orthologous genes present in the four Theileria species for which at least one is 

downstream of one of these motifs, we mapped the number of times each motif was gained or 

lost (Figure 3.9). Despite the fact that we only have available a limited number of taxa for this 

analysis, a few patterns are clear. First, motif gain is much more prevalent than motif loss, and 

that in most instances the presence of a motif upstream of a specific gene is a species-specific 

occurrence. Also, T. parva appears more prone to motif loss than T. annulata (defined by cases 

in which T. orientalis and T. annulata, but not T. parva, share a motif upstream of an 

orthologous gene). Finally, the Spe2 motif seems to be more labile than the other two, with 

hundreds of instances of gains and possibly losses (Figure 3.9).  
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Figure 3.9. Reconstruction of turnover rate of three motifs from the present study.  

(A) G-box motif; (B) Spe2 motif; (C) NFkB-like motif. For each occurrence of a motif upstream 

of a gene in T. parva (Tp), T. annulata (Ta), T. orientalis (To) and T. equi (Te), we determined 

its distribution upstream of the orthologs in the other species, and infer the most parsimonious 

scenario for the number of acquisitions and losses of the motif in the branches leading to To, Ta 

and Tp. For example, a motif present upstream of the same orthologous gene in To, Ta and Tp 

but absent in Te, is inferred to have arisen in the lineage leading to all the first three species, and 
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hence be present at the node reflecting their most recent common ancestor. Motifs present in Te 

and one of the other species could have been lost twice, or lost once and regained, and so are 

deemed “undetermined”.  

 

Our analyses show that, overall, motifs are most conserved among the most closely 

related species, T. parva and T. annulata, and that their sequence conservation decreases with 

taxonomic distance. T. equi is evolutionarily quite distant from the other Theileria species and 

exhibits fundamental biological differences [154], and it is perhaps not surprising that is differs 

in its complement of regulatory motifs. The difference between the pattern seen among species 

in the genus Plasmodium and those in the order Piroplasma could be a reflection of either the 

older age of the Piroplasma taxon, a more conserved functional homology genome-wide within 

the genus Plasmodium than across the piroplasmids, or a combination of both. A potential caveat 

to this conclusion is the possibility that the annotation of some of the piroplasmid genomes 

contain significant errors, which prevent the identification of promoter sequences. As the quality 

of genome annotations improve, and more Theileria genomes become available, an analysis with 

additional granularity will facilitate a more accurate quantification of motif turnover. 

 

Conclusions 

 The highly compact nature of the Theileria genome seems to have resulted in complex 

regulation of gene transcription, such as the apparently critical role of antisense transcription of 

adjacent, overlapping genes. While there is an absence of canonical eukaryotic promoter 
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elements, there do seem to be a small set of conserved promoter sequences that regulate large 

gene networks. While those networks differ among Theileria species, the G-box motif appears to 

be critical to the regulation of genes involved in host-pathogen interactions.  

 

Methods 

 T. parva RNA was isolated from a culture of an available infected bovine lymphocyte 

line (Tretina and Silva, in prep). No live animals were used in this research. This work required 

no ethical approval. 

The analyses relied on the genome assembly and annotation of T. annulata, B. bovis, T. 

equi, T. orientalis available through PiroplasmaDB (piroplasmadb.org) release 23. For T. parva, 

we used the extensively updated genome annotation, described in Chapter 2. In short, a wide 

array of evidence was used to improve the annotation of the most prevalent isoform for each T. 

parva gene. The sources of evidence include RNAseq read alignments and transcript assemblies, 

trainable and de novo gene prediction programs, and protein alignments and expressed sequence 

tags from T. annulata and other apicomplexans. 5´ untranslated regions (UTRs) were defined as 

the genomic sequence between the annotated transcription start sites (TSS) and the translation 

initiation codon, and 3´ UTRs were similarly defined as the genomic sequence between the 

translation termination codon and the annotated transcription termination site (TTS).  

Transcription initiation and terminations sites were defined by the presence of an uninterrupted 

set of reads mapped to the genome, which has a defined start and end (i.e., this set of reads does 

not overlap a flanking transcriptional unit encoded in the same strand). An upstream open 
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reading frame (uORF) was defined as any open reading frame in the 5´ UTR that starts with a 

methionine, but that is out of frame with the primary product encoded by the locus. 

Searches with the MEME program [179] used motif length constraints of 5bp to 15bp, 

searching both strands at the DNA level for a maximum of 10 motifs with an E-value cutoff of 

0.05 assuming zero or one occurrence of a motif as has been done previously [150]. Motif search 

regions are indicated in the text. All searches with FIMO [180]shown had a p-value cutoff of 

0.0001. MAST [179] searches were run with the “-hit_list” option and an e-value cutoff of 100. 

Meme motif position-specific scoring matrices were aligned in STAMP to identify motif 

similarity to newly discovered and known motifs [181]. Motifs were searched against a 

collection of databases including two comprehensive eukaryotic motif databases JASPAR [182] 

and TRANSFAC [183], FLY [184], FlyReg [185] and Agris [186], AthaMap [187], PLACE 

[188], Uniprobe [189], other yeast motifs [190, 191], as well as the prokaryotic motif databases 

RegTransBase [192] and DPInteract [193]. The Smith-Waterman local alignment method with a 

similarity score defined by Pearson’s correlation coefficient estimated motif similarity. The 

STAMP motif phylogenetic tree was generated in iTOL [194].  

 Orthologous clusters (OCs) were created using the predicted peptide sequences for T. 

annulata, T. equi, T. orientalis, T. parva and B. bovis. Jaccard-filtered OC analysis and 

multigene family clustering were used to construct the final ortholog set as described previously 

[9].  In brief, an all-versus-all BLASTP was performed, followed by orthology assignments when 

two proteins had an E-value ≤10-5 with ≥ 80% similarity over ≥ 70% of the gene and a Jaccard 

coefficient cutoff of 0.6.  The T. parva schizont-stage RNA-seq data is available in the NCBI 

Sequence Read Archive (BioSample accession SAMN03981746).  
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Supplemental Figures and Tables 
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Supplemental Figure 3.1a. All motifs discovered around transcription initiation sites, at 

varying distances, and their frequency distributions. 
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Supplemental Figure 3.1b. All motifs discovered around transcription start sites, at varying 

distances, and their frequency distributions. 
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Supplemental Figure 3.2a. All motifs discovered around transcription termination sites at 

varying distances, and their distributions. 
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Supplemental Figure 3.2b. All motifs discovered around transcription termination sites at 

varying distances, and their distributions. 
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Supplemental Figure 2a. All motifs discovered around transcription termination sites at varying 
depths, and their distributions. 
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Supplemental Figure 2a. All motifs discovered around transcription termination sites at varying 
depths, and their distributions. 
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Supplemental Figure 2a. All motifs discovered around transcription termination sites at varying 
depths, and their distributions. 
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Supplemental Figure 3.2c. Motif potential for secondary structure. Each motif from the 

MEME search using + 50bp sequences around the transcription termination site, and the 

consensus sequence submitted to Integrated DNA Technology’s OligoAnalyzer 3.1 

(https://www.idtdna.com/calc/analyzer) and the output displayed above.  
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Supplemental Figure 3.3. Length of annotated 3´ and 5´ untranslated regions (UTRs) in T. 

parva.  

Box and whisker plots showing that 5´ UTRs are significantly longer than 3’ UTRs. Outliers are 

not shown, to simplify the visual display. 
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Supplemental Figure 3.4a. Other MEME motif searches found novel motifs.  

Regions that were searched include all 5’ untranslated regions that did not overlap any adjacent 

gene, introns longer than 50bp long, introns less than 50bp long, and non-expressed genes 

(FPKM < 1).  
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Region Consensus Motif Region Consensus Motif
25bp TSS CCCCATNNN 25bp TTS TATACAC

AAATGTGTA GTATATTATAT
CCCCTCCAACNCCAT GAGTANGAGATTA
AAGATTCCA 50BP TTS ATGTGTA
GTGTGGCCTAGTGGT ACCCCTAGAGGGAGC
GATAAGACTGAAACC GTGGATTGGGTGG
CTCAGTTGGTAGAGC TAGTATATTATA
AAGCTGGATCAATTG 100bp TTS AAACCCACACACCTA
CACATTTGTATG ATACTATATATAATA
GTGTAAGAGATTTGG AGGTCCCTCTCGGGG

50bp TSS TCCCCATNN 5' Non-overlapping UTRs GTAGCCATCAGTGCC

AAATGTGTAAAA AAGCTGCCGTCGCCG
CGATTCCAT TCTCACCGATCCTGC
CCTCCCTNNCAC CCGATCTAGGGCCAC
TGGTGTTGGTGTCGG GGGAGGCCTCGGTGG
GTCNGACGCTCTACCCACCACA CTCGAAGGTCAGGCC
ACCCTGTATGATAGC CAGCTGTCGGAAAAC
GCTAACCAAAGCCAA GCGAGTTTGTCAACC
GCTTTGGTGTCTTCC GGGCACTATCTAGAC

100bp TSS TTCATTCCCCATCNA Introns > 50bp long CGTTACGGAGCTTG
AAATGTGTAAAA CCCTAGAGGGAGCT
NAAGATTCC CTCCCTCTAGGGGT
CGGGAATCGAACCCG GCTCCCTCTGGGGGT
CCTGATCCACCTCCC GTTGATCGGGTTAGG
GTACTAGCCCTACCA GCTCCCTCTAGGGGT
ACACCAC GGGAGAGGGAGC
CCTCAGTGGCCCCAG GTAGTGAGGCGGGGG
CCCTTCAGCCAC Introns < 50bp long CCTAAAAAATATTAA
NACCGAAACCAATAC TAAAGGTAATTTTTA

Non-expressed genes 
(-227bp)

CTATTTACCTAGCTA
AAGATAACTGAAACC
TTGGTTNGATTCCAA
GAAGATAAGACTGAA
GGAGTCACCTGCCC
GCCCTACCAACNCT
CTTTATTACATTACA

GTTCTTCCCCATTC

 

Supplemental Figure 3.4b. A summary all motifs found in the present study.  
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Supplemental Table 3.1. Statistical enrichment of motifs from Figure 3 (TSS motifs 1-3) and 

Figure 4 (TTS motif 4) in different kinds of intergenic regions in each Theileria genome. This 

table shows the results of two-sided Pearson’s chi-square test for each comparison (red = p-value 

< 0.05).  

Theileria parva  Comparisons  Motif 5'5' vs 5'3' 5'3' vs 3'3' 5'5' vs 3'3' 
TSS 1 8.73E-01 4.93E-12 3.94E-10 
TSS 2 7.80E-02 8.27E-06 8.57E-08 
TSS 3 0.41515994 7.99E-01 7.39E-01 
TTS 4 1.20E-03 5.32E-17 1.40E-21 

Theileria annulata    Motif 5'5' vs 5'3' 5'3' vs 3'3' 5'5' vs 3'3' 
TSS 1 3.87E-02 1.04E-17 2.27E-22 
TSS 2 3.15E-18 1.45E-37 1.36E-75 
TSS 3 1.00E+00 8.53E-01 1.00E+00 
TTS 4 3.31E-01 3.39E-05 9.34E-03 

Theileria orientalis    Motif 5'5' vs 5'3' 5'3' vs 3'3' 5'5' vs 3'3' 
TSS 1 1.37E-01 8.92E-22 1.25E-25 
TSS 2 9.60E-06 3.13E-19 5.98E-33 
TSS 3 2.07E-01 3.56E-01 8.71E-01 
TTS 4 1.61E-02 5.34E-01 1.32E-01 

Theileria equi    Motif 5'5' vs 5'3' 5'3' vs 3'3' 5'5' vs 3'3' 
TSS 1 3.05E-08 7.46E-22 4.60E-38 
TSS 2 1.25E-21 8.13E-39 1.51E-80 
TSS 3 2.20E-09 2.57E-04 2.42E-14 
TTS 4 7.37E-03 2.54E-07 1.86E-11 
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Supplemental Table 3.2. Hexamers that potentially act as polyadenylation signals in T. 

parva. 

Iterations Top Hexamer 
1 AAAAUA 
2 UAAUUU 
3 AAAAUU 
4 UAAUAU 
5 UUUAAA 
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Supplemental Table 3.3. The top 10 most frequent GO terms found in the T. parva 

Muguga functional annotation 

GO Term Frequency Name 
GO:0005524 337 ATP binding 
GO:0005634 228 nucleus 
GO:0005737 200 cytoplasm 
GO:0016021 121 integral component of membrane 
GO:0003677 110 DNA binding 
GO:0046872 109 metal ion binding 
GO:0003723 106 RNA binding 
GO:0005829 103 cytosol 
GO:0003735 96 structural constituent of ribosome 
GO:0005730 96 nucleolus 
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Supplemental Table 3.4. Motifs found upstream of gene family 1, Subtelomere-encoded 

Variable Secreted Protein (SVSP) family. 

Motif Number 25 50 100
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Bp extracted around gene family 1 transcription initation sites
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Supplemental Table 3.5. Motifs found upstream of gene family 2, Hypothetical DUF529 Gene 

family. 

Motif Number 25 50 100
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Bp extracted around gene family 2 transcription initation sites
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Supplemental Table 3.6. Motifs found upstream of gene family 3, Protein Tyrosine Kinase 

family. 

Motif Number 25 50 100

1

Bp extracted around gene family 3 transcription initation sites
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Supplemental Table 3.7. Motifs found upstream of gene family 4, T. parva Repeat (Tpr) family. 
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Supplemental Table 3.8. Motifs found upstream of gene family 5, DEAD/DEAH Box Helicase 

family.  

Motif Number 25 50 100

1

Bp extracted around gene family 5 transcription initation sites
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Supplemental Table 3.9. Motifs found upstream of gene family 6, T. parva Host Nucleus 

(TpHN) family.  
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Supplemental Table 3.10. Motifs found upstream of gene family 7, DnaJ Chaperone family. 

Motif Number 25 50 100

Bp extracted around gene family 7 transcription initation sites
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Supplemental Table 3.11. Motifs found upstream of gene family 8, ATPase family. 

Motif Number 25 50 100

1

Bp extracted around gene family 8 transcription initation sites
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Supplemental Table 3.12. Motifs found upstream of gene family 9, Hypothetical Protein family.  

Motif Number 25 50 100
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Bp extracted around gene family 9 transcription initation sites
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Supplemental Table 3.13. Motifs found upstream of gene family 10, ABC Transporter family. 

Motif Number 25 50 100
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Bp extracted around gene family 10 transcription initation sites
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Supplemental Table 3.14. Motifs found upstream of gene family 11, Hypothetical Protein 

family. 

Motif Number 25 50 100
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Bp extracted around gene family 11 transcription initation sites
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Supplemental Table 3.15. Motifs found upstream of gene family 12, Hypothetical Protein 

family. 
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Supplemental Table 3.16. Motifs found upstream of gene family 13, Hypothetical DUF529 

Protein family. 

Motif Number 25 50 100

1

2

3

4

5

6

7

Bp extracted around gene family 13 transcription initation sites
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Supplemental Table 3.17. Motifs found upstream of gene family 14, Cyclophilin-type Peptidyl-

prolyl cis-trans Isomerase family. 

 

Motif Number 25 50 100

1

Bp extracted around gene family 14 transcription initation sites
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Supplemental Table 3.18. Motifs found upstream of gene family 15, Hypothetical Protein 

family. 

 

Motif Number 25 50 100

1

Bp extracted around gene family 15 transcription initation sites
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Supplemental Table 3.19. Motifs found upstream of gene family 20, Haloacid Dehalogenase-

like Hydrolase Family. 

Motif Number 25 50 100

1

Bp extracted around gene family 20 transcription initation sites
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Supplemental Table 3.20. The distribution of motifs upsteam of the Subtelomere-encoded 

Variable Secreted Protein Family (SVSP) and T. parva Host Nucleus (TpHN) gene families. 

 

SVSP Gene Family TpHN Gene Family

25 25

50 50

100 100
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Supplemental Table 3.21. The genomic distribution of motifs found upstream of 

Subtelomere-encoded Variable Secreted Protein Family (SVSP) genes. The “search” column 

indicates the number of base pairs upstream and downstream of transcription initiation sites that 

were used for the motif search. 

Search Motif (#) Motif

25 1

2

3

4

SVSP Family genes

Species Distribution
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Supplemental Table 3.22. The genomic distribution of motifs found upstream of Subtelomere-

encoded Variable Secreted Protein Family (SVSP) genes. The “search” column indicates the 

number of base pairs upstream and downstream of transcription initiation sites that were used for 

the motif search. 

Search Motif (#) Motif

50 1

2

3

4

Supplemental Table 20. The genomic distribution of motifs found upstream of Subtelomere-encoded Variable Secreted Protein Family (SVSP) genes. The “search” column indicates the number of base pairs upstream and downstream of transcription initiation sites were used for the motif search. 5

SVSP Family genes

Species Distribution
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Supplemental Table 3.22a. The genomic distribution of motifs found upstream of Subtelomere-

encoded Variable Secreted Protein Family (SVSP) genes. The “search” column indicates the 

number of base pairs upstream and downstream of transcription initiation sites that were used for 

the motif search. 

Search Motif (#) Motif

100 1

2

3

4

SVSP Family genes

Species Distribution
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Supplemental Table 3.22b. The genomic distribution of motifs found upstream of Subtelomere-

encoded Variable Secreted Protein Family (SVSP) genes. The “search” column indicates the 

number of base pairs upstream and downstream of transcription initiation sites that were used for 

the motif search. 

Search Motif (#) Motif

100 5

6

7

8

Species Distribution

SVSP Family genes
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Supplemental Table 3.22c. The genomic distribution of motifs found upstream of Subtelomere-

encoded Variable Secreted Protein Family (SVSP) genes. The “search” column indicates the 

number of base pairs upstream and downstream of transcription initiation sites that were used for 

the motif search. 

Search Motif (#) Motif

100 9

10

SVSP Family genes

Species Distribution
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Supplemental Table 3.23. The genomic distribution of motifs found upstream of T. parva Host 

Nucleus (TpHN) genes. The “search” column indicates the number of base pairs upstream and 

downstream of transcription initiation sites that were used for the motif search. 

Search Motif (#) Motif

25 1

TpHN Family genes

Species Distribution
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Supplemental Table 3.24. The genomic distribution of motifs found upstream of T. parva Host 

Nucleus (TpHN) genes. The “search” column indicates the number of base pairs upstream and 

downstream of transcription initiation sites that were used for the motif search. 

Search Motif (#) Motif

50 1

2

3

TpHN Family genes

Species Distribution
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Supplemental Table 3.25a. The genomic distribution of motifs found upstream of T. parva 

Host Nucleus (TpHN) genes. The “search” column indicates the number of base pairs upstream 

and downstream of transcription initiation sites that were used for the motif search. 

Search Motif (#) Motif

100 1

2

3

4

TpHN Family genes

Species Distribution
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Supplemental Table 3.25b. The genomic distribution of motifs found upstream of T. parva 

Host Nucleus (TpHN) genes. The “search” column indicates the number of base pairs upstream 

and downstream of transcription initiation sites that were used for the motif search. 

Search Motif (#) Motif

100 5

6

TpHN Family genes

Species Distribution
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Supplemental Table 3.26. The conservation of gene networks downstream of the three most-

conserved motifs. Note that each table is not symmetrical across the diagonal because each 

species has different numbers of motifs, as well as number of orthologs for some genes.  

 

(A) Spe2
Species Bb Te Ta To Tp Total
Tp 17.5 13.3 37.31 30.39 100 737
To 17.85 12.01 14.89 100 18.95 1182
Ta 22.07 11.6 100 24.89 38.9 707
Te 17.38 100 12.5 21.65 14.94 656
Bb 100 12.6 17.24 23.31 14.25 905

(B) G-box
Species Ta To Tp Total
Tp 47.06 26.93 100 323
To 22.94 100 26.61 327
Ta 100 20.95 42.46 358

(C) NFkB-like
Species Bb Ta To Tp Total
Tp 2.21 34.56 16.18 100 136
To 2.16 10.39 100 9.53 231
Ta 1.74 100 10.43 20.43 230
Bb 100 6.06 7.58 4.55 66

Percent with high-confidence orthologs and upstream motif

Percent with high-confidence orthologs and upstream motif

Percent with high-confidence orthologs and upstream motif
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Chapter 4: A bioinformatic pipeline to predict host-pathogen interactions 

 

Introduction 

 Upon invasion of host lymphocytes, T. parva significantly alters the host cell, a 

phenomenon characterized by the induction of continual host cell proliferation [195]. While T. 

annulata exhibits a similar phenotype, several other Theileria species, such as T. orientalis and 

T. equi are non-transforming parasites [10, 154]. Therefore, it is likely that some or all of the 

genetic requisites for host cell transformation are absent in the latter species. Previous studies 

have attempted to use comparative genomics in order to predict potential transformation factors 

[10, 11, 110]. Each of these studies has assumed that the genes used to transform the bovine 

leukocyte are conserved between T. parva and T. annulata, since these two parasites are known 

to activate some of the same host signal transduction pathways and induce similar phenotypes in 

host cells [11, 15, 196]. Other criteria thought to be essential in any transformation factor are that 

the proteins localize to the cell surface or are predicted to be secreted into the host cytosol, and 

that they are expressed during the schizont stage, when host cell transformation occurs.  

Importantly, each of the previous comparative genomics studies searches for potential 

transformation factors only compared proteins between T. parva and T. annulata, or also 

included T. orientalis.  
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Characterization of T. parva-T. annulata-specific protein attributes 

Since there has been an expansion of secreted proteins in the lineage leading to T. parva 

and T. annulata, the presence of these new genes may be attributed to their transformation-

inducing phenotype. We identified 191 protein eukaryotic clusters of orthologous proteins 

(KOGs) unique to the T. parva – T. annulata lineage; of these, 83 T. parva proteins are secreted 

into the host cytosol or expressed on the parasite plasma membrane and have an RPKM value 

greater than zero (Supplemental Table 4.1). Interestingly, T. parva proteins in KOGs shared with 

T. annulata have approximately double the proportion of secreted proteins than proteins in 

KOGs shared by all four Theileria species (Supplemental Table 4.2). These T. parva-T. 

annulata-specific proteins include 20 SVSP family proteins, as well as 5 TpHN and Tpr family 

proteins, respectively.  

 Since eukaryotic linear motifs (ELMs) are used by many different pathogens as a means 

of interacting with their host [197], they could also be included in the set of novel host-pathogen 

interactions that support the transformation-inducing phenotype of T. parva and T. annulata. 

While more closely related Apicomplexans tend to share more ELMs in their orthologs 

(Supplemental Table 4.3), due to the short length of ELM hits, we expect a high false positive 

rate, due to the short length of ELM hits. By combining these hits with taxonomic distribution 

and localization information, as well as an E-value cutoff of 0.001, we hoped to remove most 

false positive hits and found 395 proteins with 1,705 ELM hits in the T. parva genome that are 

only shared with T. annulata orthologs (Supplemental Table 4.4). These hits cover proteins with 

a wide variety of annotated functions. In addition, we found 40 secreted T .parva genes that 

share 39 domains with only their T. annulata orthologs (Supplemental Table 4.5). The DUF529 
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(FAINT) domain was by far the most prevalent domain found with 21 hits, while the other 

domains only appear once or twice. Ninety secreted T. parva proteins also had a T. annulata 

secreted ortholog and no other secreted orthologs (Figure 4.1). 

 

Figure 4.1. Putative transformation factors.  

A Venn diagram of T. parva predicted secreted proteins and/or with ≥5 transmembrane motifs, 

are schizont-expressed, and are predicted to interact with the host by at least one criterion.  

 

In order to independently predict host-pathogen interactions that may not use well-

described or known molecular mechanisms, a genome-wide scan was performed using a 

previously established pipeline for identifying peptides with significant similarity to host 

peptides [198]. This pipeline yielded 70 potential bovine peptide mimics, including 3 TpHN 

family proteins and 4 SVSP family proteins (Supplemental Tables 4.6-4.7), all of which are 
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potentially important for host transformation after T. parva infection. Most significantly, several 

of these are present only in the host-transforming Theileria parasites. 

 

T. parva-T. annulata-specific genes 

The comprehensive, and fairly conservative, comparative homology searches we 

conducted between transforming and non-transforming species highlight differences in the 

predicted functional annotation of the secretome that can potentially provide insights into host-

pathogen interactions. One of the proteins identified, TpMuguga_03g00237, has a formin 

homology 2 (FH2) domain and is predicted to have two transmembrane domains. FH2 domains 

play a critical role in the polymerization of linear actin filaments in many organisms, and are a 

self-folding domain common to all formins. FH2 domains are alone necessary and sufficient to 

nucleate actin filaments in vitro, and also bind the “barbed” end of actin to modify its elongation 

and protect it from capping proteins [199]. TpMuguga_03g00237 is conserved at the most highly 

conserved residue of the lasso/post dimerization domain, as well as residues required for actin 

polymerization (Supplemental Figure 4.2) [200]. Since this protein is expressed in the schizont 

stage, it may act as a dimer at the parasite plasma membrane, nucleating host actin to modify the 

host cytoplasmic environment. Host actin is not required for sporozoite invasion, but it has been 

hypothesized that since an orderly array of actin is stably associated with the parasite the host 

actin microtubule system may allow it to localize at the perinuclear region of the host cell, just as 

some viruses use the host actin system for intracellular transport [201-204]. The absence of 

inhibitory domains that are typically found in mammalian formins supports this idea. Since the 
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host actin cytoskeleton is known to be critical for the invasive phenotype of T. annulata-infected 

bovine cells [37], and there is evidence that T. parva might use the host actin cytoskeleton to 

activate host pathways [205], TpMuguga_03g00237 might represent another parasite molecule 

that regulates these processes. An alternative hypothesis is that this protein plays a role in 

parasite motility in the host cytosol. 

A critical mechanism of cell cycle control, which must be essential to the proliferation of 

Theileria infected cells, is the activation and degradation of cyclin-dependent kinases (CDKs). 

There is evidence that deregulation of the ubiquitin ligases that specifically ubiquitinylate CDKs 

and target them for proteasomal degradation can lead to uncontrolled proliferation [206]. 

Ubiquitin plays a role in many other cellular processes as well, such as endocytic trafficking, 

immune regulation, and autophagy. These functions have been directly linked to several tumor 

types and the development of cancer chemotherapies that target the ubiquitin system is active 

area of research [207, 208]. Interestingly, a putative HECT-type E3 ubiquitin ligase 

(TpMuguga_01g01175) appeared on the list of genes present only in transforming species.  

Another T. parva protein (TpMuguga_01g02545) is annotated as a potential E3 ubiquitin ligase 

due to its high BLAST similarity to the Plasmodium protein PFF1365c, but further inspection 

revealed a lack of a conserved E3 ubiquitin ligase domain. 

 

T. parva-T. annulata-specific short linear motifs 

 While there may be some discovery bias, many phylogenetically disparate pathogens 

have been found to use similar mechanisms during attachment, invasion, and colonization of host 
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cells [209]. Many transient protein-protein interactions are mediated by short tracts of adjoining 

amino acids, which can convergently evolve in pathogens de novo in unrelated protein sequences 

[210]. Since functional short linear motifs (SLiMs) have been found extensively in viruses and 

increasingly in bacterial and eukaryotic pathogens [197], we hypothesize that SLiMs play an 

essential role in T. parva host-parasite interactions. SLiMs often are found exposed on a protein 

surface in natively disordered protein regions on evolutionarily variable segments [211]. Given 

these properties, if this hypothesis is validated it could have significant implications for the 

emergence of new transforming Theileria species, since SLiMs can appear or disappear as a 

result of single point mutations.  

 There is growing evidence that T. parva and T. annulata may alter host phenotypes by 

secreting proteins that then localize to their host nuclei and alter gene expression. In particular, a 

member of the TashAT family has been found to be secreted by T. annulata and translocate to 

the host nucleus, where it can alter host gene expression [176]. An SVSP family gene has also 

been found to localize to their host nuclei [95], in addition to several T. annulata proteins with 

SxIP motifs [41] although a functional effect of these proteins on the host cell has not yet been 

identified. Here, we identified 43 T. parva proteins with nuclear localization signals (NLSs) that 

had only T. annulata orthologs with NLSs and not any other apicomplexan species incorporated 

in our comparative database (Supplemental Table 4.8). Interestingly, four were SVSP family 

members and four were TpHN family members, further implicating these two gene families in 

host nuclear interactions [94].  Two of these proteins also had predicted peptidyl-prolyl 

isomerase activity, just like the recently published TaPIN1 gene [30] (Supplemental Figure 4.3).  



 
 

 125 

 As the first discovered tumor suppressor, the retinoblastoma-1 protein (RB) is well 

studied and is lost in almost 100% of all cancers of the retina [212]. RB is involved in several 

processes including development, mitochondrial biogenesis, chromatin modulation and cell 

death, but canonically it acts by binding to E2F family member proteins in the cytosol and 

preventing them from entering the nucleus where they act as transcription factors that increase 

cellular proliferation [213]. Some tumor adenoviruses express proteins such as E1A that bind to 

RB and compete for the E2F binding sites, thereby driving cellular proliferation and cancer 

[214]. Incidentally, this can also cause p53-dependent apoptosis, which the virus can inactivate 

by making other proteins that target p53 activity [215]. Strikingly, T. annulata sequesters p53 on 

its surface in the host cytosol, thereby inactivating it and preventing apoptosis [59], and there is 

currently unpublished work showing that E2F is constitutively activated in T. annulata infected 

cells [58]. It was therefore interesting to find 15 relevant hits for RB-binding motifs in T. parva-

T. annulata specific SLiMs that were very similar to known and predicted binding motifs 

(Supplemental Table 4.9). Since several thiadiazolidinedione compounds have been identified 

that can disrupt the binding of human papilloma virus (HPV) protein E7 to human RB and are 

selectively cytotoxic to HPV-infected cells [216], disruption of Theileria protein interactions 

with bovine RB represents a potential chemotherapeutic strategy against Theileria-induced 

transformation.  
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T. parva-T. annulata-specific domains 

 Among all of the domains found in the apicomplexan genomes used in this study, the 

Frequently Associated In Theileria (FAINT, also known as DUF529) was by far the most 

prevalent, with most of the hits coming from Theileria parasites and one in a Babesia bovis gene 

(Supplemental Table 4.10). Strikingly, despite this fact, no interacting partners or functions have 

been assigned to this domain and the molecular mechanisms of their actions in the host cells 

remain completely unknown, although they were prevalently found here in genes of the 

transforming Theileria that locate to the host nucleus (Supplemental Figure 4.10). Faint domains 

are typically ~70 amino acids long and are highly polymorphic. They are also enriched in 

secreted proteins, particularly members of multi-gene families such as the SVSP and TpHN gene 

families, and as such have expanded in a lineage-specific way [110]. While their high prevalence 

in the genome of T. equi, a non-transforming parasite, may argue against their involvement in 

transformation, their high level of polymorphism and high prevalence in T. parva-T. annulata-

specific proteins suggests otherwise (Supplemental Figure 4.10).  

 

Potential Molecular Mimicry 

In order to independently predict host-pathogen interactions under a new set of 

assumptions, a genome-wide scan was performed using a previously established pipeline for 

identifying peptides with significant similarity to host peptides [198]. “Molecular mimicry” can 

arise by convergent evolution, with one notable example being an 18 amino acid motif in P. 

falciparum circumsporozoite protein, which is nearly identical and functionally mimics a region 
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of mammalian thrombospondin that is cytoadhesive to hepatocytes [217-219]. This pipeline 

yielded 70 potential bovine peptide mimics, including those in three TpHN family proteins and 

in four SVSP family proteins (Supplemental Table 4.7), all of which are potentially important for 

host transformation after T. parva infection. Most significantly, several of these are present only 

in the host-transforming Theileria parasites.  

WD-repeat proteins regulate many cellular functions such as cytokinesis, autophagy, 

apoptosis, transcription, signaling pathways, and vesicle fusion. They are conserved throughout 

all eukaryotes, and contain repeating units usually ending with Tryptophan-Asparagine [220]. 

WD-repeat proteins have been identified as tumor markers, and are often upregulated in various 

cancers [221-223]. The T. parva protein TpMuguga_01g00257 had a significant hit to 

XP_616882.6, the bovine homolog of human Wdr66. Wdr66 is a WD-repeat protein that has an 

upregulation that is significantly associated with poor overall survival of patients that have 

esophageal squamous carcinoma, and has been proposed to promote the epithelial-mesenchymal 

transition. Moreover, siRNA knockdown of this gene suppressed cell growth and reduced cell 

motility in vitro [224].  

 TpMuguga_01g00380 has a significant hit to NP_001030246.1, the bovine homolog of 

human ANP32B. In humans this protein is known to contribute to the differentiation of acute 

myeloid leukemia cells by retinoic acid, a process that has been used chemotherapeutically 

[225]. It is also a target of caspase-3 and can enhance apoptosis in myeloid leukemic cells [226]. 

While little is known about the mechanism of action of this molecule, the fact that it is 

significant in the treatment of cancer portends that TpMuguga_01g00380 may play a role in host 

cell manipulation.  
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Pathogen invasion of host cells is a critical, early point in the pathogenesis of ECF and 

parasite ligands of host receptors are potential vaccine candidates.  Our bioinformatic screen 

identified several parasite molecules that have significant similarity to bovine proteins with 

known receptors on leukocytes. Notably, the sporozoite antigen p67 showed similarity to bovine 

complement C3 isoform X1 (Figure 4.2), which has receptors that are expressed on lymphocytes 

in cattle [227]. The region of similarity falls on the alpha chain in between the thiolester site and 

the factor H binding site in the TED domain [228]. The alignment shows that this region is, 

however, within the conserved complement C3/C4/C5 domain (cd02896) in between highly 

conserved, largely apolar residues that have been proposed to form a domain interface that 

allows the thioester residues to be sequestered from the solvent [229]. Scavenger receptors are 

commonly used host molecules for parasite invasion, and Plasmodium parasites are known to use 

complement receptors to invade erythrocytes [230].  While the role of these receptors has not 

been investigated in the context of T. parva infection, it is also known that intracellular 

complement C3 can activate T cells [231]. Since p67 is expressed during the schizont stage, and 

T. parva transformed bovine lymphocytes show several markers of activation, this molecule may 

also play a role in host-parasite interactions that initiate host activation and proliferation. 

Conversely, p67 could also play a role in immune evasion of the sporozoite complement system, 

a recurrent theme in molecular mimicry for bloodborne pathogens.   
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Figure 4.2. An alignment of the sporozoite antigen p67 (TpMuguga_03_00287) with bovine 

C3 (XP_005208890.1) and the C3 conserved domain Cdd_cd02896 (yellow=thioester site; 

blue=factor H binding site). 

As a whole, this study included an exhaustive improvement in the structural and 

functional annotation of T. parva, as well as a thorough and comprehensive prediction of the 

parasite factors that might be involved in host cell transformation. Until recently [30], there were 

no parasite factors that have been directly shown to play a role in causing host cell proliferation, 

which is perhaps the most intriguing aspect of Theileria-induced transformation. However, how 

these parasites manipulate their hosts could reveal insights into the basic biology underlying host 

cell phenotypes that may be shared with some cancer cells [141], and perhaps improve the 

current vaccination methods against East Coast Fever.  
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Methods 

1) KOG generation 

Jaccard-filtered eukaryotic clusters of orthologous genes (KOGs) were generated as 

described previously [9], using the following genomes from Eupathdb (August 25th, 2014) [232]: 

Babesia bovis T2Bo, Cryptosporidium hominis TU502, Cryptosporidium muris RN66, 

Cryptosporidium parvum, Iowa II, Neospora caninnum Liverpool, Plasmodium falciparum 3D7, 

Plasmodium knowlesi strain H, Plasmodium vivax Sal-1, Theileria annulata strain Ankara, 

Theileria equi strain WA, and Theileria orientalis strain Shinktoku. Also used for creating the 

KOGs were the updated Theileria parva strain Muguga annotation and an updated Babesia 

microti RI annotation recently completed by our group.  

 

2) Functional annotation of apicomplexan proteomes 

Functional annotation of the T. parva proteome consisted of HMM3 searches of the 

complete proteome against our custom HMM collection that includes TIGRFams [133], Pfams 

[134],as well as custom-built HMMs[135] and BlastP searches against SWISSPROT (with a 

cutoff of 1E-10). These searches were used to assign gene product names, EC numbers, GO 

terms and gene symbols to genes conservatively where possible. Localization predictions were 

made with TargetP [136], transmembrane domain predictions with TMHMM [137], GPI 

predictions were made with GPI-SOM [138], all using the default parameters. The entire ELM 

database was downloaded from http://elm.eu.org/ and custom scripts were used to search the 

proteome of each Apicomplexan in the Sybil database using regular expressions in Python and a 

p-value cutoff of 0.001. 
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3) Multi-gene family clustering 

Genes were clustered with OrthoMCL [135], using an inflation value of 4 and a BLAST 

p-value cutoff of 10-5 as was previously done [9]. All individual conserved domain searches were 

done using the NCBI’s conserved domain database version 3.11 with 45,746 PSSMs, with an E-

value threshold of 0.01 and a composition based statistics adjustment (ncbi.nlm.nih.gov). HMM 

searches of the entire PFAM database were done using the default settings. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 132 

Supplemental Figures and Tables 

Supplemental Table 4.1. All of the T. parva Muguga genes in Jaccard-filtered clusters of 

orthologous genes shared with only T. annulata Ankara.  

Locus Tag Location 
(TargetP)

Location 
Reliability 
(TargetP)

# TM 
Domains 

(TMHMM)

GPI-linked 
(GPI-SOM)

Product 
Name

TpMuguga_
01g00574

S 2 1 0
hypothetical 

protein
TpMuguga_
04g00028

S 1 0 1
hypothetical 

protein
TpMuguga_
03g00632

S 2 0 0
hypothetical 

protein

TpMuguga_
02g00958

S 1 0 0
SVSP 
family 
protein

TpMuguga_
02g00065

S 1 1 0
hypothetical 

protein

TpMuguga_
04g00022

S 2 0 0

Domain of 
unknown 
function 
DUF529

TpMuguga_
03g00865

S 2 0 0

Domain of 
unknown 
function 
DUF529

TpMuguga_
02g00895

S 2 0 0
hypothetical 

protein

TpMuguga_
02g00011

S 2 1 0
SVSP 
family 
protein

TpMuguga_
03g00563

S 2 11 0
Tpr family 

protein

TpMuguga_
04g00018

S 2 0 0
SVSP 
family 
protein

TpMuguga_
02g02070

S 2 0 0
hypothetical 

protein
TpMuguga_
03g00299

S 2 0 0
hypothetical 

protein

TpMuguga_
01g02545

_ 1 2 0

Putative E3 
ubiquitin-

protein 
ligase 

protein 
PFF1365c
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Supplemental Table 4.1 continued. 

TpMuguga_
02g00818

S 1 0 0
hypothetical 

protein
TpMuguga_
02g02505

S 2 0 0
hypothetical 

protein

TpMuguga_
02g00956

S 2 0 0
SVSP 
family 
protein

TpMuguga_
03g00135

S 1 1 1
hypothetical 

protein
TpMuguga_
02g00213

S 1 0 0
hypothetical 

protein
TpMuguga_
02g02490

_ 5 2 0
hypothetical 

protein
TpMuguga_
02g00207

S 2 0 0
hypothetical 

protein
TpMuguga_
01g00718

S 1 0 0
hypothetical 

protein
TpMuguga_
01g00334

S 1 0 0
hypothetical 

protein
TpMuguga_
03g00915

_ 2 9 0
Tpr family 

protein
TpMuguga_
03g00263

S 1 0 0
hypothetical 

protein

TpMuguga_
01g01175

S 3 0 0

HECT-
domain 

(ubiquitin-
transferase)

TpMuguga_
04g00164

S 1 0 0
hypothetical 

protein
TpMuguga_
01g00437

_ 2 8 0
hypothetical 

protein
TpMuguga_
03g00633

S 1 0 0
hypothetical 

protein
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Supplemental Table 4.1 continued. 

TpMuguga_
03g00617

S 3 11 0
Tpr family 

protein

TpMuguga_
04g00013

S 2 0 0
SVSP 
family 
protein

TpMuguga_
03g00888

S 2 0 0
SVSP 
family 
protein

TpMuguga_
03g00589

S 2 0 0
hypothetical 

protein
TpMuguga_
03g00634

S 1 0 0
hypothetical 

protein
TpMuguga_
04g00786

_ 3 1 0
hypothetical 

protein

TpMuguga_
02g00005

S 2 0 0
SVSP 
family 
protein

TpMuguga_
03g00153

_ 1 3 0
hypothetical 

protein
TpMuguga_
03g00039

S 2 0 0
hypothetical 

protein
TpMuguga_
04g02390

_ 2 10 0
hypothetical 

protein
TpMuguga_
01g01082

S 1 0 0
hypothetical 

protein
TpMuguga_
03g00927

_ 2 9 0
Tpr family 

protein

TpMuguga_
03g00889

S 1 1 0
SVSP 
family 
protein

TpMuguga_
03g00884

S 2 0 0
SVSP 
family 
protein

TpMuguga_
02g00952

S 1 0 0
hypothetical 

protein
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Supplemental Table 4.1 continued. 

TpMuguga_
03g00287

S 1 1 1
Sporozoite 
P67 surface 

antigen

TpMuguga_
03g00886

S 5 0 0
SVSP 
family 
protein

TpMuguga_
01g00257

S 3 0 0
hypothetical 

protein
TpMuguga_
01g00662

_ 1 1 0
hypothetical 

protein

TpMuguga_
04g00918

S 5 1 0
SVSP 
family 
protein

TpMuguga_
02g00390

_ 1 12 0
ABC 

transporter

TpMuguga_
02g00955

S 1 0 0
SVSP 
family 
protein

TpMuguga_
04g00017

S 1 0 0
SVSP 
family 
protein

TpMuguga_
03g00237

_ 1 2 0
Formin 

Homology 2 
Domain

TpMuguga_
01g00336

S 2 0 0
hypothetical 

protein
TpMuguga_
02g00950

S 1 1 1
hypothetical 

protein
TpMuguga_
04g00023

S 2 1 0
hypothetical 

protein

TpMuguga_
01g00604

S 2 0 0
TpHN 
family 
protein

TpMuguga_
03g00868

S 1 1 0
SVSP 
family 
protein

TpMuguga_
04g00024

S 1 1 0
hypothetical 

protein
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Supplemental Table 4.1 continued. 

TpMuguga_
03g00021

_ 5 10 0
Tpr family 

protein
TpMuguga_
02g00890

S 5 0 0
hypothetical 

protein

TpMuguga_
01g00620

S 1 1 0
TpHN 
family 
protein

TpMuguga_
01g00003

S 1 0 1
hypothetical 

protein

TpMuguga_
02g00012

S 2 0 0

Domain of 
unknown 
function 
DUF529

TpMuguga_
03g00544

_ 4 11 0
hypothetical 

protein

TpMuguga_
01g00603

S 1 0 0
TpHN 
family 
protein

TpMuguga_
01g00438

S 1 0 1
hypothetical 

protein
TpMuguga_
04g00029

S 4 1 0
hypothetical 

protein

TpMuguga_
03g00003

S 2 0 0
SVSP 
family 
protein

TpMuguga_
01g00966

S 3 0 0
hypothetical 

protein

TpMuguga_
01g00608

S 1 1 0
TpHN 
family 
protein

TpMuguga_
01g00613

S 1 0 0
TpHN 
family 
protein

TpMuguga_
03g00866

S 1 0 0
SVSP 
family 
protein

TpMuguga_
04g02105

_ 4 10 0
hypothetical 

protein
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Supplemental Table 4.1 continued. 

TpMuguga_
03g00871

S 2 0 0
SVSP 
family 
protein

TpMuguga_
03g00867

S 2 1 0
SVSP 
family 
protein

TpMuguga_
01g01227

S 2 0 0
SVSP 
family 
protein

TpMuguga_
03g00187

S 1 0 0
hypothetical 

protein
TpMuguga_
03g00863

S 3 0 0
hypothetical 

protein
TpMuguga_

01g01011
S 1 0 0

hypothetical 
protein

TpMuguga_
02g02085

S 5 2 0
hypothetical 

protein
TpMuguga_
03g00437

S 1 0 0
hypothetical 

protein

TpMuguga_
04g00916

S 1 0 0
SVSP 
family 
protein
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Supplemental Table 4.2. The frequency of secretion signals, transmembrane domains, GPI 

linkages, and expression levels of Theileria proteins. 

 

KOG Category Number Signal 
Peptide TMD GPI Mean RPKM 

All T. parva proteins 4084 887 (21.72) 770 (18.85) 55 (1.35) 120.62 
Tp/Ta/To/Te only 158 37 (23.42) 35 (22.15) 4 (2.53) 59.25 

Tp/Ta only 195 86 (44.10) 39 (20.00) 6 (3.08) 74.02 
Tp only 558 225 (40.32) 125 (22.40) 15 (2.69) 55.1 
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Supplemental Table 4.3. A matrix of ELM hits shared between secreted proteins of 

apicomplexan species used in this study.  

Spp. Bb Bm Ch Cm Cp Nc Pf Pk Pv
Bb 1038 149 51 64 61 43 139 139 139
Bm 149 426 45 60 57 49 142 142 142
Ch 51 45 8212 2248 4083 60 91 91 91
Cm 64 60 2248 6380 3143 80 134 134 134
Cp 61 57 4083 3143 10014 73 122 122 122
Nc 43 49 60 80 73 272 93 89 93
Pf 139 142 91 134 122 93 7790 3721 3855
Pk 139 142 91 134 122 89 3721 11172 5546
Pv 139 142 91 134 122 93 3855 5546 11440
Ta 398 143 52 67 69 55 141 149 149
Te 423 163 66 79 81 56 160 160 160
To 406 151 66 76 76 55 158 166 166
Tp 427 169 66 79 81 56 159 167 167  
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Supplemental Table 4.4. ELM hits shared only by T. annulata and T. parva secreted proteins. 

See excel sheet in Tretina et al., 2016. 
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Supplemental Table 4.5. Proteins with domains shared only by T. annulata and T. parva 

secreted proteins. 

Domain Genes Description

PF04385.10 TA11910, TA11940, 
TpMuguga_02g00214 Domain of unknown function, DUF529

PF04385.10 TA11405, TpMuguga_02g00013 Domain of unknown function, DUF529
PF04385.10 TpMuguga_03g00196, TA03300 Domain of unknown function, DUF529
PF04385.10 TA17175, TpMuguga_04g00022 Domain of unknown function, DUF529
PF04385.10 TA05545, TpMuguga_03g00889 Domain of unknown function, DUF529
PF04385.10 TA20985, TpMuguga_01g00379 Domain of unknown function, DUF529

PF04385.10 TA19660, TpMuguga_01g00257, 
TA19665 Domain of unknown function, DUF529

PF04385.10 TA15685, TpMuguga_02g00890 Domain of unknown function, DUF529
PF04385.10 TA15950, TpMuguga_02g00939 Domain of unknown function, DUF529
PF04385.10 TpMuguga_01g00621, TA03110 Domain of unknown function, DUF529
PF04385.10 TA08360, TpMuguga_04g00425 Domain of unknown function, DUF529
PF04385.10 TpMuguga_03g00865, TA05585 Domain of unknown function, DUF529
PF04385.10 TA17130, TpMuguga_04g00017 Domain of unknown function, DUF529
PF04385.10 TA19275, TpMuguga_01g00178 Domain of unknown function, DUF529
PF04385.10 TA15305, TpMuguga_02g00818 Domain of unknown function, DUF529
PF04385.10 TA16685, TpMuguga_01g00987 Domain of unknown function, DUF529
PF04385.10 TA05550, TpMuguga_03g00888 Domain of unknown function, DUF529
PF04385.10 TA16050, TpMuguga_01g00003 Domain of unknown function, DUF529
PF04385.10 TpMuguga_02g00213, TA11915 Domain of unknown function, DUF529
PF04385.10 TpMuguga_01g01217, TA09755 Domain of unknown function, DUF529
PF04385.10 TpMuguga_01g00336, TA03521 Domain of unknown function, DUF529
PF00350.18 TpMuguga_04g00732, TA10275 Dynamin family
PF08282.7 TpMuguga_01g01082, TA16220 haloacid dehalogenase-like hydrolase
PF03030.11 TpMuguga_04g00216, TA07270 Inorganic H+ pyrophosphatase
PF13347.1 TpMuguga_03g00064, TA02480 MFS/sugar transport protein
PF00635.21 TpMuguga_04g02445, TA08575 MSP (Major sperm protein) domain
PF12627.2 TpMuguga_03g00507, TA04940 None
PF03193.11 TA09340, TpMuguga_04g02150 None

PF01435.13 TpMuguga_02g00929, 
TpMuguga_02g00926, TA15870 Peptidase family M48

PF09818.4 TpMuguga_04g00658, TA10635 Predicted ATPase of the ABC class
PF03085.10 TA05870, TpMuguga_01g00704 Rhoptry-associated protein 1 (RAP-1)
PF00849.17 TpMuguga_01g01009, TA16810 RNA pseudouridylate synthase
PF05642.6 TpMuguga_03g00287, TA03755 Sporozoite P67 surface antigen
PF07708.6 TA03125, TpMuguga_01g00608 Tash protein PEST motif
PF13905.1 TpMuguga_02g00353, TA12705 Thioredoxin-like
PF00133.17 TA04430, TpMuguga_03g00416 tRNA synthetases class I (I, L, M and V)
PF04406.9 TpMuguga_04g00401, TA08245 Type IIB DNA topoisomerase
PF00092.23 TpMuguga_04g00305, TA07750 von Willebrand factor type A domain
PF13519.1 TpMuguga_04g00305, TA07750 von Willebrand factor type A domain
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Supplemental Table 4.6. A summary of the output of the molecular mimicry pipeline. 

Parasite proteome 4084 
Parasite-specific proteins 2330 

Conserved proteins 1754 
Parasite 14-mers 1025641 

Parasite-specific 14-mers 716165 
Molecular mimicry candidate 14-mers 179 
Molecular mimicry candidate proteins 70 
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Supplemental Table 4.7. A list of the unique genes that map to potential host mimic peptides. 

Yellow=T. parva and T. annulata only; Orange=T. parva, T. annulata, T. orientalis, and T. equi 

only. 

T. parva Description B. taurus Description
TpMuguga_
01g00014

Rhoptry neck protein 2 NP_777264.2  adipocyte enhancer-binding protein 1 precursor 

TpMuguga_
01g00051

hypothetical protein NP_001179078.1  transcription initiation factor TFIID subunit 9B 

TpMuguga_
01g00195

hypothetical protein XP_005200620.1  protein WWC3 

TpMuguga_
01g00246

hypothetical protein XP_005196789.1  coiled-coil domain-containing protein 178 isoform X2 

TpMuguga_
01g00251

hypothetical protein XP_609325.5  ankyrin repeat and SAM domain-containing protein 6 

TpMuguga_
01g00257

hypothetical protein XP_616882.6  WD repeat-containing protein 66 

TpMuguga_
01g00336

hypothetical protein XP_003583456.2  rho GTPase-activating protein 33 

TpMuguga_
01g00380

hypothetical protein NP_001030246.1
 acidic leucine-rich nuclear phosphoprotein 32 family 
member B 

TpMuguga_
01g00478

hypothetical protein XP_005211441.1  UPF0583 protein C15orf59 homolog isoform X1 

TpMuguga_
01g00580

hypothetical protein XP_600806.7  rho guanine nucleotide exchange factor 18 

TpMuguga_
01g00590

hypothetical protein XP_873905.2  olfactory receptor 2L2 

TpMuguga_
01g00602

TpHN family gene XP_005223656.1
 ATP-binding cassette sub-family F member 1 isoform 
X1 

TpMuguga_
01g00607

TpHN family gene XP_005196428.1
 RNA-binding motif, single-stranded-interacting protein 
3 isoform X7 

TpMuguga_
01g00616

TpHN family gene NP_001039344.1  protein disulfide-isomerase A4 precursor 

TpMuguga_
01g00662

hypothetical protein XP_002700506.2  uncharacterized protein LOC100337198 

TpMuguga_
01g01223

Domain of unknown 
function, DUF529

XP_005218502.1  cyclic nucleotide-gated cation channel beta-1 isoform X1 

TpMuguga_
01g02505

Uncharacterized protein 
C18H10.09

NP_001178116.1  5-azacytidine-induced protein 1 

TpMuguga_
01g02605

hypothetical protein XP_001787933.3  putative upstream-binding factor 1-like protein 1-like 

TpMuguga_
04g00012

hypothetical protein XP_005193076.1  mucin-2-like 
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Supplemental Table 4.7 continued. 

TpMuguga_
04g00064

hypothetical protein XP_005198709.1 1-like 

TpMuguga_
04g00415

hypothetical protein XP_602276.4  interferon regulatory factor 2-binding protein 1 

TpMuguga_
04g00420

hypothetical protein XP_005197382.1
 neuroblast differentiation-associated protein AHNAK 
isoform X2 

TpMuguga_
04g00472

hypothetical protein XP_005195875.1
 putative sodium-coupled neutral amino acid transporter 
10 isoform X6 

TpMuguga_
04g00696

hypothetical protein NP_001180015.1 U5 tri-snRNP-associated protein 1 

TpMuguga_
04g00749

hypothetical protein XP_003584271.2  metabotropic glutamate receptor 5 

TpMuguga_
04g00905

hypothetical protein XP_003584025.2  piezo-type mechanosensitive ion channel component 2 

TpMuguga_
04g00909

hypothetical protein NP_001076951.1  E3 SUMO-protein ligase PIAS4 

TpMuguga_
04g00919

SVSP family gene XP_871851.2  huntingtin 

TpMuguga_
04g00919

hypothetical protein NP_001137573.1  TSC22 domain family protein 2 

TpMuguga_
04g00927

SVSP family gene XP_001788704.1  remodeling and spacing factor 1-like, partial 

TpMuguga_
04g00929

hypothetical protein XP_005199148.1  treacle protein isoform X1 

TpMuguga_
04g00929

hypothetical protein NP_001029664.1  complement C2 precursor 

TpMuguga_
04g00929

hypothetical protein XP_005203503.1
 low affinity immunoglobulin gamma Fc region receptor 
II-b isoform X1 

TpMuguga_
04g02250

hypothetical protein NP_001193837.1  protein sel-1 homolog 1 precursor 

TpMuguga_
04g02255

Variant-silencing SET 
domain-containing 
protein

XP_005212769.1
 pleckstrin homology domain-containing family H 
member 2 isoform X3 

TpMuguga_
04g02590

hypothetical protein XP_001790019.2  anoctamin-8 

TpMuguga_
04g02595

hypothetical protein XP_005193369.1  integrin alpha-X, partial 

TpMuguga_
02g00115

hypothetical protein NP_788841.1  aldehyde oxidase 1 

TpMuguga_
02g00120

hypothetical protein NP_001179016.1  rho GTPase-activating protein 32 
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Supplemental Table 4.7 continued. 

TpMuguga_
02g00233

hypothetical protein XP_003583654.1  huntingtin-associated protein 1 

TpMuguga_
02g00363

hypothetical protein XP_003585782.1  xin actin-binding repeat-containing protein 2 isoformX2 

TpMuguga_
02g00491

hypothetical protein XP_586790.5  hyaluronidase PH-20 

TpMuguga_
02g00579

hypothetical protein XP_001251892.2
 vacuolar protein sorting-associated protein 13C 
isoformX2 

TpMuguga_
02g00617

hypothetical protein XP_005196536.1  ubiquitin carboxyl-terminal hydrolase 19 isoform X2 

TpMuguga_
02g00706

hypothetical protein XP_005204044.1  ankyrin repeat domain-containing protein 35 isoform X1 

TpMuguga_
02g00760

hypothetical protein XP_003584025.2  piezo-type mechanosensitive ion channel component 2 

TpMuguga_
02g00841

hypothetical protein XP_873905.2  olfactory receptor 2L2 

TpMuguga_
02g00876

hypothetical protein XP_005199148.1  treacle protein isoform X1 

TpMuguga_
02g00894

hypothetical protein NP_001229276.1  GTPase HRas isoform 2 

TpMuguga_
02g00899

hypothetical protein XP_002700925.2  ral guanine nucleotide dissociation stimulator-like 

TpMuguga_
02g00916

hypothetical protein NP_001095517.1  coiled-coil domain-containing protein 151 

TpMuguga_
02g00938

hypothetical protein XP_005196291.1  A-kinase anchor protein 13 isoform X7 

TpMuguga_
02g02035

E3 ubiquitin-protein 
ligase RLIM

XP_005202542.1  cysteine/serine-rich nuclear protein 3 isoform X3 

TpMuguga_
02g02265

hypothetical protein XP_005192367.1  NAC-alpha domain-containing protein 1 isoform X17 

TpMuguga_
03g00102

hypothetical protein XP_005208806.1  tartrate-resistant acid phosphatase type 5 isoform X1 

TpMuguga_
03g00161

hypothetical protein XP_005217426.1  centromere protein F isoform X1 

TpMuguga_
03g00287

Sporozoite P67 surface 
antigen

XP_005208890.1  complement C3 isoform X1 

TpMuguga_
03g00290

hypothetical protein XP_005226221.1  arylamine N-acetyltransferase 1 isoform X5 

TpMuguga_
03g00297

Domain of unknown 
function, DUF529

XP_873025.1  uncharacterized protein LOC615983 
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Supplemental Table 4.7 continued. 

TpMuguga_
03g00397

hypothetical protein XP_590728.5  protein enabled homolog 

TpMuguga_
03g00763

hypothetical protein NP_001012282.1  glycerol-3-phosphate acyltransferase 1, mitochondrial 

TpMuguga_
03g00838

hypothetical protein XP_005196273.1
 A disintegrin and metalloproteinase with 
thrombospondin motifs 17 isoform X3 

TpMuguga_
03g00870

SVSP family gene XP_005203009.1  pumilio homolog 1 isoform X12 

TpMuguga_
03g02255

hypothetical protein XP_005193967.1  EH domain-binding protein 1 isoform X4 

TpMuguga_
03g02385

hypothetical protein NP_001095641.1  protein FAM105A 

TpMuguga_
03g02405

hypothetical protein XP_005203891.1  involucrin isoform X5 

TpMuguga_
03g02490

hypothetical protein NP_001192308.1  uncharacterized protein C16orf59 homolog 

TpMuguga_
03g02490

hypothetical protein NP_001193562.1  proteoglycan 4 precursor 

TpMuguga_
04g00005

SVSP family gene XP_005193679.1  zinc finger homeobox protein 2 isoform X4 

TpMuguga_
04g00215

hypothetical protein XP_005192444.1  5-hydroxytryptamine receptor 1B 

TpMuguga_
04g00226

hypothetical protein XP_875821.2  rhophilin-1 isoform X3 

TpMuguga_
04g00437

104 kDa 
microneme/rhoptry 
antigen

NP_001137332.1  microtubule-actin cross-linking factor 1 

TpMuguga_
04g00822

hypothetical protein XP_003583368.1  serine/arginine repetitive matrix protein 4 

TpMuguga_
03g00689

hypothetical protein NP_001070504.1  integral membrane protein DGCR2/IDD precursor 
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Supplemental Table 4.8. T. parva secreted proteins with nuclear localization signaling shared 

only with T. annulata orthologs. 

Locus Tag Localization 
(TargetP)

# TM 
Domains 

(TMHMM)

GPI-linked 
(GPI-SOM)

Product Name
Sense Exon-

based 
RPKM

TpMuguga_
01g00244

S 0 0
Cyclophilin type peptidyl-prolyl cis-
trans isomerase/CLD

3322

TpMuguga_
04g00437

S 1 1 p104 1024

TpMuguga_
04g00683

S 0 0 78 kDa glucose-regulated protein 509

TpMuguga_
02g00048

S 0 0
Cyclophilin type peptidyl-prolyl cis-
trans isomerase/CLD

316

TpMuguga_
02g00551

S 2 1 23 kDa piroplasm membrane protein 248

TpMuguga_
04g00029

S 1 0 hypothetical protein 204

TpMuguga_
01g00156

S 0 0 hypothetical protein 156

TpMuguga_
04g00373

S 0 0 Probable nucleoredoxin 2 150

TpMuguga_
01g00380

S 0 0 hypothetical protein 138

TpMuguga_
02g00102

S 0 0
Werner syndrome ATP-dependent 
helicase homolog

113

TpMuguga_
02g00952

S 0 0 hypothetical protein 109

TpMuguga_
03g02405

S 1 1 hypothetical protein 85

TpMuguga_
03g00272

S 0 0 hypothetical protein 84

TpMuguga_
03g00379

S 1 0 hypothetical protein 67

TpMuguga_
01g00587

S 1 0 hypothetical protein 67

TpMuguga_
04g00732

S 0 0 Probable GTP-binding protein EngB 41

TpMuguga_
01g00966

S 0 0 hypothetical protein 40

TpMuguga_
01g01134

S 0 0 hypothetical protein 40

TpMuguga_
04g02400

S 6 0 hypothetical protein 34

 



 
 

 148 

Supplemental Table 4.8 continued. 

TpMuguga_
04g00038

S 0 0 hypothetical protein 33

TpMuguga_
04g00024

S 1 0 hypothetical protein 33

TpMuguga_
02g00541

S 0 0 Isoleucine--tRNA ligase 28

TpMuguga_
01g00955

S 1 1 hypothetical protein 28

TpMuguga_
02g00955

S 0 0 SVSP family protein 26

TpMuguga_
01g00178

S 0 0 hypothetical protein 22

TpMuguga_
02g00331

S 0 0 ThiF family 21

TpMuguga_
04g00023

S 1 0 hypothetical protein 19

TpMuguga_
04g00013

S 0 0 SVSP family protein 19

TpMuguga_
04g00164

S 0 0 hypothetical protein 16

TpMuguga_
02g00005

S 0 0 SVSP family protein 15

TpMuguga_
02g00591

S 11 0 hypothetical protein 12

TpMuguga_
01g00701

S 0 0
Rhoptry-associated protein 1 (RAP-
1)

12

TpMuguga_
02g02055

S 1 0 hypothetical protein 11

TpMuguga_
01g00613

S 0 0 TpHN family protein 10

TpMuguga_
04g00473

S 1 0 Probable zinc protease PqqL 6

TpMuguga_
04g00018

S 0 0 SVSP family protein 5

TpMuguga_
01g00603

S 0 0 TpHN family protein 3

TpMuguga_
01g00604

S 0 0 TpHN family protein 3

TpMuguga_
01g00144

S 1 0 hypothetical protein 2
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Supplemental Table 4.8 continued. 

TpMuguga_
01g02355

S 0 0
ATP-dependent rRNA helicase 
RRP3

2

TpMuguga_
01g00620

S 1 0 TpHN family protein 1

TpMuguga_
03g00247

S 0 0 hypothetical protein 1

TpMuguga_
01g00257

S 0 0 hypothetical protein 1
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Supplemental Table 4.9. T. parva secreted proteins with retinoblastoma protein binding motifs 

found only in their T. annulata orthologs.  

15 hits were removed from this list where the hits were predicted to be on the inside of the 

parasite plasma membrane or within a known domain in T. parva. Blue entries have predicted 

transmembrane domains. 

ELM ID T.parva protein T. parva hit 
T. 
annulata 
protein 

T. annulata hit 

ELME000007 TpMuguga_01g00476 LHCFD TA20650 LYCCD, 
LHCLD 

  TpMuguga_04g00024 IECNE TA17185 IECDE 
  TpMuguga_01g00431 IQCHE TA20790 IQCHE 
  TpMuguga_02g00667 LKCKE TA14455 LKCKE 

  TpMuguga_02g00758 LTCRD  
TA14945 LSCRD 

  TpMuguga_03g00197 LDCDE TA03305 ITCSD, 
LDCDE 

  TpMuguga_03g00263 ITCND  
TA03615 LECLE 

  TpMuguga_04g00427 LRCVD TA08370 LRCVD 

ELME000301 TpMuguga_04g00896 SVLVNLYDN, 
SVIANLYDI TA11050 

SILVNLYDL, 
IIISNLFDI, 
SILVNLYDL, 
KVLSNLYDP 

  TpMuguga_01g00003 KFLSILFDN  
TA16050 

FKLFNLYDG, 
KCMNIMYDN, 
DNMFTLFDL 

  TpMuguga_01g00401 DEIVNLYDS TA20890 DEIVNLYDS 
  TpMuguga_02g00019 PGVFDLFDV TA11485 PGVFDLFDV 
  TpMuguga_02g00134 ESIKSLFDA TA11540 ESIKSLFDA 

  TpMuguga_02g02355 GVIQLLYDR  
TA12035 

KEVYQLFDK, 
GVIQLLYDR 

  TpMuguga_03g00786 SQIQKLYDS TA18220 SEIQKLYDS 
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Supplemental Table 4.10. The frequency of domains found in apicomplexans in this study. 

All domains: Hits (#) Description 
PF04385.10 606 Domain of unknown function, DUF529 
PF02009.11 210 Rifin/stevor family 
TIGR01477 175 variant surface antigen, rifin family 
PF04092.8 96 SRS domain 
PF09687.5 93 Plasmodium RESA N-terminal 
PF00085.15 78 Thioredoxin 
PF01926.18 78 50S ribosome-binding GTPase 
PF00226.26 68 DnaJ domain 
PF01529.15 65 DHHC palmitoyltransferase 
PF07690.11 60 Major Facilitator Superfamily 
PF12697.2 57 Alpha/beta hydrolase family 
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Supplemental Table 4.11. The frequency of DUF529 domains in apicomplexans used in this 

study that have at least one hit. 

Species Frequency (#) 
Theileria equi strain WA 330 
Theileria parva strain Muguga 107 
Theileria annulata strain Ankara 76 
Theileria orientalis strain Shintoku 9 
Babesia bovis strain T2Bo 1 
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Supplemental Figure 4.1. The RPKM distribution of the top 20 gene families in T. parva 

Muguga.  

Gene family numbers are indicated in brackets next to the gene family names on the x-axis.  
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Supplemental Figure 4.2. TpMuguga_03g00237 alignment to the FH2 domain in the 

NCBI’s Conserved Domain Database (CDD).   

TpMuguga_03g00237 amino acid sequence is conserved at the most highly conserved residues 

in the lasso/post-dimer interface (yellow=perfect alignment; pink=alignment with CDD 

consensus sequence and other Bos taurus proteins not shown), as well as two residues that are 

required for actin polymerization (blue).  
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Supplemental Figure 4.3. Theileria PIN1 is an example of a parasite-secreted protein that 

plays a role in host transformation.  

Shown is an alignment of the recently described T. annulata gene [30], TaPIN1 (TA18945), with 

orthologs in T. equi, T. orientalis, and T. parva. TaPIN1 has an extended N-terminal sequence 

that contains a signal peptide, as such it is the only putative protein in this ortholog cluster with a 

predicted secretion signal. The others are either predicted to localize to the mitochondria 

(TpMuguga_01g00114, TOT_010000107), or a localization prediction was not possible with 

TargetP default settings (BEWA_033600). However, the RNAseq evidence for the 

TpMuguga_01g00114 locus suggests that alternative splicing may occur that includes an N-

terminal exon, which may contain a secretion signal that could alter the localization of 

TpMuguga_01g00114. This splice form of the gene is not prevalent in the RNAseq sample 

analyzed, since there was no evidence of reads interrupted by an intron. 
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KOG$Category Number Signal$Peptide TMD GPI Mean$RPKM
All#T.#parva#proteins 4084 887#(21.72) 770#(18.85) 55#(1.35) 120.62
Tp/Ta/To/Te#only 158 37#(23.42) 35#(22.15) 4#(2.53) 59.25

Tp/Ta#only 195 86#(44.10) 39#(20.00) 6#(3.08) 74.02
Tp#only 558 225#(40.32) 125#(22.40) 15#(2.69) 55.1

KOG$Category Number Signal$Peptide TMD GPI Mean$RPKM SVSP TashAT Tpr
All#T.#parva#proteins 4084 887#(21.72) 770#(18.85) 55#(1.35) 120.62 90 20 38
Tp/Ta/To/Te#only 158 37#(23.42) 35#(22.15) 4#(2.53) 59.25 0 0 1

Tp/Ta#only 195 86#(44.10) 39#(20.00) 6#(3.08) 74.02 20 5 5
Tp#only 558 225#(40.32) 125#(22.40) 15#(2.69) 55.1 66 14 31

KOG$Category Number Signal$Peptide TMD GPI Mean$RPKM
All#T.#parva#proteins 4084 887#(21.72) 770#(18.85) 55#(1.35) 120.62
Tp/Ta/To/Te#only 158 37#(23.42) 35#(22.15) 4#(2.53) 59.25

Tp/Ta#only 195 86#(44.10) 39#(20.00) 6#(3.08) 74.02
Tp#only 558 225#(40.32) 125#(22.40) 15#(2.69) 55.1

Gene$Family

B

A
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Chapter 5: Discovery and functional investigation of TpGcpE 

 

Abstract 

Intracellular pathogens have evolved intricate mechanisms to subvert host-signaling 

pathways and ensure their own survival. The protozoan parasite Theileria parva infects bovine 

lymphocytes, induces host cell proliferation, and synchronously divides with it, segregating into 

both host daughter cells. We used transcriptomics, comparative genomics, and surface plasmon 

resonance to discover that a key enzyme in isoprenoid biosynthesis in T. parva, TpGcpE, also 

moonlights as a host mitogen by binding to host tumor suppressor retinoblastoma-1 (RB). We 

show in vitro that TpGcpE impedes binding of endogenous epigenetic regulators to RB. Using 

transfection experiments, we show that the TpGcpE-RB interaction also prevents RB complexes 

from repressing both E2F transcription factor activity and downstream host proliferation ex vivo. 

The pleiotropic role of GcpE has enabled the evolution host cell transformation in some 

Theileria species.  

 

Introduction 

Theileria parva and Theileria annulata are tick-transmitted, protozoan parasites of cattle 

that cause hundreds of millions of dollars of economic loss every year in large parts of southern 

Europe, Africa, and southern Asia. These pathogens are unique among protozoan parasites in the 

ability of the schizont life-cycle stage to induce cancer-like phenotypes in host leukocytes. 

Induction of proliferation and invasiveness of infected host cells are believed to be important 
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aspects of T. parva pathogenesis [87, 141]. Despite a strong host immune response to the 

parasites [233], infection can result in the death of a high proportion of infected animals [234]. 

While there has been considerable research into host signaling pathways affected during 

infection, only one parasite molecule has been shown to be involved in Theileria-induced 

transformation of host leukocytes [141]. This protein, a prolyl isomerase secreted by T. parva 

and T. annulata into the leukocyte cytosol, modifies host oncogenic proteins critical for 

transformation [30].   

We developed a bioinformatics pipeline [235] to perform the most comprehensive 

prediction of potential Theileria host-transforming proteins to date. This pipeline was based on 

the rationale that such proteins have one or more attributes that (i) are predicted to be exposed to 

the host, (ii) are expressed in the schizont life-cycle stage, and (iii) should be present in host-

transforming Theileria species (T. parva and T. annulata), and (iv) be absent from other 

apicomplexans, including non-transforming Theileria (T. orientalis and T. equi). A total of 273 

protein-coding genes satisfy the criteria of potential T. parva transformation factors (see Chapter 

4 for a full description of this pipeline). This list is critically dependent on the new genome 

annotation (see Chapter 2), since the coding sequences of 101 (37%) of these genes were altered 

in the new annotation.  

Screening and identification of RB-binding Theileria parva proteins 

 Interestingly, using the pipeline above, we identified 15 T. parva proteins that were 

predicted to interact with the well-studied host tumor suppressor Retinoblastoma-1 protein (RB). 

Along with p107 and p130, RB is a pocket family protein that plays a critical role in mammalian 

cell cycle regulation by inhibiting E2F transcription factor activity, which is an important 
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regulator of cell proliferation and survival [236]. The central RB pocket domain is highly 

conserved between humans and bovids (Supplemental Figure 5.1) and has two significant 

binding sites: a) the interface of the A and B cyclin folds, which binds to the E2F transactivation 

domain LXXLFD motif, and b) a three-helix cleft of the B cyclin fold, which binds to chromatin-

modifying proteins containing an LXCXE motif, such as histone deacetylase 1 (HDAC1) [236]. 

Out of our 15 predicted T. parva RB-binding proteins, eight had the LXCXE motif, and seven 

had the LXXLFD motif (see Chapter 4, Supplemental Table 4.9).  

 RB binds and represses E2F transcription factor family proteins in non-proliferating cells, 

partially by recruiting LXCXE motif-containing chromatin modifiers to E2F-dependent 

promoters. Mitogenic signals lead to an increase in cellular cyclin-dependent kinase activity, 

which phosphorylates RB and thereby inactivates RB-dependent E2F repression by dissociating 

the RB-E2F complex. Free E2F proteins form heterodimers with E2F dimerization partner (DP) 

proteins (DP-1 or DP-2) to form a functional transcription factor that regulates cell proliferation 

and survival [236, 237]. 

Since the proliferation of T. parva host cells is thought to be critical for the pathogenesis 

of infection, and given the lack of knowledge regarding the role of the RB/E2F signaling 

pathway in T. parva host transformation, we investigated RB/E2F signaling in Theileria 

infection further. For each of the 15 predicted RB-binding proteins, we synthesized peptides 

containing the motifs predicted to interact with RB (Table 5.1).  
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Table 5.1. Peptides derived from T. parva secreted proteins predicted to contain 

retinoblastoma-1 protein (RB) binding motifs, and for which orthologs with similarly predicted 

motifs were found only in T. annulata.  

These were tested for RB pocket domain-binding activity. 

Gene Sequence 
TpMuguga_04g00427 QLRCVDNVF 
TpMuguga_03g00263 LITCNDAHV 
TpMuguga_02g00758 QLTCRDDSS 
TpMuguga_01g00431 FIQCHEKEF 
TpMuguga_04g00024 KIECNENHY 
TpMuguga_01g00476 LLHCFDSVK 
TpMuguga_02g00667* VLKCKELKK 
TpMuguga_03g00197 TLDCDEASV 
TpMuguga_03g00786 EKMDVSQIQKLYDSMIKSI 
TpMuguga_02g02355* RDELQGVIQLLYDRYNKYI 

TpMuguga_04g00896_1 LDGKTSVLVNLYDNKELGP 
TpMuguga_04g00896_2 IERQTSVIANLYDIERMGI 
TpMuguga_01g00401 IPKIVDEIVNLYDSCNTVE 
TpMuguga_01g00003 VTISSKFLSILFDNNTFKL 
TpMuguga_02g00134 ATNNAESIKSLFDAGVDVF 
TpMuguga_02g00019 ESKGAPGVFDLFDVDITKN 

TpMuguga_02g00667 scrambled KVKKLEKLC 
TpMuguga_02g02355 scrambled VQGLYNILEQKLRRDYIDY 

*Binds in a sequence-specific manner to Retinoblastoma-1 pocket domain 

 

Surface plasmon resonance (SPR) was used to screen these 9 to 19 amino acid peptides 

for specific RB1 pocket domain-binding activity. Recombinant, purified RB pocket domain was 

coupled to the surface of the sensor chip, and purified peptides were introduced at various 

concentrations to quantify kinetics if response curves indicated a detectable protein-protein 

interaction [235]. Sequence-scrambled peptides were used as negative controls to exclude false-
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positive signals. This approach led to the discovery of two peptides that bind RB in a sequence-

specific fashion, one with an LXCXE motif (TpMuguga_02g00667, Figure 5.1a-b), and one with 

an LXXLFD motif (TpMuguga_02g02355, Supplemental Figure 5.2).  

 

 

Figure 5.1. T. parva schizonts express a conserved LXCXE motif-containing protein, 

TpGcpE, that can compete with HDAC1 protein for binding to host retinoblastoma-1 

pocket domain (RB-PD).  

(A) A Phyre2 structure of TpGcpE predicts that the LXCXE motif (red, indicated by black 

arrow) is on the surface-exposed fourth α-helix of the TIM barrel (blue). The αβ barrel is 

displayed in teal. (B) Kinetic binding curves (sensorgram) demonstrate a sequence-specific 
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interaction of a TpGcpE peptide (teal; VLKCKELKK) to RB pocket domain by SPR (scrambled 

peptide in green; KVKKLEKLC). (C) LXCXE motifs in TpGcpE (TpMuguga_02g00667) and 

TaGcpE (TA14455) resemble those found in selected human, bovine, and simian viral proteins. 

(D) KD values of several proteins/peptides for the Retinoblastoma 1 pocket domain. (E) 

Sensorgram of full-length HDAC1 alone (black), and of HDAC1 in competition with full-length 

TpGcpE (blue), for the full-length Retinoblastoma-1 pocket domain (RB-PD). TpGcpE was 

added at a concentration of 220 nM and HDAC1 at 1,000 nM. 

 

Mapping the interaction of TpGcpE, a T. parva protein with pleiotropic roles in isoprenoid 

biosynthesis and interaction with host protein(s), and host Retinoblastoma-1 

Given the critical role that LXCXE motif-containing proteins play in regulating processes 

related to cellular transformation [236], we prioritized the detailed investigation of 

TpMuguga_02g00667. This protein is T. parva GcpE, a nuclear-encoded apicoplast-targeted 

(NEAT) enzyme that is part of the isoprenoid biosynthesis pathway in apicomplexans 

(Supplemental Figure 5.3) [238]. GcpE is conserved in many protozoans, as well as in some 

bacteria and plants (Supplemental Figure 5.4). However, the LXCXE motif is present 

exclusively in T. parva and T. annulata (TpGcpE and TaGcpE, respectively; Supplemental 

Figure 5.5), and is predicted to be located in a surface-exposed part of the TIM barrel domain of 

the protein. NEAT proteins have a standard eukaryotic secretion signal and an apicoplast-

targeting sequence [239], making TpGcpE a potentially unique candidate to interact with host 

RB. We confirmed that GcpE is secreted by the parasite and interacts with host RB by co-

immunoprecipitation, immunofluorescence microscopy, and surface plasmon resonance (Figure 
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5.2d-g, Supplemental Figure 5.15a-d). An SPR kinetics assay revealed that full-length 

recombinant TpGcpE protein binds the RB pocket domain with nanomolar affinity (18.7nM) 

(Figure 5.1i, Supplemental Figure 5.6a-b). In fact, TpGcpE has an exceptionally slow rate of 

dissociation that allows it to persistently occupy the RB LXCXE-binding cleft, excluding 

endogenous LXCXE motif-containing proteins, a potentially critical feature for the proposed 

transformation-related TpGcpE function (Supplemental Figure 5.6c). 

 

The functional role of TpGcpE in host E2F activity and proliferation 

While our data indicate that TpGcpE does not directly compete with E2F transcription 

factors for binding to the RB pocket domain, its binding could still indirectly regulate E2F 

activity, for example by preventing RB from interacting with endogenous LXCXE-containing, 

repressors, chromatin modifying proteins at E2F-dependent promoters. Therefore, we further 

investigated the effects of TpGcpE on E2F activity in vitro. Since no system for genetic 

manipulation is available yet for Theileria, we instead incubated T. parva- and T. annulata-

infected bovine leukocytes (transfected with a luciferase reporter regulated from an E2F 

promoter) with synthesized peptides containing amino acid sequences from TpGcpE, including 

the LXCXE motif (WT TpGcpE peptide), or a mutated LXNXE negative control (mutated 

TpGcpE peptide), linked to a cell-penetrating peptide [235]. If TpGcpE can regulate E2F activity 

in a sequence-specific manner, we would expect the WT TpGcpE peptide to increase E2F 

activity, and that this effect would be abrogated to some extent in the mutated TpGcpE peptide-

treated group. As expected, the WT TpGcpE peptide increased E2F activity in T. parva-infected 

B cells, as well as in T. annulata-infected B cells and macrophages. In contrast, this ability to 
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stimulate E2F-driven luciferase activity is attenuated when infected cell were treated with the 

mutated TpGcpE peptide (Figure 5.2a; Supplemental Figure 5.7), providing direct functional 

evidence that the TpGcpE-RB interaction results in increased E2F activity in Theileria-infected 

leukocytes.  

BL20 TBL20

LXCXE - + - - + -

LXNXE - - + - - +

A

C

B

Figure 3

0
25
50
75

100
125
150
175
200

 

		

 N.S.

 *

 LXCXE - + -

LXNXE - - +

R
el

at
iv

e 
Lu

ci
fe

ra
se

 U
ni

ts

0.0E+00

1.0E+00

2.0E+00

3.0E+00

4.0E+00

M
ill

io
ns 0h

24h
48h

*

***
‡‡‡

*
‡‡

**
‡‡

*
‡‡

*
‡‡

 *
   Competitor    
--     WT   MUT

            24h       48h     
           -      +      -       +

Free E2F

E2F 
Complexes

Buparvaquone:

***
‡‡

D

24h

48h

Control Buparvaquone

Br
dU

DNA Content

43.6% 26.1%

35.4% 10.4%

4.0

3.0

2.0

1.0

0.0

N
um

be
r o

f c
el

ls
 (x

10
6 )

 

Figure 5.2. TpGcpE peptides increase host E2F activity and proliferation in T. parva- and 

T. annulata-infected bovine leukocytes.  

(A) Luciferase activity was quantified in TpMD409B.2 cells that were transfected with E2F-luc 

plasmid and, after 24 hrs, treated for 2 hrs with 1 µM penetrating peptides containing the 

LXCXE motif (VKKKKIKREIKIYIEEVFTPLVLKCKELK-K(FITC)), or an LXNXE control 

sequence (VKKKKIKREIKIYIEEVFTPLVLKNKELK-K(FITC)) instead. (B) E2F DNA 
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binding activity in TpMD409B.2 nuclear extracts was assayed by electrophoretic mobility shift 

assay using P32-labeled double-stranded oligonucleotide spanning E2F binding sites from the 

dhfr gene promoter, (left) in absence or presence of a 100-fold molar excess of unlabeled wild 

type (WT), or mutated (MUT) double-stranded oligonucleotide, or (right) from untreated, 

proliferating TpMD409B.2 cells (-) and TpMD409B.2 cells treated for 24 and 48h with the 

parasiticidal drug buparvaquone (+). (C) TBL20 and BL20 cells were cultured with penetrating 

peptides as in (A), and counted at 0, 24, 48 hours (* = p-value < 0.05 compared to untreated; ‡ = 

p-value < 0.05 compared to its BL20 equivalent). (D) FACS analysis of bromodeoxyuridine 

(BrdU)incorporation and DNA content in TpMD409B.2 cells, either left untreated (control), or 

treated with buparvaquone for 24h and 48h.  

 

In fact, we found that TpMD409.B2 cells contain significant levels of E2F transcriptional 

activity, since cells transfected with an E2F-driven luciferase reporter plasmid exhibited a 300% 

increase in luciferase activity compared to cells transfected with a plasmid containing a mutated 

E2F binding site (Supplemental Figure 5.8a). We also found that the binding of E2F to DNA is 

increased in the presence of live parasites, since treatment with the parasiticidal drug 

buparvaquone over 24 and 48 h is accompanied by an overall decrease in E2F DNA binding 

activity, as well as by an increase in complexes migrating at slow and intermediate speed bound 

to an E2F-dependent promoter, which likely represent E2F/RB repressor complexes (Figure 

5.2b, Supplemental Figure 5.8b). 

Since TpGcpE can induce E2F activity, we investigated whether it could, on its own, 

increase bovine leukocyte proliferation. To extend our observations to T. annulata-infected 
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leukocytes, we incubated T. annulata-infected B cells with WT or mutated TpGcpE peptides and 

counted cell numbers at 24 h and 48 h. The addition of these peptides had no effect on cell 

viability in any of the experimental groups (data not shown). However, the WT TpGcpE peptide 

alone induced a significant increase in proliferation of T. annulata-infected B cells as well as (to 

a lesser extent) uninfected controls (Figure 5.2c). Proliferation was also confirmed to be 

dependent on the parasite by BrdU incorporation assay of untreated and buparvaquone-treated T. 

parva infected cells (Figure 5.2d), as has been shown previously [34]. These data demonstrate 

that host cell proliferation is induced by the presence of the parasite, and that TpGcpE 

contributes to Theileria-driven host leukocyte proliferation.  

 

The effect of T. parva infection on RB/E2F signaling 

The specific downstream signaling consequences of TpGcpE-RB binding will, in part, be 

determined by effects of infection on the expression of RB/E2F signaling proteins. Eight E2F 

transcription factor genes have been identified in mammals, which can be divided into two 

groups: activators (E2F1, E2F-2, E2F-3a), which can bind RB, and repressors (e.g. E2F3b, E2F4, 

E2F-5), which can bind RB, p107 and p130. The balance between the activator and repressor 

E2Fs seem to be primarily controlled by the phosphorylation status of the associated pocket 

proteins to which they bind [240]. We used Western blot to compare the levels of RB family, 

E2F, and DP-1 proteins between T. parva-transformed cells that were left untreated with those 

treated with buparvaquone. By comparing expression levels between the buparvaquone-treated 

and untreated groups, we can determine parasite-dependent changes in the expression levels of 

these proteins. We found that the T. parva-transformed B cell line TpMD409.B2 expresses RB, 
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p130, E2F-1, E2F-3, E2F-4, and DP-1 (Supplemental Figure 5.9a-c). We also found that RB 

interacts with HDAC1 in infected and uninfected cells, as detected by co-immunoprecipitation 

(Supplemental Figure 5.9d). Total RB levels do not seem to be altered by the presence of T. 

parva (Supplemental Figure 5.9a). However, phosphorylated RB (pRB) and p130 migrate faster 

in parasite-killed TpMD409.B2 cells than in untreated cells (Supplemental Figure 5.9a). These 

faster migrating bands likely correspond to hypophosphorylated, proliferation-suppressive forms 

of RB and p130, at 24 h and 48 h after treatment with buparvaquone. Interestingly, after 48 h of 

treatment, but not 24 h, E2F-1 and E2F-3 protein levels decrease, a slower-migrating DP-1 band 

increases, but E2F-4 levels remain unaltered (Supplemental Figure 5.9b). This indicates that, in 

the presence of live T. parva parasite, host cells express higher E2F-1 and E2F-3 levels, DP-1 

has increased post-translational modifications, and RB and p130 are hyper-phosphorylated.  

 

Discussion 

Our data reveal that the TpGcpE protein is a high-affinity ligand of bovine host tumor 

suppressor RB and can induce host cell proliferation, which is likely critical for the survival of 

the parasite in vivo (Figure 5.3). This finding could lead to the discovery of novel 

chemotherapeutics against T. parva induced pathogenesis, since drugs have recently been 

developed to prevent binding of LXCXE motif-containing HPV E7 protein to host RB and are 

selectively cytopathic to HPV-infected cells [216]. Since T. parva and T. annulata bind to their 

host’s mitotic spindle and divide in synchrony with the host leukocytes [6], host proliferation is 

intricately linked to parasite proliferation, and can potentially also create new resources for the 

parasite, as the host cell generates metabolites to fulfill the requirements of its own cell division. 
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However, this mechanism of parasite proliferation also provides the parasite with protection 

from the host immune response, since it does not require egress from the host cell, and can be 

seen as a form of immune evasion. This mechanism may complement a more direct role of 

TpGcpE in immune evasion by the alteration of host immune detection pathways. Recently, 

LXCXE motif-containing viral oncoproteins have been found to repress host detection of viral 

DNA via LXCXE-mediated inhibition of STING [241]. Similarly, we find that TpGcpE can bind 

STING, and that it does so with a higher affinity (8.81nM) than it does for RB (Supplemental 

Figure 10), suggesting that TpGcpE might inhibit leukocyte STING, although a functional role 

for STING in T. parva infections remains to be defined. We have established that uncontrolled 

proliferation of Theileria-transformed leukocytes involves the targeting of RB/E2F signaling, but 

other potential biological functions of TpGcpE in host-pathogen interactions await future studies. 
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Figure 4
 

Figure 5.3. TpGcpE is an LXCXE-containing parasite-secreted protein than can bind to 

bovine host retinoblastoma-1 protein (RB) and thereby regulate E2F transcription factor 

signaling to promote host survival and proliferation.  

(A) RB represses E2F activity by recruiting LXCXE-containing proteins, such as histone 

deacetylases (e.g., HDAC1). (B) TpGcpE competes with host endogenous LXCXE motif-

containing proteins for binding to RB, preventing RB from inhibiting E2F activity, thereby 

allowing the transcription of genes that support host cell proliferation and survival. 

 



 
 

 170 

Methods 

5) Surface plasmon resonance experiments 

Immobilization of human RB1 protein (huRB1) to CM5 chip 

 Surface preparation. Binding reactions were done in HBS-EP buffer from Biacore 

(Biacore Inc., New Jersey), containing 10 mM Hepes, 150 mM NaCl, 3 mM EDTA, and 0.05% 

(v/v) surfactant p20, pH 7.4, filtered (0.2 µM) and degassed before use. Protein human 

retinoblastoma-1 (hu.RB1) (LDBiopharma HTF-1035) [216, 242, 243] was created on the 

surface of a BIAcore CM5 sensor chips by direct immobilization. The carboxymethyl-dextran 

surface of the chip (flow cell 2, 3 and 4) were activated with a 35 µl injection of a mixture of 0.1 

M NHS and 0.1 M EDC in water. An aliquot of 100 µl of 10 µg/ml dilution of hu.RB1 protein in 

10 mM sodium acetate, pH 4.5 was injected into flow cell-2 of CM5 chip to get the levels of 

2000 resonance units for the immobilization. The remaining N-Hydroxysuccinimide-ester active 

sites in the dextran surface flow cell-2 was blocked with 35 µl of 1M ethanolamine, pH 8.2 and 

washed at a high flow rate, 100 µl per minute, with one pulse of 100 µl of HBS-P buffer, pH 7.4. 

The flow cell-1 of same CM5 chip was used as reference (activated with a 35 µl injection of a 

mixture of 0.1 M N-Hydroxysuccinimide and 0.1 M 1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide in water and blocked with 35 µl of 1 M ethanolamine, pH 

8.2). 

 Kinetics analysis of binding. In order to minimize mass transport effects, the binding 

analyses were performed at flow rate of 30 µl per minute at 25oC. The analytes (60 µl each, 0-25 

µM in HBS-EP buffer with 0.05% P20) were injected into flow cell-1, 2 and the association of 

analyte and ligand were recorded respectively by SPR with a Biacore T200 (Biacore, Inc., New 
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Jersey). After this, the surface was washed with buffer for 180 seconds to follow the dissociation 

of analyte-ligand complexes. The signal from the Blank channel (flow cell-1) was subtracted 

from the channel containing hu.RB1 protein. The binding was removed by injecting 100 µl of 

HBS-P, pH 7.4.  

 Data analysis. Sensorgrams of the interaction generated by the instrument were analyzed 

using the software BIAeval 3.2 (Biacore Inc., New Jersey). The reference surface data were 

subtracted from the reaction surface data to eliminate refractive-index changes of the solution, 

injection noise and non-specific binding to the blank surface. A blank injection with buffer alone 

was subtracted from the resulting reaction surface data. Data was globally fitted to the steady 

state affinity. 

 

6) Cell culture and transient transfections.  

The TpMD409.B2 cell line is a T. parva Muguga-infected B-cell clone (B2) whose 

establishment, phenotypic characteristics and culture conditions have been described [244-246]. 

To eliminate the parasite, TpMD409.B2 cells were treated for the indicated time with 

buparvaquone (50 ng/ml, diluted from 1 mg/ml stock in ethanol).  

 

7) Reporter gene assays.  

TpMD409.B2 cells were co-transfected with 20 µg (E2F-luc, mE2F-luc), or 10 µg (cyclin 

E-luc) reporter construct, 20 µg of expression vector and 5 µg of pCMV-lacZ, where indicated. 

Luciferase and beta-galactosidase activities were measured 24h after transfection according to 

previously published procedures [244]. TpMD409.B2 cells were also co-transfected with pCMV-
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HA-DP-1 D103-126 and c-myc-luciferase as previously described [58].  

 

8) FACS analysis of BrdU incorporation.  

TpMD409.B2 cells were transfected as described for cell cycle analysis except that H2B-

EGFP expression vector (10 µg) was used instead of phGFP-S65T. 48h after transfection, cells 

were pulse labeled for 1h with BrdU (5-bromo-2’-deoxyuridine) (10 µg/ml) then harvested and 

fixed in 1% paraformaldehyde, 0.01% Tween 20 for 48 to 72h at 4°C. BrdU staining was 

performed using phycoerythrin (PE)-labeled anti-BrdU antibody (Pharmingen) according to the 

previously published DNase I procedure [247]. A minimum of 2,000 events in each whole 

population and GFP positive fraction were collected on a FACSCAN flow cytometer and 

analyzed with CellQuest.  

Alternatively, untreated and buparvaquone treated TpMD409.B2 cells, pulse labeled for 

30 min with BrdU, were fixed in 70% ethanol overnight at -20°C. BrdU staining was performed 

using FITC (fluorescein isothiocyanate) labeled anti BrdU antibody (Boehringer Mannheim) 

following the acid denaturation procedure. DNA was counter-stained for 30 min at room 

temperature with propidium iodide (5 µg/ml) in PBS containing RNase (200 µg/ml). 10,000 

events were analyzed on a FACSCAN.  

 

9) Cells extracts and Western Blot analysis.  

TpMD409.B2 cells were washed twice in ice-cold PBS then lysed in ice-cold lysis buffer 

consisting of 10 mM HEPES pH 8, 150 mM NaCl, 1% NP40, 0.5% sodium deoxycholate, 0.1% 

SDS to which proteases (Complete, Roche) and phosphatases (5 mM Na3VO4, 50 mM NaF) 
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inhibitors were added. Cell debris was pelleted by centrifugation at 13,000xg for 10 min at 4°C 

and proteins were quantified by the Bradford method. Equal amounts of protein was resolved by 

SDS-polyacrylamide gel and electro-transferred to nitrocellulose. The following antibodies were 

used in Western Blot analysis: anti-RB (1:1000) and anti-DP-1 (TFD10) (1:500) from 

Pharmingen, anti-p130 (C-20) (1:400), anti-E2F-1 (KH95) (1:500), anti-E2F-3 (C1-18) (1:1000) 

and anti-E2F-4 (C-108) (1:300) from Santa Cruz Biotechnology.  

 

10) Electrophoretic mobility shift assay (EMSA).  

Nuclear extracts were prepared as described previously [248]. 5 µg of nuclear extracts 

were incubated for 30 min at room temperature with gP32 labeled double stranded 

oligonucleotide in binding buffer (5 mM HEPES PH8, 0.5 mM EDTA, 5% glycerol, 0.5 mM 

DTT, 0.5 M PMSF, 0.5 mM MgCl2, 0.005% NP40, 1 mg/mlBSA, sonicated salmon sperm 

DNA100 µg/ml). The complexes were resolved on a non-denaturing 4% polyacrylamide gel. The 

following oligonucleotides were used:  

E2F – WT: 5’ CTAGTGCAATTTCGCGCCAAACTTG 3’  

E2F – MUT: 5’ CTAGTGCAATTGCTCGACCAACTTG 3’  

 

11) Peptide synthesis 

The amino acid sequence of RB-1 based on the parasite sequence 

(VKKKKIKREIKIYIEEVFTPLVLKCKELK) was synthesized. Cysteine in wild type RB1 was 

replaced by an Asparagine (N; in bold VKKKKIKREIKIYIEEVFTPLVLKNKELK). The 

penetrating peptide to facilitate cell entry is underlined. Three different concentrations of 
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peptides were used for 2 h to determine the minimum effective concentration (1µM) with 

minimum toxic effect, which was used to perform each experiment as indicated. 

 

11) Statistical analysis 

 Student’s one-tailed or two-tailed T-tests were performed for cell culturing experiments 

with at least N = 3 for each experiment. The values for N, P, and the specific statistical test 

performed for each experiment are included in the appropriate figure legends or main text. In 

each figure or text, the following symbols represent respective p-value ranges: *: 0.05 > p ≥ 

0.01; **: 0.01 > p ≥  0.001, ***: p < 0.001. Differences were considered significant if p < 0.05.  
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Supplemental Tables and Figures 

Supplemental Figure 5.1. The structure of the Retinoblastoma-1 pocket domain is highly 

conserved between humans and bovids.  

The sequences of Homo sapiens (Hs_RB1; GI:974999693), Bubalus bubalis (Bb_RB1; GI: 

594080050), and Bos taurus (Bt_RB1; GI: 115304733) Retinoblastoma-1 ortholog pocket 

domains were aligned with CLUSTAL 1.2.1. Residues are colored by the Clustal Omega 

coloring scheme for residue types. The region containing residues for interaction of the RB 

pocket domain with the E2F transactivation domain (E2F-TA) highlighted in yellow [249], and 

the region containing residues for the interaction of the RB pocket domain with the Human 

papillomavirus E7 LXCXE-containing protein highlighted in green [250]. 
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Supplemental Supplemental Figure 5.2. TpMuguga_02g02355 binds the retinoblastoma-1 

pocket domain in a sequence-specific manner.  

Kinetic binding curves (sensorgram) of TpMuguga_02g02355 peptide (teal; 

RDELQGVIQLLYDRYNKYI) and scrambled (green; VQGLYNILEQKLRRDYIDY) peptides 

for RB pocket domain by surface plasmon resonance.  
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Measure Position Value Cutoff Signal Peptide?
Max. C 17 0.791
Max Y 17 0.758
Max S 7 0.807
Mean S 1-16 0.718
D 1-16 0.736 0.45 YES
Name=TpMuguga_02g00667  SP='YES' Cleavage site between pos. 16 and 17: TEG-VR 
D=0.736 D-cutoff=0.450 Networks=SignalP-noTM

Criterion Value Decision
signal peptide 4 of 4 tests positive very likely
apicoplast-targeting peptide 5 of 5 tests positive very likely
Ruleset 1
Ratio acidic/basic residues in first 22 amino acids <=0.7 0.4 yes
Does a KN-enriched region exist (40 AA with min. 9 K or 
N) with a ratio acidic/basic <=0.9

0.4 yes

Ruleset 2
number of acidic residues in first 15 amino acids (<=2) 2 yes
Does a KN-enriched region exist (40 AA with min. 9 K or 
N) ? Ratio acidic/basic residues in this region <0.6

0.4 yes

Is the first charged amino acid basic ?   yes

A

B

 

Supplemental Figure 5.3. TpMuguga_02g00667 (TpGcpE) is a predicted T. parva protein 

containing a secretion signal and an apicoplast-targeting signal. 

On November 10th, 2015, the TpMuguga_02g00667 protein sequence was submitted to both (A) 
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SignalP (http://www.cbs.dtu.dk/services/SignalP/) and (B) PlasmoAP (http://v4-

4.plasmodb.org/restricted/PlasmoAPcgi.shtml) with default settings. TpMuguga_02g00667 

passed all criteria for predicted secretion and apicoplast signals.  
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Supplemental Figure 5.4. The predicted structure of GcpE is highly conserved in a wide 

variety of species.  

The sequences of representative GcpE structures were submitted to the protein structure 

prediction program Phyre2 [251] and displayed above. By visual inspection, the structure of 

GcpE is very conserved amongst highly divergent species. GcpE is an iron sulfur cluster enzyme 

that converts 2-C-methyl-D-erythritol-2,4-cyclo-diphosphate to (E)-1-hydroxy-2-methyl-but-2-
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enyl-4-diphosphate in the methylerythritol phosphate pathway [252].  
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Supplemental Figure 5.5. The LXCXE motif of GcpE is highly conserved only within T. 

parva and T. annulata.  

The sequences of representative GcpE proteins from a variety of organisms were aligned with 

MAFFT (strategy: E-INS-I; BLOSUM62 scoring matrix; Gap opening penalty: 1.5; Offset value: 

0.14). The LXCXE motif is highlighted in yellow (1. T. parva Muguga;  2. T. parva Muguga2 ; 

3. T. parva Uganda ; 4. T. parva Lawrencei;  5. T. annulata Ankara ; 6. T. orientalis Shinktoku; 

7. T. parva Marikebuni; 8. B. bovis T2Bo;  9. B. bigemina Bond;  10. T. equi H ; 11. B. microti 

R1 ; 12. P. falciparum 3D7 ; 13. P. knowlesi H;  14. P. vivax Sal-1 ; 15. C. brassicaformis 

CCMP3155;  16. C. velia CCMP2878 ; 17. A. thaliana TAIR10 ; 18. P. amoebophila UWE25 ; 

19. E. falciformis Bayer Haberkorn 1970; 20. E. tenella Houghton ; 21. E. necatrix Houghton ; 

22. E. acervulina Houghton;  23. Hammond hammondi H.H.34 ; 24. N. caninum Liverpool ; 25. 

S. macrospora k-hell). 
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Date% ligand% Analyte% ka%(1/Ms)% kd%(1/s)% KD%(M)%
Rmax%
(RU)% Conc%(M)% RI%(RU)% Chi²%(RU²)%

10/1/2015% huCRB1% TP02_0667% 1.16E+05% 0.002168% 1.87EC08% 14.07% 1.38EC08% 0.8208% 1.37%
%% %30%RU% %% %% %% %% %% 2.75EC08% 1.355% %%
%% %% %% %% %% %% %% 5.50EC08% 2.822% %%
%% %% %% %% %% %% %% 1.10EC07% 4.604% %%
%% %% %% %% %% %% %% 2.20EC07% 4.963% %%

Date% ligand% Analyte% KD%(M)%
Rmax%
(RU)% Conc.% Chi²%(RU²)%

10/2/2015% huARB1% E2F1% 3.31EA08% %% 0% 0.00559%
%% %% %% %% 5.339% 3.125n% %%
%% %% %% %% %% 6.25n% %%
%% %% %% %% %% 12.5n% %%
%% %% %% %% %% 25n% %%

Date% Ligand% Analyte% Conc.%

10#12#15& Hu#RB1& TP02_0667& 220&nM&
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Supplemental Figure 5.6. Full-length TpMuguga_02_00667 (TpGcpE) binds with high 

affinity to the retinoblastoma-1 pocket domain and does not compete with E2F1 for 

binding to RB.  

(A) Single cycle kinetics and affinity determinations of full-length TpGcpE are shown. (B) 

The steady-state affinity of E2F1 full-length protein for the Retinoblastoma-1 pocket 

domain was determined over a range of concentrations. (C) Kinetic binding curve 

(sensorgram) of TpGcpE full-length protein. (D) Kinetic binding curve (sensorgram) of 
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full-length E2F1 in competition with full-length TpGcpE.  
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Supplemental Figure 5.7. Penetrating peptides containing amino acid sequences from the 

TpGcpE LXCXE motif increase E2F activity in T. annulata-infected BL20 B cells and 

virulent Ode macrophages.  

Either (A) BL20/TBL20 T. annulata-transformed macrophages, or (B) virulent Ode T. annulata-

transformed macrophages were transfected with E2F-luc plasmid (or mutated E2F-luc as in (B)) 

and incubated for 24 hrs at 37°C. Then, cells were treated with 1uM of penetrating peptides 

(VKKKKIKREIKIYIEEVFTPLVLKCKELK-K(FITC)) containing the GcpE LXCXE motif, or 

an LXNXE control (VKKKKIKREIKIYIEEVFTPLVLKNKELK-K(FITC)) for 2 h and 

luciferase activity was quantified.  
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Supplemental Figure 5.8. E2F transcriptional activity (A) and E2F DNA binding activity 

(B) in TpMD409B.2 cells.   

(A) TpMD409B.2 cells were transfected with E2F-luc, or mE2F-luc construct together with a 

CMV-lacZ plasmid to normalize for transfection efficiency. Luciferase and β-galactosidase 

activities were measured 24 h after transfection. E2F-luc relative luciferase activity was 

compared to mE2F-luc, whose value was set as 1. Shown is the average of 3 independent 

experiments with standard deviation. (B) E2F DNA binding activity in TpMD409B.2 cells was 

assayed by EMSA using gP32- labeled double-stranded oligonucleotide spanning E2F binding 

sites from the dhfr gene promoter. Left panel, nuclear extracts from TpMD409B.2 cells were 

incubated with gP32-labeled probe in absence or presence of a 100 fold molar excess of 
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unlabeled wild type (WT), or mutated (MUT) double-stranded oligonucleotide. Binding 

reactions were resolved by non-denaturing polyacrylamide gel, which was processed afterwards 

for autoradiography. Right panel, EMSA analysis of E2F DNA binding activity in nuclear 

extracts from untreated, proliferating TpMD409B.2 cells (-) and TpMD409B.2 cells treated for 

24 and 48 h with the parasiticidal drug buparvaquone (+). Arrows indicate specific E2F 

complexes.  
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Supplemental Figure 5.9. Pocket protein phosphorylation (A) and E2F and DP expression 

levels (B) correlate with the respective proliferative activity of TpMD409B.2 cells and their 

buparvaquone treated counterparts.   

(A) Western blot analysis of pRB and p130 in TpMD409B.2 cells, either left untreated (-), or 

treated for 24 h and 48 h with buparvaquone. Hyperphosphorylated, and hypophosphorylated 

forms of pRB and p130 are indicated by arrows.  (B) Western blot analysis of E2F-1, E2F-3 and 

DP-1 expression in TpMD409B.2 cells, either left untreated (-), or treated for 24 h and 48 h with 

buparvaquone. (C) Western blot analysis of RB and HDAC1 in BL20 and TBL20 cells. (D) Co-

immunoprecipitation of RB and HDAC1 in RB immunoprecipitates. 
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Supplemental Figure 5.10. TpGcpE can bind with high affinity to STING with sequence 

specificity.  

Kinetic binding curves (sensorgram) of (A) TpGcpE peptide and (B) TpGcpE full-length protein 

are shown. (C) Single cycle kinetics experiment to determine the steady-state affinity of full-

length TpGcpE for human STING (TMEM173, Origene TP308418) is shown. 
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Supplemental Tables 

Supplemental Table 5.1. Properties of each T. parva chromosome, including length and GC 

content, number of encoded genes and mapped RNAseq read count. 

Chrom. GenBank Locus ID Reads 
Mapped 

No. of 
Genes 
2005 

No. of 
Genes 
2014 

Length 
(bp) 

GC 
content 

(%) 

1 AAGK01000001 4,778,30
2 1,240 1,224 2,540,030 34.16 

2 AAGK01000002 3,971,69
6 969 984 1,971,884 34.38 

3a* AAGK01000005 1,619,75
8 630 635 1,317,241 33.87 

3b* AAGK01000008 264 7 6 13,275 40.9 
3c* AAGK01000007 2,238 19 18 41,585 38.74 

3d* AAGK01000006 2,072,52
4 289 283 570,487 33.63 

4 AAGK01000004 2,738,27
2 8 10 1,835,834 33.95 

4 AAGK01000003 11,408 935 935 17,,691 31.04 
Apicopl

ast AAGK01000009 7,834 71 70 39,579 19.48 

 

Out of the 21,704,856 total mapped reads, 15,202,296 (70.04%) mapped to T. parva (Genbank 

accession: AAGK01000000), and 6,502,560 (29.96%) mapped to B. taurus (Genbank accession: 

PRJNA32899). Mapping was conducted with TopHat [121]. * Letters next to chromosome 3 

refer to the order the contigs appear in Figure 1.  
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Supplemental Table 5.2 (separate file). The terminal coordinates of all unique gene pairs with 

CDSs that overlap each other by at least 1bp.  

The tremendous power of RNAseq to inform on gene and isoform structure revealed a significant 

amount of diversity and complexity in the transcriptome of this parasite that remains to be 

defined. First, the proportion of loci (defined here as a continuous genomic region encoding a 

CDS and its flanking UTRs) that appears to overlap an adjacent locus increased from 2% to 10% 

in the new annotation. In many instances, read coverage, coding potential, and other evidence 

support the presence of adjacent genes with overlapping UTRs. In 125 cases, the overlap 

includes not only UTRs but also CDSs. Secondly, in instances of overlapping loci in which the 

respective CDSs are encoded by the same strand, no UTRs were annotated in the intervening 

intergenic region, since their exact boundaries could not be defined. In yeast and humans, 

antisense transcription, defined by the existence of adjacent or overlapping transcripts encoded 

on the opposite, non-coding DNA strands, is rare compared to sense transcription [115]. In T. 

parva, however, antisense transcription is highly prevalent throughout the genome (Table S5), 

and arises from potential bidirectional as well as cryptic promoters (Supplemental Figure 7-S8). 

Most of the antisense transcripts with no predicted protein-coding potential seem to completely 

overlap with their sense counterparts, although the functional relevance of this has yet to be 

determined. 
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Supplemental Table 5.3. The number of overlapping gene pairs in the current and in the 

original T. parva Muguga genome structural annotation.  

The number of genes with overlapping coding sequences is shown in brackets. For the 

remainder, only UTRs overlap. 

 

Strand 2005 2014 
Same  101 [23] 417 [61] 
Other 82 [22] 791 [64] 
Sum 183 [45] 1208 [125] 
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Supplemental Table 5.4. Distribution of exon number in the gene sets used to train gene 

finder algorithms and to validate the quality of the predictions.  

A total of 292 and 50 genes were used for training and validation, respectively. These 

genes were chosen by comparing reference T. parva Muguga gene structures to those 

predicted by the Core Essential Genes Mapping Approach (CEGMA) [253] in order to 

identify high-confidence gene structures. 

Number of Exons  Validation Training 

1 12 163 

2 8 74 

3 5 26 

4 3 2 

5 4 5 

6 3 5 

7 3 3 

8 4 5 

9 1 1 

10 3 3 

11 1 1 

12 2 1 

13 1 1 

14 0 1 

15 0 1 
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Supplemental Table 5.5. A comparison of genome characteristics of T. parva Muguga 

to several other piroplasms and to Plasmodium falciparum 3D7.  

Features Tp15 Tp05 Ta Te Bb Pf 
Size (Mbp) 8.3 8.3 8.35 11.6 8.3 22.8 
Number of chromosomes 4 4 4 4 4 14 
Total G+C composition (%) 34.1 34.1 32.5 39.5 41.8 19.4 
Number of nuclear coding genes 4084 4035 3087 5330 3670 5368 
Average CDS length (bp) 1454 1407 1600 1472 1514 2283 
Genes with introns (%) 72.9 73.6 70.6 52.4 61.5 53.9 
Mean length of intergenic region (bp) 307 405 396 550 589 1694 
G+C composition of intergenic regions 30.9 26.2 24.1 39.3 37 13.8 
G+C composition of exons 36.5 37.6 35.7 39.8 44 23.7 
G+C composition of introns 24.7 25.4 24.4 37.6 35.9 13.6 
Percent Coding 71.0 68.4 72.9 69.3 70.3 52.6 
Gene Density* 2044 2057 2195 2185 2228 4338 

 

All numbers except Tp15 from Kappmeyer et al., 2012; *Gene density = genome size / 

number of protein-coding genes; Pf = Plasmodium falciparum strain 3D7; Tp15 = 

Theileria parva strain Muguga (2014 annotation); Tp05 = Theileria parva strain Muguga 

(2005 annotation); Ta = Theileria annulata strain Ankara; Bb = Babesia bovis strain 

T2Bo; Te = Theileria equi strain WA. Mean intergenic length calculated as the distance 

between coding sequences of adjacent genes. 
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Supplemental Table 5.6. Putative T. parva secreted proteins predicted to have 

retinoblastoma-1 protein (RB) binding motifs, and for which orthologs with similarly 

predicted RB-binding domains were found only in T. annulata.  

Of the original list of 30 proteins, 15 were removed because the putative RB-binding 

domain was predicted to be on the cytoplasmic side of the parasite plasma membrane 

(TMHMM), or within a known functional domain in T. parva. 

 

*Contains at least one TMHMM predicted transmembrane domain 
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Chapter 6: Summary and conclusions 

 East coast fever (ECF), the disease resulting from infection of cattle by T. parva, 

is an immense economic burden in endemic regions of eastern, central, and southern 

Africa [2]. An important step toward the rational development of novel therapeutic 

approaches to treating ECF would be the development of accurate molecular sequence 

information regarding the gene content and regulation of T. parva.  

As a first goal, we manually curated the entire ~8.3Mb genome of T. parva using 

the first RNAseq dataset ever generated for this parasite, in addition to state-of-the-art 

gene prediction software and sequence data from related parasite species. We were able 

to complete this re-annotation, improving approximately half of the protein coding 

sequencing, revealing that this genome is even denser than previously thought. A 

comparison of intergenic region size distributions in T. parva and three other Theileria 

parasites (T. annulata, T. equi, T. orientalis) strongly suggested that these parasites have 

small, but spatially constrained promoters similar to other, model eukaryotes.  

These observations fueled a thorough investigation of transcription regulatory 

sequences throughout the T. parva genome. We found that overlapping and antisense 

transcription is found throughout the T. parva genome, and is likely a conserved 

mechanism of gene regulation in this parasite. We also identified dozens of putative cis 

regulatory motifs that govern the expression of gene regulatory networks that affect 

members of multi-gene families and other predicted secreted proteins that are believed to 

play a role in virulence. Interestingly, while these motifs are largely conserved 

throughout piroplasms, the gene networks that they putatively regulate are not conserved.  
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The lack of gene network conservation among piroplasms indicated that there has 

been significant divergence in the paths that these parasites have taken in their 

evolutionary history. A search of an ortholog database suggested that in the lineage of 

parasites leading to T. parva and T. annulata, there has been an expansion of secreted 

proteins. Since these parasites are unique in their ability to induce cancer-like phenotypes 

in their host cells, I hypothesized that there existed secreted/transmembrane, schizont-

expressed parasite proteins that play a role in host transformation. In order to generate 

specific hypotheses regarding which proteins might be involved in host transformation, I 

developed a pipeline that leveraged comparative genomics and identified hundreds of 

putative parasite proteins as potential transformation factors. A surface plasmon 

resonance (SPR) screen to test some of these predictions led us to find that T. parva 

GcpE (TpGcpE) binds host tumor suppressor retinoblastoma 1 (RB) in a manner similar 

to some adenovirus oncoproteins. This interaction was confirmed by co-

immunoprecipitation. Further SPR experiments mapped this interaction specifically to a 

cleft in the B cyclin fold of the RB pocket domain, and that this interaction competes 

with endogenous chromatin-modifying enzymes that RB recruits to inhibit host 

proliferative signaling. In vitro culturing and transfection experiments confirmed that this 

interaction also induces host proliferation.  

Interestingly TpGcpE is a nuclear-encoded, apicoplast-targeted (NEAT) protein. 

While there was only one previous report of a secreted NEAT protein previously in the 

literature [239], these investigators use GFP-tagged proteins, leading to questions 

regarding the effect of GFP on the localization of these proteins, and whether native 
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NEAT proteins are also secreted. Here, we presented data using specific polyclonal 

serum showing that TpGcpE is secreted and localizes to the host nucleus.  

While TpGcpE appears to play a role in host proliferation, there are likely to be 

many other parasite proteins that play as-yet undiscovered roles in parasite virulence. 

However, the findings of this project establish improved resources for future research 

into the biology of this parasite, and one particular example of a parasite-host interaction, 

all of which are significant contributions to the field. 
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