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Abstract 

Toxoplasma gondii is an obligate intracellular parasite, which chronically infects one-third of 

the world’s population. Toxoplasma infection severely affects immune-compromised 

individuals, resulting in birth defects, blindness, or brain encephalitis. Individuals often 

become infected through the consumption of contaminated food and water sources. 

Toxoplasma has two life stages during the lytic life cycle, the fast disease-causing tachyzoites 

and the chronic bradyzoites. Following host cell invasion, Toxoplasma tachyzoites extensively 

manipulate their host cell by exporting a distinct repertoire of effector proteins across the 

newly-established parasitophorous vacuole. This process interferes with the hosts 

transcriptional program and is thought to enable parasite persistence and dissemination in 

spite of the host’s immune response. Eventually, Toxoplasma forms bradyzoite cysts in the 

visceral organs, which are a reservoir for disease reactivation. In the current scientific 

literature (which I review in Chapter 1) the disparity in our knowledge between tachyzoite- 

and bradyzoite-host interactions is large. Almost nothing is known on how this chronic-

stage of infection persists post-cyst formation and what role host manipulation plays in 

latency. Therefore, in this thesis I aim to understand whether Toxoplasma bradyzoites 

modulate the host transcriptional response for their survival and, if so, what role could 

dense granule protein export have in this process. Chapter 3 explores the host 

transcriptional profile of bradyzoite containing cells using RNA sequencing and what role 

host manipulation plays in latency. I show that bradyzoite-containing host cells have a unique 

transcriptional landscape when compared to tachyzoite infection, and, by pairing this 

technique with protein export deficient parasites, I show that many of these changes are 

dependent parasite protein export. In Chapter 4, I investigate whether the known tachyzoite 

effector proteins have a function in chronic infection. IST, an inhibitor of host IFN signalling, 

was identified as the only known tachyzoite effector to be expressed, synthesised, and 

exported in bradyzoites, suggesting a role for this effector protein in chronic stage. 

Furthermore, I demonstrate that effector proteins are critical in protecting bradyzoite 

infected host cells from undergoing cell death upon IFN-mediated cell death, thus 

enabling cyst persistence. To this end, I have proposed three models, outlined in 

Chapter 5, which are supported by my findings in Chapter’s 3 and 4. This thesis explores 

bradyzoite-host interactions to interrogate the possible mechanism behind Toxoplasma’s 

lifelong infections.  III
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1.1 Toxoplasma gondii 

Toxoplasma gondii, like all other apicomplexan species including Plasmodium spp (malaria), 

Cryptosporidium (cryptosporidiosis, a severe diarrheal disease) and other agricultural 

parasites, is a single-celled eukaryotic parasite that must invade host cells for its survival and 

proliferation. To infect their host, Apicomplexa use a series of apically located structures and 

organelles, after which the phylum is named (see section 1.2 for more details). Unlike other 

genera in the phylum, Toxoplasma has only one species named gondii after the small rodent it 

was first discovered in, the common gundi (Ctenodactylus gundi)2. Toxoplasma gondii is now 

known to infect a diverse range of animals, including birds and mammals. Toxoplasma is a 

zootonic parasite and its lack of host specificity means it impacts are wide reaching and include 

conservation, agriculture, and human health. 

1.1.1 Toxoplasmosis: the disease 

Toxoplasma causes toxoplasmosis, which is a group of disease pathologies. Toxoplasma 

infection is determined by seroconversion, measured by anti-Toxoplasma IgGs3. Between 10-

80% of the human populations globally are chronically infected, depending on the region3,4. In 

humans, the common route of infection is through the consumption of cyst contaminated 

food, including uncooked meat containing tissue cysts5, and oocyst contaminated water6. 

Pathogenesis is caused by the lytic stage of the parasite where rapid and repeated rounds of 

invasion, replication, and egress from host cells cause damage to tissues (discussed in section 

1.2.2).  

Toxoplasma is an opportunistic parasite and the severity of infection most often depends on 

the individual’s immune status. Immune competent individuals are often asymptomatic, but 

infection often results in mild flu-like symptoms before immune pressure resolves the active 

infection. The immune system appears unable to clear parasites that develop into dormant-

encysted forms. These dormant forms enable the Toxoplasma to persist for the host’s lifetime, 

which increases the risk for adults who become immune compromised, for example those that 

develop HIV/AIDS7,8, cancer9, or are on immune suppressive drugs10. Without immune 
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pressure dormant parasites can reactivate causing inflammation and tissue damage that 

results in progressive blindness (ocular toxoplasmosis)11 or neurological complications12. 

Pregnant individuals are another high-risk group, in particular if they are naive to infection. 

Parasites can cross the blood-placental barrier resulting in major birth defects, a disease 

collectively known as congenital toxoplasmosis13. Infants that survive can develop toxoplasmic 

retinochoroiditis (ocular toxoplasmosis), where cycles of parasite reactivation in the eye can 

cause blindness due to retinal tissue damage14. Toxoplasma has a significant impact in South 

America (SA) communities, which have some of the highest rates of congenital infection and 

as a result ocular toxoplasmosis15. For example, in Brazil 87% of children born with congenital 

Toxoplasmosis will have significant visual impairments by the age of four11. The high rate and 

severity of infection in SA has been linked to the diversity of strains in the region and their 

virulence15,16. Rougier et al. (2017)16 argue that the high genetic diversity in SA may also 

prevent a sufficient immune response to a new infection in previously infected individuals. The 

possibility of re-infection goes against the standing dogma of Toxoplasma infection: once 

infected, the presence of lifelong cysts results in a protective but non-sterilizing infection.  

1.1.2 Toxoplasma’s origins and strain diversity 

Although the Toxoplasma genus has only one species, it has multiple strains which range in 

virulence17,18. Toxoplasma’s ability to transmit between intermediate hosts without going 

through the primary host and sexual replication (the life cycle is discussed in section 1.1.3) is 

linked to the low strain diversity seen in North America (NA) and Europe19. In these regions, 

three main lineages (type I, II, III), labelled as typical strains, arose through clonal expansion to 

dominate in NA and Europe20,21. The three typical strains are associated with differing virulence 

outcomes in mice. The most virulent strains are of the type I lineage, whereas type II and III are 

relatively less virulent and more likely to result in chronic infection22,23. In contrast, SA has a 

wide variety of atypical strains, thought to result from a high rate of sexual reproduction and 

frequent recombination events24. Traditionally, the three typical strains are used in research 

which delivers homogenous experimental results between laboratories, but as a result, little is 

known about the virulence factors in atypical strains. Crosses between typical strains followed 

by Quantitative Trait Locus (QTL) has been a fruitful method of identifying virulence factors25-
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28. Genetic crosses were often done between type I parasites and one of the other two

avirulent strains. Interestingly, the genetic cross between the two avirulent strains has 

produced progeny that are more virulent that their parents24. This suggests high levels of 

sexual reproduction drives virulence diversity and could explain highly virulent atypical strains 

in regions like SA. 

The phylogenetic analysis of Toxoplasma isolates has also suggested that northern SA is likely 

the geographical origin of modern Toxoplasma species29. The re-establishment of the land 

bridge between NA and SA introduced Toxoplasma to SA. The following speciation explosion 

in both Felidae and Muridae families in SA likely resulted in the subsequent diversification of 

Toxoplasma29. The small number of founding lineages worldwide suggests diversification was 

likely followed by strong selection which swept through the population30,31 before Toxoplasma 

spread upwards again to NA and later beyond to Asia, Europe and Africa29. Another model 

suggests the diversity seen in SA was also present in NA prior to a extinction event that 

drastically reduced primary hosts leading to a bottleneck of Toxoplasma strains31,32. As a 

consequence, lineages that could more easily spread between intermediate hosts dominated, 

and in this case it was type II. Expansions in Asia, Europe and Africa have been linked to the 

development of human agriculture which again favoured intermediate host transmission17. 

More recently the spread of the domestic cat and common rodent species by humans may 

have contributed to certain Toxoplasma strains33-35. Human aided-spread may have resulted 

in genetic admixture32 and smaller founder populations36 with a selective advantage in a more 

domesticated world leading to clonal expansion and establishment of the three typical 

strains37. 

1.1.3 Toxoplasma’s life cycle 

Like many apicomplexan parasites, Toxoplasma goes through a complex life cycle, transitioning 

between different hosts and alternating between asexual and sexual forms. Toxoplasma 

completes its sexual cycle in the small intestine of felines (Fig. 1.1). Here Toxoplasma invades 

entero-epithelial cells, where parasites undergo several rounds of replication before 

gametogony is initiated and oocysts are formed. Oocysts have three wall-like structures that 
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Figure 1.1
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Figure 1.1 – Toxoplasma transmission

Felidae species infected with Toxoplasma secrete oocyst into the environment via faecal 
matter. These oocysts are consumed by an intermediate host, which becomes infected and 
forms bradyzoite tissue cysts in the muscle and brain. Toxoplasma completes the life cycle 
when intermediate hosts are preyed upon my felines. Humans can be infected by the 
consumption of contaminated water, soil and food sources or through infected livestock and 
game animals that carry tissues cysts. Cases of vertical transmission can occur in preg-nant 
individuals.
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Figure 1.2
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Figure 1.2 – Stages of Toxoplasma’s asexual life cycle 

Extracellular tachyzoites glide until they encounter a host cell. They attach to the host cell, re-
orientate them-selves and use their apical ends to actively invade the cell. As they invade, they 
used the host cell membrane to form the parasitophorous vacuole (PV) and membrane (PVM). 
Within the PV, tachyzoites undergo multiple rounds of replication before eventually egressing 
out of the host cell, lysing the host cell and killing it in the process, and the cycle repeats. 
Some during the replicative stage, some parasites differentiate into bradyzoites and form 
a cyst wall underneath the PVM, which makes up the chronic stage of the life cycle. 

Image inspired by Zhang, M., Joyce, B. R., Sullivan, W. J. & Nussenzweig, V. Translational control 
in Plasmodium and Toxoplasma parasites. Eukaryotic cell 12, 161-167 (2013).
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enclose two sporocysts, which in turn contain four sporozoites38. After faecal shedding, which 

can last up to two weeks, the oocysts can survive up to 12 months depending on the 

conditions39,40. Oocytes can be taken up by an intermediate host or another definitive host via 

contaminated water or food sources41 (Fig. 1.1). Intermediate hosts of Toxoplasma are vast 

and include terrestrial and aquatic wildlifekrishnam42, livestock43, and humans. Upon ingestion, 

Toxoplasma will differentiate into the fast replicating tachyzoites, which disseminate 

throughout the host, and leads to the formation of tissue cysts (Fig. 1.2). The exact mechanisms 

by which tachyzoites differentiate into bradyzoites is unknown, but they readily form in the 

skeletal and cardiac muscle, and in the central nervous system39. Here the parasites reside for 

the life-time of the host, unable to be cleared by the immune system, where they apparently 

undergo slow turnover44. Bradyzoite infected tissue can also be a source of transmission; 

whether by feline predation and completion of the lifecycle, or predation by another animal 

bypassing the sexual cycle completely and enabling transmission between intermediate 

hosts12. 

1.2 Toxoplasma tachyzoites 

1.2.1 Cell compartments and morphology 

Tachyzoites are two micrometres wide and six micrometres long with a rounded posterior end 

that narrows towards the anterior (Fig. 1.3A)38,39. Toxoplasma has typical eukaryotic organelles 

such as a nucleus, which is surrounded by the endoplasmic reticulum (ER) and a single Golgi 

stack that is anterior to the nucleus39. Each zoite form also has a single elongated and 

unreticulated mitochondrion that is located around the basal periphery45. Most Apicomplexa 

also have a relict non-photosynthetic plastid called the ‘apicoplast’. The apicoplast is derived 

from a secondary endosymbiotic event in which an alga was taken up by the common ancestor 

the of Apicomplexa phylum46. Interestingly, the apicoplast has been secondarily lost in some 

genera like Cryptosporidium47,48. The most striking feature of all apicomplexan zoite forms is 

the apical organelles, which unite the phylum49. The dominant apical organelles are the 

rhoptries, which are tethered to the apical end and are required for the formation of the 

parasitophorous vacuolar membrane and contain effector proteins50. Micronemes are smaller 
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ovoid shaped apical organelles, that are numerous in number and contain adhesins and other 

factors required for motility and egress51. Dense granules are not apical organelles, but like the 

rhoptries and micronemes are secretory organelles. They are electron-dense and are found 

throughout the body of the parasites, and contain effector proteins and molecules required 

for nutrient acquisition52.  

The cytoplasm of Apicomplexan parasites are enclosed by a three-membrane structure called 

the pellicle. The outermost membrane is the plasma membrane (PM), and the inner two 

membranes are formed by a network of flattened vesicles called the inner membrane complex 

(IMC) (Fig. 1.3C), which are unique to Apicomplexan38. Placed between the PM and the IMC is 

the actomyosin-based glideosome, which provides the force behind parasite motility and 

invasion53,54. The IMC is situated under the PM other than small regions at the very apex and 

posterior of zoites38. The apical complex is most apically located and comprises polar rings 

made from microtubules, which also give rise to filaments that radiate down the body of the 

cell 55. The number of these long microtubules differs depending on the species of 

Apicomplexa, but in the case of Toxoplasma there are 22 approximately 30 nm apart56,57. Some 

Apicomplexan species, including Toxoplasma, have a cone-like structure made up of 

microtubules called the conoid (Fig. 1.3C), which is extruded when parasites are extracellular55. 

Together these organelles each play important roles in motility, invasion and manipulation of 

host cells, which I will discuss further throughout this chapter. 

1.2.2 Asexual lytic cycle 

All apicomplexan parasites are obligatory intracellular parasites, to enable host nutrient 

scavenging during replication. Therefore a parasite’s ability to engage with a host cell and 

invade is vital to its continued survival. Extracellular tachyzoites use a specialised complex to 

glide and engage with nucleated host cells before invasion. Once inside, Toxoplasma 

suppresses gliding motility and initiates asexual replication. Here the parasites synchronously 

and exponentially replicate, before activating cell lysis to release daughter parasites ready to 

infect a new host cell (Fig. 1.2). See Blader et al. (2015)58 for a more in-depth review of the 

process. 
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Figure 1.3 – Parasite morphology 

Schematic of tachyzoites (A) and bradyzoites (B) comparing organelle compartments and 

features. (C) The apical complex and its microtubule structure, with a schematic of the 

glideosome and how MyoA and MIC work to create gliding motility.  

Note: features are not to scale, and some features are adjusted for conserve space. 

Image inspired by Dubey, J. P., Lindsay, D. S. & Speer, C. A. Structures of Toxoplasma gondii 

tachyzoites, bradyzoites, and sporozoites and biology and development of tissue cysts. Clinical 

microbiology reviews 11, 267-299; 0893-8512 (1998). 
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1.2.2.1 Motility 

When encountering host tissue, Toxoplasma activates it’s gliding motility, which is a unique 

form of substrate-dependent locomotion. Gliding motility powers tissue dissemination and 

host cell invasion and is absolutely essential for parasite survival59. Motility is activated upon 

environmental cues, causing the exocytosis of microneme organelles, resulting in release of 

adhesins onto the parasite surface. The glideosome, an actomyosin-based motor that lies 

underneath the PM and is then activated. It locks onto the short cytoplasmic tails of adhesins 

dragging them rearward thus driving forward motion60. The glideosome comprises a single-

head ‘type XIV’ myosin heavy chain ‘MyoA’59,61 and two light chains MLC162 and redundant 

ELC1 and ELC263. The motor is anchored to the parasite periphery via the glideosome 

associated proteins (GAPs), a set of scaffolding molecules that maintain the distance between 

the IMC and PM64. The current model suggests that filamentous actin joins to adhesins through 

the Gliding Associated Connector (GAC) and MyoA, stepping along actin filaments, drags 

adhesins backwards65.  

1.2.2.2 Invasion 

In addition to the glideosome and microneme release, rhoptry secretion is also essential for 

invasion, but not motility, and there are several factors known to be important for this 

process66-68. During invasion, rhoptries inject Rhoptry Neck (RON) proteins into the host cell 

membrane and act as receptors for the micronemal proteins, like Apical Membrane Antigen 1 

(AMA1). AMA1 directly binds to a C-terminal region of RON2, and complexed with RON4 and 

RON5, form ‘the moving junction’ (MJ)60. Using the force generated by the glideosome, the 

parasite is able to pull itself through the ring made by the MJ into the host cell. Although it is 

uncertain exactly when the rhoptry bulb (ROP) proteins are secreted during invasion, some 

must be injected into the host cell before commitment to invasion as delivery of ROP occurs 

even in the absence of invasion69. Many of the ROP are involved in perturbing the host cell 
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anti-microbial response or setting up the parasitophorous vacuole (PV), a membrane barrier 

separating host from pathogen70.  

The PV and its membrane (PVM) are created during the invasion process. They are thought to 

be formed the host cell membrane by invagination, in a process not reliant on host endocytic 

machinery71. Because of this, the PVM composition is mostly host-derived; however, during 

invasion the PVM is decorated with secreted ROP proteins. Proteins from the dense granules 

(GRA) are the last to be released, after invasion is complete72. GRA proteins navigate the 

construction of the intravacuolar network (IVN), which fills the PV lumen73. The IVN structure 

is made up of membranous tubules to connect individual parasites to each other and to the 

PVM 74 providing structural organisation75, a means of sharing vesicle content and the 

acquisition of nutrients. GRA proteins continue to modify the PV and PVM during infection to 

create a niche capable of supporting the growth phase of the lytic cycle, providing control over 

nutrient acquisition and protection against host defence mechanisms70. 

1.2.2.3 Replication 

Once the PV has been established tachyzoites start dividing by a process remarkably different 

from mammalian and yeast cells called endodyogeny76. Here, two daughter parasites form 

within each mother tachyzoite, where the IMC begins to form in close proximity to the 

duplicated centrosome77. Organelle division and segregation between daughters is order; the 

Golgi is first followed by the nucleus, apicoplast and mitochondrion78. The other organelles 

appear to be either formed de novo or can be recycled from the mother cell79. After replication 

is complete, some cellular material is put into the residual body, which is the remanence of the 

mother cell at the base of the parasite,38. The exact role of the residual body is unknown; 

however, it remains intact as the parasites replicate, leaving separate anterior ends to form 

the classical rosette structure80. Replication occurs synchronously at a doubling rate of 

approximately six to eight hours, and upwards to 128 parasites per vacuole, depending on the 

host cell’s size38. Interestingly, synchrony appears to be reliant on the connection between 

parasites in the same vacuole, thought to be mediated by the basal connection between 

parasites within the same vacuole81. The mode of binary replication and method of division 
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means that Toxoplasma is able to egress and successfully reinvade at any stage of intracellular 

replication82. This is very different from Plasmodium spp. or Sacocystis which need to finish 

the whole replication process to be infectious76.  

1.3 Toxoplasma bradyzoites 

1.3.1 The bradyzoite 

It is during tachyzoite replication that some parasites are pushed into bradyzoite 

differentiation. Bradyzoites have morphological differences associated with the parasite’s 

new physiological needs. Bradyzoites are elongated and are distinct in organelle morphology 

and number when compared to tachyzoites (Fig. 1.3B). Bradyzoites have electron-dense 

rhoptries that fold in on themselves, a posterior nucleus, a larger number of micronemes, 

and fewer dense granules38. They replicate asynchronously44, develop amylopectin (starch) 

granules in the cytoplasm83, and rely on anaerobic glycolysis for energy84. These 

physiological and morphological changes are accompanied by changes in the transcriptome 

and proteome with hundreds of genes differentially regulated between the two stages85-88. 

Some of these proteins have similar enzymatic functions in both stages (isoenzymes) and 

others are more specific to bradyzoite function (e.g. surface antigens or cyst wall proteins) 

because they are not required in tachyzoite stages. The differences in protein expression 

have enabled the field to study bradyzoites by providing markers for identification85. In 

addition, the promoters of these bradyzoites genes can be used in studies to 

upregulate genes of interest specifically in bradyzoites89,90. 

One of the most commonly used bradyzoite markers used is Bradyzoite Antigen 1 

(BAG1) because it is highly expressed in bradyzoites87,91. In fact, BAG1 is one of many 

heat-shock proteins that are upregulated during bradyzoite differentiation91-95. Why 

bradyzoites need so many heat-shock proteins is unclear. BAG1 localises to the cytosol 

of bradyzoites91 and knockout evidence suggests BAG1 is an important protein for 

maintaining a high cyst burden in vivo, despite the apparent lack of importance during 

development96. Another set of common parasite markers are surface antigens. In tachyzoites, 

surface antigens, such as Surface Antigen 1 (SAG1), are important for attachment, 

invasion, and regulating infection in tachyzoite stages97. 
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Similarly, bradyzoites also express a unique composition of surface antigens. Some of these 

bradyzoite antigens are part of a conserved group of SAG1-Related Sequence (SRS) 

proteins, such as SRS998,99, whereas others are more structurally distinct, such as Bradyzoite 

Surface Antigen 4 (BSR4)100,101. The change in surface antigens between the two stages might 

assist the parasite in evading the immune system and enabling cyst persistence102.  

The differential expression of enzymatic isoforms between tachyzoites and bradyzoites has 

also been observed. Toxoplasma lactate dehydrogenase (LDH1 and LDH2) is an example of 

stage-specific enzymes controlled transcriptionally103,104. Functionally they both catalyse 

the reaction, converting lactate to pyruvate in anaerobic respiration (e.g. during glycolysis) 

with nearly identical enzyme kinetics105. However, LDH1 is expressed solely in tachyzoites and 

LDH2 is only expressed in bradyzoites. Although both are required for in vivo 

bradyzoite development, it appears LDH1 is of more importance for acute virulence106,107. 

This supports the speculation that LDH1 is replaced by LHD2 during bradyzoite development; 

the former is important during the early stages of infection and differentiation whereas the 

latter is only important for bradyzoite persistence where glycolysis is the apparent energy 

source used by bradyzoites. Stage specific replacement is also the case for other 

enzymes, like enolase proteins 1 and 2104. A more detailed discussion around bradyzoite 

markers and proteins can be found in Tu et al. (2018)108. Together, these transcriptomic 

and proteomic changes help define bradyzoites as a distinct entity from tachyzoites.  

1.3.2 Bradyzoite differentiation 

The signals that induce tachyzoite-bradyzoite conversion and the associated biological 

changes remain unknown. However, it is clear that these changes are accompanied 

by drastic alterations in the parasite’s transcriptional program. For this to occur transcription 

factors are at the end of intracellular-signal transduction that initiate the differentiation 

process. A clue to what family of transcription factors could control conversion originally 

came from another Apicomplexan parasite, Plasmodium. Like Toxoplasma, Plasmodium 

uses a symphony of transcriptional changes as it goes through the developmental stages of 

its complex life cycle. A group of transcription factors containing a DNA-binding domain 

called Apetala2 (AP2) was found to be responsible for these stage transitions in 

Plasmodium species109,110 and are conserved throughout the phylum111. 
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These transcription factors were named Apicomplexan AP2 proteins (ApiAP2) and 68 

Toxoplasma genes were identified as containing an AP2 domain110,112. TgAP2 proteins 

identified as important for bradyzoite development have been classified as either bradyzoite 

repressors or activators of differentiation113. The removal of bradyzoite repressor tgAP2 

genes AP2IX-9114, AP2IX-4115, and AP2IV-4116, results in the increase of cyst formation 

or the upregulation of bradyzoite specific proteins and cyst wall proteins. In contrast, 

knockouts of tgAP2 bradyzoite activators impair differentiation and results in the 

downregulation of bradyzoite markers. AP2XI-4117 and AP2IV-3113 are classified as activator 

proteins and both have been shown to bind to promoter regions of bradyzoite-specific 

genes. It appears that the balance between repressors and activators is what 

determines whether tachyzoites are pushed into bradyzoite development. 

Despite the obvious implications of ApiAP2 proteins in bradyzoite development, no single 

knockout could prevent differentiation. Instead the level of differentiation was merely 

decreased or bradyzoite marker expression was affected. This has resulted in a differentiation 

model with no master transcriptional regulator118. However, a recent CRISPR/Cas9 screen 

partnered with bradyzoite differentiation identified a new transcription factor, Bradyzoite 

Formation Deficient 1 (BFD1)119. Knockouts and overexpression of BFD1 showed that it was 

both necessary and sufficient for differentiation both in vitro and in vivo. The authors also show 

that BFD1 binds to regions of the genome associated with the expression of bradyzoite markers 

and could potentially coordinate the expression of TgAP2 proteins that results in the cascade 

of transcription required during differentiation. Interestingly, BFD1 mRNA is constitutively 

expressed but the protein is post translationally regulated, which could provide a more 

efficient response when differentiation is signalled. However, the key external signal that 

stabilises BFD1, and therefore differentiation, is still undetermined.  

Understanding why and how bradyzoites differentiate is vital not only to the development of 

treatments, but also to the continued research in the field. Bradyzoites stages have largely 

been neglected due to the inefficiencies of producing bradyzoites in vitro. Spontaneous in vitro 

differentiation does occur at low levels with the typical lab strains (e.g. GT1 (type I) and most 

type II and III strains)120. There are reports that the spontaneous differentiation rate of atypical 

strain EGS is up to 70% in fibroblast and epithetical cells, as compared to levels of less than 
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10% for the typical lab type I and II strains121. Spontaneous differentiation strains are useful in 

in vitro studies when looking at a single cell level. However, for pooled data the heterogeneous 

sample may cause complications with data analysis and methods that can produce a more 

synchronised and homogenous population is also important.  

Studies have identified multiple methods that can be used to increase in vitro differentiation 

to varying degrees, including heat shock, alkaline pH, small molecules and nutrient 

starvation122-124. From these studies, in conjunction with the upregulation of many heat-shock 

proteins, it has been suggested that bradyzoite differentiation is a stress response120. Whether 

stress is an inducer in vivo is unclear. Cyst development in vivo occurs during the host’s strong 

pro-inflammatory response and the absence of a functioning immune system leads to 

reactivation of bradyzoites and uncontrolled growth of tachyzoites118. This implies that 

immune-related stress factors (e.g. immune generated nitrogen species or nutrient starvation) 

could play a role in triggering bradyzoite differentiation125. Furthermore, cyst formation 

appears to have a tropism for tissues where host cells are largely post-mitotic, such as the 

brain, heart, eyes, and muscles. Due to this tropism, some have suggested that bradyzoite 

conversion is linked to the cell cycle of the host cell or the unique cell host environment of 

specific organs126,127. Indeed, in vitro studies of neurons128 and muscle cells129 have shown 

higher spontaneous bradyzoite conversion rates over cell types in the same tissue or lineage. 

Despite the multitude of methods available, there are limitations to producing bradyzoites in 

vitro. Whether in vitro bradyzoites or cysts could be considered equal to in vivo bradyzoites is 

still an area of contention130. While in vitro studies assist in understanding bradyzoites 

development, late stage bradyzoite mechanisms may not be able to be elicited using these 

methods. There has been an observation of in vivo cysts containing tachyzoites as well as 

bradyzoites131, although a recent ex vivo study has argued against such a model44. The field’s 

definition of what constitutes a true bradyzoite can only be determined when we have a better 

understanding of how and why parasites differentiate.  
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1.3.3 The cyst wall and it’s development 

A key step during bradyzoite formation is the production and secretion of proteins that build 

the cyst wall. The cyst wall is thought to be important to the parasite’s transmissibility and 

long term persistence. By adding a barrier of protection from the immune system, the 

cyst wall helps establish a chronic infection and may even enhance transmission, likely 

through shielding parasites from digestive acids (although this has not been formally proven). 

The cyst wall is on average 240 nm thick and is comprised of two layers that form underneath 

the PV membrane; the thin outermost layer abuts onto the PVM and is densely packed, 

whereas the thicker inner layer is composed of filamentous structures that are loosely 

packed, giving it a sponge like appearance132,133. The inner cyst network (ICN) of the 

cyst wall has similarities to the filamentous IVN of the tachyzoite stage and, 

interestingly, contains many of the known IVN dense granule proteins132,134 thought to be 

involved in the early development of the cyst wall135,136.  

Although seemingly dormant when compared to tachyzoites, bradyzoites are dynamic and 

continue to divide slowly and asynchronously producing cysts up to 100m in size38,44. 

To maintain the cyst wall, bradyzoites must continuously secrete protein components as 

they divide to enable both the cyst wall and PVM to expand as the numbers of 

bradyzoites increases44,130,136. It is likely that the ICN has a role in the transfer and 

incorporation of vesicles containing needed proteins. Many of the cyst wall components 

are either hypothetical proteins or known dense granule proteins134. One of the first cyst 

wall proteins identified was CST1, a SRS glycoprotein with a mucin domain, which is 

glycosylated and binds Dolichos biflorans lectin (DBA)137. The high 

posttranslational glycosylation of cyst wall proteins is thought to assist in immune 

evasion and confer structural stability138-140. CST1 is not required for the formation 

of the cyst wall, but in the absence of CST1 or the N-

acetylgalactosaminyltransferases responsible for O-GalNAc glycosylation of CST1’s mucin, 

the cyst wall becomes fragile and fewer cysts are formed in vivo140,141. However, it 

appears that not all cyst wall SRS-mucin glycoproteins are important for stability142. 
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The cyst wall is permeable to micro-nutrients and macromolecules needed for the 

bradyzoites’ growth and long term survival132,143. It is not clear how these molecules cross 

such a dense layer, TEM evidence shows that the cyst wall is punctuated with 30-40 nm 

circular openings which could be a clue to the mechanisms used132. Furthermore, GRA17, a 

key protein in trafficking of small molecules across the tachyzoite PVM (discussed in 

section 1.9.3), is important in bradyzoite conversion and viability, implicating GRA17 

in the hypothetical trafficking of nutrients across the cyst wall144. Larger molecules might be 

trafficked across the PVM by the invagination and formation of uncoated vesicles that can 

migrate through the cyst wall into the cyst matrix143.
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1.4 Parasite dissemination and brain infection 

The most common organ where bradyzoite conversion occurs is the Central Nervous System 

(CNS), which encompasses the retinal tissue and the brain. In this section I will briefly cover 

how Toxoplasma may reach and gain access to the CNS.  

1.4.1 Parasite dissemination 

Tachyzoites are responsible for dissemination throughout the body. The parasites use 

their gliding motility, replicative asexual cycle (discussed in section 1.2.2) and host cell 

behavioural changes induced by the parasite (discussed in section 1.5 and 1.6). The latter is 

thought to be key in the parasites distal dispersion from the initial gut infection. In this 

model, parasites use leukocytes recruited by chemokine-secreting enterocytes to disperse 

undetected in a trojan horse mechanism16. Infected cells become hyper-motile, enabling 

parasite dissemination. Macrophages and dendritic cells (DC) are thought to be the main 

monocytes affected and used in this manner. CD11c+ and CD11b+ DCs appear to be 

preferentially infected and, although all Toxoplasma strains induce migration in these cells, 

type II parasites exhibited a higher ability to do so145-147. The hyper-motility of DCs is 

maintained for more than 24 hours and the increased presence of CD11c+ and CD11b+ 

in the brain correlates with an increase in Toxoplasma infection of the brain145-147. 

Furthermore, Toxoplasma is able to suppress apoptosis in macrophages while also 

decreasing the expression of cell surface adhesion molecules to again increase 

motility148,149. This demonstrates how Toxoplasma uses the intrinsic migratory nature of 

these cells to disperse throughout the body. How Toxoplasma achieves these changes in 

cell behaviour is discussed in section 1.8. 

1.4.2 Crossing the blood brain barrier 

During dissemination, tachyzoites need to traverse physiological barriers designed to be 

protective and selective, including the epithelium of the gut, the placenta, and the blood-

brain barrier (BBB). The BBB is a protective layer of endothelium cells that poses a 
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challenge to pathogen invasion into the CNS. Toxoplasma’s ability to cross the BBB is vital to 

the parasite’s ability to establish chronic infection and lifelong persistence, therefore the 

parasite’s traversal mechanisms have been of great interest150. Three models for how the 

parasite traverses the BBB have been suggested: infiltration of infected immune cells 

(‘Trojan horse’), transcellular migration, and paracellular entry151. Studies have suggested 

that the ‘Trojan Horse’ hypothesis might not only apply to the parasite’s ability to 

disseminate to, but also traverse, the BBB. The ‘Trojan Horse’ model was supported by in 

vitro studies which showed that DCs can across cell monolayers and indicated that 

Toxoplasma infected DCs could pass the monolayer at a higher rate than uninfected cells146. 

However, Konradt et al. (2016)152 elegantly showed that parasites traverse the BBB in vivo by 

egressing from the endothelial cells of small blood vessels in the brain releasing parasites 

into the brain parenchyma. Although they did find leukocytes (CD11c+, CD11b+, Gr1+, 

CD3+) infected with parasites in the blood, when parasite replication was inhibited no 

parasites were seen in the CNS, suggesting the parasite could not be transported over 

the BBB without replication152. In addition, the tachyzoites have also been shown to 

paracellularly cross the gut epithelia, suggesting that a similar mechanism could be used to 

cross the BBB and other comparable barriers153,154. The strategy Toxoplasma 

predominately uses to gain entry into the CNS is unknown; however, it is possible the 

parasite could use all these approaches. 

1.4.3 Cell tropism in the Central Nervous System 

Once Toxoplasma has traversed the BBB it goes on to form cysts in the CNS. While several in 

vitro studies have suggested that all types of resident CNS cells can be infected, in vivo 

analysis has shown that Toxoplasma preferentially infects neurons128,155-157. Tracking 

Toxoplasma infection in the brain has been notoriously difficult because of the complex 

cellular structure of the brain and the elaborate morphology of the residing cells. Recently 

technical complexities were overcome by infecting transgenic loxP-ZsGreen mice with 

parasites that inject cre-recombinase (during rhoptry release). LoxP-ZsGreen mice express 

GFP following the removal of a floxed STOP construct which allows the infection status of 

individual neurons in vivo to be determined through the expression of GFP155,158,159. Although 
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a small proportion of astrocytes were GFP+, the overwhelming majority of infected 

parenchymal cells were neurons155. In situ imaging showed that the cysts were 

predominantly found in the neuronal processes not the cell body as seen in vitro155,160. 

Interestingly, there was a population of cells, both neurons and astrocytes, that were GFP+ 

but not infected. These cells have either been invaded and subsequently cleared the 

intracellular parasites, or, after the injection of rhoptry proteins, invasion was 

abandoned155,158. The ‘injected-uninfected’ population of cells outnumbered infected cells 

in the CNS of mice and it appears, superficially, that these host cells experienced similar 

physiological changes to the infected cells 155,158. Whether the cell types infected impact the 

observed behavioural changes in infected mice is still unclear but continues to be an area of 

research in the field. Behavioural neuroscience and Toxoplasma is reviewed in depth by 

Tyebji et al. (2019)161. 

1.5 Toxoplasma host manipulation 

Without the ability to manipulate their host cell, intracellular pathogens are rapidly cleared 

by the innate immune system. Toxoplasma is no exception, and over the last 10 years there 

has been an explosion of new discoveries of how Toxoplasma tachyzoites achieve this. The 

host cell undergoes an array of changes upon infection, which can be directly linked to the 

active modification by Toxoplasma and are important for the parasite virulence and 

survival. Host alterations are dependent on the host-cell type and can include organelle 

sequestration162, host transcriptional modifications163, and changes in adhesive and 

migratory capacity of the infected cell164. Host organelles, such as the mitochondria, are 

sequestered to the PVM162, the reasons for which are not clear. It has been hypothesised 

that host organelle sequestering might be required to acquire host nutrients that are 

essential for parasite growth and survival. This is because interfering with mitochondria-

PVM interactions stunts parasite growth, suggesting that relationships with key 

organelles might help the parasite scavenge essential nutrients165. In monocytes and 

dendritic cells Toxoplasma infection increases the motility and adhesive properties of the 

cells95,150 as well as increasing the distance travelled166 and enhancing their ability to 

traverse endothelial monolayers,146 all which may aid parasite dissemination (as 

discussed in section 1.4).  
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1.5.1 Host transcriptional changes 

The biggest change to the Toxoplasma-infected cell is the global rewiring of the host’s 

transcriptome. The host cell is a hospitable environment but, by globally rewiring the host cell’s 

transcriptional profile, Toxoplasma can modify the host’s innate immune response and the 

organism’s overall response to infection163. The first study to look at host gene expression 

changes by Toxoplasma was done using microarrays on a type II tachyzoite infection167. The 

study concluded three main classes of gene modulation: 1) genes modified by the parasite for 

survival and growth, 2) genes modified by the host for defence, and 3) genes modified as a 

consequence of the two former modification. The changes dependent on the host could 

account for observations that host cell transcriptional responses are largely cell-type 

dependent168. Further, time course analysis revealed two distinct gene expression profiles: 

rapid gene changes within one to two hours of infection associated with the immune response, 

and changes that occurred post six hours after infection. Overall these transcriptional changes 

did not represent a general response to intracellular protozoan parasite infection (as compared 

to T. cruzi) suggesting transcriptional modification was Toxoplasma specific167. Indeed, the 

identification of rhoptry proteins that modify the host transcription during invasion stages 

were identified in the following years (discussed in section 1.6.1)169-172, followed a decade later 

by the discovery of dense granule proteins responsible for the second wave of changes173-176. 

Interestingly, microarray data showed little to no transcriptional changes of the host cell in the 

very early stages (44 hours post infection) of in vitro bradyzoite differentiation compared to 

tahcyzoites177. 

More recent transcriptional studies have used newer RNA sequencing methods which have a 

larger dynamic range compared to microarrays and is not as reliant on measuring relative 

differences. These are more sensitive, and are able to sequence and analyse the transcriptome 

of the host and pathogen (dual-transcriptomics) from the same sample178. The developments 

in RNA sequencing technology enabled in vivo analysis of Toxoplasma infected mice which 

showed that host transcriptional changes occurred in vivo during the acute stages and 

continued in the chronic stages179-181. However, this kind of holistic approach does not 

disentangle the multiple factors at play as transcriptional changes observed in vivo could be: 

1) due to the export of effector proteins from the parasite, 2) a consequence of host immune
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responses (e.g. immune infiltration), or (3) the result of parasite derived rhoptry proteins 

injected into host cells that are not infected69,182,183. From in vitro transcription data it is evident 

that a majority of the acute transcriptional changes observed in infected cells is dependent on 

the secretion of dense granule proteins184; however, it is not clear how much of the chronic 

transcriptional changes observed in vivo are dependent on parasite factors. 

1.6 Toxoplasma-secreted host-modifying proteins 

Over the last decade multiple tachyzoite secreted proteins that modify the host cell have been 

identified. The first ROP and GRA proteins were identified by defining loci associated with 

virulence through genetic crosses of avirulent and virulent strains or through an in silico screen. 

These isolated virulence factors were shown to be responsible for the difference between 

strains. However, it did not shed light on effectors that were common between strains nor 

could these proteins explain all the transcriptional changes observed during infection. In this 

section I will discuss the tachyzoite known effector proteins, originating from both the 

rhoptries and DG, and their impact on the host cell. 

1.6.1 Rhoptry proteins 

Rhoptry (ROP) proteins are a non-related family of proteins named by their organelle of origin, 

the rhoptry organelle. ROP proteins mainly arising from the bulb of the rhoptry organelle, as 

opposed to the neck where RON proteins originate. A large proportion of ROP proteins are 

kinases and pseudo kinases which exported from the rhoptries during invasion. Some are 

responsible for the formation of the PV (as discussed in section 1.4) and others are involved in 

host manipulation. For a list of known ROP proteins associated with the PV and their function 

see review (table 1) Clough and Frickel (2017)70 and Bradley et al. (2005)185. Those ROP proteins 

associated with virulence and host modulation are discussed below (Fig. 1.4A).  
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1.6.1.1 ROP18/ROP5/ROP17 complex: inhibitors of intracellular clearance and key virulence 

factors 

The ROP18/ROP5/ROP17 complex counters the host's innate defence mechanism which 

enables the parasite’s survival. Different alleles of ROP18 and ROP5 have been shown to confer 

major differences in strain virulence and enabled the discovery of this complex. ROP18 was the 

first competent to be identified by Quantitative Trait Locus (QTL) mapping of virulent 

offspring24,25 from the cross of avirulent type III strains with either virulent type I strains169 or 

semi-virulent type II strains171. ROP18 is an active serine-threonine kinase that is secreted 

during the tachyzoite invasion, localises to the PVM facing the host-cytosol, and has been 

associated with the control of intracellular parasite growth186. However, ROP18 alone could 

not fully account for the differences in virulence between type I and type II crosses171, instead 

the loci containing rhoptry pseudo kinase ROP5 was found to accounted for a considerable 

amount of virulence differences between these two strains 170. It was later found that ROP18 

and ROP5, along with another rhoptry kinase ROP17, form a complex on the PVM that 

phosphorylates host factors activated by IFN to attack intracellular pathogens187.  

It was subsequently found that the ROP18/5/17 complex acts by blocking IFN mediated host 

defence mechanisms187. In murine cells, the IFN-induced recruitment of immunity-regulated 

GTPases (IRGs) and guanylate-binding proteins (GBPs) breaks down the PVM and either 

activates host cell death or autophagy to clear the parasites188. Toxoplasma targets IRGs and 

GBPs and inactivates them through phosphorylation to prevent the formation of active 

IRG/GBP oligomers, therefore protecting the PV from destruction189,190. Because ROP18 and 

ROP17 are active kinases, it is thought they are responsible for the phosphorylation of the 

murine IRGs, whereas ROP5 is thought to either block IRGs oligomerisation directly or indirectly 

by regulating ROP18, of which it is an essential co-factor 189,191-194. Etheridge et al. (2014)189 

propose a model where ROP17 phosphorylates and destabilises active IRG oligomers, freeing 

monomers for ROP18/ROP5 to phosphorylate, preventing the IRG monomers from reforming 

polymers. Interestingly, humans lack the large number of IRGs found in murine cells and 

consequently the ROP18/5/17 complex does not affect the parasites survival in human IFN 

activated cells195. Because different strains have varying virulence capacities which means less 
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virulent strains (type II and III) are more likely to succumb to IFN in the early stages of 

infection. 

The virulence studies were all conducted in mice and it still remains unclear how important the 

IRG pathway is in human infection. It is known that highly virulent strains of Toxoplasma are 

responsible for severe cases of Toxoplasmosis in humans, such as those in SA which have a 

wider variety of virulent strains and alleles associated with the ROP18/ROP5/ROP17 

complex196. The parasites survival in humans may therefore also be reliant on the functioning 

of this complex. 

1.6.1.2 ROP16 and ROP38: transcription modulators 

Two other rhoptry proteins are known to be involved in modulating the host transcriptome at 

the early stages of invasion. ROP16 is a JAK tyrosine kinase mimic which localises to the host 

cell nucleus where its activity modulates the JAK/STAT pathway by phosphorylating and 

activating STAT3 & STAT6 to skew the innate immune response27. Much like ROP18, ROP16 is 

a virulence factor and was identified by QTL in the same virulence crosses as ROP18171. Type I 

and III ROP16 variants elicit strong host transcriptional changes; however, type II ROP16 cannot 

elicit the same responses27. Type II parasites also show an increase in NF-kB activity suggesting 

that the inability to activate STAT3 (a known inhibitor of NF-kB) may play a role in this 

observation190 or that another parasite protein might be involved (discussed in section 

1.6.2.1.2). On the other hand, ROP38 does not localise to the host nucleus, yet also alters the 

host transcriptome. Type II and type III parasites express more ROP38 compared to type I197,198. 

Data suggest that ROP38 likely acts as a transcriptional suppressor, where it downregulates 

MAPK signalling associated with type I infection, and may have a role in controlling apoptosis 

and host proliferation198. It has also been implicated in the parasite’s ability to establish tissue 

cysts in vivo197.  
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1.6.1.3 WIP: modulator of cell migration 

With the development of the CRISPR/Cas9 system in Toxoplasma,199-201 genetic determinants 

of virulence can now be identified by screening the loss of individual genes in vitro202,203 and 

vivo204,205. A library of CRISPR guides (sgRNA), enriched for GRA proteins, was transfected into 

Cas9 expressing type I parasites and then were passaged multiple times in vitro. Genes that 

that were important for in vitro culture were therefore eliminated before injecting the 

remaining parasites into mice. By comparing parasites residing in the peritoneum with those 

at distal organs (like the lungs, brain, heart and eyes), the researchers could isolate candidates 

that were important for dissemination204. Using this method, rhoptry protein WIP (WAVE 

complex-Interacting Protein) was identified (along with multiple uncharacterised potential 

host-pathogen interacting proteins) which localises to the host cytosol and forms interactions 

with components of the WAVE regulatory complex (WRC)204. WRC can regulate actin 

cytoskeletal dynamics and therefore motility, adhesion, and shape of the infected cell by 

stimulating the Arp2/3 complex and inducing actin-nucleating sites throughout the cell206. The 

ability for the parasite to modulate the motility of monocytes and DCs has been the basis for 

speculations around how Toxoplasma disseminates and crosses cell monolayers, and WIP 

seems to be a key player in this process. Through WRC interactions WIP modifies host cell actin 

dynamics, inducing hypermotility, and has been implicated in monolayer traversal204. 

Furthermore, in the absence of WIP, the parasite’s virulence and ability to disseminate to 

visceral organs was greatly impacted. 

1.6.2 Dense granule proteins 

The DG proteins (GRA) are a group of proteins that are secreted constitutively from the DG 

organelle as soon as three minutes post-invasion72 and are associated with the development 

of the PV/PVM and host cell manipulation70,207.  
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Figure 1.4 – Tachyzoite host cell manipulation by rhoptry and dense granule proteins 

Tachyzoites modify the host cell using effector proteins at invasion (A) and after the PV is 

established (B). 

(A) During invasion rhoptry proteins are injected into the host cell. ROP16 localises to the

host nucleus and causes the phosphorylation of STAT3 and STAT6 to induce an anti-

inflammatory response. The ROP5/17/18 complex (along with GRA7) localise to the PVM and 

prevent the formation of IRG polymers. ROP38 is a suppressive transcriptional element; it’s 

host partners and mechanism are still unknown. WIP interacts with the WAVE regulatory 

complex (WRC) to regulate actin dynamics and host cell motility. 

(B) After PV formation tachyzoites secrete dense granule proteins, of which a proportion

effect the host cell response. GRA6 remains within the confines of the PVM where it induces 

the nuclear translocation of transcription factor NFAT4. MAF1 localises to the PVM where it 

recruits and interacts with the host mitochondria. PVM bound GRA15 causes the nuclear 

relocation of NFkB and initiates its transcriptional activity. GRA16, GRA18, GRA24, GRA28, IST 

and HCE/TEEGR are all exported into either the host cell nucleus or cytosol. GRA16 complexes 

with HAUSP/PP2A-B55 to activate cell survival and cell cycle pathways. GRA18 prevents the 

degradation of b-catenin activating b-catenin transcription. GRA24 causes 

autophosphorylation of p38a MAPK and the upregulation of the Th1 response. The function of 

GRA28 is still unknown. IST results in the recruitment of Mi2/NURD complex at STAT1 induced 

transcription sites to prevent the upregulation of IFN type I and II genes. HCE/TEEGR complexes 

with E2F transcription factors E2F3 (to induced upregulation of cyclins E1/2 inhibiting cell cycle) 

and E2F4 (to suppress cytokine expression).  

Image inspired by Hakimi, M.-A., Olias, P. & Sibley, L. D. Toxoplasma effectors targeting host 

signalling and transcription. Clinical microbiology reviews 30, 615-645; 0893-8512 (2017). 
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1.6.2.1 PV dense granule proteins 

The canonical GRA proteins have a classical or non-classical N-terminal hydrophobic signal 

peptide which signals their secretion through the ER and Golgi to the dense granules to be 

released into the PV space. GRA proteins can be associated with the PVM either directly or 

indirectly. For example, inside the PV GRA 2, 4, 6, 9 and 12 have roles in the biogenesis and 

maintenance of the IVN207. GRA6 and GRA12 seem to also have dual roles in parasite-host 

immune interactions. GRA6 re-localises host NFAT4 to the nucleus where it plays a role in the 

recruitment of inflammatory monocytes via the upregulation and secretion of cytokines (CCL2, 

CXCL2)208. GRA12 appears to have a role in IFN- activated host cell innate immunity209. GRA7 

has multiple roles too; it is the link between the PVM and the rhoptry complex of ROP18/5/17 

that destabilises IRGs as well as sequestering host tubule-structures around the PV210,211. Some 

DG proteins are exposed to the host cell cytosol where they regulate host pathogen 

interactions like Host Mitochondria Association (HMA) or host transcriptional modifications 

(sections 1.6.2.1.1 and 1.6.2.1.1 respectively) or are involved in nutrient acquisition (section 

1.7). Up to 40 GRA proteins have been identified as residing in the PV; the function of half are 

yet to be characterised212.  

1.6.2.1.1 MAF1: mitochondrial recruitment factor 

The disruption of host mitochondria dynamics or mitochondria recruitment to pathogen 

vacuoles has been observed in multiple intracellular pathogens213. It is unclear whether these 

dynamics are pathogen driven or if it is part of the host cell response to sequester the infection. 

In Toxoplasma infection, host mitochondria become elongated and wider when associated 

with the PVM. The extent of HMA is strain dependent, with type II stains recruiting little to no 

mitochondria165. This meant researchers could analyse previous completed genetic crosses 

between HMA-positive and HMA-negative strains by QTL to map the parasite factors that are 

responsible for the HMA phenotype. The DG protein identified was named Mitochondrial 

Association Factor 1 (MAF1)165 (Fig. 1.4B). The MAF1 locus is duplicated multiple times (lab 

strains have an estimated copy number of four) resulting in multiple distinct paralogs which 

differ in their ability to mediate HMA214,215. Despite strain differences, the absence of MAF1 

29



does not correlate with virulence in type I parasites165; however, when a MAF1 paralog that 

can confer positive HMA is expressed in a type II line, it provides a competitive advantage over 

wildtype parasites in vivo214,215. Association might enhance the parasite’s ability to scavenge 

fatty lipids or other nutrients, or enable the parasite to subvert the immune system via the 

mitochondrial antiviral-signalling protein (MAVS)165,216. Conversely, during early stages of 

infection host mitochondria compete with Toxoplasma for fatty acids and limits parasite 

growth through competition217. Therefore the reason why Toxoplasma might recruit host 

mitochondria is ambiguous. 

1.6.2.1.2 GRA15: NF-B activator 

GRA15 was the first GRA protein identified that was shown to interact with the host and skew 

its response. Gene expression data indicated type II infected host cells translocated host NF-

B to the nucleus and strongly upregulated NF-B-induced expression, both of which were not 

seen in type I or III to the same degree26,218,219. The difference between strains facilitated the 

discovery of GRA15. Using QTL, Rosowski et al. (2011)26 identified a loci in the progeny of type 

II x type III crosses that induced NF-B pathway expression. GRA15 is associated with the PVM 

where it is thought to activate the NF-B pathway through the TRAF (TNF Receptor-Associated 

Factors)-IKK pathway, not through the MyD88/TRIF pathway220 (Fig. 1.4B). GRA15 contains 

binding motifs that recruit and activate TRAF6 and TRAF2, proteins involved in NF-B 

activation220. Both TRAF6 and TRAF2 pathways converge at the activation of the IKK complex 

which initiates IBa proteasome degradation through phosphorylation221. Degradation 

releases p65/p50 heterodimers and enables nuclear translocation that initiates the 

transcriptional changes associated with the NF-B pathway.  

The upregulation of the NF-B pathway is often activated during intracellular pathogen 

infection because it encourages a pro-inflammatory response TH1 response. The levels of two 

key cytokines implicated in parasite clearance, IL-12 and INF, are increased in a TH1 

response222,223. Furthermore, cleaved IL-1b secretion is sustainably increased by type II-GRA15 

NF-B activation, adding to the inflammatory environment224. Why would type II strains 

upregulate NF-B? Recent papers have suggested that the GRA15-dependent upregulation of 
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IL-1b enables parasites to proliferate in cells co-cultured with monocytes225,226. The authors of 

these studies argue that the combination of IL-1 and IFN produced by the monocytes 

upregulates inducible nitric oxide synthase (iNOS) in the co-cultured human cells, producing 

nitric oxide (NO). NO subsequently downregulates indole 2,3- dioxygenase 1 (IDO1), which is a 

protein used by the host to starve parasites of tryptophan, a crucial amino acid227,228. Whether 

inducing an inflammatory environment translates to advantages in vivo is yet to be 

determined; however, the loss of GRA15 appears not to affect the virulence of the parasite in 

mice or in vitro mouse fibroblasts26. GRA15 still remains as one of the only GRA proteins that 

can impact the host cell response from the PVM, with many of the DG proteins identified 

following GRA15 found to be exported across the PVM into the host cell.  

1.6.2.2 Exported dense granule effector proteins 

A subset of DG proteins are exported across the PVM into the host cell, where they modify 

signalling to manipulate the immune and pro-survival pathways163,229 (Fig. 1.4B).  

1.6.2.2.1 GRA16: cell cycle regulator 

GRA16 was the first identified dense granule protein that is exported across the PVM into the 

host nucleus, where it affects the expression of host cell cycle and survival proteins. It was 

identified by an in silico screen that focused on characteristics that were considered 

requirements for altering host cell transcription176. In the host nucleus, GRA16 forms 

interactions with the phosphatase PP2A-PR55/B holoenzyme and herpesvirus-associated 

ubiquitin-specific protease (HAUSP), a regulator of p53230. The exact effect GRA16 has on these 

binding partners is unknown; however, the association between GRA16 and HAUSP stabilises 

p53 and upregulates genes implicated in arresting the cell cycle and other p53-related 

pathways176. HepG2 cells (p53-positive) expressing transfected GRA16 showed a reduction in 

total cell number, and growth inhibition was accompanied by arrest in the cell cycle at the G2-

M phase231, a characteristic previously observed in Toxoplasma infected host cells232,233. It has 

been hypothesised that cell cycle arrest could enable Toxoplasma to complete its lytic cycle 
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before the host cell divides, but this or any other hypothesis is yet to be formally proven.. 

Furthermore, p53 activity also regulates apoptosis234,235, suggesting GRA16 may play a role in 

modulating the host’s cell death response. Inhibiting apoptosis would be beneficial to the 

parasite; however, transfected GRA16-HepG2 cells actually showed an increase in apoptotic 

cell death, suggesting that arrest in cell death may not be controlled by GRA16 but by another 

effector protein231  

1.6.2.2.2 GRA24: pro-inflammatory agitator 

Subsequent analysis of the in silico data identified GRA24, another GRA protein that localises 

to the host nucleus236. GRA24 interacts with the p38 Mitogen-Activated Protein Kinase 

(MAPK) and induces the kinase’s auto-phosphorylation activity. Phosphorylation occurs at 

Thr180/Tyr182 (markers of activation)237 and helps maintain p38 in the activated state for up 

to 24 hours, independently of the map-kinase-kinase (MKK) cascade173,238. p38 activation 

results in the upregulation of pro-inflammatory cytokines (e.g. IL-12, IFN-), particularly in type 

II parasites, which attracts inflammatory monocytes to the site of infection. The continued 

activation of the GRA24-p38 complex results in the induction of Egr-1 and c-Fos regulated 

transcriptional changes236. While GRA24 appears to be an important virulence factor, it is not 

clear why inducing the expression of this group of cytokines is beneficial to the parasite, but it 

may explain type II’s decrease in virulence and increased capacity to develop into bradyzoites. 

1.6.2.2.3 IST: inhibitor of STAT1 transcription and immune evasion 

The host’s ability to initiate the TH1 response and a cell’s capacity to respond to IFN is crucial 

in controlling Toxoplasma infection in vivo125,222,223,239. A cell responds to IFN signalling 

through STAT1-induced transcription. Activation of STAT1 follows the binding of IFN to its 

receptor (IFNGR) which initiates STAT1 phosphorylation through JAKs240. Phosphorylated 

STAT1 dimerises and binds to Gamma Activated Sequence (GAS) sites in the nucleus, 

upregulating the transcription of many immunity related genes such as IRF1, GBPs, and ISGs 

involved in clearance. While the ROP18/5/17 complex is able to block IFN signalling of pre-
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activated cells in some strain types, the complex does not prevent IFN triggering its signalling 

cascade. It is clear that Toxoplasma also has another mechanism to block IFN signalling 241. It 

is known to suppress STAT1 dependent transcription241-243, preventing the upregulation of 

iNOS244 and Major Histocompatibility Complex (MHC) class II245 but the molecular mechanism 

underlining this process was, until recently, unknown.  

The inhibitor of STAT1 transcription (IST) was independently identified by two research groups 

and is a DG protein that localises to the host nucleus174,175. IST was identified in silico174 by the 

same group that identified GRA16176 and GRA24173, whereas another group took a targeted 

approach and used STAT1 immunoprecipitation paired with mass spectrometry to find 

parasite-derived STAT1 interacting proteins175. Interestingly, STAT1-induced transcription was 

not inhibited through the prevention of STAT1 activation, its nuclear localisation or a decrease 

in STAT1’s ability to bind DNA; instead, IST seems to increase STAT1-DNA interactions174,175. IST 

is thought to encourage DNA binding of STAT1 dimers by inducing the phosphorylation of 

STAT1 (Y701, S727). The IST-pSTAT1 complex then relocates to the host nucleus and where it 

recruits Mi-2/NuRD to GAS sites. Mi-2/NuRD is a repressive complex that deacetylates histones 

at GAS promoter regions inhibiting transcription246-249. Unlike the other immune-skewing 

effector proteins previously identified, all lineages of Toxoplasma appear to repress STAT1 

facilitated transcription during IFN exposure243,246,250. In contrast to the effects of IST, ROP16 

& GRA15 inhibit a selective number of IFN induced genes and are specific to type I and type 

II, respectively251,252. IST is unable to suppress the IFN response if host cells are pre-treated 

and ∆ist parasites treated with IFN are more susceptible to death247,248,253, which is in contrast 

to the type I ROP18 complex that can block parasite clearance of IFN activated cells195. 

Importantly, in vivo ∆ist parasites show a decrease in dissemination and lethality174. This 

suggests that IST plays a more general role in immune evasion not specific to strain type. 

Toxoplasma also blocks type I IFN() induced STAT1 transcription through IST and Mi-2/NuRD 

complex recruitment241,254. Type I interferons (, β, ) are secondary to IFN in controlling 

acute Toxoplasma both in vitro255,256and in vivo257. However, type I receptor knockout mice 

infected with parasites showed an increase in the number of brain cysts, suggesting that type 

I IFNs in the CNS do have a role in controlling CNS infection and cyst burden, implicating IST in 

both acute and chronic infection254.  
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1.6.2.2.4 GRA18: pro-inflammatory dampening 

GRA18 was originally found in silico with the aforementioned proteins and, unlike these 

proteins, localises to the host cell cytosol where it is a positive regulator of β-catenin258. GRA18 

brings together the β-catenin destruction complex components: the glycogen synthase kinase-

3 (GSK3a/b), and protein phosphatase 2A (PP2A) with its regulatory subunit B56a/b/g/d. The 

β-catenin destruction complex is a regulatory complex responsible for the degradation of β-

catenin in the absence of Wnt signalling259. GSK3a/b and PP2A-B56 bind to the C-terminal end 

of GRA18 and, although β-catenin was associated with the N-terminus of GRA18 in pull-down 

experiments, the interaction is dispensable. This suggests the interaction with the destruction 

complex which is responsible for the positive regulation of β-catenin. Upon Wnt signalling the 

β-catenin destruction complex is inhibited and β-catenin accumulates at the nucleus where it 

controls the transcription of the Wnt target genes260,261. In the absence of Wnt signalling ligand 

(Wnt3a) β-catenin is both upregulated and localises to the host cell nucleus in Toxoplasma 

infected cells and GRA18 alone is sufficient to induce these changes258. The overall regulation 

of traditional Wnt/β-catenin target genes appears to remain unaffected despite the synthesis 

of type I interferon (IFN β), a known Wnt-regulated cytokine262,263. The host-cell pathways most 

impacted by GRA18 in macrophages appear to be those associated with the inflammatory 

response and chemotaxis. Interestingly, there is an increase in the expression and secretion of 

chemokines CCL17, CCL22, and CCL24258 which are known to recruit T-regulatory cells264. T-

regulatory cells amplify the TH2 response and dampen the pro-inflammatory TH1 response, 

which is critical to parasite control and clearance suggesting the early secretion of TH2 

cytokines favours the parasites survival and dissemination222,223,258 

1.6.2.2.5 HCE1/TEEGR: E2F transcription modulator 

Two independent groups identified Toxoplasma gene ME49_239010 and both implicated the 

protein in the modulation of two pathways controlled by E2F transcription factors (TF): host 

cell cycle and NF-B signalling, named Host Cyclin E (HCE1)265 and Toxoplasma E2F4-associated 

EZH2-inducing Gene Regulator (TEEGR) respectively266. The HCE1/TEEGR localises to the host 

cell nucleus and interacts with E2F-DP (E2F-dimerization partner) complexes, which includes 
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DP1 complexed with E2F proteins, E2F4 and E2F3 TF (among other TF)265,266. Further, the 

enrichment of specific Transcription Factor Binding Sites (TFBS) associated with E2F4 and E2F3 

TFs, and the enrichment of differentially expressed genes in the E2F transcription pathways 

supports such interactions265,266. Cyclin E1 and cyclin E2, initiators of G1/S phase, are known 

downstream targets of E2F transcription factors and both are upregulated during Toxoplasma 

infection. This suggests that the parasites induce host cells into S phase, before inhibiting G2/M 

phase via GRA16176,265. Why the S phase is important for the parasites survival remains unclear. 

E2F4 complexed with HCE1/TEEGR also upregulates EZH2 gene expression, a regulator of 

histone methylation267. EZH2 interferes with the induction of NF-kB activity by GRA15 to 

supress the release of NF-B induced inflammatory chemokines (IL-8) and cytokines (e.g. IL-

1B, IL-6), while not affecting the production of others (IL-12, IL-18)266. Like GRA18, 

HCE1/TEEGR’s secondary role might be striking a balance between causing a severe prolonged 

inflammatory response (e.g. cytokine release from the activation of NF-B by GRA15) from the 

host and preserving the host to enable parasite survival. 

1.6.2.2.6 GRA28: the unknown 

GRA28 was discovered by biotinylation of PV and PVM proteins via a biotin ligase fused to the 

PVM protein GRA17 and the subsequent streptavidin immunoprecipitation and mass 

spectrometry212. This process identified upwards of 100 new proteins, of which only 15 were 

used for localisation studies. Only GRA28 was found to be exported to the host nucleus and no 

further analysis on the role of GRA28 has been discussed in the literature to date212.  

1.7 Trafficking of exported effector proteins 

1.7.1 Toxoplasma export signal 

For decades, it has been known that P. falciparum remodels its host cell via the export of 

parasite proteins, which is central to the survival of blood-stage parasites. For this reason, post-

invasion protein export has been the centre of many P. falciparum studies. As both Toxoplasma 
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and Plasmodium require nutrient uptake and systems to evade the immune system, it seemed 

possible that Toxoplasma could also export host-modifying proteins post-invasion. Previous 

Plasmodium export studies gave Toxoplasma researchers a place to start and continues to be 

used as a comparison for Toxoplasma export268.  

P. falciparum completely transforms the erythrocyte, by exporting and installing protein

machinery to enable nutrient exchange and prevent immune detection. Proteins that are 

destined for export are directed by an N-terminal signal peptide (SP) that targets proteins for 

translocation into the ER268. Subsequently, these proteins are cleaved by the membrane bound 

aspartyl protease, Plasmepsin V (PMV), which permits translocation across the PVM. PMV 

recognises the Plasmodium export element motif (PEXEL; RxL*xE/Q/D, *indicates cleavage) 

typically found a short distance from the SP cleavage site269-271. All proteins that are cleaved 

are directed to the Plasmodium translocon of exported proteins (PTEX), which mediates 

transport across the PVM and into the host cell272,273. Toxoplasma too has a PEXEL-like motif 

(coined TEXEL: Toxoplasma Export Element) and a homologue of the PMV, called aspartyl 

serine protease 5 (ASP5)274-277 (Fig. 1.5A). The TEXEL’s consensus motif is ‘RRL*xx’274, a 

common motif identified by Hsiao et al. (2013)277.  

Like PMV, ASP5 loss results in a complete block in protein export, whereas the loss of the TEXEL 

in individual proteins is not as severe. Unlike the PEXEL, not all TEXEL containing DG proteins 

processed by ASP5 are exported into the host cell278-281. Some require both ASP5 and TEXEL 

cleavage for the maturation and localisation to the PV and PVM282; others do not require ASP5 

for their localisation to the PV279. All Toxoplasma proteins known to localise to the host nucleus 

require ASP5 despite not all having a TEXEL. Three independent groups identified a TEXEL in 

GRA16 (RRLAE) and showed that the cleavage of GRA16 by ASP5 is required for its export into 

the host cell274-276. Similarly, IST contains a TEXEL and ASP5 cleavage is required for export into 

the host nucleus247,248, and GRA18 also has N-terminal TEXEL motifs258. GRA24 and HCE/TEEGR 

have no obvious TEXEL motifs and undergo no processing, and yet they require ASP5 for 

export, suggesting direct TEXEL cleavage is not the signal for export and may lie in another 

sequence or structural signal yet to be identified266,274-276. Similarly, MAF1 has no TEXEL but 

upon ASP5 knockout host mitochondrial association (HMA) is reduced280. This suggests that 

ASP5 acts indirectly on GRA24, HCE/TEEGR, MAF1 and potentially other GRA proteins lacking 
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a TEXEL motif; ASP5 likely acts on a protein component of the Toxoplasma translocon. In fact 

protein components of the theoretical Toxoplasma translocon complex (MYR1, GRA44, GRA45; 

discussed in section 1.7.2.2) have TEXELs and are cleaved by ASP5, but ASP5 cleavage is not 

essential for their role in protein translocation278,280. It is clear that we have no consensus on 

the export signal in Toxoplasma and gaining a better understanding on what directs a protein 

to the translocon will be vital in identifying novel exported proteins in a more targeted and 

efficient fashion.  

1.7.2 Tachyzoite protein trafficking 

1.7.2.1 Protein export 

Proteins destined for export are transported across the PVM by the Plasmodium Translocon 

of Exported Proteins (PTEX), which unfolds and refolds proteins to facilitate export. The PTEX 

is comprised of three essential proteins transmembrane protein Exported Protein 2 (EXP2), 

the ATPase Heat Shock Protein 101 (HSP101), and PTEX150283. There are no homologs of 

PTEX proteins in Toxoplasma outside of small molecule traffickers, GRA17 and GRA23 

(whose functions are discussed in section 1.9.3), despite the need for a protein complex with 

a similar function and role. Similar to Plasmodium, a key requirement for protein export in 

Toxoplasma is an unfolded protein. Whereas Plasmodium has unfolding and refolding 

mechanisms as part of the export process283, Toxoplasma’s exported effector proteins are all 

are highly disordered and often contain Short Linear Motif (SLiM), characteristics now used to 

help define a exported dense granule protein258,265,284, suggesting that they might not need 

a unfolding a refolding mechanism.  

The use of intrinsically disordered regions and SLiMs is not unique to Toxoplasma, multiple 

organisms use such peptides to enable pathogen-host interactions because: 1) the structural 

simplicity is suggested to aid in an organisms ability to acquire and tolerate mutations in said 

peptide, enabling pathogens to evolve quickly in response to the consistent evolutionary 

arms race284-286, and 2) traditionally eukaryotic interacting motifs are found in highly 

disordered areas of structured proteins286-288. For example B56 (the PP2A regulatory subunit) 
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binds to a SLiM (LxxLxE) onto the β-catenin destruction complex scaffolding protein 

(Axin)286,289 and GRA18 has two SLiM motifs suggesting this is the mechanism for PP2A-B56 

recruitment to GRA18258 with a similar SLiM mechanism also shown to be the case with 

GRA24 and GRA16238,284. Furthermore, peptide disorder in Toxoplasma is required for 

functional export where the addition of a structured protein domain (dihydrofolate 

reductase, DHFR) to GRA16 prevents export of not only the fused protein but also other 

effector proteins290. It appears large, highly ordered proteins block the export machinery, 

suggesting there is no active unfolding at the translocon unlike Plasmodium. However, there 

are indications that smaller folded proteins fused to dense granule protein GRA16 can be 

exported291, including proteins often used for genetic modification like Cre (personal 

correspondence with Dr. Antia Koshy) and FKBP (unpublished Tonkin data), suggesting some 

structure is tolerated in the export system. The exact mechanical process of export remains 

an unanswered but important question, which could lead to a better understanding of the 

types of machinery proteins responsible for export.  

1.7.2.2 Export machinery 

With only two PTEX homologs in Toxoplasma and no evidence that they were required for 

protein export, other experimental means had to be used to identify the translocon 

components. The first Toxoplasma protein identified as having a role in protein export was 

Myc Regulator 1 (MYR1)279. MYR1 was identified through a random mutagenesis screen that 

looked for genes that prevented the upregulation of host c-Myc, a phenotype previously 

seen in Toxoplasma infected cells. The next three proteins were identified by data from 

the same screen, two novel proteins, MYR2 and MYR3, and ROP17290,292. Finally, by pulling 

down MYR1 and investigating interacting proteins two more novel proteins, designated 

MYR4 and GRA45, and one previously identified protein, GRA44281,282, were identified 

and characterised as important in Toxoplasma protein export. The exact function of these 

proteins in protein export is unknown. All are membrane associated and localise to the PVM 

and their absence prevents protein export203,265,278,279,281. However, host cell modifications 

that do not require protein export, such as host mitochondrial association (MAF1) and 

induction of NF-kB (GRA15), remain uninfected by the loss of MYR1293. 

38



These studies only work to identify players involved in protein export but do not explore the 

exact function of these proteins (Fig. 1.5B). It is still unclear what each protein’s exact role is in 

export. MYR1 is the most studied protein of the seven identified. It is a proposed homologue 

of TatC, a protein that is involved in translocating folded proteins294, which was the first 

suggestion that MYR1 is part of a putative Toxoplasma translocon complex279. The absence of 

MYR1 abolishes host c-Myc induced transcription by Toxoplasma, and prevents the export of 

all known GRA effector proteins. Further, MYR1 is essential for a large portion of transcriptional 

changes observed in Toxoplasma infected host cells, supporting its key role in the export of 

parasite effector proteins184, and (at least in type II parasites) is a key virulence factor in vivo279. 

MYR1 must be able to form stable interactions, and may even complexes with the MYR3, 

MYR4, GRA44 and GRA45 as they easily co-precipitate278,290. In contrast, MYR2’s interaction 

with MYR1 and MYR3 is either transient or absent290. Which proteins make up the pore and 

which are accessories or chaperones to export is unclear. Additionally, it appears the 

phosphorylation of a translocon component by ROP17 is key to protein export but what 

competent is phosphorylated, when phosphorylation occurs, and how long phosphorylation 

confers function remains undetermined292. There is still a lot of work to be done if our 

understanding of Toxoplasma protein export is to ever reach that of Plasmodium.  

1.7.3 Nutrient trafficking 

As mentioned above, Toxoplasma has two homologs of PfEXP2, the PTEX pore forming 

protein295. These homologs were named GRA17 and GRA23 and both localise to the PVM, 

although their localisation is not dependent on each other295,296. PfEXP2 functions in both 

nutrient acquisition and protein export, likely changing the pore function depending on 

interactions with other factors297. In contrast, GRA17 and GRA23’s roles are more specific to 

nutrient acquisition and neither is thought to be involved with protein export295. GRA17 is 

responsible for the influx and efflux of small molecules (<3000 Daltons) across the PVM. These 

small molecules are likely vital for Toxoplasma as parasite growth is stunted in GRA17 knockout 

lines and overexpression increases parasite numbers; neither phenotype was observed in 

GRA23 knockouts to the same degree. However, dual GRA17 and GRA23 parasite knockouts 

do not survive in vitro suggesting a compounding effect of these two proteins. A model offered 
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Figure 1.5 – Parasitophorous vacuole membrane (PVM) trafficking in tachyzoites 

Exported dense granule (GRA) proteins (reds, oranges, and yellows) are produced in the dense 

granule (DG) and go through the Golgi as part of the secretory pathway where they are cleaved 

by ASP5 (blue) and exported by the MYR1 translocon complex (green).  

(A) GRA proteins that contain the RRLxx motif are cleaved by ASP5 after the lysine and are

transported to the PV space or PVM. Cleavage is required for export, but not all exported 

proteins have the RRLxx motif.  

(B) The exact translocon proteins, composition of the complex and the mechanism of export is

unclear. MYR1-4, GRA44 and 45 are required for export. MYR2 does not interact with MYR1 

and MYR2’s relationship with the translocon complex is undetermined. Phosphorylation by 

ROP17 appears to be required, although what component of the complex is phosphorylated is 

unknown.  

(C) Small molecules are transported across the PVM via protein pores (aqua) made from either

GRA17, GRA23 or a combination of both. 

Image inspired by Hakimi, M.-A., Olias, P. & Sibley, L. D. Toxoplasma effectors targeting host 

signalling and transcription. Clinical microbiology reviews 30, 615-645; 0893-8512 (2017). 
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is that GRA17 and GRA23 form a variety of homo- and/or hetero-multimers with differing small 

molecule affinities that enable them to compensate for the loss of the other295 (Fig. 1.5C). 

Whether GRA17 and GRA23 have overlapping roles with the translocon complex (like PfEXP2) 

is unknown. Both proteins co-precipitate with MYR1, and with GRA23 in the top 25 enriched 

proteins it could suggest a potential interaction with the translocon complex, an interaction 

that should be investigated further278.  

1.7.4 Bradyzoite protein trafficking 

In comparison to all that I describe above, we know very little about if and how protein export 

occurs in Toxoplasma bradyzoites. As discussed previously (section 1.5.2) GRA17 has been 

implicated in the trafficking of nutrients across the cyst wall144 which appears to be vital for 

bradyzoite differentiation. This could explain the size restriction in the passive movement of 

small molecules observed previously132 and larger macromolecules may need to be trafficked 

in via vesicle invagination143. These studies focus on the movement of nutrients into the cyst 

wall, but neither look at protein export, which is likely an active and selective process. To do 

specifically probe protein export, one study tested the capacity for encysted bradyzoites to 

export GRA16 and GRA24 by using a tetON conditional-promoter system that activated the 

expression of these proteins post-differentiation298. Both GRA16 and GRA24 were confined to 

the cyst wall, indicates that protein export may be prohibited in bradyzoite stages298. The 

authors speculate that protein export is not essential for encyst bradyzoites and that the cyst 

wall is impenetrable, likely due to the lack of a function translocon complex. However, MYR1 

along with many of the other known hypothetical translocon complex proteins are expressed 

in bradyzoites stages and are at high enough levels in the cyst wall to be detected by mass 

spectrometry134,278. Whether these proteins are in a functional complex or if ROP17 

phosphorylation continues to be a requirement in protein export remains unclear. 

Furthermore, the exact signal for protein export is unknown, and the signal might differ 

between stages meaning proteins such as GRA16 or GRA24 are not exported simply because 

they do not have the right signals for bradyzoite export. It is also likely that there are many yet 

unidentified exported proteins, some of which could be bradyzoite exported effectors or 

components of the translocon and are differentially expressed between stages. These are all 
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questions that remain unanswered but could provide a greater insight into how bradyzoites 

persist.  
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1.8 Thesis aims 

Bradyzoite-host pathogen interactions remain largely unknown, despite the recent advances 

the field has made in understanding Toxoplasma host manipulation in tachyzoite stages. This 

is likely due to the technical difficulties with working on in vitro bradyzoite differentiation; in 

vitro differentiation is a balancing act between preventing bradyzoites conversion to 

tachyzoites and host cell viability. Consequently, this makes segregating and obtaining 

sufficient bradyzoite material difficult. In contrast, in vivo work does not lend itself to the study 

of individual cells and signal pathways, making disentangling pathogen contributions from host 

responses difficult. The last decade of research has made it evident that tachyzoites use host 

modification to enable persistence and that these proteins are often drivers of virulence. It is 

equally likely that bradyzoites export proteins to skew the host’s transcriptional response  to 

infection in order to remain undetected thus enabling long term persistence within the host.  

Therefore, my thesis aims to understand whether Toxoplasma bradyzoites modulate the host 

transcriptional response for their survival and, if so, what role does dense granule protein 

export plays during bradyzoite stages. Specifically, the thesis focuses on: 

• Understanding the transcriptional profile of bradyzoite-infected host cells and

determining whether the profile is similar or different to tachyzoites

• Determining if parasite protein export plays a role in these transcriptional changes.

• Identifying dense granule proteins that may be exported at the bradyzoite stages.

• And, discovering what importance bradyzoite host modification may have on

bradyzoite persistence.
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Chapter 2: General Methods and Materials 

2.1 Host cell culture 

Primary human foreskin fibroblasts (HFFs) were grown to confluency in DME supplemented 

with 1% v/v Glutamax (Invitrogen) and 10% v/v cosmic calf serum (GE Healthcare, New 

Zealand) (D10). Cells were incubated at 37C with 10% CO2. HFFs were passaged by trypsin de-

attachment, and kept for a maximum of 15 passages before new HFFs were acquired. 

2.2 Parasite culture 

All Toxoplasma parental parasite lines used are of the ‘type II’ Prugniaud (Pru) unless otherwise 

indicated. D10 media was replaced with D1 (DME supplemented with 1% v/v Glutamax 

(Invitrogen) and 1% v/v cosmic calf serum (GE Healthcare, New Zealand)) prior to parasite 

inoculation. Inoculated HFF were incubated at 37C with 10% CO2 until the monolayer lysed 

or, if required prior to lysis, host cells were scraped and passed through a 27G needle to release 

parasites. 

2.3 In vitro bradyzoite differentiation 

Bradyzoite differentiation was achieved by inoculating tachyzoites onto confluent HFFs at an 

MOI of 0.1 (for IFA) or 0.2 (for RNA sequencing, western blots and FACS) and cultured in RPMI-

HEPES supplemented with 5% v/v fetal calf serum (FCS) (Invitrogen, Australia) at pH 8.1-8.2 

and allowed to differentiate at 37 C with ambient CO2
299. The media was changed every 2 

days (to prevent acidification) for at least 7 days prior to assays. 
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2.4 Parasite Transfections 

Parasites were needle passed and 2x106 cells were resuspended in 20 uL P3 solution (Lonza) 

containing plasmid or DNA fragments, before being transfected by the Amaxa 4D Nucleofector 

(Lonza) using the code FI-115 (Human Unstimulated T-cells). Parasites were cloned out 

immediately or, for drug selectable transfections, parasites were on drug selection for a 

minimum of two cycles prior to being serially cloned out and screened either by, sequencing, 

western blot or IFA. Specific plasmid design, construction and used primers are indicated in 

the relevant chapter’s Methods. 

2.5 Immunofluorescence Assays (IFA), microscopy and data quantification 

Parasites were fixed in 4% v/v paraformaldehyde (Sigma) in PBS for 10  minutes; permeabilised 

in 0.1% v/v Triton X-100 in PBS and blocked in 3% w/v BSA (Sigma) in PBS for 1 hr. Primary 

antibodies were diluted in the bovine serum albumin (BSA)/PBS solution for 1 hr, washed, and 

then incubated with Alexa Fluor-conjugated secondary antibodies (Invitrogen) for 1 hour, 5 

μg/ml DAPI was added in the penultimate wash for 10 minute and samples were mounted onto 

microscope slides with Vectashield (Vector Labs) and kept at 4 degrees until imaged. Samples 

were imaged using either the Zeiss AxioLive Cell Observer, or the Zeiss LSM 880 for 

quantification. Quantification was automated using an FIJI (ImageJ)300 macro developed in 

house (available on request). Briefly, the mean grey value (MGV) of the protein of interested 

was measured both within the parasite vacuole and the host nucleus. MGV for non-specific 

background was subtracted for all analyses before the ratio of export 

(nucleusMGV/vacuoleMGV) or ratio of IRF1 expression (IRF1infectedMGV/ 

IRF1uninfectedMGV) was calculated. Also measured was size area for both nucleus and 

parasite and GFP intensity. 
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2.6 Western blot 

Immunoblot samples were pelleted then lysed for 30 minutes at 4 °C in 1% v/v Triton-X 100 

(BioRAD), 1 mM MgCl2 in PBS (Gibco) supplemented with final 1 x cOmplete protease inhibitors 

(Roche) and 0.2 % v/v Benzonase (Merck). Samples were then combined with an equal volume 

of non-reducing or reducing (β-mercaptoethanol) 2x Sample buffer and 15 μl was loaded onto 

a 4-12% Bis-Tris NuPAGE Protein gel (Invitrogen) and run in 1x MOPS (Thermo Fisher) for a 

minimum of 60 minutes at 200V. Proteins were transferred onto nitrocellulose by running in 

western transfer buffer (25 mM Tris, 192 mM glycine, 20% (v/v) MeOH in water) for minimum 

of 90 minutes at 110V. The transfer was then blocked in 5 % w/v milk in 0.05 % Tween 20-

supplemented PBS (PBS-T). Primary and secondary antibodies were diluted in milk/PBS-T. 

Nitrocellulose membranes were either imaged using a chemiluminescent process or an 

infrared fluorescence imaging (LiCOR). The former used antibodies conjugated to HRP followed 

by ECL (GE Healthcare) incubation; the latter was imaged on an Odyssey Fc imager (LI-COR 

Biosciences) using IRDye 800CW goat α-rat, IRDye 800CW goat α-mouse or IRDye 680RD goat 

α-rabbit antibodies. 

2.7 Statistical Analysis 

Statistical analyses were conducted with Prism 7 (GraphPad). Samples were tested for normal 

(Gaussian) distribution prior to statistical testing. For groups of three or more, the test for 

significance was performed using either a parametric one-way analysis of variance (ANOVA) if 

all samples were normally distributed, or a non-parametric Kruskal-Wallis test for non-normal 

distributions. Both test were accompanied with the indicated post-test analysis for multiple 

comparison correction. Groups of two were analysed using unpaired Student’s t test 

(parametric) or the non-parametric test indicated. In all cases, significance was determine by 

p  0.05. Specific statistical tests used are identified in each figure legend. Specialised or extra 

testing that differ from these methods are included in the corresponding chapter’s methods 

section. 
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Table 1 – CRISPR guides 

P # Direction Target Sequence For Guide # 

1 Reverse All aacttgacatccccatttac All 

2 Forward MYR1 gatggattggcctggtcttgtgttttagagctagaaatagcaag 1 

3 Forward ASP5 gggtcctgttctgggcagatgttttagagctagaaatagcaag 2 

4 Forward MYR1 gaaaagcaggagaacgtgccgttttagagctagaaatagcaag 3 

5 Forward GRA16 gatcagatgtgactaaccagagttttagagctagaaatagcaag 4 
6 Forward IST gtagtgaacggcgggtctaggttttagagctagaaatagcaag 6 

7 Forward GRA24 gtgtgttcaaagtgccctatgttttagagctagaaatagcaag 5 

8 Forward IST actgtgacggcctctgcccggttttagagctagaaatagcaag 7 

Table 2 – Primers for protospacer replacement 

SeqP # Direction Target Sequence 

1 5’ U6 promoter cgagacactgggatatgtagagccaagg 

2 5’ U6 promoter gcttcctccctgtgcgctcttcgaagg 

3 5’ MYR1 gccgccacagaatcgtaacgag 

4 5’ ASP5 gcagagcagggaacagagagg 

Table 3 – Sequencing primers 

OligoP # Direction Target Sequence 

3 5’ IST cgccggccgccgagtagtgaacggcgggtctatccttacgatgttccagattatgcctag 

4 3’ IST aattctgcccgcaaatgcatccacccactaggcataatctggaacatcgtaaggatagac 

Table 4 – Oligo sequences for IST 3’ prime homologous recombination 

G# ToxoDB Gene ID (ME49_) Gene Target Function Sequence 

1 254470 MYR1 KO gatggattggcctggtcttgt 

2 242720 ASP5 KO gggtcctgttctgggcagat 

3 254470 MYR1 3’tag gaaaagcaggagaacgtgcc 
4 208830 GRA16 3’tag gatcagatgtgactaaccaga 

5 230280 GRA24 3’tag gtgtgttcaaagtgccctat 

6 240060 IST 3’tag gtagtgaacggcgggtctag 

7 240060 IST KO actgtgacggcctctgcccg 
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Table 5 – Primers used in the amplification of knockout and HA-tag inserts, qPCR, and for 
sequencing CRISPR/Cas9 knockouts 

  

AmpP # Direction Target Function Sequence 

1 Forward MYR1 KO confirmation gccgccacagaatcgtaacgag 

2 Reverse MYR1 KO confirmation gcacacgagatcgccgtggctg 

3 Forward ASP5 KO confirmation gggggctcttcgttcctcagtttctcc 

4 Reverse ASP5 KO confirmation ggtcggattcattgaataaagggtacttgg 

5 Forward MYR1 HA 3’tag gaccgtcatttccgtcagtcacataattcgtacccgtacgacgtcccggactacgctggc 

6 Reverse MYR1 HA 3’tag gggatttcccctggcCcgttctcctgctttaccacacggcagtgcggagcactgctctga 

7 Forward TgRepeat  qPCR aggagagatatcaggactgtag 

8 Reverse TgRepeat qPCR gcgtcgtctcgtctagatcg 

9 Forward mGAPDH qPCR aggtcggtgtgaacggatttg 

10 Reverse mGAPDH qPCR tgtagaccatgtagttgaggtca 

11 Forward GRA24 HA 3’tag tccgccgctacgcatcgttaaaccacccactaagggtaattacccgtacgacgtcccgga 

12 Reverse GRA24 HA 3’tag atAcggcactttgaacacacattcgctgcccctaaaacAAacgggaccacacggcagtgc 
13 Forward MYR1 DHFR-KO cgacatgaattctctagaccgacattaagtgaatagagaccaggccaatccatcggagcc 

14 Reverse MYR1 DHFR-KO ggctccgatggattggcctggtctctattcacttaatgtcggtctagagaattcatgtcg 

15 Forward IST DHFR-KO gccctctagccgtatatgcaaggactgtgacggcctctgcgtaaaacgacggccagtgaa 

16 Reverse IST DHFR-KO gacaagagcctctctctgggaccagtgagttccaccgcggataatacgactcactatagg 

17 Forward hIRF1 qPCR catgagaccctggctagagatgc 

18 Reverse hIRF1 qPCR atgcttggcagcatgcttccatgg 
19 Forward hHPRT qPCR ggaaagggtgtttattcctcatggac 

20 Reverse hHPRT qPCR acacagagggctacaatgtgatgg 
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Table 6 – Primary antibodies used for IFA, Western blot and FACS 

Table 7 – Secondary antibodies and conjugates used for IFA, Western blot and FACS 

Origin Target CAT# Dilution Source 

Mouse SAG1 DG52 1:1000 

Rabbit GAP45 1:1000 

Rabbit SRS9 1:1000 John Boothroyd 
Rabbit cMyc Ab32072 1:1000 abcam 

Rabbit IRF1 D5E4 1:200 Cell signalling 

Rat HA 3F10 1:1000 Sigma-Aldrich 

Rabbit CST1 1:1000 John Boothroyd 

Mouse BAG1 1:500 John Boothroyd 
DBA – Rhodamine N-Acetylgalactosamine RL-1032 1:200 Vector Laboratories 

DBA – Fluorescein N-Acetylgalactosamine RL-1031 1:200 Vector Laboratories 

Streptavidin, Alexa Fluor 
488 conjugate 

Biotin S11223 1:1000 Invitrogen 

Avidin, NeutrAvidin-HRP Biotin A2664 1:10,000 Invitrogen 

Conjugate Target CAT# Dilution Source 

Alexa Fluor 488 Rat IgG A11006 1:1000 Invitrogen 
Alexa Fluor 568 Rat IgG A11077 1:1000 Invitrogen 

Alexa Fluor 594 Rat IgG A11007 1:1000 Invitrogen 

Alexa Fluor 647 Rat IgG A21247 1:1000 Invitrogen 

Alexa Fluor 488 Rabbit IgG A11008 1:1000 Invitrogen 

Alexa Fluor 594 Rabbit IgG A11037 1:1000 Invitrogen 

Alexa Fluor 647 Rabbit IgG A21245 1:1000 Invitrogen 
Alexa Fluor 488 Mouse IgG A11001 1:1000 Invitrogen 

Alexa Fluor 594 Mouse IgG A21201 1:1000 Invitrogen 

Alexa Fluor 647 Mouse IgG A31571 1:1000 Invitrogen 

HRP Rabbit IgG AP307P 1:2000 Merck Millipore 

HRP Mouse IgG 1031-05 1:2000 Southern Biotech 

HRP Rat IgG 3010-05 1:2000 Southern Biotech 
IR-800 dye Mouse IgG 925-32210 1:4000 LiCOR Biosciences 

IR-800 dye Rat IgG 925-32219 1:4000 LiCOR Biosciences 

IR-680 dye Rabbit IgG 925-68071 1:4000 LiCOR Biosciences 
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Chemical Final Concentration  

Tris (pH 8.0) 50 mM 

Sodium Chloride 150 mM 

NP40 1% 
Deoxycholate 0.5% 

EDTA 2 mM 

SDS 0.1% 

Sodium L-Ascorbate 10 mM 

Sodium Azide 10 mM 
Trolox 5 mM 

Complete Protease Inhibitor Cocktail (Sigma) 1x 

 
Table 8 – RIPA Lysis Buffer Composition, made up in H2O for APEX2 experiments 
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Chapter 3: 

Bradyzoite-induced host cell transcriptional changes 

There are sections in the following chapter that are taken from Seizova et al.1, a manuscript 

written by me during my PhD, and edited by Assoc. Prof. Christopher Tonkin and Dr. Alexandra 

Garnham. It has been submitted to bioRxiv, but is still in progress and has not been submitted 

at a journal. Please see preface for more details.  
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3.1 Introduction 

Like many pathogens, Toxoplasma’s ability to survive within its host can be attributed to its 

capacity to avoid immune detection5. This is achieved, in part, by its ability to export parasite 

effector proteins that interfere with host cell programs163. Toxoplasma-host manipulation 

investigations have largely focused on tachyzoites, whereas bradyzoite-host cell interactions 

and manipulation has largely been neglected. It is highly likely that host cell manipulation does 

differ between tachyzoites and bradyzoites to accommodate the different lifestyles and 

requirements of the different biological stages: tachyzoites are responsible for the parasites 

dissemination and virulence, whilst bradyzoites remain quiescent for long periods of time. 

Bradyzoite dependent transcriptional changes could take place either when setting up a latent 

infection (i.e. upon differentiation from tachyzoites to bradyzoites) or in ongoing maintenance 

to allow for persistence of the latent forms over long time periods. Whether such modifications 

even occur during bradyzoite stages is currently unclear.  

In understanding host-parasite interactions, transcriptional analysis of the host cell (originally 

in the form of microarrays167 and, more recently, RNA sequencing184) has become a very 

powerful tool. Although there are likely non-transcriptional-based mechanisms used by the 

parasites to skew the host response, an unbiased, global transcriptional analysis of infected 

cells is a good starting point in understanding the complex nature of host-parasite interactions 

as it provides an impartial view of the landscape. Global179 and more specific in vitro184 

transcriptional studies focusing on the host cell upon infection have shown that tachyzoites 

have a large impact on the host transcription. In contrast, little significant transcriptional 

changes were observed in in vitro bradyzoite samples analysed by microarray177; conversely, 

in vivo chronic infection does change the host transcriptome88,181,253. However, a in vivo holistic 

analysis does not enable us to pull apart the multiple factors associated with parasite-driven 

modification from the subsequent host immune response due to infection. Host driven 

transcriptional responses can also occur in in vitro studies, and this may account for differences 

in the cell-specific responses seen in tachyzoite infection 168,184. However, with the discovery 

of ASP5 and MYR1 there is now the ability to prevent a large proportion of parasite effector 

proteins from either being exported278-280,290 or maturing to the host-parasite interface282, thus 

enabling parasite and host driven factors to be separated. Mutants of MYR1 and ASP5 in 

53



combination with in vitro RNA sequencing has been used effectively to probe at tachyzoite-

host interactions184 and will be used in this chapter to probe bradyzoite-host interactions.  

Key to understanding bradyzoite-host interactions is obtaining bradyzoite rich samples. The 

tachyzoite-bradyzoite differentiation process is poorly understood, and, as a result, makes in 

vitro differentiation difficult. Currently, there is a lack of a good in vitro differentiation model 

(discussed in section 1.5). Stress induced in vitro differentiation models are a balancing act, 

easily tipped to favour either tachyzoite development or host cell death over bradyzoite 

formation, which consequently makes segregating and obtaining sufficient material difficult118. 

Furthermore, there are questions around how representative in vitro stressed and 

differentiated bradyzoites are to those developed naturally in vivo130. Nevertheless, work at 

the cellular level is essential in order to comprehend how Toxoplasma bradyzoites can 

establish and maintain the clinically relevant reservoir, and whether bradyzoite-host 

modification occurs even at the early stages. 

Therefore, in this first results chapter I focused on understanding the host cell’s transcriptional 

response to Toxoplasma bradyzoites and whether any transcriptional changes observed are 

parasite driven. To do this I differentiated samples for seven days before concentrating 

wildtype or myr1 knockout bradyzoite-containing cells and completed dual RNA-sequencing 

on the samples. I found that at seven days post differentiation, bradyzoite-containing host cells 

have a unique transcriptional landscape when compared to tachyzoite-infected cells, and 

demonstrated that parasite protein export via MYR1 is involved in many of the transcriptional 

patterns seen, suggesting parasite driven modifications during bradyzoites stages.  
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3.2 Results 

3.2.1 Analysing in vitro differentiated bradyzoites 

I first determined the best time point to take bradyzoite samples after inducing differentiation. 

Primary human foreskin fibroblasts (HFF) were used in all the analyses as these cells are 

amendable to bradyzoite differentiation, are of human origin, and are the most commonly 

used host cell type for RNA sequencing in the Toxoplasma field, enabling simpler comparisons 

between studies184. Two strains of the type II parasite strain Pruganid was used in all the 

experiments because the strain is easy to grow in vitro and differentiation has been extensively 

characterised in this strain. In particular, I use strains Pru hx toxofilin-Cre (mCherry+) (kindly 

gifted by Dr. Anita Koshy) and Pru ku80 hx. The former was chosen for RNA sequencing as 

it has mCherry expression which enabled sorting of both stages and could later be used in 

vivo301; the latter was used mainly for HA-protein tagging and imaging as deletion of DNA repair 

protein KU80 easily enables homologous recombination89.  

I first wanted to determine the best time point to analyse bradyzoites. This should be the latest 

time possible as to ensure that they are differentiated, whilst still remaining healthy in order 

to prevent stress or death of host cells and to minimise unwanted parasite lysis. I tested two 

multiplicities of infection (MOI; 0.1 and 0.2), visually analysed bradyzoite development through 

protein expression, and determined the number of infected cells over time. Seven days post 

alkaline-induction at a MOI of 0.2 (Fig 3.1A) was the longest period of time and the highest 

density of parasites that could be used without visibly compromising the health of bradyzoite-

infected host cells. After seven days of differentiation Pru hx toxofilin-Cre (mCherry+) 

parasites (which will from now be referred to as Pru hx (WT)) have accumulated amylopectin 

granules, built a cyst wall and express bradyzoite markers, like SRS9 (Fig 3.1B). If cultures were 

continued for 21 days, there was a significant loss of parasite-infected cells (Fig 3.1C) and host 

cells looked unhealthy (not shown). Such a significant drop in parasite-infected cells suggests 

that three weeks in differentiation media results in unhealthy host cells (potentially host cell 

death) and freed parasites maybe unable to reinvade or grow in these cells. However, after 

seven days the number of parasite-infected host cells does not significantly differ from 24 

hours (Fig 3.1C). The persistent numbers at day seven suggest that the host cells remained 
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healthy enough to support parasite persistence during alkaline-induction. To determine 

bradyzoite purity at day seven, parasite samples were co-probed with anti-SRS9 antibodies and 

DBA, and the number of double positive vacuoles were counted by microscopy (no single 

positives were observed in the frames chosen at random for counting). Quantitation showed 

at least 90% of the population was positive for SRS9 and DBA under the differentiation 

conditions used (Fig. 3.1D; consistent with Fouts and Boothroyd177). To further characterise 

bradyzoites produced by the  alkaline  method, I then examined the expression level of other 

bradyzoite markers over time using confocal microscopy, quantitating average fluorescence 

(pixel) intensity as a marker of the level of protein production. Bradyzoite marker CST1 

increases during differentiation and by day three protein levels have stabilised, whereas 

bradyzoite protein markers SRS9 and BAG1 peak at day three, slightly decreasing at day seven 

(3.1E, F, and G).  

Looking at tachyzoite marker SAG1 provides another assessment of the degree of 

differentiation. In contrast to the bradyzoite markers mentioned above, the time series of 

tachyzoite protein marker SAG1 shows a decrease over time in differentiation media (Fig. 

3.1H). To determine whether the expression level of SAG1 at day seven was background noise 

or a true signal, I looked at the localisation and intensity of individual parasites representative 

of the population. On day one, there is a strong SAG1 signal localised to the parasite periphery, 

whereas SRS9 is lowly expressed (Fig 3.1I). By day seven the majority of SAG1 has lost its 

parasite membrane localisation and is more diffuse, and SRS9 is strongly expressed on the 

parasite’s periphery (3.1J). This suggests that SAG1 expression at day seven is likely either 

background noise or the anti-body is cross-reacting with other SRSs proteins, both of which 

could be tested in the future by repeating the experiment with SAG1 negative parasites.  

Confident with the degree and quality of the bradyzoite samples I then proceed to analyse the 

global effect of bradyzoites on the host transcriptome using RNA sequencing. Bradyzoite-

containing host cells were separated from uninfected ‘bystander’ cells by FACS based on the 

presence of mCherry (Fig. 3.2A and B). Tachyzoites were also harvested at 24 hours (under 

normal growth conditions) and sorted on mCherry. RNA was then extracted and sequenced 

using Illumina chemistry on a NextSeq platform. The parasite data was analysed for the 

differentially expressed genes between tachyzoites and bradyzoites, which showed that 
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Figure 3.1 -Analysing in vitro bradyzoite development 

(A) A timeline of in vitro differentiation using Pru hx toxofilin-Cre (mCherry+) parasites. Magenta

arrowheads indicate when the differentiation media was replaced. Tachyzoite samples are taken at 

24 hours (grey star) and bradyzoite samples are taken at seven days post inoculation (magenta star). 

(B) After seven days being in differentiation media amylopectin granules can be seen (white arrows),

a cyst wall is developed (DBA, magenta), and parasites are expressing bradyzoite markers (SRS9, 

yellow). Scale bar = 10m. Brightness and contrast was edited on single colour channels prior to 

merging (C) The number of cells containing WT (Pru) parasites cells after 24 hours, seven day and 21 

days of differentiation, analysed by FACS (mean  SEM, minimum of n = 3 per experiment, unpaired, 

parametric ANOVA with Tukey’s test for multiple comparisons, **p=0.008) (D) The percentage of 

SRS9+ (grey) and SRS9- (black) parasites in bradyzoite samples (n = 3 experiments). Over the seven 

days of differentiation (E) CST1 protein expression (measured by imaging and analysing the 

fluorescence intensity) grew and plateaued at day three, whereas BAG1 (F) and SRS9 (G) peaked at 

day three before levels dropped on day seven. In contrast SAG1 (H) steadily decreased over time. (I) 

After 24 hours of infection, express SAG1 (yellow) is expressed and localises to the parasite’s 

(mCherry, magenta) periphery, whereas SRS9 (white) expression almost at background levels. (J) In 

contrast after seven days in differentiation media, SAG1 (yellow) expression is at background levels 

and labelling is diffused, whereas SRS9 is strongly expressed and localises to the parasite’s (mCherry, 

magenta) periphery. Parasite and host nuclei indicated in blue. White dotted line shows path of 

fluorescence measurement. Scale bar = 5m 
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quintessential bradyzoite markers were enriched in the sample (Fig 3.2C and D) whereas the 

expression of tachyzoite marker transcripts were depleted (Fig. 3.2C and E). Together, this data 

suggests that our preparations are highly enriched for bradyzoites, thus validating the 

experimental procedure and previous imaging results. 
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Figure 3.2- In vitro produced bradyzoites exhibit bradyzoite transcriptional markers while decreasing 

tachyzoite transcriptional markers  

(A) Schematic of sample collection for RNA sequencing indicating uninfected, infected, and bystander

populations. (B, left) a representative FACS plot of the sorting gates used to sort infected and 

bystander host cells defined as mCherry+eGFP- (blue) and mCherry-eGFP- (magenta) respectively; 

discarded cells indicated in black. (B, right) a FACS plot showing a shift towards a mCherry+ population 

after inoculation (C) The expression levels in log2CPM (counts per million) of tachyzoite markers sag1, 

ldh1, eno2 and bradyzoite markers bag1, ldh2, eno1 in tachyzoite (black) and bradyzoite (grey) 

infected samples **** < 0.0001 (D) Top 20 genes that are upregulated and (E) the top 20 

downregulated genes in bradyzoite samples versus tachyzoite samples (from dataset 1), including 

the associated log fold change (LogFC), average expression levels in log2RPKM (AveExpr), and 

adjusted p-value (adj. P. val). 
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Figure 3.3 - Transcriptional landscape of bradyzoite-containing host cells is different to tachyzoite 

infection. 

Dataset 1: Inoculated HFF cells (human foreskin fibroblast) were FACS sorted into infected and 

uninfected samples before RNA extraction and sequencing (as per figure 3.2B) (n = 3 experiments, 

each with 3 replicates). (A) Multi-dimensional scaling (MDS) plot between uninfected, bystander and 

infected bradyzoite samples. Dimension 1 (dim1) measures the logFC of the top 500 genes between 

the uninfected-flask and infected-flask samples, whereas dimension 2 (dim2) looks at the differences 

between host cells from the infected-flask: bystanders and infected/ Plot shows replicates in each 

sample clustering together away from other groups. (B) MDS plot between tachyzoite infected, 

bradyzoite infected and corresponding uninfected samples. Dim1 indicates difference between 

uninfected and infected samples. Dim2 indicates differences between tachyzoite and bradyzoite 

samples. (C) MDS plot of the above-mentioned samples. Dim1 measures the differences between 

tachyzoites and bradyzoites. Dim2 measures the difference between samples of the same stage e.g. 

uninfected, bradyzoite infected, tachyzoite infected. (D) Heat map of expression values for the top 

100 differentially regulated genes between bradyzoite-infected (7 days in vitro) vs uninfected host 

cells (7 days). Top 100 DEGs expression are also shown for the tachyzoite-infected (24 hours) and 

uninfected host cells (24 hours) samples. Expression values are Log2 reads per kilobase per million 

(RPKM), scaled to have mean 0 and standard deviation 1 for each gene. The plots show that 

bradyzoites change the transcriptional profile of the host cell, and this appears to be somewhat 

different to the profile of tachyzoite infected host cells. (E) Pathways enriched during both tachyzoite 

and bradyzoite infection. Over-representation analysis results for tachyzoite vs uninfected (grey) and 

vs uninfected DEGs (magenta) for each Hallmark gene set displayed as the negative Log10 of the p-

value, dotted line p = 0.05. 
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3.2.2 Bradyzoites distinctively alter the host transcriptome 

Confident with the quality of the samples the global effect of bradyzoites on the host 

transcriptome was then analysed. To identify if bradyzoite-containing host cells had a unique 

transcriptional profile and whether their profile differed from tachyzoite-containing host cells, 

parasite-infected host cells were compared with host cells from uninfected flasks. When 

bradyzoite-containing cells were compared with the uninfected HFF (after one week), 5804 

host genes had significantly changed out of 13,793 expressed genes detected (~42%), 

suggesting the presence of bradyzoites alters host cell transcription. This is slightly less than 

the number of differentially expressed genes upon tachyzoite infection (7209, ~52%).  

To more quantitatively assess these changes, a multidimensionally scaling (MDS) plot of the 

top 500 differentially expressed genes (DEG) between bradyzoite-containing, bystander, and 

control cell samples was generated. The MDS plot indicates that the transcriptional profile of 

bradyzoite-containing cells are unlike uninfected cells and bystander cells (Fig. 3.3A). 

Bradyzoite-containing cells are also distinct from tachyzoite infected samples (Fig. 3.3B and C). 

The relative expression of the top 100 differentially expressed genes (DEGs) between 

bradyzoite-containing cells and uninfected cells (bradyzoites) was compared to all samples 

(bradyzoites, tachyzoites, and respective uninfected controls). From the heat map generated 

using these 100 DEGs, the similarities and differences in bradyzoite-containing and tachyzoite-

containing host cells were evident (Fig. 3.3D). Some bradyzoite-induced changes were similar 

to those observed in tachyzoite infected host cells, whilst other changes appeared to be less 

pronounced or in the opposite direction, suggesting distinct transcriptional patterns between 

these two developmentally different stages. 

To further understand how host cells containing bradyzoites differ from tachyzoite infected 

cells, the changes in gene expression were used to analyse how infection impacted host 

biological pathways. DEGs of both bradyzoite- and tachyzoite-containing cells were analysed 

via over-representation analyses with the Molecular Signatures Database (MSigDB) Hallmark 

gene sets302 (gene sets commonly used in Toxoplasma RNA sequencing studies184)(Fig. 3.3E). 

Overall there is a high perturbation across all biological pathways, suggesting a significant re-

wiring of the host transcriptome in both stages. However, some of these transcriptional 

changes may be secondary to parasite presence e.g. responses to endogenously released 
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Figure 3.4 - Bradyzoites and tachyzoites share a number of host cell gene changes. 

(A) Venn diagram of tachyzoite vs uninfected DEGs (24 hours post infection; grey) and bradyzoite vs

uninfected DEGs (7 days post infection; magenta); the number of up-regulated genes are identified 

in bold and down-regulated genes in regular font. (B) Examples of host gene changes that are 

changed in the same direction (e.g. DEGs are shared) for both bradyzoite and tachyzoite infected 

samples. (i) MYC and MITF expression changes in the same to the same degree in both tachyzoite 

and bradyzoite samples. (ii) The expression changes of HGF, XAF1 and PSG5 go in the same direction 

for tachyzoite and bradyzoite infected cells but to a significantly different degree. (C) Host cell 

pathways enriched in shared DEGs. Over-representation analysis results for tachyzoite and 

bradyzoite shared DEGs (grey) for each Hallmark gene set displayed as the negative Log10 of the P-

value, dotted line p = 0.05. 
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cytokines or non-specific disturbances. In order to tease out biological processes related to the 

presences of bradyzoites, DEGs were first separated by a Venn diagram (Fig. 3.4A) that 

compared DEGs from bradyzoite-containing cells versus uninfected cells (bradyzoites), and 

DEGs from tachyzoite-infected cells versus uninfected cells (tachyzoites). By separating the 

DEGs, we were able to isolate DEGs that were either shared between the different parasite 

stages or specific to a stage. Here we found that 3853 DEGs are shared between tachyzoite 

infected cells and bradyzoite infected cells (41%; 2161 up-regulated, 1692 down-regulated.), 

leaving 3356 tachyzoite specific DEGs (1488 up-regulated, 1868 down-regulated), and 1951 

DEGs specific to bradyzoite infection (1075 up-regulated, 876 down-regulated) (Fig. 3.4A).  

To further understand how similar the changes were in the shared group, I looked at the 

relative expression of the genes in each sample. I found that shared DEGs may have differing 

degrees of expression despite sharing directionality. Whilst some bradyzoite-induced DEGs 

had similar patterns to those observed in tachyzoite-infected host cells e.g. gene expression 

changed in the same direction to the same degree (e.g MYC, MITF; fig 3.4B (i)), others changed 

in the same direction but to a different degree (e.g. HGF, XAF1, PSG5; fig 3.4B (ii)). 

Nevertheless, we completed an over-representation analysis of the shared DEGs and showed 

that the majority of pathways in the Hallmark series were significantly enriched in the number 

of genes altered by both bradyzoites and tachyzoites (e.g. shared; Fig. 3.4C). However, when 

the analyses for bradyzoite and tachyzoite specific DEGs were compared, certain pathways are 

more enriched beyond the shared pathways (Fig. 3.5A). For example, the E2F- and Myc-targets 

pathways were altered by tachyzoite infection (overall upregulation; visualised by heatmaps 

Fig. 3.5B (i) and (ii)), but no significant changes were seen in bradyzoite-containing cells over 

shared DEGs (Fig. 3.5A). On the other hand, cells containing bradyzoites show a greater 

enrichment of DEGs in immune pathways, including the IFN alpha- and IFN gamma-response 

pathways, over what is already shared with tachyzoite infected cells (Fig. 3.5A and C). Overall, 

this implies that the presence of bradyzoites results in unique modulations of the host cell 

transcriptome when compared to tachyzoites.  
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Figure 3.5
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Figure 3.5 continued
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Figure 3.5 continued
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Figure 3.5 - Bradyzoites and tachyzoites modulate different host pathways. 

(A) Tachyzoites (grey) and bradyzoite (magenta) over-representation analysis results for each

Hallmark gene set displayed as the negative log10 of the p-value, dotted line p = 0.05. Black stars on 

Venn diagram schematic indicate DEGs used. Magenta stars indicate pathways with largely different 

profiles between tachyzoite and bradyzoites, which are shown in Figure 3.5 (B) and (C). (B) Pathways 

enriched during tachyzoite infection. Heat map of expression values for the genes that make up the 

E2F target and MYC target pathways. Expression values are Log2 RPKM, scaled to have mean 0 and 

standard deviation 1 for each gene. The plots show that tachyzoites alter the transcriptional profile 

of pathways E2F target and MYC target more so than bradyzoites. (C) Pathways enriched during 

bradyzoites infection. Heat map of expression values for the genes that make up the Interferon Alpha 

Response and Interferon Gamma Response pathways. Expression values are Log2 RPKM, scaled to 

have mean 0 and standard deviation 1 for each gene. These plots show that bradyzoite-containing 

cells have more changes in the transcriptional profile of these pathways on top of tachyzoite induced 

changes. 
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3.2.3 ASP5 and MYR1 in bradyzoites 

Transcriptional changes can be imparted directly by pathogen effectors or as a result of 

downstream signalling after immune activation. To specifically identify transcriptional changes 

induced by bradyzoites and to determine the overall effect of protein export on the host I 

prevented the export of effector proteins. To do this I knocked-out ASP5 and MYR1 as both 

have key roles in the export of effector proteins279,280.  

ASP5 cleaves and licences proteins for export and is expressed at both tachyzoite and 

bradyzoite stages (Fig. 3.6A). Previous data suggests that ASP5 presence is vital for the 

formation of healthy cysts303, so to validate these findings and determine whether or not a 

ASP5 knock-out could be a good model for understanding host-pathogen transcriptional 

modifications, I knocked-out ASP5 in Pru WT (mCherry). Using CRISPR/Cas9 I targeted the first 

exon which resulted in a single Thymine base insertion 1137bp after the start codon. This 

insertion caused a frame shift and multiple early stop codons, including one disrupting the 

catalytic trio (Fig. 3.6B). All the stop codons are prior to the catalytic triad, ensuring that even 

if a truncated version of the protein was expression, it would have no proteolytic activity. To 

functionally validate ASP5 loss I looked at the parasite’s capacity to export effector protein 

GRA24. GRA24-Myc was transiently expressed in WT and Dasp5 tachyzoites, and knockout 

parasites showed a complete inhibition of GRA24-Myc export (Fig. 3.6C). As previously shown, 

upon differentiation Dasp5 parasites were unable to make morphological healthy cysts. The 

cyst wall, marked by DBA, did not form a consistent structure around the bradyzoites and 

appears compromised (Fig. 3.6D). ASP5 is further upstream in the secretion pathway and is 

known to disrupt the final destination of non-exported dense granule proteins as well as 

exported proteins, therefore to target export more specifically I turned my focus to the 

translocon complex.  

MYR proteins are putative components of the PVM translocon complex and are required for 

effector export, but it is unclear if these proteins continue to be functionally present in 

bradyzoites. To start answering this question, I first determined whether the MYR genes are 

expressed in bradyzoites by interrogating my transcriptional data. The relative expression of 

myr1, 2 and 3 in bradyzoites and tachyzoites from my RNAseq data shows that myr1, 2 and 3 
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Figure 3.6 - ASP5 knockouts do not make functional cysts in vitro. 

(A) There are no differences in the expressional profile (Log2CPM) of ASP5 between tachyzoites (24

hours) and bradyzoites (7 days in vitro). (B) Location of the PAM (magenta square), CRISPR guide 

(magenta arrow), cut site (magenta arrowhead/yellow highlight) and sequencing of knockout clone. 

One thymine bp addition (magenta arrowhead) causes a frameshift in the ASP5 gene resulting in 

multiple stop codons (highlighted in yellow). (C) asp5 tachyzoites (mCherry: magenta) are unable 

to export transiently transfected GRA24-myc3 (Myc; yellow) into the host nucleus (DAPI: blue). 

White arrows indicate location of host nucleus. (D) WT and Dasp5 parasites were fixed after 7 days 

of differentiation under alkaline conditions. asp5 were unable to form intact cysts (DBA; magenta) 

despite expressing bradyzoite markers (SRS9; yellow). WT bradyzoites had an intact cyst wall filled 

with SRS9 expressing bradyzoites and had amylopectin granules (white arrows). Scale bar = 10m. 

Brightness and contrast was edited on single colour channels prior to merging. 
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Figure 3.7
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Figure 3.7 - MYR1 is expressed in bradyzoites. 

(A) Differences in the expressional profile (Log2CPM) of myr1, myr2, and myr3 between tachyzoites

(24 hours) and bradyzoites (7 days in vitro). Expression drops during bradyzoite stages for all proteins. 

(B) Schematic of endogenous HA-epitope tagging of myr1 Pruku80 in using the 3xHA-HXGPRT

construct. (C) Pruku80 tachyzoites (GAP45; green) express MYR1 (HA; white) which localises to 

the PV and within the PV space. (D) Pruku80 and Pruku80 MYR1-HA parasites were induced under 

alkaline conditions for 7 days before fixation. MYR1-HA (HA; white) in bradyzoites (pLDH2-eGFP; 

green) is localised to the PV space and co-localises to cyst wall marker CST1 (CST1; magenta). Scale 

bar = 10m. Brightness and contrast was edited on single colour channels prior to merging. 
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reduction in expression equals total protein loss in bradyzoites and to further functionally 

assess this complex during chronic stages, I genetically tagged MYR1 with HA in a Pruku80 

background (Fig. 3.7B). MYR1 protein was easily detectable via microscopy and localises 

between individual bradyzoites within the confines of the cyst wall, as marked by CST1 (Fig. 

3.7D), similar to tachyzoites (Fig. 3.7C). I then knocked-out MYR1 in Pru WT (mCherry) using 

CRISPR/Cas9 by targeting the first exon to ensure disruption. This resulted in a random 69 bp 

insertion leading to three stop codons (Fig. 3.8A) and was functionally confirmed by the 

inability of parasites to export transiently expressed GRA24-Myc in tachyzoites (Fig. 3.8B)280.  

Next, I assessed differentiation capacity and morphology of myr1 bradyzoites by inducing 

bradyzoite formation in vitro using a the high pH-stress method for seven days. There were no 

obvious differences in morphology as measured by DBA staining for the cyst wall, compact 

parasites expressing SRS9, and the presence of amylopectin granules (Fig. 3.8C). Cyst size was 

not altered by the absence of MYR1 (Fig. 3.8D); however, the number of cyst-containing host 

cells was significantly less in myr1 samples (Fig. 3.8E). Next I wanted to determine if MYR1 

loss was important for cyst formation in vivo. I infected mice with myr1 parasites and no 

parasite genomic material could be identified (via qPCR) four weeks later, as compared to WT 

and uninfected controls (Fig. 3.8F). Overall, this suggests that cyst development is not critically 

reliant on MYR1 in tissue culture, but that MYR1 plays an important role for the parasite ’s 

dispersal to the CNS or for the bradyzoite’s persistence in an immune competent scenario. This 

is in contrast to deletion of ASP5, which results in defects in cyst wall biosynthesis303. 

3.2.4 MYR1-dependent protein export plays a key role in host transcription 

modification by bradyzoites 

With the ability to form apparently healthy myr1 cysts in vitro I then went on to determine 

whether transcriptional changes are specifically caused by potential bradyzoite effectors in the 

early stages of chronic infection (seven days), compared to indirect effects such as host 

defence signals. Following the procedure laid out in figure 3.2A, uninfected, bradyzoite-

containing and uninfected bystander cells were collected.  
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Figure 3.8
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Figure 3.8 - MYR1 knockouts can produce in vitro cysts. 

(A) A random 69 bp insertion in Pru (WT) between the CRISPR cut site at bp 237-238 results in three

stop codons (B) Transiently transfected GRA24-myc3 (Myc; yellow) export into the host nucleus 

(DAPI; blue) is inhibited in myr1 tachyzoites (mCherry; magenta). White arrows indicate location of 

host nucleus. (C) WT and myr1 parasites were fixed after 7 days of differentiation under alkaline 

conditions. Both WT and myr1 were able to form intact cysts (DBA; magenta) containing health 

bradyzoites (SRS9; yellow) and showed the presence of amylopectin granules (white arrows). Scale 

bar = 10m. Brightness and contrast was edited on single colour channels prior to merging. (D) The 

size of Pruku80 myr1 cysts were compared to WT by quantification of from immuno-fluorescence 

images (mean  SD, data points come from 3 different experiments, each experiment analysed on 

average between 15-30 bradyzoite cysts, unpaired, non-parametric Mann-Whitney test) (E) The 

number of cells containing myr1 parasites cells after 24 hours, seven days and 21 days of 

differentiation, analysed by FACS (mean  SEM, minimum of n = 3 per experiment, unpaired, 

parametric ANOVA with Tukey’s test for multiple comparisons, **p=0.0005) (F) The number of 

bradyzoite containing cells after 7 days of differentiation between WT (Pru) and myr1 was analysed 

by FACS (mean  SD, n = 3 experiments, unpaired, Student’s t-test with Welch’s correction; 

**p=0.0058). (G) Brain tissue was harvested from uninfected, WT (Pru) infected and myr1 infected 

mice 4 weeks post inoculation. gDNA was extracted and number of of bradyzoite genomes was 

determined by qPCR. myr1 are not significantly different to uninfected mice (mean  SEM, 

minimum of n = 3 per experiment, unpaired, non-parametric Kruskal-Wallis test with Dunn’s 

correction for multiple comparisons; *<p=0.05). 
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When WT-infected cells were compared with myr1-infected cells, the difference in gene 

expression was observed. Like for data set one (DS1; section 3.2.2, fig. 3.3C) a 

multidimensionally scaling (MDS) plot of the top 500 DEGs between all the samples was 

generated for data set two (bradyzoite myr1-knockout RNA sequencing; DS2), which grouped 

uninfected samples away from samples exposed to parasites (Fig. 3.9A). Bystander cells 

clustered more closely to each other and, again, the WT bradyzoite-containing cells’ 

transcriptional profile was dissimilar to uninfected cells and bystander cells (Fig. 3.9A). 

Interestingly, myr1 bradyzoite-containing cells are in a similar dimension to infected samples, 

but are closer to bystander cells than WT bradyzoite-containing cells. This indicates a 

significant difference between WT- and myr1 bradyzoite-containing cells and potentially a 

role for bradyzoite protein export in transcriptional changes.  

When both data sets (DS1 and DS2) were combined and the sequencing run batch effect was 

removed, the MDS plot shows DS2 samples clustering with corresponding samples from DS1. 

The tight clustering indicates these transcriptional profiles are similar (Fig. 3.9B). It is of interest 

that myr1 bradyzoite-containing cells overlap with bystander samples to form a group 

separate from WT and UI samples (Fig. 3.9B). The myr1/bystander similarity is also 

demonstrated in the heatmap generated of the top 100 DEGs identified between WT-infected 

and myr1-infected cells, which shows that the loss of MYR1 results in a transcriptional profile 

that closely mirrors the transcriptional changes seen in bystander cells (Fig. 3.9C). Reinforcing 

this concept, myr1-infected cells cluster with bystander cells in the hierarchical heatmap 

(whereas bradyzoite-WT-containing and uninfected cells are excluded from the 

myr1/bystander cluster). Moreover, bystander cells are vastly different when compared to 

uninfected cells, implying that uninfected bystander cells are impacted by the presence of 

bradyzoites in culture. Together these data suggest that transcriptional changes observed in 

the presence of bradyzoites are actively modulated and that protein export via MYR1 plays a 

role in altering the transcriptional program during early establishment of chronic infection.  

Next I wanted to investigate the role protein export might have in altering the biological 

function of bradyzoite-containing cells. Before we could do a pathway analysis to examine this, 

we had to determine which DEGs were dependent on MYR1 (and therefore dependent on 

protein export). We first created a Venn diagram that compared the DEG analysis of WT-
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Figure 3.9
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Figure 3.9 - MYR1 plays a role in regulating host cell transcriptional changes in bradyzoite containing 

cells. 

Dataset 2: WT (Pru) and Δmyr1 inoculated human foreskin fibroblast (HFF) cells were FACS sorted 

into infected and uninfected samples before RNA extraction and sequencing (as per figure 3.2A & B) 

(A) Multi-dimensional scaling (MDS) plot between  bystander and infected bradyzoite samples of WT

and myr1 and the corresponding uninfected control. Dimension 1 (dim1) measures the logFC of the 

top 500 genes between the uninfected-flask and infected-flask samples, whereas dimension 2 (dim2) 

looks at the differences between host cells from WT and myr1 infected-flask: bystanders and 

infected. Plot shows replicates in each sample clustering together away from other groups (B) Dataset 

1 and dataset 2 samples are merged together and, after corrections, are replotted on an MDS plot. 

All tachyzoite samples separate from bradyzoite samples. Uninfected bradyzoite samples and 

infected WT bradyzoite samples from both datasets overlap. WT and myr1 bystanders group 

together along with myr1 infected samples. (C) Heat map of log2RPKM expression for the top 100 

differentially regulated genes between WT bradyzoite infected and myr1 bradyzoite infected cells. 

Expression has been scaled to have mean 0 and standard deviation 1 for each gene. In the absence 

of MYR1, bradyzoite specific host expression appears to somewhat mimic the bystander cell 

population (from both WT and myr1). (D) Venn diagram of bradyzoite WT infected vs uninfected 

DEGs (grey) and bradyzoite myr1 infected vs uninfected DEGs (magenta); the number of up-

regulated genes are identified in bold and down-regulated genes in regular font. Shared DEGs are 

deemed as independent of MYR1. (E) RPKM values for XIAP protein expression  
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infected versus uninfected with myr1-infected versus uninfected (Fig. 3.9D). This identified 

3068 host genes (~42%), whose expression changes are dependent on MYR1 (Fig. 3.9D). The 

remaining genes (4312) were altered in the same direction in both comparisons suggesting 

these genes are independent of MYR1 and therefore their expression changes does not 

depend on protein export. However, as for figure 3.4A, a limitation with the two-way Venn 

diagram is that it cannot distinguish between the degree of change. For an example, XIAP 

expression is significantly upregulated in both WT-infected cells and myr1-infected cells when 

compared to uninfected host cells, placing it in the MYR1-independent section of the Venn 

diagram. However, the degree to which XIAP is upregulated is different between the 

comparisons; it is the degree of expression change which is seemingly dependent on MYR1 

(Fig. 3.9E). To counter the degree problem and enable us to pull out DEGs that are truly 

dependent on MYR1, a third factor was added to the comparison: WT-infected cells verses 

myr1-infected cells. This comparison takes into account the degree of change between WT- 

and myr1-infected cells and enabled the separation of MYR1-independent DEGs (purple), 

from those truly dependent on MYR1 (all other grey regions) (Fig. 3.10A).  

To discern if certain biological pathways were altered by exported proteins, we performed an 

over-representation analysis with the Hallmark gene sets on the designated MYR1-dependent 

(grouped grey regions) and MYR1-independent (purple) DEGs. It is clear that the presence of 

bradyzoites results in a multitude of changes in the host transcriptome that consequently 

influences all the Hallmark pathways (Fig 3.10B), in accordance with the pathway analysis of 

DS1 (Fig. 3.3E). All the pathways examined contain a significant number of genes that change 

in expression following the loss of MYR1; however, the modulation of some pathways is less 

dependent on MYR1 than others. For example, pathways TNF-alpha signalling via NFB and 

Epithelial Mesenchymal Transition are highly enriched in the MYR1 independent gene set, 

whereas the manipulation of other pathways such as Adipogenesis and Glycolysis are more 

dependent on MYR1 (Fig 3.10B). These data represents all the gene expression changes during 

bradyzoite infection, including those that are present in tachyzoite infection. In order to 

determine what role protein export plays specifically in bradyzoite host manipulation, the 

Hallmark pathways that saw a significant enrichment of DEGs specific to bradyzoites (Fig. 3.5A) 

were examined for dependence on MYR1. All pathways that were enriched in bradyzoite 

samples from DS1 were significantly altered by the absence of MYR1 (Fig. 3.10C). In the 
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majority of the pathways examined, the proportion of MYR1 dependent gene changes were 

equal to or less than MYR1-independent gene changes. However, three key pathways stand 

out as MYR1-dependent pathways: Notch signalling (44%), IFN alpha- (69%), and IFN gamma-

response (49%) pathways. These data show that a large proportion of bradyzoite induced host 

transcriptional changes requires the presence of MYR1, and implicates active protein export in 

bradyzoites.  

84



Figure 3.10
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Figure 3.10 - A proportion of bradyzoite specific pathway changes are dependent on MYR1. 

(A) Venn diagram from figure 3.9(D) (bradyzoite WT infected vs uninfected DEGs, bradyzoite myr1

infected vs uninfected DEGs) updated to include bradyzoite WT infected vs bradyzoite myr1 

infected DEGs to isolate truly MYR1 dependent gene changes (grey) from MYR1 independent changes 

(magenta). (B) DEGs separated by the Venn diagram in 3.10(A) to MYR1 dependent (grey) and MYR1 

independent genes (magenta) were used in a pathway enrichment analysis using the hallmark 

pathways. (C) The proportion of genes dependent (black), independent (light grey) and not changed 

(dark grey) in pathways previously determined from dataset 1 to be enriched for bradyzoite specific 

changes.  
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3.3 Discussion 

My data shows, for the first time, that parasite driven manipulation of the host cell occurs in 

bradyzoites stages. I have established that host cells containing seven day-old bradyzoites have 

a transcriptional profile that is different from acute-stage tachyzoite forms. Furthermore, I 

show that MYR1 (a component of the export machinery) is expressed in bradyzoites and that 

its absence leads to an inability to induce the same transcriptional changes seen in bradyzoite-

containing cells. 

The lifestyles of tachyzoites and bradyzoites are vastly different and thus they have distinct 

requirements of their host cell. Tachyzoites are fast growing and disseminate around the body. 

Bradyzoites, on the other hand, are slow growing and persist for the life of their host, seemingly 

avoiding immune clearance. Here I show that bradyzoite-containing host cells have a distinct 

transcriptional landscape, which differs from acute stage tachyzoites, perhaps reflecting 

specific survival requirements. Tachyzoites appear to impact the host’s cell cycle and survival 

pathways (such as c-Myc targets, PI3K/AKT/mTOR signalling, p53, mitotic spindle, G2M 

checkpoints, E2F targets, DNA repair, apoptosis, unfolded protein response), and metabolism 

(mTORC1 signalling, glycolysis, heme metabolism). In contrast, bradyzoite infection appears to 

more heavily impact immune pathways (complement, IL6/JAK/STAT3 signalling, inflammatory 

response, interferon gamma response, interferon alpha response), in addition to pathways 

that are also altered by tachyzoites.  

It is interesting to note that known targets of tachyzoite effectors are differentially affected in 

bradyzoite. HCE1/TEEGR targets E2F-dependent genes (including cyclins and NF-B 

targets)265,266 and these are clearly not affected in bradyzoite-containing cells to the same 

degree, thus I would predict that HCE1/TEEGR is not expressed or exported in latent forms. 

GRA16 is known to be a key player in host cell cycle regulation by modulating p53 signalling, 

DNA replication, and DNA repair176. In my data, these pathways appear to be regulated to a 

lower degree in bradyzoites when compared to tachyzoites. Furthermore, tachyzoites are 

known to induce DNA replication and block G2M, transition preventing mitosis in host cells, 

thus increasing the ploidy of the host cells232,233. These observations complement my data 

which shows the regulation of both the G2M and mitosis pathways in tachyzoites but not 
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bradyzoites. The differential ability for Toxoplasma zoites to control cycle cell pathways could 

reflect the type of host cell the parasites reside in. Tachyzoites can replicate in rapidly dividing 

cells, whilst bradyzoites appear to predominantly develop in post-mitotic cells, such as 

neurons, myocytes and cardiomyocytes, and thus may have no need to modulate the cell 

cycle38. IST suppresses the IFN and IFN signalling pathways of tachyzoite infected cells when 

stimulated174,175,254. As my samples are not exogenously stimulated with neither type I nor type 

II IFN it is not surprising to see no differences in the transcriptional profile between tachyzoite 

infected and uninfected cells (as described previously). In contrast, both pathways are largely 

upregulated in bradyzoite-containing cells, which could be explained by two scenarios: either 

bradyzoites are not actively suppressing these pathways and there is enough endogenous IFN 

in the system (likely produced by bystander cells) resulting in the upregulation of the pathways, 

or bradyzoites are actively upregulating these pathways by effector proteins (exported or 

otherwise). 

Previous microarray data used to explore the expression profile of bradyzoite-containing host 

cells concluded that, when the effects of the stress on the host were taken into account, there 

was little to no transcriptional difference compared to tachyzoite infected host cells177. There 

are multiple reasons why these results contrast with my study. Firstly, I have shown that 

bystander cells have a different transcriptional profile to bradyzoite-containing cells. By 

concentrating and enriching bradyzoite-containing cells prior to RNA extraction, I was able to 

minimise the transcriptional signal from bystander cells which outnumber bradyzoite-

containing cells five to one, and therefore expose potentially hidden signals from bradyzoite-

containing cells. Pairing the enrichement experimental set up with the enhanced sensitivity 

and depth of RNAseq, my study has the power to detect a wider range of host transcriptional 

changes previously undetected by microarray. Finally, in Fouts and Boothroyd (2007)177, 

bradyzoite samples were taken 44 hours post infection, whereas in samples in this thesis were 

harvested after seven days. Although sampling earlier during the differentiation process in 

vitro minimises unwanted lysis and cell death signals, it puts into question whether the 

transcripts detected in the Fouts and Boothroyd (2007) study are truly indications of bradyzoite 

modification. Residual tachyzoite effects may still be in play at earlier time points during 

bradyzoite development (e.g. >48 hours), from both tachyzoite specific GRA and ROP proteins 
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injected during invasion. This could result in a larger overlap of host transcripts with 

tachyzoites, and may explain the differences between the two studies findings177. 

Despite the longer differentiation period and clear differences between the transcriptional 

profiles of the samples, my experimental design cannot guarantee the host cell effects 

observed in this chapter are truly specific to bradyzoites. The transcriptional patterns observed 

could be remnants from tachyzoites or a result of the absence of tachyzoite effector proteins. 

There is no indication how long the transcriptional changes caused by known tachyzoite 

effectors lasts in the host cell e.g. are the effector proteins required to be present for their 

effects to continue to impact the host or are some changes permanent. A majority of known 

effector proteins indirectly regulate transcriptional changes by imparting their effects at the 

protein level (e.g. GRA16, GRA15, GRA24) and therefore the impact of these effector proteins 

could be tied to their half-life and continued presence. Effector proteins that have a more 

direct interaction with DNA, such as IST, have the potential to have long lasting impacts on the 

host. IST recruits the host cell’s Mi-2/NuRD complex to GAS promoter regions174,175. Mi-

2/NuRD is thought to inhibit transcription by condensing the chromatin structure through 

deacetylating histones using complexed HDAC1/2 (histone deacetylases 1 & 2)304,305. 

Chromatin structural changes could remain in effect even after IST has been degraded. A 

limitation of using RNAseq to gain an agnostic view of parasite manipulation is that it ignores 

non-transcriptional modifications. Because there are fewer bradyzoite-specific transcriptional 

changes when compared to tachyzoite infection, I cannot exclude the potential that 

mechanisms used by bradyzoites to manipulate the host cell might not be directed at the host 

transcription and could be working at the protein level, by either inhibition, activation, 

stabilisation or degradation of host proteins. These manipulation methods are used by other 

intracellular pathogens such as citrobacter306, salmonella307, and various viruses308-310, which 

secrete pathogen proteins that interfere with important cell death proteins, resulting in the 

survival of the host.  

Furthermore, the different tachyzoite effector sub-types could play a role in the expression 

profile differences between tachyzoites- and bradyzoite-containing host cells. Tachyzoites are 

known to inject several ROP effectors (and likely more unknown) into the host cell during 

invasion, which are independent of MYR1172. Unfortunately, my study cannot address what 
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role these injected proteins have on the transcriptional profile of bradyzoite-containing host 

cells. Furthermore, while it is not known if any ROP are injected in during bradyzoite invasion 

it is highly likely that this also occurs, and consequently their effects remain unknown. A recent 

study suggests that MYR1-dependent GRA proteins suppress or counter ROP effects early on 

in infection183. It could be that the effects of injected ROP are short-lived. Therefore, it is 

probable that the longer period of bradyzoite intracellular growth results in the loss of 

transcriptional patterns associated with rhoptry proteins during chronic infection, leading to 

differences between tachyzoite and bradyzoite effects.  

The only known route for post-invasion secretion occurs via the MYR1-dependent translocon 

complex, which up until now has only been studied in tachyzoites183,184,278,279. As my first data 

set implicates a role for parasite effector export in bradyzoite stages, I wanted to examine the 

overall effect of protein export on the host during chronic infection. I used MYR1 knockouts to 

detangle what proportion of the changes observed are parasite driven. In general, bradyzoites 

have lower mRNA levels of translocon-complex components; however, the MYR1 protein is 

still seen in seven-day-old in vitro bradyzoites, and previous analysis of the cyst wall by 

proteomics has identified MYR1 and other translocon components134, implying a role for 

export during these stages. In tachyzoites, MYR1 is a limiting factor in the modification of many 

host genes (even more so than ASP5)184 and, from my data, it appears that MYR1 continues to 

have a functional role into chronic stages. The loss of MYR1 during bradyzoite stages does not 

hamper the ability of parasites to differentiate in vitro. However, myr1 parasites are 

attenuated in vivo279 and it is easy to speculate that the combined loss of the GRA effectors 

and corresponding host modifications leaves tachyzoites susceptible to the immune system, 

resulting in early clearance which prevents dissemination and consequently cyst development 

in visceral organs. This is supported by the recent in vivo CRISPR screen which identified WIP. 

Parasites lacking MYR1 were unable to establish an infection in visceral organs, but were still 

found in the peritoneum204 and, in another study, fewer cysts were found in the brain of 

mice311. In the future a conditional system with MYR1 could be used to study parasite driven 

interactions with the host in vivo, which are often concealed by the host’s severe 

transcriptional response to infection181,253. However, as myr1 parasites can produce cysts in 

vitro, in vitro culture can be used as a proxy in the study of bradyzoite-host interactions.  
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All the hallmark pathways that were altered specifically in bradyzoites had a significant 

proportion of DEGs dependent on MYR1. In the heatmap WT-infected cells are grouped with 

uninfected cells, whereas myr1-infected cells cluster with bystander cells, suggesting that 

bradyzoites actively skew the host transcriptional response via a MYR1-dependent pathway. A 

good example of this pattern is the IFN and IFN hallmark pathways that become active in an 

inflammatory environment. In cells containing WT-bradyzoites, the expression of IFN and 

IFN related genes are globally suppressed when compared to all the samples, more closely 

mimicking uninfected cells despite the slight increase in IFN signalling. Upon the loss of MYR1, 

the manipulation of IFN- and IFN-mediated gene expression is lost, and bradyzoite-

containing cells mimic bystander cells from the same culture. As IFN and IFN are important 

mechanisms in controlling Toxoplasma infection in vivo125,222,255,256, it is not unexpected to see 

these pathways being controlled in both stages. As discussed previously, IST is a MYR1-

dependent effector in tachyzoites that suppresses these pathways, and it has also been 

implicated as an important protein in the persistence of cysts in vivo in relation to type I IFN 

signalling174,254. The role of IST, and other effector proteins, in bradyzoite infection is 

investigated further in Chapter 4.  

In this chapter, I have shown that bradyzoite-containing host cells have a different 

transcriptional profile to tachyzoites, and many of these changes are MYR1-dependent. Taking 

into account my data along with the current literature, I have concluded that there are three 

potential explanations for transcriptional changes seen in bradyzoite-containing host cells. 

One, bradyzoites are exporting bradyzoite specific effector proteins across the cyst wall, using 

the same MYR1 dependent pathway. Two, tachyzoites and non-encysted bradyzoites setup the 

host cell for chronic infection by exporting proteins to cause prolonged transcriptional changes 

to enable continued survival even in the absence of parasite protein export after the cyst wall 

is established. And three, the absence of early secreted rhoptry proteins or GRA proteins could 

diminish over time resulting in an increase of host’s susceptibility to defence signals, 

consequently changing the transcriptome of cells harbouring developing bradyzoites.  

The identification of bradyzoite effectors and their function in host cell manipulation will be 

important in determining what cellular pathways are important in chronic stages verses 

tachyzoites stages. Without any known differences in bradyzoite-induced transcriptional 
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patterns between strains, other methods could be employed including a candidate based 

approach as used by the Boothroyd265 and Hakimi173,175,176,258 laboratories, CRISPR/Cas9 

screens203-205 or using biochemical approaches, such as the recently described LOPIT strategy 

to identify dense granule proteins that could also be exported into the host cell (unpublished 

data: can be accessed via ToxoDB312). Moreover, limitations on the amount of true bradyzoite 

material produced in vitro appears to no longer be a barrier. The discovery of BDF1 enables a 

way to genetically induce the differentiation of large amounts of the encysted bradyzoites 

without the stressors of alkaline induction119. In addition, it provides a clearer defined 

bradyzoite population with better conversion rates and less risk of tachyzoite contamination 

or reversion to tachyzoites. However, due to the timing of this project, I was unable to employ 

these strategies; therefore, in Chapter 4, I investigate known tachyzoite effectors in 

bradyzoites.  
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3.4 Additional methods and materials 

3.4.1 Plasmid constructs, transfections and parasites lines 

Candidate genes were targeted in all cases by the CRISPR/Cas9 system, which has been 

adapted for use in Toxoplasma199,200. EuPaGDT (http://grna.ctegd.uga.edu)313 was used for 

guide selection. The UPRT protospacer in CRISPR-Cas9 plasmid pSAG1::Cas9-U6::sgUPRT200 

and pU6-Universal::mCherry199,280 were replaced with gene-specific guides by Q5 site-directed 

mutagenesis (NEB) using a common reverse primer (P#1)201 paired with a gene-specific 

forward primer (FP). Q5 reactions were confirmed by Sanger sequencing (AGRF, Victoria, 

Australia) using either primer SeqP#1 or SeqP#12 which bind in the U6 promoter upstream of 

the protospacers 199,200. See section 2.4 for more details on parasite transfections. 

Producing MYR1 and ASP5 knockouts 

Knockouts were made in Pru-Toxofilin-Cre4301 (Pru) background lines or Pru ku80 hx89 (Pru 

ku80; the latter is covered in section 4.4). Prumyr1 and Pruasp5 were created by CRISPR-

Cas9 facilitated cutting within the first exon and errors during non-homologous recombination 

lead to disruption. The UPRT protospacer in the pU6-Universal::mCherry plasmid was replaced 

with guides targeting myr1 (G#1) and asp5 (G#2)280 using the forward primers 2 and 3, 

respectively. 20 g of plasmids were transfected as per the protocol laid out in section 2.4 and 

followed by drug-free cloning. Clones were grown up and a region of approximately 500 bp 

surrounding the cut site was amplified by PCR (myr1: AmpP#1 & AmpP#2; asp5: AmpP#3 & 

AmpP#4) before being sequenced (myr1: SeqP#3, asp5: SeqP#4) (Fig. 3.8 A and 3.6 B, 

respectively). myr1 and asp5 knockouts were functionally confirmed by the transient 

transfection of the GRA24-Myc3-expressing plasmid280. 

MYR1-HA epitope tagging 

The C-terminal tagging of MYR1 was made in the Pru hxgprt ku80 (Pruku80)89 background. 

The UPRT in pSAG1::Cas9-U6::sgUPRT 200 was replaced by a guide targeting myr1 (G#3) at the 

3’prime end of the gene (P#4). P#4 plasmid was co-transfected with a pLIC-3xHA-HXGPRT282,314 

amplicon with 30 bp of complementarity (underlined) on either side of the CRISPR/Cas9 cut 
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site (AmpP#5 & AmpP#6) (Fig. 3.7B). The homology arms of the primers are engineered to 

remove the original stop codon and introduces a point mutation at the fourth bp after the PAM 

(NGG) sequence to prevent unwanted continuous cutting. 10 g of CRISPR/Cas9 plasmid was 

combined with up to 30 g of amplicon, ethanol and sodium acetate precipitation and 

resuspended in 20 L P3 solution (Lonza) before transfection. Transfected populations were 

selected with three rounds of 50 g/mL xanthine and 25 M/mL mycophenolic acid315 before 

cloning. Positive clones were determined by immunofluorescent imaging.  

3.4.2 Microscopy and cyst size quantification 

See section 2.5 for immunofluorescence assays, imaging and data quantification details. 

In addition, images for figures 3.1 I & J were analysed using the Plot Profile tool in Fiji 

(ImageJ)300. Only single invaded parasites were used, and the intensities of the fluorescence 

markers were measured along a 10 m cross-section (indicated by the dotted line) that centred 

in the middle of the parasite nucleus. 

3.4.3 In vivo infections 

All procedures involving mice were completed in compliance with Walter and Eliza Hall 

Institute’s animal ethics application (2018.048). C57BL/6 mice were infected via 

intraperitoneal injection (IP) with 5x104 Pru WT or myr1. Day five post-infection, mice were 

orally treated with sulfadiazine at 100 mg/100 mL via the drinking water which was replaced 

with drug free water after seven days. Mice were weighed daily for four weeks to help 

determine if any reach the ethical endpoint. Mice that had reached the ethical endpoint 

outlined in the animal ethics application (2018.048) before the four-week time point were 

euthanised and no organs were harvested. Mice were euthanised using CO2 exposure prior to 

organ removal.  
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3.4.4 Quantitative PCR for in vivo parasites 

The following procedure was modified from Di Christina et al. (2017)316 

One-quarter of the brain was collected and weighed prior to the addition of 3x w/v of PBS was 

added. Samples were homogenised using TissueLyser II (Qiagen) for 60 seconds at a frequency 

of 30/second. 100 L of the homogenate (equals to approximately 25 mg of brain tissue) was 

spun down to remove excess PBS. gDNA was extracted from the tissue pellet using the DNeasy 

Blood & Tissue Kit (Qiagen) following the manufacture’s procedure. A 529 bp repeat element317 

in the Toxoplasma genome was amplified (AmpP#7 & AmpP#8) to measure parasite load, and 

the housekeeping mouse gene, GAPDH, was used as a loading control (AmpP#9 & AmpP#10). 

Primers were used at 2 M in a final reaction volume of 10 L, which contained 2 L of brain 

gDNA (50 ng) and 1x SYBR green (Applied Biosystems). Samples were run for 40 cycles on a 

C100 Thermal Cycler (BioRAD).  

For the standard curve, the gDNA of 107, 106, 105 and 104. tachyzoites were extracted using 

the DNeasy Blood & Tissue Kit (Qiagen) and resuspended in 1 mL of water. These stock 

extractions were then used to ‘spike’ 30 L of mouse gDNA (final volume 50 L) and used to 

create a standard curve. This ensures the background signal from the mouse DNA present in 

the brain samples is taken into account in the standard curve. Cq values were compared to the 

standard curve and, using brain weight, values were extrapolated to determine parasite 

genomes per brain.  

3.4.5 Bradyzoite sample collection and RNA extraction for sequencing 

HFFs were passaged and grown in D10 media until they reached confluency. Following this, 

HFFs were transferred into D1 media (for tachyzoites; 24 hours) or differentiation media (for 

bradyzoites; 7 days) and left as uninfected (no parasites) or infected at an MOI of 0.2 with 

either Pru-Toxofilin-Cre (Pru (WT)) or Pru-Toxofilin-Cremyr1 (Pru myr1) tachyzoites. Prior to 

RNA extraction, HFFs were washed with PBS, dislodged with trypsin, and sorted into infected 

(mCherry+) and uninfected (mCherry-) cells using the BD Influx (361) cell sorter (BD 
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Biosciences). Samples were kept on ice before, during, and after the sorting process. Total host 

and parasite RNA was extracted immediately after sorting using the RNeasy kit (Qiagen). Three 

independent biological replicates of each condition were obtained. Cell sorting data (raw 

values) from both experiments were used to determine the number of infected cells in the 

populations (Fig. 3.1C and 3.8E).  

3.4.6 Library preparation and transcriptome sequencing 

An input of 100 ng of total RNA was prepared and indexed separately for IlluminaTM sequencing 

using the TruSeq RNA Sample Prep Kit (Illumina) as per the manufacturer’s instructions. Each 

library was quantified using the Agilent Tapestation and the Qubit™ DNA BR assay kit for Qubit 

3.0® Fluorometer (Life technologies). The indexed libraries were pooled and diluted to 1.5pM 

for paired-end sequencing (2x 81 cycles) on a NextSeq 500 instrument using the v2 150 cycle 

High Output kit (Illumina) as per manufacturer’s instructions (generating 80 bp paired-ends). 

The base calling and quality scoring was determined using Real-Time Analysis software v2.4.6, 

while the FASTQ file generation and de-multiplexing utilised bcl2fastq conversion software 

v2.15.0.4. 

3.4.7 Transcriptome analysis 

Before differential expression (DE) analysis occurs, the samples go through alignment and 

quality checks. This will be briefly described here; however, for a more in-depth look at the 

pre-DE analysis pipeline used please see appendices B for DS1, C for DS2 and D for the 

combined analysis. 

 The RNA sequencing reads were simultaneously aligned to the human and parasite genomes, 

builds hg38 and ME49 respectively, using the Rsubread aligner version 1.24.1 (tachyzoite and 

bradyzoite infection dataset) and version 1.27.4 (WT-myr1 bradyzoite infection dataset)318. 

For this alignment, a reference was first built that contained both human and parasite genomic 

sequences. In all instances, greater than 89% of the reads mapped to this combined genome. 
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The number of fragments overlapping each human Entrez gene and parasite gene were 

summarized using FeatureCounts318 and NCBI RefSeq annotation. Differential expression 

analyses were then undertaken using the edgeR319 and limma320 software packages. The 

analysis of each data set was performed independently, details as follows. 

DS1: Tachyzoite and bradyzoite infected data. 

For the analysis of the human count data, any gene which did not achieve a counts per million 

mapped reads (CPM) greater than 1 in at least 3 samples were deemed to be unexpressed and 

filtered from the data. Additionally, all genes without current annotation were also removed. 

The parasite count data (infected samples only) was filtered using edgeR’s filterByExpr function 

with default settings. Compositional differences between libraries for both human and parasite 

data were normalised using the trimmed mean of log expression ratios (TMM) method321. All 

counts were then transformed to log2CPM. Differential expression between the experimental 

groups in both instances was assessed relative to a fold-change threshold of 1.1 using linear 

models and empirical Bayes moderated t-statistics with a trended prior variance322,323. 

DS2: WT and myr1 bradyzoite infection data. 

For dataset 2, only the human count data were analysed. All genes which did not achieve a 

CPM greater than 0.7 in at least 3 samples were filtered from the data together with all genes 

with no current annotation. TMM normalisation was then applied to alleviate compositional 

differences between libraries. All counts were transformed to log2CPM. Differential expression 

between all groups was then evaluated relative to a fold-change threshold of 1.1 using linear 

models and robust empirical bayes moderated t-statistics with a trended prior variance.  

In both data sets, the false discovery rate (FDR) was controlled below 5% using the Benjamini 

and Hochberg method. All MDS plots were created using limma’s plotMDS function with 

default settings. For the MDS plot that shows both datasets (DS1 & DS2), the data sets were 

first merged and the genes filtered. To be kept, all genes were required to show a CPM greater 

than 1 in at least 3 samples. TMM normalization was then applied and the data corrected to 

remove the sequencing run batch effect using limma’s removeBatchEffect function prior to 

creating the MDS plot. The Venn diagrams were made using limma’s vennDiagram function. 
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Analysis of the Hallmark gene sets from the Molecular Signatures Database was performed 

using limma’s kegga function and the bar chart of Hallmark gene sets (Fig. 3.10B) was made 

using the R barchart function. Any other bar or pie chart was made using Prism 8 using data 

from the gene sets. To make the heatmaps of the top 100 differential expressed genes, the 

expression of each gene was summarized as log2 reads per kilobase per million mapped reads 

(RPKM) with a prior count of 2. For the heatmaps of the Hallmark gene sets, gene expression 

was summarised as average log2 RPKMs. The plots themselves were created using the 

pheatmap software package and limma’s coolmap function.  
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Chapter 4: 

A bradyzoite effector protein important for  

parasite persistence. 

 

 

 

 

There are sections in the following chapter that are taken from Seizova et al.1, a manuscript 

written by me during my PhD, and edited by Assoc. Prof. Christopher Tonkin and Dr. Alexandra 

Garnham. It has been submitted to bioRxiv, but is still in progress and has not been submitted 

at a peer-reviewed journal. Please see preface for more details.  
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4.1 Introduction 

Host manipulation is a key method used by intracellular pathogens to aid infection and survive 

the host’s immune system. Host manipulations can occur in multiple forms, including 

pathogen-host protein interactions that interfere with host protein function, to modulators of 

the host transcriptional response. Identified Toxoplasma exported effectors all impact the host 

transcription, with many changes observed in tachyzoite infection163. Tachyzoites are able to 

modulate the host using two distinct temporally separated pathways. The first wave of 

effectors are injected into the host cell during the invasion process (rhoptry proteins), whilst 

the second occurs during intracellular growth (dense granules)72 (refer to Chapter 1 for 

details). 

In the past, methods of identifying host-parasite interacting proteins have included the 

genomic mapping of virulence loci by crossing virulent and avirulent strains26,165,169,171, random 

mutagenesis paired with phenotypic screening279,290,292 or bioinformatic candidate-based 

approaches where exported effector characteristics are used to identify potential 

candidates173,175,176,258,265,266 . Each method has benefits and biases. Virulence crosses are 

exploratory and have identified multiple novel tachyzoite effector proteins that change the 

host transcriptional response. However, virulence crosses also introduce bias into the analysis 

by focusing efforts on responses and proteins that are different between the strains. Random 

mutagenesis requires a previously identified phenotype to be used in the screen, making it a 

more targeted search for effector proteins of known host-pathogen interactions. And 

candidate-based approaches require knowledge around the protein characteristics. In the case 

of Toxoplasma, few effector proteins have been identified. There is no homology between the 

effector proteins, not all have signs of export (such as signal peptides and TEXEL cleavage sites), 

and there are many proteins that fit these characteristics but are not exported282. Because of 

these reasons, generating a consensus that can be used in bioinformatic analysis is difficult and 

following up on hits is inefficient and costly. To date, no studies have focused on identifying 

effector proteins of bradyzoites and hence it is not known if bradyzoites need effector proteins 

for their survival. 
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Of the multiple tachyzoite exported effector proteins characterised, many are geared towards 

skewing the host’s defence mechanisms to facilitate the parasite’s survival. Toxoplasma is 

tightly controlled by the innate and adaptive immune responses, and IFN plays a vital role 

controlling acute Toxoplasma infection and prevents reactivation of latent bradyzoites324. 

Previous studies have used murine cell lines to understand how IFN can control tachyzoite 

infection and induce parasite clearance. It has been shown that IFN stimulated Guanylate-

Binding Proteins (GBPs)324,325 and Immune Related GTPases (IRGs)326 are recruited to the 

tachyzoite PVM, but the downstream clearance mechanism that follows remains elusive188. 

The effector protein IST is one mechanism tachyzoites use to prevent IFN signalling of infected 

cells (see section 1.6.1.1 which discusses the effector protein used to shut down cells pre-

stimulated with IFN)174,175,242,246. As discussed in Chapter 1, IST is exported via the MYR1 

pathway where it inhibits IFN and IFN induced STAT1 transcription through chromatin 

remodelling174,175, thus blunting transcriptional changes when the host cell encounters these 

cytokines. In Chapter 3, I show IFN and IFN are the most altered pathways by bradyzoites, 

suggesting that out of the three known tachyzoite effector proteins, IST likely has the largest 

impact on bradyzoite survival. Although, it is not known if IFN has any capacity to affect 

bradyzoite clearance, even though it has consistently been shown to have an important role in 

immune defence in vivo and to prevent reactivation into acute stages125,223,239.  

In this results chapter I focus on identifying Toxoplasma bradyzoite effector proteins, what role 

such proteins could have on host transcription, and how effector protein absence could impact 

the parasite’s long term persistence. As the bradyzoite stage is not responsible for the 

Toxoplasma’s virulence, crosses would not be a suitable method. Similarly, there is no clear 

phenotype that can be used in a mutagenesis screen, and with an undetermined effector-

export consensus signal in tachyzoites a candidate-based approach could be ineffective. I 

trialled a localised biotinylation method to identify bradyzoite effectors which was  

unsuccessful. Because many of the transcriptional changes observed in bradyzoites from 

Chapter 3 were also found in tachyzoites, I decided to focus on the known exported-effector 

proteins (GRA16, GRA24 and IST). I tagged known effector proteins and looked at their 

expression and export during in vitro bradyzoite differentiation and in the absence of MYR1. I 

found that at seven days post differentiation, bradyzoites export IST but not GRA16 or GRA24, 

and that IST export is at similar levels to tachyzoites. I have also shown the export of effector 
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proteins is important for the parasite’s survival in the face of immune attack (IFN stimulation), 

suggesting that early bradyzoite export is important for the parasite’s and host’s survival. 
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4.2 Results 

4.2.1 Biotinylation of the secretory pathway.  

Given the findings in Chapter 3, I hypothesised that Toxoplasma may have effector proteins 

that are exported into the host during bradyzoite stages. Because multiple biotin studies have 

been effectively used in Toxoplasma and there was already a system in place at in Tonkin 

Laboratory, I decided to use a biotin tagging approach that was spatially restricted to the 

secretory pathway to identify possible exported proteins. At that point in time, although there 

had been multiple studies in tachyzoites212,327-330, no studies had used such a system in 

bradyzoites. The BioID system was commonly used in Toxoplasma studies, and often the biotin 

ligase (BirA) is fused to a protein of interest where it catalyses the biotinylation of interacting 

proteins or surrounding proteins. However, BirA has poor specificity, likely a consequence of 

the long biotin incubation period required for enzyme kinetics (18-24 hours)331. Instead we use 

another biotinylation protein called APEX2, a modified soybean ascorbate peroxidase332,333 

that biotinylates proteins within a 20 nm region. Unlike BirA, APEX2 does not use biotin for the 

reaction; instead, APEX2 rapidly catalyses the oxidation of biotin-phenol into biotin-phenoxyl 

(a highly-reactive free-radical) only in the presence of hydrogen peroxide (Fig. 4.1A). The speed 

of the reaction means the reaction period can be reduced resulting in less promiscuity and 

more specificity. A study published during my PhD showed that APEX2 is four time fewer false 

positives when compared to BirA, making APEX2 a more reliable system327.  

To target secreted dense granule proteins, APEX2 had to be confined to the dense granules 

and traffic through the secretory pathway. In order to do this, APEX2 was MYC-epitope tagged 

and fused to a SAG1 construct that lacked the GPI-anchor and driven by a tubulin promoter to 

ensure expression at all stages (Fig 4.1B). The plasmid was kindly gifted to the Tonkin 

Laboratory by Dr. Giel van Dooren and Dr. Azadeh Seidi (Australian National University). By 

removing the GPI-anchor but keeping the signal peptide, SAG1 would no longer be localised to 

the parasite membrane, instead it would localise to the dense granules in extracellular parasite 

(the default pathway of secreted proteins) or be secreted into the PV space of intracellular 

parasites. In the PV space, upon the addition of biotin-phenol and H2O2, APEX2 could then 

biotinylate proteins that are not membrane bound and identify candidates for export (Fig. 
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Figure 4.1 - Biotinylation of proteins in the secretory pathway and parasitophorous vacuolar (PV) 

space (tachyzoites).  

(A) Schematic of the overall APEX biotinylation process: upon the addition of biotin-phenol (BP) and

hydrogen peroxide (H2O2), APEX2 catalyses BP into biotin-phenxyl and biotinylates (green) 

surrounding proteins (magenta). Biotinylated proteins can then be pulled down and analysed using 

mass spectrometry (B) Schematic of the SAG1GPIAPEX2-myc construct, driven by the tubulin 

promoter. (C) Schematic of the expected localisation of biotinylated proteins, shown in green, in WT 

lines and APEX2 expressing lines after the addition of BP and H2O2. (D) Western blot confirming the 

expression of the SAG1GPIAPEX2-myc construct. SAG1 and GAP45 are used as loading controls. (E) 

After 24 hours, tachyzoite (red) samples were treated with or without biotin-phenol and hydrogen 

peroxide, before fixation. Streptavidin labelling (green) shows there was a strong biotinylation of the 

PV space in SAG1GPIAPEX2-myc expressing parasites, whereas in WT parasites or untreated 

SAG1GPIAPEX2-myc lines biotinylation only occurs in the apicoplast. Strong toxofilin-Cre-myc 

expression prevents visual localisation of the SAG1GPIAPEX2-myc fusion protein (MYC; magenta). 

(F) Western blot showing total biotinylated proteins (probed with NeutrAvidin-HRP) after the

addition of either BP, H2O2, or both as compared to untreated samples. APEX2 dependent 

biotinylation appears to be more active in (i) extracellular parasites than (ii) intracellular parasites. 

Magenta boxes indicate areas of increase, in biotinylated in intracellular parasite samples, between 

WT and SAG1GPIAPEX2-myc. (G) Western blot showing the process of biotin-protein pull down in 

intracellular parasite samples treated with or without BP and H2O2. Samples were probed with 

NeutrAvidin-HRP. Magenta boxes show sizes where biotinylation is enriched between WT and 

SAG1GPIAPEX2-myc. WC, whole cell; SUP, superannuant; D-SUP, superannuant after dialysis; B-SUP, 

bead superannuant; W1, wash 1; W4, wash 4; ELUT, elute. Brightness and contrast was edited on 

single colour channels prior to merging. 
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4.1C). Samples could then be compared to APEX2-negative parasite lines or untreated samples 

to control for endogenously biotinylated proteins found in the apicoplast328,334(Fig. 4.1C). This 

plasmid was then transfected into the previously described Pru-Toxofilin-Cre (Pru) line and the 

expression of SAG1GPIAPEX2-MYC could be seen via western blot using only anti-myc 

antibodies, running at the expected approximate size (~62kDa; black arrow) between the MYC-

epitope tag of the Toxofilin-Cre-MYC fusion protein (Fig. 4.1D). Toxofilin-Cre-MYC prevented 

the localisation of the SAG1GPIAPEX2-MYC protein to be easily detected via 

immunofluorescence imaging; however, there was a slight visual increase in that channel (Fig. 

4.1E). Upon biotin-phenol treatment and H2O2 stimulation, biotinylation was labelled using 

streptavidin conjugated with Alexa-488 and only observed in APEX2 expressing parasites (Fig. 

4.1E) localising to the PV space suggesting the protein fusion was trafficking correctly.  

Although the goal was to identify bradyzoite specific proteins, I first wanted to test the protocol 

up to but not including the mass spectrometry in tachyzoites (Fig. 4.1A). Because bradyzoites 

would be intracellular during biotin-phenol treatment and I wanted to find secreted proteins 

in the PV, I tested intracellular tachyzoites in addition to extracellular tachyzoites. 

Furthermore, intracellular tachyzoite samples could be used as a comparison to bradyzoite 

samples. To observe the degree of protein biotinylation, Pru WT and Pru APEX2 expressing 

parasites (both intra- and extra- cellular) were either not treated, or were exposed to biotin-

phenol only, H2O2 only, or both. Samples were run on an SDS-PAGE gel and biotinylated 

proteins were visualised with horse radish peroxidase (HRP)-conjugated neutravidin (Fig. 4.1F). 

In the extracellular samples, WT parasites had little to no biotinylated proteins on top of the 

two endogenous biotinylated proteins (Fig. 4.1F (i)). In contrast, extracellular APEX2 parasites 

had an increase in biotinylation in the biotin-phenol only treatment and an even more 

significant increase in the dual treatment (Fig. 4.1F (i)). This suggests that the system is 

working, despite the fact that there might be some APEX2 activity in the absence of H2O2, 

potentially from endogenous H2O2.  

When the same experiment was performed with intracellular parasites there were stark 

differences. Intracellular WT parasite samples had a notable increase in the number of 

biotinylated proteins when treated with both biotin-phenol and H2O2, and the protein pattern 

did not appear considerably different from the biotinylation protein profile of APEX2 
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Figure 4.2 -Biotinylation of proteins in the secretory pathway and beyond in bradyzoites. 

(A) SAG1GPIAPEX2-myc expressing parasites (red) were differentiated for 7 days before samples were

treated with or without biotin-phenol (BP) and hydrogen peroxide (H2O2) and fixed. APEX2 (MYC; 

magenta) localises around parasites in the cyst wall and cyst matrix. Streptavidin labelling (green) 

shows strong biotinylation colocalised with APEX2 in the cyst wall and matrix. (B) WT and 

SAG1GPIAPEX2-myc expressing parasites (red) were differentiated for 7 days before samples were 

treated with or without BP and H2O2 and fixed. Only SAG1GPIAPEX2-myc expressing bradyzoite 

(SRS9; magenta) were able to biotinylate (green) proteins that appear to localise at the cyst wall 

and between parasites in the cyst matrix. (C) Western blot showing the process of biotin-protein pull 

down in bradyzoite samples treated with BP and H2O2. Not a significant increase in biotinylation in 

SAG1GPIAPEX2-myc expressing bradyzoites when compared to WT samples. Samples were probed 

with NeutrAvidin-HRP. WC, whole cell; SUP, superannuant; B-SUP, bead superannuant; W4, wash 4; 

ELUT, eluted sample. Scale bar =5m. Brightness and contrast was edited on single colour channels 

prior to merging. 
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expressing parasites (Fig. 4.1F (ii)) This could be explained by the presence of an intact host 

cell that may have enzymes which catalyse the same reaction as APEX2 resulting in host 

proteins that are also biotinylated. Host biotinylated to a degree can be observed in the 

immunofluorescence images (Fig. 4.1E (ii)) with an increase in signal coming from the host cell 

surrounding the parasite vacuole. Despite the unexpected WT biotinylation, there is a slight 

increase in biotinylated proteins at molecular weights lower than 50kDa (magenta square). 

Low molecular weight proteins are clearly evident in figure 4.1G, which shows the pulldown 

and purification of biotinylated proteins using streptavidin beads for both WT (Fig. 4.1G (i)) and 

APEX2 expressing parasites (Fig. 4.1G (ii)). It is unclear why such a strong biotinylated signal 

that was observed in the IFAs (Fig. 4.1E (ii)) is not translated in the western blot or pulldown 

experiments. Nevertheless, there were some differences in the biotinylated-protein profile 

indicating the experimental set up was working for intracellular parasites, and therefore the 

next step was to move the experiment to bradyzoite samples.  

To determine the localisation and function of APEX2 in bradyzoites, I first differentiated 

parasites for seven days before treating with biotin-phenol and H2O2. The biotin-phenol 

incubation period was doubled for bradyzoites to allow for cyst wall penetration. It was clear 

that APEX2 was localising to the cyst wall and space (Fig. 4.2A). It is likely that the 

SAG1GPIAPEX2-MYC fusion protein has been integrated into the cyst wall, an occurrence that 

can happen with other PV dense granule proteins134,135,143. However, cyst wall integration did 

not seem inhibit the ability of the APEX-fusion protein to catalyse biotinylation (Fig. 4.2B). 

Interestingly, biotinylation signals observed in fluorescence imaging again did not translate to 

western blot or pulldown experiments (Fig. 4.2C). The biotinylation profile of WT bradyzoites 

looked remarkably similar to intracellular WT tachyzoites (Fig. 4.1G (i)) but unlike the 

tachyzoite experiments, there was no additional biotinylation in bradyzoites expressing APEX2 

(as per western blot). This was the case for all five independent experimental repeats. 

Furthermore, if APEX2 was indeed incorporated into the cyst wall, it is likely mass spectrometry 

analysis would result in an enrichment of cyst wall proteins rather than potential exported 

proteins. It was clear, from this data, that biotinylation was not the way forward. 
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4.2.2 IST is expressed and exported in bradyzoites 

Due to the unsuccessful biotinylation experiment and the fact that some of the transcriptional 

changes observed in Chapter 3 overlapped with tachyzoites, I decided to focus on known 

tachyzoite effector proteins, GRA16, GRA24 and IST. I first compared the proportion of reads 

between the infected bradyzoite and tachyzoites samples from the data in the first RNAseq 

analysis. There was a significant drop in the expression of GRA16 (log2 fold change -2.681) and 

GRA24 (log2 fold change -2.159) in bradyzoite samples, whereas IST appeared to be slightly 

more expressed in bradyzoites (log2 fold change +0.374) (Fig. 4.3A). To validate that mRNA 

expression changes were translatable to protein expression, I HA-epitope tagged these 

proteins at the endogenous locus in Pruku80 using either HXGRPT selection (Fig. 4.3B (i)) or 

homologous recombination without selection (Fig. 4.3B (ii)). GRA16, GRA24 and IST proteins 

were all expressed in tachyzoites, whereas bradyzoites (classified by SRS9 expression and 

absence of SAG1) expressed GRA16 and IST (Fig. 4.3C) by western blot. This experiment 

indicated that potentially two known effectors are translated into protein in in vitro bradyzoite 

stages. 

In order to establish if GRA16 and IST were exported in bradyzoite-containing host cells, I 

quantitated the expression and localisation by microscopy (Fig. 4.3D). GRA24 is consistently 

not expressed in 7-day-old bradyzoites; accordingly, the presence of GRA24 in the host nucleus 

is comparable to un-tagged WT controls (Fig. 4.3D and 4.3E). Interestingly, there appears to be 

some GRA16 present within the bradyzoite PV, but it is undetectable in the host nucleus (Fig. 

4.3D and 4.3E). In contrast, IST was observed in the host nucleus by bradyzoites (Fig. 4.3D and 

4.3E) which were also expressing cyst wall marker CST1. To explore IST export in more detail I 

looked at the level of protein export as compared to tachyzoites. First I quantitated the amount 

of IST export in tachyzoites during intracellular replication and found that the amount of IST 

remains consistent as the parasites grow within the host cell (Fig. 4.4A). I then quantitated the 

level of IST export during bradyzoite differentiation and found that it appears to decrease over 

the first three days (albeit a mild difference) but by day seven the export levels are comparable 

to tachyzoites (Fig 4.4B). 
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Figure 4.3 - Tachyzoite effector protein’s expression and localisation during bradyzoite stages 

(A) Differences in the expressional profile (log2CPM) of gra16, gra24, and ist between tachyzoites (24

hours) and bradyzoites (7 days in vitro). gra16 and gra24 reads drop during bradyzoite stages, 

whereas ist levels slightly increase (n = 3 experiments, each with 3 replicates; ****p<0.0001) (B) (i) 

Schematic of HA epitope tagging of GRA16 and IST using doubled stranded oligo primers (ii) 

Schematic of 3xHA-HXGPRT epitope tagging used for GRA24 (C) Western blot indicates GRA16-HA, 

GRA24-3xHA and IST-HA (Pruku80 background) are expressed in tachyzoites (lysed), whereas only 

GRA16-HA and IST-HA are expressed in bradyzoites (7 days in vitro). GAP45 is used as a loading 

control, SAG1 and SRS9 are used as tachyzoite and bradyzoite controls respectively. (D) Pruku80 

WT, GRA16-HA, GRA24-3xHA and IST-HA parasites were differentiated under alkaline conditions for 

7 days before fixation. GRA24-3xHA (HA; white) was not produced by bradyzoites (pLDH2-eGFP; 

green) or exported into the host nucleus. In contrast, bradyzoites were able to produce GRA16-HA 

and IST-HA; however, only IST-HA was exported into the host nucleus. White arrows indicate location 

of host nucleus (DAPI; blue). (E) Quantification of the intensity of nuclear GRA16-HA, GRA24-3xHA 

and IST-HA (normalised to untagged Pruku80 WT controls) of bradyzoites infected host cells from 

immuno-fluorescence imaging (Figure 4.3D) (mean  SD, data points come from 3 different 

experiments, each experiment analysed on average between 20-50 bradyzoite cyst; unpaired, non-

parametric Kruskal-Wallis test with Dunn’s test to correct for multiple comparisons; ****p<0.0001) 

(F) Pruku80 IST-HA parasites were differentiated under alkaline conditions for 7 days before fixation.

The presence of a strong CST1 (CST; magenta) labelling does not prevent IST-HA export (HA; white) 

into the host nucleus (DAPI; blue). Scale bar = 10m. Brightness and contrast was edited on single 

colour channels prior to merging. 
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Next I had to resolve whether the presence of IST in the host nucleus is residual protein from 

tachyzoite stages, or if it is synthesised and exported in bradyzoites during development or 

after maturation is complete. I first wanted to understand the progression of in vitro 

differentiation over time in my samples in a rudimentary way. To do this, I analysed the mean 

fluorescence intensity of GFP as a marker of differentiation because, in the Pruku80 parasite 

line used, GFP expression is driven by the bradyzoite specific promoter of LDH289. Ideally 

multiple markers would have been used; however, attempts to use other markers, in particular 

CST1, to further analyse differentiation were unsuccessful. Technical fluorescent limitations 

prevented the signal from the two channels visualising IST and CST1 (or other markers) from 

being separated. Therefore, GFP intensity was the only marker of bradyzoite development 

used in these studies. The mean GFP intensity steadily increased over time during in vitro 

stimulated differentiation with the highest average intensity at day seven (Fig. 4.4C). In 

addition there is a significant positive correlation between the vacuole size and the mean GFP 

intensity at all time points (days one, three and seven), suggesting larger vacuoles are likely 

further along in bradyzoite development (Fig 4.4D (i), (ii), (iii)). I then used GFP expression and 

vacuole size as a proxy for the degree of differentiation and looked to see if there was a 

negative or positive relationship between bradyzoite maturation and IST export. If the IST 

observed in the nucleus is from tachyzoites I expect exported levels to decrease as GFP 

intensity and vacuole size increases. However, I observed no change in export levels as the size 

(Fig. 4.4E (i) and (iii)) or GFP intensity (Fig. 4.4F (i) and (iii)) of the developing cyst increases. At 

day three there was a weak negative correlation between IST export and both size (Fig. 4.4E 

(ii)) and GFP intensity (4.4F (ii)). To verify if IST is indeed synthesised and exported by 

bradyzoites, week-old in vitro differentiated bradyzoites were extracted via needle passage 

and used to inoculate new host cells (Fig. 4.5A). Although I was unable to obtain enough 

extracellular bradyzoites to quantify export, it was clear at both 24 hours (Fig. 4.5B) and one 

week after the second inoculation IST was present in the host nucleus of infected cells (Fig. 

4.5C). This strongly suggests that IST is produced in and exported by bradyzoites.  

Following the identification of IST as a bradyzoite exported effector protein, I sought to 

determine whether MYR1 was also responsible for IST export in bradyzoite stages and whether 

IST was functional in controlling IFN-dependent responses. To investigate this, I created 

knockouts of both myr1 and ist (as a negative control) in the Pruku80 IST-HA line by coupling 

113



1 2 4 8
-1

0

1

2

3

Number of Parasites/vacoule

IS
T 

Ex
po

rt 
Ra

tio

Ta
ch

yzo
ite

 

(24
hrs

)

Brad
yzo

ite
 

(da
y 1

)
Brad

yzo
ite

 

(da
y 3

) 

Brad
yzo

ite
 

(da
y 7

)

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

IS
T 

Ex
po

rt 
Ra

tio

ns

ns

ns

***
** *

0 100 200 300 400 500
0

2000

4000

6000

Vacoule Size (pixel)

M
ea

n 
G

FP
 in

te
ns

ity Day 1 

p < 0.0001

0 100 200 300 400 500
0

2000

4000

6000

Vacoule Size (pixel)

M
ea

n 
G

FP
 in

te
ns

ity Day 3

0 100 200 300 400 500
0

2000

4000

6000

Vacoule Size (pixel)
M

ea
n 

G
FP

 in
te

ns
ity

Day 7

r = 0.3875

p < 0.0001
r = 0.6638

p < 0.0001
r = 0.7372

0 2000 4000 6000
0

1

2

3

Mean GFP intensity

IS
T 

Ex
po

rt 
Ra

tio

0 2000 4000 6000
0

1

2

3

Mean GFP intensity

IS
T 

Ex
po

rt 
Ra

tio

0 2000 4000 6000
0

1

2

3

Mean GFP intensity

IS
T 

Ex
po

rt 
Ra

tio

p = 0.7637
r =  0.028

p =  0.0007

r = - 0.3166

p =  0.0703
r = - 0.1886

0 200 400 600 800
0

1

2

3

Vacoule Size (pixel)

IS
T 

Ex
po

rt 
Ra

tio

0 200 400 600 800
0

1

2

3

Vacoule Size (pixel)

IS
T 

Ex
po

rt 
Ra

tio

0 200 400 600 800
0

1

2

3

Vacoule Size (pixel)

IS
T 

Ex
po

rt 
Ra

tio

Day 1 Day 3 Day 7

p = 0.5781
r = - 0.058

p =  0.0047
r = - 0.2678

p = 0.5781
r = 0.1057

Day 1 Day 3 Day 7

0

2000

4000

6000

M
ea

n 
G

FP
 In

te
ns

ity

Brad
yzo

ite
 

(da
y 1

)
Brad

yzo
ite

 

(da
y 3

) 

Brad
yzo

ite
 

(da
y 7

)

ns****
****

Figure 4.4

A CB

D i iiiii

E i iiiii

F i iiiii



Figure 4.4 - IST export over time 

(A) There is no change in the ratio (nuclear intensity/vacuolar intensity) of IST export as the number

of parasites grows. Tachyzoite samples were fixed after 24 hours post inoculation and probed with 

GAP45 and HA (IST). Stacked 4x4 tiles were taken and processed using ImageJ. One host cell 

containing one parasite vacuole were measured and the separated by parasite number. (mean  SD, 

data points come from 3 different experiments, each experiment analysed on between 60-100 

tachyzoite vacuoles; non-parametric Kruskal-Wallis test with Dunn’s test to correct for multiple 

comparisons) (B) Time series of IST export measured by the ratio of export (nuclear intensity/vacuolar 

intensity). IST export decreases over time during bradyzoite development, but by day 7 levels of 

export return to levels of tachyzoites. Tachyzoite samples were fixed at 24 hours and bradyzoite 

samples were fixed at day 1, 3, and 7 of being in differentiation media. Tachyzoite samples were 

labelled with GAP45 and HA (IST) and bradyzoite samples were probed only with HA (IST). 

Stacked 4x4 tiles were taken and processed using ImageJ. Only host cells containing one parasite 

vacuole/cyst was considered in the measurement levels. (mean  SD, data points come from 3 

different experiments, each experiment analysed on between 20-50 bradyzoite cysts and 60-100 

tachyzoite vacuoles; non-parametric Kruskal-Wallis test with Dunn’s test to correct for multiple 

comparisons. *p=0.0285, **p=0.0017, ****p<0.0001) (C) The mean GFP intensity increases over 

time during bradyzoite differentiation. (mean  SD, experimental data was used from Figure 4.4B; 

non-parametric Kruskal-Wallis test with Dunn’s test to correct for multiple comparisons. 

****p<0.0001) (D) As vacuole size significantly (****p<0.0001) increases as the mean GFP intensity 

increases for days 1 (I), 3 (ii), and 7 (iii). Correlation was tested using the non-parametric Spearman’s 

rank correlation coefficient (r). Experimental data was used from Figure 4.4B. (E) IST-HA export does 

not significantly (p>0.5) increase as vacuole size increases for days 1 (i), 3 (ii), and 7 (iii). Correlation 

was tested using the non-parametric Spearman’s rank correlation coefficient (r). Experimental data 

was used from Figure 4.4B. (F) IST-HA export does not significantly (p>0.05) increase as vacuole size 

increases for day 1 (i) and 7 (iii). However, during day 3 (ii) IST-HA significantly decreases as mean 

GFP intensity increases. Correlation was tested using the non-parametric Spearman’s rank 

correlation coefficient (r). Experimental data was used from Figure 4.4B. 
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Figure 4.5 - IST is produced and exported by bradyzoites 

(A) Pru ku80 IST-HA parasites were differentiated under alkaline conditions for 7 days before being

extracted and reinoculated. Magenta arrowheads indicate when the differentiation media was 

replaced during the second 7-day period of differentiation. Magenta stars indicate that samples were 

fixed on either (B) day 8, 24 hours post reinfection, or (C) day 14, 7-days after reinfection. IST (HA; 

white) is consistently exported into the host cell nucleus (DAPI; blue) during bradyzoite (pLDH2-GFP; 

green) infection. Scale bar = 10m. Brightness and contrast was edited on single colour channels 

prior to merging.  
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CRISPR/Cas9 with an homologous template containing a mCherry and DHFR selectable marker 

floxed by two LoxP sites, so that these markers could be excised in the future if needed (Fig 

4.6A). Knockout parasite lines were verified by western blot and microscopy in tachyzoites (Fig. 

4.6B and C, respectively). Western blot data showed IST expressed in both Pruku80 IST-HA 

and myr1 but no expression in ist as expected (Fig. 4.6B). Similarly, no IST was observed in 

the host nucleus or parasites of ist samples by microscopy, whereas in myr1 samples IST 

was confined to the tachyzoite vacuole and not observed in the nucleus unlike Pruku80 IST-

HA parasites (Fig. 4.6C). To test if this was also the case in bradyzoites, nuclear IST levels were 

measured after seven days of bradyzoite differentiation and normalised to WT untagged lines. 

Similar to tachyzoites, the amount of IST in the nucleus (white arrows) of myr1 bradyzoite 

infected cells is significantly reduced when compared to Pruku80 IST-HA infected cells and is 

comparable to background levels of cells infected with ist and WT Pruku80 levels (Fig. 4.6D 

and 4.6E(i)). Moreover, the export of IST in myr1 bradyzoites infected cells is significantly 

inhibited (Fig. 4.6E (ii)). Together, these data suggest that bradyzoites express and actively 

export known effector proteins, IST, via MYR1-dependent translocation mechanisms in 

bradyzoites. 

4.2.3 Bradyzoites supress the Interferon gamma pathway through MYR1-

dependent IST export  

To further understand the role of protein export in bradyzoites I sought to understand whether 

IST was functional in these stages. In tachyzoite infection, IST has been shown to inhibit the 

host cell response to IFN stimulation174,175. To determine if bradyzoite infection also inhibits 

IFN signalling, I stimulated bradyzoite-containing cells with IFN and determined if IRF1 is 

expressed. IRF1 is one of many proteins that are upregulated in response to IFN stimulation. 

IFN activates transcription factor STAT1 which results in the translocation and binding of 

pSTAT1 homodimers to gamma-activated sites (GAS) in promoter regions of genes like IRF1. In 

tachyzoites, IRF1 is downregulated by the presence of IST upon IFN stimulation, and in the 

absence of IST, either through IST knockouts174,175 or blocking export279, IRF1 levels are 

restored to that of surrounding uninfected cells. As is the case in tachyzoites, IRF1 expression 
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Figure 4.6 - IST and MYR1 knockouts prevent IST export in bradyzoites 

(A) A schematic of the process used to insert the LoxP-DHFR-mCherry-LoxP cassette to knockout both

MYR1 and IST. (B) Western blot indicates IST (HA) is expressed in WT and myr1 tachyzoites but is 

absent in ist. GAP45 is used as a loading control. (C) Immuno-fluorescence images of tachyzoite 

(GAP45; green) Pruku80 IST-HA (WT), Pruku80 IST-HA myr1, and Pruku80 IST-HA ist infected 

cells. WT can export IST-HA (HA; white) into the host nucleus (DAPI; blue), whereas there is a loss 

of export in myr1 and no expression in ist infected cells. (D) Pruku80 IST-HA (WT), Pruku80 IST-

HA myr1, and Pruku80 IST-HA ist parasites were differentiated under alkaline conditions for 7 

days before fixation. The absence of MYR1 in bradyzoites (pLDH2-eGFP; green) inhibits the export of 

IST-HA (HA; white) into the host nucleus. White arrows indicate location of infected host nucleus 

(DAPI; blue). (E) (i) The increase in IST-HA mean fluorescence intensity in the host nuclei of WT 

infected cells is lost in myr1 and ist infected host cells (normalised to Pruku80 untagged controls). 

Analysed from immuno-fluorescence imaging (Figure 4.6D) (mean  SD, data points come from 3 

different experiments, each experiment analysed on average between 20-40 bradyzoite cysts; 

unpaired, non-parametric Kruskal-Wallis test with Dunn’s test to correct for multiple comparisons. 

****p<0.0001). (ii) The ratio (nuclear intensity/vacuolar intensity) of IST drops in myr1 when 

compared to WT. Analysed from immuno-fluorescence imaging (Figure 4.6D) (mean  SD, n = data 

points come from 3 different experiments, each experiment analysed on average between 20-40 

bradyzoite cysts; unpaired, non-parametric Mann-Whitney test; ****p<0.0001). Scale bar = 10m. 

Brightness and contrast was edited on single colour channels prior to merging. 
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Figure 4.7 - Bradyzoite exported IST inhibits IRF1 expression 

(A) Pruku80 IST-HA (WT), myr1, and ist parasites were differentiated under alkaline conditions

for 7 days before being treated with 50ng/ml of human-IFN for 15 hours and fixed. Nuclear IRF1 

(IRF1; magenta) protein levels drop to varying degrees in WT infected cells, and this inhibition is lost 

in myr1 and ist bradyzoite (pLDH2-eGFP; green) infected host cells. White arrows indicate location 

of host nucleus (DAPI; blue). White stars indicate location of un-infected host nuclei. (B) The inhibition 

of IRF1 by WT bradyzoites is reversed by the knockout of myr1 and IRF1 levels return to similar levels 

when compared to uninfected and ist infected cells. Analysed from immuno-fluorescence imaging 

and normalised to surrounding uninfected cells (Figure 4.7A) (mean  SD, data points come from 3 

different experiments, each experiment analysed on average between 20-40 bradyzoite infected host 

cells; unpaired, parametric one-way ANOVA test with Dunnett’s multiple comparison; **p<0.002, 

****p<0.0001). (C) RPKM values for IRF1 from data set 2. (D) Fold change of IRF1 expression in 

uninfected (grey), WT (green), myr1 (magenta), ist (blue) bradyzoite-containing cells with and 

without IFN (as compared to uninfected, unstimulated samples). (E) Range of IRF1 inhibition in 

Pruku80 IST-HA (WT) sample from previous figure 4.7A fluorescence imaging data. (F) The 

relationship between the intensity of IRF1 and the intensity of nuclear IST-HA (WT) was modelled 

with a non-linear curve (magenta) using natural splines with 3 degrees of freedom. This could 

significantly explain the relationship between IST-HA and IRFI (p=1.042x10-12) (G) Pruku80 IST-HA 

parasites, that were either differentiated under alkaline conditions for 7 days (bradyzoites) or grown 

in D1 for 15 hours (tachyzoites), and RHku80 IST-HA tachyzoites, were treated with 50ng/ml of 

human-IFN for 15 hours. Samples were fixed and probed with IRF1 and DAPI. Nuclear IRF1 protein 

intensity levels were measure as a proportion of surrounding uninfected cell intensity for both 

uninfected and infected cells (mean  SD, data points come from 3 different experiments, each 

experiment analysed on average between 15-30 bradyzoite cysts or 100-200 tachyzoite vacuoles; 

unpaired, non-parametric Kruskal-Wallis test with Dunn’s test to correct for multiple comparisons. 

****p<0.0001). There was no difference in IRF1 expression between Pruku80 tachyzoites and 

bradyzoites (p>0.9999). However, there is a significant difference between PruΔku80 and RHku80 

tachyzoites. (H) Western blot indicates that IST (HA; green) from Pruku80 IST-HA has a smaller 

molecular weight than RHku80 IST (isolated from lysed tachyzoites). Loading control is GAP45 

(red) Scale bar = 10m. Brightness and contrast was edited on single colour channels prior to 

merging. 
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is significantly inhibited in cells containing WT cysts as compared to bystander cells (white 

arrows; Fig. 4.7A (i) and (ii)). On the other hand, myr1 and ist bradyzoites are unable to 

inhibit IRF1 expression and are comparable to uninfected bystander cells (Fig. 4.7A (i) and (ii)). 

To further analyse the role of MYR1 (and therefore indirectly IST) in the host cell’s response to 

bradyzoite infection, I returned to the second dataset in Chapter 3, derived from myr1 

bradyzoites. Whilst in these experiments additional IFN was not added during the preparation 

of these samples, I observed a difference in the expression of IRF1 between WT-infected and 

myr1-infected cells. In the absence of myr1, the transcript levels of IRF1 is comparable to that 

of uninfected bystander cells (Fig. 4.7B). To verify this, I sorted bradyzoite-infected cells on GFP 

before and after IFN treatment (15 hours), followed by qPCR for IRF1 to monitor transcription 

of the gene. Here it could be observed that IRF1 levels are significantly higher in myr1-

infected cells after treatment when compared to WT; however, unlike the RNA sequencing 

data, IRF levels are not to the same degree as uninfected cells (Fig. 4.7C). The lower levels of 

IRF1 expression in myr1-infected (compared to uninfected cells) could be an underestimate, 

explained by host cell death observed by myr1-infected cells upon IFN stimulation, as 

discussed in section 4.2.3. 

Next I wanted to investigate the degree to which bradyzoites were able to inhibit IRF1 and 

whether inhibition was comparable to tachyzoites. First I looked at the ability of an individual 

cyst to inhibit IRF1 expression (white arrows) and noticed this varied widely between host cells, 

from having no effect to complete inhibition (Fig. 4.7D). I checked whether the variation could 

be explained by the correlation between the amount of IST in the nucleus and the subsequent 

expression of IRF1. The data could be modelled by fitting a hyperbolic curve (blue; Fig. 5e (p = 

1.042x10-12)). As the hyperbolic curve indicates, the level of IRF1 decreases as the amount of 

IST-HA in the nucleus increases; however, there is a point at which high levels of IST cannot 

further decrease IRF1 expression. The variability in parasite induced IRF1 inhibition was also 

noted in the tachyzoite stages of the Pruku80 strain, with no significant difference in the 

degree of inhibition between the two stages (Fig. 4.7F; range 1.069-0.133). Interestingly, the 

type I strain, RHku80, showed a stronger ability to suppress IRF1 with less variability (Fig. 

4.7G). To understand why these differences might have occurred I compared IST from both 

RHku80 and Pruku80 by running on a western blot. I observed a significant size difference 
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Figure 4.8

(A) A gene heat map of log2RPKM expression for the Hallmark gene set IFN gamma response showing all samples

from data set 2 pathway analysis. Expression has been scaled to have mean 0 and standard deviation 1 

for each gene. (B) RPKM values for protein expression of IFN-pSTAT1-GAS induced transcripts from data set 

2. Genes include GBP family proteins (i), APOL family proteins (ii) and others (iii). (C) A gene heat map of

log2RPKM expression for the Hallmark gene set IFN alpha response showing all samples from data set 2 

pathway analysis. Expression has been scaled to have mean 0 and standard deviation 1 for each gene. 

Figure 4.8 - MYR1 affects IFN host pathways 



between RH-derived IST (bigger) and Pru-derived IST (smaller), suggesting there might be 

variations in splicing or a post translation event that could be responsible for the differences 

observed above (Fig. 4.7H). Therefore, the differences in the ability to supress IFN signalling 

between different strains might be a result of IST differences. Clearly transcript sequencing 

and allelic swap experiments would help discern what causes the size difference of IST and if 

it is biologically meaningful. 

In Chapter 3 (section 3.2.4) the Interferon gamma response pathway was one of three Hallmark 

gene sets to be observed as highly altered by bradyzoites and dependent on MYR1 and now, 

given the IRF1 data, I wanted to determine the wider impact MYR1 has on the IFN pathway. 

A gene expression heat map of the Interferon gamma response pathway (Fig. 4.8A) illustrates 

that myr1-infected cells generally have a higher expression of IFN-related genes and cluster 

more closely with uninfected bystander cells than with WT-infected cells, suggesting that the 

majority of transcriptional changes that occur within the Interferon gamma response pathway 

are dependent on MYR1 in bradyzoites. I then chose several genes previously identified via 

CHIP-Seq analysis as IFN-induced pSTAT1-GAS transcripts335 (Fig. 4.8B) and explored their 

gene expression in the bradyzoite RNA sequencing data. I observed the same expression 

pattern as IRF1 (Fig. 4.8B), where expression is suppressed in bradyzoite WT-infected cells but 

not in bradyzoite myr1-infected cells. To visualise the extent of IFN gene suppression by 

bradyzoites, samples (WT, myr1 and ist) would need to be treated with IFN prior to 

sequencing. However, it may be difficult to get enough material for RNA, from myr1 samples 

in particular, considering the cell death phenotype observed. As Matta et al. (2019)254 

identified type I interferons important for in vivo bradyzoite development, I looked further at 

the Hallmark gene set: Interferon alpha response pathway using a heat map (Fig. 4.8C). 

Interferon alpha also sees myr1-infected cells cluster more closely with uninfected bystander 

cells than with WT-infected cells, and can be explained by the shared intracellular signal 

transducer protein STAT1 and the function of IST. Overall, this work indicates that bradyzoites 

are altering the host cell’s response to IFN stimulation via the export of IST through the MYR1 

pathway that persists for at least seven days post differentiation. 
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4.2.4 Protein export is important for survival of bradyzoite-containing cells upon 

IFN challenge 

During the IFN stimulating experiments, I noticed that the number of intact myr1 cysts was 

greatly reduced after IFN treatment, suggesting IFN may cause the death of infected host 

cells. To further investigate the drop in cyst numbers, I performed live cell imaging of WT, 

myr1 and ist over 15 hours following IFN treatment (Fig. 4.9A) and monitored host cell 

death by Propidium Iodide (PI) uptake. Upon IFN treatment I observed that there was a 

significant decrease in the survival of infected host cells when compared to negative controls 

(Fig. 4.9B). Cells containing myr1 cysts had the largest decrease in cell survival (87%), whereas 

WT and ist saw a drop of 28% and 37%, respectively. This equated to no significant difference 

between IFN treated WT and ist cyst numbers at the end of the 15 hour incubation period 

of IFN, whilst loss of MYR1 was significantly different from both WT and ist, suggesting a role 

for other unknown MYR1-dependent exported protein/s in blocking IFN-induced host cell 

death. Analysing the same samples using FACS and monitoring GFP expressed from the 

bradyzoite-specific LDH2 promoter also showed a similar outcome (Fig. 4.9C & D). In stark 

contrast, IFN treatment of cells infected with myr1-tachyzoites did not have a significant cell 

death phenotype, strongly supporting the notion that bradyzoite-infected cells are functionally 

different from tachyzoite-infected cells (Fig. 4.9E). These data suggest that IST alone is not 

accountable for the large volume of cell loss seen by myr1-bradyzoite-containing cells, 

implying other factors contribute to prevent cell death.  

To further investigate the mode of cell death, I observed the morphology of the cysts over the 

filming period and tracked how long it took for cell death to occur. Here I could see that cell 

death was accompanied by PI uptake, which was observed as staining of the host nucleus and 

debris. During cell death, host cells contracted before lysis or cell death occurred (Fig. 4.9A). 

Although some bradyzoites are released from the cyst during the death process, a majority 

remain within the dying cell and in some cases parasites are also observed taking up PI (Fig. 

4.9A; white arrows). For myr1 infected cells, cell death occurred earlier, at approximately 9 

hours post IFN stimulation, and was significantly earlier than those WT-infected cells that died 

(13.65 hours) (Fig. 4.9F). Interestingly, the time of death for ist-infected cells was between 
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Figure 4.9 - Depletion of MYR1 prevents cyst persistence upon IFN stimulation. 

(A) Pruku80 IST-HA (WT), IST-HA myr1, and IST-HA ist parasites were differentiated under 

alkaline conditions for 7 days before imaging. During each experiment (n = 3), between 15-35 parasite 

cysts were imaged every 14 minutes for 15 hours after the addition of PI (red) and 50ng/ml of IFN. 

PI can be seen entering the host cell and bradyzoites (pLDH2-eGFP; green) are released. Some PI 

enters bradyzoites (white arrow) Scale bar = 10m. Brightness and contrast was edited on single 

colour channels prior to merging. (B) The percentage of cyst infected cells that survived the 15 hours 

treatment of IFN drops by almost 90% in myr1 infected cells, significantly more than both WT and 

ist (mean  SD, n = 3 experiments, each experiment tracked between 15-30 bradyzoite cysts; 

unpaired, one-way ANOVA test with Sidak’s multiple comparison test; *p=0.0234, ***p=0.0008, 

****p<0.0001). (C) Pruku80 IST-HA (WT), myr1, and ist parasites were differentiated under 

alkaline conditions for 7 days before being treated with 50ng/ml of human-IFN for 15 hours, 

trypinised and FACS sorted. FACS plot showing gating of eGFP+ cells (red) of WT, myr1, and ist 

bradyzoite infected host cells. (D) Proportion of bradyzoite eGFP+ cells compared to unstimulated 

samples shows a similar pattern to the live imaging data from Figure 4.9B. (mean  SD, n = 6 

experiments, unpaired, one-way ANOVA test with Tukey’s multiple comparison test; **p=0.0011, 

****p<0.0001). (E) Pruku80 IST-HA (WT), myr1, and ist tachyzoites were grown for 15 hours 

before being treated with IFN for 15 hours and dextran sulfate. HFFs were washed, trypinised and 

fixed, before probed with GAP45. Samples were analysed using FACS and there was no difference 

between knockout lines and WT (mean  SD, n = 5 experiments, unpaired, one-way ANOVA test with 

Tukey’s multiple comparison test). (F) Time to cell death in hours from live cell imaging 4.9A; myr1 

infected cells died earlier than both WT and ist (median  95% CI, n = 3 experiments, each 

experiment tracked between 15-30 bradyzoite cysts; unpaired, non-parametric Kruskal-Wallis test 

with Dunn’s multiple comparison; **p<0.01). 
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(A) Compound 1 does not inhibit the parasites ability to egress. Compound 1 (2M) was

added to 7-day-old Pruku80 IST-HA myr1 bradyzoites for 16 hours prior to the addition 

of BIPPO or vehicle (DMSO). Samples were trypinised and fixed, FACS analysed. The 

proportion of bradyzoite-eGFP+ cells compared to DSMO only treated samples (mean  SD, n 

= 3 experiments, unpaired, one-way ANOVA test with Sidak’s multiple comparison test; 

**p=0.0012, ***p=0.0004). (B) The addition of compound 1 does not result in cell death 

recovery. Compound 1 (2M) was added to 7-day-old Pruku80 IST-HA myr1 bradyzoites 

for an hour prior to the IFN addition for 15 hours. Samples were fixed, FACS analysed. The 

proportion of bradyzoite-eGFP+ cells compared to untreated samples (mean  SD, n = 3 

experiments, unpaired, one-way ANOVA test with Sidak’s multiple comparison test; 

****p<0.0001). (C) Intact cysts contain PI (red) positive host cell nuclei (blue) indicating host 

cell death. Compound 1 (2M) was added to 7-day-old Pruku80 IST-HA myr1 bradyzoites 

(green) for an hour prior to the IFN addition for 15 hours. PI was added for 10 minutes 

before samples were washed and fixed. White arrows indicated PI positive parasites. Scale 

bar = 10m. Brightness and contrast was edited on single colour channels prior to merging. 

Figure 4.10 - Depletion of MYR1 induces host cell death upon IFN stimulation. 
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myr1- and WT-infected cells (at approximately 11 hours), further implying that IST alone 

cannot account for the host cell response to IFN during infection.  

Next I wanted to determine if the host cell death was host cell driven or if it was caused by the 

egress of parasites from host cells. The latter would suggest bradyzoites can sense a change in 

the environment upon IFN treatment resulting in egress activation, whereas the former 

implies the host cell initiates cell death in the absence of parasite modulation. To disentangle 

these two pathways I used compound 1, which has been shown to prevent egress by inhibiting 

PKG124,336. I hypothesised that if parasite egress was responsible for the cell death, then the 

addition of compound 1 would result in the recovery of the phenotype. Bradyzoite samples 

were incubated with compound 1 for an hour prior to the addition of IFN (to give compound 

1 sufficient time to diffuse through the cyst wall) and 15 hours later checked for the levels of 

bradyzoite-containing host cells. As a control, I first established that compound 1 was 

functional and able to inhibit bradyzoite egress by inducing egress through BIPPO stimulation 

(Fig. 4.10A). Indeed, compound 1 was able to inhibit bradyzoite egress; however, when 

compound 1 was added to IFN cell death experiments, there was no significant difference in 

cell survival between cells treated with and without compound 1 (Fig. 4.10B). Furthermore, PI 

uptake was observed in bradyzoite-containing cells treated with compound 1 and IFN 

suggesting cell death was still occurring in the absence of parasite lysis (Fig 4.10C; white arrows 

indicate PI-positive parasites). These data indicate that one or more MYR1-dependent 

effectors protect bradyzoite-containing host cells from undergoing IFN-mediated cell death, 

demonstrating the importance of host cell modification during immune challenge, at least in 

early bradyzoite forms. 
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4.3 Discussion 

Secreted and exported effector proteins have been observed during tachyzoite infection, yet 

few have looked into whether such proteins are produced during bradyzoite stages and if they 

are important for infection and persistence. Here I show that IST, expressed from its native 

promoter, is exported by bradyzoites into host cells in a MYR1-dependent fashion, suggesting 

that at least early-stage bradyzoites are capable of protein export and modification of their 

host cell. Furthermore, I show that not only is MYR1 important in export, it is vital for the 

parasites persistence in the face of IFN stimulation. Given that IST represses STAT1 signalling 

during IFN stimulation174,175, these data suggest that IST could be important for bradyzoite 

persistence in muscle and CNS tissue, a line of enquiry future in vivo studies could focus on.  

It has recently been reported, using a conditional expression system, that encysted bradyzoites 

are incapable of exporting proteins298, which appears contradictory to my work. Here the 

authors tested protein export in bradyzoites by turning on the expression of tachyzoite 

proteins GRA16 and GRA24 using the tetON regulation system187, five days post in vitro 

differentiation. These effectors accumulated within the boundaries of the cyst wall, suggesting 

that protein export might not occur at bradyzoite stages. The authors suggest this could be 

because GRA16 and GRA24 are either not required during chronic stages, or the cyst wall 

creates a physical barrier to protein export, or that bradyzoites lack a function translocation 

complex298. In contrast, I monitored all protein export from native promoters and showed that 

GRA24 is not expressed at all in bradyzoite stages, whilst GRA16 appears to be lowly expressed 

but not exported. In the case of GRA16, the experiments reported in my thesis are in line with 

the Krishnamurthy and Saeij (2018)298 study. Conversely, in bradyzoites I see an increase in IST 

expression by RNAseq and a similar level of export in seven-day-old bradyzoites when 

compared to tachyzoites. IST was detected in host cells that were both infected with 

tachyzoites and subsequently differentiated into bradyzoites, and in samples where isolated 

bradyzoites were re-infected onto new host cells at both early and late time points. Together 

with the transcriptional data showing increased expression of IST I am confident that early 

stage bradyzoites are capable of producing and exporting IST into the host cell nucleus.  
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The capacity for bradyzoites to export IST was validated by another study that focuses on host 

nuclear levels of GRA16, GRA24, GRA28 and IST337. In the Mayoral et al. (2020)337 study 

parasites were pre-differentiated in vitro and lysed bradyzoites were then inoculated onto new 

coverslips before protein levels were measured via microscopy. In agreement with my data, 

Mayoral et al. (2020)337 found that IST was exported in newly infected cells, but, in conflict with 

my data, nuclear IST levels decreased over time, although levels were still statistically higher 

than uninfected samples. The difference between the two studies may be due to the different 

post-microscopic analysis. Mayoral et al. (2020)337 normalise the levels of IST in the nucleus to 

uninfected nuclei, whereas I take a ratio of the amount of IST in the nucleus verses the amount 

of IST in the vacuole. By taking a ratio, I am able to account for an overall change in IST 

expression over time and normalise IST variation between the parasite’s differing intrinsic IST 

production, which both Mayoral et al. (2020)337 and I have shown. 

Neither Mayoral et al. (2020)337 data or my data truly addresses is whether translocation of IST 

occurs across the cyst wall. It remains possible from my experiments that all IST observed in 

the host cell nucleus of 7 day old bradyzoites is exported before the production of the cyst 

wall. For this to be true IST would have to be extremely stable and have a low turnover rate; 

which would enable IST to stay at the levels we observed in tachyzoites after 7 days of 

differentiation. A long half-life is not unheard of with some structural proteins lasting 

decades338,339. From our current knowledge, IST is an intrinsically disordered protein (IDP)175 

and evidence suggests a protein’s overall degree of disorder is correlated with higher a 

turnover rate340. However, during infection IST is found in a complex with STAT1 dimers and 

Mi-2/NuRD174, and evidence shows that complex formation increases the half-life of IDPs by 

concealing the IDP from degradation machinery341. Radioactive pulse-chase342 or fluorescence 

bleaching343 experiments can be used to determine a protein’s half-life. In the context of IST, 

there remains several technical hurdles to overcome before the half-life can be addressed 

using these methods. For example, IST has host protein binding partners and previous 

pulldown experiments show that some of these binding partners (in particular STAT1 and 

pSTAT1) run at the similar molecular weight as IST174, making it difficult to distinguish host 

proteins from IST. Fluorescence bleaching experiments would require the binding of a 

fluorophore to IST; however, fluorophores, like GFP, are structured proteins and previous data 

on protein export via MYR1 shows that highly structured proteins fused to the end of GRA16 
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block the export process290. Blockage would prevent the recovery stage of the experiment and 

one could not be sure if export was inhibited because of the cyst wall or because of the fusion 

protein.  

Mayoral et al. (2020)337 use a Di-Cre based system to tackle the half-life of IST. In their study 

IST is flanked by two LoxP sites in a DiCre expressing parasite line. After 24 hours in 

differentiation media, rapamycin is added and enables DiCre to excise IST from the genome. 

Four days post rapamycin addition all protein production is lost and there is no IST in the host 

nucleus. Their data indicates that the half-life of IST is at the most four days, suggesting that 

the IST in my analysis must be either be continuously exported or newly produced. Newly 

produced IST could be due to bradyzoite lysis, which can occur during the in vitro 

differentiation process. Lysis would result in new cell infections and subsequently IST export 

before the cyst wall is established. If lysis and reinfection did occur, IST export would be 

negatively correlated with an increase in the cyst size or parasite GFP intensity, which I do not 

observe. The other possibility is that there is something unique about IST that allows for its 

export across the cyst wall in bradyzoites but not GRA16 and GRA24. The only known trafficking 

element in some exported proteins is the TEXEL motif268,280, but this cannot explain the export 

differences observed given the motif is present in both GRA16 and IST175,176. Furthermore, 

Krishnamurthy and Saeij (2018)298 enforced expression of two proteins (GRA16 and GRA24) 

that are, according to my data not produced by bradyzoites, whereas it is apparent that IST is 

produced. This might cause unknown problems and may help to explain the export inhibition 

observed in the study. The best way to determine if IST can cross the cyst wall is to create a 

conditional system, either through an inducible promoter  or promoter replacement with a 

bradyzoite specific promoter, which is now a focus of the lab.  

If IST is not exported beyond the cyst wall, its continued expression in bradyzoites and the 

ability for lysed bradyzoites to export IST could be important for the parasite to establish new 

bradyzoite infections by continued immune evasion. IST is effective in inhibiting IFN signalling 

when it is delivered prior to IFN-γ activation, therefore it may be especially important during 

infection of naïve cells174. Bradyzoites encounter naïve cells at two points in Toxoplasma’s 

lifecycle: 1) during reactivation where free bradyzoites may be released in to the surrounding 

tissue and invade new host cells, and 2) after cysts have been consumed by a new host, where 
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bradyzoites will encounter naïve epithelial cells. The bradyzoite’s ability to skew the immune 

system at the initial stages of infection might be key to Toxoplasma’s capacity to infect new a 

host. In addition, IST interacts with DNA and recruits the Mi-2/NuRD complex174,175. Altering 

the chromatin structure could result in long lasting inhibitory effects long after IST has 

diminished.  

To determine if the export of IST from bradyzoites continues to impact its host, I looked at the 

expression of transcription factor IRF1, which is expressed in a IFN dependent fashion. IRF1 is 

blocked by the presence of IST, which implies that, at least at the early timepoints (7 days), 

bradyzoites continue to have the ability to block IFN signalling just as well as tachyzoites. From 

Chapter 3, RNA sequencing data shows that expression of IFN- and IFN-related genes 

globally decreases in bradyzoite-containing cells when compared to uninfected bystanders 

(presumably by exported IST). Upon the loss of MYR1, the manipulation of both IFN- and IFN-

mediated gene expression is lost, and bradyzoite-containing cells mimic uninfected cells from 

the same culture. However, my data also indicates that IST alone does not appear to protect 

bradyzoite-containing host cells from IFN-mediated cell death. 

The parasite’s ability to interfere with the IFN-axis is important because it is the host’s key 

mechanism in controlling Toxoplasma infection in vivo125,239. The mechanism by which IFN 

does this in vivo is not fully understood. Through in vitro analysis of human and murine cells, it 

has been suggested that IFN induced cell death or nutrient depletion might play a role during 

acute stages188,228. My data suggests that during chronic infection IFN may also play a role 

initiating cell death as an anti-microbial defence mechanism. Fibroblasts containing MYR1-

knockout bradyzoites undergo cell death upon IFN stimulation, whereas cell death is not 

observed in tachyzoites. Furthermore, I show cell death occurs in the absence of parasite 

egress, suggesting the process is host cell driven. This implies that bradyzoites may work to 

block IFN-mediated host cell death. It is speculated that in tachyzoite-infected macrophages 

cell death may occur by pyroptosis initiated by the release of PAMPs following GBP-induced 

PVM breakdown in human cells188, but the type of cell death observed in IFN-primed HFFs344 

remains undetermined and apoptosis could be equally likely. Although type II tachyzoites 

lacking IST are more susceptible to clearance after and before the addition of IFN in murine 
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macrophages174,175, the death phenotype I observed is not solely controlled by IST. This implies 

that there could be other parasite effectors in play during chronic stages. 

Alternatively, the cell death of myr1-bradyzoite-containing host cells could be explained by 

the absence of tachyzoite effector export during the early stages of infection. By knocking out 

MYR1 I remove the entire repertoire of MYR1-dependent effector proteins at all stages, not 

just potential export at bradyzoite stages. Key effector proteins (like IST or GRA16) may need 

to be exported at tachyzoite or early-bradyzoite stages, potentially before the cyst wall is 

formed, for the parasite to benefit from their protection long into chronic stages. Tachyzoites 

have a range of available host manipulators other than MYR1 exported GRA proteins, including 

rhoptry proteins and PVM-localised cytosol-facing GRA proteins, that are unlikely to impact the 

host cell after differentiation. For example, it has been shown that GRA15 inhibits IFN cell 

death in macrophages infected with type II tachyzoites26,224, but GRA15 is not found within the 

cyst wall134, and its expression levels are significantly lower in bradyzoite stages (RNA 

sequencing, Chapter 3). The absence of GRA15 (and other effector proteins) during bradyzoite 

stages may not severely impact the survival of WT parasites unless it is also paired with the 

loss of MYR1, leaving host cells susceptible to cell death. It may simply be the collective 

absence of parasite-derived effector proteins from all areas in myr1-bradyzoites that results 

in host cell death upon IFN stimulation.  

The afore described model can also explain the different response to IFN stimulation between 

myr1-tachyzoites and myr1-bradyzoites, because myr1-tachyzoites continue to be 

protected from cell death by other host-manipulation avenues (e.g. ROP effects) unlike myr1-

bradyzoites. Further studies should look into whether IFN-induced cell death occurs in 

physiologically important bradyzoite reservoirs such as neurons. The neuron signalling 

response to IFN is not well understood345; however, in vitro studies of primary neurons 

(murine) show neurons can respond in both canonical (STAT1-dependent) and non-canonical 

(STAT1-indepedent) ways to IFN346. Furthermore, there are reports of IFN induced neural 

clearance of pathogens in a non-lytic manner347-349, suggesting IFN-induced cell death as an 

anti-microbial tool in neurons is not out of the realm of possibility. 
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In comparison to IFN, type I IFNs appear have a secondary role in managing tachyzoite 

growth241,255,256. However, recent evidence suggests type I IFNs could be more important in 

controlling chronic infection254. Type I IFN(a, b, l) signalling and transcription is induced by the 

dimerization of STAT1 with STAT2 after the phosphorylation of both240. A recent study looking 

into the effects of IST on type I signalling during Toxoplasma infection showed that IST can also 

bind STAT1/STAT2 dimers and, through the same mechanism described for IFN, blocks the 

expression of IFN induced genes254. Matta et al. (2019)254 show that mice lacking the type I 

IFN receptor, IFNAR1, have a higher cyst burden in the brain and in vitro experiments with CNS 

immune cells lacking IFNAR1 are unable to control parasite growth. This implies IST may have 

an important role in the Toxoplasma’s ability to establish and maintain a chronic infection in 

the brain. 

To further understand how much protection is provided by tachyzoite effectors verses 

hypothetical bradyzoite effectors, a conditional-system controlling the transcription of MYR1 

will need to be used. Not only could a conditional MYR1 line help determine the importance 

of stage-specific export, it also enables further in vivo studies. Parasite lines lacking MYR1 are 

avirulent in acute stages279 and have a lower cyst burden in the brain311. Without a conditional 

system it is unclear what proportion of the low cyst count is due to fewer tachyzoites reaching 

the brain and what proportion is due to myr1-cyst-containing neurons succumbing to an 

inflammatory environment204. If bradyzoites need MYR1 (and therefore protein effector 

export) to persist during chronic stages, I would expect to see a decline in the cyst burden over 

time with a conditional-system that switches off bradyzoite MYR1 expression. By uncovering 

the cell death pathway initiated upon IFN stimulation in neurons and how the parasite inhibits 

this is important in understanding how the chronic stages persist in vivo.  
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4.4 Additional Methods and Materials 

4.4.1 Plasmid constructs, transfections and parasites lines 

As per Chapter 3, all genes were modified at the endogenous locus using the CRISPR/Cas9 

system in Pru ku80 hx (Pruku80 ) only. Briefly, protospacers in the pSAG1::Cas9-

U6::sgUPRT200 and pU6-Universal::mCherry199,280 plasmids were replaced with gene-specific 

guides targeting either at the 3’ end of the gene (epitope tagging) or within the first exon 

(knockout generation).  

HA-epitope tagging target genes 

Pruku80 hx GRA16 and IST were previously HA-tagged at the endogenous locus by a 

previous PhD student in the lab but were not used in his work, but similar methods can be seen 

in his published work280,282. Briefly, parasites were co-transfected with 10 g of CRISPR/Cas9 

guide plasmids (pSAG1::Cas9-U6::sgGRA16 (G#4) and pSAG1::Cas9-U6::sgIST (G#6) and 80 g 

of homologous repair (HR) constructs that contained an HA-epitope and a minimum of 30 bp 

homology on the 3’ ends of the dsDNA fragment (Fig. 4.3B (i)). HR constructs for GRA16 were 

made following the procedure outlined in Coffey et al. (2015)280. For IST, HR constructs were 

made by annealing two complementarity oligos (OligoP#3 & OligoP#4) together in IDT-duplex 

buffer and heating to 98°C for two minutes and cooled to room temperature199. In both cases, 

these procedures resulted in HA epitope tagged parasites lines with no drug selectable 

markers.  

I tagged GRA24 using the same method as for MYR1-HA in Chapter 3. A CRISPR guide targeting 

the 3’ end of the gene (G#5) was inserted into the pSAG1::Cas9-U6::sgUPRT plasmid using the 

forward primer P#7 by Q5 sitedirected mutagenesis (NEB). The pSAG1::Cas9-U6::sgGRA24 

plasmid was co-transfected with a pLIC-3xHA-HXGPRT282,314 amplicon with 30 bp HR 

(underlined) on either side of the CRISPR/Cas9 cut site (AmpP#11 & AmpP#12) (Fig. 4.3B (ii)). 

10 g of CRISPR/Cas9 plasmid was combined with up to 30 g of amplicon for transfection. 

Transfected populations were selected with three rounds of 50 g/mL xanthine and 25 M/mL 

mycophenolic acid315 before cloning. Positive clones were determined by immunofluorescent 

imaging. 
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Generating myr1 and ist knockouts. 

Both myr1 and ist were knocked out in the Pruku80 hx ist-HA parasite by homologous 

recombination paired with CRISPR/Cas9 which targets the first exon in myr1 and within the 

first 350 bp of IST (a 2532 bp sequence). For MYR1 the same guide and plasmid was used as 

described in section 3.4 but this round it was co-transfected with up to 30 g of 

pLoxP::pDHFR::mCherry (Fig. 4.6A)201 DNA, amplified by PCR to incorporate 30 bp of homology 

on either end (AmpP#13 & AmpP#14). IST was knocked out in the same manner; the guide 

(G#7) was integrated into the pSAG1::Cas9-U6::sgUPRT plasmid by Q5 site-directed 

mutagenesis (NEB) using P#8, and co-transfected with 30 g of pLoxP::pDHFR::mCherry 

amplified using AmpP#15 & AmpP#16 which incorporate 30 bp of homology to either side of 

the cut site in IST. After transfection, both lines were selected with 1 M pyrimethamine350 for 

a minimum of 2 cycles and cloned out. 

APEX2 construct 

The pBTM::TUB::sag1gpi-apex2-myc plasmid was designed, crafted and kindly gifted to us by 

Dr. Giel van Dooren and Dr. Azadeh Seidi (Australian National University). In this construct, 

APEX2 is tagged with a MYC epitope and this is attached to the SAG1 gene lacking its GPI 

anchor; the resulting fusion protein is driven by the Tubulin promoter. This plasmid was 

transfected into the Pru-Toxofilin-Cre (Pru) line and selected on Ble using the protocol 

previously set out for phleomycin351. 

4.4.2 APEX2 driven biotinylation  

The overall process was adapted from Seidi et al. (2018)327. Extracellular tachyzoites were 

harvested from a full lysed T25 culture flask, filtered using a 5 M filter (Sartorius stedim) and 

resuspended in D1. An MOI of 1 was used to inoculate intracellular tachyzoite samples and 24 

hours later biotin-phenol was added to the flask. Bradyzoite samples were inoculated with an 

MOI of 0.2 and differentiated in vitro for seven days before biotin-phenol addition. Biotin-

phenol was produced in house by Dr. Nicole McKenzie from Assoc. Prof. Ethan Goddard-
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Borger’s laboratory, diluted in DSMO and added to samples to a final concentration of 1mM. 

Tachyzoites were incubated for 1 hour and bradyzoites were incubated for 2 hours, both at 

37oC. After the incubation period, biotinylation was initiated by the addition of H2O2 at a final 

concentration of 1mM and incubated at RT for 45 seconds. To quench the reaction, samples 

were immediately spun at 12,000g for 30 seconds to pellet parasites and remove the 

supernatant, which was quickly followed by four rounds of five-minute washes with quenching 

solution (10 mM sodium azide, 10 mM sodium ascorbate, and 5 mM Trolox in PBS). Imaging 

samples were quenched in the culture dish using the same process before fixation and 

followed by the standard IFA protocol (section 2.5) using Streptavidin conjugated with Alexa-

488 to probe for biotin. Cell pellets are washed with PBS before being lysed in RIPA lysis buffer 

(Table 8) which was supplemented with quenching agents. Protein concentration was 

determined by Pierce BCA Protein Assay Kit (Thermo Fisher Scientific) as per manufactures 

instructions. From here samples can be used for western blot analysis or to the pulldown step. 

For the pulldown, 500 l of Pierce™ Streptavidin Magnetic Bead (concentration of 4-5 mg/mL; 

NEB) slurry was washed with RIPA lysis buffer twice before 4 mg of total protein sample was 

added to a final volume of 1 mL. Samples were incubated on a gentle rotation for 1 hour at RT. 

Using a magnetic stand, samples were washed twice with RIPA lysis buffer, once with 2 M urea 

(in 10 mM Tris-HCl pH 8.0), and one more time with RIPA lysis buffer before being eluted in 

10mM Tris-Cl (pH 8.5 in water). Samples were collected for western blot (see section 2.6 for 

western blot process) analysis at every step and probed with NeutrAvidin-HRP.  

4.4.3 Microscopy and export and IRF1 quantification 

See section 2.5 for immunofluorescence assay (IFA), imaging and data quantification details. 

Specific to Chapter 4 is the IFA for IFN cell death using compound 1 (Fig. 4.10C). For this IFA, 

treated cells were incubated with Propidium Iodide (PI) for 10 minutes in a final concentration 

of 0.05mg/ml (Merck). Samples were washed three times (with PBS) prior to fixation and 

permeabilised as described in section 2.5. Other than the addition of DAPI, no other markers 

were used in this experiment. 
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4.4.4 Interferon gamma stimulation 

Human IFN 285-IF (R&D systems) was added from a 50 µg/µL stock solution to a final 

experimental concentration of 50 ng/µL. Tachyzoites samples were inoculated for 20 hours 

before a 15 hour stimulation in D1. Bradyzoites were stimulated for 15 hours after 7 days in 

differentiation media.  

 

4.4.5 Reverse transcription qPCR 

Bradyzoites were differentiated for seven days before IFN stimulation. Prior to RNA 

extraction, HFFs were washed with PBS, dislodged with trypsin, and GFP+ cells were collected 

by sorting on a BD Influx (361) cell sorter (BD Biosciences). Uninfected cells also went through 

this process. Total host and parasite RNA was extracted using the RNeasy kit (Qiagen) and 

reversed transcribed to cDNA using SensiFAST cDNA Kit (Bioline) following the manufacturer’s 

instructions on a T100 Thermal Cycler (BioRAD). 

Host IRF1 was amplified using previously validated primers (AmpP#17 & AmpP#18)174 and the 

human housekeeping gene, HPRT, was used as the reference gene (AmpP#19 & AmpP#20). 

Primers were used at 2 M in a final reaction volume of 10 L, which contained 2uL cDNA and 

1x SYBR green (Applied Biosystems). Samples were run for 40 cycles on a C1000 Thermal Cycler 

(BioRAD). 

Relative IRF1 expression was normalised against HPRT expression using the efficiency-

corrected ΔΔCt method352 and is presented as fold change in expression levels as compared to 

uninfected, unstimulated samples. Three independent biological replicates of each condition 

were obtained.  

4.4.6 Live cell microscopy 

Parasites were cultured and differentiated as described above in a 35mm polymer coverslip 

dish (Ibidi) for 7 days. 100 L of Propidium Iodide (PI: 1 mg/mL; Merck) was added to 2 mL of 

fresh differentiation media and either 50 ng/µL of human IFN 285-IF (R&D systems) was added 
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or not. Between 15-25 cysts were tracked every 14 minutes for 15 hours (overnight) on a Lecia 

SP8 confocal using resonant scanning. 

4.4.7 Flow cytometry 

Bradyzoites were differentiated as described in section 2.3 and after 7 days in differentiation 

media cells were stimulated for 15 hours with IFN 285-IF (R&D systems), prior to being 

dislodged with trypsin, fixed with 4% v/v paraformaldehyde in PBS for 10  minutes and 

resuspended in PBS for flow cytometry. A minimum of 1x103 cells were analysed using a BD 

LSR WII cell analyser (BD Biosciences) and the proportion of eGFP+ between unstimulated and 

stimulated cells was calculated. In addition to IFN stimulation, Tachyzoites were also treated 

with 25 mg/mL dextran sulphate (Sigma) to prevent reinvasion353. Tachyzoite samples were 

dislodged with trypsin, fixed with 4% v/v paraformaldehyde/PBS for 10  minutes and 

permeabilised in 0.1% v/v Triton X-100/PBS and blocked in 3% w/v BSA/PBS for 1  hour at RT. 

Samples were incubated in primary antibody, αGAP4553, overnight at 4°C, PBS washed, and 

incubated at RT for 1 hour with α-rabbit Alexa-594 conjugated secondary antibody (Invitrogen) 

before analysis.  

4.4.8 Compound 1 and BIPPO treatment 

Compound 1 was added to a final concentration of 2 μM an hour before the addition of IFN 

and left in the solution for the remainder of the IFN treatment period124. This is the same 

procedure used for immunofluorescence images of compound 1 treated cells. BIPPO (5-Benzyl-

3-isopropyl-1H- pyrazolo[4,3- d]pyrimidin-7(6H)-on) was added to a final concentration of 1μM

and incubated for 7 minutes before cells were harvested354. 
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4.4.9 Statistical analysis 

The relationship between the intensity of IRF1 and the intensity of nuclear IST-HA was 

modelled with a non-linear curve (polynomial) using natural splines with 3 degrees of freedom 

using RStudio. 
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Chapter 5: Conclusions 
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5.1 Opening Remarks 

As an intracellular pathogen, Toxoplasma is continuously encountering hostile environments 

induced by the host’s defence mechanism. Over the last two decades, the field has worked to 

elucidate the consequences of Toxoplasma infection on the host cell and the molecular 

mechanisms used by the parasite to mitigate the host’s defences. It was clear that the parasite 

inhibited some host cell responses while activating others, including subverting the immune 

system355 and modifying the cell’s morphology162 and behaviour 150,356. Underpinning many of 

these changes were alterations in the host’s transcriptional response, which is immense167,184. 

The degree of parasite interference was not fully understood until the identification of parasite 

proteins that directly affected the host’s transcript profile355. Specific transcriptional 

alterations were linked to virulence23,171,242,252 and initial studies focused on finding parasite 

factors responsible for the difference in strain virulence. By studying the progeny of avirulent 

and virulent strains using QTL28, multiple discoveries were made that expanded the field’s 

understanding on the mechanisms around host-pathogen interactions and the extent of host 

manipulation during Toxoplasma infection. It became clear that Toxoplasma secreted effector 

proteins into the host cell at different stages of the lytic life cycle: rhoptry proteins were 

injected during invasion, and the dense granules secreted and exported proteins for the 

remainder of the cycle72. Both groups of proteins interacted with host proteins, some altering 

the host transcriptome, and often these effector proteins were responsible for the subversion 

of the host’s immune response163. 

Due to the nature of Toxoplasma virulence, proteins identified in strain crosses were limited 

to tachyzoite-specific host interactions because bradyzoites do not influence virulence. 

Virulence studies led to a considerable expansion in the field’s understanding of tachyzoite 

infection and the mechanisms used for tachyzoite’s survival. In contrast, knowledge around 

bradyzoites and their interactions with the host cell has been largely neglected, despite being 

an important reservoir for transmission and reactivation. Neglect was likely driven by three 

main factors. Firstly, the dogma that bradyzoites were dormant, and therefore did not interact 

with the host, plagued the field until a study by Watts et al. (2015)44 showed once again that 

bradyzoites were indeed dynamic, both replicating and lysing during this long stage of 

infection. Secondly, the straightforward nature of tachyzoite culture in vitro meant tachyzoite-
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host investigations could proceed without the complexities and reservations that often 

accompanied in vitro bradyzoite differentiation118. In fact, our molecular understanding of 

bradyzoite differentiation and how it could be manipulated in vitro for research was, until this 

year119, an enigma. Despite the BDF1 advancement, true in vitro differentiation is still in its 

infancy. Finally, the cyst wall is quoted as being impenetrable229; however, it seems unlikely 

that a parasite that scavenges nutrients for its survival develops an insurmountable wall. It is 

easy to speculate that bradyzoites also need a permeable wall to enable protein secretion 

across into the host cell to influence the host response and support their long-term 

persistence, much like tachyzoites.  

Therefore, the aim of my thesis was to obtain a more comprehensive understanding of host-

pathogen interactions between the host cell and Toxoplasma bradyzoites by determining the 

mechanisms bradyzoites use to establish and maintain life-long infection. Specifically, my 

thesis has focused on characterising the host transcriptional changes induced by bradyzoite 

infection, resolving if and what parasite export factors could be responsible, and determining 

the relevance of these changes it the context of bradyzoite persistence. To this end, I have 

concluded that: 

• Bradyzoite impacts on host transcription are distinct from tachyzoites, as presented in

Chapter 3

• Bradyzoites produce and export effector protein IST to skew IFN responses, as shown

in Chapter 4

• And that export of effector proteins is important in bradyzoite stages for their

survival, as discussed in Chapters 3 and 4

My thesis has shed light the importance of exported parasite proteins in Toxoplasma and the 

role these proteins have on the parasite’s capacity to modify the host cell for its benefit, not 

only during the tachyzoite lytic cycle but also into the long-lived bradyzoite stages. 

Transcriptional data of MYR1 knockouts indicate that export is important in modulating host 

cell responses to bradyzoite infection, especially in immune related pathways like type I and II 

IFN. This is further validated by data from Chapter 4 which shows the presence of MYR1 is 

important in preventing host cell death upon IFN signalling and that the potent inhibitor of 

STAT1, IST, continues to be produced and exported by bradyzoites.  
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5.2 Models of export supporting bradyzoite survival 

What my thesis has been unable to tease out is at exactly what point protein export is critical 

for bradyzoite survival. To help answer this question, I propose three models to explain how 

protein export could impact the bradyzoite’s long-term survival. These ideas have been 

informed by my data (and others) and parts have been mentioned throughout my thesis as 

likely explanations for observations, but I have merged these models here to form three 

cohesive ideas. The first model focuses on tachyzoites as the only source of exported proteins 

and host modification, the second explores the idea bradyzoite-specific exported proteins 

being trafficked across the cyst wall, and the final model considers a position somewhere 

between these two extremes. These models are all underpinned by the debate around cyst 

wall permeability to parasite proteins, where the first and last models assume no protein 

export occurs across the cyst wall, while the second explores the idea that export can occur 

across the cyst wall.  

5.2.1 Model 1: Tachyzoites export effector proteins that support chronic infection (fig. 5.1A) 

During infection, tachyzoites disseminate and infect tissues that will eventually harbour 

bradyzoite cysts. Therefore, it’s highly likely that tachyzoites modify the host cell to setup the 

environment the continued growth and survival of bradyzoites. During tachyzoite infection 

three groups of effector proteins are employed: injected ROP proteins, PV/M bound GRA 

proteins and exported GRA proteins. To prevent clearance, rhoptry proteins may be needed 

instantaneously to counter the rapid first line defence of the host. The single secretion of these 

proteins could be either because the proteins are so efficient in their function only one 

secretion event is required, or that ROP effects on the host are not required in the long term 

once DG proteins have started to secret. On the other hand, GRA proteins appear to be 

required for the length of tachyzoite infection as they are observed through-out the three-day 

infection. GRA effector proteins that are confined to the PV and its membrane might not be 

exported because these proteins have secondary roles, like within the IVN network (e.g GRA12 

& 6)135,208,209. Whereas GRA exported proteins have only one function; to modify the host cell 
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Figure 5.1 – Models of export supporting bradyzoite survival 

The three models discussed in section 5.2 in a schematic presentation. 

(A) Model 1 - Tachyzoites export effector proteins that support chronic infection. Rhoptry (dark

pink square), dense granule PVM proteins (dark pink stars) and exported effector proteins (hot 

pink and baby pink) are present during tachyzoites stages (parasites). (i) Some of these proteins 

have short half-lives or are integrated into the cyst wall and their effects are diminished when 

parasites develop into bradyzoites (green). Some exported dense granule proteins may have 

long term effects on the host enabling continued bradyzoite survival despite no bradyzoite 

export of effector proteins. (ii) When tachyzoite export is inhibited (e.g. MYR1 knockout), the 

loss of both short term and long-term effectors during bradyzoite stages prevents parasite 

persistence.  

(B) Model 2 - Bradyzoites export unique proteins across the cyst wall. Both tachyzoites and

bradyzoites are able to export effector proteins across their host-pathogen barriers. Some of

these proteins are stage specific (baby pink, dark pink squares & stars, green square and light

green circle) and others are expressed in both stages (hot pink).

(C) Model 3 - Bradyzoites export proteins before the establishment of the cyst wall. Bradyzoites

are unable to export effector proteins across the cyst wall; however, they are able to export 

proteins during invasion (green square) and initial stages of infection (dark green, and light 

green circle). These proteins are likely bradyzoite specific proteins.  
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and their continued secretion prevents protein turnover, guaranteeing a sufficient amount of 

effector protein within the host cell.  

Both the absence of early secreted ROP, and/or the diminishing effects of GRA proteins over 

time could result in an increase in the host’s susceptibility to defence signals, consequently 

changing the transcriptome of cells harbouring developing bradyzoites. When a tachyzoite 

infection develops into a longer infection, we could hypothesise that it’s less likely the 

transcriptome effects originating from rhoptry proteins still impact the host cell. As the chronic 

infection progresses and the cyst wall becomes established, GRA protein effects start to 

become impacted. PV/M GRA proteins could be incorporated into the matrix and can no longer 

function as effector proteins, further decreasing the transcriptional changes observed in 

tachyzoites. Finally, the decrease of functional ROP17278,292 and the potential incorporation of 

MYR1 (and other translocon complex proteins) into the cyst wall matrix134,135 would prevent 

the export of effector proteins. Inhibiting protein export by building a cyst wall could be a 

mechanism used by the parasites to remain hidden in the cyst, leaving the cyst wall as a 

physical barrier to internal cell defence mechanisms. The combined loss of all of these effector 

proteins, contributes to the overall decrease of transcriptional changes during bradyzoite 

infection observed in Chapter 3. Furthermore, the lack of tachyzoite effector protein 

expression and export in bradyzoite stages could consequently change the host transcript 

profile to one that looks unique to bradyzoites, as seen in my data. 

However, there are overlaps between the two stages in the transcriptional profile, specifically 

in IFN pathways. I show that IST is indeed still present in the host nucleus and functional in 

bradyzoite stages. Although in this model there is no export in bradyzoite stages, IST could be 

from tachyzoite stages and result in the continued alteration of these pathways. In tachyzoites, 

IST export levels are steady as parasites numbers increase. A consistent level of IST could 

suggest that either IST is exported in one burst and remains in the host cell for the remainder 

of the three-day infection, or a decrease in the surface to volume ratio as the PV grows means 

the translocation is the limiting factor despite an increase in overall IST. It is possible that IST 

has a half-life of three days337 but a protein with a half-life of seven days is unheard of in 

Apicomplexa (to my knowledge). An extremely long half-life is not unheard of in other 

eukaryotes, with some cell types that have proteins with half-lives in the range of 21 days and 
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some structural proteins with turnover rates in the range of years343. However, the more 

likely explanation is that IST causes prolonged host transcriptional modulation as a result 

of the recruitment of the Mi-2/NuRD complex and the consequence of Mi-2/NuRD driven 

chromatin modifications. This would enable continued survival even in the absence of 

parasite protein export after the cyst wall is established, like what is seen in WT-

bradyzoite containing cells when treated with IFN (Fig. 5.1A(i)). 

When GRA protein export is blocked at tachyzoites, these long-term protective effects are no 

longer present in bradyzoite-containing cells which can now respond to death and immune 

signals. This is characterised by the similarity of the transcriptional profile between host cells 

harbouring bradyzoites and uninfected bystanders, and the ability of host cells to initiate cell 

death processes. This again is observed heavily in IFN pathways, which supports the idea that 

IST’s effects continue to impact the host cell into bradyzoite stages. Unlike 

bradyzoites, tachyzoites lacking export continue to be protected by the effects of rhoptry 

proteins and PV/M bound dense granules, but the collective absence of all parasite derived 

effector proteins in bradyzoites results in host cell death upon stimulation (Fig. 5.1A(ii)). 

5.2.2 Model 2: Bradyzoites export unique proteins across the cyst wall (fig. 5.1B) 

Alternatively, bradyzoites could be exporting bradyzoite specific effector proteins across the 

cyst wall, using the same MYR1 dependent pathway. It’s been consistently shown that 

bradyzoites express proteins unique to this stage, including isoforms of tachyzoite proteins 

that have a similar (if not the same) function105,357. Bradyzoites and tachyzoites have different 

lifestyles (slow growing and long-lived versus fast growing and destructive, respectively) and 

thus may require unique strategies to manipulate the host’s response. The export of 

unique bradyzoite proteins beyond the cyst wall could explain the unique transcriptional 

profile seen in bradyzoite-containing cells. Although, cyst wall export has been 

controversial, evidence around the cyst wall’s permeability has not excluded export nor has it 

been definitive against export132,298,337. Translocon components, like MYR1, are expressed in 

bradyzoites stages and are present with the cyst wall which could allow for protein 

translocation134,337. The export signal remains undefined for both tachyzoite and potential 

bradyzoite exported proteins. This 
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opens the possibility of a bradyzoite specific signal that targets proteins for continued export 

during bradyzoite stages, including those that are also present in tachyzoites. IST could be one 

of these proteins, as IFN pathways continue to be impacted during bradyzoite stages, it 

continues to be expressed in bradyzoites and is exported at the same levels as tachyzoites. 

With a potential half-life of between three-four days337 IST would need to be continuously 

exported across the cyst wall to keep protein levels at a critical mass for function during chronic 

infection.  

It is likely IST is not the only bradyzoite exported protein, as its absence does not fully account 

for the host cell death phenotype observed with IFN stimulation. This suggests there might 

be unknown bradyzoite proteins in addition to IST that inhibit IFN signalling and/or cell death. 

I should mention that, throughout this thesis, I have continuously used transcription as a 

marker of effector protein export and host manipulation; however, transcription modification 

is not the only means of parasite manipulation. Proteins that mechanically block death 

pathways, rather than altering the host’s transcripts, do exist in other pathogens285,294,306,310. If 

this is the case in Toxoplasma, the expression of such proteins in bradyzoites may explain the 

lower levels of transcriptional changes in WT bradyzoite-containing cell, but still account for 

continued protection. If these hypothetical proteins are also specific to bradyzoites, it could 

account for the differences seen in cell death between tachyzoites and bradyzoites. The 

absence of MYR1 in bradyzoites would prevent the export of these unique effectors resulting 

in cell death, whereas in tachyzoites the collective impact of other effector proteins (ROP and 

PV/M proteins) could lend protection in the absence of exported proteins.  

5.2.3 Model 3: Bradyzoites export proteins before the establishment of the cyst wall (fig. 5.1C) 

As discussed previously, the permissibility of the cyst wall to parasite proteins is still in 

question. If indeed the cyst wall is not surmountable, I propose a similar model to Model 1; 

however, in addition to tachyzoites, freshly lysed bradyzoites are also able to modify the host 

cell and establish an environment that supports the long-term survival of the cyst. In vivo cysts 

have been shown to lyse throughout chronic infection and enough lysed bradyzoites have to 

reinvade to maintain a consistent number of cysts 44,358. The time between a newly invaded 

152



bradyzoite and the completion of the cyst wall is a potential gap where effector protein export 

could occur. Reinvasion would also allow for freshly secreted ROP17 to phosphorylate the 

required translocon components265,278, which have been observed in bradyzoite stages134,337, 

to enable export.  

The repertoire of effector proteins exported by bradyzoites might differ from tachyzoites, 

explaining both the transcriptional and cell death differences. There is already evidence that 

the curated list of proteins exported differs between the two stages. GRA16 and GRA24 are 

not produced by bradyzoites, and transcriptional data suggests this might also be the case for 

HCE1/TEEGR. Plainly, IST is produced in bradyzoites and is exported at early stages337. Its 

continued expression in mature bradyzoites (despite the lack of export across the cyst wall) 

might assist parasites in evading the immune system of a naïve host after ingestion or during 

the invasion of naïve cells. Furthermore, it is equally likely that bradyzoites produce 

unidentified effector proteins unique to the bradyzoite’s lifestyle, which further alters the 

composition of the export proteins. In addition, the injection of bradyzoite-specific host-

modifying rhoptry proteins may also play a role in setting up chronic infection. As mentioned 

in the second model, the effects of these unique bradyzoite exported proteins could account 

for the transcriptional and phenotypic difference seen in my data.  

5.3 Future directions 

Over the last couple of years, bradyzoite research has gained traction and with new techniques 

and discoveries bradyzoites research will likely continue to grow. If our goal is to cure high-risk 

individuals of chronic Toxoplasma infection, further research will be needed to better 

understand the interplay between bradyzoites and the host. From this thesis, I have concluded 

that the problems at the forefront of bradyzoite-host interactions are: 1) determining whether 

bradyzoites can export proteins across the cyst wall and gaining a fuller picture on Toxoplasma 

mechanism of export, 2) identifying any potential bradyzoite effector proteins, and 3) 

investigating the consequences of removing export and effector proteins in chronic infection. 
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Both in vitro and in vivo experiments will be an important part of this process. This year’s BDF1 

discovery has opened the door to a potentially easier and more efficient method for in vitro 

differentiation119. This is vital, because by turning on differentiation without the complexities 

of host and parasite stress provides a means to do valuable bradyzoite experiments in a 

controlled manner which was previously unattainable. Combining controlled in vitro 

differentiation with a conditional system that regulates proteins like IST or MYR1 in different 

stages (e.g. promoter swaps, inversible stage dependent knockouts or mRNA degradation) is 

the next step to build a more accurate model bradyzoite export. Furthermore, an efficient 

differentiation model would increase the volume of bradyzoites that could be produced, 

facilitating methods like LOPIT that could add in bradyzoite effector identification. 

Conditional systems of translocon components would also be helpful in vivo where a protein’s 

function in tachyzoites needs to be isolated from the function in bradyzoites. This would allow 

in vitro studies to be paired with in vivo experimental evidence that will provide a better 

understanding of how protein export plays a role in the persistence of chronic stages in a more 

physiological setting. Some in vivo experimental studies that might assist in this endeavour 

could include looking for the presence of IST in the nuclei of chronically infected mice and 

measuring cyst burden over time in mice infected with conditionally controlled MYR1. Whether 

or not export occurs across the cyst wall will guide future research into either identifying 

bradyzoite effector proteins and their functions or towards other potential mechanism of 

persistence. 
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Summary

Toxoplasma gondii, the causative agent of toxoplasmosis, lies dormant for life and 

is a reservoir for disease reactivation, causing blindness, encephalitis and congenital 

birth defects. Acute-stage tachyzoites extensively manipulate their host cell by 

exporting a repertoire of proteins across the parasitophorous vacuolar membrane 

(PVM). This interferes with the hosts transcriptional program, allowing for persistence 

during immune attack. It is unknown how bradyzoites persist and what role host 

manipulation plays in latency. Here we show that bradyzoite-containing host cells have 

a unique transcriptional landscape when compared to tachyzoite infection. We 

demonstrate that many of these changes are dependent parasite protein export. 

Furthermore, we show that bradyzoite effector proteins protect host cell’s from IFN-

mediated cell death, thus highlighting the functional importance of host manipulation. 

Together, our work provides the first understanding of how Toxoplasma sets up 

latency to persist in its host.

Keywords: Toxoplasma gondii, bradyzoites, interferon gamma, chronic,  Myc-

regulation 1 (MYR1), cell death
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Introduction

Toxoplasma gondii is an obligate intracellular parasite that can infect many warm-

blood animals causing toxoplasmosis. Toxoplasma infects one third of the human 

population and is contracted by eating undercooked meat that harbour the cysts forms 

or consumption of food contaminated with oocysts shed in cat faeces1. Acute 

toxoplasmosis results in a life-long chronic infection, whereby bradyzoites establish 

tissues cysts in the central nervous system and muscle tissue (Dubey et al., 1998).  

Chronic infection in healthy individuals is largely asymptomatic; however, severe 

complications can arise in immune-compromised individuals from the reactivation of 

encysted bradyzoites. Furthermore, reactivation of tissue cysts in retinal tissue is a 

major cause of blindness in some countries2, 3. In recent years, chronic infection has 

also been associated with a several psychiatric disorders, suggesting that latent 

Toxoplasma may subtly effect the brain in unappreciated ways4. There are currently 

no treatments to clear the bradyzoite reservoir to prevent reactivation and associated 

diseases, or an understanding of how latent forms manipulate the brain to survive and 

cause alterations to brain physiology.

Like many pathogens, Toxoplasma’s ability to survive within its host can be 

attributed to its capacity to avoid immune detection5, achieved, in part, by their ability 

to export parasite effector proteins that interfere with host cell programs. Acute stage 

tachyzoites are able to modulate the host using two distinct temporally separated 

pathways. The first wave of effectors is injected into the host cell during the invasion 

process, whilst the second occurs during intracellular growth6. During invasion, 

tachyzoites inject rhoptry (ROP) proteins into the host cell, which can traffic to the 

outer side of the parasitophorous vacuolar membrane (PVM)7 and host cell nucleus8. 

Characterised ROP effectors act by interfering with the immune response by either 

altering host gene expression9 by directly disrupt signalling pathways (e.g. STAT3 and 

STAT6)8, 10, 11 or preventing destruction of the vacuole by interfering with function of 

key host proteins induced by IFN signalling (e.g. IRGs and GBPs)7, 12, 13.

After invasion is completed, tachyzoites activate a second wave of protein export by 

secreting proteins from the parasite’s dense granule (DG; DG proteins annotated by 

GRA) organelles. Some of these proteins sit at the host interface, often interacting with 
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host proteins in order to modulate their activity14-16. For example, GRA15 localises to 

the host cytosolic face of PV/PVM, where it manipulates NFB signalling, initiating IL-

12 secretion and interferon gamma (IFN) production14, whereas MAF-1 protrudes 

from the vacuolar membrane and sequesters the host mitochondria to surround the 

PVM15. Additionally, a subset of dense granule proteins are translocated across the 

PVM into the cytosol or nucleus of the host. These include cell cycle regulator 

GRA1617, p38 MAPK activator GRA2418, Inhibitor of STAT1 Transcription (IST)19, 20, 

GRA28 (effects on host are unknown)21,  -catenin signalling modulator GRA18 is 

associated with anti-inflammatory responses22 and, more recently, HCE1/ TEEGR, 

which has been shown to affect the cyclin proteins23 and host immune regulation by 

the suppression of NF-κB-regulated cytokines24. Interestingly, all the exported dense 

granule proteins are predicted to be disordered, which could be essential to the 

translocation process25. 

All known effector proteins traffic via Toxoplasma’s secretory pathway26 and are 

translocated across the PVM using parasite-derived machinery25, 27, 28. Upon 

trafficking through the parasite secretory pathway, some effectors are matured by a 

resident Golgi Aspartyl Protease, ASP5. ASP5 cleaves proteins at the TEXEL 

(Toxoplasma Export Element) ‘RRL’ motif, and is required for PVM translocation of all 

tested DG effector proteins19, 22, 27, 29, 30. This has similarities with the export process 

of proteins in Plasmodium spp.31-34; however, unlike Plasmodium spp., it appears that 

not all TEXEL-containing protein are exported18, 27, 35 Recent evidence suggests a 

protein complex, consisting in part of MYR1, MYR2 and MYR3, is required for the 

translocation of proteins across the PVM25, 28, but the exact mechanism it yet to be 

defined. Furthermore, MYR1-dependent transcriptional changes account for a large 

portion of the changes in host transcription induced by tachyzoite infection, 

consistently affecting immune response pathways36 

Despite its extensive ability to shut down defence mechanisms, Toxoplasma is 

tightly controlled by the innate and adaptive immune responses. IFN is vital in 

controlling acute Toxoplasma infection and prevents reactivation of latent 

bradyzoites37. Previous studies have used murine cell lines to understand how IFN 

can induce tachyzoite clearance. It has been shown that IFN stimulated guanylate-
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binding proteins (GBPs)38, 39 and immune related GTPases (IRGs)40 are recruited to 

the tachyzoite PVM, but the downstream clearance mechanism that follows remains 

elusive41. Toxoplasma has developed mechanisms to prevent IFN activation of 

infected cells9, 42, 43. One mechanism is DG protein IST, which is exported via the 

MYR1 pathway where it inhibits IFN induced STAT1 signalling and transcription by 

modifying the GAS (Gamma Activated Sequence) sites through the recruitment of the 

Mi-2/NuRD chromatin remodelling complex19, 20, thus blunting transcriptional changes 

when the host cell encounters this cytokine. It is not known if IFN has any capacity to 

affect bradyzoite clearance, even though it has consistently been shown to have an 

important role in immune defence in vivo 44-46. 

In fact, most investigations into Toxoplasma host manipulation have been 

performed with acute stage tachyzoites, whereas bradyzoite-host cell interaction and 

manipulation has been largely neglected. Indeed, it is highly likely that host cell 

manipulation does differ between tachyzoites and bradyzoites to accommodate their 

different lifestyles and requirements. This must occur both when setting up a latent 

infection (ie. upon differentiation from tachyzoites to bradyzoites) as well as ongoing 

changes that must exist to allow for latent forms to persist over long time periods. Here 

we tackle the former to understand the differences between transcriptional changes 

between tachyzoites and seven-day-old bradyzoite forms. Our study shows that, at 7 

days post differentiation, bradyzoite-containing host cells have a unique transcriptional 

landscape when compared to tachyzoite-infected cells. We demonstrate that many of 

these changes are imparted by both the presence of bradyzoite effector proteins, 

including IST, and likely the absence of tachyzoite effector proteins, which are not 

expressed/exported at this dormant stage. Furthermore, we show that bradyzoite 

effector proteins protect host cell’s from IFN-mediated cell death, thus highlighting 

the functional importance of host manipulation. Together, our work provides the first 

understanding of how Toxoplasma sets up latency to persist in its host.

.CC-BY 4.0 International licenseauthor/funder. It is made available under a
The copyright holder for this preprint (which was not peer-reviewed) is the. https://doi.org/10.1101/669689doi: bioRxiv preprint 

160

https://doi.org/10.1101/669689
http://creativecommons.org/licenses/by/4.0/


Experimental Procedures

Host cell and parasite cultures and differentiation

All Toxoplasma parental parasite lines used in this study are of the ‘type II’ Prugniaud 

(Pru) background, either Pru-Toxofilin-Cre47, or Pru hxgprt ku80 (Pruku80)48. 

These parasites, and all subsequently derived lines, were cultured in primary HFFs 

(American Type Culture Collection, ATCC) in Dulbecco’s Modified Eagle medium 

(DME) supplemented with 1% v/v fetal calf serum (FCS) (Invitrogen, Australia) and 

1% v/v Glutamax (Invitrogen) (D1). Prior to infection HFFs were grown to confluency 

in DME supplemented with 10% v/v cosmic calf serum (GE Healthcare, New Zealand) 

(D10). Cells were incubated at 37 C with 10% CO2.

Bradyzoite differentiation was achieved by inoculating tachyzoites onto confluent 

HFFs at an MOI of 0.1 (for IFA and FACS) or 0.2 (for RNA sequencing and western 

blots) and cultured in RPMI-HEPES  supplemented with 5% v/v fetal calf serum (FCS) 

(Invitrogen, Australia) at pH 8.1-8.2 and allowed to differentiate at 37 C with ambient 

CO2 49. The media was changed every 2 days (to prevent acidification) for at least 7 

days prior to assays. 

DNA, plasmids and transfection

Candidate genes were targeted in all cases by the CRISPR/Cas9 system, which has 

been adapted for use in Toxoplasma50, 51. EuPaGDT (http://grna.ctegd.uga.edu)52 was 

used for guide selection and CRISPR-Cas9 target plasmids  were made by Q5 

mutagenesis (NEB) using pU6_Universal_Cas9_mCherry27, 51. 

Prumyr1 was created by transfection of myr1 CRISPR guide and followed by serial 

dilution cloning and sequencing. Prumyr1 knockouts were confirmed by the transient 

transfection of the GRA24-Myc3-expressing plasmid27. Candidate genes in Pruku80 

were tagged with a DNA sequence encoding the HA epitope tag to allow for monitoring 

of protein expression during the generation of knockouts53. Briefly, CRISPR guide 

plasmids were co-transfected with either HA containing dimerised oligo primers, pLIC-

3xHA-HXGPRT35 or, for knockouts, pLoxP-DHFR-mCherry54 amplicon and selected 

with 6-thiozanthine and mycohenolic acid, and pyrimethamine respectively (Fig. 
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S5a)55, 56. 10 ug of Cas9 plasmid was combined with up to 80 ug of amplicon and 

resuspended in 20 uL P3 solution (Lonza), before being transfected by the Amaxa 4D 

Nucleofector (Lonza) using the code FI-115 (Human Unstimulated T-cells). 

IFA and antibodies

Parasites were fixed in 4% v/v paraformaldehyde in PBS for 10  min; permeabilized in 

0.1% v/v Triton X-100 in PBS and blocked in 3% w/v BSA (Sigma) in PBS for 1 hr. For 

samples with Propidium Iodide, cells were incubated for 10mins in a final concentration 

of 0.05mg/ml (Merck). Samples were washed three times prior to fixation and 

permeabilized as described above. The following antibodies were used in this study: 

αGAP4557, αSAG1 DG5258, αHA 3F10 (Roche), αSRS959, αCST159, Fluorescein-

Dolichos Biflorus Agglutinin (DBA; Vector Labs), αIRF1 D5E4 (Cell Signalling 

Technologies) and αMyc 9E10 (Sigma). Primary antibodies were diluted in the bovine 

serum albumin (BSA)/PBS solution for 1 hr, washed, and then incubated with Alexa 

Fluor-conjugated secondary antibodies (Invitrogen) for 1  hr. 5 μg/ml DAPI was added 

in the penultimate wash for 10 min and samples were mounted onto microscope slides 

with Vectashield (Vector Labs). Parasites were imaged using either the Zeiss AxioLive 

Cell Observer, or the Zeiss LSM 880 for quantification. Quantification was automated 

using an Image J macro developed in house (available on request). Briefly, the mean 

grey value (MGV) of the protein of interested was measured both within the parasite 

vacuole and the host nucleus. MGV for non-specific background was subtracted for 

all analyses before the ratio of export (nucleusMGV/vacuoleMGV) or ratio of IRF1 

expression (IRF1infectedMGV/ IRF1uninfectedMGV) was calculated. 

Western Blots

Immunoblot samples were pelleted then lysed for 30 mins at 4 °C in 1% v/v Triton-X 

100 (brand), 1 mM MgCl2 in PBS (Gibco) supplemented with final 1 x cOmplete 

protease inhibitors (Sigma) and 0.2 % v/v Benzonase (Merck). Samples were then 

combined with an equal volume of non-reducing 2x Sample buffer and 15 μl loaded 

onto a gel. Proteins were transferred onto nitrocellulose then blocked in 5 % w/v milk 

in 0.05 % Tween 20-supplemented PBS (PBS-T). Primary and secondary antibodies 

were diluted in milk/PBS-T. Nitrocellulose membranes were imaged on an Odyssey 

Fc imager (LI-COR Biosciences) using IRDye 800CW goat α-rat, IRDye 800CW goat 
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α-mouse and IRDye 680RD goat α-rabbit antibodies. Antibodies used in this study 

were: αGAP4557, αSAG1 DG5258, αHA 3F10 (Roche), αSRS959.

IFN-gamma Stimulation

Human IFN 285-IF (R&D systems) was added from a 50 µg/µl stock solution to a final 

experimental concentration of 50 ng/µl. Tachyzoites were inoculated for 20 hours 

before a 15 hour stimulation in D1 supplemented with 25mg/ml dextran sulfate 

(Sigma)60. Bradyzoites were stimulated for 15 hours after 7 days in differentiation 

media. 

Compound 1 and BIPPO treatment

Compound 1 was added to a final concentration of 2µM an hour prior to the addition 

of IFN and left for indicated treatment period55, 61. BIPPO (5-Benzyl-3-isopropyl-1H- 

pyrazolo[4,3- d]pyrimidin-7(6H)-on) was added to a final concentration of 1µM and 

incubated for 7 mins before cells were harvested62. 

Live Imaging

Parasites where cultured and differentiated as described above in a 35mm polymer 

coverslip dish (Ibidi) for 7 days. 100ul of Propidium Iodide (1mg/ml; Merck) was added 

to 2mL of fresh differentiation media and either 50 ng/µl of human IFN 285-IF (R&D 

systems) was added or not. Between 15-25 cysts were tracked every 14 mins for 15 

hours (overnight) on the Lecia SP8 confocal using resonant scanning.

Flow Cytometry

Bradyzoites were differentiated as described above and treated as indicated prior to 

being washed with PBS and dislodged with trypsin. A minimum of 5x103 cells were 

analysed live using a BD FACSAria Fusion cell sorter (BD Biosciences). The 

proportion of eGFP+ between unstimulated and stimulated cells was calculated. 

Compound 1 samples were fixed in 4% v/v paraformaldehyde/PBS before being 

analysed. Tachyzoite samples were treated with IFN as described above before 

being fixed in 4% v/v paraformaldehyde/PBS, permeabilized in 0.1% v/v Triton X-

100/PBS and blocked in 3% w/v BSA/PBS for 1 hr. Samples were incubated in primary 

antibody, αGAP4557, overnight at 4C, washed, and then incubated with Alexa-594-
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conjugated secondary antibody (Invitrogen) for 1 hr. All fixed samples were run on a 

BD LSR WII.

Library Preparation and Transcriptome Sequencing

HFFs were passaged and grown in D10 media until they reached confluency. 

Following this, HFFs were transferred into D1 media (for tachyzoites; 24 hours) or 

differentiation media (for bradyzoites; 7 days) and left as uninfected (no parasites) or 

infected at a MOI of 0.2 with either Pru-Toxofilin-Cre (Pru (WT)) or Pru-Toxofilin-

Cremyr1 (Prumyr1) tachyzoites. Prior to RNA extraction, HFFs were washed with 

PBS, dislodged with trypsin, and sorted into infected (mCherry+) and uninfected 

(mCherry-) cells using the BD Influx (361) cell sorter (BD Biosciences). Total host and 

parasite RNA was extracted using the RNeasy kit (Qiagen). Three independent 

biological replicates of each condition were obtained. 

An input of 100ng of total RNA was prepared and indexed separately for IlluminaTM 

sequencing using the TruSeq RNA sample Prep Kit (Illumina) as per manufacturer’s 

instruction.  Each library was quantified using the Agilent Tapestation and the Qubit™ 

DNA BR assay kit for Qubit 3.0® Fluorometer (Life technologies). The indexed 

libraries were pooled and diluted to 1.5pM for paired end sequencing (2x 81 cycles) 

on a NextSeq 500 instrument using the v2 150 cycle High Output kit (Illumina) as per 

manufacturer’s instructions (generating 80bp paired-ends). The base calling and 

quality scoring were determined using Real-Time Analysis on board software v2.4.6, 

while the FASTQ file generation and de-multiplexing utilised bcl2fastq conversion 

software v2.15.0.4.

Transcriptome analysis 

The RNA sequencing reads were simultaneously aligned to the human and parasite 

genomes, builds hg38 and ME49 respectively, using the Rsubread aligner version 

1.24.1 (tachyzoite and bradyzoite infection dataset) and version 1.27.4 (WT-myr1 

bradyzoite infection dataset)63. For this alignment a reference was first built that 

contained both human and parasite genomic sequences. In all instances greater than 

89% of the reads mapped to this combined genome. The number of fragments 

overlapping each human Entrez gene and parasite gene were summarized using 

FeatureCounts64 and NCBI RefSeq annotation. Differential expression analyses were 
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then undertaken using the edgeR65 and limma66 software packages. The analysis of 

each data set was performed independently, details as follows.

Tachyzoite and bradyzoite infected samples.

For the analysis of the human count data, any gene which did not achieve a counts 

per million mapped reads (CPM) greater than 1 in at least 3 samples were deemed to 

be unexpressed and filtered from the data. Additionally, all genes without current 

annotation were also removed. The parasite count data (infected samples only) was 

filtered using edgeR’s filterByExpr function with default settings. Compositional 

differences between libraries for both human and parasite data were normalised using 

the trimmed mean of log expression ratios (TMM) method67. All counts were then 

transformed to log2CPM. Differential expression between the experimental groups in 

both instances was assessed relative to a fold-change threshold of 1.1 using linear 

models and empirical Bayes moderated t-statistics with a trended prior variance68, 69.

WT-myr1 bradyzoite infection data.

For this dataset, only the human count data was analysed. All genes which did not 

achieve a CPM greater than 0.7 in at least 3 samples was filtered from the data 

together with all genes with no current annotation. TMM normalisation was then 

applied to alleviate compositional differences between libraries. All counts were 

transformed to log2CPM. Differential expression between all groups was then 

evaluated relative to fold-change threshold of 1.1 using linear models and robust 

empirical bayes moderated t-statistics with a trended prior variance. 

In both datasets the false discovery rate (FDR) was controlled below 5% using the 

Benjamini and Hochberg method. Analysis of the Hallmark gene sets from the 

Molecular Signatures Database was performed using limma’s kegga function. To 

make the heatmaps of the top 100 differential expressed genes, the expression of 

each gene was summarized as log2 reads per kilobase per million mapped reads 

(RPKM) with a prior count of 2. For the heatmaps of the Hallmark gene sets, gene 

expression was summarised as average log2 RPKMs. The plots themselves were 

created using the pheatmap software package and limma’s coolmap function.

Statistical Analysis 
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Statistical analyses were conducted with Prism 7 (GraphPad).  For groups of three or 

more, the test for significance was performed using a one-way analysis of variance 

(ANOVA) with the indicated post-test for correction. Groups of two were analysed 

using the unpaired Student’s t test and significance was determine p  0.05. The 

relationship between the intensity of IRF1 and the intensity of nuclear IST-HA was 

modelled with a non-linear curve (polynomial) using natural splines with 3 degrees of 

freedom using RStudio.
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Results

Bradyzoites distinctively alter the host transcriptome

We sought to identify if bradyzoite-containing host cells had a unique 

transcriptional profile and whether this profile differed from tachyzoite-containing host 

cells. We first determined the best time point to take bradyzoite samples after inducing 

differentiation. We found that approximately 7 days post alkaline-induction at an MOI 

of 0.270 was the longest period of time and density we could take the cultures without 

visibly compromising the health of bradyzoite-infected host cells. We then harvested 

corresponding tachyzoites at 24 hrs (under normal growth conditions) before infected 

cells were separated from uninfected ‘bystander’ cells by FACS based on the 

presence of mCherry (Fig. 1A and B).  To determine bradyzoite purity, parasite 

samples were probed with anti-SRS9 antibodies and the number of positive vacuoles 

were counted by microscopy59. Quantitation demonstrated at least 90% of the 

population was positive for SRS9 under the differentiation conditions used (Fig. 1C (i); 

consistent with Fouts and Boothroyd 2007)70. RNA was then extracted and sequenced 

using Illumina chemistry on a NextSeq platform. We analysed the data for levels of 

BAG171 and SAG172, quintessential bradyzoite and tachyzoite markers, and this 

showed the expected enrichment and depletion in each sample respectively (Fig. 1C 

(ii)). We also interrogated other known stage-specific transcripts in our bradyzoites 

samples, which also showed the expected pattern of up- and down-regulation of genes 

associated with this stage (Fig. 1C (iii))73, 74, 75. This suggests that our preparations are 

highly enriched for bradyzoites, thus validating our experimental procedure. 

Confident with the quality of our samples we then analysed the global effect of 

bradyzoites on the host transcriptome. This was done by comparing parasite-infected 

host cells with host cells from uninfected flasks. When bradyzoite-containing cells 

were compared with the uninfected HFF (after 1 week) we identified that 5804 host 

genes had significantly changed out of 13,793 expressed genes detected (~42%), 

suggesting the presences of bradyzoites alters host cell transcription. This is slightly 

less than the number of differentially expressed genes upon tachyzoite infection 

(7209, ~52%). To more quantitatively assess these changes we generated a heat map 

of the top 100 differentially expressed genes (DEG) for bradyzoite-infected cells 
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verses uninfected host (1 week) and compared  these to transcriptional profiles of the 

tachyzoite samples (Fig. 1D, see Table S1). From this set alone, similarities and 

differences in bradyzoite-containing and tachyzoite-containing host cells were evident. 

Some bradyzoite-induced changes were similar to those observed in tachyzoite 

infected host cells, whilst others appeared to be less pronounced or opposing, 

suggesting distinct transcriptional patterns between these two developmentally 

different stages (Fig. 1D, see Table S1, and Fig. 1E).

To further understand how host cells containing bradyzoites differ from tachyzoite 

infected cells, we wanted to determine how the changes in gene expression impacted 

host biological pathways. We first analysed all DEG of both bradyzoite- and tachyzoite-

containing cells via over-representation analyses on the Molecular Signatures 

Database (MSigDB) Hallmark gene sets. (see Fig. S1A). Overall we could see a high 

perturbation across all biological pathways, suggesting re-wiring of the host 

transcriptome in both stages. However, some of these transcriptional changes may be 

secondary to parasite presence e.g. responses to endogenously released cytokines 

or non-specific disturbances. In order to tease out biological processes related to the 

presences of bradyzoites, we separated DEG into those that are specific to either 

developmental stage and those that are shared (Fig. 2A and see Fig. S1B 

respectively). Here we found that 3853 DEGs are shared between tachyzoite infected 

cells and bradyzoite infected cells (41%; 2161 up-reg., 1692 down-reg.), leaving 3356 

tachyzoite specific DEGs (1488 up-reg., 1868 down-reg.), and 1951 DEGs specific to 

bradyzoite infection (1075 up-reg., 876 down-reg.) (Fig. 1E). We then performed over-

representation analyses on each group. The majority of pathways in the Hallmark 

series showed a significant enrichment in the number of genes altered by both 

bradyzoites and tachyzoites (see Fig. S1B and Table S2). However, when the 

analyses for bradyzoite and tachyzoite specific DEG were compared, certain 

pathways are more enriched beyond the shared pathways (Fig. 2A, see Table S2). 

For an example, the E2F- and Myc-targets pathways were altered by tachyzoite 

infection, but no significant changes were seen in bradyzoite-containing cells over 

those that are shared (Fig. 2A and 2B, see Table S3). On the other hand, cells 

containing bradyzoites show a greater enrichment of DEGs in immune pathways, 

including the IFN alpha- and IFN gamma- response pathways, over what is already 

shared with tachyzoite infected cells (Fig. 2A and C, see Table S3). Overall, this 
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implies that the presences of bradyzoites results in modulations of the host cell 

transcriptome, which is unique when compared to tachyzoites.  

MYR1-dependent protein export plays a key role in host transcription 
modification in bradyzoites-containing host cells

Transcriptional changes can be imparted directly by pathogen effectors or as a 

result of downstream signalling after immune activation. We wished to specifically 

identify transcriptional changes induced by bradyzoites and to determine the overall 

effect of protein export on the host. To do this, we first determined whether MYR 

proteins, putative components of the PVM translocon and required for effector export, 

are present in bradyzoites25, 28. We assessed the relative expression of myr1, 2 and 3 

in bradyzoites and tachyzoites from our RNAseq data (Fig. 3A). We found that myr1, 

2 and 3 are expressed in bradyzoites albeit at reduced levels (Fig. 3A). To functionally 

assess this complex in bradyzoites, we genetically tagged MYR1 with HA and could 

show that this protein is easily detectable and localises around the periphery of 

bradyzoites, similar to tachyzoites (see Fig. S2A), and is within the confines of the cyst 

wall, as marked by CST1 (Fig. 3B). We then knocked-out MYR1 in mCherry-

expressing-Pru using CRISPR/Cas9 by targeting the first exon to ensure disruption. 

This resulted in a random 69bp insertion leading to three stop codons (see Fig. S2B) 

and was functionally confirmed by the inability of parasites to export transiently 

expressed GRA24-Myc (see Fig. S2C)27. Next, we assessed differentiation capacity 

and morphology of myr1 bradyzoites by inducing bradyzoite formation in vitro. There 

was no obvious differences in morphology indicated by an intact cyst wall, compact 

parasites expressing SRS9, and the presence of amylopectin granules (Fig. 3C (i)). 

The number of cyst-containing host cells was significantly less in myr1 samples (Fig. 

3C (ii)) (see below for potential explanation of this); however, the size of the cysts was 

not altered by the absence of MYR1 (Fig. 3C (iii)). Overall, this suggests that cyst 

development is not critically reliant on MYR1, at least in tissue culture. This is in 

contrast to deletion of ASP5, which results in defects in cyst wall biosynthesis30.

The ability to form healthy myr1 cysts then enabled us to determine what 

transcriptional changes are specifically caused by potential bradyzoite effectors in the 

early stages of chronic infection (7 days), compared to indirect effects such as immune 
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signalling. Following the procedure laid out in Figure 1, uninfected, bradyzoite-

containing and uninfected bystander cells were collected. When WT-infected cells 

were compared with myr1-infected cells, we observed dramatic differences in gene 

expression in the absence of MYR1. A heat map generated of the top 100 DEG 

identified between WT-infected and myr1-infected cells shows that the loss of MYR1 

results in a transcriptional profile that closely mirrors the transcriptional changes seen 

in bystander cells (Fig. 3D, see Table S4). Reinforcing this concept, myr1-infected 

cells were more closely related in the hierarchical heatmap with bystander cells rather 

than WT-infected cells (whereas bradyzoite-WT-containing and uninfected cells are 

excluded from this cluster). Moreover, bystander cells are vastly different to uninfected 

cells, implying that uninfected bystander cells are impacted by the presence of 

bradyzoites in culture. Together these data suggests that transcriptional changes 

observed in the presence of bradyzoites are actively modulated and that protein export 

via MYR1 plays a role in altering the transcriptional program during chronic infection. 

We then assessed what impact MYR1-dependent protein export plays in altering 

host biological pathways of bradyzoite-containing cells. We first compared the DEG 

analysis of WT-infected vs uninfected with myr1-infected vs uninfected and found the 

expression of 3068 host genes (~42%) was dependent on MYR1 (Fig. 3E). The 

remaining genes (4312) were altered in the same direction in both comparisons; 

however, a limitation with this type of analysis is that it does not distinguish between 

the degree of change. For an example, XIAP is significantly upregulated in both WT 

infected cells and myr1 infected cells when compared to uninfected host, but to 

different degrees which is seemingly dependent on MYR1 (see Fig. S3C). 

Nevertheless, it is evident that MYR1 has an impact on the host transcriptional 

response to the presence of bradyzoites. 

We performed over-representation analyses using the Hallmark gene sets on 

each group and observed that bradyzoites depend on MYR1 in order to alter these 

pathways. In accordance with the first data set, it is evident that the presences of 

bradyzoites results in a multitude of changes in the host transcriptome, which impact 

all the Hallmark pathways. All the pathways examined contain a significant number of 

genes that change in expression following the loss of MYR1; however, the modulation 
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of some pathways is less dependent on MYR1 than others. For example, pathways 

TNF-alpha signalling via NFKB and Epithelial Mesenchymal Transition are highly 

enriched in the MYR1 independent gene set (see Fig. S3B and Table S5), whereas 

the manipulation of other pathways such as Adipogenesis and Glycolysis are more 

dependent on MYR1 (see Fig. S3A and Table S5). Nevertheless, differentially 

expressed genes dependent on MYR1 are present in the majority of the pathways to 

a significant degree. 

These data represents all the gene expression changes upon bradyzoite infection, 

including those that are present during tachyzoite infection. To determine what role 

protein export plays specifically in bradyzoite host manipulation, we examined the 

Hallmark pathways that saw a significant enrichment of DEGs specific to bradyzoites 

(Fig. 1E) and determined the proportion of the pathway that was dependent on MYR1. 

We found that all pathways were significantly altered by the absence of MYR1 (Fig. 4, 

see Table S5). This  shows that a large proportion of bradyzoite induced host 

transcriptome manipulation requires the presence of MYR1, and further implicates the 

importance of active export of effector proteins in bradyzoites. 

IST is expressed and exported in bradyzoites

Given our findings above, we hypothesised that bradyzoites have a repertoire of 

effector proteins that are exported into the host, some of which may also be exported 

in tachyzoites. After several unsuccessful attempts at determining, in an unbiased 

fashion, bradyzoite specific effector proteins, we focused on known effector proteins, 

GRA16, GRA24 and IST17-20. We first compared the proportion of reads between the 

infected bradyzoite and tachyzoites samples, from the data in our original RNAseq 

analysis. We saw a significant drop in the expression of GRA16 (Log2 fold change -

2.681) and GRA24 (Log2 fold change -2.159) in bradyzoite samples, whereas IST 

appears to be slightly more expressed (Log2 fold change +0.374) (Fig. 5A). To validate 

that mRNA expression changes were translatable to protein expression, we HA 

tagged these proteins in Pruku80 and probed for their expression via western blot. 

GRA16, GRA24 and IST were all expressed in tachyzoites, whereas bradyzoites 

(classified by SRS9 expression and SAG1 absence) expressed GRA16 and IST (Fig. 

5B). This indicated that at least two known effectors are present in bradyzoites.
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In order to establish if GRA16 and IST are found in the host nucleus in bradyzoite-

containing cells, we quantitated their expression and localisation by microscopy (Fig. 

5C). GRA24 is consistently not expressed in 7-day-old bradyzoites; accordingly, the 

presence of GRA24 in the host nucleus is comparable to un-tagged WT controls (Fig. 

5C and S4A). Interestingly, there appears to be some GRA16 present within the 

bradyzoite PV, but it is undetectable in the host nucleus (Fig. 5C and S4A). In contrast, 

we observed the export of IST into the host nucleus by bradyzoites (Fig. 5C and S4A) 

in equivalent amounts to tachyzoites (Fig. 5D). Therefore the increase of expression 

does not directly indicate an increase in the amount of protein exported into the host 

cell. To resolve whether the presence of IST in the host nucleus is residual protein 

from tachyzoite stages or is synthesised and exported in bradyzoites, we differentiated 

bradyzoites for a week, before extracting via needle passage and inoculating new host 

cells. Both 24 hours and one week after inoculation, we continue to see IST export in 

bradyzoites (Fig. 5E(i) and (ii)). This strongly suggests that IST is produced in and 

exported by bradyzoites.

Following the identification of IST as a bradyzoite exported effector protein, we 

sought to determine whether MYR1 was also responsible for IST export in bradyzoite 

stages and whether this effector was functional in controlling IFN-dependent 

responses. To investigate this, we created knockouts of both myr1 and ist in the 

Pruku80 IST-HA line by coupling CRISPR/Cas9 with an homologous template 

containing the DHFR selectable marker followed by verification via western blot and 

microscopy, respectively (see Fig. S5A and B). Upon myr1 disruption, the export of 

IST in bradyzoites is significantly inhibited (Fig. 6A(i) and (iiI)) and is comparable to 

background levels of cells infected with ist and WT Pruku80 levels (Fig. 6A(i) and 

(ii)). Together, these data show that bradyzoites differentially express and actively 

export known effector protein, IST, via MYR1 during infection.

Bradyzoites supress the Interferon gamma pathway through MYR1-dependent 
IST export 

In tachyzoite infection, IST has been shown to inhibit the host cell response to 

IFN stimulation19, 20. To determine if this holds true for bradyzoite infection, we 
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stimulated bradyzoite-containing cells with IFN and probed for IRF1, a downstream 

protein which is upregulated upon IFN stimulation and pSTAT1-GAS binding76. As is 

the case in tachyzoites, IRF1  expression is significantly inhibited in cells containing 

WT cysts as compared to bystander cells (Fig. 6B(i) and (ii)). On the other hand myr1 

and ist parasites are unable to inhibit IRF1 expression and are comparable to 

uninfected bystander cells (Fig. 6B(i) and (ii)). The significant lower levels of IRF1 

expression in myr1 as compared to ist could be explained by an underestimation 

due to host cell death, as discussed below. Interestingly, we noticed that the ability for 

a cyst to inhibit IRF1 expression varied widely between host cells, from having no 

effect to complete inhibition (Fig. 6B(ii) and S5C(i); range 1.069-0.133). We checked 

whether this variation could be explained by the correlation between the amount of 

IST in the nucleus and the subsequent expression of IRF1. Our observations could be 

explained by fitting a hyperbolic curve (blue; see Fig. S5C(ii)) (p = 1.042x10-12). As the 

hyperbolic curve indicates, the level of IRF1 decreases as amount of IST-HA in the 

nucleus increases; however, there is a point at which high levels of IST cannot further 

decrease IRF1 expression. The variability in parasite induced IRF1 inhibition was also 

noted in the tachyzoite stages of the Pruku80 strain, with no significant difference in 

the degree of inhibition between the two stages (see Fig. S5D). Interestingly, RHku80 

strains showed a stronger ability to suppress IRF1 with less variability (see Fig. S5D).

To further analyse the role of MYR1 (and therefore indirectly IST) in the host cell’s 

response to bradyzoite infection, we returned to our dataset derived from myr1 

bradyzoites (Fig. 3 and 4). Despite the absence of IFN stimulation in our RNA 

sequencing data, we observed a difference in the expression of IRF1 between WT 

infected and myr1 infected cells. In the absence of myr1, the transcript levels of IRF1 

is comparable to that of uninfected bystander cells, as previously shown by Olias et 

al., (2016) (Fig. 6C). This pattern is consistent in several genes previously identified 

via CHIP-Seq analysis as IFN-induced pSTAT1-GAS transcripts, including GBPs 

(see Fig. S6)77. A gene expression heat map of the Hallmark gene set: Interferon 

gamma response (Fig. 6D, see Table S6) illustrates that myr1 infected cells cluster 

more closely with uninfected bystander cells than with WT infected cells, suggesting 

that the majority of transcriptional changes that occur within the Interferon gamma 

response pathway are dependent on MYR1 in bradyzoites. Overall, this work indicates 
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that bradyzoites are altering the host cells response to IFN stimulation via the export 

of IST through the MYR1 pathway. 

Protein export is important for survival of bradyzoite-containing cells upon IFN 
challenge

During our experiments, we noticed that the number of intact myr1 cysts was 

greatly reduced after IFN treatment, suggesting this cytokine may cause death of 

infected host cells. To understand this in detail, we performed live imaging of WT, 

myr1 and ist over 15 hours following IFN treatment (Fig. 7A (i); see examples 

movies S1 (WT), S2 (myr1) and S3(ist)) and monitored host cell death by Propidium 

Iodide (PI) uptake. Upon IFN treatment we observed that there was a significant 

decrease in the survival of infected host cells when compared to negative controls 

(Fig. 7A(ii)). Cells containing myr1 cysts had the largest decrease in cell survival 

(87%), whereas WT and ist saw a drop of only 28% and 37%, respectively. This 

equated to no significant difference between IFN treated WT and ist cyst numbers 

at the end of the 15 hour period, whilst loss of MYR1 was significantly different from 

both WT and ist, suggesting a role for other unknown MYR1-dependent exported 

protein/s in blocking IFN-induced host cell death (Fig. 7A(ii)).  Analysing the same 

samples using FACS and monitoring GFP expressed from the bradyzoite-specific 

LDH2 promoter also showed a similar outcome (Fig. 7B(i) & (ii))75. In stark contrast, 

IFN treatment of cells infected with myr1-tachyzoites did not have a significant cell 

death phenotype, strongly supporting the notion that our bradyzoite-infected cells are 

functionally different from tachyzoite-infected cells (see Fig S7A). These data suggest 

that IST alone is not accountable for the large volume of cell loss seen by myr1-

bradyzoite-containing cells, implying other factors contribute to prevent cell death. 

We then observed the morphology of cysts over the filming period and tracked 

how long it took for cell death to occur. Here we could see that cell death was 

accompanied by PI uptake, which was observed as staining of the host nucleus and 

debris. During cell death, host cells contracted before cell blebbing occurred (Fig. 

7A(i), and SV1, SV2, SV3 in the supplementary material), a typical sign of 

programmed cell death. For myr1 infected cells, cell death occurred earlier, at 
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approximately 9 hours post IFN stimulation, and was significantly earlier than those 

WT-infected cells that died (13.65 hours) (Fig. 7C). Interestingly, the time of death for 

ist-infected cells was between myr1- and WT-infected cells (at approximately 11 

hours), further implying that IST alone cannot account for the host cell response to 

IFN during infection. We also observed that although some bradyzoites are released 

from the cyst, a majority remain within the dying cell and in some cases parasites are 

also observed taking up PI (Fig. 7A(i);  white arrows). 

We wanted to determine if this phenomenon was host cell driven or if it was caused 

by the egress of parasites from host cells. The latter would suggest bradyzoites can 

sense a change in the environment upon IFN treatment resulting in egress activation, 

whereas the former implies the host cell initiates cell death in the absence of parasite 

modulation. To disentangle these two pathways we used compound 1, which has been 

shown to prevent egress by inhibiting PKG61, 78. We hypothesised that if parasite 

egress was responsible for the cell death, then the addition of compound 1 would 

result in the recovery of the phenotype. Bradyzoite samples were incubated with 

compound 1 for an hour prior to the addition of IFN and 15 hours later checked for 

the levels of bradyzoite-containing host cells. Compound 1 was able to inhibit 

bradyzoite egress (see Fig. S7C); however, there was no significant difference in cell 

survival between cells treated with and without compound 1 upon IFN treatment (Fig. 

7D). Furthermore, PI uptake was observed in bradyzoite-containing cells treated with 

compound 1 and IFN suggesting cell death was still occurring in the absence of 

parasite lysis (see Fig. S7B; white arrows indicate PI-positive parasites). These data 

indicate that one or more MYR1-dependent effectors protect bradyzoite-containing 

host cells from undergoing IFN-mediated cell death, demonstrating the importance of 

host cell modification during immune challenge, at least in early bradyzoite forms.
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Discussion

Chronic Toxoplasma infection can result in progressive blindness, act as a 

reservoir for disease reactivation, is a source of transmission in the food chain1 and 

more recently has been associated with several psychiatric disorders4. The 

interactions between Toxoplasma and its host cell are likely critical to the parasites 

ability to persist for life and alter the physiology of the brain. Our study shows, for the 

first time, that bradyzoites actively manipulate their host cell, which is functionally 

relevant to persistence upon immune challenge. We have established that host cells 

containing 7 day-old bradyzoites have a transcriptional profile that is different from 

acute-stage tachyzoite forms. We show that MYR1 (a likely component of the export 

machinery) is expressed in bradyzoites and that its absence leads to an inability to 

induce transcriptional changes in bradyzoites containing cells. Furthermore, we show 

that IST, expressed from its native promoter, is exported by bradyzoites into host cells 

in a MYR1-dependent fashion, thus strongly suggesting that bradyzoites are capable 

of protein export into and modification of their host cell. Given that IST represses 

STAT1 signalling during IFN stimulation20, our data suggests that IST could be 

important for bradyzoite persistence in muscle and CNS tissue, a line of enquiry future 

in vivo studies could focus on. 

Our data is somewhat at odds with a recent study by Krishnamurthy and Saeij 

(2018)79, which shows that the enforced expression of two tachyzoites effectors in 

bradyzoites (GRA16 and GRA24) does not result in export. Instead these effectors 

accumulated within the cyst wall, therefore suggesting that protein export might not 

occur at these stages. The authors suggest this could be because these proteins are 

not required during chronic stages, and either the cyst wall creates a physical barrier 

to protein export or that bradyzoites lack a translocation complex (i.e. MYR1). We, on 

the other hand, monitor all protein export from native promoters and we show here 

that GRA24 is not expressed, whilst GRA16 appears to be expressed but not exported. 

In the case of GRA16, the experiments reported here are in line with Krishnamurthy 

and Saeij’s study and the reason for production of this protein without export is yet 

underdetermined. Interestingly, in bradyzoites we see an increase in IST expression 

as well as a similar level of export, when compared to tachyzoites. IST was detected 

in host cells that were both infected with tachyzoites and subsequently differentiated 
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into bradyzoites for 7 days, and in samples where isolated bradyzoites were re-

infected onto new host cells. Together with our transcriptional data showing increased 

expression of this effector we are confident that bradyzoites are capable of exporting 

IST into the host cell nucleus. What our data does not address is whether translocation 

across the cyst wall occurs. It remains possible from our study that all IST observed 

in the host cell nucleus of 7 day old bradyzoites is exported before the production of 

the cyst wall. For this to be true IST would have to be extremely stable and have a 

very low turnover rate; this would enable IST to stay at the levels we observed in 

tachyzoites after 7 days of differentiation. The other possibility is that there is 

something unique about IST that allows for its export across the cyst wall in 

bradyzoites but not GRA16 and GRA24. The only known trafficking element in 

exported proteins is the TEXEL motif27, 29, but this cannot explain the export 

differences observed given this motif is present in both GRA16 and IST17, 19. If this 

was the case then IST should be able to be exported when expressed under the 

inducible promoter that Krishnamurthy and Saeij use79.

We further show that the transcription factor IRF1, which is expressed in a IFN 

dependent fashion, is blocked by the presence of IST. This suggests that, at least at 

the early timepoints (7 days), bradyzoites do have the ability to block IFN signalling 

just as well as tachyzoites. However, our data also indicates that IST alone does not 

appear to protect bradyzoite-containing host cells from IFN-mediated cell death.

The lifestyles of tachyzoites and bradyzoites are vastly different and thus they 

have distinct requirements of their host cell. Tachyzoites are fast growing and aim to 

spread through tissue and around the body. Bradyzoites, on the other hand, are slow 

growing and aim to persist for the life of their host, seemingly avoiding immune 

detection. Here we show that bradyzoite-containing host cells have a distinct 

transcriptional landscape, which differs from acute stage tachyzoites perhaps 

reflecting specific survival requirements. Tachyzoites appear to impact the host’s cell 

cycle and survival pathways (such as Myc targets, PI3K/AKT/mTOR signalling, p53, 

mitotic spindle, G2M checkpoints, E2F targets, DNA repair, apoptosis), and 

metabolism (unfolded protein response, mTORC1 signalling, glycolysis, heme 

metabolism). In contrast, bradyzoite infection appears to more heavily impact immune 

pathways (complement, IL6/JAK/STAT3 signalling, inflammatory response, interferon 
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gamma response, interferon alpha response), in addition to some pathways that are 

also altered by tachyzoites. Others have used microarrays to analyse the expression 

of  bradyzoite-containing host cells and concluded that, when the effects of the stress 

on the host were taken into account, there was little to no transcriptional differences 

to tachyzoite infected host cells70. However, in this study bradyzoite samples were 

taken 44 hours post infection as compared to our study that took samples after 7 days. 

The enhanced sensitivity of RNAseq vs microarray, or residual tachyzoite effects at 

this early time point may explain the differences in our findings70. 

It is interesting to note that known targets of GRA1617 and the newly identified 

HCE1/TEEGR effector23, 24 are differentially affected between bradyzoite and 

tachyzoite-infected cells. HCE1/TEEGR targets E2F-dependent genes (including 

cyclins and NF-kB targets) and these are clearly not affected in bradyzoite infected 

cells, thus we would predict that this effector is not expressed or exported in latent 

forms. GRA16 is known to be a key player in host cell cycle regulation by modulating 

p53 signalling, DNA replication, and DNA repair17. In our data, these pathways appear 

to be regulated to a lower degree in bradyzoites when compared to tachyzoites, in 

accordance with our observation that GRA16 is not exported in these stages79. 

Furthermore, tachyzoites are known to induce DNA replication but block the G2M 

transition preventing mitosis in host cells, thus increasing the ploidy of the host cells80, 
81. These observations complement our data which shows the regulation of both the

G2M and mitosis pathways in tachyzoites but not bradyzoites. The differential ability

for Toxoplasma zoites to control cycle cell  pathways could reflect the type of host cell

the parasites reside in. Tachyzoites can replicate in rapidly dividing cells, whilst

bradyzoites appear to develop predominantly reside in post-mitotic cells, such as

neurons, myocytes and cardiomyocytes, and thus may have no need to modulate the

cell cycle82.

Our work also suggests that MYR1-dependent manipulation of host cells containing 

bradyzoites allows for their survival during immune attack. The loss of MYR1 causes 

the expression of many genes to revert to the transcriptomic pattern of uninfected 

bystander cells, suggesting that bradyzoites actively supress many genes which would 

normally become active in an inflammatory environment. A good example of this 

pattern from our data is the IFN pathway. The expression of IFN related genes 
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globally decreases in bradyzoite-containing cells when compared to uninfected 

bystanders (presumably by exported IST). Upon the loss of MYR1, the manipulation 

of IFN-mediated gene expression is lost, and bradyzoite-containing cells mimic 

uninfected cells from the same culture. 

A parasite’s ability to interfere with the IFN-axis is important because it is the host’s 

key mechanism in controlling Toxoplasma infection in vivo46. The mechanism by which 

IFN does this in vivo is not fully understood. Through in vitro analysis of human and 

murine cells, it’s been suggested that IFN induced cell death or nutrient depletion 

might play a role during acute stages41, 83. Our data suggests that during chronic 

infection IFN may also play a role initiating cell death as an anti-microbial tool. We 

have shown that fibroblasts containing MYR1-knockout bradyzoites undergo cell 

death upon IFN stimulation, whereas this is not the case in tachyzoites stimulated 

with IFN post infection. This suggests that bradyzoite protein effectors may work to 

block IFN mediated death. Furthermore, we show cell death occurs in the absence 

of parasite egress. It is speculated that in tachyzoite-infected macrophages cell death 

may occur by pyroptosis initiated by the release of PAMPs following GBP-induced 

PVM breakdown in human cells41, but the type of cell death observed in IFN-primed 

HFFs remains undetermined84 and apoptosis could be equally likely. Although type II 

tachyzoites lacking IST are more susceptible to clearance after and before the addition 

of IFN in murine macrophages19, 20, we have shown that cell death upon IFN of 

bradyzoite-containing HFF cells is not solely controlled by IST, suggesting that there 

could be other parasite effectors in play in chronic stages. Together, these data implies 

that bradyzoites actively modulate cell pathways that control cell death and that this 

phenomenon is different between latent and acute forms.

Uncovering the cell death pathway initiated upon IFN stimulation and how the 

parasite inhibits this is important in understanding how the chronic stages persistent. 

Further studies should look into whether IFN-induced cell death occurs in 

physiologically important bradyzoite reservoirs such as neurons85. Unfortunately, the 

current limitations in in vitro bradyzoite-neuron tissue culture models makes this a 

difficult course. Alternatively, in vivo studies could shed light on whether MYR1 is 

required for bradyzoite persistence, but will require a conditional system as MYR1 
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knockouts are avirulent in acute stages in vivo28. Overall, this data suggests that 

targeting protein export with small drug molecules, or augmenting cell death pathways 

(as has been used in for clearance of other pathogens)86 could be an effective way to 

treat chronic Toxoplasma infection.
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Figure Legends

Figure 1. Transcriptional landscape of bradyzoite-containing host cells is 
different to tachyzoite infection. (A) Schematic of sample collection for RNA 

sequencing indicating uninfected, infected, and bystander populations. (B, left) a 

representative FACS plot of the sorting gates used to sort infected and bystander host 

cells defined as mCherry+eGFP- (blue) and mCherry-eGFP- (magenta) respectively; 

discarded cells indicated in black. (B, right) a FACS plot showing a shift towards a 

mCherry+ population after inoculation (C) (i) The proportion of SRS9+ (grey) and SRS9- 

(black) parasites in bradyzoite samples. (ii) The levels of SAG1 and BAG1 reads 

(RPKM) in tachyzoite and bradyzoite samples. (iii) The negative Log10 of the P-value 

for known bradyzoite (grey) and tachyzoite (black) protein markers. (D) Inoculated 

HFF cells (human foreskin fibroblast) were FACS sorted into infected and uninfected 

samples before RNA extraction and sequencing (as per figure 1A) (n = 3 experiments, 

each with 3 replicates). Heat map of expression values for the top 100 differentially 

regulated genes between bradyzoite-infected (7 days in vitro) vs uninfected host cells 

(7 days). Top 100 DEGs expression are also shown for the tachyzoite-infected (24 

hours) and uninfected host cells (24 hours) samples. Expression values are Log2 reads 

per kilobase per million (RPKM), scaled to have mean 0 and standard deviation 1 for 

each gene. The plots show that bradyzoites change the transcriptional profile of the 

host cell, and this appears to be somewhat different to the profile of tachyzoite infected 

host cells. See Table S1 for gene names. (E) Venn diagram of tachyzoite vs uninfected 

DEGs (24 hours post infection; grey) and bradyzoite vs uninfected DEGs (7 days post 

infection; green); the number of up-regulated genes are identified in red and down-

regulated genes in blue.
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Figure 2. Tachyzoites and Bradyzoites modulate different host pathways. (A) 

Tachyzoites (grey) and bradyzoite (green) over-representation analysis results for 

each Hallmark gene set displayed as the negative Log10 of the P-value, dotted line p 

= 0.05. Stars indicate pathways with largely different profiles between tachyzoite and 

bradyzoites, which are shown in Figure 2B and C. (B) Pathways enriched during 

tachyzoite infection. Heat map of expression values for the genes that make up the 

E2F target and MYC target pathways. Expression values are Log2 RPKM, scaled to 

have mean 0 and standard deviation 1 for each gene. The plots show that tachyzoites 

alter the transcriptional profile of pathways E2F target and MYC target more so than 

bradyzoites. (C) Pathways enriched during bradyzoites infection. Heat map of 

expression values for the genes that make up the Interferon Alpha Response and 

Interferon Gamma Response pathways. Expression values are Log2 RPKM, scaled to 

have mean 0 and standard deviation 1 for each gene. The plots show that bradyzoite 

infections alters the transcriptional profile of pathways these two pathways more than 

bradyzoites. See also Figure S1, and Table S2 and Table S3 for gene lists.
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Figure 3. MYR1 plays a role regulating host cell transcriptional changes in 
bradyzoites containing cells. (A) Differences in the expressional profile (Log2CPM) 

of MYR1, MYR2, and MYR3 between tachyzoites (24 hours) and bradyzoites (7 days 

in vitro). Expression drops during bradyzoite stages for all proteins. (B) PruΔku80 and 

PruΔku80 MYR1-HA parasites were induced under alkaline conditions for 7 days 

before fixation. MYR1-HA (HA; white) in bradyzoites (pLDH2-eGFP; green) is 

localised to the PV space and co-localises to cyst wall marker CST1 (CST1; 

magenta). Brightness and contrast was edited on single colour channels prior to 

merging. (C) (i) WT and Δmyr1 parasites were fixed after 7 days of differentiation under 

alkaline conditions. Both WT and Δmyr1 were able to form intact cysts (DBA; green) 

containing health bradyzoites (SRS9; magenta) and showed the presence of 

amylopectin granules (black arrows). Scale bar = 10μM; MYR, Myc Regulationr; PV, 

parasitophorous vacuole; DAPI, 4',6-diamidino-2-phenylindole; DBA, fluorescein 

conjugated Dolichos biflorus agglutinin. Brightness and contrast was edited on single 

colour channels prior to merging. (ii) The number of bradyzoite containing cells after 7 

days of differentiation between WT (Pru) and Δmyr1 was analysed by FACS (mean  

SD, n = 3 experiments, unpaired, two-sided Student’s t-test with Welch’s correction; 

**p=0.0058). (iii). The size of PruΔku80 Δmyr1 cysts were compared to WT by 

quantification of from immuno-fluorescence images (mean  SD, n = 3 experiments, 

each experiment analysed on average between 20-40 bradyzoite cysts, unpaired, two-

sided Student’s t-test with Mann-Whitney correction; p=0.156) (D) WT (Pru) and 

Δmyr1 inoculated human foreskin fibroblast (HFF) cells were FACS sorted into 

infected and uninfected samples before RNA extraction and sequencing (as per Fig. 

1A). Heat map of log2RPKM expression for the top 100 differentially regulated genes 

between WT bradyzoite infected and Δmyr1 bradyzoite infected cells. Expression has 

been scaled to have mean 0 and standard deviation 1 for each gene. In the absence 

of MYR1, bradyzoite specific host expression appears to somewhat mimic the 

bystander cell population (from both WT and Δmyr1). See also Figure S2 and Table 

S4 for gene list. (E) Venn diagram of bradyzoite WT infected vs uninfected DEGs 

(grey) and bradyzoite Δmyr1 infected vs uninfected DEGs (green); the number of up-

regulated genes are identified in red and down-regulated genes in blue. Dotted lines 

indicated shared DEGs deemed as independent of MYR1. 
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Figure 4. Proportion of bradyzoite specific pathways changes are dependent on 
MYR1. Bradyzoite specific DEGs shown in Fig. 2 was used for GSEA Hallmark gene 

set pathway analysis. The proportion of DEGs that were dependent on MYR1 (as 

determined by Fig. 4B) were then shown in those pathways that were significantly 

altered in bradyzoites (from Fig. 2B). Black, MYR1 dependent DEGs; Light grey, 

MYR1 independent DEGs; Dark grey, unchanged DEGs. See also Figure S3 and 

Table S5 for gene list.
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Figure 5. Bradyzoites produce and export IST. (A) Differences in the expressional 

profile (Log2CPM) of GRA16, GRA24, and IST between tachyzoites (24 hours) and 

bradyzoites (7 days in vitro). GRA16 and GRA24 reads drop during bradyzoite stages, 

whereas IST levels slightly increase (n = 3 experiments, each with 3 replicates; 

****p<0.0001) (B) Western blot indicates GRA16-HA, GRA24-HA and IST-HA 

(PruΔku80 background) are expressed in tachyzoites (lysed), whereas only GRA16-

HA and IST-HA are expressed in bradyzoites (7 days in vitro). GAP45 is used as a 

loading control, SAG1 and  SRS9 are used as tachyzoite and bradyzoite controls 

respectively. (C) PruΔku80 WT, GRA16-HA, GRA24-HA and IST-HA parasites were 

differentiated under alkaline conditions for 7 days before fixation. GRA24-HA (HA; 

white) was not produced by bradyzoites (pLDH2-eGFP; green) or exported into the 

host nucleus. In contrast, bradyzoites were able to produce GRA16-HA and IST-HA; 

however, only IST-HA was exported into the host nucleus. White arrows indicate 

location of host nucleus (DAPI; blue). (D) No change in the ratio (nuclear 

intensity/vacuolar intensity) of IST export between tachyzoites and bradyzoites from 

immuno-fluorescence imaging (Figure 6c) (mean  SD, n = 3 experiments, each 

experiment analysed on average between 20-40 bradyzoite cysts and 60-200 

tachyzoite vacuoles; unpaired, two-sided Student’s t-test; ****p<0.0001). (E) 

PruΔku80IST-HA parasites were differentiated under alkaline conditions for 7 days 

before extracted and reinoculated. Samples were either fixed 24hours (i) or 1 week 

post infection (ii). IST is consistently exported during bradyzoites infection. Scale bar 

= 10μM. Brightness and contrast was edited on single colour channels prior to 

merging. Scale bar = 10μM; GRA, dense granule; IST, inhibitor of STAT1 

transcriptional activity; PV, parasitophorous vacuole; DAPI, 4',6-diamidino-2-

phenylindole. Brightness and contrast was edited on single colour channels prior to 

merging. See also Figure S4.
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Figure 6. Bradyzoites alter the Interferon gamma pathway. (A) (i) PruΔku80 IST-

HA (WT), PruΔku80 IST-HA Δmyr1, and PruΔku80 IST-HA Δist parasites were 

differentiated under alkaline conditions for 7 days before fixation. The absence of 

MYR1 in bradyzoites (pLDH2-eGFP; green) inhibits the export of IST-HA (HA; white) 

into the host nucleus. White arrows indicate location of infected host nucleus (DAPI; 

blue). White stars indicate location of un-infected host nuclei. Scale bar = 10μM. 

Brightness and contrast was edited on single colour channels prior to merging.  (ii) 

The increase in IST-HA mean fluorescence  intensity in the host nuclei of WT infected 

cells is lost in Δmyr1 and Δist infected host cells (normalised to PruΔku80 untagged 

controls). Analysed from immuno-fluorescence imaging (Figure 7ai) (mean  SD, n = 

3 experiments, each experiment analysed on average between 20-30 bradyzoite 

cysts; unpaired, parametric one-way ANOVA test with Dunn’s multiple comparison; 

****p<0.0001). (iii) The ratio (nuclear intensity/vacuolar intensity) of IST drops in Δmyr1 

when compared to WT. Analysed from immuno-fluorescence imaging (Figure 7ai) 

(mean  SD, n = 3 experiments, each experiment analysed on average between 20-

30 bradyzoite cysts; unpaired, two-sided Student’s t-test; ****p<0.0001). (B) (i) 

PruΔku80 IST-HA (WT), Δmyr1, and Δist parasites were differentiated under alkaline 

conditions for 7 days before being treated with 50ng/ml of human-IFN for 15hrs and 

fixed. Nuclear IRF1 (IRF1; magenta) protein levels drop to varying degrees in WT 

infected cells, and this inhibition is lost in Δmyr1 and Δist bradyzoite (pLDH2-eGFP; 

green)  infected host cells. White arrows indicate location of host nucleus (DAPI; blue). 

White stars indicate location of un-infected host nuclei. Scale bar = 10μM. Brightness 

and contrast was edited on single colour channels prior to merging. (ii) The inhibition 

of IRF1 by WT bradyzoites is reversed by the knockout of myr1 and IRF1 levels return 

to similar levels when compared to uninfected and Δist infected cells. Analysed from 

immuno-fluorescence imaging and normalised to surrounding uninfected cells (Figure 

7bi) (mean  SD, n = 3 experiments, each experiment analysed on average between 

20-30 bradyzoite infected host cells; unpaired, parametric one-way ANOVA test with

Dunn’s multiple comparison; **p<0.01, ****p<0.0001). (C) RPKM values for IRF1 from

Figure 3 data set. (D) A gene heat map of log2RPKM expression for the Hallmark gene

set IFN gamma response showing all samples from the Figure 3 analysis. Expression

has been scaled to have mean 0 and standard deviation 1 for each gene. See also

Figure S5, S6 and Table S6 for gene list.
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Figure 7. Depletion of MYR1 prevents cyst persistence and induces host cell 

death upon IFN stimulation. (A) (i) PruΔku80 IST-HA (WT), PruΔku80 IST-HA 

Δmyr1, and PruΔku80 IST-HA Δist parasites were differentiated under alkaline 

conditions for 7 days before imaging. During each experiment (n=3), between 15-35 

parasite cysts were imaged every 14 mins for 15 hours after the addition of PI (red) 

and 50ng/ml of IFN. PI can be seen entering the host cell and bradyzoites (pLDH2-

eGFP; green; white arrow) are released. Scale bar = 10μM. Brightness and contrast 

was edited on single colour channels prior to merging. (ii) The percentage of cyst 

infected cells that survived the 15 hours treatment of IFN drops by almost 90% in 

Δmyr1 infected cells, significantly more than both WT and Δist (mean  SD, n = 3 

experiments, each experiment tracked between 15-30 bradyzoite cysts; unpaired, 

one-way ANOVA test with Sidak’s multiple comparison test; *p<0.05, ***p<0.001, 

****p<0.0001). (B) (i) PruΔku80 IST-HA (WT), Δmyr1, and Δist parasites were 

differentiated under alkaline conditions for 7 days before being treated with 50ng/ml of 

human-IFN for 15hrs, trypinised and FACS sorted. FACS plot showing gating of 

eGFP+ cells (red) of WT, Δmyr1, and Δist bradyzoite infected host cells. (ii) Proportion 

of bradyzoite -eGFP+ cells compared to unstimulated samples shows a similar pattern 

to the live imaging data from Figure 8a. (mean  SD, n = 6 experiments, unpaired, 

one-way ANOVA test with Sidak’s multiple comparison test; *p<0.05, **p<0.01). (C) 

Time to cell death in hours; Δmyr1 infected cells died earlier than both WT and Δist 

(median  95% CI, n = 3 experiments, each experiment tracked between 15-30 

bradyzoite cysts; unpaired, nonparametric one-way Kruskal-Wallis ANOVA test with 

Dunn’s multiple comparison; **p<0.01). (D) Compound 1 (2M) was added to 7-day-

old bradyzoites for an hour prior to the IFN addition for 15 hours. Samples were fixed, 

FACS analysed, and the proportion of bradyzoite-eGFP+ cells compared to untreated 

samples (mean  SD, n = 3 experiments, unpaired, one-way ANOVA test with Sidak’s 

multiple comparison test; ***p<0.001, ****p<0.0001, p=0.510).
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Figure S1, related to Figure 2. Pathways enriched during both tachyzoite and 
bradyzoite infection (A) Over-representation analysis results for tachyzoite vs 

uninfected (grey) and vs uninfected DEGs (green) for each Hallmark gene set 

displayed as the negative Log10 of the p-value, dotted line p = 0.05. (B) Over-

representation analysis results for tachyzoite and bradyzoite shared DEGs (black) for 

each Hallmark gene set displayed as the negative Log10 of the P-value, dotted line p 

= 0.05. See also Table S2.
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Supplementary Figure 2
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Figure S2, related to Figure 3. Expression and knockout of MYR1  (A) Tachyzoites 

(GAP45; green) express MYR1 (HA; white) at the PV and within the PV space. 

Scale bar = 10μM (B) A random 69 bp insertion between 237-238 results in three stop 

codons (C) Transiently transfected GRA24-myc3 (Myc; green) export into the host 

nucleus (DAPI; blue) is inhibited in Δmyr1 tachyzoites (mCherry; red). White arrows 

indicate location of host nucleus. Scale bar = 10μM. Brightness and contrast was 

edited on single colour channels prior to merging.
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Supplementary Figure 3
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Figure S3, related to Figure 3. MYR1 dependent DEGs play a significant role in 
pathways regulated by bradyzoites infection. (A) Over-representation analysis 

results for the MYR1 dependent DEGs for each Hallmark gene set displayed as the 

negative Log10 of the P-value, dotted line p = 0.05. (B) Over-representation analysis 

results for the MYR1 independent DEGs (black) for each Hallmark gene set displayed 

as the negative Log10 of the P-value, dotted line p = 0.05. (C) RPKM values for XIAP 

protein expression Figure 4 data set. See also Table S5 for gene lists.
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Figure S4, related to Figure 5. Bradyzoites export IST. (D) Quantification of the 

intensity of nuclear GRA16-HA, GRA24-HA and IST-HA (normalised to PruΔku80 WT 

controls) of bradyzoites infected host cells from immuno-fluorescence imaging (Figure 

6c) (mean  SD, n = 3 experiments, each experiment analysed on average between 

20-40 bradyzoite cysts and 60-200 tachyzoite vacuoles; unpaired, parametric one-way

ANOVA test with Dunn’s multiple comparison; ****p<0.0001)
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Supplementary Figure 5
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Figure S5, related to Figure 6. MYR1 knockouts effects on IRF1 (A) Western blot 

indicates IST (HA) is expressed in WT and Δmyr1 tachyzoites but is absent in Δist. 

GAP45 is used as a loading control. (B) Immuno-fluorescence images of tachyzoite 

(GAP45; green) PruΔku80 IST-HA (WT), PruΔku80 IST-HA Δmyr1, and PruΔku80 

IST-HA Δist infected cells. WT can export IST-HA (HA; white) in to the host nucleus 

(DAPI; blue), whereas there is a loss of export in Δmyr1 and no expression in Δist 

infected cells. Scale bar = 10μM. Brightness and contrast was edited on single colour 

channels prior to merging. (C) (i) PruΔku80 IST-HA (WT), PruΔku80 IST-HA Δmyr1, 

and PruΔku80 IST-HA Δist bradyzoites (green) were treated with 50ng/ml of human-

IFN for 15hrs and before being fixed and probed for IST (anti-HA; white) and IRF1 

(magenta). There is a range of IRF1 inhibition. (iii) The relationship between the 

intensity of IRF1 and the intensity of nuclear IST-HA was modelled with a non-linear 

curve (blue) using natural splines with 3 degrees of freedom. This could significantly 

explain the relationship between IST-HA and IRFI (p=1.042x10-12) (D) RHΔku80 IST-

HA tachyzoites and PruΔku80 IST-HA parasites, that were either differentiated under 

alkaline conditions for 7 days (bradyzoites) or grown in D1 for 15 hours (tachyzoites), 

were treated with 50ng/ml of human-IFN for 15hrs. Samples were fixed and probed 

with IRF1 and DAPI. Nuclear IRF1 protein intensity levels were measure as a 

proportion of surrounding uninfected cell intensity for both uninfected and infected 

cells. There was no difference in IRF1 expression between PruΔku80 tachyzoites and 

bradyzoites (mean  SD, n = 3 experiments, p=0.306). However there is a significant 

difference between PruΔku80 and RHΔku80 tachyzoites (****p<0.0001). Each 

experiment analysed on average between 20-30 bradyzoite infected host cells and 60-

200 tachyzoite vacuoles (unpaired, one-way ANOVA test with Sidak’s multiple 

comparison test).
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Supplementary Figure 6
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Figure S6, related to Figure 6. RPKM values for protein expression of IFN-
pSTAT1-GAS induced transcripts from Figure 4 data set. Samples include: 

uninfected (green), bradyzoite WT-infected (pink) and bystander (orange), bradyzoite 

Δmyr1-infected (indigo) and bystander (aqua) cells.
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Supplementary Figure 7
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Figure S7, related to Figure 7.  IFN induced cell death of bradyzoite containing 
HFF cells. (A) PruΔku80 IST-HA (WT), Δmyr1, and Δist tachyzoites were treated with 

IFN for 15 hours. HFFs were washed, trypinised and fixed, before probed with 

GAP45. Samples were analysed using FACS (mean  SD, n = 5 experiments, 

unpaired, one-way ANOVA test with Sidak’s multiple comparison test; p>0.98) (B) 

Compound 1 (2M) was added to 7-day-old PruΔku80 IST-HA Δmyr1 bradyzoites 

(green) for an hour prior to the IFN addition for 15 hours. PI (red) was added for 10 

mins before being washed and fixed, white arrows indicated PI positive parasites. (C) 

Compound 1 (2M) was added to 7-day-old PruΔku80 IST-HA Δmyr1 bradyzoites for 

16 hours prior to the addition of BIPPO or vehicle (DMSO). Samples were trypinised 

and fixed, FACS analysed, and the proportion of bradyzoite-eGFP+ cells compared to 

untreated samples (mean  SD, n = 3 experiments, unpaired, one-way ANOVA test 

with Sidak’s multiple comparison test; p<0.0001, p=0.889).
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Video S1, related to Figure 7. Wildtype bradyzoite lysis during IFN stimulation. 
Parasites were differentiated for 7 days (bradyzoites express pLDH2-eGFP, green), 

before the addition of Propidium Iodide (red) and IFN and imaged every 14 mins for 

15 hours.

Video S2, related to Figure 7. Δmyr1 bradyzoite lysis during IFN stimulation. 
Parasites were differentiated for 7 days (bradyzoites express pLDH2-eGFP, green), 

before the addition of Propidium Iodide (red) and IFN and imaged every 14 mins for 

15 hours.

Video S3, related to Figure 7. Δist bradyzoite lysis during IFN stimulation. 
Parasites were differentiated for 7 days (bradyzoites express pLDH2-eGFP, green), 

before the addition of Propidium Iodide (red) and IFN and imaged every 14 mins for 

15 hours.

Table S1.  Log RPKM values for the top 100 differentially regulated genes 
between uninfected host cells and bradyzoite infected host cell related to Figure 
1D. 

Table S2. Table of DEG and their corresponding Hallmark Pathways for 
tachyzoite specific, bradyzoite specific and shared genes related to Figure 2A 
and S1. 

.CC-BY 4.0 International licenseauthor/funder. It is made available under a
The copyright holder for this preprint (which was not peer-reviewed) is the. https://doi.org/10.1101/669689doi: bioRxiv preprint 

217

https://doi.org/10.1101/669689
http://creativecommons.org/licenses/by/4.0/


Table S3. Log RPKM values for genes expressed in the E2F, Myc, IFN and IFN 
Hallmark pathways for tachyzoite (related to Fig. 2B) and bradyzoite (related to 
Fig. 2C) comparisons. 

Table S4. Log RPKM values for the top 100 differentially regulated genes 

between bradyzoite WT-infected and myr1-infected host cells related to Figure 
3D.

Table S5. Table of DEG and their corresponding Hallmark Pathways for MYR1 

dependent (WT and myr1 specific) genes and MYR1-independent (shared) 
genes related to Figure 4 and S3. 

Table S6. Log RPKM values for genes expressed in the IFN (related to Fig. 6) 
Hallmark pathways for MYR1 knockout comparisons. 
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Appendix B - 
Data set 1: Data alignment, normalisation, filtering, and exploration .
Code and processing was completed by Dr. Alexandra Garnham from WEHI
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1 Background

This report provides the analysis of RNA sequencing data provided by Simona Seizova and Chris Tonkin (Tonkin Lab,
Infection and Immunity). These data comprise 18 samples of human fibroblasts. The fibroblasts are from a single donor.
The samples are either un-infected (UI), treated with toxoplasma but the cells remain un-infected, treated with toxoplasma
that results in infection (Inf). Two different stages of toxoplasma are separately used - tachyzoites and bradyzoites. The
tachyzoites and bradyzoites require difference media and conditions for growth. The tachyzoites require D1 media and
24h infection time, while the bradyzoites need iM media and 1 week infection time. We therefore have 6 separate groups
each with 3 biological replicates, described in the table below.

Group Description
UI Host 24h Host Uninfected 24 hours D1
UI Tachy 24h Uninfected Tachy 24 hours D1
Inf Tachy 24h Infected Tachy 24 hours D1
UI Host 1week Host Uninfected 1 week iM
UI Brady 1week Uninfected Brady 1 week iM
Inf Brady 1week Infected Brady 1 week iM

Within each time point, Simona would like to identify differentially expressed genes between the following groups:

� Samples treated with toxoplasma but are un-infected and the un-infected host samples

� Infected samples and the un-infected host samples

� Infected samples and the un-infected treated samples

In addition to the above, Simona would also like to determine which genes are differentially expressed between the infected
tachy and infected brady samples. However, the biological differences between these samples are confounded with the
incubation time difference between them. Simona would still like to go ahead with the analysis anyway. Therefore, in
order to determine genes that are potentially changing between these groups due to biological differences only and not
incubation time, we also look at genes that are differentially expressed between the uninfected sample groups.

Finally, Simona would like to know if parasite RNA can be detected in her samples. To this end, the data will be
aligned to both the human and toxoplasma (strain ME49) genomes. The toxoplasma genome plus annotation is available
at http://toxodb.org/common/downloads/release-31/TgondiiME49/.

2 The targets file

The targets file contains all experimental information regarding each sample. The targets file for these data:

> targets <- read.delim("Human_toxo_fibro_targets.txt", stringsAsFactors = FALSE)

> targets[targets$Read == 1, -2]

FileName Replicate InfectionTime Media InfectionStatus Toxoplasma Group

1 Host-uninf-24h-D1-R-1_S1_R1.fastq.gz 1 24hour D1 Un-infected Host UI_Host_24h

3 Host-uninf-24h-D1-R-2_S2_R1.fastq.gz 2 24hour D1 Un-infected Host UI_Host_24h

5 Host-uninf-24h-D1-R-3_S3_R1.fastq.gz 3 24hour D1 Un-infected Host UI_Host_24h

7 uninf-Tachy-24h-D1-R-1_S4_R1.fastq.gz 1 24hour D1 Un-infected Tachy UI_Tachy_24h

9 uninf-Tachy-24h-D1-R-2_S5_R1.fastq.gz 2 24hour D1 Un-infected Tachy UI_Tachy_24h

11 uninf-Tachy-24h-D1-R-3_S6_R1.fastq.gz 3 24hour D1 Un-infected Tachy UI_Tachy_24h

13 inf-Tachy-24h-D1-R-1_S7_R1.fastq.gz 1 24hour D1 Infected Tachy Inf_Tachy_24h

15 inf-Tachy-24h-D1-R-2_S8_R1.fastq.gz 2 24hour D1 Infected Tachy Inf_Tachy_24h

17 inf-Tachy-24h-D1-R-3_S9_R1.fastq.gz 3 24hour D1 Infected Tachy Inf_Tachy_24h

19 Host-uninf-1wk-iM-R-1_S10_R1.fastq.gz 1 1week iM Un-infected Host UI_Host_1week

21 Host-uninf-1wk-iM-R-2_S11_R1.fastq.gz 2 1week iM Un-infected Host UI_Host_1week

23 Host-uninf-1wk-iM-R-3_S12_R1.fastq.gz 3 1week iM Un-infected Host UI_Host_1week

25 uninf-Brady-1wk-iM-R-1_S13_R1.fastq.gz 1 1week iM Un-infected Brady UI_Brady_1week

27 uninf-Brady-1wk-iM-R-2_S14_R1.fastq.gz 2 1week iM Un-infected Brady UI_Brady_1week

29 uninf-Brady-1wk-iM-R-3_S15_R1.fastq.gz 3 1week iM Un-infected Brady UI_Brady_1week

31 inf-Brady-1wk-iM-R-1_S16_R1.fastq.gz 1 1week iM Infected Brady Inf_Brady_1week

33 inf-Brady-1wk-iM-R-2_S17_R1.fastq.gz 2 1week iM Infected Brady Inf_Brady_1week

35 inf-Brady-1wk-iM-R-3_S18_R1.fastq.gz 3 1week iM Infected Brady Inf_Brady_1week

SampleID

1 UI_Host_24h_1

3 UI_Host_24h_2
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5 UI_Host_24h_3

7 UI_Tachy_24h_1

9 UI_Tachy_24h_2

11 UI_Tachy_24h_3

13 Inf_Tachy_24h_1

15 Inf_Tachy_24h_2

17 Inf_Tachy_24h_3

19 UI_Host_1week_1

21 UI_Host_1week_2

23 UI_Host_1week_3

25 UI_Brady_1week_1

27 UI_Brady_1week_2

29 UI_Brady_1week_3

31 Inf_Brady_1week_1

33 Inf_Brady_1week_2

35 Inf_Brady_1week_3

3 Alignment to the human and toxoplasma genomes

3.1 FastQ files

All samples were sequenced by Stephen Wilcox (O’Connor Lab, Systems Biology and Personalized Medicine) on the
Illumina NextSeq platform. The reads are 80bp paired end. Before aligning the samples to the genomes, the quality of
the sequencing is assessed by examining the quality scores associated with each read. A quality score is an indication of
the probability of error when assigning a base to a read. Each base within each each read is given a quality score. A
high quality score implies low probability of error, meaning the higher the quality score, the better quality the sequence.
Boxplots of the quality scores for each fastq file are shown below.

> library(Rsubread)

> FastQ <- paste0("simona140317/", targets$FileName)

> for (i in 1:length(FastQ)) {

+ png(paste0("Plots/", paste0(targets$FileName[i], "_QS.png")))

+ boxplot(qualityScores(FastQ[i]), ylab = "Quality score", xlab = "Base position", main = targets$FileName[i],

+ cex = 0.25, col = "purple")

+ dev.off()

+ }
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3.2 Genome index

To detect parasite RNA in the samples, they need to be aligned to the human and toxoplasma genomes simultaneously.
There a genome index needs to be built that contains both genomes. To this end, the toxoplasma genome is placed at
the end of the human genome as artificial chromosomes. Here the human genome build hg38 is used together with the
current genome for toxoplasma ME49.

> system("cat ~/Genome/hg38/hg38.fa ToxoDB-CURRENT_TgondiiME49_Genome.fasta > hg38_toxoME49.fasta")

An index for the alignment is built using this combined genome.

> buildindex("hg38_toxoME49_index", reference = "hg38_toxoME49.fasta", indexSplit = FALSE, gappedIndex = FALSE)

3.3 Read alignment

All samples are aligned to the previously built index.

> read1 <- FastQ[targets$Read == 1]

> read2 <- FastQ[targets$Read == 2]

> subjunc(index = "hg38_toxoME49_index", readfile1 = read1, readfile2 = read2, nthreads = 15)

> targets <- targets[targets$Read == 1, -2]

The quality of the alignment is assessed by checking the proportion of reads that successfully mapped to the genome. This
includes reads that map to coding and non-coding regions. The table below gives the following for each sample:

NumTotal total number of reads

NumMapped number of mapped reads

PropMapped proportion of mapped reads

> bam.files <- paste0(read1, ".subjunc.BAM")

> prop.mapped <- propmapped(bam.files)

> prop.mapped$Samples <- targets$SampleID

> prop.mapped
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Samples NumTotal NumMapped PropMapped

1 UI_Host_24h_1 32568940 30035750 0.922221

2 UI_Host_24h_2 50615278 46249722 0.913750

3 UI_Host_24h_3 18324117 16822512 0.918053

4 UI_Tachy_24h_1 25378335 23583553 0.929279

5 UI_Tachy_24h_2 24990833 23105649 0.924565

6 UI_Tachy_24h_3 26642818 24650239 0.925211

7 Inf_Tachy_24h_1 14515030 13433140 0.925464

8 Inf_Tachy_24h_2 20382137 18910545 0.927800

9 Inf_Tachy_24h_3 17396222 16152863 0.928527

10 UI_Host_1week_1 23734363 21897257 0.922597

11 UI_Host_1week_2 45077493 41093066 0.911609

12 UI_Host_1week_3 31421202 28364751 0.902726

13 UI_Brady_1week_1 14814013 13541606 0.914108

14 UI_Brady_1week_2 31702156 28959501 0.913487

15 UI_Brady_1week_3 33780906 30668689 0.907871

16 Inf_Brady_1week_1 25532620 23298091 0.912483

17 Inf_Brady_1week_2 23181811 21207180 0.914820

18 Inf_Brady_1week_3 24356630 22303883 0.915721

3.4 Genome annotation

Human and toxoplasma gene annotation is combined.

> library(limma)

> library(GenomicRanges)

> toxo_anno <- read.delim("ToxoDB-31_TgondiiME49.gff", stringsAsFactors = FALSE, comment.char = "#",

+ header = FALSE)

> toxo_anno <- toxo_anno[, ]

> toxo_anno <- toxo_anno[grepl("gene", toxo_anno[, 3]), -c(6, 8)]

> toxo_anno <- cbind(toxo_anno, strsplit2(toxo_anno$V9, ";|=")[, c(2, 4)])

> toxo_anno <- toxo_anno[, c(1, 4, 5, 6, 8, 9)]

> colnames(toxo_anno) <- c("Chr", "Start", "End", "Strand", "GeneID", "description")

> hg38_anno <- getInBuiltAnnotation("hg38")

> all.exons <- hg38_anno[grepl("chr", hg38_anno$Chr), ]

> by.geneid <- split(all.exons$Chr, all.exons$GeneID)

> gene.body <- GRanges(sapply(by.geneid, function(x) {

+ x[1]

+ }), IRanges(sapply(split(all.exons$Start, all.exons$GeneID), min), sapply(split(all.exons$End,

+ all.exons$GeneID), max)), strand = sapply(split(all.exons$Strand, all.exons$GeneID), function(x) {

+ x[1]

+ }))

> names(gene.body) <- names(by.geneid)

> hg38_anno <- data.frame(GeneID = names(by.geneid), as.data.frame(gene.body))

> colnames(hg38_anno)[2:6] <- c("Chr", "Start", "End", "Width", "Strand")

> anno_comb <- rbind(hg38_anno[, c("GeneID", "Chr", "Start", "End", "Strand")], toxo_anno[, c("GeneID",

+ "Chr", "Start", "End", "Strand")])

3.5 Gene counts

The number of reads mapping to genes are summarized into counts.

> FC <- featureCounts(bam.files, annot.ext = anno_comb, nthreads = 15, isPairedEnd = TRUE)

> colnames(FC$counts) <- targets$SampleID

The total number of reads aligning to genes - both human and parasite; in each sample:

> data.frame(Library.size = colSums(FC$counts))

Library.size

UI_Host_24h_1 25281861

UI_Host_24h_2 38900004

UI_Host_24h_3 14161456

UI_Tachy_24h_1 19879074

UI_Tachy_24h_2 19346255

UI_Tachy_24h_3 20690533

Inf_Tachy_24h_1 11340211

Inf_Tachy_24h_2 15991765

Inf_Tachy_24h_3 13675103
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UI_Host_1week_1 18525094

UI_Host_1week_2 34717406

UI_Host_1week_3 23917113

UI_Brady_1week_1 11334003

UI_Brady_1week_2 24172702

UI_Brady_1week_3 25592761

Inf_Brady_1week_1 19654815

Inf_Brady_1week_2 17868735

Inf_Brady_1week_3 18765231

Boxplots of the samples to the power of 0.2 are shown below. The median of all counts is indicated by the dotted line.

> library(RColorBrewer)

> group <- as.factor(targets$Group)

> group.col <- group

> levels(group.col) <- brewer.pal(6, "Set2")

> png("Plots/Boxplots_counts.png")

> par(cex.axis = 0.7, mar = c(7, 4, 4, 2))

> boxplot(FC$counts^0.2, main = "Counts^0.2", las = 2, col = as.character(group.col))

> abline(h = median(FC$counts^0.2), lty = 3)

> dev.off()

The counts and proportion mapped statistics are saved in the file
‘170323 RNAseq subjunc hg38parasite toxoplasmaBradyTachy SimonaS.RData’.
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> Alignment_output <- list(FeatureCounts = FC, PropMapped = prop.mapped)

> save(Alignment_output, file = "170323_RNAseq_subjunc_hg38parasite_toxoplasmaBradyTachy_SimonaS.RData")

4 Proportion of parasite RNA

The counts for the parasite genes are extracted from the overall counts data.

> load("170323_RNAseq_subjunc_hg38parasite_toxoplasmaBradyTachy_SimonaS.RData")

> counts_comb <- Alignment_output$FeatureCounts$counts

> counts_toxo <- counts_comb[grepl("TGME49", row.names(counts_comb)), ]

> counts_human <- counts_comb[!grepl("TGME49", row.names(counts_comb)), ]

The total number of reads in each sample aligning to the toxoplasma genome:

> colSums(counts_toxo)

UI_Host_24h_1 UI_Host_24h_2 UI_Host_24h_3 UI_Tachy_24h_1 UI_Tachy_24h_2 UI_Tachy_24h_3

154 135 125 21357 20525 17282

Inf_Tachy_24h_1 Inf_Tachy_24h_2 Inf_Tachy_24h_3 UI_Host_1week_1 UI_Host_1week_2 UI_Host_1week_3

1353528 1940117 1555736 78 296 586

UI_Brady_1week_1 UI_Brady_1week_2 UI_Brady_1week_3 Inf_Brady_1week_1 Inf_Brady_1week_2 Inf_Brady_1week_3

78988 161861 191083 1645579 1419160 1628769

The proportion of reads mapping to toxoplasma in each sample:

> colSums(counts_toxo)/colSums(counts_comb)

UI_Host_24h_1 UI_Host_24h_2 UI_Host_24h_3 UI_Tachy_24h_1 UI_Tachy_24h_2 UI_Tachy_24h_3

6.09e-06 3.47e-06 8.83e-06 1.07e-03 1.06e-03 8.35e-04

Inf_Tachy_24h_1 Inf_Tachy_24h_2 Inf_Tachy_24h_3 UI_Host_1week_1 UI_Host_1week_2 UI_Host_1week_3

1.19e-01 1.21e-01 1.14e-01 4.21e-06 8.53e-06 2.45e-05

UI_Brady_1week_1 UI_Brady_1week_2 UI_Brady_1week_3 Inf_Brady_1week_1 Inf_Brady_1week_2 Inf_Brady_1week_3

6.97e-03 6.70e-03 7.47e-03 8.37e-02 7.94e-02 8.68e-02

A graphical representation of the above proportions:

> dotchart(colSums(counts_toxo)/colSums(counts_comb), col = as.character(group.col), pch = 16,

+ main = "Proportion of toxoplasma RNA detected \nin each sample")
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Simona would like to know the expression of the following toxoplasma genes

� bradyzoite antigen BAG1 (TGME49 259020)

� SAG-related sequence SRS29B (TGME49 233460)

� GRA28 (TGME49 231960)

� GRA16 (TGME49 208830)

� GRA24 (TGME49 230180)

� IST (TGME49 240060)

Annotation for these genes:

> library(edgeR)

> toxo_anno <- toxo_anno[match(row.names(counts_toxo), toxo_anno$GeneID), ]

> toxo_anno <- cbind(toxo_anno, Length = Alignment_output$FeatureCounts$annotation[grepl("TGME49",

+ Alignment_output$FeatureCounts$annotation$GeneID), "Length"])

> DGE_toxo <- DGEList(counts_toxo, genes = toxo_anno, group = group)

> DGE_toxo$samples$lib.size <- colSums(counts_comb)

> RPKM_toxo <- rpkm(DGE_toxo)

> genes <- c("TGME49_259020", "TGME49_233460", "TGME49_231960", "TGME49_208830", "TGME49_230180",

+ "TGME49_240060")

227



> names(genes) <- c("BAG1", "SAG1", "GRA28", "GRA16", "GRA24", "IST")

> genes_anno <- DGE_toxo$genes[DGE_toxo$genes$GeneID %in% genes, ]

> genes_anno$Symbol <- names(genes[match(genes_anno$GeneID, genes)])

> genes_anno

Chr Start End Strand GeneID description Length Symbol

TGME49_230180 TGME49_chrVIII 664211 670474 - TGME49_230180 hypothetical protein 6264 GRA24

TGME49_233460 TGME49_chrVIII 2664481 2665491 + TGME49_233460 SAG-related sequence SRS29B 1011 SAG1

TGME49_231960 TGME49_chrVIII 1670549 1677536 - TGME49_231960 omega secalin%2C putative 6988 GRA28

TGME49_259020 TGME49_chrVIIb 3023202 3025687 - TGME49_259020 bradyzoite antigen BAG1 2486 BAG1

TGME49_208830 TGME49_chrIb 888008 891283 - TGME49_208830 hypothetical protein 3276 GRA16

TGME49_240060 TGME49_chrVI 1035030 1038681 + TGME49_240060 hypothetical protein 3652 IST

The raw counts for these genes:

> y <- DGE_toxo$counts[row.names(DGE_toxo$counts) %in% genes_anno$GeneID, ]

> row.names(y) <- genes_anno$Symbol[match(row.names(y), genes_anno$GeneID)]

> y

UI_Host_24h_1 UI_Host_24h_2 UI_Host_24h_3 UI_Tachy_24h_1 UI_Tachy_24h_2 UI_Tachy_24h_3 Inf_Tachy_24h_1

GRA24 0 0 0 15 26 12 855

SAG1 0 0 0 79 75 85 5402

GRA28 0 0 0 4 2 1 203

BAG1 0 0 0 0 0 0 0

GRA16 0 0 0 13 7 12 549

IST 0 0 0 3 6 7 407

Inf_Tachy_24h_2 Inf_Tachy_24h_3 UI_Host_1week_1 UI_Host_1week_2 UI_Host_1week_3 UI_Brady_1week_1 UI_Brady_1week_2

GRA24 1264 965 0 0 0 9 23

SAG1 7657 6232 0 0 1 13 17

GRA28 305 282 0 0 0 4 17

BAG1 9 0 1 1 0 423 906

GRA16 670 531 0 0 0 1 7

IST 612 450 0 0 0 28 69

UI_Brady_1week_3 Inf_Brady_1week_1 Inf_Brady_1week_2 Inf_Brady_1week_3

GRA24 16 288 184 271

SAG1 29 348 335 313

GRA28 9 94 72 78

BAG1 1141 7411 6595 6998

GRA16 4 65 102 132

IST 65 692 617 716

> for (i in 1:nrow(y)) {

+ png(paste0("Plots/Counts_", row.names(y)[i], ".png"))

+ barplot(y[i, ], col = as.character(group.col), ylab = "count", main = row.names(y)[i],

+ las = 2)

+ dev.off()

+ }

The RPKM for the genes:

> x <- RPKM_toxo[row.names(RPKM_toxo) %in% genes_anno$GeneID, ]

> row.names(x) <- genes_anno$Symbol[match(row.names(x), genes_anno$GeneID)]

> x

UI_Host_24h_1 UI_Host_24h_2 UI_Host_24h_3 UI_Tachy_24h_1 UI_Tachy_24h_2 UI_Tachy_24h_3 Inf_Tachy_24h_1

GRA24 0 0 0 0.1205 0.2145 0.09259 12.04

SAG1 0 0 0 3.9308 3.8345 4.06346 471.18

GRA28 0 0 0 0.0288 0.0148 0.00692 2.56

BAG1 0 0 0 0.0000 0.0000 0.00000 0.00

GRA16 0 0 0 0.1996 0.1104 0.17704 14.78

IST 0 0 0 0.0413 0.0849 0.09264 9.83

Inf_Tachy_24h_2 Inf_Tachy_24h_3 UI_Host_1week_1 UI_Host_1week_2 UI_Host_1week_3 UI_Brady_1week_1 UI_Brady_1week_2

GRA24 12.618 11.27 0.0000 0.0000 0.0000 0.1268 0.1519

SAG1 473.599 450.76 0.0000 0.0000 0.0414 1.1345 0.6956

GRA28 2.729 2.95 0.0000 0.0000 0.0000 0.0505 0.1006

BAG1 0.226 0.00 0.0217 0.0116 0.0000 15.0126 15.0765

GRA16 12.789 11.85 0.0000 0.0000 0.0000 0.0269 0.0884

IST 10.479 9.01 0.0000 0.0000 0.0000 0.6765 0.7816

UI_Brady_1week_3 Inf_Brady_1week_1 Inf_Brady_1week_2 Inf_Brady_1week_3

GRA24 0.0998 2.339 1.644 2.305

SAG1 1.1208 17.513 18.544 16.498
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GRA28 0.0503 0.684 0.577 0.595

BAG1 17.9336 151.672 148.464 150.010

GRA16 0.0477 1.009 1.742 2.147

IST 0.6954 9.641 9.455 10.448

> for (i in 1:nrow(x)) {

+ png(paste0("Plots/RPKM_", row.names(x)[i], ".png"))

+ barplot(x[i, ], col = as.character(group.col), ylab = "RPKM", main = row.names(x)[i], las = 2)

+ dev.off()

+ }

Plots of the counts and RPKMs:
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5 Additional human gene annotation

Additional annotation for the human genes is added from the NCBI database, ftp://ftp.ncbi.nlm.nih.gov/gene/DATA/GENE INFO/.
The human annotation is stored in the Homo sapiens.gene info.gz file. Note the January 2017 version is used.

> lib <- "~/GeneInformationSets/HumanGenomeAnnotation/Homo_sapiens.gene_info_Jan17.gz"

> annotation.library <- read.delim(lib, stringsAsFactors = FALSE)

> annotation <- annotation.library[match(row.names(counts_human), annotation.library$GeneID),

+ c("GeneID", "Symbol", "description", "chromosome", "Synonyms", "type_of_gene")]

> annotation <- cbind(annotation, Length = Alignment_output$FeatureCounts$annotation[!grepl("TGME49",

+ Alignment_output$FeatureCounts$annotation$GeneID), "Length"])
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The available annotation for each gene:

> colnames(annotation)

[1] "GeneID" "Symbol" "description" "chromosome" "Synonyms" "type_of_gene" "Length"

6 Data filtering and normalization

6.1 Filtering

Genes should only be included in the analysis if they are truly expressed. Lowly expressed genes need to therefore be
filtered from the data.

> DGE_human <- DGEList(counts_human, genes = annotation, group = group)

> CPM_human <- cpm(DGE_human)

> summary(CPM_human)

UI_Host_24h_1 UI_Host_24h_2 UI_Host_24h_3 UI_Tachy_24h_1 UI_Tachy_24h_2 UI_Tachy_24h_3 Inf_Tachy_24h_1

Min. : 0 Min. : 0 Min. : 0 Min. : 0 Min. : 0 Min. : 0 Min. : 0

1st Qu.: 0 1st Qu.: 0 1st Qu.: 0 1st Qu.: 0 1st Qu.: 0 1st Qu.: 0 1st Qu.: 0

Median : 0 Median : 0 Median : 0 Median : 0 Median : 0 Median : 0 Median : 0

Mean : 35 Mean : 35 Mean : 35 Mean : 35 Mean : 35 Mean : 35 Mean : 35

3rd Qu.: 20 3rd Qu.: 19 3rd Qu.: 20 3rd Qu.: 21 3rd Qu.: 21 3rd Qu.: 21 3rd Qu.: 23

Max. :32646 Max. :34523 Max. :31404 Max. :30336 Max. :34139 Max. :30668 Max. :24860

Inf_Tachy_24h_2 Inf_Tachy_24h_3 UI_Host_1week_1 UI_Host_1week_2 UI_Host_1week_3 UI_Brady_1week_1 UI_Brady_1week_2

Min. : 0 Min. : 0 Min. : 0 Min. : 0 Min. : 0 Min. : 0 Min. : 0

1st Qu.: 0 1st Qu.: 0 1st Qu.: 0 1st Qu.: 0 1st Qu.: 0 1st Qu.: 0 1st Qu.: 0

Median : 0 Median : 0 Median : 0 Median : 0 Median : 0 Median : 0 Median : 0

Mean : 35 Mean : 35 Mean : 35 Mean : 35 Mean : 35 Mean : 35 Mean : 35

3rd Qu.: 23 3rd Qu.: 23 3rd Qu.: 21 3rd Qu.: 21 3rd Qu.: 21 3rd Qu.: 22 3rd Qu.: 23

Max. :23643 Max. :24472 Max. :20820 Max. :20771 Max. :21798 Max. :8498 Max. :7554

UI_Brady_1week_3 Inf_Brady_1week_1 Inf_Brady_1week_2 Inf_Brady_1week_3

Min. : 0 Min. : 0 Min. : 0 Min. : 0

1st Qu.: 0 1st Qu.: 0 1st Qu.: 0 1st Qu.: 0

Median : 0 Median : 0 Median : 0 Median : 0

Mean : 35 Mean : 35 Mean : 35 Mean : 35

3rd Qu.: 23 3rd Qu.: 24 3rd Qu.: 24 3rd Qu.: 24

Max. :9473 Max. :9305 Max. :9876 Max. :9671

> median(CPM_human)

[1] 0.193

> 10/(1e-06 * colSums(DGE_human$counts))

UI_Host_24h_1 UI_Host_24h_2 UI_Host_24h_3 UI_Tachy_24h_1 UI_Tachy_24h_2 UI_Tachy_24h_3

0.396 0.257 0.706 0.504 0.517 0.484

Inf_Tachy_24h_1 Inf_Tachy_24h_2 Inf_Tachy_24h_3 UI_Host_1week_1 UI_Host_1week_2 UI_Host_1week_3

1.001 0.712 0.825 0.540 0.288 0.418

UI_Brady_1week_1 UI_Brady_1week_2 UI_Brady_1week_3 Inf_Brady_1week_1 Inf_Brady_1week_2 Inf_Brady_1week_3

0.888 0.416 0.394 0.555 0.608 0.584

> table(group)

group

Inf_Brady_1week Inf_Tachy_24h UI_Brady_1week UI_Host_1week UI_Host_24h UI_Tachy_24h

3 3 3 3 3 3

Any gene that does not achieve a count per million reads (CPM) greater than 1 in at least 3 samples is filtered. Furthermore,
any gene which does not have a symbol are also removed.

> is.exprs_human <- rowSums(CPM_human > 0.5) >= 3

> table(is.exprs_human)

is.exprs_human

FALSE TRUE

14479 13846

> has.sym <- !is.na(DGE_human$genes$Symbol)

> table(has.sym)
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has.sym

FALSE TRUE

316 28009

> DGE_human <- DGE_human[is.exprs_human & has.sym, , keep.lib.sizes = FALSE]

After filtering 13793 genes remain for downstream analysis.

6.2 Normalization

RNA composition within each sample is normalized using the TMM method. This method calculates a scaling factor for
each sample using the weighted trimmed mean of log-expression ratios. This scaling factors aims to minimize the log-fold
changes between the samples for the majority of genes. Ideally all scaling factors should be around 1.

> DGE_human <- calcNormFactors(DGE_human, method = "TMM")

> DGE_human$samples

group lib.size norm.factors

UI_Host_24h_1 UI_Host_24h 25270514 0.938

UI_Host_24h_2 UI_Host_24h 38879938 0.933

UI_Host_24h_3 UI_Host_24h 14154696 0.956

UI_Tachy_24h_1 UI_Tachy_24h 19849717 0.946

UI_Tachy_24h_2 UI_Tachy_24h 19317359 0.945

UI_Tachy_24h_3 UI_Tachy_24h 20664433 0.938

Inf_Tachy_24h_1 Inf_Tachy_24h 9982469 1.001

Inf_Tachy_24h_2 Inf_Tachy_24h 14045475 0.996

Inf_Tachy_24h_3 Inf_Tachy_24h 12113899 0.991

UI_Host_1week_1 UI_Host_1week 18515922 1.007

UI_Host_1week_2 UI_Host_1week 34699910 1.008

UI_Host_1week_3 UI_Host_1week 23904887 0.986

UI_Brady_1week_1 UI_Brady_1week 11249708 1.036

UI_Brady_1week_2 UI_Brady_1week 23998663 1.054

UI_Brady_1week_3 UI_Brady_1week 25387424 1.043

Inf_Brady_1week_1 Inf_Brady_1week 17998750 1.077

Inf_Brady_1week_2 Inf_Brady_1week 16439960 1.077

Inf_Brady_1week_3 Inf_Brady_1week 17125679 1.090

7 The design matrix

The design matrix mathematically represents the design of the experiment.

> design_human <- model.matrix(~0 + group)

> colnames(design_human) <- levels(group)

> row.names(design_human) <- targets$SampleID

> design_human

Inf_Brady_1week Inf_Tachy_24h UI_Brady_1week UI_Host_1week UI_Host_24h UI_Tachy_24h

UI_Host_24h_1 0 0 0 0 1 0

UI_Host_24h_2 0 0 0 0 1 0

UI_Host_24h_3 0 0 0 0 1 0

UI_Tachy_24h_1 0 0 0 0 0 1

UI_Tachy_24h_2 0 0 0 0 0 1

UI_Tachy_24h_3 0 0 0 0 0 1

Inf_Tachy_24h_1 0 1 0 0 0 0

Inf_Tachy_24h_2 0 1 0 0 0 0

Inf_Tachy_24h_3 0 1 0 0 0 0

UI_Host_1week_1 0 0 0 1 0 0

UI_Host_1week_2 0 0 0 1 0 0

UI_Host_1week_3 0 0 0 1 0 0

UI_Brady_1week_1 0 0 1 0 0 0

UI_Brady_1week_2 0 0 1 0 0 0

UI_Brady_1week_3 0 0 1 0 0 0

Inf_Brady_1week_1 1 0 0 0 0 0

Inf_Brady_1week_2 1 0 0 0 0 0

Inf_Brady_1week_3 1 0 0 0 0 0

attr(,"assign")

[1] 1 1 1 1 1 1

attr(,"contrasts")

attr(,"contrasts")$group

[1] "contr.treatment"
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8 Data exploration

8.1 Sample clustering

The multi-dimensional scaling (MDS) plot below shows the unsupervised clustering of the samples. On an MDS plot, each
sample is plotted according to the distance between it and all other samples. This distance is calculated using the top 500
most variable genes between each pair of samples. Therefore, samples that are more similar will appear closer together,
while those that are more different will be further apart. The MDS plot below is coloured according to the experimental
group of the samples.

> plotMDS(DGE_human, col = as.character(group.col), xlim = c(-3, 3), ylim = c(-3, 3), main = "Identifying experimental group")

> legend("bottomleft", legend = levels(group), text.col = levels(group.col), ncol = 2, title = "Group",

+ title.col = "black")

This plot shows that good clustering is achieved within each groups and all groups are nicely separated. Additionally, the
tachy and brady samples are grouped together on opposite sides of the plot.

8.2 Biological variation

The biological variation between the samples is estimated.

> disp_human <- estimateDisp(DGE_human, design = design_human)
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The biological coefficient of variation (BCV) is determined. The BCV indicates how the abundance of each gene varies
between replicate samples. The common BCV:

> BCV_human <- sqrt(disp_human$common.dispersion)

> BCV_human

[1] 0.0611

A summary of the gene specific BCVs:

> summary(sqrt(disp_human$tagwise.dispersion))

Min. 1st Qu. Median Mean 3rd Qu. Max.

0.038 0.053 0.065 0.088 0.103 0.805

A plot of the average log2-CPM versus the BCV for each gene is shown. This plot visualises how gene variation (y-axis)
between replicate samples changes as gene abundance (x-axis) increases. As you can see, gene variability decreases as
abundance increases.

> plotBCV(disp_human)

9 Differential expression analysis

The data is transformed to log2-CPM.
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Appendix C - 
Data set 2: Data alignment, normalisation, filtering, and exploration
Code and processing was completed by Dr. Alexandra Garnham from WEHI
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Appendix D - 
Data set 1 and 2, data combination process
Code and processing was completed by Dr. Alexandra Garnham from WEHI
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