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ABSTRACT 

The intracellular protozoan parasite Toxoplasma gondii undergoes rapid asexual 

replication through a process known as endodyogeny, which involves the formation of 

two daughter cells within a mother cell. This tightly regulated process depends on cell 

cycle-specific gene expression and post-translational modifications. This study builds 

upon previous findings that identified TgAP2IX-5 as a key transcription factor required 

for daughter cell budding. While TgAP2IX-5 regulates the expression of TgAP2XII-9 

and TgAP2III-2, our focus is on the distinct roles of these two ApiAP2 transcription 

factors and the phosphatase TgPP1 in orchestrating cell cycle progression and 

daughter cell formation in T. gondii. 

TgAP2XII-9 emerges as a key transcriptional regulator, orchestrating various stages 

of the cell cycle. Using a combination of immunofluorescence, RNA sequencing, and 

CUT&Tag assays, we demonstrate that TgAP2XII-9 acts as both a repressor and 

activator of gene expression, ensuring the proper timing and organization of daughter 

cell formation. TgAP2XII-9 represses genes associated with early stages of daughter 

budding, including those encoding apical cap and basal complex proteins, while 

simultaneously activating genes responsible for the elongation and maturation of the 

inner membrane complex (IMC), a critical structure that provides the framework for 

daughter cells. Depletion of TgAP2XII-9 leads to catastrophic defects in IMC scaffold 

formation, resulting in disorganized daughter cells and improper nuclear division. 

Moreover, TgAP2XII-9 is also involved in regulating the biogenesis of key virulence 

organelles. It activates genes associated with the formation of micronemes and dense 

granules while repressing rhoptry-associated genes, thus ensuring the precise timing 

of virulence factor production during the parasite's cell cycle. These findings highlight 

TgAP2XII-9’s essential role in synchronizing cellular and organelle replication during 

T. gondii division. 

In contrast, TgAP2III-2 does not exhibit the same transcriptional regulatory effects. 

While it binds extensively to the promoters of ribosomal RNA (rRNA) genes, depletion 

of TgAP2III-2 does not result in significant changes in transcript levels of these genes. 

This lack of transcriptomic alterations, despite its chromatin occupancy, suggests that 

TgAP2III-2 may play a role in epigenetic or chromatin-level regulation rather than direct 
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transcriptional control. The precise biological role of TgAP2III-2 remains elusive but is 

distinct from the role played by TgAP2XII-9, underscoring the functional diversity within 

the ApiAP2 family. 

In parallel, we investigated the role of TgPP1, a serine/threonine phosphatase during 

the cell cycle. TgPP1 is crucial for regulating post-translational processes, including 

IMC assembly, organelle segregation, and nuclear division. Upon TgPP1 depletion, 

parasites exhibited defects similar to those seen with TgAP2XII-9 depletion, including 

aberrant IMC structure and failed daughter cell formation. Phosphoproteomic analyses 

revealed that TgPP1 dephosphorylates a wide array of proteins, including IMC 

components. Strikingly, TgPP1 depletion leads to the accumulation of amylopectin, a 

storage polysaccharide typically associated with the bradyzoite stage, linking PP1 to 

metabolic regulation in addition to its role in cell division. 

This study expands our understanding of the molecular mechanisms driving T. gondii 

replication, from the transcriptional regulation initiated by TgAP2IX-5 to the 

downstream effects on cellular and metabolic processes. 
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Résumé 

Le parasite protozoaire Toxoplasma gondii se réplique rapidement de manière 

asexuée par un processus appelé endodyogénie, qui résulte à la formation de deux 

cellules filles à l'intérieur d'une cellule mère. Ce processus, étroitement régulé, dépend 

de l'expression spécifique de gènes au cours du cycle cellulaire et de modifications 

post-traductionnelles.  Les travaux réalisés au cours de cette thèse s'appuient sur des 

résultats antérieurs qui ont identifié TgAP2IX-5 comme un facteur de transcription clé, 

nécessaire à l’initiation des mécanismes conduisant à la création des cellules filles. 

TgAP2IX-5 régule l'expression de TgAP2XII-9 et TgAP2III-2, notre attention s’est porté 

sur les rôles distincts de ces deux facteurs de transcription ApiAP2 et aussi de la 

phosphatase TgPP1 dans la progression du cycle cellulaire et la formation des cellules 

filles chez T. gondii. 

TgAP2XII-9 émerge comme un régulateur transcriptionnel clé, orchestrant différentes 

étapes du cycle cellulaire. En utilisant une combinaison d'analyses 

d'immunofluorescence, de séquençage ARN, et de CUT&Tag, nous démontrons que 

TgAP2XII-9 agit à la fois comme un répresseur et un activateur de l'expression 

génique, assurant la synchronisation et l'organisation de certaines étapes post-

initiation dans la formation des cellules filles. TgAP2XII-9 réprime les gènes associés 

l’initiation de la formation des cellules fillestout en activant simultanément les gènes 

responsables de l'élongation et de la maturation du complexe de la membrane interne 

(IMC) des cellules filles. La déplétion de TgAP2XII-9 conduit à des défauts dans la 

formation de l'armature de l'IMC, entraînant la formation de cellules filles 

désorganisées. De plus, TgAP2XII-9 régule la biogenèse des organites de virulence 

clés. Il active l’explression d’une partie des  gènes produisant les protéines destinées 

aux micronèmes et des granules denses tout en réprimant l’expression d’une partie 

desgènes produisant les protéines destinées aux rhoptries, assurant ainsi un contrôle 

temporal précis de l’expression des facteurs de virulence au cours du cycle cellulaire 

du parasite. Ces résultats mettent en évidence le rôle essentiel de TgAP2XII-9 dans 

la synchronisation de la réplication cellulaire chez le tachyzoite de T. gondii. 
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En revanche, TgAP2III-2 n'exerce pas les mêmes effets régulateurs. Bien qu'il se lie 

de manière extensive aux promoteurs des gènes de l'ARN ribosomique (ARNr), la 

déplétion de TgAP2III-2 n'entraîne pas de modifications significatives des niveaux de 

transcription de ces gènes. Cette absence d'altérations transcriptomiques, malgré son 

occupation de la chromatine, suggère que TgAP2III-2 pourrait jouer un rôle redondant 

dans la régulation transcriptionelle plutôt qu'un contrôle transcriptionnel direct. Le rôle 

biologique précis de TgAP2III-2 reste encore à définir, mais il est distinct de celui joué 

par TgAP2XII-9, soulignant la diversité fonctionnelle au sein de la famille ApiAP2. 

Parallèlement, nous avons étudié le rôle de TgPP1, une phosphatase sérine/thréonine. 

TgPP1 est crucial pour la régulation des processus post-traductionnels, y compris 

l'assemblage de l'IMC, la ségrégation des organites et la division nucléaire. Suite à la 

déplétion de TgPP1, les parasites présentent des défauts similaires à ceux observés 

lors de la déplétion de TgAP2XII-9, notamment une structure IMC aberrante. Les 

analyses phosphoprotéomiques ont révélé que TgPP1 déphosphoryle un large 

éventail de protéines, y compris des composants de l'IMC. De manière frappante, la 

déplétion de TgPP1 entraîne l'accumulation d'amylopectine, un polysaccharide de 

stockage typiquement associé au stade bradyzoïte, liant ainsi PP1 à la régulation 

métabolique en plus de son rôle dans la division cellulaire. 

 
Cette étude enrichit notre compréhension des mécanismes moléculaires qui sous-

tendent la réplication de T. gondii, de la régulation transcriptionnelle initiée par 

TgAP2IX-5 aux effets en aval sur les processus cellulaires et métaboliques. 
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Chapter 1 – Introduction 

 

1. The Apicomplexan Phylum 
 

The phylum Apicomplexa comprises a vast group of single-celled, obligate intracellular 

protozoan organisms, all characterized by a parasitic lifestyle. Among the over 6,000 

named species (Adl et al., 2007), and likely more than one million unnamed species 

(Seeber & Steinfelder, 2016), some hold significant public health and economic 

relevance, causing severe diseases in humans and livestock that impact millions 

annually (Battle et al., 2012; Checkley et al., 2015; Torgerson & Mastroiacovo, 2013). 

Given their profound impact on global health, there is a pressing need for increased 

knowledge about their biology. Understanding their general biology can help exploit 

vulnerabilities, while insights into their interactions with host organisms can inform 

strategies to stimulate the immune system. This knowledge is crucial for developing 

effective interventions to combat the diseases they cause. The phylum Apicomplexa 

includes several genera of significant medical and veterinary importance (Figure 1): 

1. Plasmodium: This genus is the etiological agent of malaria, responsible for an 
estimated 249 million malaria cases and 608,000 deaths were reported across 

85 countries worldwide in 2022 (World Health Organization, 2023). 

2. Toxoplasma gondii: The causative agent of toxoplasmosis, T. gondii infects 
nearly one in three adults worldwide. It causes severe threat to individuals with 

compromised immunity (like cancer and organ transplant patients on 

immunosuppressive drugs) and pregnant women. It poses severe health risks, 

particularly for individuals living with HIV/AIDS (Belanger et al., 1999). Cerebral 

toxoplasmosis remains a major concern for individuals with HIV, particularly 

those experiencing advanced immune system suppression.The condition 

typically arises from the reactivation of dormant T. gondii cysts in the brain, 

causing neurological issues such as headaches, confusion, and localized 

deficits. Diagnosis usually involves evaluating clinical symptoms, neuroimaging 

results, and serological tests, while confirmation requires detecting the parasite 

in cerebrospinal fluid or brain tissue (Dian et al., 2023). Although the incidence 
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has declined in areas with widespread antiretroviral therapy, cerebral 

toxoplasmosis remains a leading cause of central nervous system 

complications among HIV patients, particularly in regions with limited healthcare 

resources. 

3. Cryptosporidium: A waterborne pathogen, Cryptosporidium has significant 
implications for immune-compromised individuals (P. R. Hunter & Nichols, 

2002) 

4. Gregarina: An invertebrate parasite, Gregarina serves as a useful model for 
studying apicomplexan motility. 

5. Eimeria: is an important genus of apicomplexan parasites that causes 
coccidiosis, a significant enteric disease affecting various animals, particularly 

poultry and cattle, with a complex life cycle involving both sexual and asexual 

reproduction stages in a single host. 

6. Neospora: parasite of significant veterinary importance, known for causing 
neosporosis, a leading cause of abortion in cattle and neurological disease in 

dogs. 

7. Sarcocystis: Affects livestock and wildlife (birds and reptiles), causing 
sarcocystosis, which can lead to muscle cyst formation, abortion in animals, 

and foodborne infections in humans. 

8.  Theileria: Another genus of parasite that infects livestock and cattle, leading to 
severe economic losses due to anemia, fever, and death in affected animals.  
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Figure 1- A schematic representation of the various Apicomplexa taxonomic 
subclasses (Portman & Šlapeta, 2014). The phylogenetic tree illustrates members of the 
Apicomplexa phylum and their closest related relatives. The four main sub-groups within the 
Apicomplexa phylum are: Cryptosporidia, Gregarines, Hematozoa, and Coccidia. 

 

This extensive and diverse phylum is part of the higher-order group of protozoans 

known as Alveolata. The Alveolata group also includes ciliates, which are small 

predators, and Dinoflagellates, which are marine phytoplankton. A defining feature of 

Alveolata is the presence of flattened vesicle-like structures beneath the plasma 

membrane, known as cortical alveoli. In Apicomplexa, these structures are specifically 

referred to as the Inner Membrane Complex (IMC). The name Apicomplexa derives 

from “apex," meaning "tip" or "peak," and "complexus," meaning "interwoven" or 

"network." It refers to the apical complex, a specialized structure located at the tip of 

these parasites, which is crucial for host cell invasion (Adl et al., 2005). This structure, 

characteristic of the group, includes organelles like the conoid, micronemes, rhoptries, 

and polar rings, all of which play key roles in parasite biology (Barta, 1989).  Another 

common feature among Apicomplexan species is their parasitic lifestyle; they have 

evolved to depend entirely on host cells for reproduction (Dubey, 1998). 
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The life cycle of apicomplexan parasites is complex, encompassing three broad 

stages: sporozoite, merozoite, and gametocyte (Figure 2). Despite a common general 

life cycle within the phylum, there are notable differences between species. Some, like 

Cryptosporidium, require a single host, while others, such as Theileria and 

Plasmodium, involve more intricate cycles that necessitate sexual reproduction in a 

vector species for transmission. Apicomplexans are distinguished by specific 

organelles that facilitate host cell attachment, invasion, and the formation of an 

intracellular parasitophorous vacuole. This organelle arsenal typically includes 

rhoptries, micronemes, and dense granules, with proteins stored in these vesicles 

released through the apical complex at the cell's anterior (Sibley, 2004). Additionally, 

all examined apicomplexans, except for Cryptosporidium and Gregarina, possess an 

apicoplast organelle, believed to be the result of an ancient secondary endosymbiotic 

event with an algal cell (Fast et al., 2001; Toso & Omoto, 2007; Zhu et al., 2000). The 

genome of this plastid has significantly reduced, retaining genes primarily involved in 

organelle replication (Wilson et al., 1996).  

 Of these parasites, Toxoplasma gondii is often referred to as the model apicomplexan 

parasite due to the ease and abundance of genetic engineering tools available for 

manipulating its genome. This highly successful parasite can invade any nucleated 

cells in warm-blooded animals and birds (V. B. Carruthers, 2002).  
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Figure 2- The lifecycle of Apicomplexans (Wasmuth et al., 2009). Apicomplexan 
parasites share a generalized life cycle with species-specific specializations. Plasmodium spp. and 
Theileria spp. are transmitted and undergo sexual recombination in insect vectors, specifically the 

Anopheles mosquito and Rhipicephalus tick, respectively. Cryptosporidium can autoinfect its host; 
its oocysts sporulate and excyst within the same host, sustaining infection for months to years. 

Representing the coccidian parasites, Toxoplasma gondii can infect most warm-blooded animals. 
Differentiation of Toxoplasma bradyzoites into gametocytes occurs exclusively in felids (cats), 

although the molecular mechanisms regulating this process remain unknown. The tachyzoites 
undergo differentiation to form a latent and dormant form of tissue cyst called the bradyzoites, 

which are again taken up by the definitive host to carry on with the cycle again. 
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2. Toxoplasma gondii, a model Apicomplexan parasite 
 
Toxoplasma gondii is a member of the Sarcocystidae family within the class Coccidia, 

and it stands as the sole species in the Toxoplasma genus. Coccidia are parasites that 

are obligate, intracellular, and capable of forming cysts, entering their host via the 

gastrointestinal tract. According to NCBI (Taxonomy ID: 5811), T. gondii is classified 

as follows: 

Domain Eukaryota 
Kingdom Alveolata 

Phylum Apicomplexa 

Class Conoidasida 

Sub-class Coccidia 

Order Eucoccidiorida 

Sub-Order Eimeriorina 

Family Sarcocystidae 

Genus Toxoplasma 

Species gondii 

 

Table 1 - Toxoplasma gondii - Taxonomic Classification 
 

Among the identified members of the Apicomplexa phylum, T. gondii stands out as one 

of the most successful parasites. This is due to its extraordinary ability to infect nearly 

all warm-blooded wild and domestic animals across diverse terrestrial ecosystems. T. 

gondii exhibits a cosmopolitan distribution and can infect a wide range of hosts. 

Additionally, it multiplies in various cell types in vivo and can parasitize all nucleated 

cells in vitro. Consistent with these characteristics, serological surveys indicate that 

approximately one-third of the human population has been exposed to T. gondii 

(Halonen & Weiss, 2013) with even higher prevalence rates in parts of Europe and 

South America. The serological markers used in these surveys identify individuals who 

have encountered the fast-replicating tachyzoite stage during the acute phase of 

infection. Presence of IgG antibodies usually reflects past infection and indicates 

immunity, which often correlates with the presence of the slow-replicating bradyzoite 

stage in tissue cysts during the chronic phase. Bradyzoites settle in tissue cells away 



 24 

from the initial intestinal site of colonization, particularly in cells of the central and 

peripheral nervous systems, as well as in skeletal and cardiac muscles. 

Reflecting the diverse host range of T. gondii, multiple genotypes are found globally. 

Predominantly, the parasite strains fall into three clonal lineages - type I, II, and III—

extensively studied in laboratory mice (Khan et al., 2009). These lineages are 

characterized by distinct virulence profiles and cyst-forming abilities  (Howe & Sibley, 

1995). Type I strains, highly virulent in mice, induce hyper-inflammation and lethal 

parasite dissemination, failing to establish latent infections even with minimal 

inoculation (Boothroyd & Grigg, 2002). In contrast, type II and III strains exhibit lower 

virulence during acute infection phases, necessitating higher parasite doses for 

lethality in mice (Saeij et al., 2005). They also demonstrate slower growth rates 

compared to type I strains and possess a robust capacity for cystogenesis (Boothroyd 

& Grigg, 2002; Fuentes et al., 2001; Grigg et al., 2001; Saeij et al., 2005). Despite the 

focus on these main clonal lines in laboratory settings, genotyping techniques have 

identified T. gondii isolates that diverge from these established categories (Dardé, 

2008; Khan et al., 2007; Robert-Gangneux & Dardé, 2012a). 

 

T. gondii is widely regarded as a model apicomplexan due to its unique biological 

attributes, which facilitate comprehensive research and understanding of 

apicomplexan parasites. It exhibits a complex life cycle, capable of infecting a broad 

range of warm-blooded hosts, including humans and animals, thereby offering 

extensive opportunities to study host-pathogen interactions (Blader & Saeij, 2009a). 

Its genome has been fully sequenced, and it is highly amenable to genetic manipulation 

using advanced tools like CRISPR/Cas9, enabling precise functional genomics studies 

(Shen et al., 2014). Furthermore, T. gondii's ability to switch between sexual and 

asexual reproduction stages provides a model for investigating parasite development 

and differentiation (White et al., 2014a). The medical relevance of T. gondii, as it 

causes toxoplasmosis, further emphasizes its importance as a research model, 

offering insights into disease mechanisms and potential therapeutic targets (Webster, 

2010). These characteristics collectively make T. gondii an exemplary model for 

studying the biology and pathogenicity of apicomplexan parasites. 
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2.1. Life cycle of Toxoplasma gondii 
 
T.gondii is known to infect a wide range of hosts, from terrestrial and aquatic mammals 

to birds. This renders these animals as intermediate hosts because they undergo the 

asexual stages of the parasite (Figure 3). The sexual stages of T. gondii have only 

been observed in members of the Felidae family, including domestic cats, so they are 

regarded as definitive hosts (Dubey, 2009; Dubey et al., 1998; Speer & Dubey, 2001). 

Interestingly, new evidence has shown that inhibition of the activity of delta-6-

desaturase in murine, when supplemented with linoleic acid in the diet, allows T. gondii 

to complete its sexual development within the cells of the intestines (Di Genova et al., 

2019). 

                                                                                                                                                                 
Figure 3 - Toxoplasma gondii pathways of transmission (Attias et al., 
2020).  Members of the Felidae family are the only known definitive hosts for Toxoplasma gondii 
(domestic cats and their relatives). (a, b) Unsporulated oocysts are excreted by cats. Large 
numbers of oocysts may be shed, despite the fact that they typically only shed for 1-3 weeks. (c) 
Oocysts sporulate in the environment for 1-5 days before becoming infective. (d, e) The 
consumption of oocyst-contaminated soil, water, or plant matter by intermediate hosts in nature 

(such as birds and rodents, cattle) results in infection. Tachyzoites form quickly after ingesting 
oocysts. These tachyzoites evolve into tissue cyst bradyzoites. (f) Ingestion of tissue cysts in 
uncooked meat by Intermediate hosts (humans, g) (h) Tachyzoites are transmitted through the 
placenta to the foetus and also through (i) transmission by blood transfusion and organ transplant 
(j). These tachyzoites evolve into tissue cyst bradyzoites after settling in neural and muscular tissue 
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(i, j). Cats become infected after ingesting intermediate hosts that contain tissue cysts. Cats can 
also become infected by consuming sporulated oocysts. 

 
 
2.1.1. The Developmental Stages of Toxoplasma gondii in Its Definitive Host: 
Schizonts, Gametes, and Gametogenesis 
 

Cats become infected by ingesting tissues containing bradyzoites or oocysts from the 

environment. Once inside the cat's digestive system, the walls of the cysts in the 

stomach are likely disrupted by the low pH and the action of proteolytic enzymes, 

leading to the release of bradyzoites or sporozoites respectively. These parasites in 

either case, invade the intestinal epithelial cells of the cat, and become schizonts. 

At the time of schizogony, successive nuclear division takes place several times before 

the cells individualize. After some cycles of nuclear division, development of the inner 

membrane complex for the individualization of each merozoite begins concomitantly 

with the growth of the apical complex, a set of micronemes and rhoptries - typical 

Apicomplexa structures. These cytoplasmic structures align around each nucleus until 

they result in individual daughter cells merozoites inside the host cell. When these 

enterocytes burst, numerous merozoites are liberated that subsequently infect new 

enterocytes and multiply by schizogony (Dubey & Frenkel, 1972). By the end of each 

cycle, several merozoites are liberated to invade new enterocytes and thus the number 

of parasites multiplies exponentially (Figure 4). 

Three to fifteen days after primary infection, some of the merozoites differentiate into 

gametocytes, the sexual forms of the parasite (Ferguson, 2002). There are two types 

of gametocytes: macrogametocytes (female) and microgametocytes (male). This 

differentiation is a critical step for the continuation of the parasite’s life cycle, allowing 

for sexual reproduction to occur. Microgametes, which are derived from the 

microgametocytes, exhibit sperm-like motility and fertilize the stationary 

macrogametes produced by the macrogametocytes (Speer & Dubey, 2005). The 

fusion of these gametes results in the formation of zygotes within the epithelial cells of 

the cat's intestine. These zygotes subsequently develop into oocysts. The mature 

oocysts are then shed in the cat's feces, entering the environment. Upon exposure to 

oxygen, these oocysts undergo sporulation, a process that takes one to five days, 
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depending on environmental conditions, and become infective by containing 

sporozoites (Dubey & Frenkel, 1972; Ferguson et al., 1979). These sporulated oocysts 

are highly resistant and can survive in various environmental conditions for extended 

periods, facilitating widespread transmission (Frenkel et al., 1975; C. A. Hunter & 

Sibley, 2012; Montoya & Liesenfeld, 2004; Robert-Gangneux & Dardé, 2012a). 

Sporulated oocysts can contaminate soil, water, and food, leading to transmission to 

intermediate hosts when ingested. In the intermediate hosts, the oocysts release 

sporozoites that invade host cells and transform into tachyzoites, perpetuating the 

asexual phase of the life cycle. This ability to infect a wide range of intermediate hosts 

and survive in diverse environmental conditions contribute significantly to the 

epidemiology of toxoplasmosis.  

Figure 4 - Schematic representation of the three main stages of development of 
Toxoplasma gondii (Robert-Gangneux & Dardé, 2012a). Sexual Phase in the Definitive 
Host: Upon ingestion of tissue cysts, the cyst wall is degraded by gastric enzymes, releasing 
bradyzoites that infect enterocytes. After several stages of asexual multiplication, schizonts form, 

where merozoites develop during schizogony. This is followed by sexual multiplication or 
gamogony, where merozoites differentiate into male and female gametes. Fusion of these gametes 

results in the formation of oocysts in the enterocytes, which are subsequently released into the 
environment via the cat's feces. Environmental Phase: Once released, oocysts undergo 
sporulation influenced by environmental factors such as temperature, pressure, and pH. This 

phase, known as sporogony, produces mature infectious oocysts, each consisting of two 
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sporocysts containing four sporozoites. Asexual Phase in the Intermediate Host: In 
homeotherms, ingestion of sporulated oocysts leads to the release of sporozoites that infect 
enterocytes and differentiate into tachyzoites. Tachyzoites replicate by endodyogeny and 

disseminate throughout the host's body, eventually converting into bradyzoites to form latent tissue 

cysts within the intermediate or final hosts. 

 
2.1.2.  The asexual stages of T.gondii lifecycle in intermediate Hosts 
 
The asexual development cycle of T.gondii involves several stages, beginning with the 

ingestion of sporulated oocysts or tissue cysts by an intermediate host. Upon ingestion, 

the oocysts release sporozoites that invade the intestinal epithelium and differentiate 

into tachyzoites (Figure 4), the rapidly dividing form of the parasite. Tachyzoites 

replicate through a process known as endodyogeny (Figure 5), where two daughter 

cells are formed within the mother cell and subsequently released, allowing the 

infection to disseminate throughout the host's body via the bloodstream (Dubey et al., 

1998). These tachyzoites can invade various tissues, including the brain, heart, and 

muscles, where they eventually convert into bradyzoites, forming tissue cysts. 

Bradyzoites are the slow-growing form of the parasite and can persist for the lifetime 

of the host, serving as a reservoir for transmission to definitive hosts or other 

intermediate hosts through predation or consumption of contaminated food (Weiss & 

Kim, 2000). This conversion from tachyzoites to bradyzoites is a crucial aspect of the 

parasite's ability to evade the host's immune response and maintain chronic infection 

(Pittman et al., 2014a)  
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Figure 5 – Illustration of the asexual repliaction and endodyogeny (Sanchez & 
Besteiro, 2021). (a) The lytic cycle of  tachyzoites include invasion of host cell, replication within 
the host and egress of newly formed tachyzoites. (b) The process of Endodyogeny involves the 
organized formation and internal budding of two daughter cells within a single mother cell.  

 
 

2.1.3.   Differentiation to Bradyzoites from tachyzoites – A survival strategy? 
 
The differentiation of T.gondii from tachyzoites to bradyzoites is a key survival 

mechanism that enables the parasite to persist in the host for long periods. This 

process is critical for the transmission and pathogenesis of T. gondii and involves 

several complex regulatory mechanisms. The transition from tachyzoites, the rapidly 

replicating form responsible for acute infection, to bradyzoites, the slow-growing form 

within tissue cysts, is often triggered by environmental stress conditions (Weiss et al., 

1998a). Factors such as immune response pressure, nutrient deprivation, and changes 

in the host’s hormonal levels can induce this differentiation. For instance, arginine 

deprivation has been shown to trigger cyst formation, highlighting the parasite's 

sensitivity to nutrient availability as a cue for stage conversion (Fox et al., 2004) 
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Bradyzoites are also structurally distinct from tachyzoites. They accumulate high levels 

of amylopectin granules in their cytoplasm, which may serve as energy reserves 

(Uboldi et al., 2015). The cyst wall, which encapsulates bradyzoites, is less permeable 

and provides a protective environment (Tomita et al., 2017), allowing the parasite to 

evade the host's immune system. At the molecular level, the differentiation process 

involves significant changes in gene expression. Stage-specific proteins, such as heat 

shock proteins (HSPs) and surface antigens (SAGs), play crucial roles. HSPs, for 

example, are involved in protein homeostasis and DNA repair, and their expression is 

developmentally regulated to support the transition and maintenance of the bradyzoite 

form (Bohne et al., 1995; Weiss et al., 1998b).  

Once differentiated, bradyzoites can remain dormant within tissue cysts for the host's 

lifetime. These cysts are primarily found in neural and muscular tissues, where they 

can evade immune detection (Dubey et al., 1997). Under certain conditions, such as 

immunosuppression, bradyzoites can reactivate and convert back into tachyzoites, 

leading to re-infection and acute disease manifestations (Pan et al., 2017; Wang et al., 

2017). 

 

3. Toxoplasmosis: From Symptoms to Treatment  
 

It is generally estimated that approximately 25 to 30% of the global human population 

is infected with Toxoplasma gondii (Montoya & Liesenfeld, 2004). However, the 

prevalence of infection varies widely between countries and even within different 

communities in the same region (Pappas et al., 2009). In North America, Southeast 

Asia, Northern Europe, and Sahelian countries of Africa, low seroprevalence rates of 

10 to 30% have been observed. In contrast, countries in Central and Southern Europe 

exhibit moderate prevalence rates of 30 to 50%. High prevalence rates are found in 

Latin America and tropical African countries, where the infection rates can reach up to 

80%. These variations can be attributed to differences in dietary habits, climate, 

socioeconomic conditions, and public health practices across different regions (Robert-

Gangneux & Dardé, 2012b) 
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3.1. Modes of transmission to Humans 
 
Until 1970, the mechanisms of transmission of T.gondii had not been established until 

its life cycle was discovered. Two basic routes of transmission take place in human 

beings (Montoya & Liesenfeld, 2004; Robert-Gangneux & Dardé, 2012b) The first is a 

vertical transmission route, which means the passage of tachyzoites into the foetus 
from an infected pregnant woman, through placentas—that is, transplacental usually 

after primary infection in pregnancy. Congenital toxoplasmosis is reported to have a 

prevalence range of 1-10 per 10,000 live births (Guerina et al., 1994; Montoya & 

Liesenfeld, 2004). The third trimester carries a higher probability of transmission 

compared to the first and second trimester, at 65%, 25% and 54%, respectively 

(McAuley, 2014). Though, infection acquired earlier in gestation is related to more 

severe pathological outcomes. Horizontal transmission occurs in most cases 
through the intake of food or water contaminated with sporulated oocysts that are 

released with cat feces or tissue cysts within inadequately cooked meat. Also, though 

less frequently, transmission may come from blood transfusions or organ transplants 

containing cysts. One of the causes for a rather frequent disease in transplant patients 

is the reactivation of latent infection, mainly as a result of the immunosuppressive 

therapy they receive (Roth et al., 1971). Occupational transmission has also been 

reported to occur in cases where there has been exposure to contaminated needles, 

labware, or animal models during investigation work (Kayhoe et al., 1957; Remington 

& Gentry, 1970). 

 

3.2. Dissemination within the intermediate host 
 
The invasion of host cells by T. gondii is a complex process mediated by secretory 

organelles, namely the micronemes, rhoptries, and dense granules (Dubey & Beattie, 

1988). These organelles secrete proteins that facilitate the attachment, penetration, 

and formation of the PV within the host cell (V. B. Carruthers & Sibley, 1997). 

Microneme proteins (MICs) are released first and play a crucial role in gliding motility 

and initial host cell attachment (Sibley, 2004). Following attachment, rhoptry proteins 

(ROPs) are secreted and are essential for the formation of the moving junction, a 
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structure that enables the parasite to penetrate the host cell membrane without 

disrupting it completely (Soldati & Meissner, 2004). 

Once inside the host cell, T. gondii resides within the PV, a specialized compartment 

that protects it from the host cell’s lysosomal degradation pathways (Boothroyd & 

Dubremetz, 2008). The PV membrane (PVM) is extensively modified by dense granule 

proteins (GRAs), which are secreted by the parasite and alter the host cell environment 

to favour parasite survival and replication (Mordue & Sibley, 1997). For instance, GRA 

proteins facilitate the recruitment of host mitochondria and endoplasmic reticulum to 

the PVM, providing the parasite with nutrients and other essential molecules (Mercier 

et al., 2005). 

T. gondii employs a variety of strategies to manipulate host cellular mechanisms to its 

advantage. One key aspect is the modulation of the host immune response. T. gondii 

can interfere with the host’s innate and adaptive immune responses by secreting 

effectors that inhibit pro-inflammatory cytokine production and promote an anti-

inflammatory environment (C. A. Hunter & Sibley, 2012). This immune modulation 

allows the parasite to establish a chronic infection within the host (Dupont et al., 2012). 

In addition, T. gondii influences host cell signaling pathways to promote its own survival 

and replication. For example, the parasite can modulate the host cell cycle and 

apoptosis pathways, ensuring that infected cells remain viable for the duration of the 

parasite’s replication cycle (Carmen & Sinai, 2007). Moreover, T. gondii infection can 

lead to alterations in host cell metabolism, redirecting nutrients and energy sources to 

support the parasite’s growth (Blader & Saeij, 2009b). 

After replication within the PV, T. gondii tachyzoites are released and can infect 

neighboring cells, facilitating local dissemination (Lambert & Barragan, 2010). For 

systemic spread, the parasite can infect immune cells, such as macrophages and 

dendritic cells, which act as “Trojan horses” by transporting the parasite to distant 

tissues (Courret et al., 2006; Zenner et al., 1998). Once in a new tissue, T. gondii can 

differentiate into bradyzoites, the slow-growing form that resides within tissue 

cysts.These cysts can persist for the lifetime of the host, providing a reservoir for 

potential reactivation and transmission (Dubey, 1998). 
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3.3. Clinical Manifestations of Toxoplasmosis in humans 
 
Congenital Toxoplasmosis 
Congenital toxoplasmosis occurs when the Toxoplasma gondii parasite crosses the 

placental barrier during the primary infection of a pregnant woman. As previously 

noted, there is an inverse relationship between the transmission rate and the severity 

of the infection (Dunn et al., 1999). Consequently, the clinical manifestations of 

congenital toxoplasmosis can vary widely. The most severe outcomes include fetal 

death in utero or the development of mental and psychomotor retardation at birth. 

However, in 85% of cases, congenital toxoplasmosis is either asymptomatic or results 

in retinochoroiditis, which can cause visual impairment or blindness in its most severe 

forms (McAuley, 2014). 

 

Toxoplasmosis in Immunocompromised Individuals 
Toxoplasmosis poses a significant risk to immunocompromised individuals due to the 

reactivation of a chronic infection, characterized by the transformation of bradyzoite-

containing cysts into highly replicative tachyzoites. This leads to inflammation and 

tissue destruction. Reactivation of latent cysts can result in disseminated 

toxoplasmosis, affecting multiple organs. The primary pathologies observed are: 

 

a) Cerebral Toxoplasmosis 

Cerebral toxoplasmosis is the most prevalent clinical manifestation in 

immunocompromised individuals (Lee & Lee, 2017; Luft et al., 1993). This condition 

typically presents with fever and symptoms such as headaches, motor or sensory 

deficits, or psychiatric disturbances(Montoya & Liesenfeld, 2004). It is particularly 

common among HIV-positive patients (Suzuki et al., 1988) and was a major cause of 

mortality prior to the advent of antiretroviral therapies. 

 

b) Ocular Toxoplasmosis 

Ocular toxoplasmosis, commonly seen in individuals infected in utero, also affects 10 

to 20% of postnatally infected patients (McAuley, 2014). This condition manifests as 

visual disturbances, which can be irreversible, and the presence of floaters caused by 

the destruction of the posterior parts of the eye, particularly the retina (Montoya and 
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Liesenfeld, 2004). The primary cause is often the reactivation of cysts in the retinal 

area (Montoya and Liesenfeld, 2004). 

Retinochoroiditis is the most frequent ocular manifestation of congenital toxoplasmosis 

(McAuley, 2014). Irreversible central vision loss can occur if the macula and/or optic 

nerve are affected, or due to complications such as retinal detachment (McAuley, 

2014). Approximately 25% of patients with ocular toxoplasmosis experience a 

measurable decrease in vision (McAuley, 2014). Visual field impairment is even more 

common, occurring in about two-thirds of cases (McAuley, 2014). 

c) Pulmonary Toxoplasmosis 

In cases of severe immunosuppression, rare but potentially fatal pulmonary 

complications can occur in the form of pneumonia (Rabaud et al., 1996). With the 

success of antiretroviral therapy in HIV patients, pulmonary toxoplasmosis is now more 

commonly observed in patients with other types of immunodeficiencies, such as 

transplant recipients, elderly individuals with weakened immune systems, and infants 

whose immunity is still immature (Rabaud et al., 1996; Montoya & Liesenfeld, 2004). 

The development of early diagnostic methods for these infections is a major challenge, 

as it can help reduce medical costs, morbidity, and the unfortunately high mortality 

associated with this disease (Montoya & Liesenfeld, 2004). 

New atypical genotypes from South America (such as ToxoDB genotype #13 from the 

Caribbean and ToxoDB genotype #6 from Brazil) have been identified, showing 

increased virulence in mice. These genotypes are more likely to cause pneumonia with 

significantly higher parasite loads in the lungs and eyes, affecting both 

immunocompromised and immunocompetent individuals (Hamilton et al., 2019). 

 

3.4. Diagonosis 
 
Recent advances in the diagnosis of toxoplasmosis have tremendously increased 

accuracy and speed in the detection of T.gondii infections. Advances in serological 

testing have been critical. Advanced techniques in ELISA through recombinant 

antigens have improved the specificity and sensitivity to increase diagnostic accuracy 

for both acute and chronic infections of ocular toxoplasmosis, which is crucial for 

physicians in proper clinical management (Fadel et al., 2024).  
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Molecular techniques also play a major role in diagnosing the disease, especially with 

the availability of real-time PCR (qPCR), which has become a gold standard because 

of its high sensitivity and specificity. This method can detect low concentrations of T. 

gondii DNA in clinical samples, such as blood, cerebrospinal fluid, and amniotic fluid, 

targeting gene regions comprising the B1 gene and the 529-bp repeat element 

(Edvinsson et al., 2006; Q. Liu et al., 2015). Dual-target real-time PCR hydrolysis 

probes labeled with fluorescence have also been resourceful as they enhance the 

performance for T. gondii DNA detection accuracy (Gomez et al., 2019). Other 

promising molecular techniques include Loop-Mediated Isothermal Amplification 

(LAMP), which has been shown to be simple and cost-effective and, therefore, is of 

particular value in resource-limited settings. LAMP assays have shown very high 

sensitivity and specificity to allow early diagnosis and large-scale screening (Cao et 

al., 2022; Mirahmadi et al., 2020). In addition to the advances in molecular and 

serological diagnosis, imaging techniques have significantly contributed to the 

diagnosis and monitoring of ocular toxoplasmosis. Optical Coherence Tomography 

(OCT) outlines high-resolution images of retinal lesions. Fundus photography and 

angiography techniques, fluorescein, and indocyanine green angiography play a 

pivotal role in delineating the severity and prognosis of ocular toxoplasmosis cases 

(Gomez et al., 2019). All these collective improvements in molecular, serological, and 

imaging methods have greatly advanced in diagnostics of toxoplasmosis, leading to 

the era of more accurate, rapid, and reliable detection of T. gondii infections will be 

crucially important for improved patient outcomes and possible management 

strategies. 

 

3.5 Treatment  
 

Toxoplasmosis treatment has evolved significantly over the years, with various 

therapeutic strategies being employed to manage the infection effectively. The 

standard treatment for toxoplasmosis typically involves a combination of 

pyrimethamine and sulfadiazine, accompanied by folinic acid to mitigate bone marrow 

suppression caused by pyrimethamine (Montoya & Liesenfeld, 2004; CDC, 2023).  

This regimen is particularly effective for acute infections and is widely used for treating 

severe cases, including those in immunocompromised patients and in congenital 

toxoplasmosis. Spiramycin is another antibiotic used, especially in pregnant women 
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during the first trimester to prevent fetal transmission, as it does not cross the placenta 

as readily as pyrimethamine-sulfadiazine (Toxoplasmosis: Pediatric OIs | NIH) In 

cases where patients exhibit intolerance to the standard regimen, alternatives such as 

trimethoprim-sulfamethoxazole (TMP-SMX) and clindamycin are employed. TMP-SMX 

has shown comparable efficacy with a better tolerability profile (Dunay et al., 2018). 

Recent advancements have identified several drugs that can be repurposed for 

treating toxoplasmosis. A study highlighted six such drugs that show potential against 

T.gondii, offering new avenues for treatment, especially for drug-resistant strains 

(Santos et al., 2023). Additionally, antibiotic treatments for ocular toxoplasmosis, which 

is the most common cause of posterior uveitis, have been extensively reviewed. 

Antibiotics and corticosteroids are used to reduce the size of the retinochoroidal scar, 

decrease the risk of recurrence, and alleviate acute symptoms, although the treatment 

remains controversial and requires further evidence-based studies to optimize 

protocols (Feliciano-Alfonso et al., 2021). 

Moreover, a multidisciplinary group working in France has provided recommendations 

for managing maternal and congenital toxoplasmosis, emphasizing the need for 

tailored treatment strategies based on the stage of pregnancy and the severity of the 

infection (Peyron et al., 2019). Despite these advancements, there is still a need for 

new therapeutic agents that can effectively target the tissue cyst stage of the parasite, 

as current treatments are unable to eliminate encysted bradyzoites, which can lead to 

chronic infection and reactivation. 

 

4. The Intricate Architecture of Toxoplasma gondii: Unveiling 
the Ultrastructure 
 
 
The tachyzoite stage of T.gondii, known for its rapid proliferation, exhibits a highly 

specialized and intricate ultrastructure that is crucial for its pathogenicity and survival. 

Tachyzoites are crescent-shaped cells, typically measuring 4-7 micrometers in length 

and 2-4 micrometers in width, with distinct subcellular features that include the 

apicoplast, rhoptries, micronemes, and dense granules (Dubey, Lindsay, & Speer, 

1998; Black & Boothroyd, 2000). These organelles play pivotal roles in the parasite’s 

invasion, replication, and evasion of the host immune system. The pellicle, consisting 
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of an inner membrane complex and subpellicular microtubules (Figure 6), provides 

structural support and enables the gliding motility essential for host cell invasion (Nishi 

et al., 2008). The apical complex, featuring the conoid, rhoptries, and micronemes, is 

vital for the parasite’s ability to penetrate host cells and establish infection, as it 

secretes proteins that facilitate attachment and entry (Carruthers & Sibley, 1997).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 - Schematic longitudinal section view of a T. gondii tachyzoite (Attias et 
al., 2020).Tachyzoite is a crescent-shaped parasite stage that has rounded posterior ends and 
an anterior end with a conical point. Its membrane structure is intricate and consists of a bilayer 
inner membrane complex and an outer plasma membrane (PM) (IMC). The secretory organelles 

(micronemes and rhoptries) and microtubules coupled to a polar ring make up the spirally arranged 
conoid that is part of the apical complex structure. Furthermore, tachyzoites possess an apicoplast, 

a four-membranous plastid-like organelle that plays an important role in carbon metabolism. Acidic 
compartments known as acidocalcisomes are in charge of calcium storage and ion flux. The whole 
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complement of eukaryotic cell organelles, such as the nucleus, mitochondrion, endoplasmic 

reticulum, and Golgi complex, are also present in tachyzoites. 

 

4.1 The Cytoskeleton  

The cytoskeleton of Toxoplasma gondii is a complex and highly organized structure 

(Figure 7) that plays crucial roles in the parasite's biology, including invasion, motility, 

and cell division. The major components of the cytoskeleton include  

• Subpellicular microtubules (SPMTs) 

• Inner membrane complex (IMC) 

• Apical complex 

• Basal complex 

• Centrosome and spindle 

 

 
4.1.1. Inner Membrane Complex and Pellicle Architecture in Toxoplasma gondii 
 
4.1.1.1. Composition of the IMC 

Apicomplexans, ciliates, and dinoflagellates are categorized as alveolate organisms 

(Cavalier-Smith & Chao, 2004; Goodenough et al., 2018; Leander & Keeling, 2003; 

Saldarriaga et al., 2004). Alveolates feature a system of flattened vesicles called alveoli 

located just beneath the plasma membrane, forming a pellicle structure consisting of 

three-unit membranes. In apicomplexans, this network of alveoli associated with the 

plasma membrane is known as the inner membrane complex (IMC). The IMC is 

essential for the replication, motility, and host cell invasion of Toxoplasma. The IMC 

begins at the apical polar ring (APR), leaving the parasite's extreme apical region 

covered only by the plasma membrane, possibly aiding secretion. In the posterior of 

the tachyzoite, the IMC plates merge into a turbine-shaped structure (N. S. Morrissette 

et al., 1997; Porchet & Torpier, 1977). The Toxoplasma zoites is maintained by 22 

evenly spaced subpellicular microtubules that interact with the pellicle's cytosolic face 

(Nichols & Chiappino, 1987). These microtubules spiral gently from the APR to a point 

behind the nucleus, giving the parasite its elongated, serpentine shape and apical 

polarity (N. S. Morrissette & Sibley, 2002; Stokkermans et al., 1996). The subpellicular 
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microtubule’s minus ends are anchored in the APR, with support provided by APR 

projections resembling a cogwheel in transverse sections (Leung et al., 2017; Russell 

& Burns, 1984). The pellicles are divided into apical, central, and basal subdomains, 

each possessing unique characteristics provided by different cytoskeletal components. 

Fourier analysis of isolated subpellicular microtubules has shown that they are coated 

with a microtubule-associated protein (MAP) that binds at regular intervals of 32 nm 

(N. S. Morrissette et al., 1997). The IMC vesicles are interconnected by suture proteins 

that link transverse segments or associate with both the lateral and longitudinal edges 

of individual plates (A. L. Chen et al., 2015, 2017; Lentini et al., 2015; Tilley et al., 

2014). These IMC plates, being distinct vesicles, determine the polarity and pellicle 

subdomains through the specific occupancy of proteins in various subcompartments, 

defining the apical cap (AC), lateral, and basal zones (Beck et al., 2010a; Fung et al., 

2012) (Figure 7 (A)). During replication by endodyogeny, it is crucial to distinguish the 

maternal plasma membrane-associated IMC from the unassociated bud IMC that 

encloses developing daughters. Many IMC-located proteins selectively or 

predominantly associate with either maternal or daughter IMCs (Figure 7), directing 

the development, maturation, and emergence of the daughter cells. The IMC plates 

are connected by junctions forming transverse and longitudinal sutures (Beck et al., 

2010b).  

The AC is composed of a single ring-shaped Inner Membrane Complex (IMC) 

compartment marked by TgISP1 and nine AC proteins (Beck et al., 2010b; A. L. Chen 

et al., 2015, 2017; Fung et al., 2012). Beneath this cap, flattened IMC vesicles form 

spiraled strips around the body of the zoite, aligning with the underlying microtubules. 

The AC network extends about 900 nm from the apical ring and is composed of a 

dense fibrous net that appears to closely interact with the subpellicular microtubules. 

This region matches the apical cap previously described (B. Anderson-White et al., 

2012a; B. R. Anderson-White et al., 2011; A. L. Chen et al., 2015). In this arrangement, 

the apical cap is connected to the region of the subpellicular microtubules anchored to 

the apical polar ring, indicating that the subpellicular network and the apical cap are 

distinct entities. In thin sections of both intact extracellular tachyzoites and during 

invasion, a dense apical zone can be observed beneath the IMC and on the 

cytoplasmic face. Another AC protein, TgAC10, was identified using the BIOID 

technique (Tosetti et al., 2020). TgAC9 and TgAC10 are recruited early during 
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endodyogeny to the apical caps of forming daughter parasites, even before TgISP1 

recruitment. Super-resolution microscopy (STED) showed that TgAC9 and TgAC10 

belong to the alveolin cytoskeleton and are organized in regular periodic rows. TgAC9 

colocalizes with TgGAP45 and TgISP1, indicating its localization at the IMC and its 

confinement to the subpellicular microtubules (SPMTs) side. Ultrastructure expansion 

microscopy (U-ExM) demonstrated that TgAC9 and TgAC10 colocalize between the 

SPMTs below the conoid and the APR (Tosetti et al., 2020). Mutant parasites 

conditionally depleted of TgAC9 and TgAC10 show severe defects in microneme 

secretion, invasion, and egress, as well as significant morphological abnormalities in 

the apical complex region, lacking the conoid and the APR during the final stages of 

division or daughter parasite emergence from the mother cell (Tosetti et al., 2020). U-

ExM microscopy also revealed that TgAC9 and TgAC10 depletion leads to highly 

disorganized SPMTs (Tosetti et al., 2020). Additionally, TgAC9 forms a complex with 

TgERK7, a conserved MAP kinase essential for proper conoid formation, with its 

localization at the apical cap region depending on TgAC9 (Back et al., 2020; 

O'Shaughnessy et al., 2020). The kinase ERK7 is crucial for the maturation of the 

apical complex, with its loss leading to the degradation of the complex. Another study 

by (O’shaughnessy et al., 2023) identified a E3 ligase, CSAR1 which counteracts the 

premature degradation of the apical complex when ERK7 is inactivated, highlighting 

its protective role. Genetic disruption of CSAR1 suppresses the loss of the apical 

complex associated with ERK7 knockdown, demonstrating a novel survival 

mechanism for the parasite. 

The lateral IMC compartment is identified by TgISP2 and TgISP4, while TgISP3 is 

found here as well but also localizes to the basal IMC compartment, where individual 

plates merge to close the posterior of mature parasites (Figure 7(B)). The localization 

of ISPs to specific compartments requires palmitoylation and/or myristoylation. 

TgISP1's presence in the AC prevents other ISPs from occupying this compartment 

(Beck et al., 2010b).  The single apical IMC plate connects to the lateral and posterior 

plates via IMC suture components (ISCs) at both lateral and longitudinal boundaries. 

TgISC1, TgISC4, and TgISC5 are detergent-insoluble, and TgISC3 is abundant in 

daughter buds. Additionally, a set of proteins is specifically linked to transverse sutures, 

including Transverse Suture Component (TSC) proteins like TgTSC1 (also known as 

CBAP and SIP), TgTSC2, TgTSC3, and TgTSC4. 
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Five to six apical annuli, identified by the markers TgCen2 and TgAAP1 (also referred 

to as TgPAP1), are situated at the interface between the Apical Complex (AC) and the 

lateral seams of the IMC plates (Figure 7 (A)). Recently discovered apical annuli 

proteins (AAPs) are organized into four concentric rings, with diameters ranging 

between 200 and 400 nm (Engelberg et al., 2020; Hu et al., 2006; Suvorova et al., 

2015a).These AAPs are unique to coccidians and contain protein signatures typical of 

centrosomal proteins, indicating that the annuli may originate from centrosomes. The 

annuli form a pore-like structure that is likely involved in signaling and the exchange of 

materials across the IMC. 

The apical annuli of T.gondii are specialized ring-like structures within the parasite's 

cytoskeleton that play critical roles in its biology. These structures, located near the 

apical end of the parasite within the Inner Membrane Complex (IMC), are composed 

of several key proteins, including five AAPs are designated AAP1-5, which are 

characterized by coiled-coil domains common in structural proteins (Engelberg et al., 

2020). Additionally, Centrin2, typically associated with centrosomes, is also a 

component of the apical annuli, along with an apical annuli methyltransferase (AAMT) 

that likely modifies other annuli proteins (Engelberg et al., 2020). The apical annuli 

proteins interact with IMC suture proteins, suggesting that they are embedded within 

the IMC sutures, which connect alveolar vesicles (Ouologuem & Roos, 2014a). 

Functionally, the apical annuli may provide pores in the mother IMC to allow the 

exchange of building blocks and waste products during daughter cell formation, and 

they have been identified as specialized sites for post-invasion secretion (B. Anderson-

White et al., 2012b). Studies have also identified an unconventional SNARE complex 

that mediates exocytosis at the plasma membrane and vesicular fusion at the apical 

annuli, highlighting their role in secretion (Chelaghma et al., 2024a) . AAPs facilitate 

the docking and fusion of dense granules with the plasma membrane. The depletion 

of these proteins impairs dense granule secretion, indicating their essential function in 

vesicle trafficking and fusion at these specialized cellular structures (Chelaghma et al., 

2024a) . Phylogenetic analysis suggests that AAPs are conserved primarily in 

coccidian apicomplexan parasites, which multiply by internal budding, although some 

components like TgLMBD3 are universally present in apicomplexans and their close 

relatives (Chelaghma et al., 2024a). This conservation underscores the importance of 

the apical annuli in the unique biology of these parasites. 
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Figure 7 - Schematic representation of Toxoplasma gondii IMC subdomains and 
associated proteins (N. Morrissette & Gubbels, 2014). (A) The IMC is partitioned into 
distinct apical, lateral, and basal subdomains, each characterized by specific protein markers. The 
apical annuli are marked by AAP1, AAP2, AAP3, AAP4, and AAP5, along with Cen2. TSCs indicate 

the transverse suture components, while ISCs (IMC suture components) join individual IMC plates. 
MORN1, IMC9, IMC13, and MSC1a are localized in the basal cap, along with IMC5, IMC8, and 
Cen2. (B) The ring-shaped apical complex (AC) is defined by AC1-9, GAP70, and ISP1. The lateral 
IMC compartment features ISP2, ISP4, IMC17, and IMC28. ISP3 localizes both to the lateral and 
basal compartments, where individual IMC plates merge to form the posterior end of mature 

parasites. The differential localization of these proteins is crucial for defining the polarity and 
functional compartmentalization of the IMC, with specific roles in the development, maturation, and 

emergence of daughter cells. 

 

4.1.1.2. Daughter IMC formation 

Before the onset of S phase, the earliest sign that tachyzoites have committed to 

division is the duplication of the Golgi apparatus (Nishi et al., 2008). Daughter cells 

develop through a series of coordinated steps closely linked to the cytoskeleton (Figure 

8) 
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Figure 8 - Schematic representation of endodyogeny events (Tosetti et al., 2020), 
illustrating the sequential incorporation of various components into the inner membrane complex 

(IMC), subpellicular network (SPN), and cytoskeleton. The diagram highlights the step-by-step 
insertion of centrosomes, apicoplast, Golgi apparatus, AC9/10, ISP1, AC2/8, and IMC1, detailing 

their relative positions and interactions during the process. 

 

The assembly of the daughter cells revolves around the formation of the cytoskeletal 

scaffold, which begins at the centrosome’s outer-core (B. R. Anderson-White et al., 

2011; C. T. Chen & Gubbels, 2019; Suvorova et al., 2015a). BCC0, along with IMC32 

and IMC43, forms an essential daughter bud assembly complex that is crucial for the 

early stages of daughter cell formation (Pasquarelli et al., 2023, 2024). Another earliest 

indication of daughter scaffold formation is the localization of TgIMC15 on newly 

duplicated centrosomes (Anderson-White et al., 2011). TgIMC15 is then transferred to 

the developing daughter scaffolds alongside Rab11b (B. Anderson-White et al., 

2012a), indicating that Rab11b likely facilitates the membrane-based delivery of 

TgIMC15  

(Harding & MeissFollowing this, SFA fibers emerge to link each centrosome to a 

daughter bud. Subsequently, the subpellicular microtubules of the budding structure 

are established, with nascent daughter buds marked by a unique arrangement of 

tubulin into five spots encircling a central spot, resembling flower petals (Nagayasu et 

al., 2017). Although the timing of microtubule assembly is not fully understood, TgALP1 

appears at the bud before TgMORN1 or other IMC family proteins, suggesting a role 

in early daughter cell formation (Gordon et al., 2010). TgMORN1 initially appears as a 

diffuse structure, later forming a ring that signifies the development of the basal 
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complex (Ferguson et al., 2008). ISP proteins are subsequently integrated into the 

IMC, starting with TgISP1, which occupies the cap region and prevents the localization 

of other ISPs (Beck et al., 2010). Several members of the alveolin family, including 

TgIMC1, 3, 6, 8-11, and 13, are then incorporated into the structure (Anderson-White 

et al., 2011). There are 14 alveolin IMC proteins that are essential for providing tensile 

strength to the parasite's pellicle. They are characterized by conserved repeats such 

as “EKIVEVP”, “EVVR”, or “VPV” within domains rich in valine and proline residue 

(Gould et al., 2008; Mann & Beckers, 2001). These proteins localize to both the mother 

and daughter cytoskeletons. TgIMC1 and TgIMC4 are evenly distributed between the 

mother and nascent daughter IMCs, while TgIMC3, TgIMC6, and TgIMC10 are 

predominantly found in forming daughters but disappear upon maturation (B. R. 

Anderson-White et al., 2011). In contrast, TgIMC7, TgIMC12, and TgIMC14 are 

exclusively localized to the mature parasite's cortical cytoskeleton during the G1 phase 

of the cell cycle and are absent in developing daughters. These three proteins are 

crucial for maintaining structural stability in both mature and daughter parasites. 

TgIMC11 is localized to the apical and basal poles of the parasite (B. R. Anderson-

White et al., 2011). Once the cap alveolus is fully formed, the apical annuli are 

constructed at the junctions between the cap and the median alveoli (Hu et al., 2006; 

Engelberg et al., 2020; Suvorova et al., 2015). An IMC-associated palmitoyl 

transferase, TgDHHC14, modifies several proteins to anchor them to the IMC 

membrane (Frenal et al., 2010, 2013). As the daughter buds grow and envelop the 

nucleus, forming a horseshoe shape, subpellicular microtubules and their associated 

MAPs extend along the expanding daughter IMC (N. S. Morrissette & Sibley, 2002; 

Tran et al., 2012). Throughout this growth phase, both acyl-anchored and integral 

membrane proteins, such as TgGAP40, TgGAP50, and TgGAPMs, are continuously 

incorporated into the developing buds (Gaskins et al., 2004; Harding et al., 2019; 

Harding & Meissner, 2014; Johnson et al., 2007). When the buds reach their maximum 

width, several key events signify a major transition in their maturation. TgCaM1, 

TgCaM2, and TgDLC are deposited onto the conoid (Anderson-White et al., 2011; Hu 

et al., 2006). At the posterior end of the bud, TgIMC5, 8, 9, and 13 are recruited to the 

basal complex, where TgMORN1 has been present since the beginning of bud 

formation (Anderson-White et al., 2011). At this stage, proteins such as 

TgSSNA1/DIP13 (Leveque et al., 2016), TgMyoJ (Frenal et al., 2017b), and TgCen2 

(Hu, 2008), along with the phosphatase TgHAD2a (Engelberg et al., 2016), are 
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integrated into the basal complex. The tapering of the posterior ends of the daughter 

buds is driven by contractile forces involving actin (Periz et al., 2017), TgMyoJ (Frenal 

et al., 2017b), and TgCen2 (Hu et al., 2006). 

Certain IMC proteins, like TgIMC19, TgIMC21, and TgIMC25, are found in both mature 

parasites and nascent developing buds. Others, such as TgIMC17, TgIMC18, and 

TgIMC20, are specific to mature parasites, while TgIMC16 and TgIMC29 are exclusive 

to developing daughter buds (A. L. Chen et al., 2015, 2017). Disruption of TgIMC29 

results in severe replication defects, highlighting its critical function in the early stages 

of daughter bud formation (A. L. Chen et al., 2015). A study by (Back et al., 2023), 

utilized proximity labeling to identify new IMC proteins specific to the daughter IMC with 

IMC29 as bait and identified proteins—IMC30, IMC31, IMC35, and IMC36 that localize 

to the body of the daughter IMC, showing similarities in positioning with IMC29. 

Additionally, BCC0 and BCC3, previously known for dynamic localization, were found 

to partially colocalize with IMC29, aligning with earlier findings (Engelberg et al., 2022). 

Two proteins, AC12 and AC13, were localized to the apical cap of daughter buds, 

suggesting a potential role alongside FBXO1 in apical cap formation, a topic for future 

research. The dispensable GWCS scores assigned to several of these proteins imply 

potential functional redundancy in the daughter sub compartment (Sidik et al., 2016).  

These findings open new avenues for investigating mechanisms involved in daughter 

cell scaffold construction. Alongside the daughter IMC proteins, several maternal IMC 

proteins and previously known BCC proteins were also identified. Interestingly, four 

proteins showed unique IMC-associated localizations at the interface between 

parasites or outward-facing regions, with IAP2 and IAP3 partially colocalizing with the 

apicoplast during cell division, suggesting a role in connecting the dividing apicoplasts 

to the IMC (Back et al., 2023). IAP2, identified as a possible myosin heavy chain, may 

play a part in the cytokinesis phase of division, consistent with myosin’s known roles 

in parasite motility and cell segregation(Back et al., 2023). 

Additionally, TgIMC32, a conserved protein across the Apicomplexa phylum, is 

essential for parasite survival. It localizes to the IMC’s body portion and is deposited 

on nascent daughter buds early during internal budding. Conditional depletion of 

IMC32 in mutant parasites results in a collapsed IMC, highlighting its critical role 

(Torres et al., 2021). Another crucial set of proteins includes IMC43, and IMC44. IMC43 
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is a novel daughter IMC protein that is recruited at the earliest stages of daughter bud 

initiation. It regulates the localization of IMC32 and IMC44, forming a bud assembly 

complex essential for the proper formation of the daughter IMC during endodyogeny 

(Pasquarelli et al., 2023). IMC43 and IMC32 collaborate to form a critical complex 

necessary for organizing the inner membrane complex (IMC) during the earliest stages 

of daughter bud formation. IMC43 recruits and maintains the proper localization of 

IMC32, while IMC32 independently localizes to the early daughter cell scaffold but 

relies on IMC43 for organization during the later stages of budding (Pasquarelli et al., 

2023). Similarly, BCC0, in conjunction with IMC32 and IMC43, is also required for 

daughter bud assembly, further emphasizing the importance of these proteins in 

establishing the structural integrity of the IMC(Pasquarelli et al., 2024). Depletion of 

any of these proteins results in severe morphological defects, disrupted endodyogeny, 

and impaired replication. 

The IMC plays a crucial role not only in daughter cell development during endodyogeny 

but also in motility and invasion. In many apicomplexans, IMC-tethered myosin moves 

adhesin-associated F-actin to the apical pole of zoites, facilitating motility. To 

effectively move adhesins rearward, IMC-tethered myosins must resist displacement. 

This resistance is provided by the subpellicular microtubules and alveolin network, 

which stiffen the IMC. Integral membrane proteins called GAPMs link these filaments 

with glideosome components. GAPMs are a conserved family of apicomplexan 

proteins divided into three orthologous subsets (GAPM1, GAPM2, and GAPM3) 

(Bullen et al., 2009; Harding et al., 2019). These proteins have five or six membrane-

spanning domains and are localized to the IMC in both mature parasites and 

developing daughter buds. The second and fourth loops between transmembrane 

domains are highly conserved across apicomplexan species, suggesting essential 

interactions with other proteins. Depletion of GAPM1a causes significant replication 

defects, leading to disorganization and disassembly of subpellicular microtubules. 

GAPM1a stabilizes cortical microtubules, which are critical for the parasite's structural 

integrity. GAPM proteins are strong candidates for the IMC-associated integral 

membrane proteins (IMPs) that link the subpellicular microtubules and alveolin network 

to the IMC, providing shape, tensile strength, and rigidity. 
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4.1.2. The architecture and functional elements of the Apical complex 
 

At the core of the parasite’s structural integrity and its ability to move and invade host 

cells lies a complex network of microtubules and molecular structures closely 

associated with the pellicle, situated at both the apex and base of the organism 

(Frixione E et al., 1996). The apical tip features a distinctive tube-like structure known 

as the conoid. The conoid is capped by two preconoidal rings and contains two 

microtubules, approximately 400 nm in length, extending through its center and 

terminating within the parasite’s cytoplasm (N. S. Morrissette et al., 1997) (Figure 9). 

The extension and retraction of the conoid during host cell invasion suggests a 

mechanical role for the apical complex in attachment or penetration (Mondragon & 

Frixione, 1996). 

 

 

Figure 9 – Illustration of the Apical complex with its components (Dos Santos 
Pacheco et al., 2024). The apical complex comprises several key structural and functional 
components, including the cytoskeleton made of microtubules, the alveolin network, the inner 

membrane complex (IMC), the 'conoid complex', and the secretory organelles. The apical complex 
features three main tubulin-based structures: two intraconoidal microtubules, the conoid fibers of 

the conoid, and the subpellicular microtubules. The two intraconoidal microtubules and 
subpellicular microtubules consist of 13 protofilaments, similar to those found in other organisms. 

In contrast, the tubulin fibers of the conoid are unique, composed of only nine protofilaments, 

forming a distinctive 'comma' shape in cross-section. 

The conoid measures 380 nm in diameter and consists of 10-14 filaments, each 

approximately 430 nm long. These filaments are arranged in a left-handed spiral, 

forming a funnel-like shape (Hu et al., 2002; N. S. Morrissette et al., 1997; Nichols & 

Chiappino, 1987). The conoid's distinct feature is the spiral arrangement of its α-tubulin 
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microtubule filaments, resembling a compacted spring. The conoid in T. gondii is 

characterized by the presence of the apicortin/doublecortin protein known as DCX, 

which has two tubulin-binding domains: P25-α and DCX (Nagayasu et al., 2017; Orosz, 

2009). TgDCX is exclusively localized to the conoid and plays a crucial role in its 

stability and the overall fitness of the parasite (Nagayasu et al., 2017). Loss of TgDCX 

leads to morphological defects in the conoid, causing it to become shorter and 

disordered, which in turn impairs host cell invasion (Nagayasu et al., 2017). TgDCX 

significantly stabilizes the curvature of the conoid-forming microtubules, facilitating 

effective invasion of the host cell. (Leung et al., 2020). 

The conoid also contains several proteins essential for parasite motility, such as 

TgMyoH, which interacts with myosin light chain proteins (MLCs) including TgMLC3, 

TgMLC5, and TgMLC7 (Graindorge et al., 2016). Additionally, TgMyoH likely interacts 

with calmodulin-like proteins TgCAM1, TgCAM2, and TgCAM3 within the conoid, 

which probably regulate TgMyoH activity in a calcium-dependent manner (Long et al., 

2017). A study by Dos Santos Pacheco et al., 2024 identified and characterized three 

intraconoidal microtubule-associated proteins - TgICMAP1, TgICMAP2, TgICMAP3. 

Knockout and knockdown experiments demonstrated that these proteins are essential 

for proper rhoptry docking and discharge. Ultrastructure expansion microscopy (U-

ExM) and cryo-electron tomography (cryo-ET) revealed that the loss of ICMAP proteins 

disrupted the architecture of the conoid and intraconoidal microtubules. In summary, 

the conoid is a crucial structure for T. gondii invasion, acting as a scaffold for the 

coordinated release of rhoptry proteins. Unlike TgDCX and ICMAPs, TgMyoH is not 

critical for conoid integrity or rhoptry discharge. However, it plays a crucial role in 

facilitating the translocation of actin filaments that polymerize at the parasite's apical 

tip, making it indispensable for motility, host cell invasion, and egress. Proteins 

associated with the conoid, such as TgDCX, TgMyoH, and ICMAPs, collaborate to 

maintain conoid structure, ensuring efficient rhoptry docking and secretion during host 

invasion (Dos Santos Pacheco et al., 2024; Nagayasu et al., 2017). 

A calcium-binding protein, TgCentrin2, localizes to the anterior of the preconoidal rings 

at the apex of T. gondii. It is also found in the annuli at the posterior edge of the apical 

region, within the basal complex, and in the centrioles (Hu et al., 2006; Lentini et al., 

2019; Leung et al., 2019). TgCentrin2 is crucial for the lytic cycle of tachyzoites (Lentini 
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et al., 2019; Leung et al., 2019). Parasites depleted of TgCentrin2 exhibit defects in 

motility, adhesion, invasion, and egress, and their ability to secrete micronemes is 

severely compromised. Nonetheless, the overall structure and positioning of 

micronemes and rhoptries are not impacted (Lentini et al., 2019). TgCentrin2 is also 

crucial for maintaining the structure of the peripheral annuli. In parasites conditionally 

depleted of TgCentrin2, approximately 70% show a faint signal for peripheral annuli 

protein 2 (TgPAP2), improper PAP2 localization, or a significantly reduced number of 

parasites with PAP2 at the annuli compared to wildtype parasites (Lentini et al., 2019). 

These findings were corroborated by a similar study by (Leung et al., 2019), which 

confirmed the essential role of TgCentrin2 in the lytic cycle stages and microneme 

exocytosis. TgCentrin2 in the centrioles likely plays a crucial role in regulating parasite 

replication (Leung et al., 2019).  

The apical polar ring (APR) in T. gondii is marked by the presence of the Ring 1 protein 

(TgRNG1), which localizes to the APR in the late stages of daughter parasite formation 

and appears within daughter cells before the mother cell disassembles (Tran et al., 

2010). Attempts to create a TgRNG1 knock-out strain have been unsuccessful, 

indicating its essential nature. Another APR protein, TgRNG2, connects the APR to 

the conoid base, forming a ring with its amino-terminal associated with the conoid and 

carboxy-terminal anchored to the APR. During conoid extrusion, TgRNG2's terminal 

orientations flip as the conoid passes through the APR (Katris et al., 2014). Unlike 

TgRNG1, TgRNG2 associates with the apical complex early in endodyogeny, and its 

inducible knock-down mutant reveals that TgRNG2 is crucial for parasite growth, 

affecting motility, invasion, and secretion of microneme and rhoptry contents without 

altering pellicle structure (Katris et al., 2014).  

A recent study using the hyperLOPIT method identified 63 apical proteins, with 41 

previously known and 22 newly identified and predicted to localize to the apical region 

(Barylyuk et al., 2020). These proteins included apical cap proteins, apical annuli 

proteins, conoid-associated proteins, APR proteins, and invasion-associated 

components. They resolved into two clusters, apical 1 and apical 2, differentiated by 

their isoelectric points (pI); apical 1 protein have a basic pI, while apical 2 proteins have 

an acidic pI (Barylyuk et al., 2020). A follow-up study expanded the number of putative 

apical proteins to 95, verifying the localization of 13 proteins to the apical extremity, 23 

to the same apical extremity, and 21 to the apical cap or other IMC sub-compartments, 
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leaving 38 novel predicted apical proteins with unverified localization (Koreny et al., 

2021). Super-resolution microscopy confirmed the localization of these novel apical 

proteins to various parts of the conoid and APR (Koreny et al., 2021). 

 

The intricate architecture of T. gondii's apical complex, centered around the conoid, 

plays a vital role in the parasite's motility, invasion, and overall fitness. Advanced 

techniques such as BIOID proximity labeling, super-resolution microscopy, and 

ultrastructure expansion microscopy have been instrumental in mapping these 

proteins' locations and interactions, revealing the complexity of their roles in 

maintaining the parasite's invasive machinery. The continued exploration of these 

proteins and their interactions is essential for understanding T. gondii's pathogenesis 

and could offer new avenues for therapeutic intervention. These findings underscore 

the importance of the apical complex in the parasite's lifecycle and highlight potential 

targets for disrupting its ability to infect host cells. 

 

4.1.3. The architecture and functional elements of the Basal complex 
 

The basal complex (BC) is a ring-like structure located at the posterior end of daughter 

cell scaffolds, essential for completing cell division; (Gubbels et al., 2006; Heaslip et 

al., 2010; Hu et al., 2006; Lorestani et al., 2010). It functions as a contractile ring that 

separates daughter parasites at the end of the division process (Gubbels et al., 2006, 

2020a; Lorestani et al., 2010). Positioned at the most basal part of the inner membrane 

complex (IMC), the BC plays a crucial role in the apicomplexan membrane skeleton, 

which guides cell division (Gubbels et al., 2020).This complex structure is composed 

of a series of proteins that assemble and disassemble in a regulated manner 

throughout the parasite's life cycle, highlighting its dynamic nature (Gubbels et al., 

2022a; Roumégous et al., 2022).  

BCC0 has been identified as a precursor to BC formation, exhibiting a five-fold 

symmetry that suggests a role in organizing the apical annuli and alveolar suture 

formation (Engelber et al.,2022). As the basal complex develops, additional 

components such as BCC1, BCC2, BCC3, and BCC4 are incorporated into the 

structure. The underlying mechanism of BC constriction remained elusive for some 

time. This was due to the surprising finding that removing the MyoJ motor complex, 
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which is crucial for BC contraction, led to only minor growth issues (Frénal et al., 

2017a). In contrast, the depletion of the scaffolding protein MORN1 proved fatal, 

resulting in daughter cells that remain conjoined and unable to separate (Heaslip et al., 

2010; Lorestani et al., 2010). This discrepancy suggests there might be another 

contractile process that occurs before the MyoJ/Cen2/BCC1 complex is recruited 

during the budding phase or it points to the idea that MyoJ may not be the sole driver 

of BC constriction. Instead, other proteins or mechanisms might compensate for the 

loss of MyoJ, thus exhibiting functional redundancy. Recently, Gubbels et al. (2022 

proposed a model where the BC operates like an elastic band, highlighting the 

significance of the expandable BC ring's stability, with MORN1 and BCC4 playing 

essential roles during cell division. When either component is absent, the BC initially 

forms but then abruptly disintegrates at the midpoint, leading to the fraying of the 

extending subpellicular microtubules (Gubbels et al., 2021). 

Various IMC proteins are known to localize to the basal complex, including TgIMC5, 

TgIMC8, TgIMC9, TgIMC13, and TgIMC15 (Figure 10) (B. R. Anderson-White et al., 

2011). Additional proteins that localize to the basal complex include TgCentrin2, 

TgHAD2a, TgDLC, TgMyoC, and TgMyoJ (Delbac et al., 2001; Hu, 2008; Lorestani et 

al., 2010). 

TgCentrin2 becomes incorporated into the basal complex during the late stage of 

interphase and occupies a more distal region compared to TgMORN1 (Hu, 2008). 

TgCentrin2 is recruited to the basal ends of the daughter parasites prior to the onset 

of cytokinesis, aligning with the constriction of the basal complex. The protein contains 

a calcium-binding EF-hand domain, which may contribute to the contractile force of the 

basal complex, as artificial Ca2+ ion treatment triggers the constriction of the 

TgCentrin2 basal ring in daughter parasites (Hu, 2008). 

TgMyoJ is also located at the basal complex and colocalizes with TgCentrin2(Frénal 

et al., 2017a). Parasites lacking TgMyoJ experience failed basal complex constriction, 

and TgCentrin2 localization is not detectable in these depleted parasites (Frénal et al., 

2017a). Similarly, inducible knockdown of TgCentrin2 leads to unsuccessful basal 

complex constriction, indicating that both TgMyoJ and TgCentrin2 are crucial for this 

process (Frénal et al., 2017a). Furthermore, treating parasites with cytochalasin D, 

which destabilizes actin, disrupts the localization of TgCentrin2 and the constriction of 
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the basal complex, suggesting that actin plays a role in the assembly and constriction 

of the basal complex (Frénal et al., 2017a). To investigate the function of actin in T. 

gondii, a conditional knockout strain of TgACT1, the sole gene encoding actin in T. 

gondii, was developed (Periz et al., 2017). Parasites lacking TgACT1 exhibit abnormal 

basal complex morphology, appearing flattened (Periz et al., 2017). Using an actin 

chromobody, it was confirmed that actin does not form a ring structure at the basal end 

of developing daughter parasites but instead targets the IMC and forms a ring-like 

structure at the residual body (Periz et al., 2017). 

TgHAD2a is an enzyme featuring a conserved haloacid dehalogenase (HAD) 

phosphotransferase domain. Initially, it localizes to the cytoskeleton of developing 

daughter parasites, eventually moving to the basal complex during contraction. At the 

basal complex, TgHAD2a colocalizes with TgMORN1. However, studies in mutant 

parasites lacking TgMORN1 revealed that TgHAD2a remains in the cortex of daughter 

cells but is not detected at the basal complex, indicating that while TgHAD2a 

localization in the cortex does not depend on TgMORN1, its presence at the basal 

complex does require TgMORN1 (Engelber g et al., 2016). TgHAD2a plays a role in 

basal complex assembly, as its conditional knockout leads to conjoined daughter 

parasites due to defective basal constriction. These findings highlight the crucial role 

of TgHAD2a in the contractile function of the basal complex (Engelberg et al., 2016). 

During the late stages of cell division, as daughter cells separate from the mother, 

leftover materials from the mother are deposited into a structure called the residual 

body, located at the basal end of the daughter cells. This residual body quickly 

disappears after division is complete, functioning as a temporary recycling bin. Two 

possible models describe the fate of the residual body and its contents: (1) it is 

gradually degraded within the vacuole and integrated into the surrounding 

intravacuolar network (IVN) tubules, or (2) the digested contents are reabsorbed by 

the daughter cells still connected to the residual body. The first model applies if the 

residual body detaches from the daughter cells. However, it is often observed that the 

cytoplasmic bridge, which connects the daughter parasites, persists after the residual 

body is emptied. This bridge facilitates communication between cells and ensures 

synchronized cell division cycles within the vacuole (Frénal et al., 2017a; Hunt et al., 

2019; Periz et al., 2017). Over multiple division rounds, the cytoplasmic bridge links 
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numerous parasites and helps maintain the rosette organization of parasites (Muiz-

Hernández et al., 2011). The BC is strategically positioned to interact with the residual 

body and cytoplasmic bridge. MyoI plays a critical role in establishing and maintaining 

the bridge, with MyoJ supporting this function (Periz et al., 2017). The reason for 

maintaining the cytoplasmic bridge is unclear, as removing MyoI does not impact 

parasite fitness (Periz et al., 2017). While the bridge supports synchronized division, 

the necessity for synchronized cell cycles is not apparent. In fact, the bridge is lost 

during interactions with activated macrophages and during bradyzoite differentiation, 

leading to unsynchronized, slower divisions within tissue cysts (Frénal et al., 2017a). 

(Gubbels et al., 2022a) suggested that, in addition to MyoI, proteins recruited to the 

BC at the end of cell division might help stabilize the cytoplasmic bridge. These 

proteins include FIKK kinase, CaM, MSC1a, and two newly identified proteins, BCC6 

(a phosphatase) and BCC7 (a hypothetical protein) (Gubbels et al., 2021a; Lorestani 

et al., 2012; Skariah et al., 2016).  

The link between BC and the cytoplasmic bridge has been analysed using mutant 

affecting rosette organization in the vacuole. While 70% of wild-type vacuoles 

displayed rosettes, BTP1 and CaM knockouts showed rosettes in only 15-20% of 

vacuoles, and MyoI, BCC7, and FIKK knockouts exhibited rosettes in 35-45%. BCC6 

and MSC1a-depleted parasites showed no significant difference from wild-type. This 

suggests that most mature BC proteins play a role in forming and maintaining the 

cytoplasmic bridge. Further ultrastructural analysis of representative knockout strains 

confirmed that BTP1-KO parasites lost the cytoplasmic bridge, resulting in vacuoles 

with asynchronously dividing parasites. Conversely, BCC6-KO parasites showed 

synchronous division and connections to the residual body, aligning with high rosette 

incidence. FIKK-KO parasites displayed random vacuole organization and abnormal 

IVN membrane structures, indicating that proteins associated with the mature BC might 

also affect IVN formation and function. 

The basal complex of T. gondii is thus a multifunctional structure integral to the 

parasite's biology. Its roles in cell division, motility, and possibly nutrient acquisition 

and cyst formation highlight its importance and make it a compelling target for future 

research. 
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Figure 10 - Diagram of T. gondii tachyzoite highlighting the distribution of 
proteins within the basal complex (Morano & Dvorin, 2021). The zoomed-in section 
illustrates the basal complex at the completion (or near completion) of cytokinesis. At this point, 

TgMORN1, an early recruit to the complex, is found alongside TgIMC9, TgIMC13, and TgIMC15 in 
the basal inner collar. The posterior cup, potentially providing contractile force, contains TgMyoJ 

and TgCentrin2. TgIMC5 and TgIMC8 are situated within the basal inner ring, positioned between 
the other protein groups. 

 
 
4.2 Specialized Organelles of Toxoplasma gondii 
 
4.2.1. The Apicoplast  

The apicoplast is a non-photosynthetic plastid found in the protozoan parasite T. 

gondii. It plays a crucial role in the parasite's unique form of cell division known as 

endodyogeny, a process in which two daughter cells are formed within a single mother 

cell. This organelle is involved in several essential biosynthetic pathways, including 

fatty acid synthesis, isoprenoid precursor synthesis, and heme biosynthesis, which are 

vital for the survival and proliferation of the parasite (Lim & McFadden, 2010; Ralph et 

al., 2004). 

During endodyogeny, the apicoplast must replicate and be correctly segregated into 

each daughter cell to ensure their viability. The mechanism of apicoplast division and 

segregation is intricately linked with the cell division machinery of T. gondii. The 

apicoplast is physically associated with the centrosomes, which serve as 
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organizational hubs during cell division, anchoring the apicoplast within the developing 

daughter cells and ensuring its inheritance (Striepen et al., 2000b; Vaishnava et al., 

2005). As endodyogeny progresses, the elongating apicoplast is guided to the basal 

ends of the daughter cells. A sharp bend in the apicoplast occurs where the basal 

complexes of the daughter cells meet, suggesting a tight regulation of its positioning 

and segregation (Gubbels et al., 2006). The successful division of the apicoplast relies 

on MORN1 (Lorestani et al., 2010). During this process, the elongated organelle is 

anchored within the daughter buds through its connection to the centrosomes, while 

the unseparated organelle extends to the basal ends of the daughter cytoskeleton 

buds, creating a sharp bend at the meeting point of the basal complexes (Gubbels et 

al., 2006; Vaishnava et al., 2005). The dynamin-related protein DrpA is enriched at the 

apicoplast's constriction point, facilitating its fission and ensuring that each daughter 

cell inherits an apicoplast (van Dooren et al., 2009). Although DrpA is known to localize 

to areas of high mechanical stress, it is not yet clear whether it is specifically recruited 

to the basal complex during this process. The completion of apicoplast division aligns 

with the onset of BC constriction, highlighting the synchronized nature of these events 

(Hu, 2008) and coinciding with the formation of the electron-dense bulb that contains 

IMC proteins, MyoJ, and Cen2. 

This coordination is essential for the successful division and viability of the daughter 

cells, as the apicoplast provides critical metabolic functions that the parasite cannot 

obtain from its host (Lim & McFadden, 2010). The proper inheritance and functionality 

of the apicoplast are therefore fundamental to the lifecycle of T. gondii and its ability to 

propagate within its host. The apicoplast is involved in several biosynthetic pathways 

that are vital for parasite survival. It is responsible for the synthesis of fatty acids (Lim 

& McFadden, 2010; Ralph et al., 2004) .The fatty acids synthesized in the apicoplast 

are critical for the formation of cellular membranes, including those of the parasite's 

own organelles and the parasitophorous vacuole membrane that surrounds the 

parasite within host cells (Mazumdar et al., 2006). This synthesis is vital for maintaining 

the structural integrity and function of these membranes, contributing to the parasite's 

ability to invade and replicate within host cells. The apicoplast also participates in the 

synthesis of isoprenoid precursors, which are crucial for numerous cellular processes, 

including the formation of important biomolecules such as hormones and vitamin 

(Ralph et al., 2004). Additionally, the apicoplast contributes to the biosynthesis of 
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heme, a key component in electron transport and redox reactions (Lim & McFadden, 

2010; Ralph et al., 2004). These unique functions make the apicoplast an attractive 

target for drug development, as its pathways are distinct from those found in the host, 

offering a means to selectively disrupt parasite metabolism without affecting the host 

cells (Lim & McFadden, 2010). 

4.2.2.  The Micronemes 

Micronemes are specialized secretory organelles in T.gondii that play a pivotal role in 

the parasite's invasion of host cells (Carruthers & Tomley, 2008). These organelles are 

located at the apical end of the parasite and are responsible for the release of 

microneme proteins (MICs), which are essential for host cell attachment, gliding 

motility, and the formation of the moving junction (MJ) necessary for invasion (Soldati-

Favre, 2008). Microneme proteins are typically released in a stepwise manner upon 

contact with the host cell. This secretion is triggered by an increase in intracellular 

calcium concentration (Lourido & Moreno, 2015). The MICs are composed of both 

transmembrane and soluble proteins that contain various adhesive domains such as 

thrombospondin type I-like repeat (TSR), apple-like, epidermal growth factor-like 

(EGF), and chitin binding-like (CBL) domains (Sheiner et al., 2010). These domains 

facilitate the interaction with host cell receptors, thereby mediating the attachment and 

invasion processes. Micronemes are categorized into two distinct populations based 

on their biogenesis and dependence on specific Rab GTPases. The Rab5A/C-

dependent micronemes include proteins such as MIC3, MIC5, and MIC8, which are 

essential for effective host cell invasion and egress, as they undergo calcium-

dependent exocytosis at the apical tip of the parasite (Kremer et al., 2013). In contrast, 

the Rab5A/C-independent micronemes comprise proteins like MIC2 and M2AP, which 

utilize alternative pathways for their secretion (Kremer et al., 2013). This differentiation 

in populations allows T. gondii to fine-tune its secretory mechanisms during the 

invasion process, ensuring that it can effectively attach to and penetrate host cells 

under varying conditions.  

Among the key microneme proteins, the TgMIC1/4/6 complex is one of the most 

extensively studied in T.gondii (Cérède et al., 2005). It includes TgMIC1, TgMIC4, and 

TgMIC6, which work together to mediate host cell adhesion and invasion. TgMIC1 and 

TgMIC4 function as soluble adhesins, while TgMIC6 is a transmembrane protein that 
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anchors the complex to the parasite's surface and interacts with the actomyosin system 

via aldolase binding (Blumenschein et al., 2007). Another important complex is 

TgMIC2/M2AP, where TgMIC2 is a transmembrane protein crucial for gliding motility 

and host cell attachment (Huynh & Carruthers, 2006). It was previously proposed that 

the connection between the parasite and TgMIC2 occurs through the aldolase enzyme 

(TgALD), which can bind to F-actin (Jewett & Sibley, 2003). Transgenic parasites 

lacking TgALD showed reduced motility and a compromised ability to invade host cells 

(Starnes et al., 2009). However, more recent studies have identified that the T.gondii 

glideosome-associated connector (TgGAC) is responsible for binding F-actin and 

moving along the parasite, linking to the TgMIC2 adhesin during motility and invasion 

(Jacot et al., 2016). The TgMIC3/8 complex is also significant, with TgMIC3 being a 

soluble adhesin and TgMIC8 a transmembrane protein essential for the formation of 

the moving junction (Kessler et al., 2008). The absence of MIC8 results in a failure to 

form the MJ, thereby blocking the invasion process. MIC8's function is unique and 

cannot be complemented by other microneme proteins, highlighting its distinct role in 

the invasion process. 

The secretion of rhoptries is a tightly regulated process that begins with the discharge 

of rhoptries upon host cell contact. This is followed by the release of rhoptries, which 

form the moving junction through which the parasite invades the host cell (V. 

Carruthers & Boothroyd, 2007). The MICs bind to receptors on the host cell surface, 

forming a molecular bridge that connects the parasite to the host cell. This interaction 

is crucial for the parasite's gliding motility and subsequent invasion. The MICs are often 

processed by proteolytic cleavage during their transport through the secretory pathway 

or after exocytosis (Dowse & Soldati, 2004). This processing is important for their 

function and may contribute to the disassembly of complexes after invasion. For 

instance, TgMIC2 is cleaved by a rhomboid protease, which is essential for its function 

during invasion (Buguliskis et al., 2010). 

In conclusion, micronemes and their associated proteins are essential for the invasion 

and virulence of T.gondii. The precise regulation of MIC secretion and function ensures 

the parasite's ability to effectively invade host cells and establish infection.  
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4..2.3.  The Rhoptries  

Each tachyzoite contains between 8 and 12 rhoptries, which are approximately 2-3 μm 

in length (Boothroyd & Dubremetz, 2008; Dubey et al., 1998). These organelles have 

a club-like shape and are enclosed by a membrane. They feature a uniform 

composition at the anterior part, known as the neck, and a varied composition at the 

base, known as the bulb. Consequently, the proteins in these regions are referred to 

as rhoptry neck proteins (RONs) and rhoptry bulb proteins (ROPs), respectively 

(Bradley et al., 2005; Dubremetz, 2007). Studies have demonstrated that rhoptries are 

actively anchored at the parasite's apex by the Armadillo Repeats Only Protein 

(TgARO) through a process dependent on actomyosin (Mueller et al., 2013, 2016). 

Subcellular fractionation studies have identified over 30 rhoptry proteins (Bradley et 

al., 2005; Leriche & Dubremetz, 1991) and this number is steadily increasing. 

Additionally, the rhoptry content includes membranous structures that are high in 

(Foussard et al., 1991a). RONs are crucial for forming the moving junction (MJ), a 

temporary ring-like adhesive structure that helps the parasite penetrate the host cell 

during invasion (Alexander et al., 2005; D. Bargieri et al., 2014; Lebrun et al., 2005a). 

While RONs facilitate invasion, ROPs are released after the MJ is established and are 

directed to the developing parasitophorous vacuole, the parasitophorous vacuole 

membrane (PVM), or the host cell cytoplasm (Figure 11).  

The rhoptry neck proteins (RONs) are secreted first during the invasion process and 

are essential for forming the moving junction (MJ), a structure that forms a tight 

connection between the parasite and the host cell membrane. This moving junction is 

critical for the parasite to propel itself into the host cell. Key RONs include RON2, 

RON4, and RON5, which form a complex that interacts with the microneme protein 

AMA1. RON2 spans the host cell membrane and serves as a receptor for AMA1, 

facilitating the formation of the moving junction (Besteiro et al., 2011; M. H. Lamarque 

et al., 2014). Previous studies have further elucidated the mechanisms by which RONs 

contribute to invasion. For instance, RON2's interaction with AMA1 has been shown to 

trigger conformational changes essential for anchoring the MJ, which is crucial for the 

parasite's entry into the host cell (M. Lamarque et al., 2011; Tyler & Boothroyd, 2011). 

Following the release of RONs, the rhoptry bulb proteins (ROPs) are secreted into the 

host cell cytoplasm and the forming PV. These proteins play diverse roles in 
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modulating host cell functions and establishing a favorable environment for parasite 

replication. For example, ROP16 is a kinase that phosphorylates host STAT3 and 

STAT6 transcription factors, thereby suppressing the host immune response (Saeij et 

al., 2007). ROP18, another key virulence factor, phosphorylates immunity-related 

GTPases (IRGs) to prevent their accumulation on the PV membrane, thus protecting 

the parasite from host cell defenses (Fentress et al., 2010). 

The ROP2 family of proteins, also called the ROPK superfamily which includes ROP2, 

ROP3, and ROP4, is also notable. The ROP2 family was first identified as a group of 

rhoptry proteins made up of three proteins, each recognized by a single monoclonal 

antibody (Sadak et al., 1988). ROP2 inserts into the PVM and mediates an association 

between the PV and host cell mitochondria, which is important for nutrient acquisition 

and parasite survival (Bradley et al., 2005). ROP4, a member of this family, is secreted 

during or shortly after invasion and associates with the PVM through its 

transmembrane domain. It becomes phosphorylated in the infected cell, either by host 

cell kinases or parasite kinases activated by host cell factors (Carey et al., 2004). 

Recent research has expanded our understanding of these interactions, highlighting 

how the ROP2 family proteins modify host cell metabolic pathways to benefit parasite 

growth (Carey et al., 2004; El Hajj et al., 2007; Li et al., 2020). Proteins in the ROP2 

family share certain distinctive features. They have a kinase-fold at the C-terminus and 

a region rich in basic amino acids at the N-terminus. The N-terminal part of the kinase 

domain contains an activation loop and a substrate-binding site, which is the most 

conserved part of the ROPK proteins. Several ROPK proteins are predicted to be 

enzymatically active due to the presence of a complete catalytic triad (Peixoto et al., 

2010). However, not all ROPK family members are active enzymes because some lack 

a glycine loop necessary for ATP stabilization and a conserved aspartate in the 

catalytic loop, which is crucial for phosphotransferase activity. These inactive ROP 

proteins are called "pseudokinases" and include ROP2, ROP4, ROP5, ROP7, ROP8, 

and ROP54. X-ray crystallography has revealed that these pseudokinases retain a 

'kinase-fold,' although it differs from the conventional type and is characterized by 

Toxoplasma-specific modifications. These pseudokinases are thought to play roles in 

scaffolding and substrate sequestration (Labesse et al., 2009; Qiu et al., 2009; Reese 

et al., 2011). Some polymorphic ROP proteins are critical virulence factors for the 

parasite in type I strains. The complex formed by ROP5, ROP17, and ROP18, which 
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localizes at the parasitophorous vacuole membrane (PVM), is responsible for 

phosphorylating immunity-related GTPases (IRGs). This phosphorylation prevents 

IRG accumulation at the PV, thereby preventing PV lysis in mice (Etheridge et al., 

2014; Fleckenstein et al., 2012). In Type II strains, the ROP5 gene has a polymorphism 

that makes it inactive (Behnke et al., 2011), leading to a different outcome where the 

PVM integrity is compromised and PV lysis occurs. TgROP18 is also involved in 

modulating the function of the transcription factor ATF6-β (Yamamoto et al., 2011). 

TgROP17 influences the host cell transcriptome (Li et al., 2019) and also plays a role 

in effectively translocating dense granule proteins across the PVM (Panas et al., 2019) 

Other rhoptry proteins play a crucial role in the differentiation of the T. gondii parasite. 

Studies have shown that the ROP28 protein is expressed five times more during 

chronic infection than during acute infection (Pittman et al., 2014b). In another study, 

the deletion of 26 ROPK gene loci encoding 31 unique Type II ROPK proteins revealed 

that several of these proteins moderately affect cyst burden (Fox et al., 2016). 

However, certain ROPK proteins, such as ROP5, ROP17, ROP18, ROP35, and 

ROP38/29/19, are critical for establishing chronic infection in vivo (Fox et al., 2016). 

Additionally, research showed that deleting ROP21, ROP27, ROP28, and ROP30 did 

not significantly impact bradyzoite differentiation in vitro, although a combined knock-

out of ROP21 and ROP17 led to a 50% reduction in cyst burden in vivo (Jones et al., 

2017). The bradyzoite rhoptry protein TgBRP1 was also studied, revealing that its 

absence does not significantly affect tissue cyst formation but likely plays a crucial role 

in the sexual stages of merozoites in felines (Schwarz et al., 2005). Subcellular 

fractionation of rhoptries has shown a high concentration of lipids, particularly 

cholesterol (Foussard et al., 1991b). However, experimental evidence indicates that 

cholesterol is not necessary for invasion (Coppens & Joiner, 2003). Rhoptry proteins 

and lipids are released through rhoptry exocytosis and contribute to modifying the 

parasitophorous vacuole membrane (PVM) (Coppens & Vielemeyer, 2005). 

Studies have revealed that rhoptry proteins can be delivered to uninfected host cells 

through structures called evacuoles, allowing the parasite to manipulate host cell 

functions even before invasion (Koshy et al., 2012). This pre-emptive strike mechanism 

further highlights the sophisticated strategies employed by T.gondii to ensure 

successful infection and survival within the host.   
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The tethering of rhoptries to the apical vesicle is critical for the regulated discharge of 

these organelles during host cell invasion. A key player in this process is the Armadillo 

Repeats Only Protein (ARO), which localizes to the rhoptry membrane and is anchored 

to the cytosolic face via myristoylation and palmitoylation. ARO interacts with Myosin 

F (MyoF) and ARO-Interacting Protein (AIP), forming a complex that stabilizes the 

rhoptries at the apical pole (Beck et al., 2013). Additionally, Rhoptry Apical Surface 

Proteins (RASPs), such as RASP1, RASP2, and RASP3, coat the rhoptry neck and 

facilitate the docking and fusion of rhoptries with the apical vesicle. RASP2, in 

particular, binds phosphatidic acid (PA) and phosphatidylinositol 4,5-bisphosphate 

(PIP2), which are crucial for membrane fusion during exocytosis (Suarez et al., 2019). 

Another essential component is the TgNd6 and TgNd9 complex, which assembles the 

apical rosette, a structure that bridges the rhoptries with the plasma membrane and 

the apical vesicle, ensuring proper secretion during invasion (Aquilini et al., 2021). 

These interactions collectively ensure that rhoptries are properly positioned and primed 

for secretion, playing a vital role in the parasite's ability to invade and establish infection 

in the host cell. 

In conclusion, the rhoptries are integral to the parasite's life cycle, housing a variety of 

proteins and lipids vital for both invasion and the formation of the parasitophorous 

vacuole. These components are crucial for sustaining the tachyzoite during the acute 

phase of infection, ensuring its survival and proliferation. Furthermore, the proteins 

within the rhoptries are instrumental in the development of tissue cysts, a key feature 

of chronic infection. This dual role highlights the rhoptries' importance in both 

immediate and long-term parasitic strategies. 

4.2.3.  The Dense granules 

These spherical structures, approximately 200 nm in diameter, are distributed 

throughout the parasite's cytoplasm and are the last of the three secretory organelles 

(along with micronemes and rhoptries) to discharge their contents (Mercier & Cesbron-

Delauw, 2015)(Mercier & Cesbron-Delauw, 2015). The contents of dense granules, 

known as dense granule proteins (GRAs), are continuously secreted throughout the 

intracellular cycle of T. gondii. These proteins are essential for the modification of the 

parasitophorous vacuole (PV) and the host cell, creating an environment conducive to 

parasite replication and survival (Bai et al., 2018). To date, over 40 GRA proteins have 
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been identified, with their functions ranging from structural roles in the PV to 

manipulation of host cell processes (Nadipuram et al., 2020). Dense granule 

biogenesis and trafficking within the parasite are complex processes that are not fully 

understood. Studies have shed light on some aspects of these mechanisms. Dense 

granules are formed at the Golgi apparatus and then transported to the parasite 

periphery by a MyoF motor, which moves them along actin filaments (Heaslip et al., 

2016). Additionally, TgRab11A plays a crucial role in facilitating the transport of dense 

granules (Venugopal et al., 2020). This transport involves both microtubule-dependent 

and actin-dependent mechanisms (Heaslip et al., 2016). Interestingly, dense granule 

motions are highly dynamic, with granules demonstrating either directed or random, 

diffusive-like motion. Some granules have been observed to switch between these two 

modes of motion, and some even move bidirectionally (Heaslip et al., 2016).The 

secretion of dense granules occurs through direct fusion with the parasite plasma 

membrane. However, the exact location of this fusion is still debated. Some studies 

suggest that secretion may occur through gaps in the inner membrane complex (IMC), 

possibly at structures called the apical annuli (Dubremetz et al., 1993; Paredes-Santos 

et al., 2013). However, direct evidence for this is still lacking, and the mechanism by 

which dense granules traverse the IMC to reach the plasma membrane remains an 

open question in the field (Chelaghma et al., 2024b; Griffith et al., 2022).  

Once secreted, GRA proteins play diverse roles in modifying the PV and host cell 

environment. Recent proteomic and transcriptomic approaches, coupled with CRISPR-

Cas9 technology, have accelerated the identification and characterization of GRA 

proteins (Mayoral et al., 2022; Nadipuram et al., 2020). These studies have revealed 

that some GRAs are processed by the Golgi-resident aspartyl protease ASP5, which 

cleaves many GRAs at a conserved TEXEL motif. This processing is crucial for the 

correct trafficking and function of several GRAs (Coffey et al.,2015; Hammoudi et al., 

2015).  

One of the primary functions of certain GRAs is the formation and maintenance of 

structural components within the parasitophorous vacuole (PV). GRA2, GRA4, and 

GRA6 are involved in the formation of the intravacuolar network (IVN) (Figure 11), a 

tubular membrane structure within the PV (Mercier et al., 2002). GRA2, in particular, 
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plays a crucial role in inducing and stabilizing this tubular network structure (Travier et 

al., 2008). 

Several GRAs are associated with the parasitophorous vacuole membrane (PVM), 

where they likely play roles in modifying the PVM and mediating interactions with the 

host cell. GRA3, GRA5, GRA7, GRA8, and GRA10 are preferentially detected as PVM-

associated proteins (Nam, 2009) These proteins are important for maintaining the 

integrity of the PVM and facilitating the parasite's interactions with the host cell 

environment. 

Nutrient acquisition is another critical function of certain GRAs. GRA17 and GRA23 

are involved in small molecule transport across the PVM (Figure 11) (Gold et al., 2015). 

Deletion of GRA17 leads to severe growth defects.  Current research has identified 

GRA47 and GRA72 as pore-forming proteins on the PVM, involved in nutrient flux 

across the membrane (Bitew et al., 2023). These proteins are essential for the 

parasite's ability to acquire nutrients from the host cell. 

Host cell manipulation is a key aspect of T. gondii's survival strategy, and several GRAs 

play important roles in this process. GRA16 and GRA24 are exported beyond the PVM 

into the host cell nucleus, where they modulate host gene expression (Bougdour et al., 

2013; Braun et al., 2013). GRA15 activates the host NF-κB pathway, modulating the 

immune response (Figure 11) (Rosowski et al., 2011). GRA18 is localized in the host 

cell cytosol and is involved in host-parasite interactions(He et al., 2018). Immune 

modulation is another crucial function of certain GRAs. GRA25 modulates cytokine 

production in infected macrophages (Shastri et al., 2014), while GRA7 contributes to 

acute virulence by increasing the turnover of immunity-related GTPases (IRGs) in the 

host cell (Alaganan et al., 2014). Some GRAs are involved in protein trafficking within 

the parasite. GRA44 and GRA45 are involved in the trafficking and translocation of 

other GRAs (Nadipuram et al., 2020). This function is critical for the proper localization 

and function of other GRA proteins. 

Certain GRA proteins function as virulence factors. Specifically, GRA1, GRA2, GRA6, 

and GRA7 are crucial for parasite virulence and triggering immune responses in the 

host (Fox et al., 2019; Guevara et al., 2021a). Recent in vivo CRISPR screens from 

Torelli et al., 2024 have revealed that several dense granule proteins (GRAs) are 
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critical for virulence and survival of T.gondii in vivo. Among them, GRA12 was identified 

as the most important, functioning across various parasite strains and mouse 

subspecies. GRA12 is crucial for maintaining the parasitophorous vacuole (PV) 

integrity and preventing immune clearance, particularly in interferon-gamma (IFNγ)-

activated macrophages. Its deletion leads to collapsed PVs, increased necrotic host 

cell death, and early parasite egress, highlighting its essential role in sustaining the 

parasite’s replicative niche during infection. Additionally, other GRAs, such as GRA45 

and GRA23, also contribute to parasite virulence by supporting the correct localization 

and function of key proteins within the PV membrane (Gold et al., 2015; Wang et al., 

2020). GRA60 has been identified as a key virulence factor that influences the host's 

cell-autonomous immunity and also plays a significant role in the elimination of 

immunity-related GTPases (IRGs) (Nyonda et al., 2021). Type I parasites that lack the 

TgGRA60 gene exhibit reduced virulence and a lower cyst burden, along with the 

recruitment of IRG proteins Irgb10 and Irga6. Additionally, TgGRA60 was found to 

interact with the TgROP18 and TgROP5 proteins (Nyonda et al., 2021). 

Several GRA proteins play a role in the formation of tissue cysts, including TgGRA4, 

TgGRA6, TgGRA3, TgGRA7, TgGRA8, TgGRA14, TgGRA2, TgGRA9, and TgGRA12 

(Fox et al., 2011, 2019; Guevara et al., 2021a). The removal of TgGRA4 and TgGRA6 

from Type II parasites led to a significant reduction in cyst burden compared to the 

wildtype strains (Fox et al., 2011). Moreover, eliminating both TgGRA4 and TgGRA6 

from the same strain resulted in an even more pronounced defect in tissue cyst 

formation (Fox et al., 2011). In a follow-up study, the depletion of PVM-associated 

GRAs, including TgGRA3, TgGRA7, TgGRA8, and TgGRA14, along with IVN-

associated GRAs such as TgGRA2, TgGRA9, and TgGRA12, in Type II strains 

resulted in substantial reductions in cyst burden in vivo (Fox et al., 2019). During tissue 

cyst development, GRA proteins exhibit dynamic behavior, as demonstrated by 

research on the localization of IVN-associated GRA proteins (TgGRA1, TgGRA4, 

TgGRA6, TgGRA9, and TgGRA12) in developing in vitro tissue cysts at different time 

points (Guevara et al., 2019). A recent study explored four genes related to GRA12 

(GRA12A, GRA12B, GRA12C, and GRA12D), revealing that the GRA-12 gene family 

is involved in chronic infection (Guevara et al., 2021a). Like TgGRA12, the genes 

associated with it are linked to the intravacuolar network (IVN) in tachyzoites. In 

immature cysts induced by a high pH shift, TgGRA12A, TgGRA12B, and TgGRA12D 
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are found localized to the cyst wall, suggesting these proteins play a role in the 

transformation of the parasitophorous vacuole into a tissue cyst. Similarly, in mature 

cysts, TgGRA12A, TgGRA12B, and TgGRA12D are present on the cyst wall as well 

as within the cyst matrix (Guevara et al., 2021a). Parasites lacking TgGRA12A showed 

a marked reduction in cyst burden in vivo, whereas those without TgGRA12B displayed 

a significant increase in cyst burden in vivo (Guevara et al., 2021b). 

In conclusion, the diverse functions of GRA proteins underscore their importance in T. 

gondii biology and host-parasite interactions. From structural roles within the PV to 

manipulation of host cell processes, these proteins are critical for the parasite's survival 

and virulence. As research continues, our understanding of GRA functions continues 

to expand, revealing the complex interplay between these proteins and their roles in T. 

gondii pathogenesis. 
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Figure 11- Illustration of the roles of secretory organelle proteins in Toxoplasma 
gondii host cell interactions (Lebrun et al., 2020). The diagram highlights the specific 
contributions of microneme proteins (I), rhoptry proteins (II), and dense granule proteins (III). While 
most functions are attributed to individual proteins, a notable exception is the cooperation between 

AMA1 and RON proteins in facilitating the moving junction process. 

 

5.  The Lytic cycle of Toxoplasma gondii 

The lytic cycle of T.gondii involves several key steps that enable the parasite to 

replicate and spread within its host. Initially, the tachyzoites, which are the rapidly 

dividing form of the parasite, attach to and invade host cells. This invasion is facilitated 

by the parasite's surface proteins, such as microneme and rhoptry proteins (V. B. 

Carruthers & Sibley, 1997). Once inside the host cell, T. gondii creates a 

parasitophorous vacuole, which protects it from the host's immune system (Sibley, 

2004). Inside this vacuole, the parasite replicates asexually through a process called 

endodyogeny, where it produces daughter cells (Mital et al., 2005). As the number of 

tachyzoites increases, the host cell eventually ruptures, releasing the parasites into the 

surrounding tissue (Black & Boothroyd, 2000). This release allows the tachyzoites to 

infect new cells, thus spreading the infection throughout the host. The ability of T. 

gondii to evade immune responses and replicate quickly within host cells contributes 

to its effectiveness as a pathogen and its widespread prevalence (Dubey, 2008). 

 
5.1 Motility, Adhesion, Invasion  
 
5.1.1. The Glideosome complex 
 
The motility of T. gondii is a highly specialized process that enables the parasite to 

invade host cells and disseminate within the host organism. This process involves a 

complex array of components and mechanisms, primarily centered around the 

glideosome motor complex, actin-myosin interactions, and regulated secretion of 

adhesive proteins. 

Motility in T.gondii is characterized by various gliding movements. On a two-

dimensional coated surface, the parasite exhibits three distinct types of gliding: circular 
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gliding, helical rotation gliding, and upright twirling gliding (Håkansson et al., 1999). In 

contrast, when observed in a three-dimensional motility assay, the parasite moves in 

a clockwise corkscrew trajectory. This pattern is attributed to the shape of the 

tachyzoite and the left-handed microtubules present in its cytoskeleton (Leung et al., 

2014). The apparatus responsible for this movement is known as the glideosome, 

which powers the parasite’s motility, migration, invasion, and egress from the host cell. 

Located between the plasma membrane and the inner membrane complex (IMC), the 

glideosome is conserved among Apicomplexa members (Opitz & Soldati, 2002). The 

key components of the glideosome include the actin-myosin motor, specifically Myosin 

A (TgMyoA), and several associated proteins such as TgGAP40, TgGAP45, and 

TgGAP50, which anchor the motor complex to the IMC (Figure 12, (Frénal et al., 

2010)). TgMLC1 interacts with TgGAP45 to anchor TgMyoA to the IMC, positioning it 

correctly within the parasite’s tachyzoite pellicle. TgGAP45, a key element of the 

glideosome, is synthesized in the cytosol. The protein is directed to the plasma 

membrane via acylation at its N-terminus, while its association with the IMC is 

sustained by its C-terminal end (Frénal et al., 2010). TgGAP45 has two orthologues: 

TgGAP70, which is part of the apical glideosome containing TgMyoA, and TgGAP80, 

which is found in the basal glideosome with TgMyoC (Frénal et al., 2014). 

 

 

Figure 12 – Illusration of the glideosome complex (Frénal et al., 2014). GAP45 spans 
between the inner membrane complex (IMC) and the plasma membrane, where its N-terminal is 
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acylated for membrane targeting. GAP50, GAP40, and MLC1 are associated with the IMC, with 

MLC1 anchoring TgMyoA to the complex. The interactions of these components are crucial for the 

gliding motility of the parasite. 

TgMyoA serves as the driving motor for gliding motility in the parasite, exhibiting 

mechanical properties similar to skeletal muscle myosin with a movement speed of 

approximately 3 µm per second. It converts the chemical energy from ATP hydrolysis 

into mechanical energy, enabling movement along polymerized actin filaments (Herm-

Götz et al., 2002). The stable attachment of TgMyoA to the parasite's cytoskeleton is 

essential for generating traction. This attachment is mediated by TgGAP40 and 

TgGAP50 on the IMC side, while TgMyoA must also anchor to host cell substrates in 

the extracellular space. Mutant parasites with conditional depletion of glideosome 

components (such as TgMyoA, TgMLC1, TgELC1, and TgGAP45) exhibit significantly 

impaired motility, which adversely affects their survival (Frénal et al., 2017b). Although 

T. gondii tachyzoites lacking TgMyoA can still replicate within host cells, their lytic cycle 

is severely disrupted (Andenmatten et al., 2013). This compensation is likely due to 

the presence of another myosin heavy chain, TgMyoC, which can function with 

TgGAP45 in the absence of TgMyoA (Frénal et al., 2014). One study explored the role 

of palmitoylation in the interaction between MyoA's light chain, TgMLC1, and the IMC-

anchored protein TgGAP45. It was found that mutations blocking TgMLC1 

palmitoylation disrupted its binding to TgGAP45, yet surprisingly, this had little effect 

on the parasite's motility. This finding challenges the existing model of apicomplexan 

motility, suggesting that the binding of TgMLC1 to TgGAP45 may not be as critical as 

previously thought . The glideosome complex is an intricate and adaptable system that 

empowers T. gondii to effectively move and infiltrate host cells, a process that is crucial 

for its ability to cause disease. 

5.1.2. Adhesion to host cell 
 
T.gondii adheres to host cells through a complex process involving multiple steps and 

molecular interactions. The initial adhesion is mediated by the apical end of the 

parasite by its surface proteins, which establishes a tight junction with the host cell 

surface. This interaction is facilitated by the sequential secretion of proteins from the 

parasite's secretory organelles. 
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 Microneme proteins (MICs) play a crucial role in adhesion. These proteins contain 

adhesive domains, such as EGF-like and thrombospondin type I repeats, which 

interact with host cell surface molecules. Although the specific host cell receptors are 

not well-defined, interactions with glycosaminoglycans have been implicated. These 

interactions are generally low affinity but multivalent, allowing for repeated rounds of 

attachment and release, which supports the parasite's gliding motility. T. gondii, three 

primary adhesion complexes are exocytosed from micronemes: TgMIC6-TgMIC1-

TgMIC4, TgMIC2-TgM2AP, and TgMIC8-TgMIC3 (V. B. Carruthers & Tomley, n.d.). 

Among these, TgMIC2 plays a significant role in the parasite's gliding motility, as 

mutations in the TgMIC2 tail region impair tachyzoite movement, although its complete 

absence does not entirely inhibit motility (Andenmatten et al., 2013; Kappe et al., 1999; 

Rugarabamu et al., 2015).This suggests that other microneme proteins likely 

contribute to the parasite's motility. 

The secretion of microneme proteins is triggered by a reduction in potassium levels, 

which leads to an increase in intracellular calcium concentrations. This calcium surge 

activates specific kinases and coordinates microneme secretion (Lourido & Moreno, 

2015). Calcium-dependent protein kinases (CDPKs), which are typically found in 

plants, are crucial for this process. Specifically, TgCDPK1 is essential for microneme 

exocytosis and protein secretion (Lourido et al., 2010). Another kinase, TgCDPK3, is 

involved in egress and plays a key role in initiating motility through the phosphorylation 

of the myosin motor protein, TgMyoA (Garrison et al., 2012; Lourido et al., 2012; 

McCoy et al., 2012). 

Beyond CDPKs, other proteins and molecules are involved in the signaling pathways 

that regulate T. gondii motility and the glideosome. For instance, cGMP-dependent 

protein kinase (PKG) facilitates microneme secretion and egress from the host cell 

independently of calcium ions (Lourido et al., 2012). TgGC, a purine nucleotide cyclase 

enzyme responsible for converting GTP into cGMP, is critical for tachyzoite cell-to-cell 

transmission by regulating invasion, migration, and egress (Bisio et al., 2019; K. M. 

Brown & Sibley, 2018; Yang et al., 2019a). TgGC's role in cGMP production is essential 

for activating TgPKG. 

Additionally, phosphatidic acid (PA) is a lipid that plays a key role in regulating 

microneme secretion (Bullen et al., 2016). Phosphatidylinositol phospholipase C (PI-

PLC) activates a signaling cascade in response to increased extracellular potassium 

levels, producing second messengers like diacylglycerol (DAG) and inositol-1,4,5-
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triphosphate (IP3). DAG is converted into PA by diacylglycerol kinase 1 (DGK1) (Bullen 

et al., 2016). PA is recognized by an acylated pleckstrin homology domain-containing 

protein (APH) located on the surface of micronemal proteins. In T. gondii, TgAPH is 

essential for microneme secretion; depletion of TgAPH results in a significant block in 

microneme protein release, severely impairing glideosome function (Bullen et al., 

2016). 

 

5.1.3. Host Cell Invasion and the Establishment of the Moving Junction (MJ) 
 
T.gondii displays an exceptionally broad host range, capable of invading almost any 

cell type, whether from mammals, fish, or even insects. The only known exception to 

this are plant protoplasts, which resist invasion (Werk & Fischer, 1982).During the 

process of host cell invasion, tachyzoites makes initial contact with the host cell using 

the apical tip of the parasite. This invasion process involves the sequential release of 

three types of secretory organelles: first, the micronemes, followed by the rhoptries, 

and finally, the dense granules. The parasite infiltrates the host cell within 15 to 30 

seconds. This invasion is driven by actomyosin motors, with micronemes and rhoptries 

playing key roles in the formation of the moving junction (MJ), a temporary structure 

that secures the parasite to the host cell's plasma membrane. Initially, after the parasite 

attaches to the host cell surface, the invasion begins with the secretion of Rhoptry Neck 

proteins (RONs) into the host cell membrane. These proteins interact with the 

microneme protein AMA1, which is located on the parasite's plasma membrane, 

leading to the formation of the moving junction. Once the moving junction is 

established, the parasite's acto-myosin cytoskeleton facilitates its movement forward. 

Subsequently, the rhoptry bulb proteins (ROPs) are released into the host cell, and the 

parasite becomes encapsulated within a parasitophorous vacuole. 

TgAMA1 is a type I transmembrane protein characterized by a short C-terminal 

cytoplasmic tail and a large N-terminal extracellular ectodomain that contains 

approximately 16 conserved cysteine residues (Donahue et al., 2000; Hehl et al., 

2000). After being secreted onto the parasite's surface, TgAMA1 undergoes cleavage 

of its N-terminal ectodomain, which is then shed. TgRON2, TgRON4, TgRON5, and 

TgRON8 have been identified as components of the TgAMA1-associated MJ complex 

(Alexander et al., 2005; Besteiro et al., 2009; Lebrun et al., 2005b). The MJ acts as a 

flexible, ring-like structure that maintains close proximity between the parasite and the 
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host's plasma membrane, facilitating the flow of membranes around this connection. 

TgAMA1 was initially thought to be essential for parasite survival, as no inducible 

mutants could be created (Mital et al., 2005). However, advancements in genetic tools 

for T. gondii allowed the creation of a knockout (KO) strain for the TgAMA1 gene (D. 

Y. Bargieri et al., 2013). This study demonstrated that AMA1 is not required for the 

formation of a fully functional tight junction (TJ), as the RON proteins operate 

independently of AMA1. Later research by (M. H. Lamarque et al., 2014) showed that 

in the absence of TgAMA1, the parasite can adapt by overexpressing homologous 

proteins such as TgAMA2, which interacts with TgRON2 to facilitate invasion. A double 

KO of both TgAMA1 and TgAMA2 resulted in a further reduction in invasion efficiency, 

though it remained partially effective. This led to the discovery of another TgAMA1 

homolog, TgAMA4, which can bind to TgRON2L1, a homolog of TgRON2 expressed 

in the sporozoite stage. Another complex, TgAMA3/TgRON2L1, specific to the 

sporozoite stage, was also identified. In summary, these findings underscore the 

critical role of TgAMA/TgRON complexes in the invasion process and demonstrate the 

parasite's adaptive capacity to ensure successful entry into host cells and continuation 

of its lytic cycle (Figure 13).  
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Figure 13- Schematic Overview of TgAMA/TgRON Complexes in the Moving 
Junction (MJ) (Lamarque, M.H. et al., 2014). This illustration depicts (a) a tachyzoite 
partially invading a host cell and (b) various proposed models of the T. gondii MJ. The figure 
highlights four different AMA/RON interactions that facilitate the parasite-host interface, with the 

cytoplasmic tail of AMA linking the MJ to the gliding motor located in the inner membrane complex 
(IMC). The RON complex, consisting of RON4, RON5, and RON8 tethered to RON2, is positioned 

beneath the host plasma membrane, potentially interacting with the host cytoskeleton. The primary 
invasion pathway for Toxoplasma tachyzoites and Plasmodium merozoites is mediated by the 
AMA1/RON2 complex. Additionally, three other pairs, homologous to AMA1 and RON2, are 

suggested, with AMA3/RON2L2 and AMA4/RON2L2 predominantly expressed during the 
sporozoite stage. AMA2/RON2 and AMA4/RON2L1 illustrate the MJ's molecular adaptability by 

compensating for the loss of AMA1. X and Y represent unidentified, divergent components that 

may contribute to MJ architecture. 

5.1.4.  Formation of Parasitophorous vacuole 
 
The formation of the parasitophorous vacuole membrane (PVM) in Toxoplasma 

gondii is a sophisticated process that involves the secretion of various proteins from 
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the parasite's dense granules and rhoptries. These proteins are crucial for 

manipulating the host cell environment, allowing the parasite to establish a niche 

conducive to its survival and replication. Upon invasion, T. gondii actively remodels the 

host cell membrane to form the PVM, a specialized compartment that protects the 

parasite from host cell defenses and provides a stable environment for its growth. The 

lipid bilayer that forms the PVM is majorly derived from the plasma membrane of the 

host, this has been confirmed by electrophysiological study of tachyzoites entering the 

host cell (Suss-Toby et al., 1996). 

Dense granule proteins (GRAs) play a significant role in the formation and 

maintenance of the PVM. GRA64 is another dense granule protein that interacts with 

host cell ESCRT (Endosomal Sorting Complexes Required for Transport) components. 

This interaction suggests a role in organizing the recruitment of ESCRT proteins to the 

PVM, which may influence the formation of vesicular structures within the vacuole and 

contribute to the structural organization of the PV (Coppens et al., 2006). The 

involvement of ESCRT components highlights the parasite's ability to co-opt host cell 

machinery to maintain its intracellular niche. Rhoptry proteins are known to be secreted 

during the invasion process and contribute to the initial formation of the PVM by 

remodelling the host cell membrane. These proteins, in conjunction with GRAs, ensure 

the establishment of a protective and nutrient-rich environment, enabling T. gondii to 

evade host immune responses and thrive within host cells. The coordinated action of 

these proteins underscores the complexity of T. gondii's intracellular lifestyle and its 

ability to manipulate host cell processes for its benefit. 

 

5.1.5. Parasite egress and host cell lysis 
 
After the intracellular replication of tachyzoites, they actively exit the host cell by 

rupturing its membrane. The precise signals that trigger this egress are not fully 

understood. Egress begins when the parasites detach from the intravacuolar network 

(IVN), disrupting the rosette structure, and the parasitophorous vacuole membrane 

(PVM) shifts towards the host cell’s nucleus (Caldas & de Souza, 2018). The PVM is 

then destroyed, allowing the parasites to glide freely within the host cell cytoplasm 

before eventually breaking through the host cell’s plasma membrane. Known signals 

that prompt egress include a drop in pH levels, a decrease in potassium ion 
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concentration, and the accumulation of phosphatidic acid within the parasitophorous 

vacuole (PV) (Bisio et al., 2019; Roiko et al., 2014; Yang et al., 2019). 

The accumulation of abscisic acid (ABA) during parasite development acts as a 

quorum sensing mechanism, with ABA levels rising just before tachyzoites exit the host 

cell and remaining low during replication. ABA triggers parasite egress by causing the 

release of intracellular calcium, which aligns with microneme secretion and the 

parasite's motility, facilitating its escape from the host cell (Nagamune et al., 2008). 

Previous studies have linked host cell membrane permeability to a rapid decrease in 

potassium levels, occurring 2-3 minutes before egress. It was found that this drop in 

cytoplasmic potassium ions initiates parasite release (Moudy et al., 2001). Additionally, 

nucleoside triphosphate hydrolases (NTPases) promote egress by depleting ATP in 

the PV, which is necessary for the calcium-dependent release (Stommel et al., 1997). 

Cysteine proteases, such as calpain, are believed to play a crucial role in disrupting 

the PVM and host cell membrane, contributing to parasite egress. Parasites’ perforin 

function might inadvertently activate Calpain (Chandramohanadas et al., 2009).  

Acidification of the PV stimulates microneme secretion and activates perforin-like 

protein 1 (TgPLP-1), which relies on calcium release and is essential for permeabilizing 

the PVM. TgPLP-1 forms pores approximately 100 Å in diameter within the host cell’s 

membrane, leading to its disruption and facilitating parasite egress. Studies on TgPLP-

1 deficient parasites showed that these mutants were unable to exit the host cell and 

remained trapped (Giudice et al., 2010; Kafsack et al., 2009). Moreover, the host’s 

immune response can also induce parasite egress. T-cells targeting infected T. gondii 

cells through death ligand or perforin/granzyme-dependent cytotoxicity can destroy the 

host cell, triggering the release of the parasites, which can then infect neighboring cells 

(Persson et al., 2007). 

Another unsuspecting protein that is involved in regulation of egress is Protein 

Phosphatase 1 (PP1). In a 2022 study by (Herneisen et al., 2022), PP1was identified 
as a Ca2+-responsive enzyme that relocalizes to the parasite's apex upon Ca2+ store 

release, a key event triggering motility and invasion. This relocalization highlights 

PP1’s involvement in modulating downstream pathways critical for parasite motility, 

which is essential for successful egress. Furthermore, conditional depletion of PP1 

impairs the parasite’s ability to regulate Ca2+ uptake, thereby inhibiting motility and 

blocking egress from the host cell. These findings underscore PP1’s significant role as 
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a regulator of Ca2+ dependent signaling networks, particularly in orchestrating the 

cytoskeletal changes necessary for egress. 

 

5.2. Cell Cycle Dynamics and Intracellular Replication 
 
Toxoplasma gondii exhibits several modes of division throughout its complex life cycle 

(Figure 14), adapting its replication strategy to different host environments and life 

cycle stages. The primary modes of division observed in T. gondii are endodyogeny, 

endopolygeny, and schizogony (Gubbels et al., 2021a). 

Endodyogeny is the predominant form of division for tachyzoites and mature 

bradyzoites in the intermediate host. In this process, two daughter cells are formed 

internally within an intact mother cell, which maintains its shape and apical polarity 

throughout the division (Nishi et al., 2008). The daughter cells consume the mother cell 

as they develop, eventually emerging to continue the infection cycle. Endodyogeny 

involves a single nuclear division that results in the formation of two daughter parasites 

per replication cycle. This process involves a complex reorganization of cellular 

structures, including the Golgi complex, centrosome, and other organelles (Nishi et al., 

2008). 

Endopolygeny is observed in immature bradyzoites and some asexual stages. This 

mode of division involves multiple rounds of nuclear division followed by the formation 

of multiple daughter cells within the mother cell (Ferguson, 2002). Unlike 

endodyogeny, which typically produces only two daughter cells, endopolygeny 

involves multiple rounds of S-phase and mitosis (S/M) without cytokinesis, leading to 

the creation of a multinucleated mother cell, followed by the synchronous formation of 

numerous daughter parasites from a single mother cell. 

In both processes, mitosis occurs without the breakdown of the nuclear membrane (a 

process known as closed mitosis) and involves the formation of internal buds, which 

organize a full complement of organelles within the IMC cytoskeletal scaffolds for each 

daughter parasite. The maternal IMC-plasma membrane structure is preserved until 

the buds are fully formed, at which point the plasma membrane detaches from the 

maternal IMC and associates with the daughter IMC buds, forming mature daughter 

pellicles. 

In contrast, some apicomplexans replicate through schizogony, a process that requires 

the disassembly of the mother pellicle before multiple rounds of nuclear division, with 
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daughter parasites subsequently budding from the plasma membrane (Francia and 

Striepen, 2014).  

Interestingly, in immature bradyzoites, endodyogeny generally occurred 

asynchronously, and parasites were frequently seen dividing through cycles of 

schizogony or endopolygeny (Dzierszinski et al., 2004). This adaptability in division 

strategies likely contributes to the parasite's success in various host environments. The 

choice of division mode in T. gondii is influenced by factors such as life cycle stage 

and host environment (Gubbels et al., 2021b) . 

 

 

Figure 14 - Illustration of three distinct modes of intracellular replication in 
Apicomplexan parasites(Ferguson et al., 2008). Endodyogeny (A-C): Seen in 
Toxoplasma gondii tachyzoites, involves a single nuclear division resulting in two daughter cells 
forming within the mother cell. Schizogony (D-F): Common in parasites like Plasmodium, where 
multiple rounds of nuclear division occur before many daughter cells form simultaneously around 
the periphery of the mother cell. Endopolygeny (G-J): Observed in Toxoplasma merozoites and 
Sarcocystis, involves several rounds of nuclear division without cytokinesis, leading to the formation 
of a multinucleated cell that eventually produces multiple daughter cells. In Sarcocystis we observe 

multiple rounds of synchronous DNA replication and segregation in the polyploid nucleus. 
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5.2.1. Unconventional Cell Cycle in Toxoplasma gondi 
 
Tachyzoites have an unusual cell cycle with a closed mitosis divided into three phases 

(G1, S, and M), until recently the G2 phase was assumed to be absent (J. Radke, 

2001). A recent study by Hawkins et. (2024) revealed that a short G2 phase maybe be 

present that might overlap with the S/M phase. In T. gondii tachyzoite replication, there 

does not appear to be a significant pause before mitotic initiation. Rather, the 

tachyzoite cell cycle has a major G1 that lasts more than half of the division cycle.  

The timing of the T. gondii cell cycle is distinctive, with G1 phase comprising 

approximately 60% of the cycle, S phase about 30%, and mitosis following immediately 

after DNA replication. Cytokinesis begins in late S phase and overlaps with mitosis 

(Gubbels et al., 2008). An unusual feature of the S phase is the bimodal distribution of 

DNA content, with a smaller population of parasites containing 1-1.7N DNA and a 

larger population with nearly diploid (~1.8N) DNA content, possibly representing a 

distinct premitotic checkpoint(Radke et al., 2001; White et al., 2014b). Like in 

mammals, cell division appears to be coordinated by the cyclin/Cdk (Cyclin-dependent 

kinase) control system (Gubbels et al., 2008; Kvaal et al., 2002).  

Phosphorylation and dephosphorylation are pivotal processes in the regulation of the 

cell cycle in Toxoplasma gondii. Reversible phosphorylation, a key regulatory 

mechanism, involves specific protein kinases and phosphatases working in opposition 

to control phosphorylation processes. Phospho-proteomics studies in eukaryotes have 

shown that around 50% of proteins in humans, mice, and yeast are phosphorylated, 

classifying them as phosphoproteins (Vlastaridis et al., 2017).  

Kinases transfer a phosphoryl group from ATP to hydroxyl groups on serine, threonine, 

or tyrosine residues in substrates, which range from small molecules to proteins. This 

phosphorylation, a post-translational modification, can trigger various downstream 

effects like activation, repression, and signaling cascades (Manning, 2002). 

Toxoplasma's genome includes 159 kinase-related genes, representing about 2% of 

its total genes, encoding 108 true kinases and 51 pseudokinases (Gaji et al., 2021; 

Lorenzi et al., 2016). Cyclin-dependent kinases (CDKs) are crucial for cell cycle 

regulation in higher eukaryotes, activated by binding to cyclins, which provide substrate 

specificity. CDKs belong to the serine/threonine kinase family and are fully active only 

as heterodimers (L. Liu et al., 2019). The Toxoplasma genome encodes 10 CDK-

related kinases (Crks), with eight expressed in tachyzoites and bradyzoites, and the 
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other two in merozoites and sporozoites (Alvarez & Suvorova, 2017). Unlike 

conventional eukaryotic cell cycles, Toxoplasma has atypical cyclins, mostly 

constitutively expressed (White & Suvorova, 2018). 

Phosphatases, alongside kinases, play a critical role in cell cycle regulation by 

removing phosphate groups from proteins, thereby reversing the effects of 

phosphorylation. In T. gondii, specific phosphatases are involved in dephosphorylating 

key substrates, ensuring that cell cycle progression is tightly controlled and that 

transitions between different phases are appropriately regulated. For instance, 

phosphatases counterbalance the action of TgCrks by deactivating phosphorylated 

proteins at various cell cycle checkpoints, preventing aberrant cell division and 

ensuring the parasite's successful replication and invasion processes. 

Details regarding which specific cyclin/Cdk complexes govern each phase of the cycle 

were previously unknown. It is only recently, through the functional characterization of 

Crks (Cdk-related kinases), that cyclin/Crk complexes have been linked to specific cell 

cycle phases. Among the seven atypical cyclins of types P, H, L, and Y, and the ten 

Cdks, five have been shown to play roles in cell division processes (Alvarez et al., 

2017). For example, the TgCrk1/TgCycL complex is crucial for the formation of 

daughter cells, TgCrk2 interacts with TgPHO80 (a type P cyclin) to prevent cell cycle 

arrest in G1 phase, TgCrk5 regulates an S phase checkpoint (Figure 15). TgCrk6 plays 

a vital role in enabling the parasite to progress from the metaphase stage to the 

anaphase stage during cell division. In an attempt to characterize the role of TgCrk4, 

Hawkins et al. (2024) identified the unrecognized G2 phase in Apicomplexa cell cycle 

and established that TgCrk4-TgCyc4 complex plays a pivotal role in the 

unconventional cell cycle of the tachyzoite by regulating the G2/M transition, which is 

crucial for maintaining the fidelity of centrosome and chromosome replication.  
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Figure 15 - Regulatory mechanisms in the cell cycle of Toxoplasma gondii 
tachyzoites (Naumov et al., 2017). The figure delineates the key phases of the T. gondii cell 
cycle, focusing on the timing of centrosome and centrocone duplication during early G1, S, and M 

phases. The upper section illustrates the sequential mitotic events, while the lower section outlines 
the involvement of specific TgCrk kinases (Crk1, Crk2, Crk4, Crk5, and Crk6) in regulating cell 

cycle transitions. 

 

 
5.2.2. Cell Division and Daughter Cell Formation 
 
Apicomplexan genomes vary significantly in size, ranging from 1 to 100 Mb, and are 

structured into 3 to 14 chromosomes typical of eukaryotes, each featuring telomeric 

repeats at the ends and a centromere defined by chromatin. In species like T.gondii 

(Gissot et al., 2012) and Plasmodium falciparum (O’Donnell et al., 2002), the telomeres 

cluster together and anchor to the nuclear envelope. During cell division, the 

centromeres are also clustered and attached to the nuclear periphery (Brooks et al., 

2011; Hoeijmakers et al., 2012). However, in non-dividing P. falciparum sporozoites, 

centromeres are not clustered (Bunnik et al., 2019). Additionally, during interphase in 

the schizogony of Plasmodium within erythrocytes, some centromere dissociation 

occurs (Arnot et al., 2011; Gerald et al., 2011; Roques et al., 2019; Zeeshan et al., 

2020). This behavior appears to be species-specific, as unclustered centromeres have 

not been observed in T. gondii tachyzoites (Brooks et al., 2011; C. T. Chen & Gubbels, 

2015; Farrell & Gubbels, 2014). Nonetheless, there is a high degree of chromosomal 

organization that helps maintain heterochromatin structure during DNA synthesis and 

segregation (Bunnik et al., 2019; Fraschka et al., 2018). 
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Key Events in G1 Phase through S Phase of Tachyzoite Cell Cycle 

During this phase, the parasite performs canonical housekeeping tasks to prepare for 

S phase commitment, similar to other eukaryotes (Courjol et al., 2017). During G1, the 

cell undergoes growth and protein synthesis, with key processes such as organelle 

biogenesis (notably the apicoplast and mitochondria) and chromatin licensing for 

replication initiation (Nishi et al., 2008). Regulatory proteins, including the origin 

recognition complex (ORC) and minichromosome maintenance (MCM) proteins, 

ensure the cell is primed for DNA replication (White et al., 2014b). Additionally, 

metabolic pathways, especially those involved in nucleotide biosynthesis, are activated 

to ensure sufficient resources for DNA synthesis (Radke & White, 1998). Checkpoints 

involving cyclins and CDKs regulate the transition into S-phase, ensuring the cell is 

ready for replication (White et al., 2014). This phase also involves early steps in 

apicoplast DNA replication, crucial for the parasite’s survival (Nishi et al., 2008). One 

of the earliest observable events is Golgi replication, which begins in G1 and 

progresses through late G1 (Nishi et al., 2008). As G1 advances, the centrosome 

migrates to the basal side of the nucleus in late G1 (Hartmann et al., 2006). This 

repositioning of the centrosome is an important precursor to subsequent cell cycle 

events. The centrosome functions as a centriole-associated microtubule organizing 

center (MTOC). During the G1 phase, the centrosome associates with the Golgi and 

undergoes division via lateral elongation (Hartmann et al., 2006; Nishi et al., 2008; 

Pelletier et al., 2002). The centrosome duplicates at the basal end of the nucleus and 

migrates toward the apical end during the S phase (Hartmann et al., 2006). Structurally, 

the centrosome is bipartite, comprising an inner core and an outer core (Suvorova et 

al., 2015). The inner core of the centrosome contains proteins such as TgCEP250 and 

TgCEP250-L1, which are present throughout the cell cycle, including G1 (Suvorova et 

al., 2015b). These proteins are crucial for maintaining centrosome integrity and 

coordinating nuclear events. The inner core is tightly aligned with the centrocone, a 

mitotic structure embedded in the nuclear envelope that mediates the connection 

between kinetochores and the centrosome inner core. The outer core of the 

centrosome contains proteins like TgCentrin1, TgSfi1, and TgSAS-6. TgCentrin1 

serves as a marker for the outer core and is involved in centrosome duplication, which 

begins in late G1 (Suvorova et al., 2015). TgSfi1, a centrin-binding protein, localizes 

near TgCentrin1 and is involved in centrosome replication at the G1/S transition. 
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Depletion of TgSfi1 led to a drastic reduction in the cores associated with TgCentrin1 

(Suvorova et al.,2015). 

The centrosome is condensed and gradually enlarges as G1 progresses, remaining 

associated with the nuclear envelope. During late G1, the outer core expands and 

replicates, while the inner core separates from the outer core but stays connected to 

the centrocone, a conical structure crucial for mitosis in Apicomplexans (Ferguson et 

al., 2008; Suvorova et al., 2015). The centrocones are located near the chromosome 

tethering sites during interphase (B. Anderson-White et al., 2012a; Brooks et al., 2011; 

Francia & Striepen, 2014) and allow spindle fibers to enter the nucleus for chromosome 

separation during mitosis (Francia et al., 2014). After the outer core replicates, the 

inner core also duplicates, maintaining its proximity to the nucleus while the outer core 

stays distal. Super-resolution microscopy has revealed a linear alignment of outer 

cores, inner cores, and centromeres (Suvorova et al., 2015).  

As the parasite approaches the late G1 phase, proteins like TgMAPK-L1 temporarily 

encircle the centrosome, ensuring that the centrosome core duplicates only once per 

cell cycle and facilitating the linkage between the nuclear centrocone and the daughter 

basal complex (Suvorova et al., 2015). Another kinase crucial for regulating 

centrosome replication is TgNek1 (C. T. Chen & Gubbels, 2013). Parasites harboring 

the temperature-sensitive V-A15 mutant, which involves a point mutation in TgNek1, 

exhibited defects in parasite budding. Additionally, TgArk3, which is localized at the 

centrosome and partially associated with TgCentrin1 at the outer core, has been shown 

to play a significant role in controlling centrosome division (Berry et al., 2016). 

Parasites with depleted TgArk3 displayed normal nuclear cycles but experienced 

defects in daughter cell formation, specifically in budding and cytokinesis (Berry et al., 

2016). In contrast, parasites lacking TgArk2 did not exhibit any discernible phenotype 

(Berry et al., 2016). Calcium-dependent protein kinase 7 (TgCDPK7) also plays a vital 

role in maintaining centrosome integrity by ensuring proper positioning and 

segregation of the centrosomes. 

 

Key Events through S Phase and Mitosis of Tachyzoite Cell Cycle 

During the S/M phase of the cell cycle, key processes such as mitosis, chromosome 

replication, and budding take place. This phase is essential for maintaining parasite 
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integrity and ensuring the proper execution of mitosis. A checkpoint exists toward the 

end of the S phase, where chromosome replication slows down or pauses just before 

the onset of mitosis, with the DNA content reaching approximately 1.8 (Radke et al., 

2001; Alvarez and Suvorova, 2017).  

Spindle pole duplication occurs within the nuclear envelope fold, followed by migration, 

likely driven by growing microtubules between the poles, forming an expanded 

centrocone-tunnel (Gubbels et al., 2006). The separation of spindle poles splits the 

tunnel, resulting in two centrocones with spindle microtubules extending into the 

nucleoplasm (J. M. Brown et al., 1999). The spindle poles do not fully migrate to 

opposite sides of the nucleus but instead align at an angle, a process known as 

pleuromitosis. Spindle assembly begins in late S phase, coinciding with a near-diploid 

sub-population. It is unclear whether this population reflects a pause in chromosome 

replication, but it is likely that chromosome replication is rapidly completed around the 

time of spindle assembly. This might be associated with closed mitosis, where 

kinetochores of duplicated chromosomes are transferred to the new spindle pole, a 

critical step to ensure each nucleus receives one chromosome copy. This transition 

could represent a modified G2 phase, during which components necessary for 

cytokinesis and mitosis accumulate. 

Budding and Cytokinesis 
 
The internal budding process of T. gondii tachyzoites is driven by the formation of the 

daughter parasites' cytoskeleton, initiated at the centrosomes (Hu, 2008; Striepen et 

al., 2007). As mitosis and cytokinesis proceed simultaneously, the cytoskeleton grows 

from the apical to the basal end (Figure 16). After the centrosomes migrate to the apical 

side of the nucleus and align with the centrocone, the first signs of the daughter 

cytoskeleton appear as small hazy structures near the centrosomes, which can be 

labeled with TgMORN1 (Gubbels et al., 2006; Hu, 2008). These structures develop 

into basal complexes, and TgMORN1 rings are found at both ends of mature parasites. 

As division progresses, these rings move towards the basal end of the developing 

parasites, driven by microtubule polymerization (Gubbels et al., 2006). The formation 

of the apical complex, including the conoid, was thought to follow the creation of 

MORN1 rings, with the conoid then localizing to the apex and the basal ring migrating 

across the nucleus (Hu, 2008) until recently but some research has introduced 
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nuanced details that expand or refine this understanding. For instance, while the 

MORN1 rings are crucial for apical complex assembly, recent findings suggest that the 

assembly of these structures may be more modular and dynamic than previously 

thought. Some studies have shown that components of the apical complex can form 

simultaneously or in parallel, rather than in a strict sequential manner (Engelberg et 

al., 2020). Additionally, the conoid itself has been revealed to be a more dynamic 

structure, capable of transient disassembly and reassembly, depending on the 

developmental stage or conditions, which challenges the idea of a fixed localization 

process (Back et al., 2020). Furthermore, high-resolution imaging studies have 

revealed more complex interactions between MORN1 and other structural components 

like Centrin and SAS6L, suggesting that the basal ring's migration may involve multiple 

regulatory steps beyond simple physical movement (Francia et al., 2012). 

The formation of the inner membrane complex (IMC) occurs in two stages: first, during 

the elongation of the daughter cells' IMC within the mother cell, and second, through 

the recycling of the mother cell's IMC membranes after the daughter cells emerge 

(Ouologuem & Roos, 2014b). The assembly of IMC proteins follows a specific temporal 

and spatial pattern, with proteins being expressed precisely when needed during the 

cell cycle (Anderson-White et al., 2011). 

 
 

 

a b c d e 
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Figure 16 - Schematic Overview of Tachyzoite Cortical Cytoskeleton Dynamics 
During Cell Division (Blader et al., 2015). (a, b) During closed mitosis, chromosomes 
remain uncondensed, clustering at the centrosomes and anchored to the centrocone via the 
kinetochore. (c) The daughter cells' cortical cytoskeleton is constructed, starting from the apical 
pole and extending towards the basal end. (d) The mother cell's nucleus remains connected to the 
developing daughter cells through the centrosome, which links to the conoid via SFA. (e) The 
daughter cells are separated as the basal complex tightens in the later stages of the cell cycle. 
 
 

The formation of daughter cells in T.gondii is a complex, multi-step process requiring 

the coordinated assembly of cytoskeletal components, establishment of cell polarity, 

and the activity of the basal complex (BC). The early stages involve the assembly of 

key cytoskeletal structures, specifically the cortical microtubules (MTs) and the conoid, 

which develop simultaneously. According to Arias Padilla, Murray, et al.(2024), these 

structures begin forming near the centrioles in distinct patterns. The cortical MTs are 

anchored in the apical polar ring, while the conoid forms from spirals of tubulin 

polymers. Both structures, although originating from separate precursor components, 

assemble in a synchronized manner. 

 

The cortical MTs, which provide structural integrity to the daughter cells, nucleate from 

the apical polar ring with an initial five-fold rotational symmetry that later expands into 

a 22-fold array as the cells mature. Disruption of certain apical polar ring proteins, such 

as kinesinA and APR1, can result in abnormal numbers of MTs, suggesting these 

proteins play a crucial role in regulating proper MT nucleation. Meanwhile, the conoid, 

made of tubulin polymers arranged in spirals, develops alongside the MTs and 

contributes to the scaffold that supports the forming daughter cells. Preconoidal rings, 

which form shortly after the conoid, are thought to act as organizing centers for the 

conoid fibers. 

 

Apical-basal polarity is crucial for cellular organization during daughter cell formation. 

Arias Padilla, Lopez, et al. (2024) demonstrated that this polarity is established early, 

during the nucleation of cortical MTs. The apical polar ring (APR), which functions as 

a microtubule-organizing center (MTOC), assembles before the cortical MT array and 

directs the growth of MTs toward the centrioles. The APR also plays a vital role in 

organizing the cell’s architecture by anchoring the minus ends of MTs while working in 
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coordination with the basal complex to establish the cell's overall polarity. Proteins like 

APR2 and kinesinA are essential for maintaining MT array structure and enhancing the 

efficiency of cell invasion, underscoring the importance of the apical polar ring in 

stabilizing the daughter cell cytoskeleton. 

 

The basal complex, which forms independently of the MT array, develops alongside 

the apical polar ring, and both structures play complementary roles in organizing MTs 

and maintaining structural integrity. The BC assembles before MT nucleation, 

suggesting a temporal relationship in their development. This structure is crucial for 

the final stages of daughter cell division, as it ensures proper contraction and 

segregation of the cells. Proteins like MORN1 and Centrin are involved early in the 

formation of the BC, and their recruitment occurs in tandem with the growth of the 

daughter cytoskeleton. Intermediate filament-like proteins such as IMC5, IMC8, IMC9, 

and IMC13 reinforce the structural integrity of the developing cell (J. Liu et al., 2016). 

A key player, BCC0, establishes the five-fold symmetry observed in both the apical 

annuli and the IMC sutures, guiding the bidirectional growth of the daughter cell 

cytoskeleton. BCC0 is recruited to the apical region and extends toward the basal 

direction, laying the foundation for the daughter cell’s structural framework (Engelberg 

et al., 2022). As a contractile ring, the BC plays a crucial role during the final stages of 

daughter cell budding, ensuring proper segregation from the mother cell. Proteins such 

as MORN1 and BCC4 are essential for assembling the BC, which uses Myosin J 

(MyoJ) rather than the typical eukaryotic actin-myosin system to constrict the BC, 

completing cell division. 

 

In summary, the formation of daughter cells in T. gondii is a highly regulated process 

dependent on the coordinated interplay of cytoskeletal components, apical-basal 

polarity, and the basal complex. The assembly of the MT array and the conoid lays the 

structural foundation of the daughter cells, while the apical polar ring organizes this 

framework. The basal complex, supported by proteins like MORN1 and BCC4, ensures 

the final stages of cytokinesis by constricting and separating the daughter cells from 

the mother. 
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Organelle Segregation  
 
The partitioning and segregation of various organelles in the developing daughter 

parasites are highly coordinated (Nishi et al., 2008). The process begins with the 

division of the Golgi and centrosome, followed by the apicoplast, which divides 

concurrently with the parasite's nuclear division (Striepen et al., 2000a) (Figure 17). 

During this process, the apicoplast remains connected to the centrosomes of the 

mitotic spindle. Time-lapse video microscopy has revealed that apicoplast division 

occurs at the apical end of the nucleus, starting with an ovoid shape that elongates 

into a U-shaped intermediate before undergoing fission, resulting in two daughter 

plastids. This fission happens just before the daughter parasites emerge from the 

mother cell (Striepen et al., 2000). Additionally, during endodyogeny, the plastid 

associates not only with the centrosomes but also with the spindle and the inner 

membrane complex (Striepen et al., 2000). 

. Following the apicoplast division, the endoplasmic reticulum and mitochondria divide 

next (Gubbels, White et al., 2008; Nishi et al., 2008). The parasite's secretory 

organelles, rhoptries, and micronemes, are synthesized anew within each daughter 

cell rather than being inherited from the mother cell (Nishi et al., 2008). Once formed, 

these organelles move to the apical complex at the apex of the daughter parasites, a 

process that likely depends on cytoskeletal components acting as pathways for 

molecular motors (Francia & Striepen, 2014). The mitochondrion divides late in the cell 

cycle and is incorporated into the daughter cells just before their complete emergence 

from the mother parasite (Nishi et al., 2008). The daughter cells then acquire their 

plasma membrane from the mother cell during cytokinesis (Gubbels et al., 2008). After 

all the organelles are assembled within the daughter cells, they begin to emerge from 

the mother cell, leaving behind residual bodies composed of degraded secretory 

organelles and parts of the mother cell's mitochondrion (Attias et al., 2019; Muñiz-

Hernández et al., 2011; Nishi et al., 2008). The entire process of daughter parasite 

formation takes approximately 6-7 hours in a type I strain, after which the daughter 

cells are capable of initiating another division cycle (Figure 17). 
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Figure 17 - Timeline of Organelle Replication During the Cell Cycle (Nishi et al., 
2008). A detailed schematic of the timeline for organelle replication during the cell cycle. It 
highlights the coordinated sequence in which each organelle undergoes replication, with the 
duration of each replication phase shown along the timeline. The uppermost panel features images 

illustrating the key morphological events associated with organelle replication, capturing the exact 
timepoints at which each organelle divides. 

 

Maturation of the tachyzoites 
 
The later stages of endodyogeny, remain largely unclear. After organelles are 

incorporated into the forming daughter cells, the basal end of the developing 

cytoskeleton contracts, pinching off the daughters. This contraction was initially 

observed using TgMORN1, a marker that highlights the basal ring of the cytoskeleton 

(Gubbels et al., 2006). While MORN1 itself lacks motor domains, centrin2, which does 

have contractile properties, accumulates at the basal ring during the final stages of 

cytoskeleton assembly (Hu, 2008).  

Once the inner membrane complex (IMC) and microtubule skeleton reach maturity, a 

series of modifications occurs. The first involves cross-linking the IMC filaments, 

resulting in a rigid structure through proteolytic cleavage and cross-linking (Mann et 
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al., 2002). Meanwhile, the mother cell’s filaments destabilize and disassemble, 

requiring precise local control of stabilization and destabilization. Another key 

modification is the insertion of the preassembled “glideosome” into the IMC-membrane 

alveoli (Gaskins et al., 2004). As the daughter cells emerge, the mother cell's plasma 

membrane is recycled and immediately associates with the daughter cells where the 

IMC disassembles. In the furrow between the emerging daughters, new plasma 

membrane is added via vesicle fusion (Morrissette and Sibley, 2002). 

The daughter cells typically remain connected by a cytoplasmic bridge, which likely 

closes due to mechanical forces from host cell pressure and/or the parasites' motility 

upon egress from the host cell, following a principle similar to the ‘rotokinetic’ 

mechanism described by (J. M. Brown et al., 1999) . The only remnant of the mother 

cell is a small residual body containing leftover organelle fragments and cytoskeleton, 

which are digested and recycled.  

 
 

6. Gene expression and its regulation in Toxoplasma gondii 
 
6.1.  Transcription and the parasite transcriptome 
 
In Apicomplexa, the first transcriptomic studies using microarrays conducted on P. 

falciparum revealed that over 80% of transcripts are regulated during the sexual 

phases or the intraerythrocytic cycle. The fluctuations in transcript levels throughout 

the cycle suggest the adoption of a "just-in-time" regulatory mechanism, which aligns 

with the low proportion of constitutively expressed mRNA (Llinás & DeRisi, 2004). 

Similar observations were made in T. gondii, where transcription is highly dynamic, 

with many transcripts expressed at specific parasitic stages. Microarray experiments 

on the development of the bradyzoite stage showed that mRNA levels directly correlate 

with the expression of known bradyzoite-specific proteins, suggesting a hierarchical 

activation of genes governing the transition from the tachyzoite to the bradyzoite stage 

(Cleary et al., 2002) Furthermore, transcriptome analysis of T. gondii at different 

developmental stages using SAGE (Serial Analysis of Gene Expression) indicates that 

transcriptional mechanisms play a key role in parasite development (J. R. Radke et al. 

2005). 
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Additionally, it has been shown that the expression of tachyzoite genes is finely 

regulated, with about one-third of the genes being controlled in a cell cycle-dependent 

manner (Behnke et al. 2010). In synchronized tachyzoite cultures, researchers 

observed that the parasite's transcriptome can be divided into two distinct waves. 

Genes involved in biosynthetic and metabolic functions are expressed during the G1 

phase, while those involved in the formation of daughter cells and specific 

Apicomplexan organelles (rhoptries and micronemes) are expressed during the S and 

M phases. The transcripts necessary for the production of ROPs and MICs are 

expressed in a precise biosynthetic order (rhoptry proteins encoding trancripts before 

microneme proteins encoding trancripts) and are therefore highly regulated, correlating 

with the previously described "just-in-time" mode (Behnke et al. 2010). 

In T. gondii tachyzoites, more than a third of the genes, amounting to 2833, are tightly 

regulated, with their expression peaking at specific stages of the cell cycle (Behnke et 

al., 2010).  

Single-cell RNA sequencing (scRNA-seq) of tachyzoites and tachyzoites grown under 

alkaline conditions that induce bradyzoite formation has validated the findings reported 

by Behnke et al. (2010). These scRNA-seq studies identified distinct clusters of gene 

expression corresponding to various cell cycle phases, including G1a, G1b, S, M, and 

C (Waldman et al., 2020; Xue et al., 2020). It was observed that bradyzoite formation 

predominantly occurred during the G1b phase (Xue et al., 2020). Additionally, a strong 

correlation was found between the expression of specific genes and their 

corresponding cell cycle stages (Waldman et al., 2020; Xue et al., 2020). When 

scRNA-seq was performed on tachyzoites, tachyzoite-induced cells, and TgBFD1 

knockout cells, the differences in cell populations were primarily linked to either the cell 

cycle phase or the state of differentiation (Waldman et al., 2020). These findings 

underscore the value of scRNA-seq in providing a detailed understanding of the 

relationship between the cell cycle and bradyzoite differentiation. 
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Figure 18 - The illustration of the two functional sub-transcriptomes observed 
during the Toxoplasma gondii tachyzoite cell cycle, as described by Behnke et 
al. (2010). (A) The RNA abundance profile throughout the cell cycle reveals two significant peaks 
corresponding to the S/M and G1 sub-transcriptomes, separated by a transition phase 
characterized by simultaneous RNA synthesis and degradation. The histograms represent the 

number of genes, with the red curve indicating the maximum net increase in mRNA synthesis, the 
black curve showing peak RNA abundance, and the blue curve (inverted scale) displaying the 

maximum net rate of RNA decay. During the 8.7-hour replication cycle following thymidine release, 
the peaks of RNA abundance mark the presence of two waves within the sub-transcriptomes. 
Genes labeled 'a' (black peak in the S/M phase) show a maximum net decrease in mRNA levels 

during the later transition phase, corresponding to peak 'a' (blue). Conversely, genes labeled 'b' 
(black peak in the G1 phase) primarily originate from the earlier transition phase marked by a peak 

'b' (red), indicating maximum net mRNA synthesis. The transition phase is associated with rapid 
fluctuations in transcript levels, coinciding with cell budding, the initiation of the cell cycle, and the 

decay of the mother cell. (B) The expression peaks of mRNAs, categorized by their functional 
groups, are distributed between the two sub-transcriptomes. Genes essential for the basal 
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development of the parasite peak during the G1 wave, while those associated with Apicomplexan-

specific functions peak during the S/M wave. 

 

6.1.1. Transcriptional regulation 
 
In eukaryotes, successful transcription depends on the coordinated action of several 

coregulatory complexes that ensure the accurate transcription of RNA from specific 

genomic loci. Toxoplasma gondii contains homologs of RNA polymerases found in 

other well-studied eukaryotes, including RNA polymerase I, which synthesizes 

ribosomal RNA (rRNA); RNA polymerase II, which transcribes mRNA for protein 

synthesis; and RNA polymerase III, which produces small RNAs like tRNA (Meissner 

& Soldati, 2005). In other eucaryotes, activating transcription factors (ATFs) bind to 

cis-acting promoter elements and play a crucial role in recruiting chromatin remodeling 

enzymes that relax chromatin near these elements. This relaxation allows the 

recruitment of a multi-subunit Mediator complex, which in turn activates the RNA 

polymerase II preinitiation complex (PIC) (Blazek et al., 2005). The accessibility of cis-

elements to ATFs is influenced by factors such as chromatin state, interactions with 

remodeling enzymes, and the cell cycle stage (Fry, 2002). Once chromatin is relaxed, 

the PIC assembles at core promoter elements with the help of Mediator, RNA 

polymerase II, and general transcription factors (GTFs). 

The largest subunit of RNA polymerase II in T. gondii (TgRPB1) is marked by a 

carboxy-terminal domain (CTD), which undergoes progressive phosphorylation during 

transcription (Figure 21 B). This phosphorylation occurs at two serine residues, serine 

5 and serine 2 (Deshmukh et al., 2016, 2018). The CTD of TgRPB1 contains nine 

heptapeptide repeats (YSPxSPx) that show high conservation at serine 5 and serine 2 

(Deshmukh et al., 2016). Phosphorylation of serine 5 is mediated by the cyclin-

dependent kinase TgCdk7, while TgCrk9, a Cdk-related kinase, phosphorylates serine 

2 (Deshmukh et al., 2016,2018). 

In other eukaryotes, promoters of class II genes, which encode proteins, typically 

contain core promoter elements (CPEs) such as the TATA box, initiator (INR), and 

downstream promoter elements (DPE) (Lemon & Tjian, 2000; Shandilya & Roberts, 

2012). Certain general cis-regulatory elements, such as TATA or CAAT boxes and 

associated factors, which facilitate the recruitment of the RNA polymerase II complex 

to promoters, have been recently characterized (He et al., n.d.; Huang et al., 2022; 



 92 

Markus et al., 2021). Downstream promoter elements are recognized by several GTFs, 

including TATA binding proteins (TBPs) and others like TFIIA, TFIIB, TFIID, TFIIE, 

TFIIF, and TFIIH, which facilitate the binding of RNA polymerase II to DNA (Blazek et 

al., 2005; Featherstone, 2002; Ranish & Hahn, 1996). Although some GTFs and TAFs 

(TBP-associated factors) were not identified in T. gondii through homology searches, 

two TBP homologs have been identified, and their roles have been studied through 

chromatin immunoprecipitation experiments (Hakimi et al., data on toxodb.org). 

A recent study by the Lourido lab explored transcription initiation at T. gondii promoters 

during both acute and chronic stages at nucleotide resolution (Markus et al., 2021). 

Using 5’ end RNA-sequencing, they generated a genome-wide map of transcription 

initiation for 7,603 protein-coding genes (~91%) during tachyzoite and bradyzoite 

stages. They found that 66% of the transcription start site (TSS) predictions differed 

from existing gene models in ToxoDB by more than 40 nucleotides. Additionally, this 

study revealed the presence of stage-specific alternative TSSs, leading to mRNA 

isoforms with distinct 5’ ends (Markus et al., 2021). Upon manual inspection, 26 genes 

were confirmed to have alternative TSSs, with 16 exhibiting stage-specific usage shifts, 

while the remaining 10 showed alternative TSSs used similarly across different stages. 

For instance, TGME49_200250 displayed a stage-dependent shift resulting in a 649-

nucleotide extension (Markus et al., 2021). 

In T. gondii, the TSS is located deep within the +1 nucleosome, approximately 41 bp 

from its upstream end, a model that parallels the nucleosome-internal TSS observed 

in yeast (Albert et al., 2007). T. gondii 5’ leaders, which are crucial for ribosome entry 

during cap-dependent translation, are among the longest in eukaryotes, with lengths 

reaching up to ~800 nucleotides (Markus et al., 2021). 

 

6.1.2. Promoter motifs and cis-elements 

Toxoplasma gondii is distinguished by the presence of specific regulatory elements 

situated upstream of its target promoters. For example, the promoter of the gene 

encoding the main surface antigen, SAG1, contains a cis-element composed of six 

tandem repeats of 27 base pairs each. These repeats play a crucial role in initiating 

transcription (Soldati & Boothroyd, 1995) and are marked by a central heptamer motif 

(A/TGAGAGC) (Bohne & Roos, 1997; Matrajt et al., 2004; Mercier et al., 1996; Nakaar 
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et al., 1998). When analyzing promoters that regulate the expression of MIC proteins, 

two conserved sequences were identified: 5’GCGTCDCW, known as the MICA motif, 

and 5’SMTGCAGY, referred to as the MICB motif. Notably, the MICA motif is similar, 

in reverse orientation, to the conserved cis-acting element found in the TgSAG1 

promoter (Mullapudi et al., 2009). 

Moreover, specific regulatory cis-elements are also dependent on the parasite's 

developmental stage. Research on bradyzoite-specific gene promoters revealed that 

these cis-regulatory elements are essential for gene transcription (Behnke et al., 2008). 

For instance, the promoter of the bradyzoite-specific gene TgB-NTPase includes two 

regulatory motifs: TGTGTG and CAGC. Similarly, the bradyzoite-specific gene 

TgBAG1 has a promoter with a regulatory motif TACTGG (Behnke et al., 2008). In 

another study focusing on the binding profile of a Myb-like transcription factor, TgBFD1, 

which acts as a master regulator of bradyzoite differentiation (Waldman et al., 2020), 

the CUT & RUN method (Skene & Henikoff, 2017) demonstrated that TgBFD1 binds 

to 509 genes, with binding sites preferentially located near transcription start sites 

(TSSs) (Waldman et al., 2020). Motif enrichment analysis identified analogous motifs 

(CACTGG) upstream of bradyzoite-specific genes, TgBFD1’s promoter, and the early 

bradyzoite marker AP2 transcription factor, TgAP2IX-9 (Waldman et al., 2020). 

An analysis using FIRE (Finding Important Regulatory Elements) was conducted on 

the proximal promoter regions of all cyclical mRNAs to identify potential DNA regulatory 

elements. This analysis revealed nine distinct DNA motifs (Behnke et al., 2010) 

distributed across genes that peak in transcription throughout the tachyzoite cell cycle. 

The DNA motifs highly represented in the promoters of G1 phase genes are generally 

less common in S/M phase promoters, and vice versa. Notably, one of the DNA motifs 

enriched in G1 promoters, 5’-TGCATGC-3’, is identical to the TgTRP2 cis-element, 

which is essential for the transcription of ribosomal proteins (Mullapudi et al., 2009; van 

Poppel et al., 2006). This motif is also the 6 bp core DNA binding site identified by PBM 

for the transcription factor AP2XI-3, whose mRNA levels peak during the G1 phase 

(Behnke et al., 2010). Another motif, 5’-CACACAC-3’, is enriched in the promoter of 

the AP2 gene AP2XI-4, a nuclear factor involved in regulating bradyzoite-specific gene 

expression during parasite differentiation and cyst formation (Walker et al., 2012). 
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TgAP2XI-5, another transcription factor, binds specifically to the GCTAGC motif, and 

this interaction is crucial for the full activation of the ROP18 promoter during the S/M 

phase (Walker et al., 2013). A recent study by Lou et al. (2024) identified distinct DNA 

motifs in the promoters of AP2-targeted genes, some of which overlap with known 

binding sites for other AP2 family members. For instance, the "GCTAGC" motif, 

previously associated with AP2XI-5, was identified as a target of AP2XII-8. 

Additionally, motifs such as "CAAGACA" were highlighted, supporting the regulatory 

role of AP2XII-8 in coordinating gene expression during the G1 phase (Lou et al., 

2024). 

Moreover, nucleotide-resolution TSS analysis revealed a novel motif, gCATGCa, 

present in 44% of T. gondii promoters, typically located about 82 nucleotides upstream 

of the TSS (Markus et al., 2021). 

 

6.2 Transcription factors and their classification 
 

Gene expression is primarily regulated at the level of transcription. This regulation is 

carried out by a diverse group of transcription factors. These proteins interact with DNA 

at promoters and enhancers, often recognizing specific sequences or structural 

characteristics. 

In model eukaryotes, transcription is primarily regulated through the sequence-specific 

binding of transcription factors (TFs) to DNA elements that are approximately 5-25 

base pairs long (Wingender, 1993). These transcription factors can either activate or 

repress gene expression. The Transcription Factor Database, known as TRANSFAC, 

provides detailed information on gene expression at the transcriptional level, including 

data on various TFs, their target genes, and the specific sequences they bind to.  

Research on Apicomplexan genomes, such as those of Plasmodium and 

Cryptosporidium, has shown that these species have significantly fewer transcription 

factors compared to yeast or other eukaryotes (Templeton, 2004). This suggests that 

Apicomplexans may use different mechanisms for gene regulation. It has been 

demonstrated that ApiAP2 TFs in Apicomplexans bind to specific DNA sequences to 
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control gene expression (Balaji et al., 2005; Silva et al., 2008). Furthermore, a detailed 

examination of the Plasmodium genome revealed the absence of specific transcription 

factors with homeodomains, basic domains, and FKH domains (Aravind et al., 2003). 

A more recent bioinformatics study indicates that Plasmodium species lack basic 

domain and winged-helix TFs (Sardar et al., 2019). This analysis also suggests the 

presence of new TF families in Apicomplexans, including TUB, NAC, BSD, HTH, 

Cupin/Jumonji, winged-helix, and FHA families (Sardar et al., 2019). In T. gondii, no 

TUB proteins have been identified, but the TGME49 strain has been found to contain 

two NAC proteins, one BSD protein, three HTH proteins, five Cupin/Jumonji proteins, 

two winged-helix proteins, and nine FHA proteins (Sardar et al., 2019). 

6.2.1. Superclass 1 – Basic domains 

Class I TFs are involved in various biological processes, including cell growth, 

differentiation, and responses to environmental stimuli (Suzuki & Yagi, 1995). A well-

known subgroup within Class I TFs is the bZIP (basic leucine zipper) transcription 

factors, which feature a basic region for DNA binding and a leucine zipper motif that 

facilitates dimerization. This structural combination allows them to regulate gene 

expression effectively (Coulson, 2003). Research on the enhancer binding protein α 

(C/EBP α) has shown that the DNA-binding domain of bZIP transcription factors (TFs) 

features a positively charged segment known as the basic region, which is linked to a 

'leucine zipper' made up of a heptad repeat of leucine amino acids (Landschulz et al., 

1988). These bZIP proteins bind to DNA through the formation of dimers, where 

uninterrupted α-helices create a structure similar to chopsticks. The leucine zipper 

regions play a crucial role in promoting dimerization, resulting in the formation of two 

parallel, coiled α-helices that align perpendicularly to the DNA helix. The basic regions 

of the bZIP TFs each interact with one half of the palindromic sequence within the 

major groove of the DNA. This interaction stabilizes the dimer and induces the protein 

to fold into a helical structure (Miller, 2009). In Toxoplasma gondii, one potential bZIP 

TF (TGME49_305220) has been identified through recent in silico analysis by Sardar 

et al. (2019), but there is currently limited information available regarding the function 

of this protein. 
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6.2.2. Superclass 2 - Zinc-coordinating DNA-binding domains 

Zinc-coordinating DNA-binding domains are a hallmark of Superclass 2 transcription 

factors (TFs), which play essential roles in gene regulation across various organisms. 

These transcription factors are characterized by the presence of zinc ions that are 

coordinated by cysteine or histidine residues within the protein, which helps to stabilize 

their DNA-binding structures (Landschulz et al., 1988). This structural stability allows 

these TFs to interact specifically with DNA, enabling them to regulate the expression 

of target genes crucial for cellular processes. 

In T. gondii, zinc finger proteins, a major family within this superclass, utilize zinc ions 

to form finger-like protrusions that can insert into the DNA helix, allowing them to 

recognize and bind specific DNA sequences. This binding is critical for the regulation 

of genes involved in the parasite's development and differentiation (Miller, 2009). 

Additionally, zinc-coordinating TFs in T. gondii include other important factors like 

GATA factors, which similarly rely on zinc ions for structural integrity and are involved 

in regulating genes essential for the organism's life cycle (Sardar et al., 2019). 

One of the most common motifs is the C2H2 (Cys2His2) zinc finger, which is composed 

of a β-sheet and an α-helix that together coordinate a zinc ion (Zn2+). This zinc ion, 

which is crucial for stabilizing the protein structure, is chelated by two cysteines and 

two histidines (Lee et al., 1989). The C2H2 zinc finger motif is the most frequently 

found DNA-binding motif among eukaryotic transcription factors. Among the 37-zinc 

finger coordinating proteins identified by Bischoff et al. (2010) in Plasmodium 

falciparum, 27 belong to the C2H2 family. The remaining proteins contain zinc finger 

motifs of the B-box or MYND types. Zinc finger proteins have also been identified in 

Toxoplasma gondii, including 12 C2H2-type proteins. Although their precise roles 

remain unclear, a study on the cellular response to alkaline stress showed an increase 

in the transcription of genes encoding zinc finger proteins (Naguleswaran et al., 2010). 

This finding aligns with previous observations in yeast, where proteins like Rim101, 

NRG2, and TIS11 were implicated in similar stress responses (Lamb et al., 2001). 

However, it has not been proven that the proteins in T. gondii are orthologous to those 

in yeast. The general principle governing the function of zinc-finger proteins is that an 

increased number of zinc fingers corresponds to a greater diversity of ligands to which 

the fingers can specifically bind (Iuchi, 2001).  
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Disruption of the TgZFP1 zinc finger protein locus, which contains a CCHC motif, 

resulted in an impaired bradyzoite differentiation phenotype (Vanchinathan et al., 

2005). Moreover, several zinc finger proteins with different domains (including C2H2, 

MYND, and B-box) were found to be upregulated during alkaline stress in T. gondii 

(Naguleswaran et al., 2010). Another zinc finger protein, TgZNF2, which is conserved 

across eukaryotes, has been shown to play a crucial role in the nuclear translocation 

of polyadenylated mRNA from the nucleus to the cytoplasm. Inducible knockdown 

mutants of TgZNF2 exhibited cell cycle arrest during the G1 phase, indicating that 

TgZNF2 is vital for the parasite's survival (Gissot et al., 2017). 

More recently, it was discovered that the zinc-finger protein TgZFP2 also causes cell 

cycle arrest. Conditional knockout studies of TgZFP2 revealed that, although the 

nuclear cycle remained unaffected, the budding cycle was significantly impaired 

(Semenovskaya et al., 2020). Interestingly, neither TgZNF2 nor TgZFP2 was found to 

bind DNA, suggesting that their primary binding target is likely RNA. 

6.2.3. Superclass 3 - Helix-turn-helix domains 
 
Helix-Turn-Helix (HTH) superclass transcription factors represent a large and diverse 

group of proteins. This group can be categorized into five subclasses based on the 

domains they contain: homeo, Forkhead, Heat Shock, Tryptophan, or TEA. These 

transcription factors are widely distributed, occurring in both eukaryotic and prokaryotic 

organisms (Harrison et al., 1990). The HTH motif comes in various forms but typically 

includes two α-helices, each composed of approximately 20 amino acids, connected 

by a short turn. The second helix interacts with the DNA's major groove, while the first 

helix provides structural stability. However, certain HTH transcription factors, like MYB 

proteins (part of the tryptophan group subclass), consist of three repeats of around 50 

amino acids, known as R1, R2, and R3, forming three helices that constitute the DNA-

binding domain. MYB proteins, which include three members (A, B, and C), are crucial 

for cell survival and play a key role in regulating the cell cycle and differentiation. These 

MYB proteins can also interact with other transcription factors to modulate gene 

transcription. 

As noted earlier, Apicomplexans have a relatively small number of HTH domain 

transcription factors. According to research by Bischoff et al. (2010), only eight of these 

transcription factors are found in the Plasmodium falciparum genome. Among them, 
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the PfMyb1 protein has been identified as a regulator of key genes during the parasite's 

pre-erythrocytic stage through direct DNA binding (Gissot et al., 2005). The presence 

of HTH transcription factors, particularly MYB proteins, in P. falciparum suggests some 

level of conservation within Apicomplexans. Data from ToxoDB indicate that 

Toxoplasma gondii encodes seven Myb proteins, though their functions have not yet 

been fully explored. 

In a more recent study, a Myb-like transcription factor called TgBFD1 was identified 

and characterized (Waldman et al., 2020). This transcription factor was found to play 

a crucial role in regulating differentiation. Parasites lacking TgBFD1 were unable to 

differentiate in vitro, and these mutants also lost the ability to form brain tissue cysts in 

mice (Waldman et al., 2020). Additionally, an in-silico study by Sardar et al. (2019) 

identified three novel putative HTH proteins in the Toxoplasma gondii Me49 strain, 

which are predicted to localize to nuclear chromatin based on recent hyperLOPIT data 

(Barylyuk et al., 2020). 

The discovery of these new HTH transcription factors in the T. gondii genome could 

provide valuable insights into their potential role in gene regulation. However, their 

exact functions and mechanisms of action are yet to be fully understood. 

 
6.2.4. Superclass 4 - β-Scaffold Factors with Minor Groove Contacts 
 
These are unique class of transcription factors that interact with DNA primarily through 

the minor groove, utilizing a β-sheet scaffold for binding. These transcription factors 

play a critical role in the regulation of gene expression by altering DNA structure without 

unwinding it, which can influence the binding of other transcriptional machinery 

(Harrison et al., 1990). 

A well-known example of this class is the TATA-binding protein (TBP), which is 

essential for the initiation of transcription in eukaryotes. TBP binds to the TATA box in 

the promoter region of many genes, inducing a bend in the DNA that is necessary for 

the assembly of the transcriptional pre-initiation complex (Roeder, 1996). This bending 

is crucial as it facilitates the recruitment of RNA polymerase II and other factors 

required for the start of transcription (Kim et al., 1993). 

Another important member of this superclass is the High Mobility Group (HMG) 

proteins, which also bind to the minor groove of DNA. HMG proteins are known for 
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their ability to induce significant bends in the DNA, thereby influencing the accessibility 

of chromatin and regulating the expression of genes. This structural modulation of DNA 

by HMG proteins is essential for various cellular processes, including differentiation 

and response to stress (Bustin, 2001). The interaction of β-scaffold factors with the 

DNA minor groove is generally more subtle compared to major groove interactions, but 

it is critical for the fine-tuning of gene expression and the structural organization of 

chromatin. These factors are essential for maintaining the integrity and functionality of 

the transcriptional regulation mechanisms in eukaryotic cells (Luger et al., 1997). 

In Toxoplasma gondii, three orthologs of the HMGB1 (High Mobility Group Box-

containing) protein have been identified. A phylogenetic and bioinformatics analysis 

showed that all three orthologs (HMGB1a, HMGB1b, HMGB1c) possess an HMG box 

domain. One of these orthologs, named TgHMGB1a, was found to play a role in the 

regulation of gene expression. Specifically, a transgenic strain that overexpressed 

TgHMGB1a exhibited increased expression of virulence factors (H. Wang et al., 2014). 

 
6.2.5. Superclass 5 – Other Super classes 
 
This category includes various transcription factors that do not fall into the other major 

superclasses, such as those with specific DNA-binding domains that are less common 

or structurally unique. Due to the limited number of transcription factors (TFs) found in 

Apicomplexans, several theories have been proposed to explain this phenomenon. 

One theory suggests that the genomes of these parasites may encode TFs with DNA-

binding domains that are either only distantly related or completely unrelated to those 

already known. Another theory proposes that the scarcity of TFs might indicate an 

alternative transcriptional regulation mechanism in Apicomplexans, potentially 

involving chromatin remodeling factors working alongside other DNA-binding proteins. 

To investigate these possibilities, Balaji et al. (2005) analyzed predicted nuclear 

proteins in Apicomplexans and discovered TFs containing an AP2 (Apetala-2) domain. 

These proteins have been shown to bind specific DNA sequences (Balaji et al., 2005; 

De Silva et al., 2008) and to play a role in regulating gene expression (J. Wang et al., 

2014), suggesting they are strong candidates for gene transcription regulation. 
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6.3 AP2 Transcription Factors: Key Regulators of Gene expression  
 
6.3.1. Discovery & Evolution if AP2 transcription factors in plants 
 
In Arabidopsis thaliana, AP2 transcription factors were initially identified as crucial 

regulators of floral development. This discovery highlighted the AP2 gene's role in 

determining floral organ identity, leading to extensive research on this transcription 

factor family (Jofuku et al., 1994). Subsequent studies revealed that AP2 transcription 

factors are part of a larger superfamily known as AP2/ERF (Ethylene Response 

Factor), which is essential for regulating plant growth, development, and responses to 

environmental stresses (Sakuma et al., 2002). 

The AP2/ERF family is characterized by the presence of one or more AP2 DNA-binding 

domains. Comprehensive studies have identified a vast number of AP2/ERF genes 

across various plant species. For example, a genome-wide analysis in sunflower 

(Helianthus annuus) identified 288 AP2/ERF genes, which were categorized into four 

subfamilies: ERF, AP2, RAV, and Soloist, illustrating the diversity and complexity of 

this transcription factor family in plants (Bahrami et al., 2021). 

In Arabidopsis thaliana, the AP2/ERF transcription factor family, also referred to as 

AP2/EREBP, consists of 145 distinct proteins, which are grouped into five subfamilies: 

1) The DREB subfamily (Dehydration Responsive Element Binding) with 56 proteins, 

2) The ERF subfamily with 65 proteins, each containing one AP2 domain and a WLG 

domain, 3) The AP2 subfamily, which includes 14 proteins with two AP2 domains, 4) 

The RAV subfamily with 6 proteins that have two AP2 domains and a B3 binding 

domain, and 5) A subfamily of other proteins, comprising 4 proteins with one AP2 

domain and a WLG domain (Sakuma et al., 2002). 

Structural analyses of AP2 proteins in Arabidopsis and Plasmodium have shed light 

on the mechanism by which the AP2 domain binds specific DNA motifs. Using nuclear 

magnetic resonance (NMR), structural studies of AtERF1 showed that the AP2 

domain's secondary structure consists of a three-stranded antiparallel β-sheet and an 

α-helix aligned parallel to the β-sheet. This structure revealed that DNA interacts with 

11 highly conserved residues, 7 of which specifically bind to the consensus DNA 

sequence AGCCGCC, known as the GCC box. 
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This study identified key residues within the AP2 domain that directly interact with DNA, 

primarily located in the β-sheet. These include four arginine residues (R150, R152, 

R162, R170) whose guanidyl groups directly contact the DNA, along with two 

tryptophan residues (W154 and W172). These six residues interact specifically with 

the cytosine and guanine bases within the GCC box, facilitating the AP2 domain's 

binding to the major groove of the DNA (Allen et al., 1998).  

The evolutionary path of AP2 transcription factors is intricate, involving gene 

duplication, divergence, and loss. Research indicates that the AP2/ERF gene family 

has undergone significant expansion through tandem and segmental duplications, 

particularly in flowering plants (Liu et al., 2015). In gymnosperms like Taxus chinensis, 

the evolutionary patterns are more complex, with some AP2/ERF genes displaying 

irregular domain structures compared to their counterparts in angiosperms (Zhang et 

al., 2021). 

AP2 domains are highly conserved across different species, as shown by the presence 

of AP2 homologs in non-plant organisms like cyanobacteria, ciliates, and viruses 

(Magnani et al., 2004; Wuitschick et al., 2004). These homologs also possess a domain 

encoding a homing endonuclease, a mobile genetic element that can induce single or 

double-strand breaks in DNA, facilitating the transposition of DNA elements from one 

location to another. This process, known as 'homing,' involves repairing the DNA break 

(Chevalier et al., 2001; Koufopanou et al., 2002). It has been proposed that plant 

AP2/ERF transcription factors may have evolved from homing endonucleases of the 

HNH-AP2 family found in bacteria and viruses. This evolutionary process likely 

occurred through horizontal gene transfer or incorporation during an endosymbiotic 

event with a cyanobacterium. Over time, the homing endonuclease's original function 

in plants appears to have been lost, with the AP2 DNA-binding domain taking over the 

role of regulating gene expression to ensure proper plant development (Magnani et al., 

2004). 

Phylogenetic studies suggest that AP2/ERF transcription factors have evolved 

differently across various plant lineages. For example, the AP2/ERF family in 

Arabidopsis thaliana and Oryza sativa shows a high degree of conservation, while 

other species like Taxus exhibit unique evolutionary adaptations (Zong et al., 2021). 

Similarly, ApiAP2 transcription factors found in apicomplexan genomes may have 

arisen from a comparable endosymbiotic event (Balaji et al., 2005). 
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6.3.2. Discovery & Evolution if AP2 transcription factors in Apicomplexa 
 

Unlike in plants, where AP2 transcription factors are well-characterized, the discovery 

of the ApiAP2 family within the Apicomplexa phylum, which includes parasites such as 

Plasmodium and Toxoplasma gondii, has highlighted a unique evolutionary trajectory. 

These proteins, while maintaining the characteristic AP2 DNA-binding domain, have 

developed functions specific to the complex life cycles of these parasites (Ferguson et 

al., 2008). For instance, in Theileria and Cryptosporidium, 19 ApiAP2 transcription 

factors have been identified, whereas Plasmodium boasts 27. Notably, Toxoplasma 

gondii possesses an even larger repertoire, with 67 ApiAP2 transcription factors 

(toxodb.org). In Apicomplexans, these transcription factors often feature up to four 

repeats of the AP2 domain (Balaji et al., 2005). Their expression across various life 

stages of the parasites implies a critical role in regulating gene expression necessary 

for development and interaction with the host (Painter et al., 2011). For example, 

specific ApiAP2 proteins in Plasmodium falciparum are indispensable for the transition 

between gametocyte and sporozoite stages, highlighting their importance in the 

parasite’s life cycle (Yuda et al., 2009). Among the 27 ApiAP2 genes in P. falciparum, 

22 are expressed during different phases of the intraerythrocytic developmental cycle, 

with each gene named according to the phase of its activity. Moreover, nine ApiAP2 

transcription factors are conserved across various Apicomplexan species, suggesting 

that their common ancestor likely had at least nine such proteins (Balaji et al., 2005). 

Comparative genomic studies suggest that these factors have undergone lineage-

specific expansions and adaptations, likely due to selective pressures in host 

environments (Bahl et al., 2003). The evolution of these transcription factors may have 

involved the recruitment of ancestral DNA-binding domains associated with mobile 

genetic elements, which later adapted to serve regulatory roles in transcription 

(Kloetgen et al., 2016). The distinction between plant AP2/ERF and ApiAP2 

transcription factors exemplifies convergent evolution, where similar DNA-binding 

domains evolved independently to fulfill different biological needs. 
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6.3.3. Structure of AP2 domain and proteins 
 
The AP2 domain in Apicomplexa, spanning roughly 60 amino acids, typically 

comprises three β-strands and a C-terminal α-helix (Figure 21) that stabilizes these 

strands (Balaji et al., 2005). Notably, between the second and third β-strands, there's 

an insertion that forms a positively charged hairpin structure, likely enhancing DNA 

affinity through nonspecific interactions with the DNA backbone (Campbell et al., 

2010). Despite sharing similarities with plant AP2 domains, Apicomplexan AP2 

domains show distinct variations in conserved residues. For example, the R150 

residue is frequently replaced by Y or S, and R152 is often D or N in Apicomplexa, 

potentially reflecting adaptations to their AT-rich genomes (De Silva et al., 2008). The 

crystal structure of the PfAP2-Sp/Exp (PF3D7_1466400) AP2 domain in Plasmodium 

falciparum has revealed its binding mechanism to double-stranded DNA in the major 

groove and showed that two AP2 domains can dimerize via a domain-swapping 

mechanism involving their α-helices (Lindner et al., 2010). 

In addition to the AP2 domain, some ApiAP2 proteins also feature the ACDC domain, 

which forms a non-canonical four-helix bundle, despite low sequence conservation 

across different proteins (Oehring et al., 2012). The ACDC domain's role is not entirely 

understood, but it may be involved in protein-protein interactions or dimerization, as 

suggested by its strong crystal packing contacts (Oehring et al., 2012). In P. falciparum, 

8 out of the 27 ApiAP2 proteins contain this domain (Campbell et al., 2010). 

When analyzing 211 ApiAP2 domains from Apicomplexans like Plasmodium, Theileria, 

and Cryptosporidium, along with those from plants and bacteria, 12 residues were 

found to be highly conserved among 241 of the 285 domains studied. These conserved 

residues play a crucial role in stabilizing hydrophobic interactions within the domain 

(Balaji et al., 2005). While most ApiAP2 family members contain a single globular AP2 

domain, some in Apicomplexa possess up to four AP2 domains. Additionally, the AT-

hook motif, another DNA-binding motif, is associated with some AP2 domains in 

Apicomplexans (Aravind, 1998). 

Specific DNA binding studies of two P. falciparum ApiAP2 proteins, PF14_0633 and 

PFF0200c, revealed that these proteins specifically bind to the DNA sequences 

TGCATGCA and GTGCAC, respectively (Silva et al., 2008). Further structural studies 

of the ApiAP2 domain from PF14_0633 have shown that while it retains several 

canonical features found in plant AP2 domains, key differences exist. For instance, 
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unlike the plant AP2 domains that function as monomers, P. falciparum AP2 domains 

dimerize through a domain-swapping mechanism, where α-helices are exchanged 

between monomers to form a dimer (Lindner et al., 2010). This dimerization may play 

a significant role in bringing distant DNA loci together, potentially regulating sporozoite-

specific gene expression (Lindner et al., 2010). 

 

 

 6.3.4. The Multifaceted Role of AP2 Transcription in the regulation of gene 
expression in T.gondii 
 
. The ApiAP2 transcription factors (TFs) play a pivotal role in modulating stage-specific 

gene expression in tachyzoites (Figure 19), with distinct ApiAP2 TFs regulating the 

expression of genes critical for both the tachyzoite and bradyzoite stages. 
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Figure 19 - Illustration of the putative transcription factors in Toxoplasma gondii 
that are active during the cell cycle (Behnke et al., 2010). (A) the mRNA levels of 
RNA polymerases, general transcription factors, chromatin modifiers, AP2 

transcription factors, and TF-like Zn fingers throughout the cell cycle in a synchronized 

tachyzoite culture. (B) depicts spline model curves for specific cell cycle-regulated AP2 
mRNAs, indicating their relative mRNA abundance and timing. The expression of these 

selected factors occurs sequentially, with peaks at various stages of the cell cycle. 

 

6.3.4.1. AP2 Transcription factors in bradyzoites and other life stages 
 

T. gondii encodes 67 putative ApiAP2 TFs, with 11 specific to the bradyzoite stage, 

which is essential for establishing chronic infection in the host (Behnke et al., 2010). 

The transition from tachyzoites to bradyzoites is triggered by a Myb family transcription 

factor, bradyzoite formation-deficient 1 (BFD1), which acts as a master regulator 

(Waldman et al.,2020). Subsequently, AP2 factors play sequential roles in this process 

(Figure 20). One of the earliest characterized ApiAP2 TFs in bradyzoites is TgAP2XI-

4, which peaks during the G1/S phase and is crucial for regulating bradyzoite-specific 

genes. Knockout studies have shown that TgAP2XI-4 deficiency leads to significant 

downregulation of bradyzoite-specific genes and a reduced cyst burden in mice, 

highlighting its importance in the bradyzoite stage (Walker et al., 2013). Another 

significant ApiAP2 TF, TgAP2IX-9, acts as a repressor of bradyzoite differentiation. 

Overexpression of TgAP2IX-9 reduces cyst formation under stress conditions, while 

its depletion promotes cyst formation, indicating its role in preventing premature 

bradyzoite development. TgAP2IX-9 binds to promoters of key bradyzoite-specific 

genes such as TgBAG1 and TgB-NTPase, further underscoring its regulatory role 

(Radke et al., 2013). Conversely, TgAP2IV-3 functions as an activator of bradyzoite 

differentiation, directly binding to and upregulating the expression of bradyzoite-

specific genes like TgBAG1. This interplay between TgAP2IV-3 and TgAP2IX-9 

illustrates the complex regulatory network governing bradyzoite differentiation (Hong 

et al., 2017). The upregulation of BFD1, BFD2/ROCY1, and certain AP2 factors is 

associated with increased permissiveness for bradyzoite formation. This suggests 

these factors work together to drive the tachyzoite-to-bradyzoite transition.(Xia et al., 

2024) 
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Recent studies have expanded our understanding of these transcription factors. For 

instance, the repression of bradyzoite differentiation by TgAP2IV-4 and TgAP2IX-4, 

both expressed during the S/M phase of the tachyzoite cell cycle, has been linked to 

their role in maintaining tachyzoite identity. The loss of these factors leads to the 

inappropriate expression of bradyzoite-specific genes and a failure to establish chronic 

infection in mice (Radke et al., 2018; Huang et al., 2017). Moreover, single-cell RNA 

sequencing (scRNA-seq) analyses have identified several other ApiAP2 TFs, such as 

TgAP2Ib-1 and TgAP2IX-1, which are overexpressed in clusters enriched for 

bradyzoite-specific genes, suggesting their involvement in the transition to the 

bradyzoite stage (Xue et al., 2020). 

Further research using RNA sequencing (RNA-seq) on in vitro brain cell cultures 

infected with T. gondii has revealed that the expression profiles of these TFs vary 

significantly during bradyzoite differentiation. Notably, two distinct clusters of 

bradyzoite genes have been identified: one that includes TgAP2IX-9, expressed early 

in differentiation, and another that includes TgAP2XI-4, expressed later, indicating a 

sequential regulation of bradyzoite gene expression (Mouveaux et al., 2021). 

 

Interestingly, TgAP2IX-4, while not essential for tachyzoite growth, plays a role in 

regulating bradyzoite-specific genes under stress conditions. The knockout of 

TgAP2IX-4 leads to enhanced expression of bradyzoite genes and a decrease in tissue 

cyst formation, indicating its role in preventing premature differentiation into 

bradyzoites (Huang et al., 2017). Recent findings have shown that TgAP2IX-4 interacts 

with other AP2 TFs, such as TgAP2XII-2, and components of the MORC complex, 

suggesting its involvement in transcriptional repression through the recruitment of 

MORC (Farhat et al., 2020; Srivastava et al., 2020). 

A significant breakthrough came in 2024 when Wang et al. and Antunes et al. 

demonstrated that AP2XI-2 and AP2XII-1 act as negative regulators, suppressing 

merozoite-primed pre-sexual commitment during asexual development. They showed 

that depletion of AP2XI-2 in the type II Pru strain induced merogony and the production 

of mature merozoites in an alkaline medium. AP2XII-1 depletion led to multiple rounds 

of merogony and merozoite production, with stronger effects in an alkaline 

environment. This study sheds light on the molecular mechanisms controlling sexual 

commitment in T. gondii, a key factor in the parasite's transmission. 
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This builds on earlier research, including a 2022 study by Farhat et al., which 

highlighted the role of AP2 factors in the epigenetic rewiring of T. gondii during its 

developmental transitions. AP2 factors were shown to coordinate with epigenetic 

regulators to control gene expression during stage changes. In 2023, Kourosh et al. 

underscored how AP2 factors act as both activators and repressors within the 

parasite's cell cycle, often working in complex with other proteins for precise gene 

regulation. Another 2023 study by Srivastava et al. identified AP2XII-2 as crucial for 

repressing sexual stage genes. Through CUT&Tag analysis, they revealed that 

AP2XII-2, along with epigenetic regulators HDAC3 and MORC, targets genomic loci 

linked to sexually committed parasites. AP2X-10 and AAH1 were identified as key 

genes under AP2XII-2 control. 

 

 

Figure 20 - Schematic representation of the AP2 transcription factors involved 
in the lytic replication cycle of Toxoplasma gondii tachyzoites and their role in 
stress responses and stage differentiation (Zarringhalam et al., 2023). (A) Depicts 
the tachyzoite cell cycle with key checkpoints: 1) restriction, 2) DNA licensing, 3) centrosome 
duplication, 4) spindle assembly, and 5) daughter cell assembly. The restriction checkpoint is 
crucial as it determines whether the tachyzoites proceed to the extracellular G0 stage or 

differentiate into other stages. The specific AP2 factors that have been experimentally identified or 
validated are indicated at the corresponding stages where they function. (B) Illustrates the role of 
AP2 transcription factors in the shared stress response between extracellular tachyzoites and 
differentiating bradyzoites, highlighted by the lightning bolts. Additional transcription factors, such 

as BFD1 and enolase 1 (ENO1), are also present in bradyzoites, indicating their unique roles in 

this stage. 
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6.3.4.2. AP2 Transcription factors in Tachyzoites 

Eleven ApiAP2 transcription factors (TFs) are known to function in Toxoplasma 

gondii tachyzoites, with three shown to form complexes with chromatin remodeling 

enzymes. TgAP2IX-7 and TgAP2X-8 interact with TgGCN5b, a lysine 

acetyltransferase (KAT) responsible for acetylating histone H3 at specific lysine 

residues (J. Wang et al., 2014). A dominant-negative mutant of TgGCN5b disrupts 

parasite replication and histone acetylation, decreasing the expression of target genes. 

These findings suggest that ApiAP2 TFs help recruit TgGCN5b to promoters, 

regulating gene expression since TgGCN5b lacks DNA-binding motifs (J. Wang et al., 

2014). 

In a more detailed investigation, several ApiAP2 TFs were confirmed to interact with 

TgGCN5b (Harris et al., 2019). TgAP2IX-7 was shown to associate with TgGCN5b, 

TgADA2a, TgAP2X-8, and a few other proteins. Similar interactions were also 

demonstrated for TgAP2XII-4 and TgAP2VIIa-5 (Harris et al., 2019). Interestingly, the 

association between TgGCN5b and AP2 TFs diminishes under alkaline stress, 

suggesting that specific ApiAP2 TFs likely help recruit TgGCN5b to gene regulatory 

complexes (Harris et al., 2019). Additionally, TgAP2VIII-4, originally identified as part 

of the T. gondii repressor complex (TgCRC), interacts with TgHDAC3 to repress 

transcription by activating the histone deacetylase (Saksouk et al., 2005). 

TgAP2XI-5, an ApiAP2 transcription factor that is continuously expressed during the 

tachyzoite stage, plays a significant role in controlling virulence genes, including those 

associated with rhoptry and microneme functions (Walker et al., 2013). Through ChIP-

on-chip assays, TgAP2XI-5 was shown to bind to hundreds of gene promoters, many 

of which are linked to parasite virulence and host invasion. RSAT computational 

analysis identified GCTAGC as the DNA motif to which TgAP2XI-5 binds (Walker et 

al., 2013). 

Moreover, co-immunoprecipitation experiments confirmed that TgAP2XI-5 forms a 

complex with TgAP2X-5, a transcription factor predominantly expressed during the 

S/M phases of the cell cycle (Lesage et al., 2018). Depleting TgAP2X-5 caused 

downregulation of 153 genes and upregulation of 70 genes, with many of the 

differentially expressed genes peaking in the S/M phases. These included several 
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virulence genes, and depletion of TgAP2X-5 resulted in a marked reduction in 

virulence in vivo. However, ChIP-chip analysis of TgAP2X-5-tagged strains showed 

that TgAP2X-5 does not bind directly to promoters. In contrast, experiments assessing 

TgAP2XI-5's binding to promoters in the absence of TgAP2X-5 showed reduced 

binding at 92 promoters, suggesting that TgAP2XI-5's association with some 

promoters depends on TgAP2X-5 (Lesage et al., 2018). In the presence of TgAP2X-5, 

TgAP2XI-5 binds to promoters of virulence genes that are downregulated when 

TgAP2X-5 is depleted. These findings demonstrate that TgAP2XI-5 and TgAP2X-5 

cooperate in regulating the expression of virulence factors in T.gondii (Lesage et al., 

2018). Further, recent research has also highlighted the role of TgAP2IX-1 in 

modulating the surface antigens of tachyzoites, a process crucial for immune evasion. 

This TF was shown to control the switch of surface antigens, including SAG1, and alter 

gene expression in a manner reminiscent of the sexual stage, pointing to its significant 

role in the parasite's adaptive strategies (Xue et al., 2020). 

One of the most significant advances in the study of ApiAP2 TFs came with the 

identification of TgAP2IX-5, which has been characterized as a key regulator of the 

asexual cell cycle in tachyzoites. The study identifies TgAP2IX-5, a transcription factor 

in T.gondii, as essential for the parasite's growth, cell cycle regulation, and daughter 

cell formation (Khelifa et al., 2021). TgAP2IX-5 is dynamically expressed during the 

G1/S transition and early S phase, and its depletion through inducible knockdown (iKD) 

results in a severe defect in parasite proliferation, with an accumulation of 

multinucleated parasites and impaired daughter cell formation. The knockdown also 

disrupts organelle replication, particularly plastid division. RNA-seq analysis reveals 

that TgAP2IX-5 regulates the expression of over 900 genes, with many involved in cell-

cycle-dependent processes and daughter cell formation, particularly those encoding 

components of the Inner Membrane Complex (IMC) and apical complex. ChIP-seq 

analysis shows that TgAP2IX-5 directly binds to the promoters of key genes for 

parasite replication. Furthermore, TgAP2IX-5 may regulate its own expression, 

indicating a potential feedback loop, and its depletion triggers the upregulation of 

genes related to bradyzoite development, suggesting a role in developmental choices. 

These findings highlight the critical function of TgAP2IX-5 in coordinating cell cycle 

progression and proliferation in T. gondii. (Khelifa et al., 2021; Wang et al., 2021). 
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TgAP2XII-8 was also described as another key player in tachyzoite gene regulation. 

This study from (Lou et al., 2024) combines single-cell transcriptomics (scRNA) and 

chromatin accessibility (scATAC) analyses to create detailed pseudo-timelines for 

gene regulation during the T.gondii lytic cycle. TgAP2XII-8 is expressed during the 

C/G1 phase. Mapping DNA motifs under ATAC peaks revealed novel and known 

patterns, such as the AP2XII-8 motif, which plays a key role in regulating G1 

progression. It binds to a specific DNA motif ([T/C]GCATGCA) in the promoter regions 

of its target genes and acts an as activator for genes expressed in the G1 phase, with 

a particular focus on ribosomal protein genes. Additional proteins might interact with 

the AP2XII-8 motif in complex ways, affecting gene regulation. Moreover, some 

AP2XII-8 target genes remain inactive, suggesting co-regulation by other factors. The 

study also points to potential epigenetic mechanisms involving factors like MORC and 

HDAC3. Depletion of AP2XII-8 blocks G1-S progression and suggests other factors, 

such as AP2X-7, may contribute to this regulation. 

AP2XII-9 is the most recent transcription factor to be characterized. TgAP2XII-9 plays 

a crucial role during the S/M phase of the parasite’s cell cycle, regulating the 

expression of key genes involved in daughter cell formation and invasion machinery. 

The knockdown of TgAP2XII-9 results in significant defects in parasite growth, 

replication. Additionally, it controls the transcription of genes related to the inner 

membrane complex (IMC) and rhoptry proteins and micronemes, essential for cell 

division and host cell invasion. (Manuscript from this thesis is under revision; Shi et al., 

2024) 

In conclusion, AP2 TFs in T. gondii form a sophisticated regulatory network that 

controls gene expression throughout the parasite's complex life cycle. Their ability to 

interact with epigenetic modifiers and other regulatory proteins allows for precise 

control of developmental transitions and responses to environmental cues. Ongoing 

research continues to uncover the intricate mechanisms by which these factors 

orchestrate the parasite's gene expression programs.  
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6.4. Epigenetic mechanisms in Toxoplasma  
 
T. gondii possesses a wealth of epigenetic machinery, including histone-modifying 

enzymes and unusual histone variants. There are various mechanisms involved in 

epigenetic regulation: 1) mechanisms that affect the accessibility of chromatin to 

regulatory factors, which include DNA methylation, histone modifications, and 

nucleosome positioning; 2) mechanisms that involve noncoding RNA to influence 

several nuclear or cytoplasmic processes. Recent models of transcriptional activation 

have identified a greater number of cofactors than were recognized two decades ago, 

with chromatin remodelers playing a crucial role in enhancing gene transcription, 

thereby placing chromatin at the forefront of studies on epigenetic control of gene 

expression. 

Toxoplasma gondii expresses four canonical histones (H2A, H2B, H3, and H4), each 

encoded by a single-copy gene, except for H2B, which is encoded by two distinct 

genes located on different chromosomes. However, these two genes do not produce 

identical proteins. H2Ba is predominantly expressed in the tachyzoite form, while H2Bb 

is associated with the sexual stages. The histones H2A and H2B in T. gondii share 

79% and 75% similarity with their human counterparts, respectively. Like H4, histone 

H3 has a high sequence similarity to human histone 3, differing by eight amino acids 

in the N-terminal and globular domains, and it is one residue longer at the C-terminal 

end. The differences are mainly concentrated in the N-terminal and C-terminal regions 

for H2A and in the N-terminal region for H2B. These histones share a common 

structure, consisting of a globular body and an N-terminal tail for H2B, H3, and H4, and 

a C-terminal tail for H2A, which is exposed outside the nucleosome and subject to 

numerous post-translational modifications (PTMs), including acetylation, methylation, 

phosphorylation, ubiquitination, sumoylation, ADP-ribosylation, deimination, 

isomerization, crotonylation, and O-GlcNAcylation. Additionally, T. gondii possesses 

an H1 histone, a small basic protein corresponding only to the C-terminal part of the 

human H1 histone, recently identified as TgH1-like. This protein appears to bind to 

other histones and is involved in cell division. These post-translational modifications 

are highly dynamic and occur on various histones within a nucleosome in an 

interdependent manner, contributing to what Strahl and Allis termed the "histone code" 

in 2000. 
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6.4.1. Chromatin remodeling and modifications 
 
Two primary mechanisms are employed to regulate chromatin structure by altering its 

level of compaction. One method involves chemical alterations through covalent 

modifications of histones, while the other utilizes ATP to reposition nucleosomes. Both 

of these chromatin-modifying strategies are conserved across eukaryotes and are also 

present in Toxoplasma gondii.wo primary mechanisms are employed to regulate 

chromatin structure by altering its level of compaction. One method involves chemical 

alterations through covalent modifications of histones, while the other utilizes ATP to 

reposition nucleosomes. Both of these chromatin-modifying strategies are conserved 

across eukaryotes and are also present in Toxoplasma gondii. 

 

6.4.1.1. Enzymatic modifications of chromatin 
 
In Toxoplasma gondii, the N-terminal tails of apicomplexan histones are subject to a 

variety of covalent modifications, including acetylation, methylation, succinylation, 

phosphorylation, ubiquitination, and SUMOylation (Braun et al., 2009; Dixon et al., 

2010; El Bissati et al., 2016; Jeffers & Sullivan, 2012; Nardelli et al., 2013; Silmon de 

Monerri et al., 2015). These post-translational modifications form a "histone code" that 

plays a critical role in the activation and repression of specific genes (Jenuwein et al., 

2001; Nardelli et al., 2013). Unlike other eukaryotes, Toxoplasma and Cryptosporidium 

lack DNA cytosine methylation (Gissot et al., 2008).  

 

Acetylation of Histones  
 

Histone acetylation in Toxoplasma gondii involves the addition of acetyl groups 

to lysine residues on the N-terminal tails of histones, which neutralizes their 

positive charge, leading to a more relaxed chromatin structure and activation of 

gene transcription. Conversely, the removal of acetyl groups, associated with 

transcriptional repression, is carried out by histone deacetylases (HDACs). In 

eukaryotes, various histone acetyltransferases (HATs) and HDACs regulate the 

acetylation status of histones within nucleosomes (Sterner & Berger, 2000; 

Thiagalingam et al., 2003). In T. gondii, there are about seven HATs and seven 

HDACs, now referred to as lysine acetyltransferases (KATs) and lysine 

deacetylases (KDACs) due to their ability to modify non-histone substrates as 
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well (Allis et al., 2007; Jeffers & Sullivan, 2012). The KATs in T. gondii belong 

to two families: the GCN5 family and the MYST family. TgMYST-A and 

TgMYST-B are essential members of the MYST family, crucial for parasite 

survival (Smith et al., 2005), while TgGCN5a and TgGCN5b, members of the 

GCN5 family, preferentially acetylate specific lysine residues on histone H3 

(Bhatti et al., 2006; Saksouk et al., 2005). 

TgGCN5a plays a significant role in gene regulation, particularly during stress-

induced bradyzoite development, as knockout studies show its absence 

prevents the upregulation of approximately 75% of bradyzoite-specific genes 

(Naguleswaran et al., 2010). Attempts to knock out TgGCN5b have been 

unsuccessful, indicating its essential role in the tachyzoite stage (Wang et al., 

2014). These GCN5 KATs are potential drug targets, as demonstrated by the 

inhibitory effects of garcinol on TgGCN5b, which severely impacts parasite 

survival (Jeffers et al., 2016). 

T. gondii also harbors around seven KDACs categorized into three classes, with 

TgHDAC3 being the most studied. TgHDAC3, part of the TgCRC complex, is 

involved in histone deacetylation and can be inhibited by specific HDAC 

inhibitors (Saksouk et al., 2005). Treatment with the FR235222 inhibitor leads 

to hyperacetylation of histone H4, promoting bradyzoite differentiation 

(Bougdour et al., 2009). TgHDAC3, along with TgMORC, plays a critical role in 

gene silencing during the tachyzoite stage, as shown by their co-purification and 

overlapping binding sites in the genome, particularly in hypoacetylated regions 

(Farhat et al., 2020). 

Besides TgHDAC3, other type I HDACs are essential for tachyzoite replication, 

unlike type III HDACs (TgSIR2 and TgSIR2b), as revealed by genome-wide 

CRISPR/Cas9 screening (Sidik et al., 2016). Histone acetylation, particularly of 

H3 and H4, serves as a marker for gene activation, with these modifications 

being enriched at the promoter regions of actively transcribed genes (Gissot et 

al., 2007). Notably, tachyzoite-specific promoters are acetylated in tachyzoite-

stage parasites, while bradyzoite-specific promoters become acetylated under 

bradyzoite-inducing conditions (Saksouk et al., 2005). The differential 

association of TgGCN5 and TgHDAC3 with stage-specific promoters further 
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highlights the role of chromatin-modifying enzymes in gene regulation through 

acetylation and deacetylation processes. 

 

Methylation of Histones 
Histone methylation involves adding methyl groups to lysine (K) and arginine 

(R) residues, which can either activate or repress gene transcription (Zhang et 

al., 2001). Lysine and arginine can be mono-, di-, or trimethylated, with 

methylation carried out by protein arginine methyltransferases (PRMTs) and 

histone lysine methyltransferases (KMTs). Toxoplasma gondii has five PRMT 

homologs, known as TgPRMT1-5. Two of these, TgPRMT1 and TgCARM1 

(TgPRMT4), have been shown to methylate specific residues: TgPRMT1 targets 

H4R3, while TgCARM1 methylates H3R17 (Saksouk et al., 2005). TgPRMT1 

also interacts with 68 potential substrates, including AP2 transcription factors 

and regulatory RNA-binding proteins (Yakubu et al., 2017). 

TgSET8, a histone lysine methyltransferase related to human SET8, can mono-

, di-, and tri-methylate H4 at lysine 20 (H4K20) and is primarily found in 

intergenic regions (Sautel et al., 2007). ChIP-on-chip data revealed TgSET8's 

binding to rRNA gene loci, where H4K20 is methylated, and its association with 

DNA repeats near telomeres. Additionally, H4K20me1 and H4K20me3 were 

enriched in heterochromatic regions, indicating that H3K9 and H4K20 

methylation work together in chromatin silencing. 

Another modification site, H4K31, located on the lateral surface of histone 4 at 

the nucleosome's dyad axis, has been studied in T. gondii. H4K31me1 is 

enriched in large gene bodies, while H4K31ac is found in intergenic regions, 

suggesting that H4K31me1 is primarily associated with gene bodies 

(Sindikubwabo et al., 2017). 

The T. gondii genome also encodes seven demethylases from the JmjC family, 

though further research is needed to fully characterize these enzymes. A 

genome-wide CRISPR screen has indicated that two homologs of lysine 

dimethyl-transferases are important for tachyzoite fitness (Bougdour et al., 

2014; Chang et al., 2007; Sidik et al., 2016). 
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6.4.1.2. ATPase-dependent chromatin remodeling 
 
Chromatin remodeling through DNA-dependent ATPases is another key mechanism 

by which chromatin structure is altered. SWI/SNF2 family DNA-dependent ATPases 

form complexes that play crucial roles in gene activation or repression (Mohrmann & 

Verrijzer, 2005). The energy from ATP hydrolysis drives changes in nucleosome 

positioning and conformation by altering the interactions between histones and DNA 

(Lusser & Kadonaga, 2003). These ATPase-dependent remodeling complexes include 

SWI/SNF2 family members, which are defined by a unique ATPase domain featuring 

a DEXDc region at the N-terminal end and a HELICc region at the C-terminal end. 

The SWI/SNF2 family is divided into four classes based on sequence homology and 

structural features: Snf2, which contains bromodomains; ISWI, characterized by a 

SANT domain; Mi-2, which includes a chromodomain; and the Ino80/SRCAP/p400 

class, distinguished by a long insert between the N-terminal and C-terminal regions 

(Kingston et al., 1999). In Apicomplexans, including Toxoplasma gondii, SWI/SNF2 

family members are present, such as the ISWI homolog SNF2L in Plasmodium (Ji & 

Arnot, 1997). Additionally, a SCRAP homolog exists in the genomes of Toxoplasma, 

Plasmodium, and Cryptosporidium (Sullivan et al., 2003). 

A yeast two-hybrid screen using TgSRCAP as "bait" in T. gondii identified interacting 

proteins, most of which are parasite-specific with no eukaryotic homologs, likely 

involved in DNA processes like transcription (Nallani & Sullivan, 2005). Toxoplasma 

also has 15 other SWI2/SNF2 homologs, with at least one member representing each 

of the four classes. Among them is a predicted SWI2/SNF2 family member with a 

chromodomain, part of the TgCRC complex, likely an ortholog of Mi-2 (Saksouk et al., 

2005). Notably, T. gondii has two SWI2/SNF2 homologs related to Snf2, one of which 

contains a bromodomain and has unique features specific to the parasite, making it a 

potential drug target (Jeffers et al., 2017). 
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7. Other mechanisms in cell cycle regulation 
 
 

7.1.  Roles of different Phosphatases  
 

Phosphorylation is a key regulatory mechanism in T.gondii cell cycle control, 

influencing various proteins involved in crucial processes like DNA replication, mitosis, 

and organelle division. Cyclin-dependent kinases (CDKs), transcription factors, and 

chromatin modifiers rely on phosphorylation to regulate gene expression and ensure 

proper progression through cell cycle phases as discussed in previous chapters. 

Additionally, phosphorylation controls the function of unique T. gondii structures like 

the centrocone, as well as signal transduction pathways that respond to environmental 

cues. These phosphorylation events are finely tuned by the counteracting action of 

protein phosphatases, which remove phosphate groups, restoring proteins to their 

inactive or altered states. Protein phosphatases play a critical role in balancing 

phosphorylation-dependent processes, ensuring precise regulation of the cell cycle, 

stress responses, and parasite development. 

Protein phosphatases are categorized based on the amino acid they target into three 

main types: serine/threonine phosphatases, tyrosine phosphatases, and dual-

specificity phosphatases, which target all three residues. Protein serine/threonine 

phosphatases (PSPs) are further divided into three families: phosphoprotein 

phosphatases (PPPs), protein phosphatases that depend on Mg2+/Mn2+ ions (PPMs), 

and aspartate-based phosphatases (Shi et al, 2009). The PPP and PPM families have 

been widely researched in eukaryotic systems. In apicomplexans, the organisms 

Plasmodium falciparum and Toxoplasma gondii have been found to possess PPP 

family members like PP1 and PP2A, as well as PPM members such as PPM2 and 

PPM5, which play significant roles in the sexual stages of P. falciparum and ookinete 

development, respectively (Guttery et al., 2014). However, there is limited information 

on aspartate-based phosphatases, which include FIIF-associating carboxyl-terminal 

domain (FCP) phosphatases and small CTD phosphatases, collectively referred to as 

the FCP/SCP family (C. Yang & Arrizabalaga, 2017). Additionally, apicomplexans 

contain phosphatases with distinct Kelch-like domains (PPKL), which are also present 
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in plants and alveolates, and Shewanella-like phosphatases (SLP), a group found 

exclusively in bacteria (Kutuzov & Andreeva, 2008). 

The PPP family includes PP1, PP2A, PP2B (calcineurin), PP4, PP5, PP6, and PP7, 

with most members having a catalytic subunit that interacts with various substrates. In 

contrast, PPM family members lack regulatory subunits and rely on conserved motifs 

for specificity. In P. falciparum and T. gondii, all PPP subfamilies are present, except 

for PP2A, which has two isoforms in T. gondii (Yang & Arrizabalaga, 2017). However, 

C. parvum lacks PP6 and PP7, while B. bovis lacks PP2B and PP6. PPP proteins are 

conserved across species, with overlapping functions preventing lethality in eukaryotes 

(Brautigan & Shenolikar, 2018). 

PP2A is critical in cell cycle regulation, controlling transitions such as G2/M and G1/S, 

and disruption leads to cell cycle delays (Jiang, 2006). Although PP2A plays key roles 

in mammals, its specific function in T. gondii remains unclear, and T. gondii also lacks 

a Cdc25 phosphatase ortholog, essential for CDK regulation (Shen & Huang, 2012). 

The PPM family of metal-dependent protein phosphatases, which bind either Mn2+ or 

Mg2+, is highly conserved across both eukaryotes and prokaryotes (Chen et al., 2017; 

Kamada et al., 2020). PPM phosphatases have diversified evolutionarily, leading to 

species-specific functional specialization. For instance, yeast has eight PPM isoforms, 

while mammals have 20. Phylogenetic studies show that most conserved residues 

critical for phosphatase function are located in the catalytic core (Kamada et al., 2020). 

In apicomplexans, PPM family members are present in varying numbers: 13 in P. 

falciparum, 33 in T. gondii, 14 in C. parvum, and 4 in B. bovis. These PPMs cluster into 

10 main groups, with Groups II and X being particularly significant. Group II likely 

includes PDPs, while Group X contains PfPPM3 and homologs of TgPPM3, which may 

be targeted to the parasitophorous vacuole (PV) or host cell (Yang & Arrizabalaga, 

2017). 

In P. falciparum, PPM2 and PPM5 have regulatory roles in translation and 

developmental processes. Knockout studies of PfPPM2 showed defects in gamete 

formation and ookinete development, while PfPPM5 knockouts resulted in abnormal 

ookinete size and number (Guttery et al., 2014). In T. gondii, TgPPM13 regulates actin 
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dynamics through its interaction with CKII, influencing the parasite's motility (Delorme 

et al., 2003; Jan et al., 2007). TgPPM20, involved in parasite growth, and TgPPM3C, 

which aids in GRA16 export, are essential for parasite virulence (Gilbert et al., 2007; 

Mayoral et al., 2020). 

Aspartate-based phosphatases differ from the PPP and PPM families by their use of 

aspartate for catalysis. Most aspartate-based phosphatases contain a conserved 

catalytic motif, DxDT/V. Humans have eight of these phosphatases, while yeast has 

five. In apicomplexans, C. parvum has five putative aspartate-based phosphatases, T. 

gondii has eight, P. falciparum has four, and B. bovis has six. The most studied 

member of this family is FCP1 (also known as CTDP1), which plays a key role in 

dephosphorylating the CTD of RNA polymerase II’s large subunit. The CTD region, 

with a consensus sequence of YSPTSPS, has residues that can be phosphorylated, 

except for the two prolines (Stiller & Cook, 2004; Yang & Stiller, 2014). In yeast, CTD 

has been linked to gene expression and serves as a docking platform, though its role 

in RNA polymerase activity in apicomplexans is still unclear (Corden, 2013). 

Apicomplexans have two orthologs of FCP1, unlike humans and yeast, which have 

only one. In T. gondii, the CTD region is unusual, with only two tandemly repeated 

heptapeptides, while the remaining eight are scattered. This suggests that the 

scattered heptapeptides might not perform the typical CTD functions, which are usually 

based on heptapeptide pairs (Stiller & Cook, 2004). 

7.2.1. Protein phosphatase-1 (PP1) in Eukaryotic cell & Toxoplasma 

Protein phosphatase 1 (PP1), a key member of the PPP family, was first identified for 

its role in dephosphorylating glycogen phosphorylase (Cori & Cori, 1945). Since then, 

PP1 has been shown to regulate crucial cellular processes such as division, 

metabolism, transcription, translation, and apoptosis (Ceulemans & Bollen, 2004). 

Structurally, PP1 is a holoenzyme consisting of a catalytic and regulatory subunit. The 

catalytic subunit is highly conserved and coordinates metal ions like Mn2+ and Fe2+ 

to function (Shi, 2009). Despite the existence of multiple PP1 isoforms in eukaryotes, 

humans possess three distinct PP1 isoforms (PP1-A, PP1-B, and PP1-C) coded by 

different genes, while yeast has only one isoform (Rebelo et al., 2015). 



 119 

PP1 is essential for cell viability, and disruptions in its interactions with regulatory 

proteins (PIPs) can lead to various diseases (Ferreira et al., 2019). In Toxoplasma 

gondii, PP1 plays an important role during the parasite's invasion of host cells. 

Inhibitors like okadaic acid (OA) and tautomycin (TAU) reduce T. gondii invasion by 

50%, highlighting PP1’s involvement in this process (Delorme et al., 2002). 

Phosphatase assays confirmed PP1 activity in T. gondii, and immunoprecipitation 

studies showed PP1 interacting with other proteins during dephosphorylation events 

(Delorme et al., 2002). 

Localization studies of TgPP1 in T. gondii revealed that it is found in the nucleus of 

tachyzoites and in the cytoplasm of bradyzoites. Overexpression of TgPP1 appears to 

impact parasite growth, as stable transgenic lines could not be maintained (Daher et 

al., 2007). TgPP1 forms a complex with TgLRR1, a homolog of the yeast sds22 protein, 

which likely inhibits PP1 activity. This interaction was confirmed through pull-down and 

immunoprecipitation assays (Daher et al., 2007). 

Further studies on TgPP1 regulation demonstrated that Inhibitor-2 (I2) in T. gondii acts 

similarly to its homolog in Plasmodium falciparum, inhibiting PP1 activity via specific 

binding motifs (Deveuve et al., 2017).  

A recent study by Khelifa and Bhaskaran et al. (2024) sheds light on the roles of PP1 

in Toxoplasma gondii. The research revealed that TgPP1 primarily functions through 

post-translational modifications, with phosphorylation and dephosphorylation events 

governing key processes such as cell division and amylopectin regulation. TgPP1 is 

crucial for regulating the tachyzoite cell cycle, affecting the formation of the inner 

membrane complex (IMC), organelle segregation, and nuclear division. Depleting 

TgPP1 results in abnormal IMC formation, missegregation of organelles like the Golgi 

and plastid, and an unexpected accumulation of amylopectin, a polysaccharide 

typically found in the latent bradyzoite stage. The study attributes this amylopectin 

build-up to the dephosphorylation of proteins involved in its metabolism. Overall, the 

research underscores TgPP1's pleiotropic role in regulating both intracellular 

development and metabolic processes in T. gondii, with significant influence on cell 

division and amylopectin accumulation. 

 

 

 



 120 

OBJECTIVES 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 121 

Chapter 2 – Objectives 
 
 
The cell cycle of T. gondii is tightly controlled and relies on both transcriptional and 

post-transcriptional regulatory mechanisms. The dynamic nature of transcriptional 

regulation throughout the tachyzoite cell cycle was demonstrated by analyzing the 

transcriptome of synchronized parasites expressing thymidine kinase (Behnke et al., 

2010). This extensive study revealed that over 2,000 transcripts were regulated in a 

dynamic manner during the cell cycle, suggesting precise control over gene expression 

exerced at the transcriptional level. 

Transcription factors (TFs) of the ApiAP2 family are essential regulators of gene 

expression T. gondii. These TFs coordinate complex processes such as cell division, 

development, and host-parasite interactions by binding to specific DNA sequences and 

controlling gene transcription. Among these, the role of TgAP2IX-5 has been of 

particular interest due to its critical function in regulating the parasite’s cell cycle and 

proliferation. 

Recent studies have demonstrated that TgAP2IX-5 is a cell-cycle-regulated 

transcription factor, expressed predominantly during the early S phase, which is 

essential for the growth and proliferation of T. gondii. Functional knockdown of 

TgAP2IX-5 results in severe defects in parasite daughter cell formation, impaired 

organelle division, and ultimately, a complete block in parasite replication. Through 

comprehensive RNA-seq and ChIP-seq analyses, it has been shown that TgAP2IX-5 

directly regulates over 600 genes, many of which are crucial for the cell cycle, 

specifically those involved in the late S and M phases, including the Inner Membrane 

Complex (IMC) proteins and genes essential for daughter cell formation. 

Notably, this study revealed that TgAP2IX-5 also exerts control over several other 

ApiAP2 TFs, including TgAP2XII-9 and TgAP2III-2, both of which are directly bound 
by TgAP2IX-5 at their promoters and downregulated upon TgAP2IX-5 depletion. 

TgAP2XII-9 arnd TgAP2III-2 are highly expressed during the late S phase. These 

findings suggest that TgAP2IX-5 acts as a master regulator, orchestrating a 

transcriptional network that includes other ApiAP2 TFs, thereby ensuring proper 
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progression through the cell cycle and controlling key developmental processes in T. 

gondii. 

This thesis explored the functional roles of TgAP2XII-9 and TgAP2III-2, focusing on 

their regulation by TgAP2IX-5 and their contributions to cell cycle control. By 

investigating these transcription factors, we aim to shed light on the intricate regulatory 

networks that govern parasite development. 
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RESULTS 
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Chapter 3 – Results 
 
3.1. Introduction 
 

This chapter presents the findings from our study on the role of ApiAP2 transcription 

factors TgAP2XII-9 and TgAP2III-2 in the cell cycle regulation of the tachyzoite of T. 

gondii. The work focuses on how these factors influence daughter cell assembly and 

the expression of virulence genes during the S/M phase of the tachyzoite stage. We 

demonstrate the crucial role of TgAP2XII-9 in coordinating the proper formation of the 

inner membrane complex and organelle development, while TgAP2III-2 shows non-

essential functions in this process. 

Our data, which were obtained through transcriptomic analysis, phenotypic assays, 

and CUT&Tag experiments, underscore TgAP2XII-9's pivotal role in activating and 

repressing a set of genes that are vital for the completion of the daughter cell formation 

and microneme biogenesis. The results reveal the dual function of TgAP2XII-9 in the 

transcriptional regulation of genes necessary for cell cycle progression and its 

downstream impacts on parasite proliferation. 

This work has been submitted to PLOS Pathogens and is currently under revision, with 

the final submission expected by mid-November 2024. To maintain consistency and 

reflect the precise structure of the submitted work, we have opted to present this 

chapter in the format of the manuscript as submitted. 
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ABSTRACT 
 
Pathogenesis of Toxoplasma gondii in the intermediate host is based on the tachyzoite 

 ability to divide rapidly to produce significant amount of daughter cells in a reduce time 

 frame. The regulation of the cell-cycle specific expression program is therefore key to 

their proliferation. Transcriptional regulation has a crucial role in establishing this 

expression program and transcription factors regulate many aspects of tachyzoite cell 

cycle. We explored the role of two ApiAP2 transcription factors, TgAP2XII-9 and 

TgAP2III-2, during the cell cycle of the tachyzoite form. While TgAP2III-2 has only a 

minor impact on the tachyzoite proliferation, we show that TgAP2XII-9 regulates many 

aspects of the cell cycle including the proper assembly of the daughter cells inner 

 membrane complex and temporal expression of many virulence genes. Creation of a 

double mutant strain for TgAP2XII-9 and TgAP2III-2 shows that TgAP2XII-9 had a 

 prominent role during daughter cell assembly. Using transcriptomics and CUT&TAG, 

we demonstrate that TgAP2XII-9 mainly acts through the transcriptional control of at 

least 300 genes promoters. Interestingly, TgAP2XII-9 plays a crucial role repressing 

the expression of genes necessary for budding initiation and activating genes 

necessary for microneme de novo formation. We also explored the importance of the 

AP2 domain of TgAP2XII-9 demonstrating its critical role to exert its function. 

Therefore, we showed that TgAP2XII-9 is a crucial transcription factor which is key to 

daughter cell assembly post budding initiation. 
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INTRODUCTION 
 
Toxoplasma gondii is a eukaryotic pathogen classified within the phylum Apicomplexa, 
which encompasses many protozoan parasites of significant medical and veterinary 

concern, including Plasmodium (the causative agent of malaria) and Cryptosporidium 

(responsible for cryptosporidiosis). T.gondii has garnered considerable attention as an 

opportunistic pathogen linked to encephalitis and systemic infections in 

immunocompromised individuals, particularly those with HIV/AIDS [1] . Approximately 

one-third of the world’s population is estimated to be infected by Toxoplasma gondii. 

This parasite has the ability to cross the blood-brain barrier and establish a chronic 

infection by differentiating into a dormant, drug-resistant bradyzoite stage [2]. The 

rapidly growing tachyzoite form of the parasite is responsible for the clinical 

manifestations of the disease in humans. The tachyzoite’s ability to proliferate is key 

to its pathogenesis. Toxoplasma gondii tachyzoites exhibit an unusual cell cycle 

characterized by three phases: G1, S, and closed Mitosis. Up until recently the G2 

phase was thought to be notably short or absent [3].  

(Hawkins, Wang, et al., 2024b) identified a G2 phase that is short and maybe 

overlapping with the S/M phase.Tachyzoites multiply asexually within the host cell 

through a process called endodyogeny where two daughter parasites form within the 

parent parasite. The G1 phase of T.gondii endodyogeny, when canonical 

housekeeping tasks preparing for the S phase occur, comprises about half of the 

division cycle. During the S phase, organelle duplication is coordinated with the 

formation of daughter cells in a process called budding [3]. Budding initiates early in 

the S-phase, marked by the formation of the initial cytoskeletal components, including 

the apical and basal poles, above the newly duplicated centrosomes [4–11]. The inner 

membrane complex (IMC) of the daughter cells is generated from the apical pole, 

beginning with the formation of the apical cap of the IMC, followed by the central IMC 

and basal IMC sub-compartments [12]. This process first encapsulates the divided 

Golgi [13] , followed by the apicoplast [14] and subsequently nucleus and endoplasmic 

reticulum [15]. As the daughter parasites mature, the maternal cytoskeleton 

disintegrates, and the maternal plasma membrane is repurposed onto the emerging 

daughters [9].  
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The tachyzoite cell cycle is regulated by both transcriptional and post-translational 

mechanisms. For instance, transcription factors (TFs) such as AP2X-5 and AP2XI-5 

have been demonstrated to control the cell-cycle-dependent expression of virulence 

factors [16]. Additionally, cyclin-dependent kinases (Cdks) and cyclins play crucial 

roles in regulating budding and the overall cell cycle of tachyzoites [17–20]. The 

majority of transcriptional regulators of the tachyzoite cell cycle belong to the plant-like 

Arabidopsis APETALA-2 (AP-2) family [21,22]. The AP2 domain functions as a DNA-

binding domain and can act cooperatively in regulating cell-cycle-dependent 

expression profiles [16]. The roles of some of the AP2 TFs have been uncovered. For 

instance, TgAP2XII-8 regulates ribosomal RNA production during the early G1 phase 

[23]. TgAP2IX-5 controls the initial steps of budding [24] by regulating the expression 

of hundreds of genes, including those coding for elements destined for early 

incorporation into the developing daughter buds, such as apical cap proteins TgAC2, 

TgAC7, and TgISP1 and budding markers such as TgIMC1, TgIMC3, TgIMC4, and 

TgIMC10. Additionally, TgAP2IX-5 directly controls the expression of other TFs. 

Notably TgAP2III-2, TgAP2XII-2, and TgAP2XII-9. TgAP2XII-2 is essential for the 

proper progression through S-phase [25] indicating that TgAP2IX-5 controls the 

expression of TFs that may be essential for the continuation of the cell cycle. The roles 

of TgAP2III-2 and TgAP2XII-9 remain unexplored. 

 

In this study, we functionally characterized two cell-cycle-dependent ApiAP2 TFs, 

TgAP2XII-9 and TgAP2III-2, whose expression is directly regulated by TgAP2IX-5. 

While TgAP2III-2 had non-essential roles during the tachyzoite cell cycle, we 

demonstrate that TgAP2XII-9 is crucial for proper formation of daughter parasites after 

budding initiation. TgAP2XII-9 acts as a repressor of a subset rhoptries, rhoptry neck 

proteins, and IMC apical cap genes. Conversely, it activates the   expression of a set 

of genes encoding for micronemes and dense granule proteins. Thus, TgAP2XII-9 is a 

critical TF that controls gene expression during the daughter cell completion and the 

de novo formation of virulence organelles. 

 

 
RESULTS 
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TgAP2XII-9 and TgAP2III-2 are cell-cycle regulated and expressed 
during the S/M phase 
 
Based on their CRISPR phenotype scores of -4.32 and -3.22 respectively, TgAP2XII-

9 (TGME49_251740) and TgAP2III-2 (TGME49_253380) genes may contribute to 

fitness. To elucidate their role in regulating the cell cycle expression program of 

tachyzoites, we used an auxin-inducible degron (AID) system. This involved fusing the 

AID sequence and an HA-tag to the C-terminus of TgAP2XII-9 and TgAP2III-2 at their 

respective endogenous locus via a CRISPR/Cas9 strategy (supplementary fig. 1A). 

PCR confirmed the correct integration of the tag (Supplementary Fig. 1B(i) and 1B(ii)). 

The AID system allows conditional depletion of the protein upon adding Auxin to the 

parasite's growth medium. Western Blot analysis validated the system's functionality, 

showing a distinct band at the expected protein’s size (218 kDa and 185 kDa) in the 

absence of auxin (Fig. 1A and 1B), with protein depletion occurring within 30 minutes 

of auxin addition.  

 

Subsequently, immunofluorescence assays using cell cycle markers such as Centrin1 

(marking the outer core of the centrosome) revealed that TgAP2XII-9 and TgAP2III-2 

localize to the nucleus and are expressed during the late S and early M phase (Fig. 1C 

and 1D). Their expression is absent during the G1 phase before centrosome division 

and early S phase when centrosomes have divided but remain close to each other 

(Fig. 1C and D, first two panels). During the late S and M phases, when centrosomes 

migrate and when daughter cell formation (indicated by the budding marker IMC1) 

occurs, TgAP2XII-9 and TgAP2III-2 proteins are expressed (Fig. 1C and 1D, last two 

panels), indicating that their expression peaks after TgAP2IX-5 expression in good 

concordance with their transcript expression profiles [26]. 

 

 

 

 

 

TgAP2XII-9 is crucial for the growth and proliferation of tachyzoites 
in vitro 
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To functionally characterize TgAP2XII-9 and TgAP2III-2, we performed a standard 

growth assay to assess parasite replication within host cells 24 hours after adding 

auxin. We found that for TgAP2XII-9, the mean number of parasites per vacuole 

decreased to 2.8, while in the controls, the mean number exceeded 5 (Fig. 1E). This 

indicates a clear defect in parasite proliferation. Further phenotypic analyses revealed 

that the degradation of TgAP2XII-9 significantly impairs replication capacity in vitro. In 

a plaque assay, mutant parasites exposed to auxin failed to form any lysis plaques on 

a monolayer of host cells 7 days post-infection, unlike the parental strain under the 

same conditions (Fig. 1F). Quantifying plaque numbers in each strain (Fig. 1G), with 

and without auxin, also demonstrates that TgAP2XII-9 expression is crucial for the 

parasite's growth and proliferation in vitro. In contrast, the TgAP2III-2 iKD strain did not 

show any replication defects in the presence or absence of auxin and plaque assays 

showed a normal capacity to form plaques in the presence of auxin and after TgAP2III-

2 depletion (Supplementary Fig 1C(i) and 1C(ii)). This indicates that TgAP2XII-9 is 

crucial for tachyzoite proliferation while TgAP2III-2 is dispensable.  

 

TgAP2XII-9 is crucial for the proper formation of daughter parasites 
 
To further explore the biological function of TgAP2XII-9, we conducted 

immunofluorescence assays (IFAs) to inspect the IMC formation (Fig. 2A) after a short 

6-hour auxin treatment (representing the time needed for the parasite to complete one 

cell cycle). In the absence of TgAP2XII-9, the parasites displayed defects in IMC 

scaffold organization, resulting in the formation of disordered IMCs (Fig. 2A, lower 

panel). Conversely, TgAP2XII-9 parasites formed well-structured vacuoles without 

auxin (Fig. 2A, upper panel). Quantitative analysis of this phenotype revealed that 

approximately 80% of vacuoles contained disorganized IMCs after 6 hours of auxin 

treatment (Fig. 2B). Given the crucial role of the IMC in daughter cell formation, proper 

cellular content segregation, and daughter cell scaffold formation, we aimed to 

investigate the impact of TgAP2XII-9 on daughter cell development. Using TgIMC1 as 

a marker, we assessed the proportion of vacuoles undergoing budding following a 6-

hour auxin exposure. It became evident that there was a notable decrease in the 

percentage of budding vacuoles, indicating the parasites' compromised ability to 

generate daughter cells correctly compared to mutant parasites cultured without auxin 

(see Fig. 2C and D(i)). 
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Additionally, the number of nuclei per parasite increased as a consequence of the 

inability of the daughter parasites to correctly bud, as depicted in Fig. 2C (lower panel, 

iKD TgAP2XII-9 + Auxin, within the enclosed circle). Quantitative analysis revealed a 

significant proportion of vacuoles with two or more nuclei per parasite in the presence 

of auxin (Fig. 2D(ii)), while this phenotype was nearly absent in the parental strain and 

the mutant strain in the absence of auxin. Taken together, these results suggest that 

TgAP2XII-9 is crucial for the proper formation and completion of the daughter cell 

scaffold. 

 
TgAP2XII-9 exhibits no discernible effect on the initiation of 
daughter parasite budding. 
 
To investigate the role of TgAP2XII-9 in the budding process, we used an early budding 

marker (TgISP1, apical cap) (Fig. 2E) as a proxy for the budding initiation. 

Quantification of budding vacuoles after 6 hours of auxin treatment revealed no 

significant difference in the proportion of vacuoles undergoing budding (Fig. 2F(i)). 

However, after overnight (~18 hours) auxin treatment, there was a slight decrease in 

budding vacuoles compared to mutant parasites without auxin (Fig. 2F(ii)). This 

reduction could be due to prolonged auxin exposure causing indirect effects rather than 

a direct result of TgAP2XII-9 depletion. Additionally, since TgIMC3 is an earlier budding 

marker than TgIMC1 but a later marker than TgISP1, we quantified budding parasites 

using TgIMC3. We observed a significant decrease in budding vacuoles after 6 hours 

of auxin treatment compared to parental and mutant strains without auxin (Fig. 2F(iii)) 

indicating that TgAP2XII-9 depletion does not affect budding initiation but rather 

elongation of IMC as early as the appearance of TgIMC3 on daughter buds. 

To better visualize the defects in the daughter cell formation, we performed expansion 

microscopy (Fig. 2G). Although the parasite cytoskeleton is formed (as marked by 

acetylated-𝛂-Tubulin), we confirmed the deformation of the IMC (Circled, Fig. 2G(ii)). 

As expected, we could identify parasites with an accumulation of multiple nuclei 

(Circled, Fig. 2G(ii)). We also noticed that there were daughter parasites that were 

formed without a nucleus (circled, Fig. 2G(iii)) and parasites that had no IMC or nucleus 

but with a well-formed cytoskeleton (arrowed, Fig 2G(iii)). There were also vacuoles 

with unorganized IMC and unsegregated nuclear material and abnormally formed 
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cytoskeleton (arrowed, Fig. 2G(iv)). These data indicate that TgAP2XII-9 has a 

profound influence on daughter cell formation and the coordination of this process.  

We also examined the effect of TgAP2XII-9 depletion on organelle duplication and 

segregation. The Golgi complex and plastid were labelled in parasites (Supplementary 

Fig. 2A), and the Golgi-to-nucleus and plastid-to-nucleus ratios were calculated 

(Supplementary Fig. 2B(i) and 2B(ii)). We found no significant difference in these ratios 

between the presence and absence of auxin, as expected since TgAP2XII-9 

expression peaks after both organelle divisions. Overall, these findings suggest that 

TgAP2XII-9 is not involved in initiating daughter parasite budding but exerts its effects 

later in the budding cycle. 

 

TgAP2XII-9 and TgAP2III-2 have no combinatorial effect on the 
parasite biology in vitro 
 

To explore the combinatorial effects of TgAP2XII-9 and TgAP2III-2 depletion, we 

generated a double mutant strain by knocking out TgAP2III-2 in our inducible 

knockdown (iKD) TgAP2XII-9 mutant strain. In this strain, in the absence of auxin, only 

TgAP2III-2 is depleted, while in the presence of auxin, both TgAP2XII-9 and TgAP2III-

2 proteins are depleted. This strain is hereafter referred to as the Double Mutant. As 

anticipated, no plaques were observed in the Double Mutant strain in the presence of 

auxin (Supplementary Fig. 3A(i) and 3A(ii)), consistent with the essential nature of 

TgAP2XII-9 for the parasite. 

Quantitative growth assays revealed no additive impact on parasite proliferation due 

to the simultaneous depletion of TgAP2III-2 and TgAP2XII-9 (Supplementary Fig. 3B). 

Moreover, the presence of auxin led to the accumulation of multiple nuclei in the 

Double Mutant, mirroring the phenotype observed in the iKD TgAP2XII-9 strain 

(Supplementary Fig.  3C and 3D). Further examination of the IMC defect phenotype, 

for which TgAP2XII-9 is critical, indicated no additional defects in the Double Mutant 

compared to the iKD TgAP2XII-9 strain (Supplementary Fig.3C). This was confirmed 

by the quantification of the percentage of vacuoles with IMC defects (Supplementary 

Fig.3E) which remained similar to that of iKD TgAP2XII-9 single mutant. These findings 

collectively indicate that depleting both TgAP2III-2 and TgAP2XII-9 does not result in 

an additive effect on parasite biology. 
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TgAP2XII-9 regulates the expression of various cell cycle-regulated 
genes 
 
Given the potential role of TgAP2XII-9 as a transcription factor, we aimed to identify its 

regulated genes using RNA sequencing analysis. RNA sequencing was conducted at 

two time points: 2 hours post TgAP2XII-9 depletion to capture the genes immediately 

affected, and 6 hours post-depletion, corresponding to the completion of one 

tachyzoite cell cycle. Data analysis was performed using DESeq2 with an adjusted p-

value cutoff of 0.01 and a minimum fold change of 2 (Fig. 3A, B). Significant 

transcriptomic changes were observed in the iKD TgAP2XII-9 mutant, revealing 1569 

(Supplementary Table 1) and 1398 (Supplementary Table 2) differentially expressed 

genes (DEGs) after 2 and 6 hours of auxin treatment, respectively. A substantial 

number of genes were common between both datasets. Overlapping these datasets 

resulted in a final set of 1329 DEGs, with 567 transcripts upregulated (Fig. 3C, 

Supplementary Table 3) and 762 transcripts downregulated (Fig. 3D, Supplementary 

Table 4) following TgAP2XII-9 depletion. We analysed the cell cycle expression of the 

upregulated and downregulated genes, displaying their expression profiles using a 

heatmap (supplementary Fig. 4A and 4B). Most upregulated genes showed a peak 

expression during the late C and G1 phases, with a few peaking during the S phase 

(Supplementary Fig. 4A). The downregulated genes exhibited a heterogeneous 

expression pattern throughout the cell cycle, with peaks during the late S, M, and 

cytokinesis phases (supplementary Fig. 3B).  

 

Upon analyzing the differential enrichment between upregulated and downregulated 

transcripts encoding proteins localized to specific organelles in the parasites, we 

identified a notable trend: a significant proportion of the upregulated transcripts encode 

proteins that localize to the Rhoptries (5.7% of upregulated transcripts in the 

HyperLOPIT dataset; Fig. 3E) compared to 0.9% of downregulated transcripts (Fig. 3E 

and 3G), the apical compartment (4.2% of upregulated transcripts in the HyperLOPIT 

dataset; Fig. 3E) compared to 1.8% of downregulated transcripts (Fig. 3G), and the 

IMCs (4.2% of upregulated transcripts in the HyperLOPIT dataset; Fig. 3E) compared 

to 1.8% of downregulated transcripts (Fig. 3G). Additionally, we observed that a 

significant proportion of downregulated transcripts encode proteins that localize to the 

dense granules (17.9% of downregulated transcripts in the HyperLOPIT dataset; Fig. 
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3G) compared to 4.5% of upregulated transcripts, and to the micronemes (8% of 

downregulated transcripts in the HyperLOPIT dataset; Fig. 3G) compared to 0.8% of 

upregulated transcripts. According to the HyperLOPIT dataset, the upregulated genes 

comprise 17% of the apical proteome (11/63), 14% of the rhoptry proteome (15/106), 

and 14% of the IMC proteome (11/81). In contrast, the downregulated genes represent 

15% of the dense granule proteome (19/124) and 18% of the microneme proteome 

(9/51). 

Examining the cell cycle expression of the upregulated transcripts associated with 

Rhoptries, Apical Caps, and IMCs (where data is available) revealed that most of these 

transcripts peak concurrently with TgAP2XII-9 expression (Fig. 3F). Conversely, the 

cell cycle expression of most of the downregulated transcripts associated with dense 

granules and micronemes peaked immediately after the expression of TgAP2XII-9 

(Fig. 3H).  

Collectively, these findings suggest that TgAP2XII-9 may function as an activator of 

the expression of a subset of dense granules and microneme genes, which exhibit a 

cell cycle-regulated expression peaking immediately after TgAP2XII-9 (Fig. 3F), and 

as a repressor of the expression of a subset of rhoptries, IMC, and apical genes (Fig. 

3G), whose expression peaks earlier than that of TgAP2XII-9. 

 

TgAP2XII-9 is enriched at the promoters of important T.gondii 
genes 
 
Using RNA-seq, we identified that TgAP2XII-9 regulates gene expression either 

directly or indirectly. To pinpoint the specific promoters targeted by TgAP2XII-9, we 

conducted CUT & Tag analysis. Biological triplicates of endogenous HA-tagged 

TgAP2XII-9 were generated, along with a replicate of the RH-Tir1ΔKU80 strain, and 

subjected to sequencing. Significant peaks (p-value < 0.05) were identified using 

MACS2 software. Subsequently, ChIPSeeker annotated these peaks, revealing that 

95% were located at authentic promoter sites for TgAP2XII-9 (Fig. 4A(i)) and 49% for 

RH-Tir1ΔKU80 (Fig. 4A(ii)). Across the three replicates, 2088 (Supplementary Table 

5) peaks were exclusive to TgAP2XII-9 and absent in RH-Tir1ΔKU80. In line with its 

hypothesized function as a transcriptional regulator, TgAP2XII-9 is found proximal to 

the transcription start sites of protein-coding genes (Fig. 4B).  
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Analysis of cell cycle expression patterns revealed that genes with TgAP2XII-9-bound 

promoters predominantly exhibited peak expression during S and M phases (Fig. 4D) 

in line with its expression pattern. CUT & Tag data demonstrated that TgAP2XII-9 binds 

to promoters of key genes encoding proteins crucial of the IMC, apical complex, 

rhoptries, micronemes, and dense granules (Figure 4D). Specifically, promoters of 

genes bound by TgAP2XII-9 include genes encoding for IMC proteins (e.g., TgISP3, 

TgIMC42; Fig. 4D(i)), ROP proteins (e.g., TgRON5, TgRON8; Fig. 4D(ii)), and MIC 

proteins (e.g., TgMIC9, TgMIC3; Fig. 4D(iii)). These findings underscore TgAP2XII-9's 

role as a genuine TF by directly interacting with promoters of genes essential for 

daughter cell formation.  

 

Since RNA-seq alone cannot identify genes directly regulated by TgAP2IX-5, we 

integrated RNA-seq with CUT & Tag datasets. We identified differentially expressed 

genes (both upregulated and downregulated) from the RNA-seq data and compared 

them with genes targeted by TgAP2XII-9 based on CUT & Tag analysis. This 

comparison revealed an overlap of 300 genes (Fig. 5A, Supplementary Table 6). 

Detailed analysis showed that 31% of the upregulated genes and 16% of the 

downregulated genes are directly targeted by TgAP2XII-9, indicating that TgAP2XII-9 

regulates genes mostly expressed during the S and M phases and some expressed 

during the cytokinesis phase (Fig. 5B). Given TgAP2IX-5's role in activating genes 

involved in daughter parasite formation, we examined genes regulated by both 

TgAP2XII-9 and TgAP2IX-5. Out of the 300 genes directly targeted and regulated by 

TgAP2XII-9, only 18 were also targeted by TgAP2IX-5 (Fig. 5C). Nearly all these genes 

are initially activated by TgAP2IX-5 and later repressed by TgAP2XII-9, including 

TgAP2XII-9 itself. These findings suggest that TgAP2XII-9 regulates a distinct set of 

genes and acts downstream of TgAP2IX-5. 

We also looked at genes that are coregulated by TgAP2XI-5 and TgAP2XII-9. We 

overlapped the ChIP-on-chip data of TgAP2XI-5 [27] and identified 80 genes that were 

also bound by TgAP2XI-5 at their promoters (Fig. 5D), in line with previous results 

showing that TgAP2XI-5 binds to promoter of genes preferentially expressed during 

the S and M phase.  

Since TgAP2XII-9 and TgAP2XII-2 share a similar transcriptomic profile and are 

activated by TgAP2IX-5, we investigated whether TgAP2XII-2 also targets the direct 

targets of TgAP2XII-9. To this end, we compared our data with the CUT&Tag data of 
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TgAP2XII-2 [28]. Remarkably, out of the 300 direct targets of TgAP2XII-9, 242 were 

also bound by TgAP2XII-2 at their promoters (Fig. 5E). However, the expression of 

most of these genes did not vary after TgAP2XII-2 depletion [28]. Given that TgAP2XII-

2 is known to interact with the MORC/HDAC3 complex [28], we examined whether 

these 242 genes are also targets of MORC. We compared this data with the ChIP-seq 

data of MORC [29]. Only 25 genes were bound by MORC at their promoters (Fig. 5E), 

and these genes did not belong to any specific gene set. Notably, two AP2 transcription 

factors (AP2Ib-1 and AP2IV-3), involved in bradyzoite-specific gene expression, were 

present. This data indicate that TgAP2XII-2 has a different biological function than 

AP2XII-9 although they bind to similar promoters. 

When examining the 25 genes whose promoter is bound by TgAP2XII-2, TgAP2XII-9 

and MORC, we found that most of them had a peak expression during the M and 

Cytokinesis phases (supplementary Fig. 5A). All these 25 genes were highly 

expressed throughout the sexual stages with their expression peaking at EES5 and 

tissue cysts (Supplementary Fig.5B).  

We also investigated other ApiAP2 TFs potentially regulated by TgAP2XII-9 and found 

that 7 ApiAP2 TFs were bound and regulated by TgAP2XII-9. Of these, four AP2s 

(TgAP2IV-4, TgAP2IX-8, TgAP2IX-9, TgAP2XI-2) were upregulated when TgAP2XII-

9 was depleted, and 2 AP2s (TgAP2IV-3, TgAP2Ib-1) were downregulated. Analysis 

of the cell cycle expression of these AP2s suggests that most peak during the late C 

and early G1 phases, except for TgAP2IV-4, which peaks during the S/M phase along 

with TgAP2XII-9 (Fig. 6A). To investigate the link between TgAP2XII-9 and 

differentiation, we examined the expression profile of upregulated and downregulated 

genes during the parasite life cycle (Fig. 6B). Interestingly, downregulated genes in the 

absence of TgAP2XII-9 are preferentially expressed in tachyzoite but also bradyzoites 

and sexual stages (Fig. 6C), while TgAP2XII-9 depletion induced the overexpression 

of mostly tachyzoite-specific genes (Fig. 6B). These data indicate that AP2XII-9 may 

produce a permissive environment for expression of genes that preferentially 

expressed in bradyzoites and sexual stages. 

Surprisingly, TgAP2XII-9 was enriched at its own promoter (Supplementary Fig.6A), 

and the TgAP2XII-9 transcript was upregulated in the presence of auxin based on 

RNA-seq. These data suggest that TgAP2XII-9 may directly regulate its own transcript 

expression, indicating a possible negative feedback loop.  



 136 

 
Complementation restores TgAP2XII-9 phenotypes observed. 
 

We created a complemented strain (iKD-C TgAP2XII-9) by inserting a myc-tagged 

version of the TgAP2XII-9 gene, driven by its own promoter, into an exogenous locus 

(uprt; Fig. 7A). The expression and localization of the exogenous TgAP2XII-9-myc in 

this strain were confirmed through IFA (Supplementary Fig 6B). We compared the 

percentage of parasites expressing the myc-tagged copy with those expressing the 

endogenous HA-tagged version. About 30% of the asynchronous parasite population 

expressed the myc-tagged gene in the complemented strain, similar to the parental 

iKD TgAP2XII-9 strain (Supplementary Fig. 6C). 

To assess if the iKD TgAP2XII-9 strain phenotype could be rescued by ectopic 

expression of TgAP2XII-9, we measured the percentage of vacuoles with IMC defects 

in the iKD-C TgAP2XII-9 strain both in the absence and presence of auxin 

(Supplementary Fig. 6D). We found very few to no vacuoles with IMC defects, 

indicating that the IMC defect phenotype observed in the iKD TgAP2XII-9 strain was 

due to the lack of TgAP2XII-9 protein. Furthermore, plaque assays showed that the 

parasites could form lysis plaques even in the presence of auxin, similar to their 

behaviour in the absence of auxin (Fig. 7B). These results demonstrate that the 

TgAP2XII-9 protein is responsible for the phenotypes observed. 

 
The AP2 domain of TgAP2XII-9 is crucial for its function. 
 
We investigated the role of the AP2 domain in TgAP2XII-9 function. To this end, we 

used the complementation plasmid previously employed to create the iKD-C 

TgAP2XII-9 strain, and deleted the AP2 domain (Fig. 7A). This complemented strain 

was designated as iKD-C TgAP2XII-9 ΔAP2. The expression and the localization of 

the exogenous copy of iKD-C TgAP2XII-9 ΔAP2 was verified by immunofluorescence 

(Supplementary Fig. 6E). To examine the impact of deleting the AP2 domain, a plaque 

assay was conducted. The monolayer of HFF cells inoculated with iKD-C TgAP2XII-9 

ΔAP2 parasites in the presence of auxin showed little to no lysis plaques, in contrast 

to the presence of lysis plaques in wells infected with iKD-C TgAP2XII-9 parasites (Fig. 

7B and 7C). However, the co-expression of the endogenous TgAP2XII-9 protein and 

the exogenous AP2 deleted copy of the protein seems to have a deleterious effect on 
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parasite growth (Fig. 7C) since the number of lysis plaque was reduced in the iKD-C 

TgAP2XII-9 ΔAP2 strain in absence of auxin.  We then focused on the notable 

phenotype of abnormal IMC defects and recorded the proportion of vacuoles exhibiting 

this phenotype (Fig. 7D). Surprisingly, only a small proportion of vacuoles exhibited the 

phenotype, showing that the TgAP2XII-9 ΔAP2 protein could partially complement the 

phenotype observed (Fig. 7E). Overall, these results indicate that the AP2 domain is 

crucial for the function of TgAP2XII-9 but not for the disordered IMC phenotype 

observed. 

 

DISCUSSION 
 
Proliferation is key to T.gondii pathogenesis in the intermediate hosts. The tachyzoite 

employs a unique, rapid replication method where daughter parasites are formed 

within a single mother cell (endodyogeny). However, how gene expression is regulated 

during this process is only partially understood. 

Our study corroborates the findings of Shi et al. (2024) [30] regarding the essential role 

of TgAP2XII-9. However, since the data generated by Shi et al. is produced after 24-

hour auxin treatment, a direct comparison between the phenotypes observed in their 

study or RNA-seq data is not feasible. By focusing on short auxin treatments (2h or 

6h), our approach aimed to identify the direct, early consequences of TgAP2XII-9 

depletion. When we compared our CUT & Tag data with the corresponding dataset 

from Shi et al., we found a significant overlap, with more than 50% of their identified 

targets also appearing in our data. This overlap reinforces the validity of our findings 

and underscores the critical role of TgAP2XII-9 in the parasite's biology. 

In our study, we have characterized two cell cycle-regulated ApiAP2 TFs (TgAP2XII-9 

and TgAP2III-2) that are predominantly expressed during the S/M phase of the 

tachyzoite cell cycle. While TgAP2III-2 has no measurable impact on the ability of the 

tachyzoite to grow, TgAP2XII-9 depletion resulted in significant defects in daughter bud 

formation and disorganization of the IMC. Both TFs were shown to be regulated by 

TgAP2IX-5 [24] and we hypothesized that they may be important for the continuation 

of the cell cycle. TgAP2IX-5 is a crucial TF regulating the initiation of budding and we 

expected both TgAP2XII-9 and TgAP2III-2 to regulate subsequent steps of the cell 

cycle. Depletion of TgAP2III-2 did not cause a defect in parasite proliferation. In 
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contrast, we show that TgAP2XII-9 is important for the formation of daughter cells but 

does not prevent the initiation of budding and the IMC apical cap formation (Figure 2). 

Instead, TgAP2XII-9 is important for IMC elongation and proper formation of the buds. 

Much like the erythrocytic cycle of Plasmodium [31] the identification of tachyzoite cell 

cycle-regulated expression profiles [26] suggests the presence of a cascade of TFs 

regulating this process.  

This is the first evidence that the tachyzoite cell cycle-regulated expression program is 

controlled by a series of ApiAP2 TFs, cascading to implement the specific expression 

programs at each phase of the tachyzoite cell cycle. TgAP2IX-5 controls the 

expression of TgAP2XII-9 (also TgAP2XII-2 and TgAP2III-2) which in turn establishes 

the crucial expression profiles required for the progression of the cell cycle by 

coordinating the temporal expression of many transcripts.  

TgAP2IX-5 controls genes that are essential for budding initiation, while TgAP2XII-9 

seems important for the subsequent phases of daughter cell construction. When 

examining the genes that are directly controlled by TgAP2XII-9 (genes both present in 

the RNA-seq and CUT&Tag dataset), we noticed that genes encoding for ISP3 and 

Apical Annuli proteins AAP5 and AAMT were downregulated. These proteins are 

expressed after the IMC apical cap deposition and are present at the central IMC sub 

compartment (ISP3) or the apical annuli (AAP5 and AAMT). Interestingly, ISP3 

maternal staining dissipates as daughter parasites form, indicating that ISP3 may be 

synthesized in daughters and degraded in mothers [32]. Our data confirm this 

hypothesis and suggest an active role of TgAP2XII-9 in this process. Apical annuli 

proteins may be inserted in the suture of the IMC plaques and therefore are needed 

once the apical and central IMC plaques are formed [33]. While TgAP2XII-9 seems to 

activate the expression of some IMC proteins, our analysis also detected IMC and 

basal complex genes that were directly repressed by TgAP2XII-9. Notably, the 

expression of transcripts encoding AC1 and IAP2, two apical cap proteins, and BCC3 

and BCC7, two early markers of the basal complex [34,35] are directly repressed by 

AP2XII-9. These data indicate that TgAP2XII-9 seems to exert a dual activity of 

repressing the early budding markers (e.g apical cap and early basal complex 

component) and activating the expression of transcript encoding for proteins needed 

during IMC elongation. Overall, our data indicate that the production and assembly of 

each daughter cell IMC subcompartments correspond to a strictly controlled process 
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that involves the timely expression of IMC encoded transcripts and proteins in different 

temporal waves that are controlled at least by TgAP2IX-5 and TgAP2XII-9. Indeed, it 

has been hypothesized that the apical cap of the IMC is assembled in the apical 

direction while the central and basal compartments are in the basal direction [36]. 

Defects in daughter cell formation have downstream effects on other phenotypes such 

as nuclear segregation. For example, ILP1 overexpression, which predominantly 

localizes to budding daughters, leads to severely deformed cytoskeletons and 

abnormally large nuclei, suggesting a disruption in mitotic coordination similar to the 

phenotype that we see in AP2XII-9 depleted parasites [37]. Interestingly, ILP1 

transcript is overexpressed in AP2XII-9 depleted parasites, recapitulating some of the 

phenotypes we observed. 

Much like daughter cell IMC formation, the de novo production of rhoptries and 

micronemes are tightly regulated. Cell-cycle transcript expression profiles show that 

the temporal expression of rhoptries (early S phase) and micronemes (early M phase) 

are different [34]. Consistent with these gene expression patterns, we showed that 

transcripts encoding rhoptry proteins, which peak prior to TgAP2XII-9 expression are 

repressed by this TF, whereas expression of transcripts encoding microneme proteins 

is activated by TgAP2XII-9. TgAP2XI-5 and TgAP2X-5 were already shown to be 

important in regulating the expression of virulence factor genes, specifically as 

activators of rhoptry-encoded transcripts [16]. Our findings indicate that transcript 

expression profiles linked to the cell cycle, similar to those observed during 

differentiation, must be kept repressed until their expression becomes necessary. This 

regulatory pattern is particularly evident for transcripts encoding rhoptry and 

microneme proteins, which need to be expressed precisely when these organelles are 

formed de novo. Thus, TgAP2XII-9 is positioned as a repressor of a subset of rhoptry 

protein encoded transcripts and an activator of a subset of microneme protein encoded 

transcripts, contrasting with the roles of TgAP2XI-5 and TgAP2X-5, which primarily 

activate transcripts encoding rhoptry proteins. 

Surprisingly, many downregulated genes coded for dense granule proteins, including 

MYR2, MYR3, GRA12B, GRA12D, GRA7, GRA8, GRA37, and GRA49. These GRAs, 

directly or indirectly regulated by TgAP2XII-9, are associated with the parasitophorous 

vacuole (PV) or the intravacuolar network (IVN) [38–42]. Although the expression of 
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GRA proteins is thought to be constitutive, the GRA protein-encoded transcripts that 

are regulated by TgAP2XII-9 seem to be cell-cycle regulated. This indicates that part 

of the PV and IVN formation is dependent on the cell cycle, suggesting a cross-talk 

between the tachyzoite cell cycle and the PV and IVN formation. Whether TgAP2XII-9 

depletion affects the formation and stability of the IVN remains to be explored. 

Upon TgAP2XII-9 depletion, some kinase transcripts were upregulated.  Cyclin-related 

kinases like TgCRK1 and TgCRK6 are significantly dysregulated after TgAP2XII-9 

depletion as suggested by our RNAseq data. Notably, the TgCRK6 promoter is also 

directly bound by TgAP2XII-9 and its transcript expression is being repressed. It is 

interesting to note that TgCRK6 interacts with TgAP2IX-5 and has similar temporal 

expression and localization to that of TgAP2IX-5 [43] It was also speculated that the 

role of TgCRK6 might be to inactivate TgAP2IX-5 just after budding has been initiated 

[43]. If in fact that is the case, TgAP2XII-9 (activated by AP2IX-5) might be repressing 

the gene expression of TgCrk6 when it is no longer needed, for example, after budding 

initiation. Overall, our data show that TgAP2XII-9 is acting as a crucial transcription 

factor at a turning point during the cell cycle when daughter cell buds are formed and 

microneme biogenesis must occur. 

We identified that a majority of the genes that are downregulated in response to 

TgAP2XII-9 knockdown are preferentially expressed in bradyzoites or sexual stages 

compared to tachyzoites (Fig. 6C). This is probably linked to the list of ApiAP2 TFs that 

are dysregulated after TgAP2XII-9 depletion.  Nine AP2 transcription factors are 

significantly upregulated (AP2IV-4, AP2IX-8, AP2XI-2, AP2IX-9, AP2XII-9, AP2IV-2, 

AP2XI-3, AP2XI-4 and AP2III-2) and 4 are significantly downregulated (AP2IV-3, 

AP2Ib-1, AP2IX-3 and AP2IV-1). Of these TgAP2XII-9 binds to the promoters of 

AP2IV-4, AP2IX-8, AP2XI-2, AP2IX-9, AP2XII-9, AP2IV-3, and AP2Ib-1. TgAP2IV-4 

and TgAP2IX-9 are known repressors of bradyzoite-specific genes [44,45], whereas 

TgAP2IV-3, TgAP2Ib-1 and TgAP2XI-4 are activators [46,47]. These data suggest that 

TgAP2XII-9 directly represses the transcripts of other AP2s, such as AP2IV-4 and 

AP2IX-9, which in turn may repress bradyzoite-specific gene expression, while it 

activates the expression of AP2IV-3 and AP2Ib-1, which stimulate the bradyzoite-

specific gene expression. This is reminiscent of the data published on TgAP2IX-5 [24], 

which was shown to activate the expression of AP2IV-4 (a repressor of bradyzoite 

differentiation). These data reinforce the link between the cell cycle and differentiation 
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that was previously shown [48,49] where AP2 TFs important for differentiation are 

expressed at a specific point of the cell cycle (early M phase). At this specific point, by 

controlling the expression of a subset of AP2 TFs, TgAP2XII-9 might create a more 

permissive environment for the bradyzoite expression program and offer a possible 

getaway toward bradyzoite differentiation. In contrast, TgAP2IX-5, which acts to initiate 

budding, promotes the repression of the bradyzoite-specific expression program.  

By the use of different complementation constructs, we examined the role of the AP2 

domain in the function of TgAP2XII-9. As expected, the AP2 domain is critical for the 

essential function of TgAP2XII-9. However, when complementing the iKD strain using 

a construct deleted for the AP2 domain, some of the phenotypes, such as the 

disordered IMC phenotype, were partially complemented. This indicates that 

TgAP2XII-9 may exert some of this function through other parts of the proteins. ApiAP2 

TFs are known to heterodimerize and cooperate to exert their function [16,50]. 

TgAP2XII-9 might therefore interact and cooperate with other proteins to regulate this 

phenotype independently from the presence of the AP2 domain. 

Finally, we observed that TgAP2XII-9 binds to its own promoter and represses it which 

seems to be a typical characteristic of other AP2s. This feature was also shown for 

TgAP2IX-5 [24], TgAP2XI-5 [27], and TgAP2XII-2 [28]. This indicates that negative 

feedback loops are a common regulatory mechanism for these TFs and during the 

tachyzoite cell cycle, adding another layer of complexity to gene regulation in T.gondii.  

In conclusion, we showed that TgAP2XII-9 plays a crucial role as a TF during daughter 

cell formation by activating genes that are required during the process of daughter cell 

IMC elongation and microneme de novo synthesis and repressing the expression of 

genes necessary during budding initiation.  

 

 
 
 
 
 
MATERIALS & METHODS 
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Parasite culture, transfection, and purification 

The tachyzoites from the RH ∆ku80 Tir1 strain of Toxoplasma gondii were grown in 

human foreskin fibroblasts (HFF) under controlled laboratory conditions, using 

Dulbecco’s modified Eagles medium supplemented with 10% fetal calf serum (FCS), 

2 mM glutamine, and 1% penicillin-streptomycin. This particular strain, RH ∆ku80 Tir1, 

is recognized for its rapid proliferation due to the deletion of the ku80 gene, which 

promotes successful homologous recombination and transfection. Moreover, this 

strain produces the Tir1 protein, facilitating the regulated breakdown of labelled 

proteins upon the introduction of auxin to the culture medium. The cultivation process 

occurred in ventilated tissue culture flasks within a HERA cell VLOS 160i CO2 

incubator (Thermo Scientific) maintained at 37 °C and 5% CO2. Transgenes were 

delivered through electroporation utilizing a BTX Harvard apparatus electroporator 

(ECM 630), and stable transformants were identified by growing them in media 

containing specific concentrations of mycophenolic acid (MPA)- 25 µg/ml, xanthine 

(50 µg/ml), pyrimethamine (2 µM), or FUDR (5 µg/ml). Clonal lines were isolated 

through a process of limited dilution. Before extracting total RNA, genomic DNA, or 

protein, intracellular parasites underwent purification via sequential syringe passage, 

first through a 17 gauge and then 26-gauge needles (Terumo AGANI needles) and 

filtration of the parasite through 3-µm polycarbonate membrane filter (Whatman). 

 

Generation of transgenic T.gondii strains 
 
The iKD TgAP2XII-9 strain was developed by utilizing the RH ∆ku80 Tir1 strain, in 

conjunction with a Cas9 plasmid engineered to target the gene's 3’ end post the stop 

codon, and a PCR product containing the HA-AID cassette flanked by homology 

regions. The primer sequences utilized in this experiment are detailed in the 

Supplementary Table 7. To produce the iKD and ΔAP2 complementation line, a 

plasmid containing 3-kb upstream of the predicted ATG of the TgAP2XII-9 gene and 

the full-length or AP2 domain-deleted c-myc-tagged TgAP2XII-9 gene flanked by 2 kb 

homology fragments for the uprt gene was co-transfected with the pSAG1::Cas9-

U6::sgUPRT plasmid in the iKD TgAP2XII-9 strain to ensure insertion into the UPRT 

locus. The parasites were then selected using 5 µM 5-fluoro-2’-deoxyruridine (FUDR). 
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To produce the double mutant strain, specifically a clean knockout of the TgAP2III-2 

gene in the inducible knockdown (iKD) TgAP2XII-9 background, two gRNAs were 

designed to target the 5’ and 3’ ends of the TgAPIII-2 gene. This strategy facilitated 

the insertion of a DHFR selection cassette flanked by 35 base pair (bp) homology 

regions at both the 5’ and 3’ ends. The procedure involved transfecting the iKD 

TgAP2XII-9 parasite with two Cas9 plasmids, each targeting one end of the TgAPIII-2 

gene. 

Growth Assays 

To assess growth, we introduced 8 x 10^4 parasites of both parental Tir1 and iKD 

AP2XII-9 mutant strains onto HFF cell monolayers cultivated on coverslips in a 24-well 

plate. This setup was maintained for 24 hours under conditions with and without 0.5mM 

auxin (AID/indoleacetic acid) in the medium. The purpose of incorporating auxin was 

to trigger the degradation of TgAP2XII-9 protein. Following 24-hour duration, infected 

coverslips were treated with 4% paraformaldehyde (PFA) for fixation. The fixed 

parasites were then subjected to staining using anti-TgEno2 to visualize parasite nuclei 

and anti-TgIMC1 antibodies to visualize the Inner Membrane Complex (IMC). The 

quantification involved counting the number of parasites per vacuole, with 100-200 

vacuoles analyzed per biological replicate. Each growth assay experiment comprised 

three biological replicates. 

Plaque Assay 

Plaque assays were conducted by inoculating either 500 parasites of the Parental Tir1 

strain or the iKD TgAP2XII-9/ TgAP2III-2 or the Double Mutant strain onto a monolayer 

of HFF cells cultivated in a 6-well plate, with the choice of normal media or media 

supplemented with 0.5mM auxin. The parasites were allowed to proliferate for 7 days 

before fixation with 100% ethanol. Plaques were visualized by staining with Crystal 

Violet. To assess plaque size under each experimental condition, an Excel macro was 

utilized for quantification. 

 

Organelle labelling 
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The Parental Tir1 and iKD TgAP2XII-9, TgAP2III-2 parasites were cultured on HFF cell 

monolayers on coverslips within 24-well plates. They were grown in both regular media 

and media supplemented with auxin for either overnight or 6 hours. Subsequently, the 

parasites were fixed using 4% PFA and stained with antibodies. The nucleus was 

marked using anti-TgEno2, and the count of nuclei per parasite was conducted. For 

the labeling of the Inner Membrane Complex, both the parental and iKD TgAP2XII-9 

strains were allowed to grow on HFF cells for 18-20 hours, followed by a 6- or 18-hour 

treatment with auxin. Intracellular parasites were then labelled using anti-TgISP1 and 

anti-TgIMC1 antibodies. The components of the centrosome were labelled after 

overnight growth of both the parental and iKD TgAP2XII-9 strains, followed by a 6-hour 

auxin treatment, using anti-TgCentrin1 and anti-TgChromo1 antibodies. Golgi and 

plastid labelling were performed after overnight growth of both the parental and iKD 

TgAP2XII-9 strains in auxin-containing media, using anti-TgSortilin and anti-TgACP 

antibodies, respectively. 

Immunofluorescence assays (IFA) 

Immunofluorescence experiments were conducted following the fixation of intracellular 

parasites cultivated on coverslips using 4% PFA for 30 minutes. Subsequently, the 

coverslips were washed three times with 1X PBS buffer. Permeabilization was 

achieved by incubating the samples for 30 minutes in a buffer composed of 1X PBS, 

0.1% Triton 100X, 0.1% glycine, and 5% FBS. Following permeabilization, primary 

antibody incubation was performed for 1 hour, with the antibodies diluted in the same 

buffer used for permeabilization. Afterward, the coverslips containing the fixed 

intracellular parasites were washed three times with 1X PBS and incubated for 1 hour 

with DAPI and secondary antibodies conjugated to either Alexa-594 or Alexa-488. 

Following another three washes with 1X PBS buffer, the coverslips were mounted onto 

microscope slides using Moviol. Primary antibodies used included anti-TgIMC1 (a gift 

from Prof. Ward, University of Vermont), anti-TgEno2, anti-TgISP1, anti-TgCentrin1 (a 

gift from Prof. Gubbels, College of Boston), anti-TgACP (a gift from Pr. Striepen, U. 

Penn), anti-TgSortilin, and anti-HA (Sigma Aldrich), anti-myc (abcam), anti-TgIMC3(a 

gift from Prof. Gubbels, College of Boston) were used at the following dilutions: 1:500, 

1:1000, 1:500, 1:500, 1:500, 1:500, 1:1000, 1:200 and 1:2000 respectively. Signal 

visualization involved manually counting 100-300 parasites for each replicate, with a 
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total of three replicates carried out for each experiment. Immunofluorescence assay 

experiments were visualized using the ZEISS LSM880 confocal microscope at 63X 

magnification, and image processing was conducted using CARL Zeiss Zen software. 

Ultrastructure Expansion Microscopy (ExM) Procedure 

Coverslips with HFF monolayers were inoculated with the iKD TgAP2XII-9 strain. The 

iKD strain was cultured either in normal media or media treated with auxin for 6 hours. 

Subsequently, cells were fixed with 4% paraformaldehyde (PFA) and prepared for 

ultrastructure expansion microscopy (U-ExM) following previously described protocol 

[51]. Briefly, the coverslips were incubated for 5 hours in a 2× 1.4% acrylamide (AA)/2% 

formaldehyde (FA) mix at 37°C. Gelation was performed by incubating in a solution 

containing ammonium persulfate (APS), tetramethylethylenediamine (TEMED), and a 

monomer mixture (19% sodium acrylate, 10% AA, and 0.1% bis-acrylamide in 10× 

PBS) for 1 hour at 37°C. The gels were then denatured at 95°C for 1.5 hours. Following 

denaturation, gels were incubated in double-distilled H2O (ddH2O) overnight to allow 

for expansion. The next day, gels were washed three times in PBS (10 minutes each) 

before incubation with primary antibodies for 3 hours at 37°C. After primary antibody 

incubation, gels were washed three times in PBS-Tween 0.1%, followed by incubation 

with secondary antibodies for 3 hours at 37°C. The gels were washed again three times 

in PBS-Tween 0.1% and then incubated in ddH2O for a second round of expansion 

before imaging. Confocal imaging was conducted using a ZEISS LSM880 Confocal 

Microscope at 63x magnification. Primary antibodies used were anti-TgIMC3 (a gift 

from Prof. Gubbels, Boston College) at a dilution of 1:1000, and acetylated α-tubulin 

(Santa Cruz Biotechnology) at a dilution of 1:200. 

RNA sample preparation and extraction 

RNA samples were prepared by infecting HFF cell monolayers in T175 flasks with iKD 

TgAP2XII-9 parasites for 24 hours, followed by a 2 or 6-hour treatment with auxin 

before collecting the samples and adding Trizol (Invitrogen). Control samples were 

cultured in regular media. RNA extraction was conducted according to the 

manufacturer's instructions, followed by removal of genomic DNA and purification 

using the RNase-free DNase I Amplification Grade Kit (Sigma). The quality of all RNA 

samples was assessed using an Agilent 2100 Bioanalyzer, with only samples having 

an integrity score of 8 or higher included in the RNA library preparation. 5 biological 
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replicates were generated for Auxin treated conditions and 3 biological replicates were 

generated for control conditions. 

RNA Library Preparation and Validation 

RNA libraries were prepared using the TruSeq Stranded mRNA Sample Preparation 

Kit (Illumina), following the manufacturer’s protocol. Validation of the libraries was 

performed using DNA high-sensitivity chips on an Agilent 2100 Bioanalyzer. 

Quantification of the libraries was conducted using quantitative PCR (12K 

QuantStudio). 

 

RNA-sequencing analysis 

Bcl2fastq 2.17 (Illumina) was utilized for demultiplexing. The quality of the dataset was 

assessed using FastQC v0.11.8-0, while adapter treatment for sequencing was 

performed using Cutadapt v1.18. Trimmomatic v0.39 was employed to filter out reads 

shorter than 30 bp and those with low-quality bases. Following data cleaning, 

alignment against the T.gondii ME49 genome from ToxoDB was carried out using 

HiSAT2 v2.2.1. Gene expression quantification was performed on annotated genes 

using htseq-count from the HTseq suite v1.99.2. Differential gene expression analysis 

was conducted using DeSeq2 v1.22.1, with P-values adjusted using the Benjamin-

Hochberg method. Gene expression exhibiting a fold change >2 or < -2 and an 

adjusted P value < 0.01 was deemed significantly differentially expressed. 

Western Blotting 

Western blot analysis was conducted by cultivating 2x10^6 parasites of the iKD 

TgAP2XII-9 strain in regular media overnight, followed by the addition of auxin for 

durations of 30 minutes, 1, 2, and 6 hours. Control samples were left to grow in normal 

media. Parasite samples were harvested by filtration and subsequent centrifugation. 

The resulting pellet was re-suspended in a loading buffer composed of 240 mM Tris-

HCl pH 6.8, 8% SDS, 40% sucrose, 0.04% bromophenol blue, and 400 mM DTT. This 

was followed by denaturation through incubation of the parasite samples at 95°C for 

10 minutes. Protein extracts were separated by electrophoresis on an 8% 

polyacrylamide gel and then transferred onto a nitrocellulose membrane (GE 
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Healthcare) for 90 minutes at 100V. To block the membrane, a blocking buffer 

containing 5% milk in TBS buffer comprising 100 mM Tris pH 8, 150 mM NaCl, and 

0.1% Tween was employed. The Western blot membranes were then subjected to 

incubation with primary antibodies for 1 hour, followed by four washes and an 

additional hour of incubation with secondary antibodies. Super Signal West Femto 

Maximum Sensitivity Substrate (Thermo Scientific) was utilized to visualize protein 

bands, with ChemiDocTM XRS+ (Biorad) employed for band visualization. The 

antibodies used included anti-HA, anti-Ty, anti-Myc, and anti-TgMIC3, each at a 

dilution of 1:1000, 1:500, 1:500, and 1:400, respectively. The secondary antibody 

utilized was species-specific and conjugated to HRP. 

Cleavage under targets and tagmentation (CUT & Tag) 

CUT&Tag was employed to identify the genomic localization of TgAP2XII-9. For each 

sample, intracellular parasites cultured for 24 hours were harvested from a T-175 flask, 

lysed using a syringe, filtered through a 3 μm filter, and quantified. A total of 20 million 

(2 × 10^7) parasites were centrifuged at 2,000 × g for 10 minutes, and the resulting 

pellets were directly processed using the CUT&Tag-IT Assay Kit (Active Motif 53160). 

Indexed libraries for each sample were evaluated using Agilent Bioanalyzer, pooled, 

and sequenced on a NovaSeq6000 to generate paired-end reads. The reads were 

demultiplexed using bcl2fastq version 2.20.0 and processed with cutadapt v3.4 to 

eliminate sequencing adapters from the 3' end of reads, discarding any reads with less 

than 30 base pairs. The remaining reads were aligned to version 64 of the Toxoplasma 

gondii ME49 reference obtained from ToxoDB using HISAT2 v2.2.1. For each sample, 

peaks were called using the callpeak command within MACS2. Overlapped peaks 

across the three biological replicates were determined using the bedtools overlap 

function. Peak annotation was conducted with CHIPSeeker (an R package) employing 

a 2-kb cutoff distance, and the peaks were finally annotated against version 64 of the 

T.gondii reference genome in ToxoDB. 
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Figure 1: TgAP2XII-9 and TgAP2III-2 are cell-cycle regulated and expressed 
during the S/M phase. TgAP2XII-9 is essential for growth and proliferation in vitro 
(A, B) Western blot analysis of total protein extracts from parental and iKD 
TgAP2XII-9 and TgAP2III-2 strains treated with Auxin for varying durations. The 
blots were probed with anti-HA to detect TgAP2XII-9 and TgAP2III-2 protein levels 

(upper panel) and with anti-TgSortilin as a normalization control (lower panel), 

validating the AID system. (C, D) Cell cycle expression of TgAP2III-2 and AP2XII-9 as 
realized by IFA using anti-HA antibody and cell cycle markers TgCentrin1 and TgIMC1. 

Scale bar =3 µm (E) Growth assay for parental and iKD TgAP2XII-9 strains with 
and without 24-hour auxin treatment. Statistical analysis was performed using a 
two-tailed Student’s t-test, with significance indicated by ***p < 0.001, *p<0.05, Data 

are presented as mean ± s.d. (n = 3). (F) Plaque assay depicting proliferation and 
growth of Parental and iKD AP2XII-9 strains with and without auxin for 7 days. (G) 
Quantification of the no.of lysis plaques for parental and iKD TgAP2XII-9 strains. 

Statistical analysis was performed using a two-tailed Student’s t-test, with significance 

indicated by **p < 0.01, *p<0.05, Data are presented as mean ± s.d. (n = 3). 
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Figure 2: TgAP2XII-9 is crucial for the proper formation of daughter parasites (A) 
Defects in the IMC formation or organization observed after 6 hours Auxin treatment 

as realized by IFA and confocal imaging with TgIMC1 and TgENO2; Scale bar=5µm 

(B) Quantification of the IMC defect phenotype between the parental and iKD 
TgAP2XII-9 strains on 6hrs of auxin treatment. Statistical analysis was performed 

using a two-tailed Student’s t-test, with significance indicated by ***p < 0.001, data are 

presented as mean ± s.d. (n = 3) (C) IFA and confocal imaging depicting the budding 
of iKD TgAP2XII-9 parasites and accumulation of multiple nuclei after the addition of 

Auxin using anti-TgIMC1 and anti-TgENO2 antibodies; scale bar = 2µm (D)(i) 
Quantification of percentage of vacuoles undergoing budding after 6hrs auxin 

treatment. Statistical analysis was performed using a two-tailed Student’s t-test, with 

significance indicated by **p < 0.01, data are presented as mean ± s.d. (n = 3). (D)(ii) 
Quantification of percentage of vacuoles having multiple nuclei. Statistical analysis was 

performed using a two-tailed Student’s t-test, with significance indicated by **p < 0.01, 

data are presented as mean ± s.d. (n = 3), N represents nuclei and P is parasites. (E) 
IFA and confocal imaging depicting the budding of parasites labelled by TgIMC3 and 

TgISP1; scale bar = 3 µm. (F) (i) Quantification of budding vacuoles using anti-TgIMC3 
after 6hrs of Auxin treatment, Statistical analysis was performed using a two-tailed 

Student’s t-test, with significance indicated by **p < 0.01, *p<0.05, data are presented 

as mean ± s.d. (n = 3). (F) (ii) Quantification of budding vacuoles using anti-TgISP1 
after 6hrs of Auxin treatment, a two tailed Student’s Statistical analysis was performed 

using a two-tailed Student’s T-test, with significance indicated by ns>0.05, data are 

presented as mean ± s.d. (n = 3). (F) (iii) Quantification of budding vacuoles using anti-
TgISP1 after 18hrs of Auxin treatment, a two tailed Student’s Statistical analysis was 

performed using a two-tailed Student’s t-test, with significance indicated by ns>0.05, 

**p < 0.01 data are presented as mean ± s.d. (n = 3). (G) Expansion microscopy 
depicting defects in the IMC (circled) and deformations in the cytoskeleton (panel (iv)). 

The parasite IMC (IMC3, red) and cytoskeleton (acetylated tubulin, green) were 

labelled as well as the nucleus by DAPI (blue). Parasite without nucleus(panel(iii)) and 

a parasite bearing multiple nuclei(panel(iii)) are indicated by white arrows. Scale bar = 

5 µm 
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Figure 3: TgAP2XII-9 regulates the expression of various cell cycle-regulated 
genes. (A) Volcano plot of differentially expressed genes from RNA-sequencing 
analysis of TgAP2XII-9 parasites treated with auxin for 2 hours. (B) Volcano plot of 
differentially expressed genes from RNA-sequencing analysis of TgAP2XII-9 parasites 

treated with auxin for 6 hours. (C) Venn diagram showing the overlap of upregulated 
genes from 2h and 6h RNA-Seq data. (D) Venn diagram showing the overlap of 
downregulated genes from 2h and 6h RNA-Seq data. (E) Pie chart showing the 
percentage and localisation of upregulated transcripts from RNA-Seq data. (F) 
Heatmap showing the cell cycle expression of Rhoptry, IMC and Apical complex 

proteins encoding upregulated transcripts peaking simultaneously with TgAP2XII-9 

expression (denoted in a box). The phases of the cell cycle are depicted at the bottom. 

(G) Pie chart showing the percentage and localisation of downregulated transcripts 
from RNA-Seq data. (H) Heatmap showing the cell cycle expression of micronemes 
and Dense granule proteins encoding downregulated transcripts. Expression of 

TgAP2XII-9 is denoted. The phases of the cell cycle are depicted at the bottom. 
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Figure 4: TgAP2XII-9 is enriched at the promoters of important T.gondii genes 
(A) (i) Pie chart showing the percentage of peaks (from 3 replicates) annotated in the 
different regions in the iKD TgAP2XII-9-HA strain. (A) (ii) Pie chart showing the 
percentage of peaks annotated in the different regions in the Parental Tir1 strain. (B) 
Density graphs and Heatmaps of the parental and TgAP2XII-9-HA (3 replicates) peaks 

located -2kb and +2kb from TSS. (C) Heatmap of cell cycle expression of all the genes 
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that are bound by TgAP2XII-9 at their promoter. (D) CUT & Tag representing the direct 
targeting of TgAP2XII-9 to the promoters of TgISP3, TgIMC42 (i), TgRON5, 
TgRON8(ii), TgMIC3, TgMIC9(iii). Peak tracks for the 3 replicates of TgAP2XII-9-HA 
along with parental Tir1 are shown. 
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Figure 5: TgAP2XII-9 directly regulates key genes involved in the daughter 
parasite formation. (A) Venn diagram showing the overlap of genes from 2h RNA-
Seq, 6h RNA-Seq and CUT & Tag data. (B) Heatmap of cell cycle expression of genes 
directly regulated and targeted by TgAP2XII-9. (C) Venn diagram indicating that 
majority of genes targeted by TgAP2XII-9 are different to that targeted by TgAP2IX-5. 

(D) Venn diagram indicating that majority of genes targeted by TgAP2XII-9 are different 
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to that targeted by TgAP2XI-5. (E) Venn diagram indicating the overlap of genes bound 
by both TgAP2XII-9 and TgAP2XII-2 and direct targets of MORC. 

  



 190 

 

Figure 6: TgAP2XII-9 directly regulates other AP2 transcription factors and might 
provide a conducive environment for the expression of genes preferentially 
expressed in bradyzoites. (A) Heatmap of cell cycle expression of the AP2 TFs 
directly regulated by TgAP2XII-9. (B) Heatmap of expression of upregulated transcripts 
through the tachyzoite, bradyzoite and sexual stages. Most of the overexpressed 

transcripts upon TgAP2XII-9 depletion are preferentially expressed at the tachyzoite 

stage of the parasite (C) Heatmap of expression of downregulated transcripts through 
the tachyzoite, bradyzoite and sexual stages. Many of the downregulated transcripts 

upon TgAP2XII-9 depletion are preferentially expressed at bradyzoite and throughout 
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the sexual stages especially during EES5. EES stands for enteroepithelial 

developmental stages. 
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Figure 7: TgAP2XII-9 is responsible for the phenotypes observed and the AP2 
domain is crucial for its function. (A) Schematic representation of the iKD TgAP2XII-
9 complementation strategy. The UPRT locus was targeted for the insertion of 

exogenous myc-tagged TgAP2XII-9/TgAP2XII-9DAP2, driven by its native promoter, 

to generate the complemented TgAP2XII-9 iKD strain. (B) Plaque assay showing the 
proliferation of the iKD-C TgAP2XII-9 and iKD-C TgAP2XII-9DAP2 strains in the 

presence and the absence of Auxin. (C) Quantification of the number of plaques in the 
iKD-C TgAP2XII-9 and iKD-C TgAP2XII-9DAP2 strains. Statistical analysis was 
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performed using a two-tailed Student’s t-test, with significance indicated by 

****p<0.0001, ***p < 0.001, *p<0.05. Data are presented as mean ± s.d. (n = 3). (D)  
IFA and confocal imaging illustrate the IMC defect phenotype seen by using TgIMC3 

and TgISP1 in the iKD TgAP2XII-9 and iKD-C TgAP2XII-9DAP2 in presence of Auxin 

but not in the iKD-C TgAP2XII-9, scale bar = 3 µm. (E) Quantification of the IMC defect 
phenotype using TgIMC3 between iKD TgAP2XII-9, iKD-C TgAP2XII-9 and iKD-C 

TgAP2XII-9DAP2 strains. Statistical analysis was performed using a two-tailed 

Student’s t-test, with significance indicated by *p<0.05, **p<0.01, ***p < 0.001, Data 

are presented as mean ± s.d. (n = 3).  
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Supplementary Figure 1: iKD TgAP2XII-9 and iKD TgAP2III-2 mutant 
construction and TgAP2III-2 is dispensable for parasite proliferation in vitro. 
(A) Illustration of strategy used to construct the iKD mutants of TgAP2XII-9 and 
TgAP2III-2. A CRISPR/Cas9-assisted homologous recombination was used to 

generate the iKD strains, in which the endogenous TgAP2XII-9 and tgAP2III-2 is 

tagged with an AID domain, HA tag and HXGPRT selection cassette. (B) PCR 
verification of the integration of the HXGPRT-HA-AID cassette at the correct genomic 

locus of the iKD TgAP2XII-9 (i) and TgAP2III-2 (ii) mutant. A band corresponding to 
2776bp and 2045bp  using iKD TgAP2XII-9 and iKD TgAP2III-2 genomic DNA 

respectively, confirms cassette integration, compared to the absence of this band 

using Tir1(WT)genomic DNA. A positive control was used to confirm the presence of 

the genomic DNA. (C)(i) Plaque assay depicting the proliferation and growth of the 
iKD AP2III-2 and Parental strains in presence and absence of Auxin. (C)(ii) 
Quantification of the number of lysis plaques in the iKD TgAP2III-2 and parental 

strain reveals the non-essentiality of TgAP2III-2. Statistical analysis was performed 

using a two-tailed Student’s t-test, with significance indicated by ns>0.05. Data are 

presented as mean ± s.d. (n = 3). 
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Supplementary Figure 2: Plastid and Golgi segregation in the iKD AP2XII-9 
throughout the tachyzoite stage. (A) IFA and confocal imaging depicting iKD 
TgAP2XII-9 parasites labelled plastid (red) and Golgi (green) in the presence and 

absence of overnight Auxin treatment. The IFA revealed no segregation defects in 

Golgi and plastid. (B)(i) Bar graph representing the ratio of Golgi: nucleus using the 
parental and iKD TgAP2XII-9 strains in the absence and presence of overnight auxin 

treatment. A Student’s t-test was performed, significance denoted by ns>0.05; 

mean ± s.d. (n = 3). (B)(ii) Bar graph representing the ratio of Plastid: nucleus using 
the parental and iKD TgAP2XII-9 strains in the absence and presence of overnight 

auxin treatment. A Student’s t-test was performed, significance denoted by ns>0.05; 

mean ± s.d. (n = 3) 
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Supplementary Figure 3: TgAP2XII-9 and TgAP2III-2 have no combinatorial effect 
on the parasite biology in vitro. (A) (i) Plaque assay depicting the proliferation of the 
double mutant in presence and absence of auxin. (A)(ii) Quantification of the number 
of plaques in the iKD TgAP2XII-9 and Double mutant strains. A two tailed Student’s t-

test was performed, significance denoted by *p<0.05, **p<0.01, ****p<0.0001; 
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mean ± s.d. (n = 3). (B) Growth assay for parental and iKD TgAP2XII-9, iKD 
TgAP2III-2 and the Double mutant strains with and without 24-hour auxin 
treatment. Statistical analysis was performed using a two-tailed Student’s t-test, with 
significance indicated by *p<0.05, ns>0.05. Data are presented as mean ± s.d. (n = 3). 

(C) IFA and confocal imaging illustrating the multiple nuclei and IMC defect phenotype 
labelled by TgIMC3(red) and TgENO2(green) in the Double mutant strain in presence 

and absence of auxin, scale bar = 5 µm. (D) Quantification of the multiple nuclei 
phenotype in the parental and iKD TgAP2XII-9, iKD TgAP2III-2 and the Double 
mutant strains with and without overnight auxin treatment. Statistical analysis was 
performed using a two-tailed Student’s t-test, with significance indicated by ns>0.05. 

Data are presented as mean ± s.d. (n = 3). (E) Quantification of the IMC defect 
phenotype in the parental and iKD TgAP2XII-9 and the Double mutant strains after 
6 hrs. auxin treatment. Statistical analysis was performed using a two-tailed Student’s 
t-test, with significance indicated by ****p<0.0001, ns>0.05. Data are presented as 

mean ± s.d. (n = 3). 
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Supplementary Figure 4: TgAP2XII-9 regulates key genes important for daughter 
parasite formation. (A) Heatmap showing the cell cycle expression all the 
upregulated transcripts upon the depletion of TgAP2XII-9. Majority if the upregulated 

transcripts show peak expression across the cell cycle. (B) Heatmap showing the cell 

cycle expression all the downregulated transcripts upon the depletion of TgAP2XII-9. 

Majority if the downregulated transcripts show peak expression during the late S, M,C 

and G1 phases of the cell cycle. 
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Supplementary Figure 5: TgAP2XII-9 has a different biological role from 
TgAP2XII-2 and MORC. (A) Cell cycle expression of the 25 genes that are directly 
regulated and targeted by MORC and TgAP2XII-9 and bound by TgAP2XII-2 at their 

promoters. Most of them show basal level of expression throughout the cell cycle, while 

some of them show expression peaks during the M, C and the G1 phase. (B) Heatmap 
of the 25 genes during the different life stages of the parasite show that these genes 

are preferentially expressed in the bradyzoite and sexual stages of the life cycle. 
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Supplementary Figure 6: Complementation of the iKD TgAP2XII-9 demonstrate 
that the TgAP2XII-9 protein is responsible for the phenotypes observed in the 
mutant and the AP2 domain is crucial for its function. (A) CUT & Tag tracks of 3 
replicates of TgAP2XII-9-HA and Tir1 strains showing the targeting of TgAP2XII-9 to 

its own promoter suggesting a negative feedback loop. (B) IFA and confocal imaging 
illustrating the localisation of the complemented TgAP2XII-9 to the nucleus in presence 

of auxin when the native TgAP2XII-9-HA is depleted. Endogenous TgAP2XII-9 tagged 

with HA is represented in red while exogenous TgAP2XII-9 tagged with myc is 

represented in green. Scale bar = 5 µm. (C) Bar graph representing the expression of 
TgAP2XII-9 using anti-HA and anti-myc antibodies in the complemented strain. mean 

± s.d. (n=3 independent experiments).  (D) Quantification of the IMC defect phenotype 
in the iKD-C TgAP2XII-9 and iKD TgAP2XII-9 strains. Statistical analysis was 



 202 

performed using a two-tailed Student’s t-test, with significance indicated ns>0.05. Data 

are presented as mean ± s.d. (n = 3). (E) IFA and confocal imaging illustrating the 
localisation of the complemented TgAP2XII-9 to the nucleus in presence of auxin when 

the native TgAP2XII-9-HA is depleted. Endogenous TgAP2XII-9 tagged with HA is 

represented in red while exogenous TgAP2XII-9 tagged with myc is represented in 

green. Scale bar = 5 µm. (D) IFA and confocal imaging illustrating the localisation of 

the complemented TgAP2XII-9DAP2 to the nucleus in presence of auxin when the 

native TgAP2XII-9-HA is depleted. Endogenous TgAP2XII-9 tagged with HA is 

represented in red while exogenous TgAP2XII-9DAP2 tagged with myc is represented 

in green. Scale bar = 3 µm 
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3.2. Complementary Results 
 
3.2.1. Functional Characterization of TgAP2III-2 

To investigate the role of TgAP2III-2, growth assays were performed using both 

wildtype (Tir1) parasites and iKD mutants for TgAP2III-2. Parasites were allowed to 

grow for 24 hours, after which the number of parasites per vacuole was quantified. The 

results showed no significant differences in the growth rates between the wildtype and 

iKD TgAP2III-2 mutants, indicating that depletion of TgAP2III-2 does not lead to an 

apparent growth defect (Figure 24A). 

Additionally, budding assays were conducted to assess the potential role of TgAP2III-

2 in parasite replication. The percentage of budding parasites in both wildtype and iKD 

TgAP2III-2 mutants, with (18hrs) or without auxin-induced depletion, remained 

comparable. These findings suggest that TgAP2III-2 is not essential for the budding 

process in T. gondii. (Figure 24 B). 

Furthermore, no defects were observed in nuclear segregation, as iKD TgAP2III-2 

mutants did not exhibit the accumulation of multiple nuclei even after 24 hrs of Auxin 

treatment, a phenotype previously noted in iKD TgAP2XII-9 mutants. This suggests 

that, unlike TgAP2XII-9, TgAP2III-2 does not play a critical role in the regulation of 

nuclear division (Figure 24 C(i) and (ii)).  

 

Further investigations were carried out to examine the role of TgAP2III-2 in organelle 

inheritance. The Golgi complex and plastid were labelled in both wildtype and iKD 

parasites (Figure 24 D(i)), and the Golgi-to-nucleus and plastid-to-nucleus ratios were 

calculated after overnight (~18hrs) auxin treatment (Figure 24 D(ii) and (iii)). No 

significant differences were found in these ratios between the presence and absence 

of auxin, as expected, given that TgAP2III-2 expression peaks after both organelle 

divisions. 
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Figure 21 – TgAP2III-2 Is not essential for the proliferation nd formation of 
daughter cells. (A) Growth assay for parental and iKD TgAP2III-2 strains with and without 24-
hour auxin treatment. Statistical analysis was performed using a two-tailed Student’s t-test, there 
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was no significance observed. Data are presented as mean ± s.d. (n = 3). (B) Quantification of 
percentage of vacuoles undergoing budding after 18hrs auxin treatment. Statistical analysis was 
performed using a two-tailed Student’s t-test, with significance indicated by ns – not significant, 

data are presented as mean ± s.d. (n = 3). (C)(i) IFA and confocal imaging of iKD TgAP2III-2 
parasites undergoing budding with and without auxin.Scale bare is indicated at the bottom right 

corner of each image. (C) (iii) Quantification of percentage of vacuoles having multiple nuclei. 
Statistical analysis was performed using a two-tailed Student’s t-test, there was no significance 
observed, data are presented as mean ± s.d. (n = 3), N represents nuclei and P is parasites. (D)(i) 
IFA and confocal imaging depicting iKD III-2 parasites labelled plastid (red) and Golgi (green) in 
the presence and absence of overnight Auxin treatment. The IFA revealed no segregation defects 

in Golgi and plastid. (D)(ii) Bar graph representing the ratio of Golgi: nucleus using the parental 
and iKD TgAP2III-2 strains in the absence and presence of overnight auxin treatment. A 

Student’s t-test was performed, significance denoted by ns>0.05; mean ± s.d. (n = 3). (B)(iii) Bar 
graph representing the ratio of Plastid: nucleus using the parental and iKD TgAP2XII-9 strains in 

the absence and presence of overnight auxin treatment. A Student’s t-test was performed, 
significance denoted by ns>0.05; mean ± s.d. (n = 3) 

 

3.2.2. The Depletion of TgAP2III-2 Does Not Significantly Impact the Overall 
Transcriptomic Profile 
 
Given the potential role of TgAP2III-2 as a transcription factor, we conducted RNA 

sequencing analysis to identify its regulated genes. The sequencing was performed 6 

hours post-depletion, coinciding with the completion of one tachyzoite cell cycle. Data 

analysis, using DESeq2 with an adjusted p-value cutoff of 0.05 and a minimum fold 

change of 2, revealed no significant transcriptomic alterations in the inducible 

knockdown (iKD) TgAP2III-2 mutant. Only 67 genes were differentially expressed 

(DEGs), with a modest log2 fold change ranging between -0.4 and 1.2. 

Of the 67 DEGs, 64 were downregulated, while only 3 were upregulated. Notably, 16 

of the downregulated genes encoded proteins localized to the dense granules. These 

downregulated genes did not exhibit a strong correlation with cell cycle regulation; most 

had low expression levels throughout the cell cycle, with a subset showing consistent 

expression across various phases (Figure 22A). The 3 upregulated genes, however, 

peaked in expression during the M, C, and G1 phases (Figure 22B). 

We also examined the expression of these downregulated genes across different 

stages of the T.gondii life cycle following TgAP2III-2 depletion. Interestingly, only a few 
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genes were highly expressed throughout all stages, while the majority exhibited 

minimal expression across the life stages (Figure 22C). 

 

 

 

 

 

 

 

 

 

 

 

Figure 22 – Deletion of TgAP2III-2 does not cause changes in the transcriptome. 
(A) Heat map depicting the cell cycle expression of down regulated genes after depletion of 
TgAP2III-2. Phases are indicated at the bottom. (B) Graph showing the cell cycle expression of 
genes upregulated after TgAP2III-2 depletion. (C) Heatmap showing the expression of 
downregulated genes at various life cycle stages. 
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3.2.3. Genome-wide Binding of TgAP2III-2 Revealed by CUT&Tag 

CUT&Tag analysis was performed to investigate the genome-wide binding profile of 

AP2III-2 in Toxoplasma gondii. The results revealed that AP2III-2 binds to the 

promoters of numerous genes, with a striking enrichment at ribosomal RNA (rRNA) 

gene promoters (For example, Figure 23B). Approximately 74.5% of the identified 
binding sites were associated with rRNA genes (Table 2), indicating a potential role for 

AP2III-2 in regulating ribosome biogenesis. 

Gene ID Product Description Gene ID Product Description 
TGME49_220170 hypothetical protein TGME49_457940 18S ribosomal RNA 
TGME49_220740 hypothetical protein TGME49_457950 5.8S ribosomal RNA 

TGME49_221350 
Ctr copper transporter family 
protein TGME49_458000 5.8S ribosomal RNA 

TGME49_224180 hypothetical protein TGME49_458010 28S ribosomal RNA 
TGME49_228160 acid phosphatase TGME49_458030 28S ribosomal RNA 
TGME49_233460 SAG-related sequence SRS29B TGME49_458040 28S ribosomal RNA 

TGME49_237140 
ethylene inducible protein, 
putative TGME49_458100 18S ribosomal RNA 

TGME49_239300 
intra-conoid microtubule 
associated protein ICMAP1 TGME49_458140 5.8S ribosomal RNA 

TGME49_248450 
zinc finger, C3HC4 type (RING 
finger) domain-containing protein TGME49_458320 18S ribosomal RNA 

TGME49_249900 adenine nucleotide translocator TGME49_458330 5.8S ribosomal RNA 

TGME49_255060 

cytochrome b(N-
terminal)/b6/petB subfamily 
protein TGME49_458420 28S ribosomal RNA 

TGME49_264420 lipoprotein, putative TGME49_458490 5.8S ribosomal RNA 
TGME49_286050 apicoplast TIC22 protein TGME49_458500 28S ribosomal RNA 
TGME49_300340 CAF1 family ribonuclease TGME49_458530 28S ribosomal RNA 
TGME49_300618 ribosomal protein S19 TGME49_458540 28S ribosomal RNA 
TGME49_300690 RNA polymerase C2, putative TGME49_458650 18S ribosomal RNA 
TGME49_302009 ORF B TGME49_458670 28S ribosomal RNA 
TGME49_302057 ribosomal protein S7 TGME49_458760 18S ribosomal RNA 

TGME49_302060 
elongation factor tu, apicoplast, 
putative TGME49_458800 28S ribosomal RNA 

TGME49_322210 apocytochrome b, putative TGME49_458830 28S ribosomal RNA 

TGME49_323500 hypothetical protein TGME49_458840 18S ribosomal RNA 
TGME49_328900 hypothetical protein TGME49_458880 28S ribosomal RNA 
TGME49_329000 hypothetical protein TGME49_458890 5.8S ribosomal RNA 
TGME49_329300 hypothetical protein TGME49_459050 5.8S ribosomal RNA 
TGME49_355100 tRNA-Ile TGME49_459100 28S ribosomal RNA 

TGME49_355120 tRNA-Ala TGME49_459160 18S ribosomal RNA 
TGME49_355190 tRNA-Thr TGME49_459280 18S ribosomal RNA 
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TGME49_355220 tRNA-Gly TGME49_459310 28S ribosomal RNA 
TGME49_457340 5.8S ribosomal RNA TGME49_459320 5.8S ribosomal RNA 
TGME49_457390 28S ribosomal RNA TGME49_459350 28S ribosomal RNA 
TGME49_457400 18S ribosomal RNA TGME49_459440 5.8S ribosomal RNA 
TGME49_457450 28S ribosomal RNA TGME49_459520 28S ribosomal RNA 
TGME49_457460 5.8S ribosomal RNA TGME49_459530 5.8S ribosomal RNA 
TGME49_457480 28S ribosomal RNA TGME49_459660 18S ribosomal RNA 

TGME49_457520 18S ribosomal RNA TGME49_459790 18S ribosomal RNA 
TGME49_457580 28S ribosomal RNA TGME49_457710 5.8S ribosomal RNA 
TGME49_457630 5.8S ribosomal RNA TGME49_457730 28S ribosomal RNA 
TGME49_457640 28S ribosomal RNA TGME49_457810 5.8S ribosomal RNA 
TGME49_457670 18S ribosomal RNA TGME49_457840 5.8S ribosomal RNA 
 

Table 2 – List of Gene promoters to which TgAP2III-2 binds.  

Despite this strong promoter binding, RNA-seq analysis following AP2III-2 depletion 

showed no overlap between genes bound by TgAP2III-2 and those exhibiting changes 

in expression (Figure 23 A). This overlap analysis was performed to identify potential 

direct targets of TgAP2III-2 that are both bound and transcriptionally regulated by the 

factor. However, the lack of overlap suggests that TgAP2III-2 may not function as a 

conventional transcriptional regulator under the conditions tested, or that its regulatory 

effects are subtle or context-dependent. Additionally, as the RNA-seq relied on poly-A 

tail capture, any regulation of non-polyadenylated transcripts, such as rRNA, would not 

have been detected. 

In addition to rRNA genes, TgAP2III-2 was found to bind to a variety of other promoters 

across the genome, including those associated with genes encoding hypothetical 

proteins and conserved sequences. The widespread promoter binding highlights the 

potential for TgAP2III-2 to play a broader regulatory role in T. gondii, though its precise 

function remains to be fully elucidated. 

 

 

A B 

TgAP2III-2 Rep1 

TgAP2III-2 Rep2 
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Figure 23 – TgAP2III-2 binds to many rRNA gene promoters. (A) Venn diagram 
depicting the overlap of RNA seq and CUT&Tag analysis showing there are no direct targets of 
TgAP2III-2. (B) CUT & Tag tracks of 2 replicates of TgAP2III-2-HA representing the direct 
targeting of TgAP2III-2 to the promoter 28S ribosomal RNA(TGME49_461480) as an example. 
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DISCUSSIONS AND 
PERSPECTIVES 
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Chapter 4 – Discussions and Perspectives 
 
 
Proliferation is a key aspect of T. gondii pathogenesis, especially in the intermediate 

host, where tachyzoites rapidly replicate through endodyogeny, a unique form of 

asexual reproduction. The precise control of gene expression during the tachyzoite cell 

cycle, which governs various processes including daughter cell formation and 

virulence, is critical for the parasite’s successful proliferation.  

 
Temporal regulation of gene expression during daughter Cell Formation and 
Virulence Organelle Biogenesis  
 
TgAP2XII-9 plays a crucial role in the formation of daughter cells after the initiation of 

budding. Our immunofluorescence assays (IFAs) showed that TgAP2XII-9 depletion 

causes severe defects in the inner membrane complex (IMC) scaffold organization, 

leading to disorganized IMC formation in the majority of vacuoles. These IMC defects 

are directly linked to improper cellular content segregation and failed daughter cell 

development. Interestingly, although TgAP2XII-9 depletion does not impact the early 

stages of budding, it appears to disrupt the later stages of IMC elongation, highlighting 

its specific role in these later phases of the cell cycle. This defect in IMC formation 

correlates with previously described roles of ApiAP2 transcription factors in the 

regulation of structural elements of the parasite’s cytoskeleton and IMC. Specifically, 

we observed that TgAP2XII-9 represses early markers of budding, such as apical cap 

proteins (AC1 and IAP2)(Back et al., 2023) and basal complex proteins (BCC3 and 

BCC7)(Gubbels et al., 2022a), which are critical for daughter cell formation. This 

suggests that TgAP2XII-9 ensures the proper timing of IMC elongation and avoids 

prolonged expression of early bud markers, reinforcing the importance of temporal 

regulation during the cell cycle. 

Our RNA sequencing (RNA-seq) and CUT & Tag data reveal that TgAP2XII-9 directly 

regulates a broad set of genes, including those encoding for proteins that are essential 

for daughter cell formation and virulence organelles. Intriguingly, TgAP2XII-9 acts as 

a dual regulator by repressing the expression of subset of genes encoding rhoptry 
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proteins, while simultaneously activating subset of genes involved in the biogenesis of 

micronemes and dense granules. 

Rhoptries, which are secretory organelles that play a critical role in host cell invasion, 

are typically formed early in the S-phase, and our findings demonstrate that TgAP2XII-

9 represses the expression of rhoptry-associated genes at this stage. In contrast, 

genes encoding for microneme proteins, which are also secreted during invasion but 

are formed later in the cell cycle, are activated by TgAP2XII-9 during the M-phase. This 

regulatory pattern highlights TgAP2XII-9’s essential role in synchronizing the formation 

of virulence organelles with the overall progression of the cell cycle, ensuring that their 

biogenesis occurs at the appropriate time.  

TgAP2XII-9 may play a critical role in regulating vesicular trafficking in the parasites by 

differentially controlling the expression of Rab11B and Rab18, two key Rab GTPases 

that are involved in the transport of materials essential for organelle formation and 

function. TgAP2XII-9 represses Rab11B, which is typically involved in endosomal 

recycling and membrane transport and IMC biogenesis (Agop-Nersesian et al., 2010). 

This repression early in the cell cycle may prevent premature recycling of vesicles that 

could misdirect or disrupt the proper trafficking of vesicles. Since rhoptries need to be 

precisely localized to the apical complex for host cell invasion, any premature 

trafficking or recycling driven by Rab11B could lead to incorrect organelle positioning 

and functional deficiencies. By repressing Rab11B, TgAP2XII-9 may ensure that 

rhoptry trafficking is delayed until the appropriate stage of the cell cycle when the apical 

complex is fully formed, safeguarding the parasite’s invasive capabilities. On the other 

hand, TgAP2XII-9 activates Rab18, which is crucial for lipid droplet and membrane 

trafficking (Dejgaard et al., 2008), during the later stages of the cell cycle. TgAP2XII-

9’s activation of Rab18 likely facilitates lipid storage and mobilization, ensuring that the 

parasite has sufficient resources for membrane biogenesis. Rab18’s involvement in 

lipid droplet metabolism is crucial for maintaining the proper lipid balance within the 

cell (Romano et al., 2017), which may indirectly support membrane formation required 

for organelles such as rhoptries and micronemes. The coordinated regulation of Rab18 

may ensure that lipid droplets are available for the parasite’s metabolic needs, and 

without this, membrane supply and lipid homeostasis might be disrupted, potentially 

compromising processes that depend on membrane integrity, such as organelle 

formation and host cell invasion.   
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ApiAP2 as repressors and activators 
 
TgAP2XII-9 exibits a dual regulatory role that is reminiscent of the previously described 

activities of other ApiAP2 transcription factors, such as TgAP2IX-5, which also controls 

cell cycle progression and organelle formation. However, while TgAP2IX-5 primarily 

activates rhoptry genes, TgAP2XII-9 appears to act later in the cell cycle to repress 

these same genes and activate microneme genes. Previous studies have shown 

cooperativity between ApiAP2 TFs(Lesage et al., 2018). This suggests that ApiAP2s 

may form different complexes that are able to either activate or repress gene 

expression. TgAP2XI-5 cooperates with TgAP2X-5 to regulate a specific subset of 

virulence genes during the S and M phases of the cell cycle (Lesage et al.,2018). This 

indicates that multiple actors are required for the correct temporal expression of these 

virulence genes.  

 

TgAP2XII-9's function in repressing a subset of ROPs and activating a subset of MICs 

can be understood as part of a larger regulatory network involving cooperative 

interactions between transcription factors like TgAP2XI-5 and TgAP2X-5. The 

cooperative binding suggests that these factors work in unison to regulate gene 

expression during specific stages of the cell cycle. TgAP2XII-9 integrates into this 

network by controlling the timing of rhoptry and microneme gene expression. This 

highlights the complex coordination among ApiAP2 transcription factors in regulating 

the parasite's developmental and invasive processes. To further concretize the attempt 

to decipher this regulatory network further investigations into the interacting partners 

of TgAP2XII-9 is required. Proximity labelling could be used to decipher the 

interactome. 

 

Interconnection between transcriptional and post-translational regulation of the 
cell cycle. 

TgAP2XII-9 also plays a critical role in coordinating the duplication and segregation of 

cellular organelles during the cell cycle. While our data indicate that TgAP2XII-9 is not 

directly involved in the early stages of organelle division (such as plastid and Golgi 

segregation), its depletion leads to the accumulation of multiple nuclei per parasite. 
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These findings align with previous studies demonstrating that transcriptional regulation 

of cell cycle-associated genes is essential for the proper temporal control of organelle 

duplication (Khelifa et al., 2021, Khelifa & Bhaskaran et al., 2024). 

TgAP2XII-9 may also regulate the expression of several kinases involved in cell cycle 

progression, including cyclin-dependent kinases like TgCRK1 and TgCRK6. These 

kinases are crucial for regulating transitions between different phases of the cell cycle. 

TgCRK6, an essential cyclin-dependent kinase (Cdk)-related kinase, is pivotal for 

proper progression through mitosis. In conjunction with TgCyc1, TgCRK6 regulates 

key processes such as the spindle assembly checkpoint and the centromere-

associated network during metaphase, ensuring accurate chromosome segregation 

and successful cell division (Hawkins et al., 2022). Interestingly, the TgCRK6 promoter 

is directly bound by TgAP2XII-9, and its transcript is repressed in TgAP2XII-9-depleted 

parasites. This interaction could represent a sophisticated mechanism by which 

TgAP2XII-9 fine-tunes cell cycle progression, preventing premature mitotic events until 

other critical processes, such as endodyogeny and apicoplast division (Shi et al.,2024), 

are completed. By modulating TgCRK6 expression, TgAP2XII-9 may ensure that 

mitosis does not proceed prematurely, acting like a checkpoint that coordinates the 

timing of cell cycle events with the broader requirements of the cell. 

Notably, the role of TgCRK6 may extend to interacting with TgAP2IX-5 (Hawkins et 

al.,2022), which is important for the initiation of budding. Both TgCRK6 and TgAP2IX-

5 share similar temporal expression patterns and localization, and it has been 

speculated that TgCRK6 may serve to inactivate TgAP2IX-5 (Hawkins et al.,2022) after 

budding initiation. This suggests a regulatory loop where TgAP2XII-9, which is 

activated by TgAP2IX-5, represses TgCRK6 expression once its role in inactivating 

TgAP2IX-5 is no longer required (i.e after budding initiation). This temporal control 

might ensure that cell cycle progression is tightly regulated, balancing the needs of 

daughter cell budding, organelle biogenesis, and mitotic events. 

Additionally, TgAP2XII-9 represses Protein Phosphatase 1 (PP1), which is critical for 

daughter cell formation PP1 is a key regulator of multiple processes during cell division, 

including the proper assembly of the inner membrane complex (IMC) and the correct 

segregation of nuclei (Khelifa & Bhaskaran et al., 2024). PP1's involvement in 

dephosphorylating critical cell cycle proteins might be essential for maintaining proper 
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mitotic checkpoints and ensuring the successful transition from one phase of the cell 

cycle to the next (Khelifa & Bhaskaran et al.,2024). This highlighs the possible 

interconnection of transcriptional regulation and post-transcriptional regulation of the 

cell cycle.  

AP2 domain function 

The AP2 domain is typically considered the hallmark of the ApiAP2 family, responsible 

for DNA binding and transcriptional regulation. However, the discovery that in 

TgAP2IX-5, the AP2 domain is not essential for DNA binding (Sarah Khelifa, 2021) 

challenges this assumption and opens new avenues for understanding the versatility 

of this family of transcription factors. In the case of TgAP2IX-5, another domain 

appears to compensate for the AP2 domain’s traditional DNA-binding role. This 

functional redundancy suggests that the DNA-binding activity within ApiAP2 

transcription factors may be more flexible than previously thought. In some ApiAP2 

members, the AP2 domain may serve other functions, such as protein-protein 

interactions or chromatin targeting, while other domains take on the role of DNA 

binding. This versatility could be an evolutionary adaptation allowing T. gondii to 

regulate diverse gene sets in different life cycle stages. 

While the AP2 domain is crucial for TgAP2XII-9’s function in directly binding DNA and 

regulating gene expression, its diminished importance in TgAP2IX-5 (Sarah Khelifa, 

2021.)  suggests that AP2 domains may also have evolved non-canonical roles in T. 

gondii. These roles might include recruiting co-factors, interacting with chromatin 

remodelers, or facilitating the formation of multi-protein transcriptional complexes. The 

diversity of functions observed across the ApiAP2 family highlights the adaptability of 

these transcription factors in responding to different cellular and environmental 

conditions. 

TgAP2III-2 regulatory role 

One of the key distinctions between TgAP2XII-9 and TgAP2III-2 is their effect on gene 

expression. While TgAP2XII-9 serves as both an activator and repressor of gene 

expression during specific stages of the cell cycle, TgAP2III-2’s transcriptional effects 

are less pronounced. TgAP2III-2 binds extensively to the promoters of ribosomal RNA 
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(rRNA) genes, but its depletion does not result in significant changes in transcript levels 

of these genes as measured by RNA-seq.  

The lack of significant transcriptomic changes upon TgAP2III-2 depletion, despite its 

extensive chromatin binding, implies that TgAP2III-2 could play a redundant role in 

regulating these promoters. Alternatively, the preparation of the libraries for RNA-seq 

involves a poly-A capture that may reduce our ability to identify rRNA variations after 

TgAP2III-2 depletion. Nevertheless, the lack of overlap between the RNA-seq and Cut 

and Tag datasets suggests that TgAP2III-2 is not the main drivers of gene expression. 

The tight regulation of TgAP2III-2 gene and protein expression remain puzzling. Why 

would the expression TgAP2III-2 be restricted to particular cell cycle stage, when its 

depletion does not cause abnormal phenotypes? One way to answer this question 

would be to force the expression of TgAP2III-2 in the stages of the cell cycle where it 

is not normally expressed using an overexpression construct (promoter change or DD 

domain). 

Alternatively, TgAP2III-2 may have other role during the life cycle of the parasite. For 

instance, during the switch from tachyzoite to bradyzoite stages, which involves 

significant changes in gene expression, TgAP2III-2 may help coordinate the epigenetic 

landscape that enables this differentiation. 

Further investigation is needed to fully elucidate TgAP2III-2’s role in chromatin 

regulation and its relationship with TgAP2XII-9. Future experiments could focus on 

identifying the chromatin modifications associated with TgAP2III-2 binding sites, such 

as through ATACseq analysis of histone marks or the use of chromatin accessibility 

assays. Additionally, exploring the potential interactions between TgAP2III-2 and 

known chromatin remodelers, such as the MORC complex, could provide insights into 

how TgAP2III-2 contributes to gene repression and the maintenance of chromatin 

architecture. Moreover, since TgAP2XII-9 and TgAP2III-2 both bind to the promoters 

of numerous target genes, it would be valuable to investigate whether these 

transcription factors collaborate in a sequential or combinatorial manner to regulate 

gene expression. For example, temporal analysis of gene expression during the cell 

cycle could reveal whether TgAP2III-2 acts to prime genes for later activation by 
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TgAP2XII-9 or if it helps to shut down transcription once TgAP2XII-9 has completed its 

regulatory role. 

Coordination of Developmental Pathways and Chromatin Regulation by 
TgAP2XII-9 and TgAP2XII-2  

Our data also suggest that TgAP2XII-9 may play a role in modulating the parasite’s 

differentiation into bradyzoites, the dormant stage of T. gondii that is crucial for chronic 

infection. Interestingly, many of the genes downregulated in response to TgAP2XII-9 

knockdown are preferentially expressed in bradyzoites, and several bradyzoite-specific 

ApiAP2 transcription factors (such as TgAP2IV-4 and TgAP2IX-9) are regulated by 

TgAP2XII-9. This suggests that TgAP2XII-9 may create a permissive environment for 

the initiation of bradyzoite differentiation by modulating the expression of other key 

transcription factors involved in this process during the S/M phase of the cell cycle. 

Our data also suggests that AP2XII-9 likely plays a role in modulating sexual 

development in T.gondii by repressing AP2XI-2, which in turn represses genes 

involved in merozoite and EES (enteroepithelial stage) development. When AP2XII-9 

is depleted, AP2XI-2 expression increases, which could explain the observed 

downregulation of EES genes after AP2XII-9 depletion, as AP2XI-2 likely enhances 

repression of these genes. 

The observation that out of 300 direct target genes of TgAP2XII-9, 242 are also bound 

by TgAP2XII-2 at their promoters, yet no transcriptomic changes occur upon 

TgAP2XII-2 depletion, provides an intriguing window into the functional dynamics 

between these two transcription factors. It suggests that while TgAP2XII-2 binds to 

many of the same genes as TgAP2XII-9, its regulatory role may be fundamentally 

different or even more subtle than that of TgAP2XII-9. This divergence in functionality 

could be explained by several hypotheses that reflect the complexities of gene 

regulation in this parasite. One explanation is that TgAP2XII-2’s binding to these 

promoters is functionally redundant with TgAP2XII-9. In this scenario, TgAP2XII-9 may 

serve as the primary transcription factor driving changes in gene expression, while 

TgAP2XII-2 acts as a backup regulator. When TgAP2XII-2 is depleted, TgAP2XII-9 

might compensate for its absence, thereby preventing significant transcriptomic 

changes. Redundancy of this kind is not uncommon in gene regulatory networks, 
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where multiple transcription factors can bind to the same promoters to ensure that 

gene regulation is robust and resilient under various conditions. 

TgAP2XII-2 interacts with the HDAC3/MORC complex to silence developmentally 

regulated genes, including those involved in sexual commitment (Srivastava et al., 

2023). In this model, TgAP2XII-2 may be required for maintaining a poised or 

repressed chromatin state at specific promoters, but its depletion does not cause 

immediate transcriptomic changes because TgAP2XII-9 dominates transcriptional 

control. This could also explain why the depletion of TgAP2XII-2 has minimal effects 

on gene expression.  

It is also possible that TgAP2XII-2's role in gene regulation is context- or stage-specific. 

While TgAP2XII-2 binds to many of the same promoters as TgAP2XII-9, its regulatory 

effect may only become significant in response to specific environmental cues. This 

idea is supported by findings that TgAP2XII-2 is involved in the repression of specific 

genes such as AP2X-10 and AAH1 (Srivastava et al., 2023) involved in sexual 

development of T. gondii. 

Additionally, TgAP2XII-2 might have functionally distinct roles despite sharing target 

genes with TgAP2XII-9. TgAP2XII-2 could be contributing to the fine-tuning of gene 

expression or chromatin structure. This could explain why transcriptomic changes are 

not immediately observed following TgAP2XII-2 depletion, as its primary function may 

not involve driving transcription but rather modulating the chromatin landscape or other 

regulatory pathways. 

Moreover, the overlap in binding sites between TgAP2XII-2 and TgAP2XII-9 raises the 

possibility of cross-talk between these transcription factors. TgAP2XII-2 may modulate 

or enhance TgAP2XII-9’s regulatory activity, perhaps by influencing its binding affinity 

to promoters or facilitating the recruitment of co-factors such as chromatin remodelers. 

This cross-regulation could result in TgAP2XII-2 playing a supportive role in TgAP2XII-

9-mediated gene regulation, with its depletion having little immediate impact because 

TgAP2XII-9 remains active.  
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Negative expression feedback loops. 

One of the more surprising findings of our study is that TgAP2XII-9 appears to regulate 

its own expression. Our CUT & Tag data indicate that TgAP2XII-9 is enriched at its 

own promoter, suggesting that it may exert autoregulatory control over its transcription. 

This autoregulation is likely part of a negative feedback loop, which serves to fine-tune 

the temporal expression of TgAP2XII-9 during the cell cycle. Autoregulation of ApiAP2 

transcription factors has been previously described, most notably in TgAP2IX-5 

(Khelifa et al.,2021) and TgAP2XII-2 (Srivastava et al., 2020), and our data suggest 

that TgAP2XII-9 operates under a similar mechanism. This self-regulatory mechanism 

adds another layer of complexity to the transcriptional networks governing the 

tachyzoite cell cycle, ensuring that TgAP2XII-9 expression is tightly controlled and 

rapidly downregulated once its function is no longer required. 

Stitching it together  

The intricate regulatory network involving the ApiAP2 transcription factors in T. 

gondii is a highly coordinated system that controls gene expression in a stage- and 

developmentally-dependent manner. The relationships between TgAP2XI-5, TgAP2X-

5, TgAP2IX-5, TgAP2XII-9, and TgAP2III-2 reveal an elaborate regulatory network, 

ensuring that critical transcriptional programs are activated or repressed at the correct 

times during the parasite’s life cycle. Understanding this regulatory network is essential 

for deciphering how T. gondii transitions through its life stages, coordinates daughter 

cell formation, and prepares for invasion. 

AP2IX-5 plays a crucial role during the early stages of the cell cycle, especially during 

the S phase, where it regulates genes required for the early stages of daughter cell 

budding (Khelifa et al.,2021). AP2IX-5 also controls the expression of downstream 

transcription factors, such as AP2XII-9 and AP2III-2, indicating its importance as an 

upstream regulator in the gene network (Khelifa et al.,2021).  

AP2XI-5 binds to the promoters of more than 300 genes, including many involved in 

invasion and virulence, such as those encoding rhoptries and micronemes (Walker et 

al.,2013). However, its regulatory role as either an activator or repressor remains 

unclear due to the lack of RNA-seq data in absence of AP2XI-5. Despite this, AP2XI-
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5’s binding to active promoters during the S and M phases suggests that it likely plays 

a role in gene activation. Notably, AP2XI-5 also binds to the promoter of AP2IX-5, 

indicating a potential feedback loop that may modulate the expression of this master 

regulator. This feedback mechanism highlights a significant interaction in the 

regulatory hierarchy, where AP2XI-5 could either reinforce or modulate AP2IX-5’s 

activity, influencing downstream transcriptional programs. The exact nature of this 

regulation—whether activating or repressing—requires further investigation, but the 

potential for such interactions underscores the complexity of the gene regulatory 

network in T. gondii. 

AP2XI-5’s binding to the promoters of genes regulated by AP2XII-9 introduces a 

cooperative layer of regulation. There are 80 genes whose promoters are bound by 

both AP2XI-5 and AP2XII-9, but without RNA-seq data for AP2XI-5, it remains 

uncertain whether AP2XI-5 acts to activate or repress these genes. The dual binding 

suggests that AP2XI-5 may work in conjunction with AP2XII-9 to fine-tune the 

expression of these genes, potentially modulating their transcription based on cell 

cycle cues.AP2XII-9’s role as both an activator and repressor at different stages of the 

cell cycle raises the possibility that AP2XI-5 could assist in these regulatory switches.  

Together, these transcription factors form a sophisticated, multilayered network that 

ensures the precise timing of gene expression necessary for T. gondii’s replication and 

virulence. Further studies, including RNA-seq data for AP2XI-5, will be essential to fully 

understand the interactions and regulatory roles of these transcription factors. 

This PhD study highlights the critical interplay between ApiAP2 transcription factors in 

regulating the expression of genes essential for T. gondii development. The precise 

control over these transcriptional programs ensures that daughter cell formation, 

organelle biogenesis, and host cell invasion are tightly coordinated, allowing the 

parasite to successfully proliferate and adapt to different environmental conditions. 

Further research into the interactions between these transcription factors and their co-

regulators will deepen our understanding of the regulatory networks that underpin T. 

gondii’s pathogenesis 



 221 

BIBLIOGRAGHY 
 

 

 

 

 

 

 

 

 

 
 



 222 

Adl, S. M., Leander, B. S., Simpson, A. G. B., Archibald, J. M., Anderson, O. R., 
Bass, D., Bowser, S. S., Brugerolle, G., Farmer, M. A., Karpov, S., Kolisko, M., 
Lane, C. E., Lodge, D. J., Mann, D. G., Meisterfeld, R., Mendoza, L., Moestrup, 
Ø., Mozley-Standridge, S. E., Smirnov, A. V., & Spiegel, F. (2007). Diversity, 
nomenclature, and taxonomy of protists. In Systematic Biology (Vol. 56, Issue 4, 
pp. 684–689). https://doi.org/10.1080/10635150701494127 

Adl, S. M., Simpson, A. G. B., Farmer, M. A., Andersen, R. A., Anderson, O. R., 
Barta, J. R., Bowser, S. S., Brugerolle, G., Fensome, R. A., Fredericq, S., 
James, T. Y., Karpov, S., Kugrens, P., Krug, J., Lane, C. E., Lewis, L. A., Lodge, 
J., Lynn, D. H., Mann, D. G., … Taylor, M. F. J. R. (2005). The new higher level 
classification of eukaryotes with emphasis on the taxonomy of protists. The 
Journal of Eukaryotic Microbiology, 52(5), 399–451. 
https://doi.org/10.1111/J.1550-7408.2005.00053.X 

Agop-Nersesian, C., Egarter, S., Langsley, G., Foth, B. J., Ferguson, D. J. P., & 
Meissner, M. (2010). Biogenesis of the inner membrane complex is dependent 
on vesicular transport by the alveolate specific GTPase Rab11B. PLoS 
Pathogens, 6(7), 1–15. https://doi.org/10.1371/journal.ppat.1001029 

Alaganan, A., Fentress, S. J., Tang, K., Wang, Q., & Sibley, L. D. (2014). 
Toxoplasma GRA7 effector increases turnover of immunity-related GTPases and 
contributes to acute virulence in the mouse. Proceedings of the National 
Academy of Sciences of the United States of America, 111(3), 1126–1131. 
https://doi.org/10.1073/PNAS.1313501111/SUPPL_FILE/SD01.XLSX 

Albert, I., Mavrich, T. N., Tomsho, L. P., Qi, J., Zanton, S. J., Schuster, S. C., & Pugh, 
B. F. (2007). Translational and rotational settings of H2A.Z nucleosomes across 
the Saccharomyces cerevisiae genome. Nature, 446(7135), 572–576. 
https://doi.org/10.1038/NATURE05632 

Alday, P. H., & Doggett, J. S. (2017). Drugs in development for toxoplasmosis: 
advances, challenges, and current status. Drug Design, Development and 
Therapy, 11, 273. https://doi.org/10.2147/DDDT.S60973 

Alexander, D. L., Mital, J., Ward, G. E., Bradley, P., & Boothroyd, J. C. (2005). 
Identification of the Moving Junction Complex of Toxoplasma gondii: A 
Collaboration between Distinct Secretory Organelles. PLOS Pathogens, 1(2), 
e17. https://doi.org/10.1371/JOURNAL.PPAT.0010017 

Alvarez, C. A., & Suvorova, E. S. (2017). Checkpoints of apicomplexan cell division 
identified in Toxoplasma gondii. https://doi.org/10.1371/journal.ppat.1006483 

Andenmatten, N., Egarter, S., Jackson, A. J., Jullien, N., Herman, J. P., & Meissner, 
M. (2013). Conditional genome engineering in Toxoplasma gondii uncovers 
alternative invasion mechanisms. Nature Methods, 10(2), 125–127. 
https://doi.org/10.1038/NMETH.2301 

Anderson-White, B., Beck, J. R., Chen, C. T., Meissner, M., Bradley, P. J., & 
Gubbels, M. J. (2012a). Cytoskeleton Assembly in Toxoplasma gondii Cell 
Division. In International Review of Cell and Molecular Biology (Vol. 298, pp. 1–
31). Elsevier Inc. https://doi.org/10.1016/B978-0-12-394309-5.00001-8 

Anderson-White, B., Beck, J. R., Chen, C. T., Meissner, M., Bradley, P. J., & 
Gubbels, M. J. (2012b). Cytoskeleton Assembly in Toxoplasma gondii Cell 
Division. International Review of Cell and Molecular Biology, 298, 1–31. 
https://doi.org/10.1016/B978-0-12-394309-5.00001-8 

Anderson-White, B. R., Ivey, F. D., Cheng, K., Szatanek, T., Lorestani, A., Beckers, 
C. J., Ferguson, D. J. P., Sahoo, N., & Gubbels, M. J. (2011). A family of 
intermediate filament-like proteins is sequentially assembled into the 



 223 

cytoskeleton of Toxoplasma gondii. Cellular Microbiology, 13(1), 18–31. 
https://doi.org/10.1111/J.1462-5822.2010.01514.X 

Arias Padilla, L. F., Lopez, J. M., Shibata, A., Murray, J. M., & Hu, K. (2024). The 
initiation and early development of apical-basal polarity in Toxoplasma gondii . 
Journal of Cell Science. https://doi.org/10.1242/jcs.263436 

Arias Padilla, L. F., Murray, J. M., & Hu, K. (2024). The initiation and early 
development of the tubulin-containing cytoskeleton in the human parasite 
Toxoplasma gondii. Molecular Biology of the Cell, 35(3). 
https://doi.org/10.1091/MBC.E23-11-0418 

Arnot, D. E., Ronander, E., & Bengtsson, D. C. (2011). The progression of the intra-
erythrocytic cell cycle of Plasmodium falciparum and the role of the centriolar 
plaques in asynchronous mitotic division during schizogony. International Journal 
for Parasitology, 41(1), 71–80. https://doi.org/10.1016/J.IJPARA.2010.07.012 

Attias, M., Teixeira, D. E., Benchimol, M., Vommaro, R. C., Crepaldi, P. H., & De 
Souza, W. (2020). The life-cycle of Toxoplasma gondii reviewed using 
animations. Parasites and Vectors, 13(1), 1–13. https://doi.org/10.1186/S13071-
020-04445-Z/FIGURES/9 

Back, P. S., Moon, A. S., Pasquarelli, R. R., Bell, H. N., Torres, J. A., Chen, A. L., 
Sha, J., Vashisht, A. A., Wohlschlegel, J. A., & Bradley, P. J. (2023). IMC29 
Plays an Important Role in Toxoplasma Endodyogeny and Reveals New 
Components of the Daughter-Enriched IMC Proteome. MBio, 14(1). 
https://doi.org/10.1128/MBIO.03042-22 

Bai, M. J., Wang, J. L., Elsheikha, H. M., Liang, Q. L., Chen, K., Nie, L. B., & Zhu, X. 
Q. (2018). Functional Characterization of Dense Granule Proteins in Toxoplasma 
gondii RH Strain Using CRISPR-Cas9 System. Frontiers in Cellular and Infection 
Microbiology, 8(AUG). https://doi.org/10.3389/FCIMB.2018.00300 

Bargieri, D., Lagal, V., Andenmatten, N., Tardieux, I., Meissner, M., & Ménard, R. 
(2014). Host Cell Invasion by Apicomplexan Parasites: The Junction 
Conundrum. PLOS Pathogens, 10(9), e1004273. 
https://doi.org/10.1371/JOURNAL.PPAT.1004273 

Bargieri, D. Y., Andenmatten, N., Lagal, V., Thiberge, S., Whitelaw, J. A., Tardieux, I., 
Meissner, M., & Ménard, R. (2013). Apical membrane antigen 1 mediates 
apicomplexan parasite attachment but is dispensable for host cell invasion. 
Nature Communications, 4. https://doi.org/10.1038/NCOMMS3552 

Barylyuk, K., Koreny, L., Ke, H., Butterworth, S., Crook, O. M., Lassadi, I., Gupta, V., 
Tromer, E., Mourier, T., Stevens, T. J., Breckels, L. M., Pain, A., Lilley, K. S., & 
Waller, R. F. (2020). A Comprehensive Subcellular Atlas of the Toxoplasma 
Proteome via hyperLOPIT Provides Spatial Context for Protein Functions. Cell 
Host & Microbe, 28(5), 752-766.e9. https://doi.org/10.1016/J.CHOM.2020.09.011 

Battle, K. E., Gething, P. W., Elyazar, I. R. F., Moyes, C. L., Sinka, M. E., Howes, R. 
E., Guerra, C. A., Price, R. N., Baird, K. J., & Hay, S. I. (2012). The Global Public 
Health Significance of Plasmodium vivax. Advances in Parasitology, 80, 1–111. 
https://doi.org/10.1016/B978-0-12-397900-1.00001-3 

Beck, J. R., Rodriguez-Fernandez, I. A., de Leon, J. C., Huynh, M. H., Carruthers, V. 
B., Morrissette, N. S., & Bradley, P. J. (2010a). A Novel Family of Toxoplasma 
IMC Proteins Displays a Hierarchical Organization and Functions in Coordinating 
Parasite Division. PLoS Pathogens, 6(9). 
https://doi.org/10.1371/JOURNAL.PPAT.1001094 

Beck, J. R., Rodriguez-Fernandez, I. A., de Leon, J. C., Huynh, M. H., Carruthers, V. 
B., Morrissette, N. S., & Bradley, P. J. (2010b). A Novel Family of Toxoplasma 



 224 

IMC Proteins Displays a Hierarchical Organization and Functions in Coordinating 
Parasite Division. PLoS Pathogens, 6(9). 
https://doi.org/10.1371/JOURNAL.PPAT.1001094 

Beck, J. R., Rodriguez-Fernandez, I. A., de Leon, J. C., Huynh, M. H., Carruthers, V. 
B., Morrissette, N. S., & Bradley, P. J. (2010c). A novel family of Toxoplasma 
IMC proteins displays a hierarchical organization and functions in coordinating 
parasite division. PLoS Pathogens, 6(9). 
https://doi.org/10.1371/journal.ppat.1001094 

Behnke, M. S., Khan, A., Wootton, J. C., Dubey, J. P., Tang, K., & Sibley, L. D. 
(2011). Virulence differences in Toxoplasma mediated by amplification of a 
family of polymorphic pseudokinases. Proceedings of the National Academy of 
Sciences of the United States of America, 108(23), 9631–9636. 
https://doi.org/10.1073/PNAS.1015338108/-
/DCSUPPLEMENTAL/PNAS.201015338SI.PDF 

Behnke, M. S., Wootton, J. C., Lehmann, M. M., Radke, J. B., Lucas, O., Nawas, J., 
David Sibley, L., & White, M. W. (n.d.). Coordinated Progression through Two 
Subtranscriptomes Underlies the Tachyzoite Cycle of Toxoplasma gondii. 
https://doi.org/10.1371/journal.pone.0012354 

Belanger, F., Derouin, F., Sud, P., & Kremlin-Bicêtre, L. (n.d.). Incidence and Risk 
Factors of Toxoplasmosis in a Cohort of Human Immunodeficiency Virus-
Infected Patients: 1988-1995 Liliane Grangeot-Keros, Laurence Meyer, and the 
HEMOCO and SEROCO Study Groups*. 
https://academic.oup.com/cid/article/28/3/575/303118 

Beraki, T., Hu, X., Broncel, M., Young, J. C., O’Shaughnessy, W. J., Borek, D., 
Treeck, M., & Reese, M. L. (2019). Divergent kinase regulates membrane 
ultrastructure of the Toxoplasma parasitophorous vacuole. Proceedings of the 
National Academy of Sciences of the United States of America, 116(13), 6361–
6370. https://doi.org/10.1073/pnas.1816161116 

Berry, L., Chen, C. T., Reininger, L., Carvalho, T. G., El Hajj, H., Morlon-Guyot, J., 
Bordat, Y., Lebrun, M., Gubbels, M. J., Doerig, C., & Daher, W. (2016). The 
conserved apicomplexan Aurora kinase TgArk3 is involved in endodyogeny, 
duplication rate and parasite virulence. Cellular Microbiology, 18(8), 1106–1120. 
https://doi.org/10.1111/cmi.12571 

Bertiaux, E., Balestra, A. C., Bournonville, L., Louvel, V., Maco, B., Soldati-Favre, D., 
Brochet, M., Guichard, P., & Hamel, V. (2021). Expansion microscopy provides 
new insights into the cytoskeleton of malaria parasites including the conservation 
of a conoid. PLoS Biology, 19(3). https://doi.org/10.1371/journal.pbio.3001020 

Besteiro, S., Dubremetz, J. F., & Lebrun, M. (2011). The moving junction of 
apicomplexan parasites: a key structure for invasion. Cellular Microbiology, 
13(6), 797–805. https://doi.org/10.1111/J.1462-5822.2011.01597.X 

Besteiro, S., Michelin, A., Poncet, J., Dubremetz, J. F., & Lebrun, M. (2009). Export 
of a Toxoplasma gondii Rhoptry Neck Protein Complex at the Host Cell 
Membrane to Form the Moving Junction during Invasion. PLOS Pathogens, 5(2), 
e1000309. https://doi.org/10.1371/JOURNAL.PPAT.1000309 

Bisio, H., Lunghi, M., Brochet, M., & Soldati-Favre, D. (2019). Phosphatidic acid 
governs natural egress in Toxoplasma gondii via a guanylate cyclase receptor 
platform. Nature Microbiology, 4(3), 420–428. https://doi.org/10.1038/S41564-
018-0339-8 

Bitew, M. A., Gaete, P. S., Swale, C., Maru, P., Contreras, J. E., & Saeij, J. P. J. 
(2023). GRA47 and GRA72 are Toxoplasma gondii pore-forming proteins that 



 225 

influence small molecule permeability of the parasitophorous vacuole. BioRxiv : 
The Preprint Server for Biology. https://doi.org/10.1101/2023.11.15.567216 

Black, M. W., & Boothroyd, J. C. (2000). Lytic cycle of Toxoplasma gondii. 
Microbiology and Molecular Biology Reviews : MMBR, 64(3), 607–623. 
https://doi.org/10.1128/MMBR.64.3.607-623.2000 

Blader, I. J., & Saeij, J. P. (2009a). Communication between Toxoplasma gondii and 
its host: impact on parasite growth, development, immune evasion, and 
virulence. APMIS : Acta Pathologica, Microbiologica, et Immunologica 
Scandinavica, 117(5–6), 458–476. https://doi.org/10.1111/J.1600-
0463.2009.02453.X 

Blader, I. J., & Saeij, J. P. (2009b). Communication between Toxoplasma gondii and 
its host: impact on parasite growth, development, immune evasion, and 
virulence. APMIS : Acta Pathologica, Microbiologica, et Immunologica 
Scandinavica, 117(5–6), 458–476. https://doi.org/10.1111/J.1600-
0463.2009.02453.X 

Blazek, E., Mittler, G., & Meisterernst, M. (2005). The mediator of RNA polymerase II. 
Chromosoma, 113(8), 399–408. https://doi.org/10.1007/S00412-005-0329-5 

Blumenschein, T. M. A., Friedrich, N., Childs, R. A., Saouros, S., Carpenter, E. P., 
Campanero-Rhodes, M. A., Simpson, P., Chai, W., Koutroukides, T., Blackman, 
M. J., Feizi, T., Soldati-Favre, D., & Matthews, S. (2007). Atomic resolution 
insight into host cell recognition by Toxoplasma gondii. The EMBO Journal, 
26(11), 2808. https://doi.org/10.1038/SJ.EMBOJ.7601704 

Bohne, W., Gross, U., Ferguson, D. J. P., & Heesemann, J. (1995). Cloning and 
characterization of a bradyzoite-specifically expressed gene (hsp30/bag1) of 
Toxoplasma gondii, related to genes encoding small heat-shock proteins of 
plants. Molecular Microbiology, 16(6), 1221–1230. 
https://doi.org/10.1111/J.1365-2958.1995.TB02344.X 

Bohne, W., & Roos, D. S. (1997). Stage-specific expression of a selectable marker in 
Toxoplasma gondii permits selective inhibition of either tachyzoites or 
bradyzoites. Molecular and Biochemical Parasitology, 88(1–2), 115–126. 
https://doi.org/10.1016/S0166-6851(97)00087-X 

Boothroyd, J. C., & Dubremetz, J. F. (2008). Kiss and spit: the dual roles of 
Toxoplasma rhoptries. Nature Reviews. Microbiology, 6(1), 79–88. 
https://doi.org/10.1038/NRMICRO1800 

Boothroyd, J. C., & Grigg, M. E. (2002). Population biology of Toxoplasma gondii and 
its relevance to human infection: Do different strains cause different disease? 
Current Opinion in Microbiology, 5(4), 438–442. https://doi.org/10.1016/S1369-
5274(02)00349-1 

Bougdour, A., Durandau, E., Brenier-Pinchart, M. P., Ortet, P., Barakat, M., Kieffer, 
S., Curt-Varesano, A., Curt-Bertini, R. L., Bastien, O., Coute, Y., Pelloux, H., & 
Hakimi, M. A. (2013). Host cell subversion by Toxoplasma GRA16, an exported 
dense granule protein that targets the host cell nucleus and alters gene 
expression. Cell Host and Microbe, 13(4), 489–500. 
https://doi.org/10.1016/j.chom.2013.03.002 

Bradley, P. J., Ward, C., Cheng, S. J., Alexander, D. L., Coller, S., Coombs, G. H., 
Dunn, J. D., Ferguson, D. J., Sanderson, S. J., Wastling, J. M., & Boothroyd, J. 
C. (2005). Proteomic analysis of rhoptry organelles reveals many novel 
constituents for host-parasite interactions in Toxoplasma gondii. The Journal of 
Biological Chemistry, 280(40), 34245–34258. 
https://doi.org/10.1074/JBC.M504158200 



 226 

Braun, L., Brenier-Pinchart, M. P., Yogavel, M., Curt-Varesano, A., Curt-Bertini, R. L., 
Hussain, T., Kieffer-Jaquinod, S., Coute, Y., Pelloux, H., Tardieux, I., Sharma, 
A., Belrhali, H., Bougdour, A., & Hakimi, M. A. (2013). A Toxoplasma dense 
granule protein, GRA24, modulates the early immune response to infection by 
promoting a direct and sustained host p38 MAPK activation. Journal of 
Experimental Medicine, 210(10), 2071–2086. 
https://doi.org/10.1084/jem.20130103 

Brooks, C. F., Francia, M. E., Gissot, M., Croken, M. M., Kim, K., & Striepen, B. 
(2011). Toxoplasma gondii sequesters centromeres to a specific nuclear region 
throughout the cell cycle. Proceedings of the National Academy of Sciences of 
the United States of America, 108(9), 3767–3772. 
https://doi.org/10.1073/PNAS.1006741108/-/DCSUPPLEMENTAL 

Brown, J. M., Hardin, C., & Gaertig, J. (1999). ROTOKINESIS, A NOVEL 
PHENOMENON OF CELL LOCOMOTION-ASSISTED CYTOKINESIS IN THE 
CILIATE TETRAHYMENA THERMOPHILA. Cell Biology International, 23(12), 
841–848. https://doi.org/10.1006/CBIR.1999.0480 

Brown, K. M., & Sibley, L. D. (2018). Essential cGMP Signaling in Toxoplasma Is 
Initiated by a Hybrid P-Type ATPase-Guanylate Cyclase. Cell Host & Microbe, 
24(6), 804-816.e6. https://doi.org/10.1016/J.CHOM.2018.10.015 

Buguliskis, J. S., Brossier, F., Shuman, J., & Sibley, L. D. (2010). Rhomboid 4 
(ROM4) Affects the Processing of Surface Adhesins and Facilitates Host Cell 
Invasion by Toxoplasma gondii. PLOS Pathogens, 6(4), e1000858. 
https://doi.org/10.1371/JOURNAL.PPAT.1000858 

Bullen, H. E., Jia, Y., Yamaryo-Botté, Y., Bisio, H., Zhang, O., Jemelin, N. K., Marq, 
J. B., Carruthers, V., Botté, C. Y., & Soldati-Favre, D. (2016). Phosphatidic Acid-
Mediated Signaling Regulates Microneme Secretion in Toxoplasma. Cell Host & 
Microbe, 19(3), 349–360. https://doi.org/10.1016/J.CHOM.2016.02.006 

Bullen, H. E., Tonkin, C. J., O’Donnell, R. A., Tham, W. H., Papenfuss, A. T., Gould, 
S., Cowman, A. F., Crabb, B. S., & Gilson, P. R. (2009). A novel family of 
Apicomplexan glideosome-associated proteins with an inner membrane-
anchoring role. The Journal of Biological Chemistry, 284(37), 25353–25363. 
https://doi.org/10.1074/JBC.M109.036772 

Bunnik, E. M., Venkat, A., Shao, J., McGovern, K. E., Batugedara, G., Worth, D., 
Prudhomme, J., Lapp, S. A., Andolina, C., Ross, L. S., Lawres, L., Brady, D., 
Sinnis, P., Nosten, F., Fidock, D. A., Wilson, E. H., Tewari, R., Galinski, M. R., 
Mamoun, C. Ben, … Le Roch, K. G. (2019). Comparative 3D genome 
organization in apicomplexan parasites. Proceedings of the National Academy of 
Sciences of the United States of America, 116(8), 3183–3192. 
https://doi.org/10.1073/PNAS.1810815116/SUPPL_FILE/PNAS.1810815116.SD
01.PDF 

Caldas, L. A., & de Souza, W. (2018). A Window to Toxoplasma gondii Egress. 
Pathogens, 7(3). https://doi.org/10.3390/PATHOGENS7030069 

Cao, Z., Zhang, K., Yin, D., Zhang, Q., Yu, Y., Wen, J., & Ni, H. (2022). Clinical 
validation of visual LAMP and qLAMP assays for the rapid detection of 
Toxoplasma gondii. Frontiers in Cellular and Infection Microbiology, 12, 
1024690. https://doi.org/10.3389/FCIMB.2022.1024690/BIBTEX 

Carey, K. L., Jongco, A. M., Kim, K., & Ward, G. E. (2004). The Toxoplasma gondii 
rhoptry protein ROP4 is secreted into the parasitophorous vacuole and becomes 
phosphorylated in infected cells. Eukaryotic Cell, 3(5), 1320–1330. 
https://doi.org/10.1128/EC.3.5.1320-1330.2004 



 227 

Carmen, J. C., & Sinai, A. P. (2007). Suicide prevention: disruption of apoptotic 
pathways by protozoan parasites. Molecular Microbiology, 64(4), 904–916. 
https://doi.org/10.1111/J.1365-2958.2007.05714.X 

Carruthers, V. B. (2002). Host cell invasion by the opportunistic pathogen 
Toxoplasma gondii. Acta Tropica, 81(2), 111–122. 
https://doi.org/10.1016/S0001-706X(01)00201-7 

Carruthers, V. B., & Sibley, L. D. (1997). Sequential protein secretion from three 
distinct organelles of Toxoplasma gondii accompanies invasion of human 
fibroblasts. European Journal of Cell Biology, 73(2), 114–123. 
https://europepmc.org/article/med/9208224 

Carruthers, V. B., & Tomley, F. M. (n.d.). Receptor-ligand interaction and invasion: 
Microneme proteins in apicomplexans. 

Carruthers, V., & Boothroyd, J. C. (2007). Pulling together: an integrated model of 
Toxoplasma cell invasion. Current Opinion in Microbiology, 10(1), 83–89. 
https://doi.org/10.1016/J.MIB.2006.06.017 

Cavalier-Smith, T., & Chao, E. E. (2004). Protalveolate phylogeny and systematics 
and the origins of Sporozoa and dinoflagellates (phylum Myzozoa nom. nov.). 
European Journal of Protistology, 40(3), 185–212. 
https://doi.org/10.1016/J.EJOP.2004.01.002 

Cérède, O., Dubremetz, J. F., Soête, M., Deslée, D., Vial, H., Bout, D., & Lebrun, M. 
(2005). Synergistic role of micronemal proteins in Toxoplasma gondii virulence. 
The Journal of Experimental Medicine, 201(3), 453. 
https://doi.org/10.1084/JEM.20041672 

Chahine, Z., Gupta, M., Lenz, T., Hollin, T., Abel, S., Banks, C., Saraf, A., 
Prudhomme, J., Florens, L., & Le Roch, K. (2023). PfMORC protein regulates 
chromatin accessibility and transcriptional repression in the human malaria 
parasite, P. falciparum. https://doi.org/10.7554/eLife.92499.1 

Chandramohanadas, R., Davis, P. H., Beiting, D. P., Harbut, M. B., Darling, C., 
Velmourougane, G., Lee, M. Y., Greer, P. A., Roos, D. S., & Greenbaum, D. C. 
(2009). Apicomplexan Parasites Co-Opt Host Calpains to Facilitate Their Escape 
from Infected Cells. Science (New York, N.y.), 324(5928), 794. 
https://doi.org/10.1126/SCIENCE.1171085 

Checkley, W., White, A. C., Jaganath, D., Arrowood, M. J., Chalmers, R. M., Chen, X. 
M., Fayer, R., Griffiths, J. K., Guerrant, R. L., Hedstrom, L., Huston, C. D., 
Kotloff, K. L., Kang, G., Mead, J. R., Miller, M., Petri, W. A., Priest, J. W., Roos, 
D. S., Striepen, B., … Houpt, E. R. (2015). A review of the global burden, novel 
diagnostics, therapeutics, and vaccine targets for cryptosporidium. In The Lancet 
Infectious Diseases (Vol. 15, Issue 1, pp. 85–94). Lancet Publishing Group. 
https://doi.org/10.1016/S1473-3099(14)70772-8 

Chelaghma, S., Ke, H., Barylyuk, K., Krueger, T., Koreny, L., & Waller, R. F. (2024a). 
Apical annuli are specialised sites of postinvasion secretion of dense granules in 
Toxoplasma. ELife, 13. https://doi.org/10.7554/ELIFE.94201 

Chelaghma, S., Ke, H., Barylyuk, K., Krueger, T., Koreny, L., & Waller, R. F. (2024b). 
Apical annuli are specialised sites of postinvasion secretion of dense granules in 
Toxoplasma. ELife, 13. https://doi.org/10.7554/ELIFE.94201 

Chen, A. L., Kim, E. W., Toh, J. Y., Vashisht, A. A., Rashoff, A. Q., Van, C., Huang, 
A. S., Moon, A. S., Bell, H. N., Bentolila, L. A., Wohlschlegel, J. A., & Bradley, P. 
J. (2015). Novel components of the Toxoplasma inner membrane complex 
revealed by BioID. MBio, 6(1). https://doi.org/10.1128/MBIO.02357-14 



 228 

Chen, A. L., Moon, A. S., Bell, H. N., Huang, A. S., Vashisht, A. A., Toh, J. Y., Lin, A. 
H., Nadipuram, S. M., Kim, E. W., Choi, C. P., Wohlschlegel, J. A., & Bradley, P. 
J. (2017). Novel insights into the composition and function of the Toxoplasma 
IMC sutures. Cellular Microbiology, 19(4). https://doi.org/10.1111/CMI.12678 

Chen, C. T., & Gubbels, M. J. (2013). The Toxoplasma gondii centrosome is the 
platform for internal daughter budding as revealed by a Nek1 kinase mutant. 
Journal of Cell Science, 126(15), 3344–3355. 
https://doi.org/10.1242/JCS.123364/-/DC1 

Chen, C. T., & Gubbels, M. J. (2015). Apicomplexan cell cycle flexibility: centrosome 
controls the clutch. Trends in Parasitology, 31(6), 229. 
https://doi.org/10.1016/J.PT.2015.04.003 

Chen, C. T., & Gubbels, M. J. (2019). TgCep250 is dynamically processed through 
the division cycle and is essential for structural integrity of the Toxoplasma 
centrosome. Molecular Biology of the Cell, 30(10), 1160–1169. 
https://doi.org/10.1091/MBC.E18-10-0608/ASSET/IMAGES/LARGE/MBC-30-
1160-G008.JPEG 

Cleary, M. D., Singh, U., Blader, I. J., Brewer, J. L., & Boothroyd, J. C. (2002). 
Toxoplasma gondii asexual development: identification of developmentally 
regulated genes and distinct patterns of gene expression. Eukaryotic Cell, 1(3), 
329–340. https://doi.org/10.1128/EC.1.3.329-340.2002 

Coffey, M. J., Sleebs, B. E., Uboldi, A. D., Garnham, A., Franco, M., Marino, N. D., 
Panas, M. W., Ferguson, D. J., Enciso, M., O’neill, M. T., Lopaticki, S., Stewart, 
R. J., Dewson, G., Smyth, G. K., Smith, B. J., Masters, S. L., Boothroyd, J. C., 
Boddey, J. A., & Tonkin, C. J. (n.d.). An aspartyl protease defines a novel 
pathway for export of Toxoplasma proteins into the host cell. 
https://doi.org/10.7554/eLife.10809.001 

Coppens, I., Dunn, J. D., Romano, J. D., Pypaert, M., Zhang, H., Boothroyd, J. C., & 
Joiner, K. A. (2006). Toxoplasma gondii sequesters lysosomes from mammalian 
hosts in the vacuolar space. Cell, 125(2), 261–274. 
https://doi.org/10.1016/J.CELL.2006.01.056 

Coppens, I., & Joiner, K. A. (2003). Host but not parasite cholesterol controls 
Toxoplasma cell entry by modulating organelle discharge. Molecular Biology of 
the Cell, 14(9), 3804–3820. https://doi.org/10.1091/MBC.E02-12-0830 

Coppens, I., & Vielemeyer, O. (2005). Insights into unique physiological features of 
neutral lipids in Apicomplexa: from storage to potential mediation in parasite 
metabolic activities. International Journal for Parasitology, 35(6), 597–615. 
https://doi.org/10.1016/J.IJPARA.2005.01.009 

Courjol, F., Mouveaux, T., Lesage, K., Saliou, J. M., Werkmeister, E., Bonabaud, M., 
Rohmer, M., Slomianny, C., Lafont, F., & Gissot, M. (2017). Characterization of a 
nuclear pore protein sheds light on the roles and composition of the Toxoplasma 
gondii nuclear pore complex. Cellular and Molecular Life Sciences : CMLS, 
74(11), 2107–2125. https://doi.org/10.1007/S00018-017-2459-3 

Courret, N., Darche, S., Sonigo, P., Milon, G., Buzoni-Gâtel, D., & Tardieux, I. (2006). 
CD11c- and CD11b-expressing mouse leukocytes transport single Toxoplasma 
gondii tachyzoites to the brain. Blood, 107(1), 309–316. 
https://doi.org/10.1182/BLOOD-2005-02-0666 

Dardé, M. L. (2008). Toxoplasma gondii, “new” genotypes and virulence. Parasite, 
15(3), 366–371. https://doi.org/10.1051/PARASITE/2008153366 

Dejgaard, S. Y., Murshid, A., Erman, A., Kizilay, Ö., Verbich, D., Lodge, R., Dejgaard, 
K., Ly-Hartig, T. B. N., Pepperkok, R., Simpson, J. C., & Presley, J. F. (2008). 



 229 

Rab18 and Rab43 have key roles in ER-Golgi trafficking. Journal of Cell 
Science, 121(16), 2768–2781. https://doi.org/10.1242/jcs.021808 

Delbac, F., Sänger, A., Neuhaus, E. M., Stratmann, R., Ajioka, J. W., Toursel, C., 
Herm-Götz, A., Tomavo, S., Soldati, T., & Soldati, D. (2001). Toxoplasma gondii 
myosins B/C: one gene, two tails, two localizations, and a role in parasite 
division. The Journal of Cell Biology, 155(4), 613. 
https://doi.org/10.1083/JCB.200012116 

Deshmukh, A. S., Mitra, P., Kolagani, A., & Gurupwar, R. (2018). Cdk-related kinase 
9 regulates RNA polymerase II mediated transcription in Toxoplasma gondii. 
Biochimica et Biophysica Acta. Gene Regulatory Mechanisms, 1861(6), 572–
585. https://doi.org/10.1016/J.BBAGRM.2018.02.004 

Deshmukh, A. S., Mitra, P., & Maruthi, M. (2016). Cdk7 mediates RPB1-driven 
mRNA synthesis in Toxoplasma gondii. Scientific Reports 2016 6:1, 6(1), 1–17. 
https://doi.org/10.1038/srep35288 

Di Genova, B. M., Wilson, S. K., Dubey, J. P., & Knoll, L. J. (2019). Intestinal delta-6-
desaturase activity determines host range for Toxoplasma sexual reproduction. 
PLOS Biology, 17(8), e3000364. 
https://doi.org/10.1371/JOURNAL.PBIO.3000364 

Dian, S., Ganiem, A. R., & Ekawardhani, S. (2023). Cerebral toxoplasmosis in HIV-
infected patients: a review. Pathogens and Global Health, 117(1), 14–23. 
https://doi.org/10.1080/20477724.2022.2083977 

Díaz-Martín, R. D., Mercier, C., Gómez de León, C. T., González, R. M., Pozos, S. 
G., Ríos-Castro, E., García, R. A., Fox, B. A., Bzik, D. J., & Flores, R. M. (2019). 
The dense granule protein 8 (GRA8) is a component of the sub-pellicular 
cytoskeleton in Toxoplasma gondii. Parasitology Research, 118(6), 1899–1918. 
https://doi.org/10.1007/s00436-019-06298-7 

dos Santos, B. R., da Silva Bellini Ramos, A. B., de Menezes, R. P. B., Scotti, M. T., 
Colombo, F. A., Marques, M. J., & Reimão, J. Q. (2023). Repurposing the 
Medicines for Malaria Venture’s COVID Box to discover potent inhibitors of 
Toxoplasma gondii, and in vivo efficacy evaluation of almitrine bismesylate 
(MMV1804175) in chronically infected mice. PLOS ONE, 18(7), e0288335. 
https://doi.org/10.1371/JOURNAL.PONE.0288335 

Dos Santos Pacheco, N., Tell i Puig, A., Guérin, A., Martinez, M., Maco, B., Tosetti, 
N., Delgado-Betancourt, E., Lunghi, M., Striepen, B., Chang, Y. W., & Soldati-
Favre, D. (2024). Sustained rhoptry docking and discharge requires Toxoplasma 
gondii intraconoidal microtubule-associated proteins. Nature Communications 
2024 15:1, 15(1), 1–15. https://doi.org/10.1038/s41467-023-44631-y 

Dowse, T., & Soldati, D. (2004). Host cell invasion by the apicomplexans: the 
significance of microneme protein proteolysis. Current Opinion in Microbiology, 
7(4), 388–396. https://doi.org/10.1016/J.MIB.2004.06.013 

Dubey, J. P. (1998). Re-examination of resistance of Toxoplasma gondii tachyzoites 
and bradyzoites to pepsin and trypsin digestion. Parasitology, 116(1), 43–50. 
https://doi.org/10.1017/S0031182097001935 

Dubey, J. P. (2008). The History of Toxoplasma gondii—The First 100 Years. Journal 
of Eukaryotic Microbiology, 55(6), 467–475. https://doi.org/10.1111/J.1550-
7408.2008.00345.X 

Dubey, J. P. (2009). History of the discovery of the life cycle of Toxoplasma gondii. 
International Journal for Parasitology, 39(8), 877–882. 
https://doi.org/10.1016/J.IJPARA.2009.01.005 



 230 

DUBEY, J. P., & FRENKEL, J. K. (1972). Cyst-Induced Toxoplasmosis in Cats*. The 
Journal of Protozoology, 19(1), 155–177. https://doi.org/10.1111/J.1550-
7408.1972.TB03431.X 

Dubey, J. P., Lindsay, D. S., & Speer, C. A. (1998). Structures of Toxoplasma gondii 
tachyzoites, bradyzoites, and sporozoites and biology and development of tissue 
cysts. Clinical Microbiology Reviews, 11(2), 267–299. 
https://doi.org/10.1128/CMR.11.2.267 

Dubey, J. P., Speer, C. A., Shen, S. K., Kwok, O. C. H., & Blixt, J. A. (1997). Oocyst-
induced murine toxoplasmosis: Life cycle, pathogenicity, and stage conversion in 
mice fed Toxoplasma gondii oocysts. Journal of Parasitology, 83(5), 870–882. 
https://doi.org/10.2307/3284282 

Dubremetz, J. F. (2007). Rhoptries are major players in Toxoplasma gondii invasion 
and host cell interaction. Cellular Microbiology, 9(4), 841–848. 
https://doi.org/10.1111/J.1462-5822.2007.00909.X 

Dubremetz, J. F., Achbarou, A., Bermudes, D., & Joiner, K. A. (1993). Kinetics and 
pattern of organelle exocytosis during Toxoplasma gondii/host-cell interaction. 
Parasitology Research, 79(5), 402–408. https://doi.org/10.1007/BF00931830 

Dunay, I. R., Gajurel, K., Dhakal, R., Liesenfeld, O., & Montoya, J. G. (2018). 
Treatment of Toxoplasmosis: Historical Perspective, Animal Models, and Current 
Clinical Practice. Clinical Microbiology Reviews, 31(4). 
https://doi.org/10.1128/CMR.00057-17 

Dunn, D., Wallon, M., Peyron, F., Petersen, E., Peckham, C., & Gilbert, R. (1999). 
Mother-to-child transmission of toxoplasmosis: risk estimates for clinical 
counselling. Lancet (London, England), 353(9167), 1829–1833. 
https://doi.org/10.1016/S0140-6736(98)08220-8 

Dzierszinski, F., Nishi, M., Ouko, L., & Roos, D. S. (2004). Dynamics of Toxoplasma 
gondii differentiation. Eukaryotic Cell, 3(4), 992–1003. 
https://doi.org/10.1128/EC.3.4.992-1003.2004 

Edvinsson, B., Lappalainen, M., Evengård, B., Buffalano, W., Ferguson, D., Guy, E., 
Jenum, P., Nowakowska, D., Pelloux, B., Stray-Pedersen, B., & Szénási, Z. 
(2006). Real-time PCR targeting a 529-bp repeat element for diagnosis of 
toxoplasmosis. Clinical Microbiology and Infection, 12(2), 131–136. 
https://doi.org/10.1111/j.1469-0691.2005.01332.x 

El Hajj, H., Lebrun, M., Arold, S. T., Vial, H., Labesse, G., & Dubremetz, J. F. (2007). 
ROP18 Is a Rhoptry Kinase Controlling the Intracellular Proliferation of 
Toxoplasma gondii. PLOS Pathogens, 3(2), e14. 
https://doi.org/10.1371/JOURNAL.PPAT.0030014 

Engelberg, K., Bechtel, T., Michaud, C., Weerapana, E., & Gubbels, M. J. (2022). 
Proteomic characterization of the Toxoplasma gondii cytokinesis machinery 
portrays an expanded hierarchy of its assembly and function. Nature 
Communications 2022 13:1, 13(1), 1–15. https://doi.org/10.1038/s41467-022-
32151-0 

Engelberg, K., Bechtel, T., Michaud, C., Weerapana, E., & Gubbels, M.-J. (n.d.). A 
more complex basal complex: novel components mapped to the Toxoplasma 
gondii cytokinesis machinery portray an expanded hierarchy of its assembly and 
function. https://doi.org/10.1101/2021.10.14.464364 

Engelberg, K., Chen, C. T., Bechtel, T., Sánchez Guzmán, V., Drozda, A. A., 
Chavan, S., Weerapana, E., & Gubbels, M. J. (2020). The apical annuli of 
Toxoplasma gondii are composed of coiled-coil and signalling proteins 



 231 

embedded in the inner membrane complex sutures. Cellular Microbiology, 22(1). 
https://doi.org/10.1111/CMI.13112 

Engelberg, K., Chen, C.-T., Bechtel, T., Sánchez Guzmán, V., Drozda, A. A., 
Chavan, S., Weerapana, E., Gubbels, M.-J., Juan, S., & Rico, P. (2019). The 
apical annuli of Toxoplasma gondii are composed of coiled-coil and signalling 
proteins embedded in the inner membrane complex sutures. 
https://doi.org/10.1111/cmi.13112 

Engelberg, K., Ivey, F. D., Lin, A., Kono, M., Lorestani, A., Faugno-Fusci, D., 
Gilberger, T. W., White, M., & Gubbels, M. J. (2016). A MORN1-associated HAD 
phosphatase in the basal complex is essential for Toxoplasma gondii daughter 
budding. Cellular Microbiology, 18(8), 1153–1171. 
https://doi.org/10.1111/CMI.12574 

Etheridge, R. D., Alaganan, A., Tang, K., Lou, H. J., Turk, B. E., & Sibley, L. D. 
(2014). The Toxoplasma pseudokinase ROP5 forms complexes with ROP18 and 
ROP17 kinases that synergize to control acute virulence in mice. Cell Host & 
Microbe, 15(5), 537–550. https://doi.org/10.1016/J.CHOM.2014.04.002 

Fadel, E. F., EL-Hady, H. A., Ahmed, A. M., & Tolba, M. E. M. (2024). Molecular 
diagnosis of human toxoplasmosis: the state of the art. Journal of Parasitic 
Diseases : Official Organ of the Indian Society for Parasitology, 48(2), 201–216. 
https://doi.org/10.1007/S12639-024-01667-1 

Farhat, D. C., Swale, C., Dard, C., Cannella, D., Ortet, P., Barakat, M., 
Sindikubwabo, F., Belmudes, L., De Bock, P. J., Couté, Y., Bougdour, A., & 
Hakimi, M. A. (2020). A MORC-driven transcriptional switch controls Toxoplasma 
developmental trajectories and sexual commitment. Nature Microbiology 2020 
5:4, 5(4), 570–583. https://doi.org/10.1038/s41564-020-0674-4 

Farrell, M., & Gubbels, M. J. (2014). The Toxoplasma gondii kinetochore is required 
for centrosome association with the centrocone (spindle pole). Cellular 
Microbiology, 16(1), 78–94. https://doi.org/10.1111/CMI.12185 

Fast, N. M., Kissinger, J. C., Roos, D. S., & Keeling, P. J. (2001). Nuclear-Encoded, 
Plastid-Targeted Genes Suggest a Single Common Origin for Apicomplexan and 
Dinoflagellate Plastids. Molecular Biology and Evolution, 18(3), 418–426. 
https://doi.org/10.1093/OXFORDJOURNALS.MOLBEV.A003818 

Featherstone, M. (2002). Coactivators in transcription initiation: Here are your orders. 
Current Opinion in Genetics and Development, 12(2), 149–155. 
https://doi.org/10.1016/S0959-437X(02)00280-0 

Feliciano-Alfonso, J. E., Muñoz-Ortiz, J., Marín-Noriega, M. A., Vargas-Villanueva, 
A., Triviño-Blanco, L., Carvajal-Saiz, N., & de-la-Torre, A. (2021). Safety and 
efficacy of different antibiotic regimens in patients with ocular toxoplasmosis: 
systematic review and meta-analysis. Systematic Reviews, 10(1). 
https://doi.org/10.1186/S13643-021-01758-7 

Fentress, S. J., Behnke, M. S., Dunay, I. R., Mashayekhi, M., Rommereim, L. M., 
Fox, B. A., Bzik, D. J., Taylor, G. A., Turk, B. E., Lichti, C. F., Townsend, R. R., 
Qiu, W., Hui, R., Beatty, W. L., & David Sibley, L. (2010). Phosphorylation of 
immunity-related GTPases by a Toxoplasma gondii secreted kinase promotes 
macrophage survival and virulence. Cell Host Microbe, 8(6), 484–495. 
https://doi.org/10.1016/j.chom.2010.11.005 

Ferguson, D. J. P. (2002). Toxoplasma gondii and sex: Essential or optional extra? 
Trends in Parasitology, 18(8), 351–355. https://doi.org/10.1016/s1471-
4922(02)02330-9 



 232 

Ferguson, D. J. P., Birch-Andersen, A., Siim, J. C., & Hutchison, W. M. (1979). An 
ultrastructural study on the excystation of the sporozoites of Toxoplasma gondii. 
Acta Pathologica et Microbiologica Scandinavica. Section B, Microbiology, 87(5), 
277–283. https://doi.org/10.1111/J.1699-0463.1979.TB02439.X 

Ferguson, D. J. P., Sahoo, N., Pinches, R. A., Bumstead, J. M., Tomley, F. M., & 
Gubbels, M. J. (2008). MORN1 has a conserved role in asexual and sexual 
development across the Apicomplexa. Eukaryotic Cell, 7(4), 698–711. 
https://doi.org/10.1128/EC.00021-08 

Fleckenstein, M. C., Reese, M. L., Könen-Waisman, S., Boothroyd, J. C., Howard, J. 
C., & Steinfeldt, T. (2012). A Toxoplasma gondii Pseudokinase Inhibits Host IRG 
Resistance Proteins. PLOS Biology, 10(7), e1001358. 
https://doi.org/10.1371/JOURNAL.PBIO.1001358 

Foussard, F., Leriche, M. A., & Dubremetz, J. F. (1991a). Characterization of the lipid 
content of Toxoplasma gondii rhoptries. Parasitology, 102 Pt 3(3), 367–370. 
https://doi.org/10.1017/S0031182000064313 

Foussard, F., Leriche, M. A., & Dubremetz, J. F. (1991b). Characterization of the lipid 
content of Toxoplasma gondii rhoptries. Parasitology, 102 Pt 3(3), 367–370. 
https://doi.org/10.1017/S0031182000064313 

Fox, B. A., Falla, A., Rommereim, L. M., Tomita, T., Gigley, J. P., Mercier, C., 
Cesbron-Delauw, M. F., Weiss, L. M., & Bzik, D. J. (2011). Type II Toxoplasma 
gondii KU80 knockout strains enable functional analysis of genes required for 
Cyst development and latent infection. Eukaryotic Cell, 10(9), 1193–1206. 
https://doi.org/10.1128/EC.00297-10 

Fox, B. A., Gigley, J. P., & Bzik, D. J. (2004). Toxoplasma gondii lacks the enzymes 
required for de novo arginine biosynthesis and arginine starvation triggers cyst 
formation. International Journal for Parasitology, 34(3), 323–331. 
https://doi.org/10.1016/j.ijpara.2003.12.001 

Fox, B. A., Guevara, R. B., Rommereim, L. M., Falla, A., Bellini, V., Pètre, G., Rak, 
C., Cantillana, V., Dubremetz, J.-F., Cesbron-Delauw, M.-F., Taylor, G. A., 
Mercier, C., & Bzik, D. J. (2019). Toxoplasma gondii Parasitophorous Vacuole 
Membrane-Associated Dense Granule Proteins Orchestrate Chronic Infection 
and GRA12 Underpins Resistance to Host Gamma Interferon. 
https://doi.org/10.1128/mBio 

Fox, B. A., Rommereim, L. M., Guevara, R. B., Falla, A., Hortua Triana, M. A., Sun, 
Y., & Bzik, D. J. (2016). The Toxoplasma gondii Rhoptry Kinome Is Essential for 
Chronic Infection. MBio, 7(3). https://doi.org/10.1128/MBIO.00193-16 

Francia, M. E., & Striepen, B. (2014). Cell division in apicomplexan parasites. Nature 
Reviews Microbiology 2014 12:2, 12(2), 125–136. 
https://doi.org/10.1038/nrmicro3184 

Fraschka, S. A., Filarsky, M., Hoo, R., Niederwieser, I., Yam, X. Y., Brancucci, N. M. 
B., Mohring, F., Mushunje, A. T., Huang, X., Christensen, P. R., Nosten, F., 
Bozdech, Z., Russell, B., Moon, R. W., Marti, M., Preiser, P. R., Bártfai, R., & 
Voss, T. S. (2018). Comparative Heterochromatin Profiling Reveals Conserved 
and Unique Epigenome Signatures Linked to Adaptation and Development of 
Malaria Parasites. Cell Host & Microbe, 23(3), 407-420.e8. 
https://doi.org/10.1016/J.CHOM.2018.01.008 

Frénal, K., Dubremetz, J. F., Lebrun, M., & Soldati-Favre, D. (2017a). Gliding motility 
powers invasion and egress in Apicomplexa. Nature Reviews. Microbiology, 
15(11), 645–660. https://doi.org/10.1038/NRMICRO.2017.86 



 233 

Frénal, K., Dubremetz, J. F., Lebrun, M., & Soldati-Favre, D. (2017b). Gliding motility 
powers invasion and egress in Apicomplexa. Nature Reviews Microbiology 2017 
15:11, 15(11), 645–660. https://doi.org/10.1038/nrmicro.2017.86 

Frénal, K., Marq, J. B., Jacot, D., Polonais, V., & Soldati-Favre, D. (2014). Plasticity 
between MyoC- and MyoA-Glideosomes: An Example of Functional 
Compensation in Toxoplasma gondii Invasion. PLOS Pathogens, 10(11), 
e1004504. https://doi.org/10.1371/JOURNAL.PPAT.1004504 

Frénal, K., Polonais, V., Marq, J. B., Stratmann, R., Limenitakis, J., & Soldati-Favre, 
D. (2010). Functional dissection of the apicomplexan glideosome molecular 
architecture. Cell Host & Microbe, 8(4), 343–357. 
https://doi.org/10.1016/J.CHOM.2010.09.002 

Frenkel, J. K., Ruiz, A., & Chinchilla, M. (1975). Soil survival of toxoplasma oocysts in 
Kansas and Costa Rica. The American Journal of Tropical Medicine and 
Hygiene, 24(3), 439–443. https://doi.org/10.4269/AJTMH.1975.24.439 

Fuentes, I., Rubio, J. M., Ramírez, C., & Alvar, J. (2001). Genotypic characterization 
of Toxoplasma gondii strains associated with human toxoplasmosis in Spain: 
direct analysis from clinical samples. Journal of Clinical Microbiology, 39(4), 
1566–1570. https://doi.org/10.1128/JCM.39.4.1566-1570.2001 

Fung, C., Beck, J. R., Robertson, S. D., Gubbels, M. J., & Bradley, P. J. (2012a). 
Toxoplasma ISP4 is a central IMC sub-compartment protein whose localization 
depends on palmitoylation but not myristoylation. Molecular and Biochemical 
Parasitology, 184(2), 99. https://doi.org/10.1016/J.MOLBIOPARA.2012.05.002 

Fung, C., Beck, J. R., Robertson, S. D., Gubbels, M.-J., & Bradley, P. J. (2012b). 
Toxoplasma ISP4 is a central IMC sub-compartment protein whose localization 
depends on palmitoylation but not myristoylation. 
https://doi.org/10.1016/j.molbiopara.2012.05.002 

Garrison, E., Treeck, M., Ehret, E., Butz, H., Garbuz, T., Oswald, B. P., Settles, M., 
Boothroyd, J., & Arrizabalaga, G. (2012). A Forward Genetic Screen Reveals 
that Calcium-dependent Protein Kinase 3 Regulates Egress in Toxoplasma. 
PLOS Pathogens, 8(11), e1003049. 
https://doi.org/10.1371/JOURNAL.PPAT.1003049 

Gaskins, E., Gilk, S., Devore, N., Mann, T., Ward, G., & Beckers, C. (2004). 
Identification of the membrane receptor of a class XIV myosin in Toxoplasma 
gondii. The Journal of Cell Biology, 165(3), 383–393. 
https://doi.org/10.1083/jcb.200311137 

Gerald, N., Mahajan, B., & Kumar, S. (2011). Mitosis in the Human Malaria Parasite 
Plasmodium falciparum. Eukaryotic Cell, 10(4), 474. 
https://doi.org/10.1128/EC.00314-10 

Gissot, M., Walker, R., Delhaye, S., Huot, L., Hot, D., & Tomavo, S. (2012). 
Toxoplasma gondii Chromodomain Protein 1 Binds to Heterochromatin and 
Colocalises with Centromeres and Telomeres at the Nuclear Periphery. PLOS 
ONE, 7(3), e32671. https://doi.org/10.1371/JOURNAL.PONE.0032671 

Giudice, D. Lo, Peri, E., Bue, M. Lo, & Colazza, S. (2010). Apicomplexan perforin-like 
proteins. Communicative & Integrative Biology, 3(1), 18–23. 
https://doi.org/10.4161/CIB.3.1.9794 

Gold, D. A., Kaplan, A. D., Lis, A., Bett, G. C. L., Rosowski, E. E., Cirelli, K. M., 
Bougdour, A., Sidik, S. M., Beck, J. R., Lourido, S., Egea, P. F., Bradley, P. J., 
Hakimi, M. A., Rasmusson, R. L., & Saeij, J. P. J. (2015). The Toxoplasma 
Dense Granule Proteins GRA17 and GRA23 Mediate the Movement of Small 



 234 

Molecules between the Host and the Parasitophorous Vacuole. Cell Host & 
Microbe, 17(5), 642–652. https://doi.org/10.1016/J.CHOM.2015.04.003 

Gomez, C. A., Sahoo, M. K., Kahn, G. Y., Zhong, L., Montoya, J. G., Pinsky, B. A., & 
Doan, T. (2019). Dual-target, real-time PCR for the diagnosis of intraocular 
Toxoplasma gondii infections. The British Journal of Ophthalmology, 103(4), 
569. https://doi.org/10.1136/BJOPHTHALMOL-2018-313064 

Goodenough, U., Roth, R., Kariyawasam, T., He, A., & Lee, J. H. (2018). Epiplasts: 
Membrane Skeletons and Epiplastin Proteins in Euglenids, Glaucophytes, 
Cryptophytes, Ciliates, Dinoflagellates, and Apicomplexans. MBio, 9(5), 1–31. 
https://doi.org/10.1128/MBIO.02020-18 

Gordon, J. L., Buguliskis, J. S., Buske, P. J., & Sibley, L. D. (2010). Actin-Like Protein 
1 (ALP1) is a component of dynamic, high molecular weight complexes in 
Toxoplasma gondii. Cytoskeleton (Hoboken, N.j.), 67(1), 23. 
https://doi.org/10.1002/CM.20414 

Gould, S. B., Tham, W. H., Cowman, A. F., McFadden, G. I., & Waller, R. F. (2008). 
Alveolins, a New Family of Cortical Proteins that Define the Protist Infrakingdom 
Alveolata. Molecular Biology and Evolution, 25(6), 1219–1230. 
https://doi.org/10.1093/MOLBEV/MSN070 

Graindorge, A., Frénal, K., Jacot, D., Salamun, J., Marq, J. B., & Soldati-Favre, D. 
(2016). The Conoid Associated Motor MyoH Is Indispensable for Toxoplasma 
gondii Entry and Exit from Host Cells. PLOS Pathogens, 12(1), e1005388. 
https://doi.org/10.1371/JOURNAL.PPAT.1005388 

Griffith, M. B., Pearce, C. S., & Heaslip, A. T. (2022). Dense granule biogenesis, 
secretion and function in Toxoplasma gondii. The Journal of Eukaryotic 
Microbiology, 69(6), e12904. https://doi.org/10.1111/JEU.12904 

Grigg, M. E., Bonnefoy, S., Hehl, A. B., Suzuki, Y., & Boothroyd, J. C. (2001). 
Success and virulence in Toxoplasma as the result of sexual recombination 
between two distinct ancestries. Science (New York, N.Y.), 294(5540), 161–165. 
https://doi.org/10.1126/SCIENCE.1061888 

Gubbels, M. J., Coppens, I., Zarringhalam, K., Duraisingh, M. T., & Engelberg, K. 
(2021a). The Modular Circuitry of Apicomplexan Cell Division Plasticity. Frontiers 
in Cellular and Infection Microbiology, 11, 670049. 
https://doi.org/10.3389/FCIMB.2021.670049 

https://doi.org/10.3389/FCIMB.2021.670049/XML/NLM 
Gubbels, M. J., Ferguson, D. J. P., Saha, S., Romano, J. D., Chavan, S., Primo, V. 

A., Michaud, C., Coppens, I., & Engelberg, K. (2022a). Toxoplasma gondii’s 
Basal Complex: The Other Apicomplexan Business End Is Multifunctional. 
Frontiers in Cellular and Infection Microbiology, 12. 
https://doi.org/10.3389/FCIMB.2022.882166/FULL 

Gubbels, M. J., Ferguson, D. J. P., Saha, S., Romano, J. D., Chavan, S., Primo, V. 
A., Michaud, C., Coppens, I., & Engelberg, K. (2022b). Toxoplasma gondii’s 
Basal Complex: The Other Apicomplexan Business End Is Multifunctional. 
Frontiers in Cellular and Infection Microbiology, 12. 
https://doi.org/10.3389/fcimb.2022.882166 

Gubbels, M. J., Ferguson, D. J. P., Saha, S., Romano, J. D., Chavan, S., Primo, V. 
A., Michaud, C., Coppens, I., & Engelberg, K. (2022c). Toxoplasma gondii’s 
Basal Complex: The Other Apicomplexan Business End Is Multifunctional. 
Frontiers in Cellular and Infection Microbiology, 12. 
https://doi.org/10.3389/fcimb.2022.882166 



 235 

Gubbels, M. J., Keroack, C. D., Dangoudoubiyam, S., Worliczek, H. L., Paul, A. S., 
Bauwens, C., Elsworth, B., Engelberg, K., Howe, D. K., Coppens, I., & 
Duraisingh, M. T. (2020). Fussing About Fission: Defining Variety Among 
Mainstream and Exotic Apicomplexan Cell Division Modes. Frontiers in Cellular 
and Infection Microbiology, 10. https://doi.org/10.3389/fcimb.2020.00269 

Gubbels, M. J., Vaishnava, S., Boot, N., Dubremetz, J. F., & Striepen, B. (2006). A 
MORN-repeat protein is a dynamic component of the Toxoplasma gondii cell 
division apparatus. Journal of Cell Science, 119(11), 2236–2245. 
https://doi.org/10.1242/JCS.02949 

Gubbels, M. J., White, M., & Szatanek, T. (2008). The cell cycle and Toxoplasma 
gondii cell division: Tightly knit or loosely stitched? International Journal for 
Parasitology, 38(12), 1343–1358. https://doi.org/10.1016/J.IJPARA.2008.06.004 

Guerina, N. G., Hsu, H.-W., Meissner, H. C., Maguire, J. H., Lynfield, R., 
Stechenberg, B., Abroms, I., Pasternack, M. S., Hoff, R., Eaton, R. B., & Grady, 
G. F. (1994). Neonatal serologic screening and early treatment for congenital 
Toxoplasma gondii infection. The New England Regional Toxoplasma Working 
Group. The New England Journal of Medicine, 330(26), 1858–1863. 
https://doi.org/10.1056/NEJM199406303302604 

Guevara, R. B., Fox, B. A., & Bzik, D. J. (2021a). A Family of Toxoplasma gondii 
Genes Related to GRA12 Regulate Cyst Burdens and Cyst Reactivation. 
MSphere, 6(2). https://doi.org/10.1128/MSPHERE.00182-21 

Guevara, R. B., Fox, B. A., & Bzik, D. J. (2021b). A Family of Toxoplasma gondii 
Genes Related to GRA12 Regulate Cyst Burdens and Cyst Reactivation. 
MSphere, 6(2). https://doi.org/10.1128/MSPHERE.00182-21 

Guevara, R. B., Fox, B. A., Falla, A., & Bzik, D. J. (2019). Toxoplasma gondii 
Intravacuolar-Network-Associated Dense Granule Proteins Regulate Maturation 
of the Cyst Matrix and Cyst Wall. https://journals.asm.org/journal/msphere 

Håkansson, S., Morisaki, H., Heuser, J., & Sibley, L. D. (1999). Time-lapse video 
microscopy of gliding motility in Toxoplasma gondii reveals a novel, biphasic 
mechanism of cell locomotion. Molecular Biology of the Cell, 10(11), 3539–3547. 
https://doi.org/10.1091/MBC.10.11.3539/ASSET/IMAGES/LARGE/MK11910040
08.JPEG 

Halonen, S. K., & Weiss, L. M. (2013). Toxoplasmosis. Handbook of Clinical 
Neurology, 114, 125–145. https://doi.org/10.1016/B978-0-444-53490-3.00008-X 

Hamilton, C. M., Black, L., Oliveira, S., Burrells, A., Bartley, P. M., Melo, R. P. B., 
Chianini, F., Palarea-Albaladejo, J., Innes, E. A., Kelly, P. J., & Katzer, F. (2019). 
Comparative virulence of Caribbean, Brazilian and European isolates of 
Toxoplasma gondii. Parasites & Vectors, 12(1). https://doi.org/10.1186/S13071-
019-3372-4 

Hammoudi, P. M., Jacot, D., Mueller, C., Di Cristina, M., Dogga, S. K., Marq, J. B., 
Romano, J., Tosetti, N., Dubrot, J., Emre, Y., Lunghi, M., Coppens, I., 
Yamamoto, M., Sojka, D., Pino, P., & Soldati-Favre, D. (2015). Fundamental 
Roles of the Golgi-Associated Toxoplasma Aspartyl Protease, ASP5, at the 
Host-Parasite Interface. PLOS Pathogens, 11(10), e1005211. 
https://doi.org/10.1371/JOURNAL.PPAT.1005211 

Harding, C. R., Gow, M., Kang, J. H., Shortt, E., Manalis, S. R., Meissner, M., & 
Lourido, S. (2019). Alveolar proteins stabilize cortical microtubules in 
Toxoplasma gondii. Nature Communications 2019 10:1, 10(1), 1–14. 
https://doi.org/10.1038/s41467-019-08318-7 



 236 

Harding, C. R., & Meissner, M. (2014). The inner membrane complex through 
development of Toxoplasma gondii and Plasmodium. In Cellular Microbiology 
(Vol. 16, Issue 5, pp. 632–641). Blackwell Publishing Ltd. 
https://doi.org/10.1111/cmi.12285 

Hartmann, J., Hu, K., He, C. Y., Pelletier, L., Roos, D. S., & Warren, G. (2006). Golgi 
and centrosome cycles in Toxoplasma gondii. Molecular and Biochemical 
Parasitology, 145(1), 125–127. 
https://doi.org/10.1016/J.MOLBIOPARA.2005.09.015 

Hawkins, L. M., Naumov, A. V, Batra, M., Wang, C., Chaput, D., & Suvorova, E. S. 
(2024). Novel CRK-Cyclin Complex Controls Spindle Assembly Checkpoint in 
Toxoplasma Endodyogeny. https://journals.asm.org/journal/mbio 

Hawkins, L. M., Wang, C., Chaput, D., Batra, M., Marsilia, C., Awshah, D., & 
Suvorova, E. S. (2024a). The Crk4-Cyc4 complex regulates G2/M transition in 
Toxoplasma gondii. EMBO Journal, 43(11), 2094–2126. 
https://doi.org/10.1038/s44318-024-00095-4 

Hawkins, L. M., Wang, C., Chaput, D., Batra, M., Marsilia, C., Awshah, D., & 
Suvorova, E. S. (2024b). The Crk4-Cyc4 complex regulates G2/M transition in 
Toxoplasma gondii. EMBO Journal, 43(11), 2094–2126. 
https://doi.org/10.1038/s44318-024-00095-4 

Hawkins, L. M., Wang, C., Chaput, D., Batra, M., Marsilia, C., Awshah, D., & 
Suvorova, E. S. (2024c). The Crk4-Cyc4 complex regulates G2/M transition in 
Toxoplasma gondii. The EMBO Journal, 43(11), 2094. 
https://doi.org/10.1038/S44318-024-00095-4 

He, H., Brenier-Pinchart, M. P., Braun, L., Kraut, A., Touquet, B., Couté, Y., Tardieux, 
I., Hakimi, M. A., & Bougdour, A. (2018). Characterization of a Toxoplasma 
effector uncovers an alternative GSK3/β-catenin-regulatory pathway of 
inflammation. ELife, 7. https://doi.org/10.7554/ELIFE.39887 

He, H., Brenier-Pinchart, M.-P., Braun, L., Kraut, A., Touquet, B., Couté, Y., Tardieux, 
I., Hakimi, M.-A., & Bougdour, A. (n.d.). Characterization of a Toxoplasma 
effector uncovers an alternative GSK3/b-catenin-regulatory pathway of 
inflammation. https://doi.org/10.7554/eLife.39887.001 

Heaslip, A. T., Dzierszinski, F., Stein, B., & Hu, K. (2010). TgMORN1 Is a Key 
Organizer for the Basal Complex of Toxoplasma gondii. PLOS Pathogens, 6(2), 
e1000754. https://doi.org/10.1371/JOURNAL.PPAT.1000754 

Heaslip, A. T., Nelson, S. R., & Warshaw, D. M. (2016). Dense granule trafficking in 
Toxoplasma gondii requires a unique class 27 myosin and actin filaments. 
Molecular Biology of the Cell, 27(13), 2080–2089. 
https://doi.org/10.1091/MBC.E15-12-0824 

Herm-Götz, A., Weiss, S., Stratmann, R., Fujita-Becker, S., Ruff, C., Meyhöfer, E., 
Soldati, T., Manstein, D. J., Geeves, M. A., & Soldati, D. (2002). Toxoplasma 
gondii myosin A and its light chain: a fast, single-headed, plus-end-directed 
motor. The EMBO Journal, 21(9), 2149–2158. 
https://doi.org/10.1093/EMBOJ/21.9.2149 

Herneisen, A. L., Li, Z. H., Chan, A. W., Moreno, S. N. J., & Lourido, S. (2022). 
Temporal and thermal profiling of the Toxoplasma proteome implicates parasite 
Protein Phosphatase 1 in the regulation of Ca2+-responsive pathways. ELife, 11. 
https://doi.org/10.7554/ELIFE.80336 

Hoeijmakers, W. A. M., Flueck, C., Françoijs, K. J., Smits, A. H., Wetzel, J., Volz, J. 
C., Cowman, A. F., Voss, T., Stunnenberg, H. G., & Bártfai, R. (2012). 
Plasmodium falciparum centromeres display a unique epigenetic makeup and 



 237 

cluster prior to and during schizogony. Cellular Microbiology, 14(9), 1391–1401. 
https://doi.org/10.1111/J.1462-5822.2012.01803.X 

Hong, D.-P., Radke, J. B., & White, M. W. (2017). Opposing Transcriptional 
Mechanisms Regulate Toxoplasma Development . MSphere, 2(1). 
https://doi.org/10.1128/msphere.00347-16 

Howe, D. K., & Sibley, L. D. (1995). Toxoplasma gondii comprises three clonal 
lineages: correlation of parasite genotype with human disease. The Journal of 
Infectious Diseases, 172(6), 1561–1566. 
https://doi.org/10.1093/INFDIS/172.6.1561 

Hu, K. (2008). Organizational Changes of the Daughter Basal Complex during the 
Parasite Replication of Toxoplasma gondii. PLOS Pathogens, 4(1), e10. 
https://doi.org/10.1371/JOURNAL.PPAT.0040010 

Hu, K., Johnson, J., Florens, L., Fraunholz, M., Suravajjala, S., DiLullo, C., Yates, J., 
Roos, D. S., & Murray, J. M. (2006a). Cytoskeletal Components of an Invasion 
Machine—The Apical Complex of Toxoplasma gondii. PLoS Pathogens, 2(2), 
0121–0138. https://doi.org/10.1371/JOURNAL.PPAT.0020013 

Hu, K., Johnson, J., Florens, L., Fraunholz, M., Suravajjala, S., DiLullo, C., Yates, J., 
Roos, D. S., & Murray, J. M. (2006b). Cytoskeletal Components of an Invasion 
Machine—The Apical Complex of Toxoplasma gondii. PLOS Pathogens, 2(2), 
e13. https://doi.org/10.1371/JOURNAL.PPAT.0020013 

Hu, K., Mann, T., Striepen, B., Beckers, C. J. M., Roos, D. S., & Murray, J. M. (2002). 
Daughter cell assembly in the protozoan parasite Toxoplasma gondii. Molecular 
Biology of the Cell, 13(2), 593–606. https://doi.org/10.1091/MBC.01-06-
0309/ASSET/IMAGES/LARGE/MK0221747010.JPEG 

Huang, Z., Liu, H., Nix, J., Xu, R., Knoverek, C. R., Bowman, G. R., Amarasinghe, G. 
K., & Sibley, L. D. (2022). The intrinsically disordered protein TgIST from 
Toxoplasma gondii inhibits STAT1 signaling by blocking cofactor recruitment. 
Nature Communications, 13(1). https://doi.org/10.1038/S41467-022-31720-7 

Hunt, A., Russell, M. R. G., Wagener, J., Kent, R., Carmeille, R., Peddie, C. J., 
Collinson, L., Heaslip, A., Ward, G. E., & Treeck, M. (2019). Differential 
requirements for cyclase-associated protein (CAP) in actin-dependent processes 
of Toxoplasma gondii. ELife, 8. https://doi.org/10.7554/ELIFE.50598 

Hunter, C. A., & Sibley, L. D. (2012). Modulation of innate immunity by Toxoplasma 
gondii virulence effectors. Nature Reviews Microbiology 2012 10:11, 10(11), 
766–778. https://doi.org/10.1038/nrmicro2858 

Hunter, P. R., & Nichols, G. (2002). Epidemiology and clinical features of 
Cryptosporidium infection in immunocompromised patients. Clinical Microbiology 
Reviews, 15(1), 145–154. https://doi.org/10.1128/CMR.15.1.145-154.2002 

Huynh, M. H., & Carruthers, V. B. (2006). Toxoplasma MIC2 Is a Major Determinant 
of Invasion and Virulence. PLOS Pathogens, 2(8), e84. 
https://doi.org/10.1371/JOURNAL.PPAT.0020084 

Jeninga, M. D., Quinn, J. E., & Petter, M. (2019). ApiAP2 Transcription Factors in 
Apicomplexan Parasites. Pathogens, 8(2). 
https://doi.org/10.3390/PATHOGENS8020047 

Johnson, T. M., Rajfur, Z., Jacobson, K., & Beckers, C. J. (2007). Immobilization of 
the Type XIV Myosin Complex in Toxoplasma gondii. Molecular Biology of the 
Cell, 18(8), 3039. https://doi.org/10.1091/MBC.E07-01-0040 

Jones, E. J., Korcsmaros, T., & Carding, S. R. (2017). Mechanisms and pathways of 
Toxoplasma gondii transepithelial migration. Tissue Barriers, 5(1). 
https://doi.org/10.1080/21688370.2016.1273865 



 238 

Kafsack, B. F. C., Pena, J. D. O., Coppens, I., Ravindran, S., Boothroyd, J. C., & 
Carruthers, V. B. (2009). Rapid membrane disruption by a perforin-like protein 
facilitates parasite exit from host cells. Science (New York, N.Y.), 323(5913), 
530–533. https://doi.org/10.1126/SCIENCE.1165740 

Kappe, S., Bruderer, T., Gantt, S., Fujioka, H., Nussenzweig, V., & Ménard, R. 
(1999). Conservation of a Gliding Motility and Cell Invasion Machinery in 
Apicomplexan Parasites. The Journal of Cell Biology, 147(5), 937. 
https://doi.org/10.1083/JCB.147.5.937 

Katris, N. J., van Dooren, G. G., McMillan, P. J., Hanssen, E., Tilley, L., & Waller, R. 
F. (2014). The Apical Complex Provides a Regulated Gateway for Secretion of 
Invasion Factors in Toxoplasma. PLoS Pathogens, 10(4). 
https://doi.org/10.1371/journal.ppat.1004074 

Kessler, H., Herm-Götz, A., Hegge, S., Rauch, M., Soldati-Favre, D., Frischknecht, 
F., & Meissner, M. (2008). Microneme protein 8--a new essential invasion factor 
in Toxoplasma gondii. Journal of Cell Science, 121(Pt 7), 947–956. 
https://doi.org/10.1242/JCS.022350 

Khan, A., Fux, B., Su, C., Dubey, J. P., Darde, M. L., Ajioka, J. W., Rosenthal, B. M., 
& Sibley, L. D. (2007). Recent transcontinental sweep of Toxoplasma gondii 
driven by a single monomorphic chromosome. Proceedings of the National 
Academy of Sciences of the United States of America, 104(37), 14872–14877. 
https://doi.org/10.1073/PNAS.0702356104 

Khan, A., Taylor, S., Ajioka, J. W., Rosenthal, B. M., & Sibley, L. D. (2009). Selection 
at a single locus leads to widespread expansion of Toxoplasma gondii lineages 
that are virulent in mice. PLoS Genetics, 5(3). 
https://doi.org/10.1371/JOURNAL.PGEN.1000404 

Khelifa, A. S., Bhaskaran, M., Boissavy, T., Mouveaux, T., Silva, T. A., Chhuon, C., 
Attias, M., Guerrera, I. C., De Souza, W., Dauvillee, D., Roger, E., & Gissot, M. 
(2024). PP1 phosphatase controls both daughter cell formation and amylopectin 
levels in Toxoplasma gondii. PLOS Biology, 22(9), e3002791. 
https://doi.org/10.1371/JOURNAL.PBIO.3002791 

Khelifa, A. S., Guillen Sanchez, C., Lesage, K. M., Huot, L., Mouveaux, T., Pericard, 
P., Barois, N., Touzet, H., Marot, G., Roger, E., & Gissot, M. (n.d.). TgAP2IX-5 is 
a key transcriptional regulator of the asexual cell cycle division in Toxoplasma 
gondii. https://doi.org/10.1038/s41467-020-20216-x 

Kim, K., & Weiss, L. M. (2008). Toxoplasma: the next 100 years. Microbes and 
Infection, 10(9), 978–984. https://doi.org/10.1016/J.MICINF.2008.07.015 

Koreny, L., Zeeshan, M., Barylyuk, K., Tromer, E. C., van Hooff, J. J. E., Brady, D., 
Ke, H., Chelaghma, S., Ferguson, D. J. P., Eme, L., Tewari, R., & Waller, R. F. 
(2021). Molecular characterization of the conoid complex in Toxoplasma reveals 
its conservation in all apicomplexans, including Plasmodium species. PLOS 
Biology, 19(3), e3001081. https://doi.org/10.1371/JOURNAL.PBIO.3001081 

Koshy, A. A., Dietrich, H. K., Christian, D. A., Melehani, J. H., Shastri, A. J., Hunter, 
C. A., & Boothroyd, J. C. (2012). Toxoplasma Co-opts Host Cells It Does Not 
Invade. PLOS Pathogens, 8(7), e1002825. 
https://doi.org/10.1371/JOURNAL.PPAT.1002825 

Kremer, K., Kamin, D., Rittweger, E., Wilkes, J., Flammer, H., Mahler, S., Heng, J., 
Tonkin, C. J., Langsley, G., Hell, S. W., Carruthers, V. B., Ferguson, D. J. P., & 
Meissner, M. (2013). An Overexpression Screen of Toxoplasma gondii Rab-
GTPases Reveals Distinct Transport Routes to the Micronemes. PLOS 
Pathogens, 9(3), e1003213. https://doi.org/10.1371/JOURNAL.PPAT.1003213 



 239 

Kvaal, C. A., Radke, J. R., Guerini, M. N., & White, M. W. (2002). Isolation of a 
Toxoplasma gondii cyclin by yeast two-hybrid interactive screen. Molecular and 
Biochemical Parasitology, 120(2), 187–194. https://doi.org/10.1016/S0166-
6851(01)00454-6 

Labesse, G., Gelin, M., Bessin, Y., Lebrun, M., Papoin, J., Cerdan, R., Arold, S. T., & 
Dubremetz, J. F. (2009). ROP2 from Toxoplasma gondii: a virulence factor with 
a protein-kinase fold and no enzymatic activity. Structure (London, England : 
1993), 17(1), 139–146. https://doi.org/10.1016/J.STR.2008.11.005 

Lamarque, M., Besteiro, S., Papoin, J., Roques, M., Vulliez-Le Normand, B., Morlon-
Guyot, J., Dubremetz, J. F., Fauquenoy, S., Tomavo, S., Faber, B. W., Kocken, 
C. H., Thomas, A. W., Boulanger, M. J., Bentley, G. A., & Lebrun, M. (2011). The 
RON2-AMA1 Interaction is a Critical Step in Moving Junction-Dependent 
Invasion by Apicomplexan Parasites. PLOS Pathogens, 7(2), e1001276. 
https://doi.org/10.1371/JOURNAL.PPAT.1001276 

Lamarque, M. H., Roques, M., Kong-Hap, M., Tonkin, M. L., Rugarabamu, G., Marq, 
J. B., Penarete-Vargas, D. M., Boulanger, M. J., Soldati-Favre, D., & Lebrun, M. 
(2014). Plasticity and redundancy among AMA-RON pairs ensure host cell entry 
of Toxoplasma parasites. Nature Communications, 5. 
https://doi.org/10.1038/ncomms5098 

Lambert, H., & Barragan, A. (2010). Modelling parasite dissemination: host cell 
subversion and immune evasion by Toxoplasma gondii. Cellular Microbiology, 
12(3), 292–300. https://doi.org/10.1111/J.1462-5822.2009.01417.X 

Leander, B. S., & Keeling, P. J. (2003). Morphostasis in alveolate evolution. Trends in 
Ecology and Evolution, 18(8), 395–402. https://doi.org/10.1016/S0169-
5347(03)00152-6 

Lebrun, M., Carruthers, V. B., & Cesbron-Delauw, M. F. (2020). Toxoplasma 
secretory proteins and their roles in parasite cell cycle and infection. Toxoplasma 
Gondii: The Model Apicomplexan - Perspectives and Methods, 607–704. 
https://doi.org/10.1016/B978-0-12-815041-2.00014-1 

Lebrun, M., Michelin, A., El Hajj, H., Poncet, J., Bradley, P. J., Vial, H., & Dubremetz, 
J. F. (2005a). The rhoptry neck protein RON4 relocalizes at the moving junction 
during Toxoplasma gondii invasion. Cellular Microbiology, 7(12), 1823–1833. 
https://doi.org/10.1111/J.1462-5822.2005.00646.X 

Lebrun, M., Michelin, A., El Hajj, H., Poncet, J., Bradley, P. J., Vial, H., & Dubremetz, 
J. F. (2005b). The rhoptry neck protein RON4 relocalizes at the moving junction 
during Toxoplasma gondii invasion. Cellular Microbiology, 7(12), 1823–1833. 
https://doi.org/10.1111/J.1462-5822.2005.00646.X 

Lee, S.-B., & Lee, T.-G. (2017). Toxoplasmic Encephalitis in Patient with Acquired 
Immunodeficiency Syndrome. Brain Tumor Research and Treatment, 5(1), 34–
36. https://doi.org/10.14791/BTRT.2017.5.1.34 

Lemon, B., & Tjian, R. (2000). Orchestrated response: a symphony of transcription 
factors for gene control. Genes & Development, 14(20), 2551–2569. 
https://doi.org/10.1101/GAD.831000 

Lentini, G., Dubois, D. J., Maco, B., Soldati-Favre, D., & Frénal, K. (2019). The roles 
of Centrin 2 and Dynein Light Chain 8a in apical secretory organelles discharge 
of Toxoplasma gondii. Traffic, 20(8), 583–600. 
https://doi.org/10.1111/TRA.12673/ 

Lentini, G., Kong-Hap, M., El Hajj, H., Francia, M., Claudet, C., Striepen, B., 
Dubremetz, J. F., & Lebrun, M. (2015). Identification and characterization of 
Toxoplasma SIP, a conserved apicomplexan cytoskeleton protein involved in 



 240 

maintaining the shape, motility and virulence of the parasite. Cellular 
Microbiology, 17(1), 62. https://doi.org/10.1111/CMI.12337 

Leriche, M. A., & Dubremetz, J. F. (1991). Characterization of the protein contents of 
rhoptries and dense granules of Toxoplasma gondii tachyzoites by subcellular 
fractionation and monoclonal antibodies. Molecular and Biochemical 
Parasitology, 45(2), 249–259. https://doi.org/10.1016/0166-6851(91)90092-K 

Lesage, K. M., Huot, L., Mouveaux, T., Courjol, F., Saliou, J. M., & Gissot, M. (2018). 
Cooperative binding of ApiAP2 transcription factors is crucial for the expression 
of virulence genes in Toxoplasma gondii. Nucleic Acids Research, 46(12), 6057–
6068. https://doi.org/10.1093/nar/gky373 

Leung, J. M., He, Y., Zhang, F., Hwang, Y. C., Nagayasu, E., Liu, J., Murray, J. M., & 
Hu, K. (2017). Stability and function of a putative microtubule-organizing center 
in the human parasite Toxoplasma gondii. Molecular Biology of the Cell, 28(10), 
1361–1378. https://doi.org/10.1091/mbc.E17-01-0045 

Leung, J. M., Liu, J., Wetzel, L. A., & Hu, K. (2019). Centrin2 from the human 
parasite Toxoplasma gondii is required for its invasion and intracellular 
replication. https://doi.org/10.1242/jcs.228791 

Leung, J. M., Nagayasu, E., Hwang, Y. C., Liu, J., Pierce, P. G., Phan, I. Q., Prentice, 
R. A., Murray, J. M., & Hu, K. (2020). A doublecortin-domain protein of 
Toxoplasma and its orthologues bind to and modify the structure and 
organization of tubulin polymers. BMC Molecular and Cell Biology, 21(1), 1–25. 
https://doi.org/10.1186/S12860-020-0249-5/FIGURES/12 

Leung, J. M., Rould, M. A., Konradt, C., Hunter, C. A., & Ward, G. E. (2014). 
Disruption of TgPHIL1 Alters Specific Parameters of Toxoplasma gondii Motility 
Measured in a Quantitative, Three-Dimensional Live Motility Assay. PLoS ONE, 
9(1), 85763. https://doi.org/10.1371/journal.pone.0085763 

Li, J. X., He, J. J., Elsheikha, H. M., Chen, D., Zhai, B. T., Zhu, X. Q., & Yan, H. K. 
(2019). Toxoplasma gondii ROP17 inhibits the innate immune response of 
HEK293T cells to promote its survival. Parasitology Research, 118(3), 783–792. 
https://doi.org/10.1007/S00436-019-06215-Y 

Li, J. X., He, J. J., Elsheikha, H. M., Ma, J., Xu, X. P., & Zhu, X. Q. (2020). ROP18-
Mediated Transcriptional Reprogramming of HEK293T Cell Reveals New Roles 
of ROP18 in the Interplay Between Toxoplasma gondii and the Host Cell. 
Frontiers in Cellular and Infection Microbiology, 10, 586946. 
https://doi.org/10.3389/FCIMB.2020.586946/BIBTEX 

Lim, L., & McFadden, G. I. (2010). The evolution, metabolism and functions of the 
apicoplast. Philosophical Transactions of the Royal Society of London. Series B, 
Biological Sciences, 365(1541), 749–763. 
https://doi.org/10.1098/RSTB.2009.0273 

Lindner, S. E., De Silva, E. K., Keck, J. L., & Llinás, M. (2010). Structural 
Determinants of DNA Binding by a P. falciparum ApiAP2 Transcriptional 
Regulator. Journal of Molecular Biology, 395(3), 558–567. 
https://doi.org/10.1016/j.jmb.2009.11.004 

Liu, J., He, Y., Benmerzouga, I., Sullivan, W. J., Morrissette, N. S., Murray, J. M., & 
Hu, K. (2016). An ensemble of specifically targeted proteins stabilizes cortical 
microtubules in the human parasite Toxoplasma gondii. Molecular Biology of the 
Cell, 27(3), 549. https://doi.org/10.1091/MBC.E15-11-0754 

Liu, Q., Wang, Z. D., Huang, S. Y., & Zhu, X. Q. (2015). Diagnosis of toxoplasmosis 
and typing of Toxoplasma gondii. Parasites and Vectors, 8(1), 1–14. 
https://doi.org/10.1186/S13071-015-0902-6/COMMENTS 



 241 

Llinás, M., & DeRisi, J. L. (2004). Pernicious plans revealed: Plasmodium falciparum 
genome wide expression analysis. In Current Opinion in Microbiology (Vol. 7, 
Issue 4, pp. 382–387). https://doi.org/10.1016/j.mib.2004.06.014 

Long, S., Anthony, B., Drewry, L. L., & Sibley, L. D. (2017). A conserved ankyrin 
repeat-containing protein regulates conoid stability, motility and cell invasion in 
Toxoplasma gondii. Nature Communications 2017 8:1, 8(1), 1–14. 
https://doi.org/10.1038/s41467-017-02341-2 

Lorestani, A., Ivey, F. D., Thirugnanam, S., Busby, M. A., Marth, G. T., Cheeseman, 
I. M., & Gubbels, M. J. (2012). Targeted proteomic dissection of Toxoplasma 
cytoskeleton sub-compartments using MORN1. Cytoskeleton, 69(12), 1069–
1085. https://doi.org/10.1002/cm.21077 

Lorestani, A., Sheiner, L., Yang, K., Robertson, S. D., Sahoo, N., Brooks, C. F., 
Ferguson, D. J. P., Striepen, B., & Gubbels, M. J. (2010). A Toxoplasma MORN1 
Null Mutant Undergoes Repeated Divisions but Is Defective in Basal Assembly, 
Apicoplast Division and Cytokinesis. PLoS ONE, 5(8). 
https://doi.org/10.1371/JOURNAL.PONE.0012302 

Lou, J., Rezvani, Y., Arriojas, A., Wu, Y., Shankar, N., Degras, D., Keroack, C. D., 
Duraisingh, M. T., Zarringhalam, K., & Gubbels, M.-J. (2024). Single cell 
expression and chromatin accessibility of the Toxoplasma gondii lytic cycle 
identifies AP2XII-8 as an essential ribosome regulon driver. Nature 
Communications, 15(1), 7419. https://doi.org/10.1038/s41467-024-51011-7 

Lourido, S., & Moreno, S. N. J. (2015). The calcium signaling toolkit of the 
Apicomplexan parasites Toxoplasma gondii and Plasmodium spp. Cell Calcium, 
57(3), 186–193. https://doi.org/10.1016/J.CECA.2014.12.010 

Lourido, S., Shuman, J., Zhang, C., Shokat, K. M., Hui, R., & Sibley, L. D. (2010). 
Calcium-dependent protein kinase 1 is an essential regulator of exocytosis in 
Toxoplasma. Nature, 465(7296), 359–362. 
https://doi.org/10.1038/NATURE09022 

Lourido, S., Tang, K., & David Sibley, L. (2012). Distinct signalling pathways control 
Toxoplasma egress and host-cell invasion. The EMBO Journal, 31(24), 4524. 
https://doi.org/10.1038/EMBOJ.2012.299 

Luft, B. J., Hafner, R., Korzun, A. H., Leport, C., Antoniskis, D., Bosler, E. M., 
Bourland, D. D., Uttamchandani, R., Fuhrer, J., Jacobson, J., Morlat, P., Vilde, 
J.-L., & Remington, J. S. (1993). Toxoplasmic encephalitis in patients with the 
acquired immunodeficiency syndrome. Members of the ACTG 077p/ANRS 009 
Study Team. The New England Journal of Medicine, 329(14), 995–1000. 
https://doi.org/10.1056/NEJM199309303291403 

Mann, T., & Beckers, C. (2001a). Characterization of the subpellicular network, a 
filamentous membrane skeletal component in the parasite Toxoplasma gondii. 
Molecular and Biochemical Parasitology, 115(2), 257–268. 
https://doi.org/10.1016/S0166-6851(01)00289-4 

Mann, T., & Beckers, C. (2001b). Characterization of the subpellicular network, a 
filamentous membrane skeletal component in the parasite Toxoplasma gondii. 
Molecular and Biochemical Parasitology, 115(2), 257–268. 
https://doi.org/10.1016/S0166-6851(01)00289-4 

Marino, N. D., Panas, M. W., Franco, M., Theisen, T. C., Naor, A., Rastogi, S., 
Buchholz, K. R., Lorenzi, H. A., & Boothroyd, J. C. (2018). Identification of a 
novel protein complex essential for effector translocation across the 
parasitophorous vacuole membrane of Toxoplasma gondii. PLoS Pathogens, 
14(1). https://doi.org/10.1371/journal.ppat.1006828 



 242 

Markus, B. M., Waldman, B. S., Lorenzi, H. A., & Lourido, S. (2021). High-Resolution 
Mapping of Transcription Initiation in the Asexual Stages of Toxoplasma gondii. 
Frontiers in Cellular and Infection Microbiology, 10. 
https://doi.org/10.3389/fcimb.2020.617998 

Matrajt, M., Platt, C. D., Sagar, A. D., Lindsay, A., Moulton, C., & Roos, D. S. (2004). 
Transcript initiation, polyadenylation, and functional promoter mapping for the 
dihydrofolate reductase-thymidylate synthase gene of Toxoplasma gondii. 
Molecular and Biochemical Parasitology, 137(2), 229–238. 
https://doi.org/10.1016/J.MOLBIOPARA.2003.12.015 

Mayoral, J., Guevara, R. B., Rivera-Cuevas, Y., Tu, V., Tomita, T., Romano, J. D., 
Gunther-Cummins, L., Sidoli, S., Coppens, I., Carruthers, V. B., & Weiss, L. M. 
(2022). Dense Granule Protein GRA64 Interacts with Host Cell ESCRT Proteins 
during Toxoplasma gondii Infection. MBio, 13(4). 
https://doi.org/10.1128/MBIO.01442-22/SUPPL_FILE/MBIO.01442-22-
S0010.XLSX 

Mazumdar, J., Wilson, E. H., Masek, K., Hunter, C. A., & Striepen, B. (2006). 
Apicoplast fatty acid synthesis is essential for organelle biogenesis and parasite 
survival in Toxoplasma gondii. Proceedings of the National Academy of 
Sciences of the United States of America, 103(35), 13192–13197. 
https://doi.org/10.1073/PNAS.0603391103 

McAuley, J. B. (2014). Congenital Toxoplasmosis. Journal of the Pediatric Infectious 
Diseases Society, 3 Suppl 1(Suppl 1). https://doi.org/10.1093/JPIDS/PIU077 

McCoy, J. M., Whitehead, L., van Dooren, G. G., & Tonkin, C. J. (2012). TgCDPK3 
Regulates Calcium-Dependent Egress of Toxoplasma gondii from Host Cells. 
PLOS Pathogens, 8(12), e1003066. 
https://doi.org/10.1371/JOURNAL.PPAT.1003066 

Meissner, M., & Soldati, D. (2005). The transcription machinery and the molecular 
toolbox to control gene expression in Toxoplasma gondii and other protozoan 
parasites. Microbes and Infection, 7(13), 1376–1384. 
https://doi.org/10.1016/J.MICINF.2005.04.019 

Mercier, C., Adjogble, K. D. Z., Däubener, W., & Delauw, M. F. C. (2005). Dense 
granules: are they key organelles to help understand the parasitophorous 
vacuole of all apicomplexa parasites? International Journal for Parasitology, 
35(8), 829–849. https://doi.org/10.1016/J.IJPARA.2005.03.011 

Mercier, C., & Cesbron-Delauw, M. F. (2015). Toxoplasma secretory granules: One 
population or more? Trends in Parasitology, 31(2), 60–71. 
https://doi.org/10.1016/j.pt.2014.12.002 

Mercier, C., Dubremetz, J. F., Rauscher, B., Lecordier, L., Sibley, L. D., & Cesbron-
Delauw, M. F. (2002). Biogenesis of nanotubular network in Toxoplasma 
parasitophorous vacuole induced by parasite proteins. Molecular Biology of the 
Cell, 13(7), 2397–2409. https://doi.org/10.1091/MBC.E02-01-0021 

Mercier, C., Hende, S. L. Van, Garber, G. E., Lecordier, L., Capron, A., & Cesbron-
Delauw, M. F. (1996). Common cis-acting elements critical for the expression of 
several genes of Toxoplasma gondii. Molecular Microbiology, 21(2), 421–428. 
https://doi.org/10.1046/J.1365-2958.1996.6501361.X 

Michelin, A., Bittame, A., Bordat, Y., Travier, L., Mercier, C., Dubremetz, J. F., & 
Lebrun, M. (2009). GRA12, a Toxoplasma dense granule protein associated with 
the intravacuolar membranous nanotubular network. International Journal for 
Parasitology, 39(3), 299–306. https://doi.org/10.1016/J.IJPARA.2008.07.011 



 243 

Mirahmadi, H., Hasanzadeh, R., Malek Raeesi, H., Fallahi, S., Khoshsima Shahraki, 
M., & Badirzadeh, A. (2020). Loop-Mediated Isothermal Amplification (LAMP) 
Assay to Detect Toxoplasmosis in Schizophrenia Patients. Iranian Journal of 
Parasitology, 15(3), 299. https://doi.org/10.18502/IJPA.V15I3.4193 

Mital, J., Meissner, M., Soldati, D., & Ward, G. E. (2005). Conditional Expression of 
Toxoplasma gondii Apical Membrane Antigen-1 (TgAMA1) Demonstrates That 
TgAMA1 Plays a Critical Role in Host Cell Invasion. Molecular Biology of the 
Cell, 16(9), 4341. https://doi.org/10.1091/MBC.E05-04-0281 

Mondragon, R., & Frixione, E. (1996). Ca(2+)-dependence of conoid extrusion in 
Toxoplasma gondii tachyzoites. The Journal of Eukaryotic Microbiology, 43(2), 
120–127. https://doi.org/10.1111/J.1550-7408.1996.TB04491.X 

Montoya, J. G., & Liesenfeld, O. (2004). Toxoplasmosis. Lancet, 363(9425), 1965–
1976. https://doi.org/10.1016/S0140-6736(04)16412-X 

Morano, A. A., & Dvorin, J. D. (2021). The Ringleaders: Understanding the 
Apicomplexan Basal Complex Through Comparison to Established Contractile 
Ring Systems. Frontiers in Cellular and Infection Microbiology, 11, 656976. 
https://doi.org/10.3389/FCIMB.2021.656976/BIBTEX 

Mordue, D. G., & Sibley, L. D. (1997). Intracellular fate of vacuoles containing 
Toxoplasma gondii is determined at the time of formation and depends on the 
mechanism of entry. The Journal of Immunology, 159(9), 4452–4459. 
https://doi.org/10.4049/JIMMUNOL.159.9.4452 

Morrissette, N., & Gubbels, M. J. (2014). The Toxoplasma Cytoskeleton: 
Structures, Proteins and Processes. Toxoplasma Gondii: The Model 
Apicomplexan - Perspectives and Methods: Second Edition, 455–503. 
https://doi.org/10.1016/B978-0-12-396481-6.00013-1 

Morrissette, N. S., Murray, J. M., & Roos, D. S. (1997). Subpellicular microtubules 
associate with an intramembranous particle lattice in the protozoan parasite 
Toxoplasma gondii. Journal of Cell Science, 110 ( Pt 1)(1), 35–42. 
https://doi.org/10.1242/JCS.110.1.35 

Morrissette, N. S., & Sibley, L. D. (2002). Cytoskeleton of apicomplexan parasites. 
Microbiology and Molecular Biology Reviews : MMBR, 66(1), 21–38. 
https://doi.org/10.1128/MMBR.66.1.21-38.2002 

Moudy, R., Manning, T. J., & Beckers, C. J. (2001). The Loss of Cytoplasmic 
Potassium upon Host Cell Breakdown Triggers Egress of Toxoplasma gondii. 
Journal of Biological Chemistry, 276(44), 41492–41501. 
https://doi.org/10.1074/jbc.M106154200 

Mueller, C., Klages, N., Jacot, D., Santos, J. M., Cabrera, A., Gilberger, T. W., 
Dubremetz, J. F., & Soldati-Favre, D. (2013). The Toxoplasma protein ARO 
mediates the apical positioning of rhoptry organelles, a prerequisite for host cell 
invasion. Cell Host & Microbe, 13(3), 289–301. 
https://doi.org/10.1016/J.CHOM.2013.02.001 

Mueller, C., Samoo, A., Hammoudi, P. M., Klages, N., Kallio, J. P., Kursula, I., & 
Soldati-Favre, D. (2016). Structural and functional dissection of Toxoplasma 
gondii armadillo repeats only protein. Journal of Cell Science, 129(5), 1031–
1045. https://doi.org/10.1242/JCS.177386/260084/AM/STRUCTURAL-AND-
FUNCTIONAL-DISSECTION-OF-TOXOPLASMA 

Muiz-Hernández, S., González Del Carmen, M., Mondragn, M., Mercier, C., Cesbron, 
M. F., Mondragn-González, S. L., González, S., & Mondragn, R. (2011). 
Contribution of the Residual Body in the Spatial Organization of Toxoplasma 



 244 

gondii Tachyzoites within the Parasitophorous Vacuole. Journal of Biomedicine 
and Biotechnology, 2011, 11. https://doi.org/10.1155/2011/473983 

Mullapudi, N., Joseph, S. J., & Kissinger, J. C. (2009). Identification and functional 
characterization of cis-regulatory elements in the apicomplexan parasite 
Toxoplasma gondii. Genome Biology, 10(4), 1–15. https://doi.org/10.1186/GB-
2009-10-4-R34/TABLES/3 

Nadipuram, S. M., Thind, A. C., Rayatpisheh, S., Wohlschlegel, J. A., & Bradley, P. J. 
(2020). Proximity biotinylation reveals novel secreted dense granule proteins of 
Toxoplasma gondii bradyzoites. PLOS ONE, 15(5), e0232552. 
https://doi.org/10.1371/JOURNAL.PONE.0232552 

Nagamune, K., Hicks, L. M., Fux, B., Brossier, F., Chini, E. N., & Sibley, L. D. (2008). 
Abscisic acid controls calcium-dependent egress and development in 
Toxoplasma gondii. Nature, 451(7175), 207–210. 
https://doi.org/10.1038/NATURE06478 

Nagayasu, E., Hwang, Y. C., Liu, J., Murray, J. M., Hu, K., & Chang, F. (2017). Loss 
of a doublecortin (DCX)-domain protein causes structural defects in a tubulin-
based organelle of Toxoplasma gondii and impairs host-cell invasion. Molecular 
Biology of the Cell, 28(3), 411. https://doi.org/10.1091/MBC.E16-08-0587 

Nakaar, V., Bermudes, D., Peck, K. R., & Joiner, K. A. (1998). Upstream elements 
required for expression of nucleoside triphosphate hydrolase genes of 
Toxoplasma gondii. Molecular and Biochemical Parasitology, 92(2), 229–239. 
https://doi.org/10.1016/S0166-6851(97)00220-X 

Nam, H. W. (2009). GRA proteins of Toxoplasma gondii: maintenance of host-
parasite interactions across the parasitophorous vacuolar membrane. The 
Korean Journal of Parasitology, 47 Suppl(Suppl). 
https://doi.org/10.3347/KJP.2009.47.S.S29 

Naumov, A., Kratzer, S., Ting, L.-M., Kim, K., Suvorova, E. S., & White, M. W. (2017). 
The Toxoplasma Centrocone Houses Cell Cycle Regulatory Factors. 
https://doi.org/10.1128/mBio.00579-17 

NICHOLS, B. A., & CHIAPPINO, M. L. (1987). Cytoskeleton of Toxoplasma gondii. 
The Journal of Protozoology, 34(2), 217–226. https://doi.org/10.1111/J.1550-
7408.1987.TB03162.X 

Nishi, M., Hu, K., Murray, J. M., & Roos, D. S. (2008). Organellar dynamics during 
the cell cycle of Toxoplasma gondii. Journal of Cell Science, 121(9), 1559–1568. 
https://doi.org/10.1242/jcs.021089 

Nyonda, M. A., Hammoudi, P. M., Ye, S., Maire, J., Marq, J. B., Yamamoto, M., & 
Soldati-Favre, D. (2021). Toxoplasma gondii GRA60 is an effector protein that 
modulates host cell autonomous immunity and contributes to virulence. Cellular 
Microbiology, 23(2). https://doi.org/10.1111/CMI.13278 

O’Donnell, R. A., Freitas-Junior, L. H., Preiser, P. R., Williamson, D. H., Duraisingh, 
M., McElwain, T. F., Scherf, A., Cowman, A. F., & Crabb, B. S. (2002). A genetic 
screen for improved plasmid segregation reveals a role for Rep20 in the 
interaction of Plasmodium falciparum chromosomes. The EMBO Journal, 21(5), 
1231. https://doi.org/10.1093/EMBOJ/21.5.1231 

Opitz, C., & Soldati, D. (2002). “The glideosome”: a dynamic complex powering 
gliding motion and host cell invasion by Toxoplasma gondii. Molecular 
Microbiology, 45(3), 597–604. https://doi.org/10.1046/J.1365-
2958.2002.03056.X 

Orosz, F. (2009). Apicortin, a unique protein, with a putative cytoskeletal role, shared 
only by apicomplexan parasites and the placozoan Trichoplax adhaerens. 



 245 

Infection, Genetics and Evolution : Journal of Molecular Epidemiology and 
Evolutionary Genetics in Infectious Diseases, 9(6), 1275–1286. 
https://doi.org/10.1016/J.MEEGID.2009.09.001 

O’shaughnessy, W. J., Hu, X., Henriquez, S. A., & Reese, M. L. (2023). Toxoplasma 
ERK7 protects the apical complex from premature degradation. Journal of Cell 
Biology, 222(6). https://doi.org/10.1083/jcb.202209098 

Ouologuem, D. T., & Roos, D. S. (2014a). Dynamics of the Toxoplasma gondii inner 
membrane complex. Journal of Cell Science, 127(15), 3320–3330. 
https://doi.org/10.1242/JCS.147736/-/DC1 

Ouologuem, D. T., & Roos, D. S. (2014b). Dynamics of the Toxoplasma gondii inner 
membrane complex. Journal of Cell Science, 127(15), 3320–3330. 
https://doi.org/10.1242/JCS.147736/-/DC1 

Pan, M., Lyu, C., Zhao, J., & Shen, B. (2017). Sixty Years (1957-2017) of Research 
on Toxoplasmosis in China-An Overview. Frontiers in Microbiology, 8(SEP). 
https://doi.org/10.3389/FMICB.2017.01825 

Panas, M. W., Ferrel, A., Naor, A., Tenborg, E., Lorenzi, H. A., & Boothroyd, J. C. 
(2019). Translocation of Dense Granule Effectors across the Parasitophorous 
Vacuole Membrane in Toxoplasma- Infected Cells Requires the Activity of 
ROP17, a Rhoptry Protein Kinase. MSphere, 4(4). 
https://doi.org/10.1128/MSPHERE.00276-19 

Pappas, G., Roussos, N., & Falagas, M. E. (2009). Toxoplasmosis snapshots: Global 
status of Toxoplasma gondii seroprevalence and implications for pregnancy and 
congenital toxoplasmosis. International Journal for Parasitology, 39(12), 1385–
1394. https://doi.org/10.1016/J.IJPARA.2009.04.003 

Paredes-Santos, T. C., Martins-Duarte, E. S., Vitor, R. W. A., de Souza, W., Attias, 
M., & Vommaro, R. C. (2013). Spontaneous cystogenesis in vitro of a Brazilian 
strain of Toxoplasma gondii. Parasitology International, 62(2), 181–188. 
https://doi.org/10.1016/J.PARINT.2012.12.003 

Pasquarelli, R. R., Back, P. S., Sha, J., Wohlschlegel, J. A., & Bradley, P. J. (2023). 
Identification of IMC43, a novel IMC protein that collaborates with IMC32 to form 
an essential daughter bud assembly complex in Toxoplasma gondii. PLoS 
Pathogens, 19(10). https://doi.org/10.1371/JOURNAL.PPAT.1011707 

Pasquarelli, R. R., Sha, J., Wohlschlegel, J. A., & Bradley, P. J. (2024). BCC0 
collaborates with IMC32 and IMC43 to form the Toxoplasma gondii essential 
daughter bud assembly complex. PLoS Pathogens, 20(7 JULY). 
https://doi.org/10.1371/journal.ppat.1012411 

Peixoto, L., Chen, F., Harb, O. S., Davis, P. H., Beiting, D. P., Brownback, C. S., 
Ouloguem, D., & Roos, D. S. (2010). Integrative genomic approaches highlight a 
family of parasite-specific kinases that regulate host responses. Cell Host & 
Microbe, 8(2), 208–218. https://doi.org/10.1016/J.CHOM.2010.07.004 

Periz, J., Whitelaw, J., Harding, C., Gras, S., Minina, M. I. D. R., Latorre-Barragan, 
F., Lemgruber, L., Reimer, M. A., Insall, R., Heaslip, A., & Meissner, M. (2017). 
Toxoplasma gondii F-actin forms an extensive filamentous network required for 
material exchange and parasite maturation. ELife, 6. 
https://doi.org/10.7554/ELIFE.24119 

Persson, E. K., Agnarson, A. M., Lambert, H., Hitziger, N., Yagita, H., Chambers, B. 
J., Barragan, A., & Grandien, A. (2007). Death receptor ligation or exposure to 
perforin trigger rapid egress of the intracellular parasite Toxoplasma gondii. 
Journal of Immunology (Baltimore, Md. : 1950), 179(12), 8357–8365. 
https://doi.org/10.4049/JIMMUNOL.179.12.8357 



 246 

Peyron, F., L’ollivier, C., Mandelbrot, L., Wallon, M., Piarroux, R., Kieffer, F., Hadjadj, 
E., Paris, L., & Garcia-Meric, P. (2019). Maternal and Congenital Toxoplasmosis: 
Diagnosis and Treatment Recommendations of a French Multidisciplinary 
Working Group. Pathogens, 8(1). https://doi.org/10.3390/PATHOGENS8010024 

Pittman, K. J., Aliota, M. T., & Knoll, L. J. (2014a). Dual transcriptional profiling of 
mice and Toxoplasma gondii during acute and chronic infection. BMC Genomics, 
15(1). https://doi.org/10.1186/1471-2164-15-806 

Pittman, K. J., Aliota, M. T., & Knoll, L. J. (2014b). Dual transcriptional profiling of 
mice and Toxoplasma gondii during acute and chronic infection. BMC Genomics, 
15(1), 1–19. https://doi.org/10.1186/1471-2164-15-806/TABLES/6 

Porchet, E., & Torpier, G. (1977). [Freeze fracture study of Toxoplasma and 
Sarcocystis infective stages (author’s transl)]. Zeitschrift Fur Parasitenkunde 
(Berlin, Germany), 54(2), 101–124. https://doi.org/10.1007/BF00380795 

Portman, N., & Šlapeta, J. (2014). The flagellar contribution to the apical complex: A 
new tool for the eukaryotic swiss army knife? Trends in Parasitology, 30(2), 58–
64. https://doi.org/10.1016/j.pt.2013.12.006 

Qiu, W., Wernimont, A., Tang, K., Taylor, S., Lunin, V., Schapira, M., Fentress, S., 
Hui, R., & Sibley, L. D. (2009). Novel structural and regulatory features of rhoptry 
secretory kinases in Toxoplasma gondii. The EMBO Journal, 28(7), 969. 
https://doi.org/10.1038/EMBOJ.2009.24 

Rabaud, C., May, T., Lucet, J. C., Leport, C., Ambroise-Thomas, P., & Canton, P. 
(1996). Pulmonary Toxoplasmosis in Patients Infected with Human 
Immunodeficiency Virus: A French National Survey. Clinical Infectious Diseases, 
23(6), 1249–1254. https://doi.org/10.1093/CLINIDS/23.6.1249 

Radke, J. B., Lucas, O., De Silva, E. K., Ma, Y., Sullivan, W. J., Weiss, L. M., Llinas, 
M., & White, M. W. (2013). ApiAP2 transcription factor restricts development of 
the Toxoplasma tissue cyst. Proceedings of the National Academy of Sciences 
of the United States of America, 110(17), 6871–6876. 
https://doi.org/10.1073/PNAS.1300059110/-/DCSUPPLEMENTAL/SD01.XLSX 

Radke, J. B., Worth, D., Hong, D., Huang, S., Sullivan, W. J., Wilson, E. H., & White, 
M. W. (2018). Transcriptional repression by ApiAP2 factors is central to chronic 
toxoplasmosis. PLoS Pathogens, 14(5). 
https://doi.org/10.1371/journal.ppat.1007035 

Radke, J. R., Guerini, M. N., Jerome, M., & White, M. W. (2003). A change in the 
premitotic period of the cell cycle is associated with bradyzoite differentiation in 
Toxoplasma gondii. Molecular and Biochemical Parasitology, 131(2), 119–127. 
https://doi.org/10.1016/S0166-6851(03)00198-1 

Radke, J. R., Striepen, B., Guerini, M. N., Jerome, M. E., Roos, D. S., & White, M. W. 
(2001). Defining the cell cycle for the tachyzoite stage of Toxoplasma gondii. 
Molecular and Biochemical Parasitology, 115(2), 165–175. 
https://doi.org/10.1016/S0166-6851(01)00284-5 

Ralph, S. A., van Dooren, G. G., Waller, R. F., Crawford, M. J., Fraunholz, M. J., 
Foth, B. J., Tonkin, C. J., Roos, D. S., & McFadden, G. I. (2004). Tropical 
infectious diseases: metabolic maps and functions of the Plasmodium falciparum 
apicoplast. Nature Reviews. Microbiology, 2(3), 203–216. 
https://doi.org/10.1038/NRMICRO843 

Ranish, J. A., & Hahn, S. (1996). Transcription: basal factors and activation. Current 
Opinion in Genetics & Development, 6(2), 151–158. 
https://doi.org/10.1016/S0959-437X(96)80044-X 



 247 

Reese, M. L., Zeiner, G. M., Saeij, J. P. J., Boothroyd, J. C., & Boyle, J. P. (2011). 
Polymorphic family of injected pseudokinases is paramount in Toxoplasma 
virulence. Proceedings of the National Academy of Sciences of the United States 
of America, 108(23), 9625–9630. https://doi.org/10.1073/PNAS.1015980108/-
/DCSUPPLEMENTAL/PNAS.201015980SI.PDF 

Remington, J. S., & Gentry, L. O. (1970). Acquired toxoplasmosis: infection versus 
diseases. Annals of the New York Academy of Sciences, 174(2), 1006–1017. 
https://doi.org/10.1111/J.1749-6632.1970.TB45622.X 

Robert-Gangneux, F., & Dardé, M. L. (2012a). Epidemiology of and diagnostic 
strategies for toxoplasmosis. Clinical Microbiology Reviews, 25(2), 264–296. 
https://doi.org/10.1128/CMR.05013-11 

Robert-Gangneux, F., & Dardé, M. L. (2012b). Epidemiology of and diagnostic 
strategies for toxoplasmosis. Clinical Microbiology Reviews, 25(2), 264–296. 
https://doi.org/10.1128/CMR.05013-11 

Roiko, M. S., Svezhova, N., & Carruthers, V. B. (2014). Acidification Activates 
Toxoplasma gondii Motility and Egress by Enhancing Protein Secretion and 
Cytolytic Activity. PLOS Pathogens, 10(11), e1004488. 
https://doi.org/10.1371/JOURNAL.PPAT.1004488 

Romano, J. D., Nolan, S. J., Porter, C., Ehrenman, K., Hartman, E. J., Hsia, R. ching, 
& Coppens, I. (2017). The parasite Toxoplasma sequesters diverse Rab host 
vesicles within an intravacuolar network. Journal of Cell Biology, 216(12), 4235–
4254. https://doi.org/10.1083/jcb.201701108 

Roques, M., Stanway, R. R., Rea, E. I., Markus, R., Brady, D., Holder, A. A., Guttery, 
D. S., & Tewari, R. (2019). Plasmodium centrin PbCEN-4 localizes to the 
putative MTOC and is dispensable for malaria parasite proliferation. Biology 
Open, 8(1). https://doi.org/10.1242/BIO.036822/VIDEO-5 

Rosowski, E. E., Lu, D., Julien, L., Rodda, L., Gaiser, R. A., Jensen, K. D. C., & Saeij, 
J. P. J. (2011). Strain-specific activation of the NF-kappaB pathway by GRA15, a 
novel Toxoplasma gondii dense granule protein. The Journal of Experimental 
Medicine, 208(1), 195–212. https://doi.org/10.1084/JEM.20100717 

Roth, J. A., Siegel, S. E., Levine, A. S., & Berard, C. W. (1971). Fatal recurrent 
toxoplasmosis in a patient initially infected via a leukocyte transfusion. American 
Journal of Clinical Pathology, 56(5), 601–605. 
https://doi.org/10.1093/ajcp/56.5.601 

Roumégous, C., Abou Hammoud, A., Fuster, D., Dupuy, J. W., Blancard, C., Salin, 
B., Robinson, D. R., Renesto, P., Tardieux, I., & Frénal, K. (2022a). Identification 
of new components of the basal pole of Toxoplasma gondii provides novel 
insights into its molecular organization and functions. Frontiers in Cellular and 
Infection Microbiology, 12, 1010038. 
https://doi.org/10.3389/FCIMB.2022.1010038/BIBTEX 

Roumégous, C., Abou Hammoud, A., Fuster, D., Dupuy, J. W., Blancard, C., Salin, 
B., Robinson, D. R., Renesto, P., Tardieux, I., & Frénal, K. (2022b). Identification 
of new components of the basal pole of Toxoplasma gondii provides novel 
insights into its molecular organization and functions. Frontiers in Cellular and 
Infection Microbiology, 12. https://doi.org/10.3389/fcimb.2022.1010038 

Rugarabamu, G., Marq, J. B., Guérin, A., Lebrun, M., & Soldati-Favre, D. (2015). 
Distinct contribution of Toxoplasma gondii rhomboid proteases 4 and 5 to 
micronemal protein protease 1 activity during invasion. Molecular Microbiology, 
97(2), 244–262. https://doi.org/10.1111/MMI.13021 



 248 

Russell, D. G., & Burns, R. G. (1984). The polar ring of coccidian sporozoites: a 
unique microtubule-organizing centre. Journal of Cell Science, 65, 193–207. 
https://doi.org/10.1242/JCS.65.1.193 

Sadak, A., Taghy, Z., Fortier, B., & Dubremetz, J. F. (1988). Characterization of a 
family of rhoptry proteins of Toxoplasma gondii. Molecular and Biochemical 
Parasitology, 29(2–3), 203–211. https://doi.org/10.1016/0166-6851(88)90075-8 

Saeij, J. P. J., Boyle, J. P., & Boothroyd, J. C. (2005). Differences among the three 
major strains of Toxoplasma gondii and their specific interactions with the 
infected host. Trends in Parasitology, 21(10), 476–481. 
https://doi.org/10.1016/J.PT.2005.08.001 

Saldarriaga, J. F., Taylor, F. J. R., Cavalier-Smith, T., Menden-Deuer, S., & Keeling, 
P. J. (2004). Molecular data and the evolutionary history of dinoflagellates. 
European Journal of Protistology, 40(1), 85–111. 
https://doi.org/10.1016/J.EJOP.2003.11.003 

Sanchez, S. G., & Besteiro, S. (2021). The pathogenicity and virulence of 
Toxoplasma gondii. Virulence, 12(1), 3095–3114. 
https://doi.org/10.1080/21505594.2021.2012346/ASSET/9F300650-D586-4CBA-
8FBA-18B9E499EA5A/ASSETS/IMAGES/KVIR_A_2012346_F0004_OC.JPG 

Sarah Khelifa, A. (n.d.). Study of the transcriptional and post-transcriptional 
regulation of the Toxoplasma gondii tachyzoite cell cycle. 
https://theses.hal.science/tel-04368490v1 

Schwarz, J. A., Fouts, A. E., Cummings, C. A., Ferguson, D. J. P., & Boothroyd, J. C. 
(2005). A novel rhoptry protein in Toxoplasma gondii bradyzoites and 
merozoites. Molecular and Biochemical Parasitology, 144(2), 159–166. 
https://doi.org/10.1016/J.MOLBIOPARA.2005.08.011 

Seeber, F., & Steinfelder, S. (2016). Recent advances in understanding 
apicomplexan parasites. F1000Research 2016 5:1369, 5, 1369. 
https://doi.org/10.12688/f1000research.7924.1 

Shandilya, J., & Roberts, S. G. E. (2012). The transcription cycle in eukaryotes: from 
productive initiation to RNA polymerase II recycling. Biochimica et Biophysica 
Acta, 1819(5), 391–400. https://doi.org/10.1016/J.BBAGRM.2012.01.010 

Shastri, A. J., Marino, N. D., Franco, M., Lodoen, M. B., & Boothroyd, J. C. (2014). 
GRA25 is a novel virulence factor of toxoplasma gondii and influences the host 
immune response. Infection and Immunity, 82(6), 2595–2605. 
https://doi.org/10.1128/IAI.01339-13/SUPPL_FILE/ZII999090727SO1.PDF 

Sheffield, H. G., & Melton, M. L. (1968). The fine structure and reproduction of 
Toxoplasma gondii. The Journal of Parasitology, 54(2), 209–226. 
https://doi.org/10.2307/3276925 

Sheiner, L., Santos, J. M., Klages, N., Parussini, F., Jemmely, N., Friedrich, N., 
Ward, G. E., & Soldati-Favre, D. (2010). Toxoplasma gondii transmembrane 
microneme proteins and their modular design. Molecular Microbiology, 77(4), 
912–929. https://doi.org/10.1111/J.1365-2958.2010.07255.X 

Shen, B., Brown, K. M., Lee, T. D., & David Sibley, L. (2014). Efficient gene 
disruption in diverse strains of Toxoplasma gondii using CRISPR/CAS9. MBio, 
5(3). https://doi.org/10.1128/MBIO.01114-14 

Shi, Y., Li, X., Xue, Y., Hu, D., & Song, X. (2024a). Cell cycle-regulated transcription 
factor AP2XII-9 is a key activator for asexual division and apicoplast inheritance 
in Toxoplasma gondii tachyzoite . MBio. https://doi.org/10.1128/mbio.01336-24 

Shi, Y., Li, X., Xue, Y., Hu, D., & Song, X. (2024b). Cyclical transcription factor 
AP2XII-9 is a key activator for asexual division and apicoplast inheritance in 



 249 

Toxoplasma gondii tachyzoite. BioRxiv, 2024.05.01.592006. 
https://doi.org/10.1101/2024.05.01.592006 

Sibley, L. D. (2004). Intracellular Parasite Invasion Strategies. Science, 304(5668), 
248–253. 
https://doi.org/10.1126/SCIENCE.1094717/SUPPL_FILE/SIBLEY.SOM.PDF 

Sidik, S. M., Huet, D., Ganesan, S. M., Huynh, M. H., Wang, T., Nasamu, A. S., 
Thiru, P., Saeij, J. P. J., Carruthers, V. B., Niles, J. C., & Lourido, S. (2016). A 
Genome-wide CRISPR Screen in Toxoplasma Identifies Essential Apicomplexan 
Genes. Cell, 166(6), 1423-1435.e12. https://doi.org/10.1016/j.cell.2016.08.019 

Single cell expression and chromatin access of the Toxoplasma gondii lytic cycle 
identifies AP2XII-8 as an essential pivotal controller of a ribosome regulon. 
(n.d.). https://doi.org/10.1101/2023.10.06.561197 

Skariah, S., Walwyn, O., Engelberg, K., Gubbels, M. J., Gaylets, C., Kim, N., Lynch, 
B., Sultan, A., & Mordue, D. G. (2016). The FIKK kinase of Toxoplasma gondii is 
not essential for the parasite’s lytic cycle. International Journal for Parasitology, 
46(5–6), 323–332. https://doi.org/10.1016/J.IJPARA.2016.01.001 

Skene, P. J., & Henikoff, S. (2017). An efficient targeted nuclease strategy for high-
resolution mapping of DNA binding sites. ELife, 6. 
https://doi.org/10.7554/ELIFE.21856 

Soldati, D., & Boothroyd, J. C. (1995). A selector of transcription initiation in the 
protozoan parasite Toxoplasma gondii. Molecular and Cellular Biology, 15(1), 
87–93. https://doi.org/10.1128/MCB.15.1.87 

Soldati, D., & Meissner, M. (2004). Toxoplasma as a novel system for motility. 
Current Opinion in Cell Biology, 16(1), 32–40. 
https://doi.org/10.1016/j.ceb.2003.11.013 

Soldati-Favre, D. (2008). Molecular dissection of host cell invasion by the 
Apicomplexans: the glideosome. Parasite, 15(3), 197–205. 
https://doi.org/10.1051/PARASITE/2008153197 

Speer, C. A., & Dubey, J. P. (2001). Ultrastructure of schizonts and merozoites of 
Sarcocystis neurona. Veterinary Parasitology, 95(2–4), 263–271. 
https://doi.org/10.1016/S0304-4017(00)00392-7 

Speer, C. A., & Dubey, J. P. (2005). Ultrastructural differentiation of Toxoplasma 
gondii schizonts (types B to E) and gamonts in the intestines of cats fed 
bradyzoites. International Journal for Parasitology, 35(2), 193–206. 
https://doi.org/10.1016/J.IJPARA.2004.11.005 

Srivastava, S., Holmes, M. J., White, M. W., & Sullivan, W. J. (2023). Toxoplasma 
gondii AP2XII-2 Contributes to Transcriptional Repression for Sexual 
Commitment. MSphere, 8(2). https://doi.org/10.1128/msphere.00606-22 

Srivastava, S., White, M. W., & Sullivan, W. J. (2020). Toxoplasma gondii AP2XII-2 
Contributes to Proper Progression through S-Phase of the Cell Cycle. MSphere, 
5(5). https://doi.org/10.1128/MSPHERE.00542-20/ASSET/20F98F3D-B23F-
4DEB-8F12-E667AA589D25/ASSETS/GRAPHIC/MSPHERE.00542-20-
F0007.JPEG 

Stokkermans, T. J. W., Schwartzman, J. D., Keenan, K., Morrissette, N. S., Tilney, L. 
G., & Roos, D. S. (1996). Inhibition ofToxoplasma gondiiReplication by 
Dinitroaniline Herbicides. Experimental Parasitology, 84(3), 355–370. 
https://doi.org/10.1006/EXPR.1996.0124 

Striepen, B., Crawford, M. J., Shaw, M. K., Tilney, L. G., Seeber, F., & Roos, D. S. 
(2000a). The Plastid of Toxoplasma gondii Is Divided by Association with the 



 250 

Centrosomes. Journal of Cell Biology, 151(7), 1423–1434. 
https://doi.org/10.1083/JCB.151.7.1423 

Striepen, B., Crawford, M. J., Shaw, M. K., Tilney, L. G., Seeber, F., & Roos, D. S. 
(2000b). The Plastid of Toxoplasma gondii Is Divided by Association with the 
Centrosomes 7. The Journal of Cell Biology, 151(7), 1423–1434. 
http://www.jcb.org/cgi/content/full/151/7/1423 

Striepen, B., Jordan, C. N., Reiff, S., & Van Dooren, G. G. (2007). Building the 
Perfect Parasite: Cell Division in Apicomplexa. PLOS Pathogens, 3(6), e78. 
https://doi.org/10.1371/JOURNAL.PPAT.0030078 

Suvorova, E. S., Francia, M., Striepen, B., & White, M. W. (2015a). A Novel Bipartite 
Centrosome Coordinates the Apicomplexan Cell Cycle. PLOS Biology, 13(3), 
e1002093. https://doi.org/10.1371/JOURNAL.PBIO.1002093 

Suvorova, E. S., Francia, M., Striepen, B., & White, M. W. (2015b). A Novel Bipartite 
Centrosome Coordinates the Apicomplexan Cell Cycle. PLOS Biology, 13(3), 
e1002093. https://doi.org/10.1371/JOURNAL.PBIO.1002093 

Suzuki, Y., Orellana, M. A., Schreiber, R. D., & Remington, J. S. (1988). Interferon-
gamma: the major mediator of resistance against Toxoplasma gondii. Science 
(New York, N.Y.), 240(4851), 516–518. 
https://doi.org/10.1126/SCIENCE.3128869 

Tilley, L. D., Krishnamurthy, S., Westwood, N. J., & Ward, G. E. (2014). Identification 
of TgCBAP, a Novel Cytoskeletal Protein that Localizes to Three Distinct 
Subcompartments of the Toxoplasma gondii Pellicle. PLOS ONE, 9(6), e98492. 
https://doi.org/10.1371/JOURNAL.PONE.0098492 

Tilney, L. G., Tilney, M. S., & Guild, G. M. (n.d.). Formation of Actin Filament Bundles 
in the Ring Canals of Developing Drosophila Follicles. 

Tomita, T., Sugiyakubu, T., Tu, V., Ma, Y., & Weiss, L. M. (2017). Making home 
sweet and sturdy: Toxoplasma gondii ppGaLNAc-Ts glycosylate in hierarchical 
order and confer cyst wall rigidity. MBio, 8(1). 
https://doi.org/10.1128/MBIO.02048-16/SUPPL_FILE/MBO001163142S1.PDF 

Torgerson, P. R., & Mastroiacovo, P. (2013). La charge mondiale de la 
toxoplasmose: une étude systématique. Bulletin of the World Health 
Organization, 91(7), 501–508. https://doi.org/10.2471/BLT.12.111732 

Torres, J. A., Pasquarelli, R. R., Back, P. S., Moon, A. S., & Bradley, P. J. (2021). 
Identification and Molecular Dissection of IMC32, a Conserved Toxoplasma 
Inner Membrane Complex Protein That Is Essential for Parasite Replication. 
MBio, 12(1), 1–15. https://doi.org/10.1128/MBIO.03622-20 

Tosetti, N., Pacheco, N. dos S., Bertiaux, E., Maco, B., Bournonville, L., Hamel, V., 
Guichard, P., & Soldati-Favre, D. (2020). Essential function of the alveolin 
network in the subpellicular microtubules and conoid assembly in Toxoplasma 
gondii. ELife, 9, 1–22. https://doi.org/10.7554/ELIFE.56635 

Toso, M. A., & Omoto, C. K. (2007). Gregarina niphandrodes may lack both a plastid 
genome and organelle. The Journal of Eukaryotic Microbiology, 54(1), 66–72. 
https://doi.org/10.1111/J.1550-7408.2006.00229.X 

Toxoplasmosis: Pediatric OIs | NIH. (n.d.). Retrieved July 23, 2024, from 
https://clinicalinfo.hiv.gov/en/guidelines/hiv-clinical-guidelines-pediatric-
opportunistic-infections/toxoplasmosis 

Tran, J. Q., De Leon, J. C., Li, C., Huynh, M. H., Beatty, W., & Morrissette, N. S. 
(2010). RNG1 is a Late Marker of the Apical Polar Ring in Toxoplasma gondii. 
Cytoskeleton (Hoboken, N.J.), 67(9), 586. https://doi.org/10.1002/CM.20469 



 251 

Tran, J. Q., Li, C., Chyan, A., Chung, L., & Morrissette, N. S. (2012). SPM1 Stabilizes 
Subpellicular Microtubules in Toxoplasma gondii. Eukaryotic Cell, 11(2), 206. 
https://doi.org/10.1128/EC.05161-11 

Travier, L., Mondragon, R., Dubremetz, J. F., Musset, K., Mondragon, M., Gonzalez, 
S., Cesbron-Delauw, M. F., & Mercier, C. (2008). Functional domains of the 
Toxoplasma GRA2 protein in the formation of the membranous nanotubular 
network of the parasitophorous vacuole. International Journal for Parasitology, 
38(7), 757–773. https://doi.org/10.1016/J.IJPARA.2007.10.010 

Tyler, J. S., & Boothroyd, J. C. (2011). The C-terminus of Toxoplasma RON2 
provides the crucial link between AMA1 and the host-associated invasion 
complex. PLoS Pathogens, 7(2). https://doi.org/10.1371/journal.ppat.1001282 

Uboldi, A. D., McCoy, J. M., Blume, M., Gerlic, M., Ferguson, D. J. P., Dagley, L. F., 
Beahan, C. T., Stapleton, D. I., Gooley, P. R., Bacic, A., Masters, S. L., Webb, A. 
I., McConville, M. J., & Tonkin, C. J. (2015). Regulation of Starch Stores by a 
Ca2+-Dependent Protein Kinase Is Essential for Viable Cyst Development in 
Toxoplasma gondii. Cell Host and Microbe, 18(6), 670–681. 
https://doi.org/10.1016/j.chom.2015.11.004 

Vaishnava, S., Morrison, D. P., Gaji, R. Y., Murray, J. M., Entzeroth, R., Howe, D. K., 
& Striepen, B. (2005). Plastid segregation and cell division in the apicomplexan 
parasite Sarcocystis neurona. Journal of Cell Science, 118(Pt 15), 3397–3407. 
https://doi.org/10.1242/JCS.02458 

van Dooren, G. G., Reiff, S. B., Tomova, C., Meissner, M., Humbel, B. M., & 
Striepen, B. (2009). An novel dynamin-related protein has been recruited for 
apicoplast fission in Toxoplasma gondii. Current Biology : CB, 19(4), 267. 
https://doi.org/10.1016/J.CUB.2008.12.048 

Venugopal, K., Chehade, S., Werkmeister, E., Barois, N., Periz, J., Lafont, F., 
Tardieux, I., Khalife, J., Langsley, G., Meissner, M., & Marion, S. (2020). Rab11A 
regulates dense granule transport and secretion during Toxoplasma gondii 
invasion of host cells and parasite replication. PLoS Pathogens, 16(5). 
https://doi.org/10.1371/journal.ppat.1008106 

Verhoef, J. M. J., Meissner, M., & Kooij, T. W. A. (2021). Organelle Dynamics in 
Apicomplexan Parasites. MBio, 12(4). https://doi.org/10.1128/MBIO.01409-21 

Waldman, B. S., Schwarz, D., Wadsworth, M. H., Saeij, J. P., Shalek, A. K., & 
Lourido, S. (2020). Identification of a Master Regulator of Differentiation in 
Toxoplasma. Cell, 180(2), 359-372.e16. 
https://doi.org/10.1016/J.CELL.2019.12.013 

Walker, R., Gissot, M., Croken, M. M., Huot, L., Hot, D., Kim, K., & Tomavo, S. 
(2013). The Toxoplasma nuclear factor TgAP2XI-4 controls bradyzoite gene 
expression and cyst formation. Molecular Microbiology, 87(3), 641–655. 
https://doi.org/10.1111/MMI.12121 

Walker, R., Gissot, M., Huot, L., Alayi, T. D., Hot, D., Marot, G., Schaeffer-Reiss, C., 
Van Dorsselaer, A., Kim, K., & Tomavo, S. (2013). Toxoplasma transcription 
factor TgAP2XI-5 regulates the expression of genes involved in parasite 
virulence and host invasion. Journal of Biological Chemistry, 288(43), 31127–
31138. https://doi.org/10.1074/jbc.M113.486589 

Wang, Z. D., Wang, S. C., Liu, H. H., Ma, H. Y., Li, Z. Y., Wei, F., Zhu, X. Q., & Liu, 
Q. (2017). Prevalence and burden of Toxoplasma gondii infection in HIV-infected 
people: a systematic review and meta-analysis. The Lancet. HIV, 4(4), e177–
e188. https://doi.org/10.1016/S2352-3018(17)30005-X 



 252 

Wasmuth, J., Daub, J., Peregrín-Alvarez, J. M., Finney, C. A. M., & Parkinson, J. 
(2009). The origins of apicomplexan sequence innovation. Genome Research, 
19(7), 1202–1213. https://doi.org/10.1101/gr.083386.108 

Webster, J. P. (2010). Dubey, J.P. Toxoplasmosis of Animals and Humans. Parasites 
& Vectors 2010 3:1, 3(1), 1–2. https://doi.org/10.1186/1756-3305-3-112 

Weiss, L. M., & Kim, K. (2000). THE DEVELOPMENT AND BIOLOGY OF 
BRADYZOITES OF TOXOPLASMA GONDII. Frontiers in Bioscience : A Journal 
and Virtual Library, 5(1), D391. https://doi.org/10.2741/WEISS 

Weiss, L. M., Ma, Y. F., Takvorian, P. M., Tanowitz, H. B., & Wittner, M. (1998a). 
Bradyzoite development in Toxoplasma gondii and the hsp70 stress response. 
Infection and Immunity, 66(7), 3295–3302. https://doi.org/10.1128/IAI.66.7.3295-
3302.1998 

Weiss, L. M., Ma, Y. F., Takvorian, P. M., Tanowitz, H. B., & Wittner, M. (1998b). 
Bradyzoite development in Toxoplasma gondii and the hsp70 stress response. 
Infection and Immunity, 66(7), 3295–3302. https://doi.org/10.1128/IAI.66.7.3295-
3302.1998 

Werk, R., & Fischer, S. (1982). Attempts to infect plant protoplasts with Toxoplasma 
gondii. Journal of General Microbiology, 128(1), 211–213. 
https://doi.org/10.1099/00221287-128-1-211 

White, M. W., Jerome, M. E., Vaishnava, S., Guerini, M., Behnke, M., & Striepen, B. 
(2005). Genetic rescue of a Toxoplasma gondii conditional cell cycle mutant. 
Molecular Microbiology, 55(4), 1060–1071. https://doi.org/10.1111/J.1365-
2958.2004.04471.X 

White, M. W., Radke, J. R., & Radke, J. B. (2014a). Toxoplasma development – turn 
the switch on or off? Cellular Microbiology, 16(4), 466–472. 
https://doi.org/10.1111/CMI.12267 

White, M. W., Radke, J. R., & Radke, J. B. (2014b). Toxoplasma development – turn 
the switch on or off? Cellular Microbiology, 16(4), 466–472. 
https://doi.org/10.1111/CMI.12267 

White, M. W., & Suvorova, E. S. (2018). Apicomplexa Cell Cycles: Something Old, 
Borrowed, Lost, and New. Trends in Parasitology, 34(9), 759–771. 
https://doi.org/10.1016/J.PT.2018.07.006 

Wilson, R. J. M. (Iain), Denny, P. W., Preiser, P. R., Rangachari, K., Roberts, K., 
Roy, A., Whyte, A., Strath, M., Moore, D. J., Moore, P. W., & Williamson, D. H. 
(1996). Complete gene map of the plastid-like DNA of the malaria parasite 
Plasmodium falciparum. Journal of Molecular Biology, 261(2), 155–172. 
https://doi.org/10.1006/jmbi.1996.0449 

Xia, J., Fu, Y., Huang, W., & David Sibley, L. (2024). Constitutive upregulation of 
transcription factors underlies permissive bradyzoite differentiation in a natural 
isolate of Toxoplasma gondii. https://doi.org/10.1101/2024.02.28.582596 

Xue, Y., Theisen, T. C., Rastogi, S., Ferrel, A., Quake, S. R., & Boothroyd, J. C. 
(2020). A single-parasite transcriptional atlas of Toxoplasma Gondii reveals 
novel control of antigen expression. ELife, 9. 
https://doi.org/10.7554/ELIFE.54129 

Yamamoto, M., Ma, J. S., Mueller, C., Kamiyama, N., Saiga, H., Kubo, E., Kimura, T., 
Okamoto, T., Okuyama, M., Kayama, H., Nagamune, K., Takashima, S., 
Matsuura, Y., Soldati-Favre, D., & Takeda, K. (2011). ATF6β is a host cellular 
target of the Toxoplasma gondii virulence factor ROP18. The Journal of 
Experimental Medicine, 208(7), 1533. https://doi.org/10.1084/JEM.20101660 



 253 

Yang, C., Doud, E. H., Sampson, E., & Arrizabalaga, G. (n.d.). The protein 
phosphatase PPKL is a key regulator of daughter parasite 1 development in 
Toxoplasma gondii. https://doi.org/10.1101/2023.06.13.544803 

Yang, L., Uboldi, A. D., Seizova, S., Wilde, M. L., Coffey, M. J., Katris, N. J., 
Yamaryo-Botté, Y., Kocan, M., Bathgate, R. A. D., Stewart, R. J., McConville, M. 
J., Thompson, P. E., Botté, C. Y., & Tonkin, C. J. (2019a). An apically located 
hybrid guanylate cyclase-ATPase is critical for the initiation of Ca2+ signaling 
and motility in Toxoplasma gondii. The Journal of Biological Chemistry, 294(22), 
8959–8972. https://doi.org/10.1074/JBC.RA118.005491 

Yang, L., Uboldi, A. D., Seizova, S., Wilde, M. L., Coffey, M. J., Katris, N. J., 
Yamaryo-Botté, Y., Kocan, M., Bathgate, R. A. D., Stewart, R. J., McConville, M. 
J., Thompson, P. E., Botté, C. Y., & Tonkin, C. J. (2019b). An apically located 
hybrid guanylate cyclase-ATPase is critical for the initiation of Ca2+ signaling 
and motility in Toxoplasma gondii. Journal of Biological Chemistry, 294(22), 
8959–8972. 
https://doi.org/10.1074/JBC.RA118.005491/ATTACHMENT/224A4E0A-FBCF-
4D28-9F22-F3C7E487E898/MMC1.ZIP 

Zarringhalam, K., Ye, S., Lou, J., Rezvani, Y., & Gubbels, M. J. (2023). Cell cycle-
regulated ApiAP2s and parasite development: the Toxoplasma paradigm. 
Current Opinion in Microbiology, 76, 102383. 
https://doi.org/10.1016/J.MIB.2023.102383 

Zeeshan, M., Brady, D., Stanway, R. R., Moores, C. A., Holder, A. A., & Tewari, R. 
(2020). Plasmodium berghei Kinesin-5 Associates With the Spindle Apparatus 
During Cell Division and Is Important for Efficient Production of Infectious 
Sporozoites. Frontiers in Cellular and Infection Microbiology, 10, 583812. 
https://doi.org/10.3389/FCIMB.2020.583812/BIBTEX 

Zenner, L., Darcy, F., Capron, A., & Cesbron-Delauw, M. F. (1998). Toxoplasma 
gondii: kinetics of the dissemination in the host tissues during the acute phase of 
infection of mice and rats. Experimental Parasitology, 90(1), 86–94. 
https://doi.org/10.1006/EXPR.1998.4301 

Zhu, G., Marchewka, M. J., & Keithly, J. S. (2000). Cryptosporidium parvum appears 
to lack a plastid genome. Microbiology, 146(2), 315–321. 
https://doi.org/10.1099/00221287-146-2-315/CITE/REFWORKS 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 254 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ANNEXE-1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 255 

 



 256 

 



 257 

 



 258 

 



 259 

 



 260 

 



 261 

 



 262 

 



 263 

 



 264 



 265 

 



 266 

 



 267 

 



 268 

 



 269 

 



 270 

 



 271 

 



 272 

 



 273 

 



 274 

 



 275 

 



 276 

 



 277 

 



 278 

 



 279 

 



 280 

 



 281 

 



 282 

 



 283 

 



 284 

 



 285 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

ANNEXE-2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 286 

 



 287  



 288  



 289  



 290  



 291   



 292  



 293  



 294  



 295  



 296  



 297  



 298  



 299  



 300  



 301  



 302  



 303  



 304  



 305  



 306  



 307  


