Preamble

The goal of the introduction is to give my readers the necessary background to understand the project and posteriori, the results. The starting point is then my research question: "What is the function of AP2XI-2 and AP2XII-1 in Toxoplasma gondii sexual reproduction"? Fully understanding the question is the first step to answer it and consequently to understand the upcoming answer. Therefore, I divided my Introduction in chapters defining the three main key expressions from my research question: Toxoplasma gondii, sexual reproduction, AP2s.

In Preliminary information (Page 5), I will present Toxoplasma as member of the Apicomplexan group, through a brief description of its discovery and evolution of the Parasitism.

In Chapter 1 (Page10), the model of this study i.e., Toxoplasma gondii, will be described in regard to its complex life cycle, starting with the stages found in the intermediary hosts forms (Page 17), the disease they cause and generalities on diagnosis and treatments. In this chapter, you will find the state of the art concerning the parasite sexual reproduction (Page 38) as well as aspects underlying its environmental transmission (Page 51).

As stage conversion (and therefore sexual commitment/reproduction) rises from wholesome changes in gene expression and the underlying tight regulation, Chapter 2 (Page 58) will focus on the regulation of gene expression. As in Toxoplasma, this regulation is mainly achieved through epigenetic mechanisms, this chapter will settle the basis of chromatin structure and remodelling (Page 60), and histones post-translational modifications (Page 68). The state of the art concerning T.gondii epigenetic landscape (Page 77) will be resumed in this chapter, prior to focus on the description of MORC/HDAC3 (Page 82). Regulation of stage conversion also exhibits a transcriptional component that will be presented through the prism of Apetala-like transcription factors (AP2s). Apicomplexan AP2s (ApiAP2) participate in multiple processes in our parasite and their relatives, including regulation of cell cycle, replication or stage transitions. Their origins and functions parasite development will be detailed in the last subsection of this chapter (Page 87). AP2XI-2 and AP2XII-1 are two AP2-DNA-binding domain containing proteins, previously described as Primary AP2 because of their strong interaction with MORC and HDAC3. Their functional characterisation is described in the Results Chapter (Page 99), after the presentation of the research question (Page 100).

The last chapter will be the Discussion one (Page 169), in which results will be recapitulated and discussed according to their presentation order in the article/results section. Finally, the limits, importance and conclusion of our study will be addressed on Page 202.

Preliminary information

In 1908, Nicolle and Manceaux initially believed the Toxoplasma parasites observed from laboratory animals (Ctenodactylus gundii and rabbit, respectively) were Leishmania ones. The first group named it Leishmania gondii (Nicolle, Manceaux, "Sur Un protozoaire nouveau du Gondii"). One year later, they renamed this new organism Toxoplasma gondii based on its banana-shaped morphology ("toxo" for bow, arc; "plasma" for life) and on the host. Toxoplasma gondii correct name should actually have been T. gundi, but an incorrect designation of the host ("gondii" instead of "gundi") decided otherwise (A) .

As eukaryotes, Apicomplexans possess all universal eukaryotic organelles, i.e., nucleus, mitochondrion, centrosome, Golgi complex (GC), ribosomes and endoplasmic reticulum (ER). Additionally, most Apicomplexan species are obligate endoparasites of animals, possessing non-photosynthetic Apicomplexan plastids (i.e., apicoplast), an apical complex structure, a secretory system (for attachment and invasion) and a glideosome (specific apparatus for motility). The apical complex Is localized at the apical pole and is constituted of the conoid (a mesh of coiled microtubules) and its pre-conoidal/innerpolar rings, as well as the secretory organelles rhoptries and micronemes, described later. Despite the conoid function not being fully understood, it plays an essential mechanical role for host cell invasion.

In fact, the conoid is able to extend and retract during invasion process, thus favouring secretion by the associated secretory organelles. Rhoptries and micronemes subcellular localization is strictly correlated to their essential role during invasion, particularly in the assembly of the moving junction (Delgado S et al 2022) B. This latter is a platform-like structure made of extended of microtubules and secreted proteins (i.e., AMA1 and RONs) that connect host cell plasma membrane and parasite PM. The MJ is necessary for triggering host microtubule cytoskeleton rearrangement allowing the parasite to pass through the hoop-like structure (MJ) and enter the host cell by membrane invagination. During entry, the MJ which migrates from the apical to the basal/posterior pole and host and parasite transmembrane proteins are sequentially and selectively eliminated. Briefly, the invasion process relies on an actomyosin system and on surface antigens (SAGs) and microneme proteins, as well as on the glideosome, which provides traction forces necessary for the creation of the parasitophorous vacuole inside which the parasite will replicate (B) . Coccidia do not exhibit cilia nor flagellar apparatus (except for microgametes). However, as endoparasites, seeking for host cells is essential for survival. The glideosome is a locomotion-specific apparatus allowing zoites to display a gliding motility. This process is based on cellular movement without shape deformation and is divided in 3 main steps: circular gliding, upright twirling and helical rotation. Briefly, zoites motility is essentially due to an interaction between the apical complex, the actin cytoskeleton the myosin motor, associated proteins and their substrates.

Evolution of Parasitism within the Apicomplexan Phylum

Apicomplexans present many features that are reminiscent of an evolution process through the photosynthetic eukaryote, as the apicoplast or even protein domains present in plants exclusively (e.g., Apetala DNA binding domains). For instance, Apicomplexans retain a relict non-photosynthetic plastid (apicoplast) that houses many essential metabolic pathways as biosynthesis of isoprenoids, haem, ironsulphur clusters and fatty acids. Because of this, Apicomplexans are believed to have emerged from photosynthetic ancestors and elegant studies actually stipulated that their origin from algae occurred at least three times independently resulting in multiple lineages of highly convergent animal parasites (Varsha Mathur 2019) C. Over time, photosynthesis was lost multiple times independently which is not surprising given that phylogenetic studies demonstrated that many algae have lost photosynthesis and have converted back to heterotrophy (Oborník M., 2020) D . Overtime, parasitism would have become the privileged lifestyle of Apicomplexans whose phylum is now composed of more than 6000 named species of protozoan parasites divided in two Classes according to their conservation/loss of the conoid structure (detailed further): Conoidasia and the Aconoidasida, respectively. The first one contains Coccidian, Gregarines and Cryptogregarines whereas the second contains the Hemosporidian parasites and the Piroplasm (reviewed by Cruz-Bustos et al, 2021) E.

The origins of parasitism in Apicomplexa, which seems to have arisen multiple times (Valigurová, A.; Florent, I. 2021) F , is still being debated. It was previously assumed that a symbiotic (mutualistic) ancestor (i.e., Corallicolids) would have evolutionary transited to a phototrophic mutualistic intracellular symbiont before evolving into obligate Apicomplexan parasite (D) . Arguments supporting the Corallicolids as ancestors of Apicomplexans include the fact that these heterotrophic intracellular coral symbionts harbour genes linked to chlorophyll biosynthesis in parallel of a non-photosynthetic plastid and live in multi-symbionts systems. Together, these features could contribute to evolution of harmless or mutualistic symbiosis systems and would explain that photosynthesis could be retained even in core intracellular Apicomplexans (D) . Nevertheless, the existence of extracellular earlybranching Apicomplexans contradicts the evolutionary trajectory from an intracellular symbiont.

Additionally, harmless mutualistic Apicomplexans ancestors as nepromyces and corallicolids strongly contrast with some well-described devastating Apicomplexan parasites, suggesting a different evolutionary route (D) . Indeed, Apicomplexan feature some well-described parasites responsible for important diseases in humans and animals worldwide, i.e., Babesia, Theileria, Eimeria, Toxoplasma, Cytoisospora, Neoisospora (all coccidias), Cryptosporidium (Cryptogragarine) and Plasmodium (Hemosporidian) genera (E) . Moreover, the origins of Apicomplexan parasitism remain elusive because of divergent host-parasite strategies: for example, not all parasites invade cells, Theileria lacks a conoid, many secreted proteins are species-specific, free-living ancestors also displayed rhoptry-like and open conoid structures, many of the "Apicomplexan-specific" genes are also present in their free-living relatives; photosynthesis was lost, not only in the ancestor of Apicomplexans themselves but also in at least two additional lineages which is not necessarily correlated to plastid loss; plastid loss, although very rare, can occur if the compounds supplied by it can be acquired otherwise (e.g., by salvaging metabolites from the host) and finally, extensive signatures of horizontal gene transfer within Apicomplexan genomes add extra layers to the iceberg (Jenna Oberstaller et al, 2021) G .

Close relative of Apicomplexans (chromerids as Chromeria velia) can live mixotrophically by combining free living phototrophy with intracellular parasitism through acquisition of simple organic molecules such as amino acids and sugars from the cultivation medium (D) . This Photoparasitism model infers that « the phototrophic Apicomplexan ancestor developed parasitic capabilities first, and only then lost the ability of photosynthesis ».

From a host/parasite interaction point of view, the myzocytosis model claims that Apicomplexans would have emerged from mixotrophic free living ancestors that adopted a phagotrophic/osmotrophic lifestyle and evolved from extracellular predation (blastogregarines, gregarines, cryptosporidia), to epicellular (cryptosporidia) and finally to intracellular obligate parasitism (Coccidia and Aconoidasida).

In other words, it is possible that the evolution of Apicomplexan ancestors progressed through cellular vampirism (by sucking out the content of a prey cell into a digestive vacuole using a feeding tube -the pre-conoid), to extracellular parasitism (blastogregarines, gregarines, cryptosporidia), to epicellular parasitism (Cryptosporidium) and finally to intracellular parasitism (Plasmodium, Toxoplasma) (F). This evolution required subsequent modifications of parasites attachment apparatus (apical surface) and motility mode (F) . The switch from extracellular life mode in gregarines to intracellular one in vertebrate parasites could have been favoured by modifications of the apical complex but was not proved yet (F) .

On the other hand, recent genome sequencing studies revealed that chromerids (free-living non-parasitic photosynthetic algae) are closely related to Apicomplexans (Woo, 2015) (H) and that the evolution of free-living organisms to modern Apicomplexan parasites occurred through progressive and continuous lineage-specific losses and adaptation to specific host by expansion of extracellular proteins mediating host-parasite interactions for example (G) .

Overall, the evolution of Apicomplexans is strictly related to a complete switch to a parasitic life cycle strongly correlated with a loss of >4000 genes, including important components for free-living organisms as flagellar proteins or those involved in metabolic pathways (photosynthesis and sterol biosynthesis) or even those from the endomembrane trafficking systems (Woo, 2015) H . Few gains concerned cytoskeletal-associated components (e.g.: alveolines, actomyosin complex and glideosomeassociated proteins, nutriments scavenging, secretory proteins and motility apparatus (White et al, 2018) I .

Moreover, essential genes tend to be deeply conserved and display lower redundancy and polymorphism occurrence (G) . Most part of the essential genes in Apicomplexa harbour unknown functions but they may be essential in very distant eukaryotes, thus, seemingly are linked to translation mechanisms, cellular components (e.g. ribosomes), and core metabolic pathways, amongst others.

Interestingly, ten percent of Apicomplexan essential genes concern mitochondria and apicoplasttargeted genes. However, it's worth noting that the definition of essentiality is rather an environmental context-dependent feature than a fixed property of genes themselves (G) . Some Apicomplexans display the most-reduced mitochondrial genome studied so far. This can be linked to the vast gene reduction associated to switch to parasitism and to a moving of mitochondrial genes to the nucleus. The fact that most mitochondrial parasites are nuclear encoded is another evidence for the need these parasites faced to develop complex systems of signalling and protein trafficking and organelle regulation (I) .

To conclude, divergence observed within Apicomplexan elements was tuned by lineage specific-losses and innovations in a host-adaptation specific manner over time. These include the loss of apicoplast in Cryptosporidium subspecies or of the haem synthesis in hemazotoans or even the of the endomembrane trafficking components as ESCRT in coccidia (H) . The distinct evolutionary pressures encountered by these organisms led to the diversification and specialisation of the remarkable wide adaptations required to reach and survive within hosts (F) .

Apicomplexans are unicellular eukaryotes classified as Alveolates and belong to the SAR supergroup (Stramenopiles + Rhizaria + Alveolata) because they harbour cortical alveoli that are flattened vesicles supporting the cell. The Alveolata previously belonged to the Protozoa Kingdom, but recent analyses and technological advances re-assigned it to the Chromist Kingdom (B) . Most Apicomplexans are cyst and/or spore-forming cells, hence the Coccidia class and Sporozoan superclass, respectively, being part of the Apicomplexa infraphylum (B) . Some of Apicomplexan members, i.e., Sarcocystidae Family members, establish their niche inside a parasitophorous vacuole, within a host cell. It is the case of Toxoplasma gondii (Duszynski D., 2016) J. Thus, their survival depends on a diverse range of hosts from marine invertebrates, amphibians, reptiles, birds to mammals including humans (C, F, H) . Many zoonotic diseases ate caused by agents as Plasmodium (malaria), Toxoplasma (toxoplasmosis), Cryptosporidium (cryptosporidiosis) belong to this group.

As aforementioned, most Apicomplexan parasites rely on their hosts throughout the majority of their life cycle ( E ). Generic parasite life cycle is divided into an asexual/haploid phase preceding fertilization, and a sexual/diploid phase preceding meiosis. The haploid stages differ according to each genus but usually contain rapid growing forms of the parasites responsible for insuring population establishment (sporozoites) and gamogony (merozoites). On the other side, the diploid stage, i.e., the zygote (oocyst) originates at the fusion of micro and macro-gametes and may ensure transmission.

Heteroxenous Apicomplexan parasites display another haploid stage adapted to a rapid dissemination within intermediate hosts, i.e., the tachyzoites, as described further. Moreover, tissue-cyst forming parasites (Sarcocystidae family), as Cytoisospora, Nephroisospora, Neospora, Toxoplasma, Sarcocystis, Besnoitia or Frenkelia display an additional asexual stage, the Bradyzoite, which is usually characterized to be dormant within tissue cysts and ensure parasite survival and transmission to the next host thereby bypassing the sexual reproduction.

CHAPTER 1: THE MODEL TOXOPLASMA GONDII

A. Generalities on Apicomplexans Life Cycles

Apicomplexan parasites alternate between asexual and sexual development in one or more hosts. The life cycle of heteroxenous parasites is characterized by varying rounds of asexual development within intermediate hosts and sexual differentiation within definitive hosts 1 . For monoxenous parasites as Eimeria, Cytoisospora or Cryptosporidium spp., development is restricted to a single host and thus present less developmental stages. In fact, host specificity may be determined by parasite adaptation to its host (e.g. Eimeria Spp.) or by cophylogenetic adaptation processes (e.g. Toxoplasma gondii) resulting in a variable wide repertoire of potential hosts. Asexual development though is an effective amplification strategy shared among most Apicomplexans, in order to generate enough parasites to be transmitted to the next host given that the number of infective stages is usually small. Indefinite rounds of asexual proliferation accompanied by the conversion of only a small proportion of asexual stages to gametocytes seems to be an important evolutionary aspect in the phylum as it evolved 3-4 times. This strategy importantly increases the parasite numbers while extending the transmissibility period of the infection. Of note, success of infection relies on a balance between asexual growth, sexual development and the susceptibility of both stages to the host immune pressure. Thus, in the early stages of the infection, Apicomplexans asexually replicate through mechanisms allowing rapid proliferation, infection establishment and potentially production of transmissible stages 2 prior to sexual differentiation. Formation of gametocytes requires the switch from asexual to sexual development which may include fertilization between gametes of identical or different clones of parasites. Here, genetic recombination increases genetic variability and consequently also does the fitness of the parasites toward environmental changes (i.e., host immune system, drugs treatments) and deleterious mutations. Importantly, in Apicomplexans, production of male or female gametocytes do not result from the segregation of specific sex chromosomes. Concomitantly, asexual parasites haploid genome contains the required genetic material to generate either male or female gametocytes. Overall, both male and female gametocytes originate from clonal progeny of a single haploid parasite 2 . Male gametes fertilize female gametes resulting in a diploid zygote. The zygote undergoes one or more round of mitotic division forming an oocyst containing infective sporozoites in Coccidian parasites. According to the species, sporozoites may alternatively be packaged into sporocysts within the oocyst 2 , as is the case of the model of this study, Toxoplasma gondii. 3

A1. Coccidian parasites life cycle

Coccidian sexual development and reproduction are restricted to enteric tissues and commonly occur intracellularly. Invasion of enterocytes by transmissible infective stages (i.e., sporozoites or bradyzoites) initiates successive phases of asexual reproduction marked by schizogony (multiple nuclear divisions) and resulting in the release of merozoites. A shared feature among coccidian parasites is that fertilization involves fusion of morphologically distinct micro-gametes and macro-gametes forming a non-motile diploid zygote. This latter further undergoes meiosis and mitosis forming haploid sporozoites inside sporocysts contained within an oocyst. Macro-gametes formation is characterized by accumulation of resources and increased transcription and translation activity whereas micro-gametes are formed by repeated nuclear divisions and budding. Motile micro-gametes fertilize sedentary macro-gametes, and the ensuing diploid zygote development is characterized by the presence of an encapsulating protective wall whose components derive from the macro-gamete 4 . Coccidian parasites sexual reproduction culminates in the release of oocysts in the environment where they undergo maturation, i.e., sporulation. Sporulated oocysts are highly infective and thus a very important route for parasites transmission and survival, as described further. Nevertheless, for most tissue-cysts forming parasites are able to bypass this process by residing chronically within animals' muscles and thereby be transmitted among intermediate hosts through carnivorism 5 . Once transmitted, sporocysts and tissue-cysts release sporozoites and bradyzoites that will convert into rapid replicating forms, i.e., tachyzoites or merozoites.

Tachyzoite is an asexual stage shared amongst some coccidia such that may be found in intermediate hosts whereas merozoites are restricted to the definitive hosts, where they replicate asexually and might differentiate into sexual stages.

Despite sharing conserved mechanisms driving stage conversion or even genomic sequences, Apicomplexans display important differences concerning life cycle progression and stage conversion.

If in one hand, Apicomplexans share equivalent infectious life forms, i.e., tachyzoites, merozoites, sporozoites and facultatively bradyzoites; on the other hand, these latter exhibit fundamental differences in their life cycles and stage conversion strategies, as described further. For example, Neospora, Hammondia and Toxoplasma share genomic features and the same class of organelles and approximately 80-95% of their genomes are similar but these parasites differ substantially in their pathogenesis, host repertoire and life cycles 1,4,6 .

For instance, Hammondia do not display such a broad host range as Toxoplasma. Despite its sexual reproduction also being restricted to felines intestinal epithelium and culminating in the release of orally infectious oocysts, the only natural intermediate hosts known are rodents (Mason, 1978), roe deer and goats (Entzeroth and Scholtyseck 1978; Shimura and Ito, 1987) and no disease was reported in any animal models, including humans (Dubey and Sreekumar, 2003) nor chronic infection observed in definitive hosts 7 . Conversion from tachyzoites to bradyzoites seemed to be governed by an unprecedented molecular clock 8 and the parasite is infectious to intermediate hosts during asexual reproduction only until they terminally differentiate into tissue cysts 9 . After differentiation, tissue cysts are orally infectious to definitive hosts only. Coincident with Hammondia limited host range, infectivity and avirulence, non-murine animals (e.g., rabbits, pigs or dogs) can experimentally be infected by Hammondia but do not develop strong chronic infection and are consequently considered poor hosts for Hammondia spp.

Inversely, Neospora caninum infection of multiple domestic and wild ruminant species may result in severe disease outcomes 10 . Sexual reproduction occurs in canines, presumably within entero-epithelial cells, resulting in excretion of oocysts in dogs' faeces. Sporozoites contained within sporulated oocysts are orally infectious to intermediate hosts, but little is known about N. caninum sexual life. Chronic establishment also occurs in the central nervous system and as for Toxoplasma, dogs are considered complete hosts because they support replication of all infectious life stages within and extra-intestinal epithelium. Transmission though carnivorism is also important for horizontal transmission to the canines whereas ingestion of sporulated oocysts is the only known natural route of cattle infection.

Curiously, vertical transmission is the most frequent mode of transmission among bovine hosts, as Neospora caninum tachyzoites cross the placenta. Inter-conversion between bradyzoites and tachyzoites seems to allow parasite transmission to offspring repeatedly, despite often resulting in abortion. In fact, Neospora caninum infection is the major cause of bovine abortion, causing high economical losses worldwide.

Another Coccidian parasite causing devastating consequences upon infection is Eimeria. There are more than 1800 described Eimeria species that infect a wide range of vertebrate hosts including mammals, birds, fish and amphibians but, in a host-specific manner 11 . Moreover, this genus is known for being commonly responsible for poultry coccidiosis. Its life cycle is characterized by 3 straightforward developmental processes: merogony, gametogony and sporogony. Eimeria oocysts are released in the environment and become the only infectious route of the genus. Once ingested, sporozoites infect intestinal epithelial cells, undergo a predetermined number of asexual cycles prior to the emergence of gametes 8 (D. English, Striepen 2021). Tachyzoites, bradyzoites and tissue cysts are absent in Eimeria life cycle. However, sporozoites conversion to trophozoites (= merozoites) precedes differentiation into pre-gametes 12 . As most coccidian, macro and micro-gametes fertilization lead to oocysts production 13 and release in the environment prior to sporulation 14 .

A.2 The case of Cryptosporidium

Similar to Eimeria, Cryptosporidium spp. entire life cycle is unfolded within a single host 15 . This means that parasite development (i.e., sexual and asexual replication) occurs within a single host and transmission between hosts happens through oocysts. In humans and animals, Cryptosporidium develop within the intestinal epithelium making this genus one of the 3 most common pathogens associated with diarrhoeal disease and leading mortality in children under 5 years. Indeed, this parasite is responsible for many waterborne disease outbreaks in high income countries and causes the zoonotic disease known as cryptosporidiosis. Of note, the acquisition of non-sterile immunity against it is rare and slow to develop, no vaccines are currently available, and the current drug treatment (Nitazoxanide) is inefficient in immunocompromised or malnourished individuals. In contrast to Toxoplasma gondii, the Cryptosporidium life cycle is remarkably short and can partially be studied in vitro except postfertilization stages. For instance, it was shown that Cryptosporidium intracellular development is synchronous and nuclear divisions (schizogony) are highly coordinated (which contrasts with Toxoplasma or Plasmodium development, as detailed further). Gametes develop directly from asexual stages that produce 8 merozoites (=type I meronts) though precisely 3 waves of merogony followed by a single wave of gamete development. Merozoites from a single meront are strictly committed to either asexual or sexual fate. However, over time, all progeny of individual meronts to give rise to sexual stages suggesting that merozoites may be collectively committed to life cycle transition. Sexual commitment likely occurs during the intracellular development of the meront, but no evidence was experimentally found for environmental induction of gametogenesis (no environmental sex-inducing factor). In this respect, sexual commitment seems to be rather triggered by a strict adherence to a timed developmental program, i.e. an "intrinsic program", as sex contributes to continued infections and transmission 8,16. Another striking difference between Cryptosporidium and the other parasites is the fact that Cryptosporidium has undergone reductive evolution, and many organelles (including the apicoplast) were lost. Despite these differences, Cryptosporidium conserved many mechanisms and thus remains a reliable close relative whose life cycle strategies are overall conserved and may give insights to the study of other Apicomplexans, particularly concerning sexual reproduction, whose in vitro studies so far were only achieved in Cryptosporidium spp.

A. 3 The case of the "cousin" Plasmodium Among Apicomplexans, the transition from asexual to sexual stages has been most intensively studied in Plasmodium, 2 the causative agent of one of the deadliest protozoan-caused diseases worldwide known as malaria. Plasmodium species infect a broad array of intermediate hosts and are transmitted by female mosquitoes' bites. When anophelines mosquitoes feed on humans, malaria sporozoites are introduced in the skin during the blood meal. After migration, sporozoites develop into tissue schizonts in the vertebrate liver leading to the release of the highly invasive merozoites into the bloodstream of mammals after several rounds of asexual reproduction. Merozoites develop subsequently within erythrocytes producing multinucleated syncytia (schizonts) and subsequently merozoites which may undergo cytokinesis, divide and invade new erythrocytes again or may abandon mitosis and undergo gametogenesis thus producing gametophytes ("arrested gametocyte stages") 8 . Ingestion of these male and female gamonts by mosquitoes during the next blood meal is followed by their activation and development into mature male and female gametes. These gametes fusion yields a diploid zygote, which undergoes meiosis and elongation to produce a tetraploid zygote, named ookinete. Upon sporulation, Plasmodium oocysts contain thousands of sporozoites that emerge from the oocysts and migrate to the mosquito's salivary glands where they stay until the next blood meal. Plasmodium subspecies do not form tissue cysts and subsequently bradyzoite stages are absent from their life cycle. Nevertheless, a different strategy of persistence contrasting tissue cyst forming Coccidia is found in Plasmodium vivax and Plasmodium ovale. These, produce dormant stages (hypnozoites) responsible for chronic infection and malaria relapses.

An important difference between Toxoplasma and Plasmodium is that, for this latter, surprisingly commitment to sexual differentiation occurs during the formation of the gametocyte producing schizont, i.e., within the intermediate host. Moreover, commitment to male of female gametogony occurs either at the same time or after the switch from asexual to sexual development i.e., before gametophyte emergence. This means, the young trophozoite stage (ring stage) developing into gametocyte-producing schizont is already sexually committed and will produce either a female or a male gamete ,4,17 .

Commitment to sexual development in malaria parasites occurs at varying frequencies, depends on species and strains, and is regulated by epigenetic factors and transcriptionally, as described further.

A.4 The Case of Toxoplasma gondii (introduction):

In the next sections, I will describe the complex live cycle of Toxoplasma gondii, including its diverse repertoire of hosts and the multiplicity of developmental stages it bears. First, asexual development occurring in a broad range of intermediate hosts (e.g., humans, cattle) (B): due to the highly invasive tachyzoite stage and its abilities to hijack diverse host pathways. Then, the chronicity of the infection established by the dormant tissue-encysted bradyzoite stage upon host immune response. Toxoplasma diseases outcomes (i.e., symptoms, diagnosis and treatments) will also be discussed in the B section.

Sexual development of the parasites within the definitive hosts (felids) including the development of merozoites into pre-gamete stages, gamete production and fertilization, oocyst (zygote) formation and sporulation are presented in section (C).

The last section (D) presents environmental transmission of the parasites and the importance of stageconversion control both for the parasite survival but also as applied strategies for limiting transmission of the parasite and diseases outcomes in humans and other hosts.

Presentation of stage conversion regulation mechanisms in Toxoplasma gondii are developed and deepened in the chapter.

Resumee of Toxoplasma gondii life cycle. Asexual reproduction occurs within intermediate hosts: Tachyzoites (green) are responsible for the acute infection whereas bradyzoites (violet) are reside within tissue cysts and thus cause chronic infection. Within the definitive hosts (felids), bradyzoites convert into merozoites (yellow), who develop asexually into gametocysts leading to production of female and male gametes. Their fusion within felids intestines results in the formation of oocysts (blue) that are excreted within the environment where they mature. Intermediate hosts ingest sporulated oocysts containing sporozoites (blue) and these will convert into tachyzoites (green) -resulting in acute infection.

B: T. gondii Intermediate Hosts & Asexual Development

Toxoplasma gondii is a protozoan parasite transmitted amongst different animals and responsible for the zoonosis Toxoplasmosis. T. gondii has a broad range of intermediate hosts in which the parasites reproduce asexually (i.e., clonal multiplication) by endodyogeny -a specific replication process described later. Intermediate hosts of Toxoplasma gondii include warm-blooded animals as cattle, humans for example. Recent reports also indicate that Toxoplasma infection also occurs in cold-blooded animals as mollusks, shellfish, etc (Tooran Nayeri et al., Parasitology, 2021). Nevertheless, T. gondii ability to induce long-lasting infection in these latter remain unclear (Batista Ferreira et al, 2020).

There are two asexual stages of the parasites found in intermediate hosts: Tachyzoites and Bradyzoites.

Tachyzoites were also named trophozoite, proliferative form, feeding form and endozoite 18 .

Tachyzoites correspond to the rapid growing forms which divide inside host cells every 6-8 hours, until host cell lysis. Parasites are actively released from a host cell in an event named egress, and once extracellular, they rapidly invade neighbouring host cells and replicate within until egress occurs again.

It's worth noting that tachyzoites can infect virtually any nucleated cell. Consequently, replication and dissemination of these zoites throughout the organism and the underlying tissue damage trigger an immune response. The acute stage of the infection, usually asymptomatic, is followed by the establishment of a chronic phase. In immunocompetent hosts, the immune system is able to clear the tachyzoite population. At this stage, the survival of the parasite relies on its ability to convert into Bradyzoites -semi-quiescent slowly diving forms ("brady", from the Greek, meaning slow). Therefore, tachyzoites invade long-lived cells before conversion to bradyzoites which form cysts that can persist for years. They were described in 1928 by Levaditi and collaborators, who observed that these forms could persist in tissues for many months. Bradyzoite-cysts were widely characterized since the 50s (Frenkel, Frenkel et Friedlander). The first biological characterization of cysts come from Jacobs and collaborators in 1960, who found that the cyst wall could be digested by pepsin and trypsin. Interestingly, tissue-cysts (containing bradyzoites) were resistant to gastric juices-mediated digestion whilst tachyzoites were destroyed immediately. Once the tissue-cyst walls is digested by the stomach acidic environment, bradyzoites released in the digestive tract convert into the previously described rapid growing form (tachyzoites) 18 . In addition to playing an essential role for parasite survival, cysts are also involved in the transmission to the next host. Humans get infected from ingesting cysts-contaminated undercooked meat 18,19 .

B1 Tachyzoites: the invasive forms responsible for acute infection

Tachyzoites are 7um long asexual polarized single cells that replicate within a parasitophorous vacuole inside nucleated host cells. These parasites are easily identified because they form rosettes-like patterns close to the host cell nucleus. Their replication cause host cell lysis and parasite dissemination away from the initial infection site, commonly causing tissue damage and consequently acute toxoplasmosis in intermediate hosts. Tachyzoites exhibit a relatively fast replication rate (approx. 8h) and are thus easily cultured in vitro 18 . Thereby, they are, so far, the best studied stages of Toxoplasma gondii. For instance, tachyzoite biology has been widely described in the literature, including mechanisms of host cell invasion and manipulation, detailed in the next section. This unicellular Eukaryote conserved most Eukaryote features (i.e., nucleus, endoplasmic reticulum, Golgi apparatus, etc.) as well as the classical Apicomplexan specialized apical complex including the conoid, the rhoptries, micronemes and dense granules as depicted in Illustration 1. 

First encounter with the host and trans-epithelial migration

T. gondii transmissible stages (i.e., tissue cysts and oocysts, described later) are ingested by a multitude of hosts and released in the digestive tract. Thereby, the first encounter between the parasite and its host occurs in the small intestine and as the starting point of the infection, deserves a deep description, as follows (Illustration 2). Zoites released from cysts, migrate through the small intestine epithelial cells (SIEC) prior to conversion into tachyzoites that replicate in underlying tissues of the lamina propria 20,21 .

Dissemination to secondary sites of infection and consequent chronic establishment are strictly dependent on the ability of zoites to rapidly cross the semi-permeable barrier of intestinal epithelial cells. The transmigration process seemed to include T. gondii -mediated epithelial cells apoptosis, which creates breaches in the epithelial barrier allowing parasites to reach sub-epithelial compartments.

Moreover, apoptosis of epithelial cells also induces a local immune response, including activation of local immune cells (e.g. intestinal epithelial lymphocytes, IELs) and recruitment of several other immune factors (e.g. dendritic cells), that can be used in the infection process by the parasite. Humayun et al, 2022. Whether apoptosis of epithelial cells is caused by bradyzoites and sporozoites or by tachyzoites, is still debated. From one side, epithelial cells apoptosis would probably be induced by bradyzoites or sporozoites in order to favour invasion, conversion to tachyzoites and sufficient population establishment. Consistently, tachyzoites were reported to activate an anti-apoptotic response in host cells. However, apoptosis causes a local immune response that could impede population establishment and tachyzoites ability to trigger a local anti-inflammatory response by the secretion of GRA and ROP effectors, favouring population establishment. Moreover, tachyzoites also may trigger a pro-inflammatory response and exploit infiltrating motile immune cells as dendritic and IELS under a Trojan Horse-like strategy for dissemination. Intestinal epithelial lymphocytes (IEL) interaction with SI epithelial cells is indispensable to maintain barrier integrity and function. In this respect, T. gondii was shown to take advantage of breaches in the epithelial barrier caused by the absence of functional IELs.

Illustration 2: (A) Schematic conceptualization of immune cell response to soluble factor signalling during the initial stages of T. gondii infection, as seen in vivo (i), and as modelled in the intestinal tissue MPS, From

A unifying mechanism for Toxoplasma trans-epithelial migration based on the paracellular pathway between adjacent cells of the intestinal epithelium was described by Jones et al (2017), solving the questions surrounding the invasion and apoptosis triggering. The single layer of the intestinal epithelium exhibits junctional complexes occluding the paracellular space between neighbouring cells.

These junctions are constituted of three main structures being the apical sealing (TJ), adhesive adherent junction (AI) and desmosomes. While desmosomes maintain cell-cell contacts, the apical sealing separates the epithelial cell plasma membrane into apical and basolateral domains. Additionally, the TJ act as a gate between the organism and the exterior environment (lumen) by selectively limiting the diffusion of lipids, integral proteins, water, ions and solutes across the epithelium. Toxoplasma gondii Bradyzoites and Sporozoites employ the para-cellular pathway taking advantage of the host epithelium TJ to actively cross the epithelial barrier thus bypassing invasion, replication, avoiding cytolysis and consequently direct tissue damage and precocious immune response. Para-cellular transmigration through the small intestine epithelial barrier represents a fast-track route of parasite dissemination, occurring in less than one minute [22][23][24][25] . The integral trans-membrane proteins constituting the TJ, including occludin, junctional adhesion molecules and claudin family members, are continuously assembled and disassembled. Hence, the TJ being a dynamic structure establishing diverse interactions with the cytoplasm and particularly to the actomyosin cytoskeleton. Additionally, TJ integrity seems to be dependent on interaction of epithelial cells and IEls 19 . Despite the incomplete understanding of TJ composition and architecture, TJ was shown to favour parasite migration. In fact, tachyzoites cluster to cellular junctions and transmigrate through the para-cellular space between host cells, without altering barrier function. The role of occludins in the T. gondii para-cellular route of infection was recently confirmed by Jones et al. Briefly, T. gondii tachyzoites co-localize with TJ-associated occludin and cause re-distribution of apical occludin to the intracellular compartment. Occludin is expressed in a broad range of cell types including endothelial cells of blood vessels and the blood-brain barrier. Recent studies identified claudin-like proteins on the apical surface of T. gondii as potential candidates interacting with the extracellular domains of occludin. Seemingly, occludins would act as receptors in the early stages on infection enabling para-cellular transmigration. The interaction between T.g. claudinlike proteins and host-cell occludins could settle the basis for universal means of parasite para-cellular transmigration of diverse host tissue barriers. Briefly, T. gondii crosses the intestinal epithelium probably in a combination of actively invading intestinal epithelial cells, trans-epithelial migration and via the trojan horse mechanism 23 .

Growing evidence point for Toxoplasma gondii employing endocytosis mechanisms altough the creation of a non-fusogenic parasitophorous vacuole is incompatible with an endocytosis-mediated host-entry route (Anthony P. Sinai et al, 1997). Many classical endocytic players are conserved in Toxoplasma gondii (e.g., dynamin-related proteins, epsin-like proteins, and actin) and the parasite has been shown to hijack the host ESCRT machinery for invasion (L. McGovern et al, 2021). However, active invasion of tachyzoites documented rather suggest endocytosis mechanism would be used for ingestion of host cytosol and acquisition of nutriments. In this respect, the parasite processes a mouthlike structure within plasma membrane (i.e., micropore), vesicles putatively derived from the PVM, which was proposed to be a site of endocytosis in Toxoplasma gondii. The PVM is known to act as a molecular sieve allowing selective passage of small molecules. As an obligate intracellular parasite, Toxoplasma relies on host resources in order to survive. Not only the parasite scavenges diverse host nutriments (e.g., lipids, amino acids as purines) but also recruits host lysosomes, mitochondria and endoplasmic reticulum 25 . During the first encounter with the host and afterwards, the efficient invasion and intracellular establishment of T. gondii are strictly dependent on the secretory organelles and their components, i.e., micronemes, rhoptries and dense granules as described further. For example, T.g. MIC2, a microneme surface protein was also shown to be involved in parasite transmigration of the host epithelium. Additionally, T. gondii surface proteins seem to play a critical role in host cell recognition prior to active invasion. SRS (SAG-1 Related sequences) and orthologous are glycosylphosphatidylinositol (GPI)-anchored proteins to some Apicomplexans membranes. They are structurally related to the surface antigen 1 (SAG1), and these antigenically distinct surface protein adhesins were described to regulate parasite's virulence by mediating its attachment to and invasion of a broad spectrum of different host cells.

Additionally, SRS super-family are highly immunogenic and thereby contribute importantly to activation of host immune responses. Furthermore, SRS would function as quasi-redundant receptors facilitating parasite entry meanwhile constituting a structural barrier allowing parasites survival inside mammalian hosts. SRS expression varies amongst Apicomplexans with Coccidian as Neospora, Sarcocystis and Toxoplasma presenting a vast array of SRS whereas more distant Apicomplexans as Eimeria or Cryptosporidia spp. do not exhibit related genes 26 . Exception concerns Plasmodium spp.

that does not present SRS orthologous but whose 6-cys family of adhesins present in gametes exhibit an SRS-like fold 27 .

Identified SRS proteins usually contain one or two domains, a GPI anchor and four to six cysteines indispensable for disulphide bonds. Among de SRS family, some may exhibit very closely related sequences whereas others share less than 30% identity. Overall, they are classified under eight subfamilies of SRS domains according to their enrichment and patterns of conservation in cysteine residues and display distinct biological functions. For instance, TgSRS57 function as adhesin, SRS34A as immune decoy and SRS29B presents dual activity. Furthermore, antigens as SRS29C may have evolved to fine-tune and counterbalance the pro-inflammatory capacity of other immunodominant antigens or parasitic effectors as SRS29B and rhoptry effectors (described further), respectively. Moreover, SRS may also regulate cysts persistence as is the case of SRS9 described by SK Kim et al, 2007. 27 Of note, SRS are developmentally regulated, and each parasite stage and strain express distinct and non-overlapping sets of SRS proteins, unlike Plasmodium and Trypanosoma spp. known for expressing sequentially, single and distinct surface antigens, i.e., PfEMP1 proteins and variant surface glycoproteins (VSG,) respectively. Additionally, VSGs belong to a repertoire of more than 1000 genes whereas Toxoplasma gondii exhibits at maximum 182 SRS protein-coding genes identified so far, including pseudo-genes 27 , which would not be linked to strictum sensu antigenic variation since expressed simultaneously and regulated in a development-specific manner.

Invasion and intracellular establishment

Parasitic Apicomplexans share highly specialized secretory organelles responsible for the secretion of effector molecules ensuring host attachment, invasion, intracellular establishment, immune evasion and egress. Rhoptries and micronemes are located within the apical complex whereas dense granules are dispersed throughout the cytosol. The abundance of these organelles as their morphology, maturity and subpopulations seem to vary considerably between species and life stages among Apicomplexans.

These organelles secrete their content in a temporally sequential and highly coordinated manner, with micronemal proteins being delivered to the parasite surface during the egress process while rhoptries discharge occurs during invasion 28 and relies on certain microneme proteins.

Micronemes and micronemes-like organelles are rod-shaped structures localized at the apical pole of the parasites and are essential for zoites motility and invasive abilities. Apical localized-micronemes can be distinguished from peripherally/laterally distributed ones ultra-structurally and functionally. For instance, both subpopulations seem to play distinct roles, as apical micronemes being involved in invasion, egress and motility whereas the peripherally ones would be exclusively implicated in egress process. Micronemes and micronemes-like organelles contain a large array of proteins including perforin-like proteins, adhesins and subtilisin's. Micronemal proteins are either integral membrane proteins (e.g. AMA1) or can be associated to other membrane proteins (e.g. M2AP) 28 , subsequently, playing a role in attachment to the host cell. Furthermore, micronemes can be released from the parasite surface upon cleavage by proteases but do not cross host cell membrane nor the parasitophorous vacuole membrane as do rhoptries or dense granules. Micronemes exocytosis was shown to occur in consecutive waves initiated with the stimulation of guanylate cyclase which triggers a phosphorylation signalling cascade leading to intracellular calcium release, actomyosin system activation and exocytosis. This process seems to be intimately linked to the conoid structure, known to protrude and retract during microneme secretion 29 . For a complete review on signalling cascades check Bisio et al, 2019 30 ).

Male gametes are the only cells displaying a sensu strictu motility apparatus (i.e., the flageosome) and are therefore the most "motile" cells. Most zoites however, are motile despite lacking flagella. In fact, parasites locomotion occurs through a gliding mechanim 31 , extensively described in the tachyzoite literature and reviewed by Heintzelman, 2015. Gliding motility is powered by the glideosome, an actin -myosin based motor apparatus connected directly or indirectly to transmembrane adhesive complexes delivered to the parasite surface upon micronemes secretion 31 (Opitz et Soldati, 2002). Parasite sensing of the environment regulate the machinery and the cellular events linked to gliding motility 32 . Factors involved in the gliding motility are strictly linked to the egress mechanism. This later is triggered by extrinsic signals as a drop in potassium ions or pH, elevated levels of serum albumin, increase in hydrogen ions, presence of host immune modulators (nitric oxide). Egress is also triggered by intrinsic signals (part of the parasite "internal clock") as increase in H+ or by the "natural egress timing" potentially triggered by the accumulation of Phosphatidic Acid (PA) in the vacuolar space 32 .

On the other hand, rhoptries are club-shaped organelles that localize apically 23 . Toxoplasma contains four to ten rhoptries display two sub compartments: the neck and bulb of the rhoptries whose proteins, RONs and ROPs, respectively exhibit different nature and functions (i.e. (pseudo)kinases, phosphatases and others). For instance, RONs are associated to host cell invasion whereas ROPs to subversion of host cellular functions 29 . Invasion requires the formation of the moving junction through the assembly of a complex of RONs and the highly conserved AMA1 (apical membrane antigen 1). The moving junction is a structure bridging parasite and host plasma membranes, thus establishing the entry site of the parasite into the host cell cytoplasm. The subsequent fusion of the parasite and the host membranes leads to the formation of the parasitophorous vacuole which involves remodelling, protein and lipids degradation, interconversion and synthesis 29 . The rhoptry discharge signal is still unknown but is likely linked to the recognition of a host cell receptor by a micronemal protein 30 . ROP proteins can be secreted to the Intra-vacuolar network (IVN), to the PVM in contact with the host cytosol or to the host nucleus.

In this respect, toxofilin is an actin-binding rhoptry protein 33 that is injected at early times of invasion (Lodoen et al, 2010) probably as a way to open up the cytoskeleton for parasite entry 23 (Jan et al, 2007;Lee et al 2007, Delorme-Walker et al, 2012). ROP5/17/18 are very well-described PVM-associated effectors playing coordinated action in defence against host immunity. Another virulence key effector is ROP16 which is secreted to the host cell nucleus and substantially affects host's immune response, by modulating host gene expression 23 .

Contrarily to micronemes and rhoptries organelles, dense granules release their content (i.e. GRA proteins) into the PV after invasion. PV-associated GRAs were described to help creating the IVN (e.g. GRA6) or to permit translocation of further GRA proteins (e.g. MYR) to the host cell cytosol (e.g. GRA15, MAF1) or to the host cell nucleus (e.g. TEEGR, TgIST). These effectors play diverse roles in the intracellular establishment of the parasites by recruiting the host mitochondria (e.g. MAF) or by interfering with host defences, for example. For instance, several GRAs were shown to manipulate host transcriptome 34 , host immune responses (e.g.: GRA24 35 , GRA18 36 , TgIST 37,38 ), survival pathways 39 (e.g. GRA16 and host p53) and even host cell features as migratory abilities 40 .

Host Cell hijacker

In order to maximize their own survival, replication and dissemination while exploiting resources from their host, pathogens have developed several strategies in order to manipulate host cell signalling pathways and to modulate host gene expression profiles 41 . These include direct interaction with host DNA, hijacking nuclear signalling pathways, sequestration of host factors (e.g. chromatin-associated proteins including TF), association with nuclear proteins, alteration of host chromatin structure, molecular mimicry 42 and interference of transcriptional/translational machinery (Illustration 3).

Illustration 3: A model showing the different classes of effectors. Only one representative molecule from each of the classes of effectors discussed in this chapter is shown, including ones that originate in micronemes (MICs/AMA1; red), rhoptry necks (RONs; green) rhoptry bulbs (ROPs; blue), and dense granules (GRAs; orange). There are, for example, at least four GRA effectors that eventually reach the host nucleus: GRA16, GRA24, TgIST, TEEGR/HCE1. MYR proteins are GRA proteins that form a translocation that transports GRA proteins beyond the PVM. AMA1, Apical membrane antigen; GRAs, dense granule proteins; HCE1, host cyclin E 1; MIC, micronemal protein; MYR, c-Myc regulation; RONs, rhoptry neck proteins; ROPs, rhoptry bulb proteins; TEEGR, Toxoplasma E2F4-associated EZH2-inducing gene regulator. Credit for image: Suchita Rastogi. Adapted from Rastogi et al., 2019; and from Boothroyd and Hakimi, 2020 28 .

T. gondii is able to interfere with host regulatory pathways by inducing host microRNAs, as mir-146 through parasite effectors, as ROP16 43 . MicroRNAs are part of the post-transcriptional gene regulation machinery and act on messenger RNA (mRNA), causing its degradation or inhibiting its translation into proteins 44 . Another example is mir-155, recently described as contributor to host immunity via the regulation of both Th-1 and Th-2 protective immune responses 45 , which is upregulated in Toxoplasma infected cells 43 . Additionally, absence of mir155 downregulated the infiltration of Dendritic Cells and inflammatory monocytes, subsequently exacerbating T. gondii infection and enhancing susceptibility to chronic infection 45 .

Multiple other strategies used by intracellular parasites, particularly Toxoplasma gondii, to affect host transcriptional machineries and epigenetic events within the host nucleus were deciphered in the last years 30,34,46 . The most well described ones for Toxoplasma gondii, include the secretion of effector proteins driving epigenetic repression of host genes (TEEGR + GRA16 reference), targeting host chromatin regulatory complexes ,35,37,41 or regulating signalling by molecular mimicry 20,27,41 . Whether Toxoplasma secretes transcripts targeting host specific epigenetic enzymes as shown for Cryptosporidium lncRNA and a methylation complex (PRDM1-G9a) was not described yet 41 .

Overall, these strategies allow establishment of the infection and immune evasion that will be explained historically, in the next section.

Acute Toxoplasmosis

Acute Toxoplasmosis is caused by rapid amplification of the tachyzoites population and dissemination in the whole organism. In absence of a potent immune response, this can lead to multi-organ failure, foetus malformations or spontaneous abortion (congenital Toxoplasmosis), blindness (ocular Toxoplasmosis) and death. Acute Toxoplasmosis is particularly devastating to immunocompromised individuals as AIDS or cancer -patients, organ transplanted-patients and newborns. However, in immunocompetent hosts, the parasite dissemination elicits an immune response efficient in controlling the tachyzoites population, making Toxoplasmosis a generally asymptomatic disease in immunocompetent hosts. Devastating consequences occur in case of reactivation of T. gondii infection or congenital transmission during pregnancy. Reactivation often occurs in cancer (i.e. leukaemia) patients undergoing long-term corticosteroids and other immunosuppressive drugs treatments. It can cause life-threatening outcomes as severe myocarditis, pneumonitis, encephalitis and ophthalmitis 20 .

Ocular toxoplasmosis is mostly caused by reactivation of infection in adults or by congenital transmission in infants. Usually, there is an involvement of the macula (particularly the fovea) leading to visual acuity impairment or even loss. Herein, ocular toxoplasmosis commonly manifests through changes in visual acuity (e.g., blurred vision), scotoma, pain, photophobia, epiphora. Briefly, reactivation of a latent infection, consequent proliferation of tachyzoites causes chorioretinal inflammation and its derived vitritis, but also branch retinal artery occlusion and choroidal neovascular membranes (CNVMs) 20 .

Typical clinical signs of congenital toxoplasmosis include chorioretinitis, intra-cerebral calcification hydro or microcephalous. Acute acquired infection in pregnant women might be completely asymptomatic and non-necessarily transmitted to the foetus. On the other hand, congenitally infected children may display eye lesions, deafness, intracranial calcifications, psychomotor retardation and several ophthalmologic/neurologic sequelae. Seropositive women before pregnancy do not transmit T. gondii to the fetus 20,47 . However, acquired toxoplasmosis in the first two trimesters are the most damaging to the fetus 18 . Indeed, if the infection is acquired before week 26th of gestation, the clinical manifestations of toxoplasmosis are usually more severe at may include epilepsy, mental or psychomotor retardation, strabismus, blindness and retinochorditis 47 .

In other animals, acute toxoplasmosis is linked to embryonic death and resorption, foetal death a mummification, abortion, still and neonatal birth. However, the prevalence and the consequences differ according to the species and the gestational age. Animals are differently susceptible to T. gondii infection: horses and cattle seem to be naturally resistant to toxoplasmosis despite still debated (Dubey & Yang 2020; Pagmadulam et al, 2018; Kimble et al, 2021), whereas fatal T.g. infection was reported in brown hares, marsupials, new world primate and marine mammals 20 .

Interestingly, felines can die of toxoplasmosis independently of their age, sex and breed -with rapidly fatal pneumonitis being the most common sign. One third of clinical toxoplasmosis reported in cats recently was concomitant with immunosuppressive states or co-infections. Adult immunosuppressed cats are more susceptible to acute toxoplasmosis, but acute generalized toxoplasmosis was also detected in cats without obvious immunosuppression. In young an immunocompromised animal (including kittens, puppies and piglets), tachyzoites can cause interstitial pneumonia, myocarditis, hepatic necrosis, meningioma-encephalomyelitis, and death.

Of note, clinical Toxoplasmosis is also dependent on the parasite strain and its consequent virulence. In fact, Toxoplasma gondii is the only species that has been described for the genus Toxoplasma. Yet, the parasite displays four main clonal lineages being types I, II, III and XII which differ in their pathogenicity and geographic distribution (Howe DK et al, 1995; Lorenzi H. et al, 2016; Khan A, et al 2011) 48 . In this respect, strain virulence is typically classified according to infection outcome in mouse model (Sibley LD et al, 1992) and accordingly, type I are the most virulent strains whereas type II and III are little virulent and avirulent, respectively. Moreover, type II and III strains are the most prevalent in Europe and North America animals, whereas in South America much greater diversity is present 48 .

Exceptionally, North American wild animals are predominantly infected by type XII strains. Recent studies reported sea otters as infected with "type X" T. gondii, which appears not to be a clonal lineage but "rather a recombinant clade of at least 12 distinct strains consistent with a recent genetic cross" [START_REF] Kennard | Virulence shift in Type X Toxoplasma gondii: natural cross QTL identifies ROP33 as rodent Vir locus[END_REF] .

Furthermore, Genotype X, to which belongs the strain HG12 (for haplogroup 12) was isolated from brain tissue of infected bobcat by VanWormer et al., seems to mainly infect marine animals and wild felids [START_REF] Shapiro | Environmental transmission of Toxoplasma gondii: Oocysts in water, soil and food[END_REF] . Overall, disease development will depend on the T. gondii strain type as it has a considerable impact on its pathogenicity but also will depend on the host, its genetic background and immune status 48 .

If virulence effectors may be specific to each developmental stage, they may also vary according to the parasite strain (e.g. allelic differences in ROP5/16 expression), resulting in striking differences in the virulence and disease outcome. Type I tachyzoites are characterized by rapid expansion and have been widely used in in vitro studies aiming in deciphering parasite invasion and motility abilities as well as host/pathogen interactions, including the role of secreted effectors to manipulate host and survive. For instance, type I RH high virulence is associated to the activity of ROP5 and ROP16, in enhancing ROP18 activity, inhibiting PVM coating by host IRG and GBPs and activating STA3/6 which subsequently induces a decrease in the expression of IL12 and suppression of TH1 response 48 .

Therefore, one single RH parasite may lead to mice death whereas type II strains (e.g. Pru or Me49) these two effectors are less active thus resulting in host (mice) survival. In fact, type II strains are characterized by less virulence and subsequently strikingly cystogenic behaviour. Therefore, type II strains are the best model for studying conversion of tachyzoites to bradyzoites (i.e., bradygenesis) and tissue-cysts development, as described in the next subsection.

B2 Bradyzoites: latent forms responsible for Chronic Toxoplasmosis

Illustration 4: infective bradyzoite stages of T. gondii. The nucleus (blue) is surrounded by the rough endoplasmic reticulum (yellow). Above it, The Golgi complex (green) and the apicoplast (blue green). The single mitochondrion spreads through the cytosol (red). Dense granules (magenta) and amylopectin granules (white) are dispersed in the cytosol. The apical complex is composed of the cylindrical conoid. Below, the secretory organelles: micronemes (orange) and rhoptries (pink). The cell body is limited by three membrane units (the pellicle) and below it a set of subpellicular microtubules from Attias et al 2020.

Tachyzoites, Bradyzoites and Sporozoites exhibit the same primary organization, with an elongated shape and the typical apical complex constituted of the conoid, micronemes and rhoptries. In bradyzoites, however the number of micronemes is lower and the parasite cytosol is enriched in lipid bodies and amylopectin granules (Illustration 4). Additionally, bradyzoite nucleus seem to display a posterior localization compared to the tachyzoites one 5,11. As before mentioned, upon presence of specific factors, tachyzoites slow their division rate and convert into bradyzoites that reside in tissue cysts (5-60um). Conversion requires the secretion of organelle contents into the PV matrix, gradually leading to the assembly of a thick and filamentous cyst wall.

Recently characterized cyst wall components include dense granules (GRA5, GRA3, GRA6, GRA7), pseudo-kinases (BPK1), matrix-specific antigens (MAG1). Some, as CST1 or BAG1 are broadly used as bradyzoite-markers. Previously annotated as SRS44, CST1 is a glycoprotein of the cyst wall that is recognized by the Dolichos Biflorus Agglutinin (DBA).

Conversion to bradyzoites is accompanied by the switch from the tachyzoite genetic program to the bradyzoite one. An important difference between rapid replicating tachyzoites and slowly dividing bradyzoites concerns the parasite metabolism. Given their lack of a functional TCA cycle, bradyzoites appear to rely on anaerobic glycolysis for generation of ATP. Consistently, the bradyzoite sub-transcriptome is enriched in metabolic enzymes from the carbohydrate metabolism (e.g., lactate dehydrogenase2, G6-PI and ENO1) and for stress cooping as glutathione peroxidase or thioredoxin 5 . In this respect, glycolytic enzymes play a role in bradyzoite differentiation. For instance, enolase1 (ENO1), whose expression is restricted to bradyzoite stage, deletion is accompanied with parasites impaired ability to form cysts in vivo. Surface antigens as SAG4, SRS9, BSR4 or BAG1-5 have also been shown to contribute significantly to cyst development, as their individual knock out cause defects in cysts morphology, number, formation and transmission 252 .

Several regulators of bradyzoite development have been identified in the past years. They include physiological pH, heat shock, nutrient starvation (e.g., arginine, pyrimidine, and cholesterol) but also presence of host-factors as IFNy, TFNa, Nitric oxide. Moreover, the differentiation state of given host cells or factors linked to host cell growth (e.g. negative regulators of cell cycle as CDA1, Tspyl2) favour bradyzoite/cyst formation in vitro 15 . Drugs as mitochondrial inhibitors (oligomycin, antimycin A, atovaquone) induce the expression of bradyzoite antigens and can be used experimentally as triggers to induce bradyzoite formation. Molecular regulatory mechanisms controlling overall stage conversion will be discussed in the next section (C3).

Resistance through Latency

Persistence of tissue cysts requires continuous autophagy and recycling of cellular components as proteins and organelles. Amylopectin granules and lipid bodies are also essential for quiescence.

Despite representing a growth-arrested stage, bradyzoites are still motile and can invade new host cells and establish new cysts. In this respect, cysts are found throughout the central nervous system (neurons, astrocytes, microglia) but also in the eye, skeletal and cardiac muscles. Intriguingly, entry to the CNS is restricted by the blood brain barrier (BBB) or by the blood-cerebrospinal fluid (CSF) barrier that separates it from the systemic circulation. Therefore, CNS exhibit limited penetration of immune cells and mediators, particular connections to the systemic lymphatic system and a local homeostasis sustained by local anti-inflammatory factors [START_REF] Graham | Toxoplasmosis of the central nervous system: Manifestations vary with immune responses[END_REF] . The exact mechanisms through which Toxoplasma gondii penetrates the CNS are largely unknown but seem to be based on the trojan-like strategy (i.e., entry through infiltration of infected leukocytes) or by breaching intercellular junctions and transmigrating between endothelial cells by transcytosis, as described before [START_REF] Graham | Toxoplasmosis of the central nervous system: Manifestations vary with immune responses[END_REF][START_REF] Barragan | Migration of Toxoplasma gondii across biological barriers[END_REF] .

Persistence is also linked to bradyzoites ability to avoid the immune system. For years, bradyzoites were believed to avoid interaction with the host immune system and so, remaining quiescent. However, raising evidence points to bradyzoites emerging from cysts, interacting with local immune cells and settling within nearby host cells [START_REF] Sinai | Bradyzoite and sexual stage development[END_REF][START_REF] Cerutti | The Bradyzoite: A Key Developmental Stage for the Persistence and Pathogenesis of Toxoplasmosis[END_REF][START_REF] Watts | Novel Approaches Reveal that Toxoplasma gondii Bradyzoites within Tissue Cysts Are Dynamic and Replicating Entities In Vivo[END_REF] . Despite the CNS being described as immune privileged sites, local immunity, including microbial pathogen recognition and response is insured by innate immune cells as resident microglia and astrocytes [START_REF] Graham | Toxoplasmosis of the central nervous system: Manifestations vary with immune responses[END_REF] . Upon T-Cell-mediated inflammation, systemic immune cells as CD4+ and CD8+ T Cells may be recruited and infiltrate the CNS. Cytotoxic CD8+ T Cells and macrophages were shown to kill bradyzoites 58. Furthermore, activated macrophages may recognize cyst walls chitin and destroy cysts upon production of chitinase [START_REF] Suzuki | Removal of Toxoplasma gondii Cysts from the Brain by Perforin-Mediated Activity of CD8+ T Cells[END_REF] . Hence, local immune responses seem to control cyst burden, reactivation and conversion of bradyzoites to tachyzoites [START_REF] Kim | A Bradyzoite is a Bradyzoite is a Bradyzoite?[END_REF] .

Conversely, rather than hiding from immune interactions, it is possible that bradyzoites maintain local anti-inflammatory responses. Bradyzoite-specific secreted effectors are not well understood because despite the MYR translocon being present, the cyst wall structure represents a potentially impermeable barrier. Nevertheless, 547 parasites genes are significantly regulated between acute and chronic toxoplasmosis, as parasites downregulate markers from tachyzoites and upregulate a similar set of genes when converting to bradyzoites. Amongst which, specific antigens exclusive to this stage as for example the aforementioned SAG4, BSR4, SAG2/2D, bag1-5-that may play a role in interaction with local immune cells 21 . Similarly, the cyst-resident protein, BCLA/MAG2 was recently showed to drive a robust humoral response post-acute infection and over the chronic infection in mice [START_REF] Dard | A brain cyst load-associated antigen is a Toxoplasma gondii biomarker for serodetection of persistent parasites and chronic infection[END_REF] . Likely, unknown bradyzoite-specific effectors may contribute to maintenance of quiescence. For instance, TgNSM, a secreted effector by bradyzoites, acts with TgIST in blocking/preventing IFN-driven necroptosis of cysts [START_REF] Rosenberg | Toxoplasma gondii secreted effectors co-opt host repressor complexes to inhibit necroptosis[END_REF] .

Encysted bradyzoites can therefore remain quiescent for a long period within the intermediate host, either until immunosuppression or predatorism. In fact, the carnivorous route, proposed in 1954, is probably the most spread one, making cysts the most efficient form to be transmitted to the parasite definitive hosts, i.e., felids. As described further, there are no current treatment against chronic toxoplasmosis. Hence, understanding the mechanisms of stage conversion, in particular, concerning encystment within intermediate hosts may help preventing definitive hosts from being infected and from transmitting the parasite to other hosts, including humans.

Diagnosis and treatment

Diagnosis

Since Toxoplasma gondii infection do present specific pathognomonic symptoms, diagnosis currently rely on single or combinatorial biological, histological, serological or molecular -methods 20 .

The complement fixation assay (Warren and Sabin, 1942; Steen and Kass, 1951) or Dye Test (Sabin and Feldman 1948) was the first diagnosis tests applied to toxoplasmosis. This serological test is based on a complement-mediated neutralization of living tachyzoites incubated with alkaline methylene blue (vital dye) and the patient serum (Reiter-Owona, 1999) [START_REF] Dubey | History of the discovery of the life cycle of Toxoplasma gondii[END_REF][START_REF] Mcleod | Human Toxoplasma Infection[END_REF] . Its development allowed extensive epidemiological studies describing the incidence of infection in humans, animals in many countries 18,47 . Nevertheless, the need of live T. gondii create important financial costs and time-consuming inconvenience to be taken into consideration. Twenty years later, Remington et al proposed a diagnosis method based on the detection of IgM antibodies from cord blood or from infant serum. Since IgMs do not cross placental barriers but so do IgGs, these tests were widely employed for screening programs in the earlier 2000 18 . In parallel, direct agglutination test was developed in the lates 60s and its improvement in the 80s propelled its extensive use for diagnosis in animals. Diagnosis of clinical toxoplasmosis subsequently relied on the Immunofluorescence Assays (for Toxoplasma-specific IgM), enzyme immunoassay 47 , Polymerase Chain Reaction (PCR), histopathology, and isolation of T gondii.

Correct diagnosis depends on the distinction of acute versus chronic infection, thereby relying on the use of specific antigens identifying the parasite life stage. For instance, several commercialized tests nowadays use Toxoplasma specific proteins located at the surface of the parasite (SAG1, 2, 3 or 4), at the surface of the vacuole (as GRA1, GRA6, MIC) or within the cyst wall. For example, BAG1 is used for detection of bradyzoites whereas SAG2 for tachyzoites. However, as immune-suppressed individuals, as AIDS patients, do not produce antibodies in a reliable manner, the serological diagnosis tests must be coupled to direct methods including PCR and histological analysis. Of note, chronic infection caused by cysts can lead to a positive PCR result without meaning reactivation nor development of active acute infection.

Nevertheless, Toxoplasmosis is still not well diagnosed because its symptoms are incorrectly associated with other diseases: for instance, in Atlanta's Toxoplasmosis outbreak, only 7% of the infected persons were correctly diagnosed. In addition to cervical nodes lymphadenopathy, toxoplasmosis can also be associated with mesenteric nodes or pectoral nodes pain and fever and can be easily mistaken for appendicitis and breast cancer, respectively. Other symptoms include sore throat, night sweats, myalgia, abnormal numbers and atypical circulating lymphocytes. Moreover, acute acquired toxoplasmosis has been reportedly accompanied by a wide array of heath complications including myocarditis, pneumonia, gastrointestinal symptoms, headaches, hepatocellular abnormalities, dermatomyositis, meningoencephalitis, retinal and neurological symptoms 18,47 .

Symptoms are supposed to be straightly related to the initial quantity of parasite, its strain type, life cycle and inoculation mode but also to host genetics, including the variability in individual immune responses and unrecognized immune deficiencies. Most part of toxoplasmosis diagnostics nowadays happens due to pregnancy screening program, and it is based on the antibody's titres against Toxoplasma. Titres of IgGs and IgMs are sign of recent infection. At this stage, dating the time of infection is the key to estimate the risk encountered by the foetus-but this remains quite challenging, despite development of IgG's avidity-tests 47 . High avidity assays allow dating the primo infection to 12 weeks before testing, but low avidity assays do not exclude the possibility of recent infection 47 since T. gondii infection might be asymptomatic and thus not elicit immune response.

Diagnosis of Toxoplasma gondii in food-destined animals is essential to prevent transmission and contamination to humans. Several tests were developed to detect parasite presence in the meat, but they still need to be improved since some exhibit high cost, are time-consuming and with suboptimal detection limits and performed manually (not automatized). Additionally, detection of parasite-specific antigens does not mean presence of viable parasites. Hence the importance of viability assays to confirm that infected meat threatens humans' health. Also, seen the existence of multiple abortifacient agents, it is important for farm-animal raisers to identify the source of abortion in their cattle. However, identification of the abortive cause seems quite complex. For instance, most analysis are based on the serological detection of antibodies against T. gondii in the mother animal. Nevertheless, the presence of these antibodies is not sufficient to claim Toxoplasmosis as cause of foetus abortion, neither is the detection of parasite DNA. Since antibodies do not cross the placenta, absence of antibodies in aborted dams and foetuses' fluids excludes toxoplasmosis. But presence of anti-Toxoplasma antibodies still does not confirm T. gondii infection as main cause of abortion. Hence the necessity to screen the serological status of animals in the herd and to correlate it with the detection of viable parasites in animal tissues 20, 47 .

Detection of Toxoplasma gondii oocysts is another challenging process required to avoid transmission amongst intermediate hosts (including humans). T. gondii oocysts being naturally auto fluorescent, its detection in fresh produce, water and other mixtures can rely on microscopic observation. However, T. gondii oocysts cannot be distinguished from other coccidian oocysts (i.e., H. hammondi, H. heydorni, Neospora caninum and Besnoitia species) by direct microscopic observation. Definitive identification requires sporulation and bioassay in mice, thus demanding alternatives to animal experimentation.

Despite the diversities of obstacles hampering diagnosis of Toxoplasmosis, last year's research and biotechnology advances bring encouraging outcomes. Advanced-ELISA-based methods as (CLIA, ICTS) and Rapid Diagnostic Tests (RDT) were recently developed and are currently being tested or are already commercially available. Nevertheless, PCR and serological screens remain the most widespread methods for diagnosis in humans. Similarly, Recombinase Polymerase Amplification -based methods and sporocysts-based cell culture assays combined with RT-qPCR were recently developed and shown to be efficient for detect and monitor T. gondii oocysts in soil and water samples 20 .

Treatment, vaccines and prevention

The current standard therapy against acute Toxoplasmosis relies on a combination of sulphonamides and pyrimethamine (Sabin et Warren, 1942; Eyles and Coleman 1953). Pyrimethamine inhibits the dihydrofolate reductase (DHFR), an enzyme responsible for catabolizing dihydrofolate into tetrahydrofolate, a precursor involved in purines and thymidylate synthesis. Of note, Toxoplasma parasites are unable to produce purines, (tryptophan synthesis) therefore, making DHFR inhibition a good drug target. Nevertheless, Toxoplasma is able to bypass inhibitors of DHFR by scavenging/taking up folate (folic acid) 47 . On the other hand, sulphonamides inhibit dihydropteroate synthetase-an enzyme acting on the folate synthesis process. Pyrimethamine (50mg/day), folinic acid (10mg/day) and sulfadiazine (3-4g/day) are efficient in treating the acute infection, of immune-compromised persons, congenitally infected infants, children and adults with active chorioretinitis and pregnant women after 14 weeks of gestation. The main difference relies on the administered doses and treatment duration, allergy alternatives and combination with other medication (e.g., corticosteroids for chorioretinitis or congenital infection). During the first trimester of pregnancy, treatment with spiramycin, an inhibitor of apicoplast function, is recommended rather than pyrimethamine and sulfadiazine due to concerns of pyrimethamine-derived embryo malformations (teratogenicity) 47 . Moreover, drugs as clindamycin, atovaquone, clarithromycin and azithromycin were recently reported for their anti-toxoplasmic effect [START_REF] Lambert | Modelling parasite dissemination: host cell subversion and immune evasion by Toxoplasma gondii[END_REF][START_REF] Cerutti | The Bradyzoite: A Key Developmental Stage for the Persistence and Pathogenesis of Toxoplasmosis[END_REF] . Despite current treatments efficiency, none of them target the chronic stage of the infection and subsequent severe secondary effects/toxicity claim for new strategies. Amongst which, new agents targeting cytochromes, molecular transporters, parasite essential proteins (as DHFR, enoyl reductase, Apetala 2 and ATPases) are currently being studied.

Amongst the applied preventive measures, the most impactful one seems to be the implementation of systematic serologic screening during pregnancy accompanied by preventive behaviour (reduced contact with oocysts and restricted diet) and prophylactic treatments (e.g., spiramycin). For instance, the two easiest and most economical methods for reducing Toxoplasma transmission through meat relies on freezing it overnight or cooking it at 65°C minimum. Limitation of meat consumption is another important preventive measure as issue cysts are commonly identified in the liver, heart, brain, tongue, diaphragm and skeletal muscle of in sheep, pigs and goats. Beef meat seemingly deserves a particular attention: from one side, beef is the type of meat the most eaten uncooked and consequently, its consumption is a risk factor for acquiring toxoplasmosis. For the other, viable T. gondii prevalence in cattle is lower when compared to sheep, goats and pigs 18,[START_REF] Watts | Novel Approaches Reveal that Toxoplasma gondii Bradyzoites within Tissue Cysts Are Dynamic and Replicating Entities In Vivo[END_REF] . In addition, experimental studies from the 80s stated that despite cattle being easily infected with T. gondii, they can eliminate/reduce viable parasites from their tissues in a matter of a few days. Despite contradictory studies, cattle natural infection by T. gondii seems to be a rare event making them the only organisms able to resist to Toxoplasma gondii clinical infection.

Given the impact of congenital Toxoplasmosis on sheep industry for example, there is still an urgent need for vaccines development. However, so far, there is only one commercially available vaccine, i.e., ToxoVax, MSD, New Zealand. Vaccines against T. gondii infection in humans are still in development and present multiple challenges, as the diversity of Toxoplasma strains/genotypes/life stages, shortlasting or low immunogenicity, incomplete immune protection, required doses, safety, cost [START_REF] Nance | Chitinase Dependent Control of Protozoan Cyst Burden in the Brain[END_REF] (nicely reviewed by Yizhuo Zhang et al, 2022) [START_REF] Zhang | Toxoplasmosis vaccines: what we have and where to go?[END_REF] . However, promising candidates were described in the literature, amongst which, an excretory-secretory antigen (ESA) based immunization which reduced the formation of tissue cysts in pigs (Wang, Y et al, 2013) and a genetically live-attenuated vaccine shown to totally prevent transmission of T. gondii by cats [START_REF] Ramakrishnan | An experimental genetically attenuated live vaccine to prevent transmission of Toxoplasma gondii by cats[END_REF] .

In addition to prevention, there is an urgent need for Toxoplasma transmission blocking strategies, which should be based in i) improving diagnosis of infection (including parasite viability and symptoms causality); ii) developing better treatments and novel therapeutic approaches for chronic Toxoplasmosis (i.e., targeting bradyzoites/tissue-cysts); iii) blocking parasite sexual reproduction and oocysts shedding, a subject that will be described in the next section.

C: Toxoplasma Definitive Host & Sexual Development

Because sexual reproduction in Toxoplasma gondii is poorly understood and might present variations when comparing to other coccidian, terms as "merogony", "merozoites", "meronts", "gamonts", "schizonts" (..) may sometimes generate confusion and be misused/mis explained. Herein, a simplified glossary may be useful for the complete comprehension of this section.

Schizonts are vegetative forms that reproduce by schizogony. Apicomplexan schizonts are cells formed by schizogony and produce a varying number of daughters trophozoites or merozoites. Schizogony, meaning "generation through division" is a multiple asexual fission process characterized by multiple nuclear fissions producing merozoites.

Similarly, Meronts correspond to «a stage in the life cycle of sporozoans in which multiple asexual fission (schizogony) occurs, resulting in production of merozoites." but are often referred to as schizonts in Haemospororins and Eimiorins (G Smith et al, 2002).

Hereafter, both terms (schizonts/meronts) will be considered equivalent for describing Toxoplasma gondii pre-sexual stage that originates from bradyzoites or sporozoites sexual commitment.

T.g. Meronts undergo merogony -a differentiation process resulting in production of fully differentiated merozoites. Therefore, T. gondii merozoites emerge from meronts and infect host tissues of the same or different type, where they initiate another round of merogony or alternatively differentiate into sexual stages, i.e., gamonts (gametocytes). Both meronts/schizonts and merozoites are pre-sexual stages because they precede sexual stages and are committed to sexual development.

Sexual commitment is followed by sexual differentiation: here, fully differentiated merozoites undergo gametogony, a multiple step process in which gametes are formed (ref: gametocytes -Wiktionary).

Gametogony first consists in merozoites differentiation into gamonts*, followed by differentiation into male(micro-) or female(macro-) gametocytes.

During gametogenesis, male gametocytes (microgametocytes) produce several male gametes (microgametes) whereas female gametocytes (macrogametocytes) differentiate into a single female gamete (macrogamete) 2 .

Finally, gametes fuse in pairs and form a zygote -the only diploid stage of Apicomplexans -which undergoes oocystogenesis, a process consisting in the formation of a protective wall around it.

Toxoplasma unsporulated oocysts are released in the environment, thus undergoing sporulation few days after shedding in the environment, forming sporozoites. Indeed, the sporont contained in the unsporulated oocyst undergoes meiosis (genetic recombination, random segregation of chromosomes and cross-over), restoring the haploid state. Briefly, each sporulated oocyst contain 2 sporocysts, inside which there are four sporozoites.

The sporulation process is indispensable for conferring resistance to harsh environmental conditions and to allow transmission to the next hosts, in particular, to intermediate hosts as rodents. Pre-sexual and sexual stages main characteristics will be presented in the next sections (C3).

Conversion rate: how parasites resolve the resource allocation trade-off between investment into asexual development and gametocyte formation. Cr is required to maintain fitness in different circumstances.

Reproductive effort: quantifies how multicellular organisms divide their resources between their own growth/maintenance and investment in offspring.

Sex allocation: investment into male versus female gametocytes; reproductive strategy; resourceallocation trade-off.

Note of the Author:

* Actually, gametogony starts with the production of gamontocysts or gametocysts. These are cellular structures in which gametocytes and gametes will be produced. A gamontocyst/gametocyst contains a pair of gamonts, which undergoes further repeated nuclear divisions, forming gametocytes. I propose to use both terms (gamonts and gametocytes) as equivalents and allow the use of shortcuts as "gamonts will produce multiple micro or macrogametes", for simplification.

C1 Pre-gametes: Merozoites and Enteroepithelial stages

The natural route of felines infection consists in predatory carnivorism, meaning they feed on chronically infected preys (i.e. rodents), thus ingesting tissue cysts. Inside the feline's gastrointestinal tract, released bradyzoites can convert to tachyzoites or to merozoites [START_REF] Tomasina | The Structural and Molecular Underpinnings of Gametogenesis in Toxoplasma gondii[END_REF] . Conversion to tachyzoites and dissemination throughout body can lead to the establishment of a chronic infection even in the definitive host. However, acute Toxoplasmosis is rare in felines, unless exhibiting suppressed immune systems. It is the case of young kittens or cats with feline-leukaemia or with feline immunodeficiency viruses.

Therefore, tissue-cyst released bradyzoites commonly convert into merozoites and start the sexual reproduction, culminating in the release of oocysts in the environment. Interestingly, cats fed with sporulated oocysts or tachyzoites also shed oocysts, indicating that both sporozoites and tachyzoites can also commit to sexual development. However, passage through bradyzoites was hypothesized as compulsory for sexual commitment and subsequent differentiation into pre-sexual stages [START_REF] Farhat | A MORC-driven transcriptional switch controls Toxoplasma developmental trajectories and sexual commitment[END_REF] . In fact, the pre-patent period, i.e., the time between Toxoplasma ingestion and oocyst shedding is way longer upon ingestion of tachyzoites or oocysts (>18 days). Shorter pre-patent period associated to tissue-cysts ingestion (3-10 days) strongly indicates that bradyzoites directly initiate sexual development.

Toxoplasma zoites exhibit different cell tropisms: for instance, tachyzoites can replicate in any nucleated cell whereas bradyzoites prefer long-lived cells as muscles and neurons. Similarly, Toxoplasma gondii sexual reproduction, including merozoites development, occurs exclusively in felines small intestine enterocytes (

).

Exceptionally, some meronts may develop inside intraepithelial lymphocytes [START_REF] Tomasina | The Structural and Molecular Underpinnings of Gametogenesis in Toxoplasma gondii[END_REF] .

Entero Epithelial Stages (EES) proliferate mostly through schizogony and are characterized by the appearance of dome-shaped membranes close to each nucleus above the Golgi body. As this structure elongates, it encloses a cytoplasmic unit containing organelles that will be later assimilated by the daughter merozoites. Parallelly, the nucleus becomes horseshoe shaped. Early schizonts display a characteristic distribution of chromatin as small areas throughout the nucleus and at the periphery.

Moreover, they also exhibit the conoid and developing rhoptries as observed in mature merozoites.

These latter separate from the schizont by breaking their double-membrane pellicle. The outer membrane of the schizont pellicle consequently invaginates around the developing merozoites and integrate merozoites pellicle. Mature merozoites were described as free-living forms in the parasitophorous vacuole [START_REF] Dubey | Cyst-Induced Toxoplasmosis in Cats*[END_REF][START_REF] Ferguson | Ultrastructural study of early stages of asexual multiplication and microgametogony of Toxoplasma gondii in the small intestine of the cat[END_REF][START_REF] Ferguson | The ultrastructural development of the macrogamete and formation of the oocyst wall of Toxoplasma gondii[END_REF][START_REF] Speer | Ultrastructural differentiation of Toxoplasma gondii schizonts (types B to E) and gamonts in the intestines of cats fed bradyzoites[END_REF] . Precisely, five morphologically distinct types of Toxoplasma gondii develop in cats' intestinal epithelial cells. They were firstly investigated by Ferguson et Frenkel in 1974 and ultra structurally by JP Dubey and collaborators later in 2005 [START_REF] Ferguson | Ultrastructural study of early stages of asexual multiplication and microgametogony of Toxoplasma gondii in the small intestine of the cat[END_REF][START_REF] Ferguson | The ultrastructural development of the macrogamete and formation of the oocyst wall of Toxoplasma gondii[END_REF][START_REF] Speer | Ultrastructural differentiation of Toxoplasma gondii schizonts (types B to E) and gamonts in the intestines of cats fed bradyzoites[END_REF][START_REF] Frenkel | Toxoplasma gondii in Cats: Fecal Stages Identified as Coccidian Oocysts[END_REF][START_REF] Ferguson | An ultrastructural study of the early development and tissue cyst formation of Toxoplasma gondii in the brains of mice[END_REF][START_REF] Ferguson | Use of molecular and ultrastructural markers to evaluate stage conversion of Toxoplasma gondii in both the intermediate and definitive host[END_REF] . These entero-epithelial stages (EES) A-E give rise to merozoites that may further undergo gametogony (illustration 6). They can be distinguished according to their size, number, morphology, division mode, location, and diverse other characteristics as PVM, TMN, residual and granular bodies, secretory organelles. For example, type B and C merozoites were described as always localizing below host cell nucleus, the opposite of type D and E [START_REF] Ferguson | Ultrastructural study of early stages of asexual multiplication and microgametogony of Toxoplasma gondii in the small intestine of the cat[END_REF][START_REF] Ferguson | The ultrastructural development of the macrogamete and formation of the oocyst wall of Toxoplasma gondii[END_REF][START_REF] Speer | Ultrastructural differentiation of Toxoplasma gondii schizonts (types B to E) and gamonts in the intestines of cats fed bradyzoites[END_REF][START_REF] Frenkel | Toxoplasma gondii in Cats: Fecal Stages Identified as Coccidian Oocysts[END_REF][START_REF] Ferguson | An ultrastructural study of the early development and tissue cyst formation of Toxoplasma gondii in the brains of mice[END_REF][START_REF] Ferguson | Use of molecular and ultrastructural markers to evaluate stage conversion of Toxoplasma gondii in both the intermediate and definitive host[END_REF] .

Coccidia multiplication occurs as a sequence of different stages equivalent to generations requiring reinfection [START_REF] Ferguson | Ultrastructural study of early stages of asexual multiplication and microgametogony of Toxoplasma gondii in the small intestine of the cat[END_REF][START_REF] Ferguson | The ultrastructural development of the macrogamete and formation of the oocyst wall of Toxoplasma gondii[END_REF] . Toxoplasma entero-epithelial structural types A-E are detected sequentially and display a time-limited occurrence (Illustration 7).

Stages A and B are found in the early times whereas types D and E can be observed up to two weeks post-infection. Merozoites originating from EES D and E are probably the ones at the origin of gamonts, but it appears that merozoites may proliferate asexually without engaging into gametogony 716 .

Merogony seems to include variations on the tubulovesicular membrane network (TMN being present or absent), on the PVM (whose thickness varies) and on amylopectin and granular bodies accumulation.

Additionally, subcellular structures as the conoid, rhoptries, micronemes, nucleus and mitochondria are also affected in their number and size. Moreover, if merozoites B are still formed exclusively by endodyogeny, it is not the case for C-E merozoites. These latter are formed by a schizogony process in which nuclear divisions are followed by multiple internal budding, like endodyogeny. Illustration 7: Coccidian Cycle of T. gondii, originally reprinted from. Dubey, J. P., and J. K. Frenkel. 1972; and adapted by J. P Dubey, D.S. Linday, C.A. Speer, 1998, Clinical Microbial Rev. Nevertheless, the available literature does not provide enough consensus concerning divisions modes of Toxoplasma entero epithelial stages. Whether EES undergo a classic or a particular schizogony (e.g., "splitting" for Type D schizonts) it is unclear. Merozoites type D formation was described as initiating near the centre of the schizont before or simultaneously with the last nuclear division. After migration, each merozoite D is surrounded by the schizont plasmalemma and separates from the schizont at their posterior end. Toxoplasma merozoites are formed internally but immature merozoites do not protrude from the schizont surface as observed in coccidian schizogony. Because of this, the term "endopolygeny" was proposed to describe the replication modes of Toxoplasma EES [START_REF] Ferguson | Ultrastructural study of early stages of asexual multiplication and microgametogony of Toxoplasma gondii in the small intestine of the cat[END_REF][START_REF] Ferguson | The ultrastructural development of the macrogamete and formation of the oocyst wall of Toxoplasma gondii[END_REF][START_REF] Speer | Ultrastructural differentiation of Toxoplasma gondii schizonts (types B to E) and gamonts in the intestines of cats fed bradyzoites[END_REF][START_REF] Frenkel | Toxoplasma gondii in Cats: Fecal Stages Identified as Coccidian Oocysts[END_REF][START_REF] Ferguson | An ultrastructural study of the early development and tissue cyst formation of Toxoplasma gondii in the brains of mice[END_REF][START_REF] Ferguson | Use of molecular and ultrastructural markers to evaluate stage conversion of Toxoplasma gondii in both the intermediate and definitive host[END_REF][START_REF] Dubey | Structures of Toxoplasma gondii Tachyzoites, Bradyzoites, and Sporozoites and Biology and Development of Tissue Cysts[END_REF] . The use of the term endopolygeny, however, raised controversies because endopolygeny was defined as a process by which asexual multiplication would give rise to more than two daughter cells. Most mature schizonts contain an odd number of daughter cells, probably because the nuclei did not divide simultaneously.

Nevertheless, according to Colley and Zaman predictions (1970), Toxoplasma nucleus division would always produce even numbers of daughter cells. Apparently, during merogony, nuclear division may

give rise to either one or two daughter cells and thus it is possible to observe both odd and even numbers of merozoites within a vacuole [START_REF] Ferguson | Ultrastructural study of early stages of asexual multiplication and microgametogony of Toxoplasma gondii in the small intestine of the cat[END_REF] .

Fully differentiated merozoites initiate the sexual replication track within the intestinal epithelium after several rounds of rapid asexual expansion. Sexual development starts 2 days after tissue cyst ingestion.

Despite the origin of gamonts being unknown, merozoites released from schizonts D and E are believed to start gamete formation and gametocytes are detected in the cats SI 3 days post tissue cyst ingestion 73- 77 .

Tableau 8). Additionally, D merozoites may be classified into 3 distinct subtypes (I, II or III) according to their replication mode and mode of assembly for example (table 2) [START_REF] Tomasina | The Structural and Molecular Underpinnings of Gametogenesis in Toxoplasma gondii[END_REF] . In this respect, G Smith et al., (2002), stipulated that the last two of the three (or five) types of meronts would produce all male gametocytes and all female gametocytes respectively 2 . Nevertheless, the exact contribution of each type/subtype to the life cycle is not understood yet.

C2 Gamonts, Macro and Microgametes

Amongst all, only type D and E might develop into gametocytes throughout the small intestine predominantly in the ileum. Micro and Macrogametocytes development were detected 4 days post infection, within enterocytes exclusively, nearby type E schizonts. Structurally, they were surrounded by an electron dense PVM complex like oocysts and schizonts D and E. Merozoites differentiation into gamonts is marked by a loss of rhoptries and micronemes although the conoid remains present [START_REF] Speer | Ultrastructural differentiation of Toxoplasma gondii schizonts (types B to E) and gamonts in the intestines of cats fed bradyzoites[END_REF][START_REF] Frenkel | Toxoplasma gondii in Cats: Fecal Stages Identified as Coccidian Oocysts[END_REF][START_REF] Ferguson | Use of molecular and ultrastructural markers to evaluate stage conversion of Toxoplasma gondii in both the intermediate and definitive host[END_REF][START_REF] Dubey | Structures of Toxoplasma gondii Tachyzoites, Bradyzoites, and Sporozoites and Biology and Development of Tissue Cysts[END_REF] .

Microgametocytes were described as large ovoid to ellipsoidal cells (5.7x3.5 mm) whose nucleus contained small dense granules, prominent nucleolus and large dense chromatin areas towards its periphery [START_REF] Ferguson | Ultrastructural study of early stages of asexual multiplication and microgametogony of Toxoplasma gondii in the small intestine of the cat[END_REF][START_REF] Ferguson | The ultrastructural development of the macrogamete and formation of the oocyst wall of Toxoplasma gondii[END_REF][START_REF] Speer | Ultrastructural differentiation of Toxoplasma gondii schizonts (types B to E) and gamonts in the intestines of cats fed bradyzoites[END_REF] . Microgametocytes produce in average 12 microgametes per round of gametogenesis.

After several nuclear divisions, the nuclei localized near the margin of the gamonts. Microgametes budding from the surface of the gamonts is accompanied by a residual body containing various organelles and inclusion bodies (e.g., amylopectin, lipid bodies). Male gametes are small (1-2um) round-shaped-cells, elongated, bi-flagellated, presenting a perforatorium structure and a single mitochondrion (Illustration 9Error! Reference source not found.b). After differentiation, microgametocyte is lysed, and the microgametes are released in the lumen of the small intestine and the microgametes are released in the lumen of the small intestine [START_REF] Ferguson | Ultrastructural study of early stages of asexual multiplication and microgametogony of Toxoplasma gondii in the small intestine of the cat[END_REF][START_REF] Ferguson | The ultrastructural development of the macrogamete and formation of the oocyst wall of Toxoplasma gondii[END_REF][START_REF] Speer | Ultrastructural differentiation of Toxoplasma gondii schizonts (types B to E) and gamonts in the intestines of cats fed bradyzoites[END_REF][START_REF] Frenkel | Toxoplasma gondii in Cats: Fecal Stages Identified as Coccidian Oocysts[END_REF] .

On the opposite, macrogametocytes are sub-spherical cells that produce one single macrogamete.

Mature macrogamonts also display a centrally located nucleus with prominent nucleolus and the pellicle consisting of plasmalemma and inner membrane complex. T. gondii female gamete (macrogamete) is an 8,1x6 um round shaped cell, exhibiting all characteristic structures found in other coccidia macrogametes, i.e., canaliculi (membrane-bound fissures), wall forming bodies I and II (WBI, WBII) and organelles. Macrogametes are enclosed by two layered pellicles possessing multiple micropores 715 and their development is characterized by a progressive accumulation of storage materials as lipid bodies and polysaccharide granules (Illustration 9a) [START_REF] Ferguson | Ultrastructural study of early stages of asexual multiplication and microgametogony of Toxoplasma gondii in the small intestine of the cat[END_REF][START_REF] Ferguson | The ultrastructural development of the macrogamete and formation of the oocyst wall of Toxoplasma gondii[END_REF][START_REF] Speer | Ultrastructural differentiation of Toxoplasma gondii schizonts (types B to E) and gamonts in the intestines of cats fed bradyzoites[END_REF] .

Macro and microgametes are a priori not produced within the same cell. Microgametes present two flagella (Illustration 9b) and thus motility [START_REF] Schneider | The private life of malaria parasites: Strategies for sexual reproduction[END_REF] , whilst macrogametes remain intracellular [START_REF] Ferguson | Ultrastructural study of early stages of asexual multiplication and microgametogony of Toxoplasma gondii in the small intestine of the cat[END_REF][START_REF] Ferguson | The ultrastructural development of the macrogamete and formation of the oocyst wall of Toxoplasma gondii[END_REF][START_REF] Speer | Ultrastructural differentiation of Toxoplasma gondii schizonts (types B to E) and gamonts in the intestines of cats fed bradyzoites[END_REF][START_REF] Frenkel | Toxoplasma gondii in Cats: Fecal Stages Identified as Coccidian Oocysts[END_REF][START_REF] Dubey | Structures of Toxoplasma gondii Tachyzoites, Bradyzoites, and Sporozoites and Biology and Development of Tissue Cysts[END_REF] . Thus, fertilization requires motile male gametes to find the macrogamete amongst all intestinal cells. The difficulties underlying the encounter between both gametes suggests that fecundation is a rare event 71 (Ramiro Tomasina, 2020). However, the high number of oocysts shed by cats is contradictory with such a low fecundation rate and further research is needed to decipher the fecundation process.

C3 Fecundation and Oocysts

Fecundation or not

For fecundation to be efficient, gametocytes are expected to produce a strikingly higher number of male gametes than female ones. However, despite male gametocytes producing in average 12 times more gametes than female gametocytes, the observed process seems to contradict these expectations. In fact, amongst mature gamonts, only 2-4% correspond to microgamonts and the other 96-98% are macrogamonts. Thereby, one round of gametogenesis will culminate in the production of two to four times more Macrogametes than Microgametes. In other terms, one hundred gametocytes will produce 96-98 Macrogametes and 24-48 Microgametes. If the higher number of macrogametes increases the probabilities of microgametes invading a macrogamete-containing enterocyte, fecundation success rates are still, at the best, less than 50%. These observations strongly argue fertilization in Toxoplasma as an extremely inefficient process [START_REF] Tomasina | The Structural and Molecular Underpinnings of Gametogenesis in Toxoplasma gondii[END_REF][START_REF] Dubey | Cyst-Induced Toxoplasmosis in Cats*[END_REF][START_REF] Ferguson | Ultrastructural study of early stages of asexual multiplication and microgametogony of Toxoplasma gondii in the small intestine of the cat[END_REF][START_REF] Ferguson | The ultrastructural development of the macrogamete and formation of the oocyst wall of Toxoplasma gondii[END_REF][START_REF] Speer | Ultrastructural differentiation of Toxoplasma gondii schizonts (types B to E) and gamonts in the intestines of cats fed bradyzoites[END_REF][START_REF] Frenkel | Toxoplasma gondii in Cats: Fecal Stages Identified as Coccidian Oocysts[END_REF][START_REF] Ferguson | An ultrastructural study of the early development and tissue cyst formation of Toxoplasma gondii in the brains of mice[END_REF][START_REF] Ferguson | Use of molecular and ultrastructural markers to evaluate stage conversion of Toxoplasma gondii in both the intermediate and definitive host[END_REF] .

Nevertheless, cats can shed up to billion oocysts in a two-week period, which cannot be explained by the low fecundation rate. Sexual proliferation of Toxoplasma gondii has been proposed to occur only in felines infected by two different strains. In this case, sexual expansion would provide a real advantage since co-infection by two T. gondii strains brings the possibility of producing genetic diversity. Sexual differentiation of T. gondii seems to yield Mendelian inheritance patterns in the progeny, thereby indicating that oocysts are only formed by fecundation. Nevertheless, the unbalanced output of gametogenesis and consequently the low probabilities of fecundation to occur, led to the hypothesis of oocysts being formed from macrogametes alone through parthenogenesis [START_REF] Ferguson | Use of molecular and ultrastructural markers to evaluate stage conversion of Toxoplasma gondii in both the intermediate and definitive host[END_REF] . Despite not being

experimentally tested yet, this hypothesis raises the question whether sexual reproduction of Toxoplasma (i.e., gametogenesis and fecundation) could display different rates and outputs according to T. gondii strains geographic prevalence and diversity.

Changes in host physiology can result in differential survival of certain parasite stages at certain points during infections. Consistently, Malaria parasites can actively alter sex allocation and conversion rate during infections and in response to host conditions changes to maximize fitness 81 (Schneider and Reece, 2021). Perhaps, Toxoplasma gondii exhibits similar behaviour.

Oocysts formation and sporulation

As before mentioned, oocyst formation takes place while macrogametes are still intracellular.

Therefore, for a microgamete to fertilize the macrogamete, the oocyst wall formation must be incomplete. In fact, unlike macrogametes envelope, the oocyst wall is a five-layered structure that seemingly do not possess any special adaptation (e.g. micropyle) allowing microgamete penetration and subsequent gamete fusion [START_REF] Ferguson | Ultrastructural study of early stages of asexual multiplication and microgametogony of Toxoplasma gondii in the small intestine of the cat[END_REF][START_REF] Ferguson | The ultrastructural development of the macrogamete and formation of the oocyst wall of Toxoplasma gondii[END_REF] . Fertilization was never observed, yet, developing oocyst were described as containing nucleus, nucleolus, polysaccharide and lipid granules as well has WFB II [START_REF] Possenti | Molecular characterisation of a novel family of cysteine-rich proteins of Toxoplasma gondii and ultrastructural evidence of oocyst wall localisation[END_REF] .

Oocyst wall formation seems to start with the appearance of particulate matter (i.e. precipitates) in the PV which then form a thick layer outside the pellicle of the macrogamete. The next layers are formed through deposition of material (WFB) in between.

Oocysts are 10-12um diameter sub-spherical cells, almost entirely filled with the sporont. As seen in other Apicomplexans as Eimeria spp. for example, rhoptries and micronemes degenerate, mitochondria increase in number and size [START_REF] Ferguson | Ultrastructural study of early stages of asexual multiplication and microgametogony of Toxoplasma gondii in the small intestine of the cat[END_REF][START_REF] Ferguson | The ultrastructural development of the macrogamete and formation of the oocyst wall of Toxoplasma gondii[END_REF][START_REF] Speer | Ultrastructural differentiation of Toxoplasma gondii schizonts (types B to E) and gamonts in the intestines of cats fed bradyzoites[END_REF][START_REF] Frenkel | Toxoplasma gondii in Cats: Fecal Stages Identified as Coccidian Oocysts[END_REF][START_REF] Ferguson | An ultrastructural study of the early development and tissue cyst formation of Toxoplasma gondii in the brains of mice[END_REF][START_REF] Ferguson | Use of molecular and ultrastructural markers to evaluate stage conversion of Toxoplasma gondii in both the intermediate and definitive host[END_REF] . Ultra structurally, oocysts are like macrogametes, except that no extensive cytoplasmic changes were discerned, and they present a 5-layer wall. Changes in the nuclear structure of the macrogamete may serve as a feature to identify and distinguish these two stages [START_REF] Ferguson | The ultrastructural development of the macrogamete and formation of the oocyst wall of Toxoplasma gondii[END_REF] .

One to five days after shedding, the oocyst undergoes 2 nuclear divisions followed by cytoplasmic division forming two sporoblasts. At this stage, each sporoblast is constituted of two nuclei. Elongation of sporoblasts precedes formation of sporocysts, containing each four sporozoites [START_REF] Dubey | Structures of Toxoplasma gondii Tachyzoites, Bradyzoites, and Sporozoites and Biology and Development of Tissue Cysts[END_REF] . Sporulation is dependent on the temperature (optimal 25°C), presence of oxygen and humidity. The out-coming sporulated oocyst become strongly resistant to harsh environmental conditions, remaining viable for months.

The resistance of Toxoplasma gondii oocysts seem to be provided by the oocyst wall. Its outer layers are enriched in acid-fast lipids, putatively creating a permeability barrier to water-soluble molecules such as disinfectants and detergents. Nevertheless, this barrier does not resist polar molecules nor organic solvents, thus the outer layer may be disrupted upon bleach treatments 88. The inner layer, on the other hand is constituted of cysteine-rich proteins, known as oocyst wall proteins (OWPs) (Possenti A et al, 2010; Salman D. et al, 2017). TgOWP 86 , TgOWP2 and TgOWP3 were the first oocyst-specific markers to be identified through comparison to Eimeria spp. and Cryptosporidium parvum databases [START_REF] Dumètre | Mechanics of the Toxoplasma gondii oocyst wall[END_REF] .

The inner wall is also constituted of tyrosine-rich proteins, which are responsible for the oocyst and sporocyst wall's auto-fluorescence in presence of UV light, a characteristic shared between coccidian oocysts (Lindquist HD et al, 2003; Belli SI et al, 2006). The oocyst wall stability seems to be due to the presence of β-1,3-glucan fibrils cross-linked with a network with tyrosine-rich proteins (Bushkin GG et al, 2013).

Proteomic analysis of Toxoplasma partially sporulated oocysts revealed that oocysts display a greater capacity of de novo amino acid biosynthesis compared to the tachyzoites. Moreover, they seem to display a functional Krebs cycle, fuelled through fatty acid B-oxidation and degradation of branched amino acids [START_REF] Possenti | Molecular characterisation of a novel family of cysteine-rich proteins of Toxoplasma gondii and ultrastructural evidence of oocyst wall localisation[END_REF] .

Recently, Arranz-Solis D. and collaborators, identified a cluster of four genes encoding Late Embryogenesis Abundant (LEA)-related proteins responsible for Toxoplasma sporozoites resistance to environmental stresses. Interestingly, the knockout of the four LEA genes resulted in significantly increased oocysts susceptibility to environmental insults as high salinity, freezing and desiccation [START_REF] Arranz-Solís | Late Embryogenesis Abundant Proteins Contribute to the Resistance of Toxoplasma gondii Oocysts against Environmental Stresses[END_REF] .

Genes coding for micro-and macrogamete-specific proteins putatively play important roles in fertilization and oocyst wall formation amongst Apicomplexans. For example, HAP2 is a fertilization factor, described in Plasmodium and Babesia as playing a role in gametes membrane fusion and consequently zygote formation. It is also present in E. tenella and Toxoplasma gondii microgamete transcriptome. In this respect, Ramakrishnan and collaborators showed that T. gondii strain mutant for HAP2 is incapable of forming infectious sporozoites within oocysts. Importantly, the mutant parasite line could be used as a live, attenuated vaccine to totally prevent transmission of T. gondii by cats [START_REF] Ramakrishnan | An experimental genetically attenuated live vaccine to prevent transmission of Toxoplasma gondii by cats[END_REF] , subsequently reducing environmental transmission-a subject described in the next subsection.

C4 Environmental transmission

Sporulated oocysts are highly infectious and contaminate water, soil and fresh produce [START_REF] Shapiro | Environmental transmission of Toxoplasma gondii: Oocysts in water, soil and food[END_REF] . Furthermore, oocysts can be transported far away from the shedding site by water streams and heavy rains and be disseminated in other lands, seas and oceans for example. Consequently, sporulated oocysts are another important way of transmitting the parasite among different intermediate hosts (illustration 10) as cattle and even including felines. However, cat's potentiality to transmit Toxoplasma gondii is still being debated: in fact, cats are thought to excrete oocysts only once in their life after primary infection. In fact, cats develop an effective immune response after initial infection, thus protecting them from shedding further oocysts due to a second infection [START_REF] Dubey | Structures of Toxoplasma gondii Tachyzoites, Bradyzoites, and Sporozoites and Biology and Development of Tissue Cysts[END_REF] . However, challenges with unrelated organisms or even with heterologous strains a second time after T.g. infection resulted in cats excreting millions of oocysts 18 . Additionally, certain felines (e.g., Sand cats and Pallas cats) are highly susceptible to clinical toxoplasmosis and these reservoirs can continue excreting oocysts in the environment-making their captivity in zoos a subject of public health concern, as the oocysts contaminate nearby water and subsequently marine mammals and birds 20 . Also, the absence of Toxoplasma on islands without cats strongly suggests an essential role in transmitting T. gondii. Nevertheless, cat's ability to excrete oocysts is strictly correlated to the infection route and host susceptibility. One hundred oocysts may not infect cats, whereas one bradyzoite can lead to cat's excretion of millions of oocysts. The same is valid for intermediate hosts, that might get infected by one single oocyst (pigs, mice) or not at all after ingestion of 100 Bradyzoites 18 .

In 2014, a FAO/WHO report claimed Toxoplasma gondii as the fourth most important parasite worldwide. First, the parasite is the causative agent of most food-borne and waterborne outbreaks, hence its veterinary and medical importance. Second, its consequent disease burden top ranking (i.e., Quality or Disability Adjusted Life Years score), its diversity of hosts and its wide spreading prevalence in the world favours this claiming 20 . As before described, the parasite is transmitted either under the oocyst's forms shed by felines in the environment, or under tissue cysts consumed though carnivorous/omnivorous diet. Transmission of T. gondii concerns both domestic and wild hosts. T.

gondii infections in wildlife were shown to be more prevalent than the expected, affecting both marine and terrestrial species 20 , as described in the next subsection.

Land-animals contamination

Herbivorous animals get infected through ingestion of oocysts-contaminated soil, foods and water.

Human consumption of raw/under-cooked meat from animal farms is one of the major sources of T.

gondii acquisition. Meat-borne transmission and particularly consumption of beef, pork and small ruminants seem to be responsible for 60% of T. gondii infection in Europe. Despite cattle being seemly resistant to Toxoplasmosis, beef is more likely to be consumed raw/under-cooked compared to other meat, thus significantly contributing to transmission of T.g. to humans. In the USA, 41% of food-borne

Toxoplasmosis cases were potentially caused by pork consumption. Importantly, T. gondii infection can also be transmitted through the consumption of sheep and to a lesser extent through chicken, mutton horse and goat -derivatives. For instance, Toxoplasmosis was also attributed to unpasteurized (goat's) milk although few outbreaks were reported, as for consumption of raw vegetables 20 .

Overall, animals that are bread outdoors have more chances of being contaminated by Toxoplasma gondii and thus transmitting it. It is the case, for example of chicken that feed from the ground. As animal farming ethical concerns keep rising, it is important to take into consideration that the presence of felines near farm premises increases the risk of T. gondii transmission.

Marine animals' contamination

As before mentioned, oocysts are excreted within cats' faeces in the environment, and they show remarkable resistance to harsh environmental conditions including different salinity and temperature [START_REF] Ahmadpour | Toxoplasma gondii Infection in Marine Animal Species, as a Potential Source of Food Contamination: A Systematic Review and Meta-Analysis[END_REF] .

T. gondii oocysts environmental tolerance acquired post sporulation results in extensive dispersal of infection-particularly following heavy rain falls that transport and disperse oocysts to seas and oceans.

Coastal areas whose human population density is higher, are thereby risky zones for zoonosis transmitted directly or indirectly by marine mammals. It was shown that oocysts can sporulate experimentally in seawater and potentially remain infective for 6 months to 2 years. Furthermore, marine organisms as oysters, clams and mussels concentrate high levels of oocysts through their filterfeeding activity. Hence consumption of seafood also being an important risk factor for transmitting

Toxoplasmosis, for humans but also amongst marine animals. In this respect, T. gondii infection in marine animals as cetaceans (dolphins, whales), pinnipeds, sirenians, sea otters and others have increasingly been reported in the last decades. For instance, the prevalence of T. gondii infection among marine animals was higher in sea otters (approx. 55%) and the pooled percentage of T. gondii-infected dolphins reached 51.07% in a recent meta-analysis study [START_REF] Ahmadpour | Toxoplasma gondii Infection in Marine Animal Species, as a Potential Source of Food Contamination: A Systematic Review and Meta-Analysis[END_REF] . Transmission of T.g. through ingestion of contaminated hosts amongst marine animals could explain how animals get infected in the Canadian arctic, where definitive host presence is rare, and oocysts may not survive freezing conditions. The incredibly high rates of morbidity and mortality in sea otters due to T. gondii infection stands as an example emphasizing the ubiquitous aspect of Toxoplasma gondii life cycle and is dangerous pathogenic consequences. For instance, Toxoplasmosis was reported as partially responsible for threatening and endangering marine birds in the past. Furthermore, marine biologists link the increasing susceptibility of marine mammals to acute toxoplasmosis, to the immunosuppressive consequences of morbilliviruses co-infection and anthropogenic toxicants discharged into the marine ecosystems [START_REF] Ahmadpour | Toxoplasma gondii Infection in Marine Animal Species, as a Potential Source of Food Contamination: A Systematic Review and Meta-Analysis[END_REF] .

Consequently, Toxoplasma gondii presence in water could also be used as a "pronounced hallmark of water pollution" [START_REF] Ahmadpour | Toxoplasma gondii Infection in Marine Animal Species, as a Potential Source of Food Contamination: A Systematic Review and Meta-Analysis[END_REF] .

Altogether, data concerning the impact of toxoplasmosis in marine wildlife underscores the strong and urge need for transmission blocking strategies, oocysts decontamination methods and novel therapeutic approaches for chronic T.g. infection.

Chapter conclusion

Stage conversion, an important Survival strategy

Apicomplexan replication, dissemination, pathogenesis and transmission to new hosts are strictly dependent on parasites ability to switch between life forms. In fact, heteroxenous parasites, i.e., exhibiting multiple host life stages, must survive in different environments, including within different cell types under varying immune pressures. For this, parasites evolved distinct life forms adapted to each environment, able to serve essential functions for survival and fitness. For example, Toxoplasma encysted bradyzoites are suited for survival, transmission and sexual reproduction whereas tachyzoites for pathogenesis, host manipulation and dissemination. Similarly, merozoites play indispensable roles in Toxoplasma sexual reproduction, whereas oocysts/sporozoites are major contributors to transmission.

Regardless of the important differences in life cycles, formation of bradyzoites and cysts is crucial for tissue-cyst-forming coccidia transmission to the next hosts. As bradyzoites cannot be cleared by the host immune system, this allows the parasites to remain viable for extended periods of time within the host, favouring transmission to the next one through predatory carnivorism for example. Reactivation and interconversion are indispensable traits allowing parasites to bypass sexual reproduction and maintain transmission and survival in absence of definitive hosts. Parasites stage conversion is responsible of disease persistence and lack of efficient therapies.

Eukaryotic parasite stage conversion is marked by significant changes in gene expression patterns. Most differentially regulated genes during stage transition encode mainly metabolic proteins, surface antigens and secreted proteins 5,[START_REF] Buchholz | Identification of tissue cyst wall components by transcriptome analysis of in vivo and in vitro Toxoplasma gondii bradyzoites[END_REF][START_REF] Cleary | Toxoplasma gondii asexual development: identification of developmentally regulated genes and distinct patterns of gene expression[END_REF] . Each developmental stage exhibits a specific sub-transcriptome and subproteome adapted to environmental conditions. For example, parasites metabolism is dependent on the availability of resources and this latter depends on the environment. Thus, all stages display different metabolic needs and thus may require different subsets of genes/proteins. Similarly, survival within distinct hosts and immune pressures may require the function of different subsets of effector proteins.

Finally, the parasite's remarkable ability to switch their surface antigen, which are important triggers of host immune response, may be responsible for parasite load and persistence within the host. It is the case of the protozoans Trypanosoma and Plasmodium spp., known for their antigenic variationmediated virulence.

Comparisons between Apicomplexans revealed that induction of bradyzoite formation through exogenous stressors displays similarities between species. In this respect, most components of mechanisms through which Apicomplexans parasites sense and respond to stress seem to be conserved amongst members of the phylum. Life cycle similarities between Apicomplexans strongly indicate stage conversion as a universal, indispensable and conserved parasitic strategy to conquer and survive.

In the definitive hosts, many members have a fixed number of merogonic cycles with merozoites from the last round infecting cells and differentiating into gametocytes 2 . Of note, the transition from asexual merozoites to gametes is often non-synchronous and merogony continues when sexual development has already been initiated. This complicates the isolation, purification, and further study of parasites.

Moreover, separation of microgametes from macrogametes is not possible nor is the enrichment of gametocytes nor sexually committed merozoites 4 . However, study of sexual stages became possible with the development of complete genome databases and application of high throughput transcriptome characterization to protozoan parasites. Recent advances in sexual life studies include the discovery of sexual-stage specific genes which consequently provide hints into parasitic mechanisms of regulation of differentiation as well as putative markers for each stage. Nevertheless, the need for animal experimentation and the lack of in vitro reliable systems limit knowledge on sexual life cycle and so far, hampered the obtention of gene expression data for coccidian as N. caninum and H. Hammondi and even Toxoplasma gondii, one of the most well-studied Apicomplexans.

Developmental stages are restricted to specific environmental conditions 2 and distinguished by differential gene expression profiles in agreement with the parasite metabolic and cellular needs.

Moreover, stages specific sub-transcriptome and proteome are adapted to a specific environment/ lifestyle, e.g., the type of host they infect. Genes coding for proteins likely important to the flagella structure and function are upregulated in microgametes. Additionally, a given stage might exhibit a subtranscriptome and proteome signature enriched in elements necessary for the next developmental stage.

In this respect, sexually committed merozoites transcriptome includes those of genes coding for sexualstage specific proteins and likely transcripts involved in gamete-gamete recognition. Similarly, gametocytes transcripts are enriched for components of the oocyst wall, including o-linked glycosylation pathway or cysteine and tyrosine rich proteins which are essential building blocks of the oocyst wall 4 .

Stage conversion, a tightly regulated path

Eukaryotes share a common response to cellular stress through control of global translation via phosphorylation of the eukaryotic initiation factor 2 alpha subunit (eIF2a). Stress signals activate specific kinases that phosphorylate eIF2a, leading to a global downregulation of translation, genome reprogramming and consequently conservation of resources. Exceptionally, a subset of mRNA implicated in stress response or encoding proteins containing AP2 domains are preferentially translated in Apicomplexans (described further). In Toxoplasma, tgIF2a, the homologue of eIF2a seems to be implicated in translational control during tachyzoite-to-bradyzoite conversion, maintenance of cyst quiescence and reactivation. Switch from tachyzoites to bradyzoites development is marked by upregulation of bradyzoite-specific genes and a concomitant/concurrent downregulation of tachyzoitespecific genes. Transitions to other stages, i.e. from bradyzoites to merozoites and further, likely rely on similar cascades of gene expression, transcriptional and translational regulation 5 .

RNA binding proteins may also be implicated in stage conversion. For example, TgIF2a (inhibitor of translation initiation), TgIF2K-A (activator of TGIF2) and TgAlba1/2 proteins also are implicated in the tachyzoite-to-bradyzoite conversion, with their presence/absence resulting in variations of cyst formation levels in vitro and in vivo 15,[START_REF] Tu | Observations on bradyzoite biology[END_REF] .

The regulatory network of stage conversion relies also on the action of transcription factors. For instance, Toxoplasma gondii expresses a Myb-like DNA binding protein, recently identified as master transcriptional regulator of bradyzoite development, that binds to CACTGG motif near transcription starting sites (TSS) of differentially regulated genes [START_REF] Waldman | Identification of a Master Regulator of Differentiation in Toxoplasma[END_REF] . In absence of BFD1, parasites fail to express bradyzoite-specific genes and are incapable of tissue cysts formation. Furthermore, amongst transcription factors regulating the developmental trajectories of Toxoplasma gondii, the predominant role was consensually attributed to Apicomplexan Apetala-like (ApiAP2). These proteins share the APetala2 integrase DNA binding domain, commonly found in various plants species. APiAP2 were shown to be essential regulators of Apicomplexan development, including in Plasmodium species [START_REF] Jeninga | ApiAP2 Transcription Factors in Apicomplexan Parasites[END_REF][START_REF] Painter | The Apicomplexan AP2 family: Integral factors regulating Plasmodium development[END_REF] .

As discussed in the next chapter, stage conversion is tightly controlled at transcriptional and translational levels. Additionally, gene expression is also regulated via epigenetic processes, that play a vital role in protozoan parasite biology 5 . In this respect, Toxoplasma exhibits homologous factors to well-characterized chromatin remodelling machineries from other Eukaryotes, as depicted in the next chapter.

Given the importance of stage conversion for parasite burden and transmission between hosts, understanding the molecular mechanisms underlining stage development is crucial to create therapeutic approaches and to develop transmission-blocking strategies/tools.

However, our understanding on Toxoplasma life cycle is limited by the natural restriction of sexual stages to felines. Moreover, the current in vitro models lack the ability to bypass the underlying ethical 

Introduction

Toxoplasma gondii developmental trajectories depend on the parasite ability to sense and respond to environmental stimuli. Despite stage conversion spontaneous-and randomly occurring in vitro, these events are rare and restricted to specific conditions. Naturally, conversion to the next developmental stage is triggered upon environmental changes and is tightly regulated through control of global translation, genome reprogramming and transcriptional regulation for example. Moreover, stage conversion includes cascades of gene expression, fine-tuned by a complex network of elements as transcription factors from one side and epigenetic components from another.

Stage conversion require cell growth, maintenance and rapid molecular changes. Therefore, appropriate gene expression is vital for engaging and supporting developmental transitions. The divergent gene regulatory mechanisms in Apicomplexan rely mainly on regulators of chromatin structure and histone modifications [START_REF] Fleck | An Apicomplexan bromodomain protein, TgBDP1, associates with diverse epigenetic factors to regulate essential transcriptional processes in Toxoplasma gondii[END_REF] . Hence the chromatin structure and the importance of chromatin remodellers to chromatin architecture will be described in the first part of this chapter (A1). As in Toxoplasma gondii, gene expression is correlated to the balance between histone post-translational modifications. Their addition and removal constitute an essential aspect of the dynamics underlying transcriptional regulation [START_REF] Fleck | An Apicomplexan bromodomain protein, TgBDP1, associates with diverse epigenetic factors to regulate essential transcriptional processes in Toxoplasma gondii[END_REF] . The actors at the onset of histone acetylation balance and gene expression control will be presented in the second part of this section (A2). Amongst which, acetylation marks deposited by "writers", as Histone-Acetyltransferases (HATs) which favour gene expression. Similarly, acetylation PTMs are removed by "erasers" such as Histone Deacetylases (HDACs), leading to gene repression. Thanks to their reader domains, chromatin shapers may perform multiple functions directly affecting their targets. Additionally, they also interact with and recruit other complexes to alter chromatin and regulate transcription.

Amongst chromatin shapers, HDAC3 [START_REF] Bougdour | Drug inhibition of HDAC3 and epigenetic control of differentiation in Apicomplexa parasites[END_REF] , whose contribution to the Toxoplasma chromatin structure and gene regulation has widely been documented in the last years [START_REF] Bougdour | Toxoplasma gondii gene expression is under the control of regulatory pathways acting through chromatin structure[END_REF][START_REF] Bougdour | Chromatin modifications: implications in the regulation of gene expression in Toxoplasma gondii[END_REF] permanently altering the information genetically encoded [START_REF] Hakimi | Epigenetic Reprogramming in Host-Parasite Coevolution: The Toxoplasma Paradigm[END_REF] . These fundamentally reversible and potentially transmissible events are described by Epigenetics, a science that focuses on the architecture and structure of the chromatin.

Chromatin structure can be seen as an intrinsic epigenetic mechanism to regulate gene expression per se but also as a mean to transmit information to other generations. In this respect, signalling transduction through chromatin [START_REF] Capell | Genome-Wide Epigenetics[END_REF] can lead to establishment of stable and heritable epigenetic states, also defined as epigenetic signature. Epigenators are events that imposes/changes a signature on the cell, modulate the epigenome and compete with forces controlling the formation and maintenance of chromatin structure.

In Eukaryotes, genomes must be packaged within the nucleus while maintaining accessibility of genomic regions to diverse nuclear processes, e.g., transcription, DNA replication and DNA repair. The first compaction level and the basic unit of the chromatin is named nucleosome(s) and consists in 147bp of DNA wrapped around an octamer of histones (H2A, H2B, H3, H4). Previously, it was assumed that DNA would associate with histones and progressively be compacted to form highly compacted chromosomes. However, these latter would have to undergo de-condensation to facilitate DNA access and given the underlying energy cost, this model was recently abandoned in favour of a more plausible one, as described further.

DNA is compacted under different levels (nucleosomes, chromosomes, TADs, etc.) forming a very hierarchically organised chromatin which constantly undergoes modifications (Illustration 11) 100-102 .

Compaction levels are defined by the number of nucleosomes and on the distance between them (linker DNA). Heterochromatin is a highly compacted form presenting restricted DNA accessibility. It is enriched in nucleosomes and constituted mainly of inactive genes and repeat elements. Inversely, euchromatin is less compacted, depleted in nucleosomes and consequently contains transcriptionally active genes. However, a more complex cell organization is possible and detailed in Organizational principles of 3D genome architecture, Nat Rev Genet, 19 (2018), by M.J. Rowley and V.G. Corces 103 .

Histones can be post-translationally modified, as described further in the Histone PTMs subsection.

These modifications (e.g., methylation, acetylation, phosphorylation) may alter the interactions between histones within the same octamer, between nearby nucleosomes or even between histones and DNA, consequently altering chromatin structure. Histones and DNA interaction is due to the opposite charges of both molecules. Whilst DNA is charged negatively, histones are charged positively, which favours nucleosome assembly. However, acetylation neutralizes histones positive charges 105 , thus decreasing the attraction between the two molecules and relaxing the chromatin. Methylation marks do not alter chromatin charges and can drive either chromatin compaction or relaxation. Rather than affecting chromatin dynamics through non-electrostatic mechanisms, it is assumed that lysine methylation-as other histones marks-serve as platforms for recruitment of chromatin-shapers that consequently affect its dynamics 105 . Accordingly, heterochromatin exhibits high methylation marks on histone 3 lysine's (H3k9me and H3k27me2), whereas euchromatin exhibits low DNA methylation levels and high histone acetylation.

Rather than being constituted of a random distribution of chromosomes in the nucleus, the chromatin is organised into clusters tightly regulated by control regions. The current model at the basis of the epigenetics stipulates that the genomic architectural landscape continuously changes 105 . Accordingly, chromatin is continuously morphing and interconverting between different stages, i.e., euchromatin, facultative heterochromatin, permissive heterochromatin and chromatin condensates. Thus, chromatin can be seen as a dynamic scaffold capable of responding to specific signals to regulate its own accessibility. DNA accessibility to various components of different cellular machinery thereby occurs in a spatially and temporarily coordinated manner 105 .

Overall, chromatin structure defines and is defined by the interaction between different chromatin actors and their subsequent assembly into supramolecular complexes. When these latter include proteins containing intrinsically disordered regions (IDR), they can drive liquid-liquid phase separation.

This recent discovery suggests the existence of active transcription foci within LLPS, also known as lipid droplets, or membrane-less condensates (pericentric heterochromatin foci versus telomeres for example) and is also associated with chromosome X inactivation in Eukaryotes. Therefore, heterochromatin compartmentalization is strictly linked to LLPS regulation which occurs through protein-DNA or protein-RNA interactions, as well as through homo/heterotypic interactions between proteins. For example, it was reported that nucleosomes arrays exhibiting acetylated histones would form a new liquid phase and these condensates would present distinct properties when compared to condensates formed by unmodified histone. For instance, the condensates were enriched in multibromo domain proteins recognizing the acetylated histones, strongly suggesting that LLPS would contribute to the segregation of euchromatin and heterochromatin.

Additionally, protein-DNA LLPS, as the ones formed by 5methylcytosine-modified DNA, cpGs and methyl-cpG binding domain (MBD) containing proteins, are presented as actors of a cellular mechanism to prevent that all heterochromatin fuses into one unique subnuclear compartment. MeCP2

for example, was shown to recruit chromatin actors (ATRX) required to stabilize the heterochromatin compartment. Moreover, LLPS could also be seen as a strategy to isolate specific events and exclude competitor proteins 100 .

HP1 non histone heterochromatin binding proteins was the firstly reported protein to exhibit LLPS properties, which depends on a specific PTM as described further H3k9me3. Interaction between HP1

and histone 1 promotes phase separation of poly-nucleosomes and slow dynamics of histones within condensates. LLPS of HP1 is highly regulated by its interactive partners which include heterochromatin structure regulators, cell cycle regulators, transcription regulators and DNA damage repair actors. The richness of HP1 interactome, which includes actors of different cellular pathways, and their variable timing of interaction underlines chromatin continuously varying dynamics 100 .

So far, it is not known how the aforementioned multiplicity of factors come together or not to shape heterochromatin subcellular compartmentalization, nor how this regulated cellular metabolism and cell fate decisions. Nevertheless, LLPS is consensually one of the major forces driving heterochromatin compartmentalization and deeper knowledge will arise during the next years to come 100,107,108 .

Hopefully, the next years of research will shed light into LLPS in Toxoplasma and close relatives. The nucleosomal binding-specificity of remodellers can also be due to additional contacts from auxiliary domains or subunits. These latter modulate the specificity and activity of enzymatic chromatin modifying complexes through several mechanisms as the following examples: DNA binding competition, steric hindrance, allosteric rearrangement, rearrangement of the catalytic pocket, anchoring the complex on the correct region of the chromatin, localizing the complex to target genes, participating in overall structure stability, etc. For instance, binding to nucleosomal DNA allows SNf2

to adopt an active conformation by stimulating the rotation of two RecA-like lobes of the ATPase motor.

This nucleosome-induced rotation triggers the conformational changes of the catalytic arginine fingers -which play a critical role in the ATP hydrolysis reaction. Furthermore, nucleosome rearrangements within the histone octamer were shown to be necessary for proper sliding activity by SNF2. Another common feature of chromatin remodellers is the interaction with histone tails. Although the role of this interaction remaining unestablished for most remodellers, the contacts between the ATPase motor domain and N-terminal tail of H4 were reported to modulate the activity of ISWI members. This seems to occur through competition with auto-inhibitory loops from the AutoN regulatory domain. Recent studies reported that H4 tails occupy the same pocket in CHD1 and SNF2 also competing with their AutoN regulatory domain. Additionally, interaction with H4 tail may also serve to anchor the ATPase motor domain to the correct location on the nucleosome. Conversely, H3 tail possibly binds and modulate the ATPase activity of INO80 similarly [109][110] .

Nucleosome assembly is orchestrated by chromatin remodellers, but also by histone chaperones. These latter are well conserved eukaryotic proteins with little sequence homology that serve a variety of chromatin maintenance functions, i.e.: transporting histones from cytosol to nucleus, proper posing histones for PTM or depositing histones onto DNA for nucleosome assembly. Some histone chaperones even associate with histones-binding complexes harbouring histone variants. Despite no sequence conservation, many histones share structural and mechanistic similarities when associating with conserved histone surfaces. Histone chaperones and histone binding proteins usually do not share sequence similarity but have structurally evolved convergently and thus are able to interact with the strongly conserved histones. In this respect, histone chaperones may bind to H2A/H2B DNA binding surface to mask it from unfavourable interactions. It is the case of NAP1 -Nucleosome Assembly Protein 1-a histone chaperone that shields histones DNA binding surfaces, presumably promoting histone sequestration until nucleosome assembly. In fact, a wide variety of proteins evolved common binding features, including a cluster of acidic residues that interact with the basic DNA-binding surface of H2A/H2B. To prevent aberrant association, the DNA binding surfaces of H2A/H2B are often shielded by NAP1. By doing so, histone chaperones as NAP1, inhibit unfavourable chromatin interactions prior to nucleosome assembly via mediated steric hindrance to DNA binding (i.e., DNA competitive binding). Despite being highly conserved, Toxoplasma genome does not seem to encode a homologue of NAP1 109,110 .

Several nucleosome binding proteins share as common feature, the existence of an Arginine Anchor.

It is an interaction between arginine residues from histone binding proteins and the acidic patch on H2A. The insertion of arginine residue(s) into the deep acidic pocket of H2A residues creates a platform for competitive binding that allows the association of a maximum of two factors per nucleosome at time 109,110 .

Another characteristic of the orderly chromatin dynamics is the recently described Tyrosine Key between histone chaperones and histones H3/H4. Tyrosine residue from histone chaperones extends into a deep surface pocket on histones H3/H4. The hydroxyl group of the tyrosine forms a hydrogen bond with H3Q93, and the tyrosine aromatic ring establishes van der Waals interactions with the aliphatic side chain of H3K64. Despite its function being not fully deciphered, the tyrosine key potentially aids the recognition of conserved histone surfaces and may help regulating H3/H4 binding and deposition [109][110] .Altogether, chromatin remodellers' role in mediating nucleosome assembly and histone modifications in collaboration with several other chromatin shapers underlines the complexity of chromatin dynamics.

Chromatin remodellers can also associate with chromatin modifying enzymes that commonly function as multi-protein complexes. They usually catalyse covalent modifications of histone specific residues and other proteins. Post-translational modifications can be added to free histones as well as to histones within an assembled nucleosome. This process may require the partnering between the chromatin remodellers that will grant access to histones and the enzymes that deposit or remove epigenetic marks, as described in the next subsection.

In Eukaryotes, several chromatin remodellers strongly interact with enzymatic complexes. INO80 for example, was shown to co-purify with the ATP-dependent chromatin-remodelling and histone acetyltransferase (NuA4/TIP60) in Eukaryotes111-114 .Another example, SWI/SNF chromatin remodelling complex was found to interact with the SAGA complex which contains the HAT subunit of GCN5 (General Control of amino-acid synthesis)115-119.And last, the NuRD (Nucleosome Remodelling and Deacetylase) complex contains both ATP-dependent chromatin remodelling subunits and HDAC subunits 120,121. Histone PTMs outcomes also depend on the surrounding epigenetic environment. This observation is at the basis of the histone code 12356 , which stipulates that different combination of histone modifications mediate unique cellular responses. For instance, different modifications are possible on the same residues and binding-affinity of a protein for a particular modification may be influenced by other adjacent marks. Although specific motifs recruit specific remodellers -for instance, methyl-lysine binding proteins seem to discriminate between different methylated lysine (i.e., mono, di or trimethylations), -different covalent modifications crosstalk (Illustration 13) 105 .

A.2 Histone PTMs and associated chromatin shapers

These modifications occur either on the histone tails or in their globular domains. When deposited within histone globular domains (hgd), PTMs can affect nucleosome dynamics and consequently, the chromatin function without requiring effector proteins. Globular domains PTMs can be located within the histone interaction surface or at the histone lateral surface. Whether these histone globular domains are post-translationally modified in a hierarchical order or not, prior to assembly of nucleosomes or during nucleosome remodelling/exchange is unclear. However, the deposition of PTMs on histone globular domains emphasizes the fact that nucleosomes are not static entities. Therefore, access to these globular domains is provided when nucleosomal DNA spontaneously unwraps from histones and rewraps onto their lateral surface. Nucleosome dynamics therefore allow chromatin remodellers and associated proteins to read, write or erase diverse epigenetic marks on histone globular domains.

Overall, these hgdPTMs can affect histone/histone interactions and destabilize histone/DNA interactions or even nucleosomes structure 105 .

On actively transcribed genes, this tri-methylation mark was suggested to serve as "transcriptional activity memory mark". According to the memory system, the previous gene activity modulates the future one's, hence, H3K4me3 would recruit co-activators to genes that have been transcribed in the past. By doing so, H3K4me3 would increase the probability of those marked genes to be transcribed 104- 105 .

In conclusion, the relationship between PTMs and transcription is non-linear, variable and context dependent. PTMs seem to act in combination to recruit or preclude specific protein complexes that interfere with on-going cellular processes and DNA-templated events. Moreover, the role of specific PTMs in regulating transcription seem to be dependent on the location of the modified amino acid within the histone, as well as the surrounding environment 105 .

Histone PTMs and genomic topology:

As described previously, Eukaryotic genomes are divided in two main compartments: euchromatin and heterochromatin. This compartmentalisation seems to be due to interactions between heterochromatin regions (in particular through HP1-dependent LLPS). Despite the ability of histones PTMs in regulating topological structures being unclear, growing evidence points an essential role in compartmentalisation.

Both compartments are further subdivided in TADs, presenting loop anchor points that are often binding sites for insulators, as CTCF, whose main role concerns TADs formation. Despite no evidence for a direct effect on chromatin dynamics by methylation, these marks seem to serve as binding platforms for different proteins whose downstream effects will modulate chromatin dynamics. For example, histone methylation is involved in heterochromatin formation and X-chromosome inactivation in some

Eukaryotes 104 . In this respect, heterochromatin is no longer formed nor maintained after loss of all 6 functional methyl transferases in human fibroblasts 105 .

H3K9methylation for example, is involved in 3D genome compartment as embryonic cells lacking this mark were shown to lose chromatin compartmentalisation. Methylation on H3K9 provides a binding site for HP1 proteins, that associate with histone lysine transferases and induce methylation at heterochromatic regions. Mono-and di-methylation seem to be restricted to euchromatin regions, thus challenging the idea that H3K9 methylation means gene repression. For instance, certain genes normally embedded within heterochromatin can be active despite presumably being enriched in h3k9 methylation. In addition to be gene dependent, H3K9 methylation have different outcomes depending on whether it occurs on coding regions or gene promoters, for example 105 .

H3K27methylation is also correlated to genomic imprinting and gene silencing, particularly homeoticgene silencing and X-inactivation. This mark is involved in interactions with polycomb group proteins (EZH2, ESC, SUZ) culminating in the ubiquitination of H2A by (E3 ligase activity) and consequently, gene silencing. In fact, H3k27me3 was shown to be part of the formation of PADs, i.e., Polycombassociated domains. These chromatin domains, different from TADs in size and structure, are in fact polycomb-repressed chromatin domains that adopt unique folding states 105 .

H3k36 and H3K79 methylation for example seem to be involved in spreading of histone deacetylases into active chromosomal regions. On the other hand, H4K20 methylation, a marker of mammalian heterochromatin (e.g., pericentric heterochromatin) also found in euchromatin, is implicated in cell cycle regulation and DNA repair 104 .

Briefly, histone-modifications can be seen individually as simple docking sites that recruit different effector proteins and whose function consequently depends on the nature of the PTM itself, on the state of the chromatin, on the genomic/developmental/functional context and on the interactions with other PTMs and other chromatin shapers.

Every cellular process requiring DNA access through chromatin remodelling, also requires the action of enzymatic complexes able to recognise these PTMs on the core and on the N-terminal tails of histones, to remove them or to add new ones. These functions are insured by their readers, erasers and writers' domains, respectively (Illustration 15) 123 .

For example, bromodomains recognise acetylation and enzymes responsible for adding this PTM are acetyltransferases, which is the case of GCN5b, for example. On the other hand, acetylation can be removed by the histone deacetylases, as HDAC3 in Toxoplasma gondii. These histone-modifying enzymes can recruit chromatin remodellers, transcription factors or even the transcriptional machinery.

Inversely, transcription factors that specifically bind to methylated DNA and methyl-CpG-binding proteins can also recruit chromatin remodellers both in a direct or indirect manner, respectively. DNA methylation is one of the most widespread epigenetic marks, well conserved across Eukaryotes but absent in Apicomplexans 123 .

Illustration 15: Histone-modifying enzymes. Some families of histone-modifying enzymes according to the most common enzymatic action (e.g., acetylation, phosphorylation, methylation). "Writers" and "erasers", respectively, deposit and remove covalent histone modifications. «Readers" possess domains with specific affinity for these marks and thus recognize them. Adapted from Allis et al, 124 .

Histone PTMs in nuclear processes as recombination, replication and DNA repair:

DNA transcription and recombination are two complex processes that might occur at the same time within the same eukaryotic nucleus. Therefore, transcription activity must be carefully and strictly controlled to avoid interference with the exchange of DNA strands. In Eukaryotes, DNA recombination, occurs during meiotic cell division, VDJ recombination (immune cells) or during homologous recombination. This latter is probably the most common and conserved mechanism required for DNA repair 105 . In this respect, T. gondii conserved enzymes for Homologous Recombination and can perform this latter in vitro, allowing easily homologous genes engineering. Histones PTMs and DNA repair mechanisms seem to be conserved in Apicomplexans. In this respect, the only means by which de novo synthesis of deoxyribonucleotides occurs is through Ribonucleotide reductase (RNR) 134 , which is conserved in all domains of life. Consistently, RNR has been the target of anti-pathogens therapeutics, and its inhibition has been previously suggested as applicable and optimizable Apicomplexans 135,136 , including as anti-malarial 135,137 .

Meiotic cell division in

B. Epigenetic landscape in T.g.

In [START_REF] Bougdour | Chromatin modifications: implications in the regulation of gene expression in Toxoplasma gondii[END_REF][START_REF] Hakimi | Epigenetic Reprogramming in Host-Parasite Coevolution: The Toxoplasma Paradigm[END_REF]124 . As before described, multiple PTMs within the same residue interact with different macromolecular complexes thus having different outcomes.

Additionally, some regions of eukaryotes chromatin exist under a bivalent and transitional state, that is neither heterochromatin nor euchromatin. Named poised regions, these are enriched in genes that could potentially be activated by a fast-response pathway to environmental stimuli. As described before, methylation and acetylation are usually opposed marks: for instance, H3K9me3 is associated to heterochromatin and silenced genes whereas H3K9Ac is associated with gene activation. Similarly, poised chromatin of pluripotent stem cells, which awaits signals for differentiation, carries both repressive and activating PTMs, i.e., H3K27me3 and H3K4me3, respectively. In Toxoplasma gondii tachyzoites, genes specific to bradyzoite and sexual stages are marked with both H3K14Ac and H3K9me3. This combination was recently proposed to be a new and parasite-specific mark for poised state. However, poised chromatin marks were described as occurring within the same nucleosome in other Eukaryotes. So far, both activation and repressive marks were not identified within the same nucleosomes in Toxoplasma gondii yet, potentially questioning the existence of poised chromatin state in Tg [START_REF] Bougdour | Chromatin modifications: implications in the regulation of gene expression in Toxoplasma gondii[END_REF][START_REF] Hakimi | Epigenetic Reprogramming in Host-Parasite Coevolution: The Toxoplasma Paradigm[END_REF]124 .

As Concomitantly, the parasite genome encodes members of well-studied families of (lysine) acetyltransferases as MYST or GCN5. For instance, both MYSTa and MYSTb in T. gondii play an important role in nutrition sensing and developmental transitions upon stress starvation. Furthermore, Toxoplasma is the only Apicomplexan possessing two GCN5 Histone Acetyl Transferases (GCN5a, GCN5b). While, GCN5a is involved in stress-response and life cycle progression, the fitness-conferring GCN5b localises to the promoters of active genes and playing regulatory roles.

Inversely, the parasite also presents seven predicted and mostly-uncharacterised histone-deacetylases (HDAC), amongst which the widely-studied HDAC3-an essential regulator of gene expression [START_REF] Bougdour | Drug inhibition of HDAC3 and epigenetic control of differentiation in Apicomplexa parasites[END_REF] . In addition to the writer (GCN5b) and eraser (HDAC3), readers are similarly indispensable for Toxoplasma parasitism. In fact, these bromodomains-containing proteins may bind to activating acetylation marks and recruit epigenetic regulators and transcription factors (as AP2s) to active gene promoters. It is the case of the recently characterised transcriptional activator TgBDP1 [START_REF] Fleck | An Apicomplexan bromodomain protein, TgBDP1, associates with diverse epigenetic factors to regulate essential transcriptional processes in Toxoplasma gondii[END_REF] . Intriguingly, TgBDP1 knockdown upregulates genes whose expression levels peak during sexual stages or the bradyzoite tissue cyst, suggesting a repressive role. Concomitantly, TgBDP1 seems to associate with TgMORC, the master regulator of sexual commitment and stage transition in Toxoplasma gondii [START_REF] Fleck | An Apicomplexan bromodomain protein, TgBDP1, associates with diverse epigenetic factors to regulate essential transcriptional processes in Toxoplasma gondii[END_REF] .

Despite this association not corroborating to our MORC Immuno-precipitation nor mass-spectometry [START_REF] Farhat | A MORC-driven transcriptional switch controls Toxoplasma developmental trajectories and sexual commitment[END_REF] future studies may confirm or refute if the reported interaction is strong enough to induce transcriptional changes. Overall, TgMORC is required for the recruitment of HDAC3 and establishment of a repressor complex that maintains silencing of specific genes during the tachyzoite stage [START_REF] Farhat | A MORC-driven transcriptional switch controls Toxoplasma developmental trajectories and sexual commitment[END_REF] , as discussed in the next section.

Methylation of arginine and lysine residues are also conserved in T. gondii: For example, established marks of heterochromatin in metazoans as H4K20 mono, di or tri-methylation, are also present in T.

gondii 140 . Moreover, centromeric heterochromatic regions are enriched in H3K9 di and tri-methylation whilst subtelomeric regions are marked by H3K9 tri-methylation. Importantly, H3K9me3 also marks silenced bradyzoite and sexual-stage specific genes in tachyzoites. Furthermore, the parasite encodes potentially five Protein Arginine Methyltransferases (PRMT) and approximately 20 lysine methyl transferases (KTM) domain containing proteins. The majority of histone arginine methylation in T.

gondii is achieved by PRMT1 which also plays a critical role in regulation of cell division. Amongst the 20 uncharacterised KTM-containing proteins, many are orthologous of known histone modifiers and others contain reader (bromo, chromo or PHD) domains. Interestingly, little is known about the implication of demethylases despite the presence of 7 members of the JMJ and 2 members of the LSD families, with these latter being critical for fitness. It is noteworthy that histone-modifying enzymes can also act on non-histone substrates. Thereby, KMTs could also play other roles beyond histone methylation, making them good candidates for the high methylation found on diverse non-histone proteins as tubulin or apical-region-located proteins 124 .

Deposition of different makers within the same residue may arise from a competitive interaction, as different PTM within the same residue may lead to different outcomes. For example, the same residue can be acetylated or methylated, both marks seeming to display opposing effects. It is the case of lysine 31 of histone 4 (H4K31), whose interaction with the DNA backbone is impacted according to the PTM.

As the residue lies close to the dyad axis of the nucleosome, the addition of acetyl groups destabilises the hydrogen bone with the DNA residues. Abolishment of the interaction with DNA subsequently result in chromatin opening. H4K31ac is enriched at the promoters of active genes (along with H3K4me3, H3k14Ac) and seems to relieve nucleosomal repression. Additionally, H4K31ac while also prevents methylation at the body of highly expressed genes therefore facilitating the access of the transcriptional machinery to the DNA and ensuring efficient RNA polymerase progression and activity.

On the other hand, H4K31me1 is enriched at the core body of active genes. This mark would lock the nucleosome in a (semi)repressed conformation and prevent GCN5-related HAT from acetylating the residue. Concomitantly, H4K31me1 is enriched only in the transcribed coding sequence of genes typically associated with limited activity of the RNA polymerase II 141 . Inversely, repressed genes lack H4K31ac and H4K31me1 but are enriched with H3K9me3, a mark that typifies centromeric heterochromatin in T. gondii 142 as before mentioned. However, linoleic acid does not seem to be used by the parasite as basic nutrient but rather as a positive signal for Toxoplasma gondii sexual development, and the pathway triggered by this molecule was not deciphered yet.

Phosphorylation

Another recent study brought insights into factors participating in the regulation of sexual commitment.

In 2020, MORC was identified as the master regulator of the sexual stage commitment and sexual development in T. gondii [START_REF] Farhat | A MORC-driven transcriptional switch controls Toxoplasma developmental trajectories and sexual commitment[END_REF] . By partnering with the Histone Deacetylase (HDAC) 3 and with ApiAP2, the resulting complex maintain sexual-stage specific genes embedded within a repressive chromatin state. Depletion of MORC or inhibition of HDAC3 is accompanied by local hyperacetylation and upregulation of merozoite-specific, gametes-specific and oocysts-specific gene [START_REF] Farhat | A MORC-driven transcriptional switch controls Toxoplasma developmental trajectories and sexual commitment[END_REF] . The important role played by these three factors (MORC, HDAC, ApiAP2) will be presented in the next subsection.

As aforementioned, gene expression and stage conversion in Toxoplasma gondii are balanced by histones acetylation and deacetylation. This mark is deposited at tachyzoite-specific genes by the acetyl transferase GCN5b and removed at the promoters of stage-specific genes by its antagonist HDAC3.

Apicomplexans share copies of the classical HDACs with some features being conserved amongst fellow Eukaryotes, and others being unique to the phylum and their close relatives. In this respect, Apicomplexans exhibit unusual Histone Deacetylase proteins, that contain ankyrin repeats at their Nterminal. These latter mediate protein-protein interactions and may be essential for the deacetylating activity of the enzyme, as observed for C. parvum HDAC3 146,147 . Additionally, Apicomplexans share a family of HDAC proteins with a conserved alanine-threonine insertion within the catalytic pocket [START_REF] Bougdour | Drug inhibition of HDAC3 and epigenetic control of differentiation in Apicomplexa parasites[END_REF] .

This mutation would allow HDACs to bind a wider set of targets with greater flexibility 147 .

T. gondii genome predicts five HDACs, amongst which only TgHDAC3 is exclusively located in the parasite nucleus and is responsible for H3 and H4 hypoacetylation near bradyzoite-specific genes.

Indeed, FR235222-mediated inhibition of the HDAC3 activity is accompanied by disruption of H4 acetylation balance at facultative heterochromatin regions and subsequent gene expression activation [START_REF] Bougdour | Drug inhibition of HDAC3 and epigenetic control of differentiation in Apicomplexa parasites[END_REF] .

Under these conditions, acetylation spreading is potentially prevented at constitutively silent heterochromatin by H4K20 methylation marks 140 . Furthermore, HDACs can act on non-histone targets and partner with a variety of sets of proteins. For instance, HDAC3 forms a high-molecular mass complex (approx. 1 million Daltons), designated TgCRC -T. gondii Corepressor Complex 148 . Amongst its interactants, TgHDAC3 co-purifies with AP2 proteins (e.g., TgCRC350) and with MORC (TgCRC230) 147 .

MORC is multi-domain protein exhibiting an N-terminal ATPase module, consisting of a combination of a ribosomal protein S5 domain and a GHKL domain. This latter is named according to its occurrence in proteins as the topoisomerase-related Gyrase, Hsp90, histidine Kinase and mutL DNA repair family Furthermore, MORC family proteins compact chromatin thus reducing DNA accessibility to transcription factor and subsequently repressing gene expression 156 . Additionally, in humans, MORC also participate in the maintenance of high levels of H3K9me3 functions are associated to chromatin compaction (e.g., HsMORC2) 157 . For instance, human MORC2 is recruited by the human silencing hub (HUSH) complex for H3K9me3 deposition, chromatin compaction, and gene silencing 158 . MORC seems also involved in adipocyte differentiation 159 ; germ cells development regulation 160,161 ; transgenerational fertility; maintenance of small interfering RNA (siRNA)-dependent chromatin organization 162 . Human MORC1 was even proposed as a candidate for mediating early-life stress and depression as its mRNA is present in many important brain areas of mood regulation like the medial prefrontal cortex, the nucleus accumbens, the hippocampus, the hypothalamus, and the amygdala 163 . In mice, MORC3 is essential for transposon silencing in embryonic stem cells 164 whereas MORC1 is involved in germline transposon silencing 150 and its knockout evokes a depression-like phenotype in mice 165 . Finally, human and mice studies revealed an aberrant upregulation of MORC2 multiple types of human tumours and implicated in cancer aggressiveness, therapeutic resistance, and clinical outcome 166 . Therefore, MORC2 has recently gained interest as drug target for anti(breast)cancer therapy.

Recent studies on C. elegans described MORC1 ability to bind DNA in a length and concentrationdependent manner and to compact DNA by a looping-trapping mechanism 167 . Additionally, it also seems to play a role as insulator, thereby separating permissive chromatin from heterochromatin. Due to its intrinsically disordered regions and GHKLS motive, MORC would gate and encircle their substrates, thus creating phase-separated condensates. Its ability to topologically entrap DNA and locally compact chromatin targets is enhanced by its dimerization properties. This was illustrated in an elegant experiment where the number of foci increase as a function of MORC1 concentration. Increased concentrations of MORC molecules contributed to further DNA compaction. Moreover, some MORC proteins possess CW ZF domain(s), recently described as lysine and arginine methylation readers.

However, it appears that MORC binds DNA with little sequences specificity, which questions target recognition and suggest the existence of factors behind its specificity [START_REF] Farhat | A MORC-driven transcriptional switch controls Toxoplasma developmental trajectories and sexual commitment[END_REF]168 .

In summary, MORC participate in 3 distinct processes, probably by topologically entrapping DNA: i)

MORC facilitates DNA methylation establishment by co-localizing at RdDM sites 152 ; ii) MORC maintain pericentromeric heterochromatin independently of DNA methylation149; and iii) MORC regulates TF binding and gene expression by altering chromatin accessibility 156 .

In Plasmodium, PfMORC is a nuclear protein involved in parasite cell cycle control 169,171 . In our model of study, MORC was described as the master regulator of sexual commitment [START_REF] Farhat | A MORC-driven transcriptional switch controls Toxoplasma developmental trajectories and sexual commitment[END_REF] . In this respect, MORC partner with HDAC3 and silence sexual-stage specific genes.

Depletion of MORC phenocopies drug-mediated inhibition of HDAC3, resulting in increased levels of histone acetylation at promoter regions which correlate to gene expression. Furthermore, the increased nucleosome occupancy in MORC-depleted cells strongly suggests a role as Pioneer complex since these latter usually bind nucleosomes enriched regions 171 . Overall, 85% of merozoite and 89% of oocystsspecific genes are repressed by MORC and HDAC3. Their partnership in silencing genes specific to sexual stages, suggests the existence of other factors responsible for their selectiveness. MORC/HDAC3 targeting at specific loci could be mediated by reader function of the MORC CW domain or the PHD domain of another partner (i.e., TgME49_230890). Recent analysis reported a potential interaction between TgMORC and TgBDP1, a bromodomain protein recruited to TSS of a wide proportion of genes, and whose loss culminates in major dysregulation of gene expression [START_REF] Fleck | An Apicomplexan bromodomain protein, TgBDP1, associates with diverse epigenetic factors to regulate essential transcriptional processes in Toxoplasma gondii[END_REF] .

Interestingly, nearly half of the genes upregulated during tgbdp1 knockdown (i.e., 307 out of 676) are TgMORC targeted [START_REF] Fleck | An Apicomplexan bromodomain protein, TgBDP1, associates with diverse epigenetic factors to regulate essential transcriptional processes in Toxoplasma gondii[END_REF] .

Nevertheless, MORC targeting is mostly associated to its partnering with transcription factors. In this respect, MORC and HDAC3 are gathered in a core complex with a dozen AP2-domain containing proteins. In our current model, primary AP2 TF likely recruit the MORC and HDAC3 to specific loci to either establish repression at active genes or maintain the-already-established poised state. This includes local chromatin deacetylation by HDAC3 and MORC dimers DNA-loop-trapping mechanism.

ATP-binding was proposed as essential for MORC dimerization and catalytic function 167 . Inversely, in humans, MORC2 N-terminal homodimerization rather than ATP binding is indispensable for its stability166. Nevertheless, despite the deep mechanistic aspects of MORC being still under investigation, there is growing and converging evidence concerning its role as essential regulator across eukaryotes, including amongst Apicomplexans.

Furthermore, MORC drives the hierarchical expression of secondary AP2 factors that may aid in maintaining stage appropriate epigenetic reprogramming and may contribute to the unidirectionality of Toxoplasma gondii life cycle 147 , as discussed further.

D. Transcriptional regulation by Apetala-like TF

In Eukaryotes, developmental regulation of transcription relies on specific Transcription Factors (e.g.

TBP, SP1, NFKB, MyoD, MADS-box).

These are a group of proteins that can specifically bind to cisacting elements in the promoter region of eukaryotic genes. By doing so, they ensure the proper expression of target genes under a specific intensity and at a specific time. Moreover, these TF were thought to be exclusive to the plant kingdom but were identified in a broad variety of organisms, from bacteria and viruses to metazoans, for example 147 .

Accordingly, AP2-like TF were identified in many Apicomplexan (ApiAP2) and their implication in the regulation of diverse cellular mechanisms across the phyla have increasingly been documented since then. Of interest, ApiAP2 emerging role in epigenetic regulation allowed a better understanding of developmental regulation aspects, particularly in Toxoplasma gondii and Plasmodium subspecies.

Therefore, APiAP2 are consensually accepted as the major sequence-specific regulators of gene expression and essential actors in developmental transitions in Apicomplexans 124 .

The subject of this manuscript, i.e., AP2XI-2 and AP2XII-1 belong to this group of proteins, whose main characteristics will be described in this section. The finding of AP2 DBD in Apicomplexans, suggest that ApiAP2 were acquired from the plant lineage by horizontal gene transfer [START_REF] Jeninga | ApiAP2 Transcription Factors in Apicomplexan Parasites[END_REF] . This hypothesis seems consensually accepted by the community since it corroborates with the secondary endosymbiosis theory -used to explain Apicomplexan emergence.

D1: Controversial origins

Recent reports, however, question the plant origin of AP2 DBD in favour rather of a bacterial origin. In fact, most plant's transcription factors specific DBDs seemly originate from endonucleases associated with transposable elements1 [START_REF] Farhat | A MORC-driven transcriptional switch controls Toxoplasma developmental trajectories and sexual commitment[END_REF] . Likely, after establishment in unicellular eukaryotes, DBDs would have undergone extensive plant-specific expansion and acquired new functions 172 . Consistently, Plant AP2 domains were reported to have evolved from cyanobacteria endonucleases 181 .

Interestingly, bacterial AP2 seems to include plant-like and Apicomplexan-like AP2 domains (unpublished data, Woo). However, no significant homologies were identified in full length bacterial AP2 genes, suggesting that either the originally transferred gene evolved beyond recognition or that only AP2 domain was transferred from bacteria to eukaryotes. Potentially, AP2 domain in Alveolates (and thus in Apicomplexans) originated from bacteria and diverged in myzozoans in an independent manner compared to plant AP2 domains 182 . Consistently, ApiAP2 TFs seem to have expanded their range of recognition motifs (Linas et al, 2008) and thus present greater variability of DNA sequences than their plant homologues. Additionally, the Apicomplexan AP2 DBD seem to share little sequence identity with each other, [START_REF] Farhat | A MORC-driven transcriptional switch controls Toxoplasma developmental trajectories and sexual commitment[END_REF] and present different modus operandi as described in the next sections.

D2. Characteristics

ApiAP2-domain containing proteins vary in size and numbers amongst Apicomplexans. For instance, Toxoplasma gondii displays around 68 AP2-domain containing proteins, a surprising number when compared to its close relatives, Plasmodium (26-27) or Cryptosporidium (16-17). These proteins usually contain one to four AP2 DNA binding domains (60aa approx.) that share little sequence identity with each other [START_REF] Farhat | A MORC-driven transcriptional switch controls Toxoplasma developmental trajectories and sexual commitment[END_REF] . Additional functional regions include domains that could contribute to DNA binding such as Athooks or Zinc-fingers, and unknown conserved motives as ACDC domains [START_REF] Jeninga | ApiAP2 Transcription Factors in Apicomplexan Parasites[END_REF] . This latter is a functionally uncharacterised domain exclusive to APiAP2s C-terminus, hence its acronym AP2-

Coincident Domain mainly at the C-terminus 183 .

Plants AP2 DBD (AtERF1) presents three β strands that contacts the DNA backbone, within the major groove. The strands seem to be stabilized by a C-terminal α-helix that does not contact DNA (Allen et al., 1998). Similarly, ApiAP2 domains are also organised under three beta-strands stabilised by one Cterminal α-helix. However, if enriched with an insert between strands 2 and 3, a hairpin-like structure may be formed. This latter being positively charged, putatively enables non-specific interactions with DNA thus increasing the affinity of ApiAP2 TF for the DNA backbone. Additionally, in Apicomplexans, DNA binding would trigger the dimerization of the two domains through a domainswapping mechanism, i.e., alignment of the alpha-helix from one APiAP2 domain with the beta-strands of the other APIAP2 domain (e.g. Pf14_0633), stabilised by disulfide bridges. This APiAP2 dimerization, which allows formation of homo-and hetero-dimers, could induce conformational rearrangements on the ApiAP2 TF itself but also on its interaction partners. These rearrangements within the complex they are embedded in would explain the functional diversification and great expansion in the family 184 . Another difference between plants AP2 TF and ApiAP2 TF concerns the interaction mode and their targets. For instance, ApiAP2 TFs seem to have expanded their range of recognition motifs (Linas et al, 2008), in particularly when forming heterodimers, and thus present greater variability of DNA sequences. The specificity of AP2 domains for DNA are likely linked to a highly conserved 12aa residues, participating in specific contacts between DNA GCC boxes and the backbone. Differences in Apicomplexans residues compared to the plant's ones underline higher variability of binding and recognition motives [START_REF] Jeninga | ApiAP2 Transcription Factors in Apicomplexan Parasites[END_REF] . Given the high AT content in the Apicomplexan genomes, these differences strongly suggest specific adaptation and might explain the expansion of these domains in the phyla [START_REF] Jeninga | ApiAP2 Transcription Factors in Apicomplexan Parasites[END_REF] .

The unknown AP2-domain specificity for DNA led to extensive attempts to decipher ApiAP2 recognition motives. Usually, the DNA binding domain of a specific transcription factor interacts with specific DNA motives present in the regulatory regions of the target promoters. Accordingly, several motives were identified within intergenic regions upstream target genes and functionally confirmed in several Apicomplexans. For instance, the CACACA repeat is bound by several ApiAP2 domains, indicating that several ApiAP2 can bind the same motif. For instance, TgAP2XI-4 (an activator) and TgAP2IX-9 (a repressor) seem to share 4 common nucleotides (CACA) amongst their binding sites.

Despite the putative redundancy in sequence recognition, ApiAP2 TF exhibit a restricted specificity of the gene repertoire they target for example ApiAP2 TF containing different number of AP2 domains generally recognise distinct motives 124 . Conversely, combination of multiple ApiAP2 TF also increases the specificity (heterodimerization). Moreover, sequence recognition and motif binding were recently shown to be dependent on the target genes but also on the accessibility of these motifs -which correlates with certain histone modification patterns 190 . For instance, some of the identified ApiAP2-binding motives are enriched in genes whose expression profiles across the asexual replication cycle are similar, thus potentially representing co-regulated target genes. In this respect, the identification of multiple motifs clustered together indicates a combinatorial regulation by different ApiAp2s [START_REF] Jeninga | ApiAP2 Transcription Factors in Apicomplexan Parasites[END_REF] .

The interactions between TF are highly context-dependent and can vary depending on the chromatin architecture, target genes, cellular/metabolic conditions and environmental signals. ApiAP2 were proposed to establish a cooperative or competitive binding, but also antagonistic or synergistic regulation via through formation of homo-and heterodimers. In the first case, they may bind to DNA cooperatively, meaning that their binding to adjacent or overlapping DNA sites enhances their overall binding stability and transcriptional regulation. Concomitantly, they may also compete for binding to the same or overlapping DNA sites, resulting in mutually exclusive regulation of target genes. Overall, cooperative and competitive binding can lead to dynamic changes in gene expression upon response to cellular/environmental signals. On the second case, ApiAP2 may work together synergistically, where their combined action results in a greater effect on gene expression than the sum of their individual effects. Inversely, they may have opposing effects on gene expression, where one ApiAP2 may be an activator of gene expression while another competes or interferes to repress it, resulting in a balanced regulation of gene expression [191][192][193][194][195] .

D3. Functions in developmental trajectories of Apicomplexans

ApiAP2 can be dispensable or fitness-conferring, cell-cycle regulated, constitutively expressed or stage-restricted. They may compete with other ApiAP2s for binding motives and may act synergistically or in an antagonistic manner. They might include autoregulatory loops or be regulated by multiple other APiAP2. Overall, APiAP2 TF seem to undergo sequential activation as consequence of a regulatory cascade where each ApiAP2 is only expressed during a restricted time frame [START_REF] Jeninga | ApiAP2 Transcription Factors in Apicomplexan Parasites[END_REF] . In this respect, ApiAP2

TF present diverse post-translational modifications sites, even within AP2 domains, as is the case for modulatory acetylation.

ApiAP2 are consensually accepted as the major sequence-specific regulators of gene expression and essential actors in developmental transitions in Apicomplexans 124 . Despite the cross-phyla conservation of DNA binding domains, it is not known yet whether they have similar biological functions nor if they regulate the same group of genes across species. Nonetheless, they have displayed an emerging role in chromatin remodelling and gene expression regulation. The precise mechanism by which ApiAP2 interact with chromatin-modifying and remodelling complexes is not fully understood yet, but they copurify with macromolecular complexes containing TgGCN5b and TgHDAC3, for example. In these cases, gene activation or repression is a result of a competition between activator or repressive ApiAP2

for binding sites sharing DNA specificity, respectively 124 .

Regulation of stage-specific transitions have been increasingly and elegantly demonstrated to be regulated by many members of ApiAP2 TF. Despite some species-specific mechanistic differences, this regulation seems to be at least partially conserved in Apicomplexans. In this most Apicomplexans ApiAP2 seem to be expressed in a stage-specific manner. Interestingly, AP2-F possesses the orthologue domain of the Plasmodium AP2-G, which triggers Plasmodium commitment and sexual development 194,195 . In asexual parasites, AP2-G is silenced by H3K9me3/HP1 and HDA2 17,196 . In fact, commitment of parasites to sexual development involves two critical fate decisions events. The first one, determines whether the parasite will commit to gametocytogenesis or continue asexual replication. The sexual commitment of malaria parasites is controlled by a molecular switch based on epigenetic and transcriptional regulation. Here, AP2-G expression and subsequently entry into sexual commitment is triggered by GDV1 (gametocyte development 1) that evicts HP1 from the locus 195 . Expression of PfAP2-G is required for the transcriptional activation in stage I gametocytes of genes encoding early gametocyte specific proteins and for gametocyte production [197][198][199][200][201][202] . In addition to PfAP2G involvement in Plasmodium sexual development, PfAP2-G2 was recently identified as a critical regulator of gametocyte maturation which interacts with chromatin remodelling proteins, a microrchidia (MORC) protein, and another ApiAP2 protein 169 .

The second fate decision event concerns the development into either a female or male gametocyte. The molecular switch behind this second decision was not yet identified yet. Of note, malaria parasites do not display sex chromosomes and sex determination genes or mating-type-like loci were not identified so far. Nevertheless, the first marker of gametocytogenesis in both male and female Plasmodium gametocytes is the export of PfGEXP5-whose expression is independent of PfAP2G 202,203 , and thus suggested the existence of additional regulators. Additionally, female and male gametocytes exhibit striking differences in transcriptomes and proteomes including signalling proteins that are differentially upregulated in each gametocyte. For instance, exclusively male proteins are involved in genome replication and motile gametes formation whereas proteins exclusively expressed in female gametocytes participate in translation, metabolism and organelle function 201 . In this respect, GD1 and MD1-3 were proposed to have an early function in sex determination. In this respect md1 exhibits sexspecific RNA isoforms, with males expressing a full-length sense transcript whereas females express a shorter mRNA as well as an antisense noncoding RNA 196 . Gomes et al, recently showed that the male development 1 (md1) gene is both necessary and sufficient for male fate determination in Plasmodium falciparum 204 . Given these observations and the fact that complete deletion of md1 in P. falciparum leads to the lack of male gametocytes but a partial depletion of its RbD leads to immature gametocytes, it has been proposed that sex determination P. falciparum relies on a bistable transcriptional switch ensures that the male-determining gene is not expressed in the female lineage 204 .

Another recent study demonstrates the existence of sex-specific differences in heterochromatin distribution. Moreover, female gametocytes undergo global chromatin remodelling during sexual differentiation, including different usage of histone variants and histone modifications. In this respect, the histone variants H2A.Z/H2B.Z were highly enriched in H3K9me3-associated heterochromatin in female gametocytes. Inversely, H3K27ac occupancy correlated with stage-specific gene expression, but was unlinked to H3K4me3 co-occupancy at promoters as observed in asexual parasites [START_REF] Jeninga | ApiAP2 Transcription Factors in Apicomplexan Parasites[END_REF] .

Moreover, PbAP2-FG2 and PbAP2R-2, seem to function as a transcriptional repressor complex in Plasmodium berghei female gametocytes 205 . This complex seems to interact with PbMORC and target a variety of genes, including both male and female-enriched genes, with a significant overlap with AP2-G target genes. Overall, female gametocyte development was impaired by the Knockout of pbap2-fg2 or pbap2r-2 which led to ookinete developmental arrest 204 .

To these AP2 playing key roles in parasite progression through the life cycle, can be added AP2-O which regulates approximately 10% of Plasmodium genome by binding to the upstream region of several genes involved in locomotion, mid-gut penetration, protection against mosquito immune responses and oocyst development 206 . In this respect, Ap2-O is essential for ookinete morphogenesis 201 .

Finally, AP2-SP plays an indispensable role in sporozoites formation as its depletion inhibits sporozoites formation during oocyst development 201 and AP2-L is essential for liver stages maturatio 207 .

Interestingly, AP2-sp, in addition to activate sporozoite genes in oocysts 201 may play a role in Macrogametocyte gene repression 208 . Indeed, AP2-sp may function as indirect negative regulator of female-specific genes, potentially involving additional AP2s 17,208,209 .

If, in Plasmodium, some ApiAP2 TF may have epigenetic functions separated from transcription (as heterochromatin formation, maintenance of genome integrity or targeting var genes to heterochromatin compartments) in T. gondii most studied AP2 seem to regulate transcription. In this respect, most ApiAP2 are expressed in a cell-cycle dependent manner and in different developmental stages, suggesting a regulatory role in cycle progression and differentiation. Consistently, TgAP2 XI-7, VIIa-6, VIII-4, X-7 and XII-4 roles in cell cycle progression to S phase are confirmed. Some TgAP2 are involved in virulence gene regulation (AP2XI-5, X-5) or in bradyzoites/cysts differentiation (AP2XI-4, IV-3, IV-4, IX-9, IX-4) [START_REF] Jeninga | ApiAP2 Transcription Factors in Apicomplexan Parasites[END_REF] . Nevertheless, few AP2 were functionally characterised in Toxoplasma gondii (Illustration 15), and none was shown to be involved in sexual reproduction.

These may be responsible for activating sexual development and induction of stage-specific genes.

Induced upon MORC depletion, these AP2 may be responsible for the induction of sexual-stage specific genes. Overall, the progression through different sexual stages would be dependent thus on the combined and sequential effect of both primary and secondary AP2 (Illustration 18).

However, neither the recognition motives behind MORC/HDAC3/AP2 specificity nor the exact function of each of the primary AP2 were described yet. The aim of our team was to decipher the regulatory mechanisms underlying sexual commitment in Toxoplasma gondii and to gain better insights into MORC/HDAC3/AP2 modus operandi. Here we characterise two primary AP2, i.e., AP2XI-2 and AP2XII-1, and show that they recruit MORC and HDAC3 to the TSS and promoters of genes specific to pre-gamete stages. Their conditional loss-of-function allowed the obtention of in vitro differentiated merozoites-a stage naturally exclusive to felines intestines. Our discovery is detailed in the Results section and recapitulated throughout the whole Discussion chapter. 

A. Research Question and Introduction of the results

As introduced before, T. gondii sexual reproduction naturally starts with commitment of encysted bradyzoites to merogony. Committed merozoites then fully differentiate and develop into pre-gametes.

Gametogenesis and fertilization culminate in the release of oocysts in the environment, whose sporulation signifies high infectivity. Importantly, the parasite sexual stages are hard to study because of their natural restriction to the feline's intestines. The lack of in vitro model overcoming the technical and ethical issues linked to the study of T. gondii merozoites and gametes prompt our team to search for viable alternatives that would unravel the unknown aspects of the parasite sexual reproduction. The discovery of MORC in 2020 suggested that it could be possible to fine tune Toxoplasma gondii sexual commitment and sexual development in vitro. As reminder, depletion of MORC was accompanied by upregulation of bradyzoites, merozoites, gametes and even sporozoites-specific genes. Nevertheless, MORC-depleted parasite population was heterogeneous, and it was not possible to purify fully differentiated merozoites nor gametes. MORC was hypothesized to regulate Toxoplasma developmental trajectories by orchestrating a hierarchical network of ApiAP2.

The goal of our study was to describe the contribution of ApiAP2 to MORC/HDAC3 -mediated regulation of Toxoplasma gondii sexual reproduction. For doing so, we focused on the first steps of sexual commitment, i.e., merozoites differentiation. We therefore searched for candidates AP2 that would repress merozoite-specific genes in tachyzoites. Recent elegant studies unravelled that merozoites exhibit a unique transcriptional profile, but unfortunately few merozoite-specific markers,

i.e., GRA11b have been available to study this stage. Given this, we screened the felines-derivedmerozoites transcriptome in order to identify additional markers with similar expression profiles as GRA11b. Epitope-tagging and generation of antibodies against our three candidates TgME49_273980, TGME49_243940 and TGLE49_277230 hereafter named GRA80, GRA81 and GRA82, allowed to validate them as markers specific to feline merozoites.

Using a CRISPR/cas9 -driven loss-of-function approach, we then identified two primary AP2, repressors of GRA11b and of our new markers, in tachyzoites. These preliminary results allowed the emergence of our research question: What is the function of AP2XI-2 and AP2XII-1 in T. gondii sexual commitment? TgAP2XI-2 and TgAP2XII-1 were then further characterised for their implication in the regulation of merozoite-specific genes, as detailed in the scientific article (section RESULTS_B.).

Overall, we show that commitment to merogony stems from a profound epigenetic rewiring orchestrated by these two AP2s, that bind DNA as heterodimers at merozoite promoters and recruit Toxoplasma, the cause of the global zoonotic infection toxoplasmosis, presents a multifaceted life cycle with distinctive stages (Fig. 1a). Much is understood about its fast-growing tachyzoites and semidormant bradyzoites, but its sexual reproduction, confined to felid guts, is less explored. Each stage has a distinctive transcriptional signature and switching between them is regulated by intricate transcriptional cascades in which covalent and noncovalent epigenetic mechanisms act as driving forces 3,4 . Chromatin modifiers MORC and HDAC3, key players in gene silencing 1,2 , act as critical checkpoints for sexual commitment, and when conditionally depleted or inhibited in tachyzoites, they trigger broad activation of chronic and sexual gene expression 1,2 . Previous studies overlooked their combined presence in nucleosomal telomeric repeats 1 , suggesting a secondary role in maintaining genome stability through the formation of telomeric heterochromatin (Extended Data Fig. 1a). MORC detachment from chromosome ends disrupts subtelomeric gene silencing (Extended Data Fig. 1b), causing telomere dysfunction, mitotic bypass, and aberrant polyploid zoite accumulation (Extended Data Fig. 1c), reminiscent of aneuploidy in human cancer 5 . In MORC-depleted parasites, disorganized telomeres may in turn disrupt gene-level transcriptional regulation, leading to misguided sexual development. An alternative way to explore the modus operandi of MORC involves its partners, the Apetala proteins (AP2) 1 (Extended Data Fig. 2a), which are considered important regulators of lifecycle transitions in all Apicomplexan species 3,6 . This study underscores the role of two AP2 repressors in coordinating the expression of stage-specific genetic programs, thus controlling Toxoplasma merogony.

AP2XI-2 and AP2XII-1 synergistically silence merozoite-specific genes.

In the 1970s, Toxoplasma's sexual cycle was partially studied in infected kittens through meticulous examination of pre-gamete zoites' ultrastructure and sexual dimorphic stages in the intestinal lining of Felis catus [7][8][9][10][11] . Merozoites -the initiators of the sexual cycle -have a unique transcriptional profile 12,13 , but their study has been difficult due to the lack of specific markers. The only recognized marker to date, GRA11b, is used to track the development of this stage in the gut of Toxoplasma-infected cats 14 (Fig. 1b). For a more in-depth exploration of merogony, we identified three potential merozoite-specific proteins with gene expression profiles mirroring those of GRA11b (Supplementary Fig. 1a-d) and produced matching antibodies. Notably, antibodies against TGME49_273980 showed robust reactivity with feline merozoites (Fig. 1b), but not with tachyzoites or bradyzoites, whether converted in vitro by overexpressing BFD1 15 or present in tissue cysts in mouse brain (Extended Data Fig. 2b,c). This protein, together with GRA11b, is localized in the vacuolar space and on PV membranes and has the typical characteristics of a dense granule protein; it is hereafter referred to as GRA80 (Fig. 1b). We were unable to produce IFA-compatible antibodies for TGME49_243940, but the epitope-tagged protein shows typical features of a dense granule protein (GRA81) that accumulates in the vacuolar space after MORC depletion 1 (Extended Data Fig. 2d). Another protein, GRA82 (TGME49_277230), co-occurs with GRA11b in in vivo schizonts specifically (Extended Data Fig 2e; 3d).

Using these new markers, we investigated which MORC/HDAC3-associated AP2 is responsible for repressing merozoite-specific gene expression in tachyzoites. In a CRISPR loss-of-function screen, only inactivation of AP2XI-2 or AP2XII-1 among the 14 MORC-associated AP2s resulted in a significant increase in the expression of GRA11b, GRA80, and GRA81-HA to varying degrees (Fig.

1c-e and Extended Data Fig 2f). This suggests a common or overlapping role of these two transcription factors. To examine the genetic relationship between AP2XI-2 and AP2XII-1, we knocked out both genes simultaneously and observed a synergistic increase in the expression of all three merozoite markers that exceeded threefold the levels observed in the individual knockouts (Fig. 1c-e). In contrast, MORC knockout only led to a low-level expression of GRA81-HA (Fig. 1e). AP2XI-2 and AP2XII-1 are essential for tachyzoite proliferation (Extended Data Fig 2a), hindering merogony study with knockouts. To investigate this further, we used the minimal auxin-inducible degron system (mAID, Supplementary Fig. 2a,b and Table 1) and transiently knocked down each AP2 factor individually or simultaneously (Extended Data Fig. 2g). Single knockdowns (KD) of AP2XI-2 and AP2XII-1 had limited effects on merozoite marker expression, as less than 25% of vacuoles were co-labelled with GRA11b and GRA80 (Extended Data Fig. 3b). However, simultaneous KD resulted in efficient merozoite differentiation with over 98% of vacuoles showing both markers after 48 hours (Extended Data Fig. 3a,b). In contrast, MORC-depleted vacuoles did not significantly display co-expression of GRA11b and GRA80 (Extended Data Fig. 3b). Additionally, KD of three other MORC-associated AP2 proteins (AP2VII-3a, AP2VIII-4, and AP2VIII-7) failed to induce merozoite marker expression (Extended Data Fig. 3c).

Interestingly, GRA82 showed delayed but significant co-expression with GRA11b in 98% of AP2XII-1/AP2XI-2-depleted vacuoles, 48 hours after IAA addition. This suggests a potential temporal regulation or association with a specific merozoite morphotype (Extended Data Fig. 3d,e). The in vitro pre-sexual parasite population that emerged following the acute depletion of AP2XI-2 and AP2XII-1 is homogeneous and does not express the typical markers of tachyzoites (e.g., GRA2, Extended Data Fig. 3f,g) and bradyzoites (e.g., BCLA 1 , BAG1 and DBA) (Extended Data Fig. 3h-j). In comparison, accumulation of Shield-protected BFD1 15 induced bradyzoite differentiation in over 95% of parasites (Extended Data Fig 3h-j), without the expression of merozoite markers (Extended Data Fig. 2b and3b).

In contrast to the AP2 double-KD, MORC-depleted parasites showed asynchronous development 1 with vacuoles expressing either bradyzoite (BCLA+) or merozoite (GRA81+) markers in a mutually exclusive manner (Extended Data Fig. 3k).

To gain a more complete understanding of in vitro merozoite differentiation beyond the limited perspective offered by GRA11b and GRA80 co-staining, we performed RNA sequencing (RNA-seq) on all knockdown strains to investigate genome-wide transcriptional changes resulting from individual or simultaneous depletion of AP2XI-2 and AP2XII-1. Analysing the RNA-seq data using DESeq2, we identified 490 differentially expressed transcripts (fold change threshold of ≥ 8 and P-value < 0.05), including 295 upregulated genes and 195 downregulated genes when both AP2XI-2 and AP2XII-1 were depleted (Fig. 1f and Supplementary Fig. 2c and Supplementary Table 2).

Hierarchical clustering analysis revealed that the co-depletion of AP2XI-2 and AP2XII-1 resulted in gene expression profiles reminiscent of those observed in vivo in entero-epithelial stages (EES) 12,13,16 .

Their acute degradation triggered the induction of per-gamete-specific genes at different developmental stages (clusters I and II), while concurrently repressing a subset of tachyzoite-specific genes (clusters III and IV) (Fig. 1f). These transcriptional changes mirror the gene expression profile observed in merozoites in the cat intestine 12,13 . Using principal component analysis (PCA), we observed consistent clustering of biological replicates within each treatment, indicating excellent reproducibility. In addition, the samples showed substantial clustering based on genetic background with significant separation between single-KD and double-KD samples (PC1 = 58%), suggesting synergistic regulation of gene expression by AP2XI-2 and AP2XII-1 in Toxoplasma (Extended Data Fig. 4a). DESeq2 analysis revealed that depletion of both AP2 factors was found to be necessary to upregulate 65% (194/295) of the identified genes (fold change ≥ 8; p-value < 0.05; Extended Data Fig. 4b). In contrast, single knockdowns of AP2XI-2 and AP2XII-1 resulted in expression of a lower proportion of genes, 9% and 13.5%, respectively (Extended Data Fig. 4b). This transcriptional trend also extends to tachyzoitespecific genes, whose repression is quantitatively more pronounced when AP2s are simultaneously depleted (Extended Data Fig. 4c).

Changes in mRNA levels in response to IAA treatment translated into changes in protein abundance.

PCA showed consistent clustering of biological replicates within each condition, indicating high reproducibility (Supplementary Fig. 3a). Proteomic analysis revealed robust changes in 18% of the parasite proteins (n=3,020 detected; Log2 FC ≥ 1; p-value of ≤ 0.01), with a highly polarized response to the merozoite stage. IAA-treated parasites displayed increased expression of 276 proteins associated with pre-gamete stages, while 285 tachyzoite proteins were suppressed (Supplementary Fig. 3b,c and Table 3). Overall, the RNA and protein expression patterns of in vitro merozoites mirrored those observed in their entero-epithelial counterparts 12,13 .

Simultaneous depletion of AP2XI-2 and AP2XII-1 induces transition from tachyzoite to merozoite phenotype.

The process of invasion of Toxoplasma tachyzoites has been thoroughly examined, revealing the cryptic functions of organelle-resident proteins 17 . Micronemes secrete adhesin proteins (MICs) for attachment, facilitating motility and invasion. Rhoptries release neck (RON) and bulb (ROP) proteins, interacting with MICs to breach the host cell membrane and form the parasitophorous vacuole. Dense granules (GRA) release proteins involved in intravacuolar function, such as the tubulovesicular network (TVN), and act as effectors at the parasitophorous vacuole membrane (PVM) and beyond, manipulating host signaling 18 . Most MIC, ROP, and GRA proteins secreted by tachyzoites and bradyzoites are absent in merozoites isolated from cats 12,13,19,20 . In vitro, we also observed substantial changes in the expression of many known MIC, ROP, and GRA proteins after the addition of IAA, providing evidence for a developmental switch (Supplementary Fig. 4a-d). Specifically, MIC complexes that play important roles in tachyzoites (e.g., MIC2 and AMA1) were repressed, whereas merozoite/bradyzoite-specific MICs (e.g., MIC17a, b, c and AMA2) were markedly induced. Notably, the re-assortment of organelleresident proteins appears to be highly specific, as MICs restricted to sporozoites (SporoAMA1) were not induced in response to IAA (Supplementary Table 2).

The combined depletion of AP2XI-2 and AP2XII-1 silenced 80% of the 143 rhoptry proteins described or predicted by hyperLOPIT to be tachyzoite-specific (Fig. 2b and Supplementary Fig. 4a). These include the components of the tachyzoite RON2,4,5,8 complex as well as ROP16, ROP18, and ROP5, which function as effectors to protect parasites from host cell-autonomous immune defenses 18 . The number of ROP reported to be exclusively specific to pre-gametes is rather limited (Fig. 2b). Among them, BRP1 stands out as the first protein described to be expressed in both merozoites and bradyzoites 21 (Fig. 2d and Supplementary Fig. 1e). ROP26 is also expressed in both in vitro merozoites and BFD1-expressing bradyzoites (Fig. 2b, d and Supplementary Fig. 1f-h). These proteins, present in both stages, may facilitate the transition process from bradyzoites to merozoites.

When we examined GRA mRNA and protein levels in response to IAA treatment, we observed extensive and comparable shutdown of the tachyzoite program and activation of the merozoite program (Fig. 2c and Supplementary Fig. 4b). Notably, the levels of TVN core proteins, including the GRA2 archetype, declined significantly in in vitro merozoites over time (Extended Data Fig. 3f,g). The MYRdependent effectors GRA16, GRA24, or TgIST also showed a comparable decrease (Fig. 2c). In striking contrast, confirmed pre-gametes GRA markers (e.g. GRA11b 14 , GRA80, GRA81 and GRA82) were induced in response to IAA (Fig. 2c, d and Extended Data Fig. 3a, b, d, e).

During the transition from tachyzoite to merozoite, surface proteins on the zoite also undergo significant restructuring, including the SAG-Related Surface (SRS) protein family 12,13 . Compared to tachyzoites, merozoites express a broader range of SRS (Extended Data Fig. 4d), e.g., SRS48 (Fig. 2d) and SRS59

(Supplementary Fig. 5a), which may contribute to gamete development and fertilization 12,13 . IAA treatment induces the expression of 90% of the known 88 SRS, effectively mimicking the phenotypic features of in vivo merozoites, while suppressing tachyzoite-specific SRS (Extended Data Fig. 4d). In addition, 29 of the 33 Family A members, representing the major membrane-associated merozoite proteins, are expressed in vitro during this transition to pre-gametes (Extended Data Fig. 4e).

In vitro produced merozoites are deficient in essential proteins necessary for tachyzoite functions, including motility, attachment, and invasion. As a result, these zoites displayed reduced infectivity in human fibroblasts, as indicated by a notable decrease in lytic plaques compared to untreated parasites (Supplementary Fig. 5b).

AP2XI-2/AP2XII-1-depleted parasites undergo several rounds of schizogonic replication to

produce in vitro merozoites.

In 1972, Dubey and Frenkel characterized pre-sexual stages at the cellular level and identified five morphological stages (A-E) that form sequentially during colonization of the cat intestinal epithelium prior to gamete formation 22 (Fig. 1a). These morphotypes can be differentiated based on their distinct subcellular structures and nuclear content 23 . Using transmission electron microscopy (TEM) and immunofluorescence, we tracked the development of these stages during in vitro merogony, including the dynamic behaviour of the inner membrane complex (IMC), a unique organelle essential for daughter cell formation during replication. During intestinal development in the cat, the functions of various IMC proteins diverge from their assigned roles in tachyzoites 23 . For example, at the later stages of schizogony, IMC1 and -3 staining revealed daughter IMC, whereas IMC7 staining was restricted to the periphery of the mother cell 23 . In agreement with these results, we have shown that IMC1 but also GAP45 are valuable markers for tracking merozoite division during their development in the intestinal mucosa of cats (Fig. 2e,f).

As a first step, 24h post-IAA addition, the nucleus of the mother cell undergoes multiple fissions while maintaining the nuclear envelope, leading to individualized nuclei (in even numbers, ranging from 4 up to 10) (Fig. 3a). Concomitantly, single organelles like the apicoplast and the Golgi apparatus expand and multiply to match the number of nuclei. Transversal cross-sections of the apicoplast (limited by four membranes) reveals its elongation and constriction, suggestive of replication by scission (Fig. 3b), which was also visualized by IFA with the ATrx1 antibody 24 (Extended Data Fig. 5a) and is in line with maternal inheritance of the apicoplast seen in meronts in the cat intestine 25 . Multiple Golgi complexes are formed at different sites of the nucleus, sometimes in opposing orientations, suggestive of de novo formation (Fig. 3c). How other organelles, such as secretory organelles, multiply in an unknown fashion.

At this stage, the multinucleated mother cell contains several sets of organelles randomly distributed throughout the cytoplasm. Despite the increase in size of the mother cell, the subpellicular IMC is still prominently present beneath the plasma membrane. The parasites exhibiting a characteristic ovoid shape with 4 and 8 nuclei are morphologically related to the cryptic and early meronts, namely B and C morphotypes 22 (Fig. 3d and Extended Data Fig. 5b).

As a second step, new flattened vesicles of the IMC emerge in the mother cytoplasm, and progressively elongate allowing the sub-compartmentalization of organelles destinated for each daughter cell (Fig. 3e). This process of internal budding of more than two daughter cells, referred here as endopolygeny 26,27,28,29,30 , differs from the tachyzoite division by endodyogeny in which the two daughter cells are generated symmetrically and in a synchronous manner in the mother cell (Fig. 3f).

Alongside the expansion of daughter buds, the mother IMC and conoid undergo partial disassembly.

Interestingly, rhoptries inside daughter cells are different in shape and electron-density from mother rhoptries dispersed in the cytoplasm, suggesting de novo biogenesis of rhoptries (Fig. 3g), which can also be traced with ROP26 (Fig. 3h). This finding aligns with the observation that the bulbous end of the rhoptry in in vivo meronts remains spherical, in contrast to tachyzoites and bradyzoites 31 .

In these multinucleated structures, daughter IMC could be identified with IMC1 staining, whereas GAP45 staining was restricted to the periphery of the mother cell (Fig. 3i, Extended Data Fig. 5c).

Daughter cells become polarized with the formation of a conoid and apical distribution of micronemes, rhoptries, the apicoplast, and the Golgi apparatus (Fig. 4a, Extended Data Fig. 5d). At this stage, it is evident that the maternal conoid coexists with the newly formed conoids of the progeny, as shown by the labelling of apically methylated proteins (Supplementary Fig. 5c). After final assembly, the daughter cells emerge separately, wrapped by the plasma membrane of the mother cell (cortical or peripheral budding) (Fig. 4b,c), forming fan-like structures as previously described in infected cat cells 26 .

Compared to tachyzoites, these newly formed parasites are thinner and do not form a rosette-like structure within the PV but instead are aligned, with their apex facing the PV membrane (Extended Data Fig. 5e,f); these features are reminiscent to those of type D-like merozoites arising in cat intestinal cells from meront entities at the onset of infection 28,29,30 . Interestingly, the PV membrane of merozoites also forms physical interactions with host ER and mitochondria, potentially for nutrient acquisition 32 (Extended Data Fig. 5e).

Fully developed merozoites produced in vitro recapitulate stage-specific morphology and subcellular organization.

Extending the IAA treatment for another 16 hours reveals the presence of very large meronts containing numerous daughter cells in formation (Fig. 4d,e). These schizonts are detected in the same PV together with fully formed in vitro merozoites (Fig. 4e), the latter being very similar to their counterpart in the cat intestine (Fig. 2e,f). Mature polyploid meronts can be visualized by IMC7 staining on their surface, whereas fully formed merozoites were completely negative for IMC7 (Fig. 3d, h, Extended Data Fig. 5b), a phenotype also been observed in pre-gametes developing in the cat gut 23 . Notably, new premerozoite or merozoite-specific markers such as ROP26 and GRA80, respectively, distinguish the two morphotypic populations. ROP26 marks zoites undergoing schizogonic replication, whereas GRA11b and GRA80 are expressed exclusively in mature in vitro merozoites (Fig. 3h, Extended Data Fig. 6a).

As merozoites undergo several cycles of endopolygeny, they acquire novel distinct morphological features compared to first-generation merozoites (24 hours post-IAA), likely type E 26 . Some in vitro merozoites appear sausage-shaped, with a diameter of 1.5-1.8 micron, packed in the PV without any spatial organization (Extended Data Fig. 6b,c). These forms contain similar organelles found in tachyzoites but surprisingly, they exhibit an extruded conoid (Extended Data Fig. 6d). Other PVs contain peripherally arranged parasites, leaving a large empty space (Extended Data Fig. 6e,f), reminiscent of schizont PVs formed in cat intestinal cells 26 . Interestingly, these parasites at the PV edge adopt two configurations: either they have a very large cell body (trapezoid) with a diameter up to 5 microns or a very thin and elongated shape (tubular), with a diameter of 200-250 nm (Extended Data Fig. 6g,h). These latter do not contain nuclei, but mitochondria profiles and ribosomes are observed.

Their origin and formation remain to be determined but their abundance in PVs likely suggest a physiological relevance in the Toxoplasma life cycle.

Morphotypes A-E are difficult to study in vivo because they vary in size and shape and develop asynchronously in different regions of the digestive tract 19,20,26,31,33 . Here, we were able to follow the initial steps of in vitro merogony using several stage-specific markers. Asynchronous nuclear division cycles were detected by DNA, histone, or centrosome staining (Supplementary Fig. 5d-g). At 12 hours post-IAA treatment, a significant proportion of the tachyzoite population transitioned into morphotype B (3-4 nuclei and ROP26+), reaching up to 75% (Fig. 4f). Within 24 hours, morphotypes C/D (8-32 nuclei and ROP26+) and mononuclear merozoites (GRA11b+ GRA80+) coexisted in culture (Fig. 4f).

After 48 hours, nearly 98% of the parasite population expressed merozoite markers (GRA11b+, GRA80+), whereas typical tachyzoite (GRA2) or bradyzoite (BAG1) markers were absent (Fig. 4f), aligning with our extensive transcriptome and proteome analyses.

AP2XI-2 and AP2XII-1 are able to form heterodimer and to interact with MORC and HDAC3.

AP2XI-2 and AP2XII-1 likely synergize to suppress gene expression in tachyzoites, but their modus operandi is still enigmatic. Both proteins were originally found in a MORC pulldown along with HDAC3 in tachyzoites 1 . We confirmed their strong and specific association with MORC/HDAC3 by reverse immunoprecipitation combined with MS-based quantitative proteomic and Western blot analyses using knock-in parasite lines expressing a FLAG tagged version of AP2XI-2 or AP2XII-1 (Fig. 5a,b). Each AP2 protein shows significant enrichment in the eluate of its corresponding counterpart (FC > 90; p-value < 1.5E-10), indicating their association within the same functional complex along with MORC and HDAC3 (Fig. 5a). Importantly, this interaction is specific and exclusive to these two AP2 proteins, as no such association was observed with other AP2 proteins, nor other chromatin modifiers (Supplementary Table 4). HDAC3 and MORC exhibited comparatively lower levels of enrichment (FC of 8 and 14, respectively, Fig. 5a), suggesting that AP2XI-2 or AP2XII-1 proteins independently form heterodimers in cellular contexts. To further test this hypothesis, we used baculoviruses to transiently co-express epitope-tagged AP2XI-2-Flag and (Strep)2-AP2XII-1 in insect cells, with AP2IX-6-Flag serving as an internal control (Fig. 5c). AP2XII-1 was purified by Strep-tactin affinity chromatography, and the partnership between AP2XII-1 and AP2XI-2 was confirmed through

Western blot analysis (Fig. 5d), while no co-enrichment was detected with AP2IX-6 (Fig. 5e).

Consistent with AP2XI-2 and AP2XII-1 being part of a heterodimer, these two proteins coelute in the same gel filtration fractions, in a MORC-and HDAC3-independent manner, as confirmed by MS-based proteomics (Fig. 5f, g and Supplementary Table 5). Many transcription factors, including Apicomplexan AP2 were reported to form homo-and heterodimers with different partners that modulate DNA binding specificity and affinity 34,35 . In this context, AP2XI-2 and AP2XII-1 likely bind cooperatively as a heterodimer to DNA to selectively and synergistically repress merozoite gene expression, and only their simultaneous depletion leads to achievement of the developmental program critical for merozoite formation.

AP2XI-2 and AP2XII-1 are co-enriched at merozoite genes where they recruit MORC/HDAC3 to reduce chromatin accessibility.

To further explore gene repression by AP2XI-2 and AP2XII-1, we used ChIP-seq (GSE222819) to analyse their genome-wide distribution during conditional single or double KD. Simultaneously, we examined recruitment of their partners MORC and HDAC3 to chromatin under KD conditions. In the AP2XII-1-specific cistrome, we identified genes from cluster 2 that are exclusively expressed in pregametes and have a discrete and highly enriched peak centred on their transcription start site (TSS) (Fig. 6a,b). Examining the co-occupancy in cluster 2, we observed a strong overlap between the binding sites of AP2XI-2 or AP2XII-1 cistromes in the untreated condition (Fig. 6c,d, Extended Data Fig. 7a) with approximately 30-50% of the peaks located at the promoter/TSS (Fig. 6e). Consistently, AP2XII-I and AP2XI-2 showed similar genome-wide occupancy when immunoprecipitated from single or double KD (Fig. 6b and Extended Data Fig. 7). HDAC3 and MORC are both enriched at AP2XII-I /AP2XI-2 peaks (Fig. 6c,d and Extended Data Fig. 7c,d). Addition of IAA triggers the acute release of AP2XI-2 and AP2XII-1 from chromatin and a concomitant reduction in HDAC3 and MORC occupancy at TSS at cluster 2 genes, which is more pronounced in the context of double KD (Fig. 6d and Extended Data Fig. 7a,e).

AP2XI-2 and AP2XII-1 are expected to alter chromatin compaction and accessibility, a function attributed to their partners MORC and HDAC3. To investigate this assumption, we performed ATACseq (GSE222832), a robust and streamlined method for profiling chromatin accessibility 36 . At the genome level, there is a slight decrease in average accessibility between untreated and treated conditions (Fig. 6f) with most of the peaks located at TSS (Extended Data Fig. 8a,b). However, when we plotted ATAC-seq data for the subset of down-and up-regulated genes (as defined in Fig. 1f), the changes in occupancy were more pronounced and coherent with expected increase or decrease in accessibility of induced or repressed clusters, respectively (Fig. 6g,h). At the gene level, dynamic release of AP2XI-2 and AP2XII-1 from DNA induced by IAA resulted in a substantial decrease in MORC/HDAC3 enrichment, which enhanced local chromatin hyper accessibility and led to a concomitant increase in target gene mRNA abundance, a pattern largely shared by representative merozoite genes (Fig. 6i;

Extended Data Fig. 8c-e).

We next examined how AP2XII-1 degradation influences AP2XI-2 binding genome-wide. Initially, depletion of AP2XII-1 did not affect the nuclear localization or signal intensity of AP2XI-2 (Extended Data Fig. 9a). Interestingly, AP2XI-2 did not dissociate from chromatin post AP2XII-1 degradation (Extended Data Fig. 9b), indicating its ability to form independent homodimers and repress merozoitespecific genes (Extended Data Fig. 9c,d). At the transcriptional level, the persistence of homodimers on chromatin explains the sustained repression of merozoite gene expression when a single AP2 is depleted, with peak expression reached only upon simultaneous knockdown (Fig. 1f, Extended Data Fig. 4c and9d).

Co-depletion of AP2XI-2 and AP2XII-1 induces a downstream network of secondary transcriptional regulators to guide merogony.

Some genes escaped direct regulation by AP2XI-2/AP2XII-1 because they expressed increased levels of RNA and had hyper accessible chromatin signatures after the addition of IAA but lacked the characteristic recruitment of MORC and HDAC3 to their promoters in the untreated state (e.g., PNP, Extended Data Fig. 9e). This indirect regulation is also typical of tachyzoite genes that are repressed when AP2XI-2 and AP2XII-1 are depleted. They show a strong decrease in ATAC-seq signals after addition of IAA, but no apparent binding of the repressive MORC complex to their TSS (Fig. 6i;

Extended Data Fig. 9f-g and Fig. 10a).

This suggests that AP2XI-2 and AP2XII-1 operate on gene expression through an indirect mechanism that is not reliant on their DNA-binding activities or their functional partners MORC and HDAC3. This transcriptional outcome may stem from secondary transcription factors that govern the establishment of specific predetermined transcriptional programs for distinct stages 1,4 (Supplementary Fig. 6).

Supporting this hypothesis, we observed that co-depletion of AP2XI-2 and AP2XII-1 leads to the activation of seven AP2 and one C2H2 zinc finger transcription factors, all of which are subject to control by MORC and HDAC3 (Extended Data Fig. 10b-d).

Discussion

Simultaneous knockdown of AP2XII-1 and AP2XI-2 efficiently triggers pre-sexual transcriptional program in Toxoplasma, outperforming other methods. This study advances our understanding of pre-gamete biology, illustrating endopolygeny with karyokinesis as the meronts' preferred division mode, like Cytoisospora suis but distinct from S. neurona 29,37 . All predefined morphotypes (A-E), including type E expected to evolve into gametes, were observed. However, fully matured microgametocytes and macrogametocytes were not found, possibly due to complex genetic requirements 38,39 or specialized metabolic conditions 40 .

Converging evidence supports that AP2XII-1/AP2XI-2 can form homodimers but also heterodimers to silence merozoite genes in tachyzoites by binding to their promoter and recruiting MORC/HDAC3

(Supplementary Fig. 6a,b). MORC in turn form dimers that topologically entrap DNA loops 41 , leading to chromatin condensation that limits DNA accessibility to TFs and suppresses gene expression 42 .

AP2XII-1/AP2XI-2 also controls the expression of secondary AP2s specific to pre-gamete in the tachyzoite (Supplementary Fig. 6c). Operating as downstream activators or repressors, these TFs have the potential to significantly influence developmental trajectories post-merogony, e.g. sex determination as shown for P. falciparum 38,39 . Fine-tuning their activity in mature in vitro-cultured merozoites holds promise for functional gamete production and in vitro fertilization 43 .

Methods

Parasites and human cell cultures. Human primary fibroblasts (HFFs, ATCC® CCL-171™) were cultured in Dulbecco's Modified Eagle Medium (DMEM) (Invitrogen) supplemented with 10% heatinactivated foetal bovine serum (FBS) (Invitrogen), 10 mM (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES) buffer pH 7.2, 2 mM L-glutamine and 50 μg/ml penicillin and streptomycin (Invitrogen). Cells were incubated at 37°C and 5% CO2. Toxoplasma strains used in this study and listed in Supplementary Table 1 were maintained in vitro by serial passage on monolayers of HFFs. Cultures were free of mycoplasma as determined by qualitative PCR. Auxin-induced degradation. Degradation of AP2XII-1-mAID-HA, AP2XI-2-mAID-HA, and AP2XII-1-mAID-HA/AP2XI-2-mAID-MYC was achieved with 3-indoleacetic acid (IAA, Sigma-Aldrich # 45533). A stock of 500 mM IAA dissolved in 100% EtOH at a ratio of 1:1,000 was used to degrade mAID-tagged proteins to a final concentration of 500 μM. The mock treatment consisted of an equivalent volume of 100% EtOH at a final concentration of 0.0789% (wt/vol). To monitor the degradation of mAID-tagged proteins, parasites grown in HFF monolayers were treated with auxin or ethanol alone for various time intervals at 37 C. After treatment, parasites were harvested and analysed by immunofluorescence or Western blotting.

Reagents

Immunofluorescence microscopy. Toxoplasma-infected HFF cells grown on coverslips were fixed in 3% formaldehyde for 20 minutes at room temperature, permeabilized with 0.1% (v/v) Triton X-100 for 15 minutes and blocked in phosphate buffered saline (PBS) containing 3% (w/v) BSA. Cells were then incubated with primary antibodies for 1 h, followed by the addition of secondary antibodies conjugated to Alexa Fluor 488 or 594 (Molecular Probes). Nuclei were stained with Hoechst 33258 (2 μg/ml in PBS) for 10 minutes at room temperature. After washing four times in PBS, coverslips were mounted on a glass slide with Mowiol mounting medium, and images were acquired with a fluorescence microscope ZEISS ApoTome.2 and processed with ZEN software (Carl Zeiss, Inc.).

For IFA of in vivo cat stages, small intestines of infected kittens from a previous study 16 embedded in paraffin were sectioned to 3 μm and dried over night at 37 °C. Deparaffinization was performed first 3 times for 2 min in xylene, washed twice for 1 min in 100% ethanol and finally rehydrated sequentially 1 min in 96% ethanol, then 70% ethanol and water. For antigen retrieval, samples were boiled in a pressure cooker for 20 min in citrate buffer pH 6.1 (Dako Target Retrieval Solution, S2369) and transferred to water. Cells were permeabilized in 0.3%Triton X-100/PBS and blocked with FCS.

Staining was performed over night at 4 °C using following combinations: mouse anti-GRA11b 14 with either rabbit anti-GRA80, anti-IMC1 or anti-GAP45 (the two latter gifts from Pr. Dominique Soldati)

or rabbit anti-GRA80 with rat immune serum recognizing merozoite proteins in 20% FCS/0.3%

TritonX-100/PBS. The samples were then washed and incubated with 1 μg/ml DAPI/20% FCS/0.3%

TritonX-100/PBS and appropriate combinations of anti-rabbit Alexa Fluor 488, 555 or 594 (Invitrogen, A11070, A32794 or A11072) with anti-mouse Alexa Fluor 488, 594 or 647 (Invitrogen, A11017, A11005 or A21235) or anti-rat Alexa Fluor 488 (Invitrogen, A11006) with anti-rabbit Alexa Fluor 594 (Invitrogen, A11072) for 1 h at room temperature. After three washes, samples were mounted with Ve ctashield and imaged either with a Leica DMI 6000 B epi-fluorescent microscope or a Leica SP8 confocal microscope. Confocal images were deconvoluted using SVI Huygens Professional. Maximum intensity projections were performed using FIJI 2.9.1.

Transmission electron microscopy.

For ultrastructural observations, Toxoplasma-infected HFF grown as monolayers on a 6-well dish were exposed to 500 µM IAA or ethanol solvent as described above before fixation 24 h or 40 h post-infection in 2.5% glutaraldehyde in 0.1 mM sodium cacodylate (pH7.4)

and processed as described previously 44 . Ultrathin sections of infected cells were stained with osmium tetraoxide before examination with Hitachi 7600 EM under 80 kV equipped with a dual AMT CCD camera system.

Western blot. Immunoblot analysis of protein was performed as described in Swale et al. (2022) 45 .

Briefly, ~10 7 cells were lysed and sonicated in 50 μL lysis buffer (10 mM Tris-HCl, pH6.8, 0.5% SDS [v/v], 10% glycerol [v/v], 1 mM EDTA, and protease inhibitor cocktail). Proteins were separated using SDS-PAGE, transferred by liquid transfer to a polyvinylidene fluoride membrane (Immobilon-P; EMD Millipore), and Western blots probed with the appropriate primary antibodies and alkaline phosphataseor horseradish peroxidase-conjugated secondary goat antibodies. Signals were detected using NBT-BCIP (Amresco) or an enhanced chemiluminescence system (Thermo Scientific).

Plasmid construction. The plasmids and primers used in this work for the gene of interest (GOI) are listed in Supplementary Table 1. To construct the vector pLIC-GOI -HAFlag and pLIC-GOI -mAID-HA or pLIC-GOI -mAID-(MYC)2, the coding sequence of GOI was amplified with primers LIC-GOI -Fwd and LIC-GOI -Rev using genomic Toxoplasma DNA as template. The resulting PCR product was cloned into the vectors pLIC-HF -dhfr or pLIC-mCherry-dhfr using the ligation-independent cloning (LIC) method. Specific gRNA for GOI, based on the CRISPR/cas9 editing method, was cloned into plasmid pTOXO_Cas9-CRISPR 1 . Twenty mers oligonucleotides corresponding to specific GOI were cloned using the Golden Gate strategy. Briefly, the primers GOI -gRNA-Fwd and GOI -gRNA-Rev containing the sgRNA targeting the genomic sequence GOI were phosphorylated, annealed, and ligated into the pTOXO_Cas9-CRISPR plasmid linearized with BsaI, resulting in pTOXO_Cas9-CRISPR::sgGOI. EDTA, 1 mM DTT, 0.5% NP-40, and protease inhibitors). Bound polypeptides were eluted stepwise with 250 g/ml FLAG peptide (Sigma Aldrich) diluted in BC100 buffer. For size-exclusion chromatography, protein eluates were loaded onto a Superose 6 HR 10/30 column equilibrated with BC500. The flow rate was set at 0.35 ml/min, and 0.5-ml fractions were collected.

Toxoplasma

MS-based quantitative analyses of parasite proteomes and AP2 interactomes.

Sample preparation

For proteome-wide analyses, HFF cells were grown to confluence, infected with RH AP2XII-1 KD / AP2XI-2 KD strain and treated with IAA for 24h, 32h and 48h or mock-treated. Proteins were extracted using the Cell lysis buffer (Invitrogen). Three biological replicates were prepared and analyzed for each condition. For characterization of HAFlag-tagged AP2XII-1 or AP2XI-2 interactomes, eluted proteins were solubilized in Laemmli buffer. Three biological replicates were prepared for each bait protein and for the negative control. Proteins were stacked in the top of a 4-12% NuPAGE gel (Invitrogen) and stained with Coomassie blue R-250 (Bio-Rad). before in-gel digestion using modified trypsin (Promega, sequencing grade) as previously described 1 .

Nanoliquid chromatography coupled to tandem MS analyses.

The resulting peptides were analyzed by online nanoliquid chromatography coupled to MS/MS (Ultimate 3000 RSLCnano and Q-Exactive HF, Thermo Fisher Scientific) using a 360-min gradient for For interactome analysis, only proteins identified by MS/MS in the three replicates of one condition and proteins quantified with a minimum of five peptides were conserved. After log2 transformation, abundance values were normalized by condition-wise median centering, before missing value imputation (SLSA algorithm for partially observed values in the condition and DetQuantile algorithm for totally absent values in the condition). Statistical testing was conducted with limma, whereby differentially expressed proteins were selected using a p-value cut-off of 0.01 and fold change cut-offs of 5 and 3 respectively for comparison of each AP2 interactome with negative control and AP2 interactomes together, allowing to reach a false discovery rate inferior to 1% according to the Benjamini-Hochberg estimator. The relative abundances of AP2 associated proteins were determined using the intensity-based absolute quantification (iBAQ) metrics; only proteins with an iBAQ ratio of at least 0.1 in relation to the bait protein were considered.

MS-based proteomic analyses of SEC fractions.

Protein bands were excised from colloidal blue stained gels (Thermo Fisher Scientific) before in-gel digestion using modified trypsin (Promega, sequencing grade) as previously described 1 . Resulting peptides were analyzed by online nanoliquid chromatography coupled to MS/MS (UltiMate 3000

RSLCnano and Orbitrap Exploris 480, Thermo Scientific). Peptides were sampled on a 300 µm x 5 mm

PepMap C18 precolumn and separated on a 75 µm x 250 mm C18 column (Aurora Generation 2, 1.6 µm, IonOpticks) using a 25-min gradient. MS and MS/MS data were acquired using Xcalibur version 4.0 (Thermo Scientific). Peptides and proteins were identified using Mascot (version 2.8.0) through concomitant searches against the Toxoplasma gondii database (ME49 taxonomy, version 58 downloaded from ToxoDB), the Uniprot database (Trichoplusia ni taxonomy), and a homemade database containing the sequences of classical contaminant proteins found in proteomic analyses (human keratins, trypsin...). Trypsin/P was chosen as the enzyme and two missed cleavages were allowed. Precursor and fragment mass error tolerances were set at respectively at 10 and 20 ppm.

Peptide modifications allowed during the search were: Carbamidomethyl (C, fixed), Acetyl (Protein Nterm, variable) and Oxidation (M, variable). The Proline software (version 2.2.0) was used for the compilation, grouping, and filtering of the results (conservation of rank 1 peptides, peptide length ≥ 6 amino acids, false discovery rate of peptide-spectrum-match identifications < 1%, and minimum of one specific peptide per identified protein group). iBAQ values were calculated for each protein group in Proline using MS1 intensities of specific and razor peptides.

Chromatin immunoprecipitation coupled with illumina sequencing.

Chromatin immunoprecipitation. HFF cells were grown to confluence and infected with KD strains as indicated in the figure legends. Harvested intracellular parasites were cross-linked with formaldehyde (final concentration 1%) for 8 min at room temperature, and cross-linking was stopped by addition of glycine (final concentration 0.125 M) for 5 minutes at room temperature. The parasites were lysed in ice-cold lysis buffer A (50 mM HEPES KOH pH7.5, 140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% NP-40, 0.125% Triton X-100, protease inhibitor cocktail) and after centrifugation, cross-linked chromatin was sheared in buffer B (1 mM EDTA pH 8.0, 0.5 mM EGTA pH 8.0, 10 mM Tris pH 8.0, protease inhibitor cocktail) by sonication with a Diagenode Biorupter. Samples were sonicated for 16 cycles (30 seconds ON and 30 seconds OFF) to achieve an average size of 200-500 base pairs. Sheared chromatin, 5% BSA, a protease inhibitor cocktail, 10% Triton X-100, 10% deoxycholate, magnetic beads coated with DiaMag protein A (Diagenode), and antibodies against epitope tags (HA or MYC)

or the protein of interest (MORC or HDAC3) were used for immunoprecipitation. A rabbit IgG antiserum served as a control mock. After overnight incubation at 4°C on a rotating wheel, chromatinantibody complexes were washed and eluted from the beads using the iDeal ChIP-seq kit for transcription factors (Diagenode) according to the manufacturer's protocol. Samples were decrosslinked by heating for 4 hours at 65 °C. DNA was purified using the IPure kit (Diagenode) and quantified using Qubit Assays (Thermo Fisher Scientific) according to the manufacturer's protocol. For ChIP-seq, the purified DNA was used for library preparation and subsequently sequenced by Arraystar Co (USA).

Library Preparation, Sequencing and Data analysis (Arraystar). ChIP sequencing libraries were prepared according to the Illumina protocol Preparing Samples for ChIP Sequencing of DNA. Library preparation: 10 ng of DNA from each sample was converted to blunt-end phosphorylated DNA fragments using T4 DNA polymerase, Klenow polymerase, and T4 polymerase (NEB); an 'A' base was added to the 3' end of the blunt-end phosphorylated DNA fragments using the polymerase activity of Klenow (Exo-Minus) polymerase (NEB); Illumina genomic adapters were ligated to the A-tailed DNA fragments; PCR amplification to enrich the ligated fragments was performed using Phusion High Fidelity PCR Master Mix with HF Buffer (Finnzymes Oy). The enriched product of ~200-700 bp was excised from the gel and purified. Sequencing: the library was denatured with 0.1 M NaOH to generate single-stranded DNA molecules and loaded into flow cell channels at a concentration of 8 pM and amplified in situ using TruSeq Rapid SR cluster kit (# GD -402-4001, Illumina). Sequencing was performed at 100 cycles on the Illumina HiSeq 4000 according to the manufacturer's instructions. Data Analysis. After the sequencing platform generated the sequencing images, the stages of image analysis and base calling were performed using Off-Line Basecaller software (OLB V1.8). After passing Solexa CHASTITY quality filter, the clean reads were aligned to T. gondii reference genome (TGME49) using BOWTIE V2 then converted and sorted using Bamtools. Aligned reads were used for peak calling of the ChIP enriched peaks using MACS V2.2 with a cutoff p-value of 10 -4 . Data visualization: For IGB visualization and gene centered analysis using Deeptools, MACS2 generated bedgraph files were processed with the following command: "sort -k1,1 -k2,2n 5_treat_pileup.bdg > 5_treat_pileup-sorted.bdg" then converted using the BedGraphToBigWig program (ENCODE project).

The Deeptools analysis were generated using "computeMatrix reference point" with the following parameters (--minThreshold 2, --binSize 10 and -averageTypeBins sum). Plotprofile or heatmap was then used with a k-mean clustering when applicable. Inter sample comparisons were obtained using the nf-core chip-seq workflow with standard parameters 46 . From this pipeline, HOMER (annotatePeaks)

was used to analyse peak distribution relative to gene features. All these raw and processed files can be found at Series GSE222819.

RNA-seq and sequence alignment. Total RNAs were extracted and purified using TRIzol (Invitrogen, Carlsbad, CA, USA) and RNeasy Plus Mini Kit (Qiagen). RNA quantity and quality were measured by NanoDrop 2000 (Thermo Scientific). For each condition, RNAs were prepared from three biological replicates. RNA integrity was assessed by standard non-denaturing 1.2% TBE agarose gel electrophoresis. RNA sequencing was performed following standard Illumina protocols, by Novogene (Cambridge, United Kingdom). Briefly, RNA quantity, integrity, and purity were determined using the Agilent 5400 Fragment Analyzer System (Agilent Technologies, Palo Alto, California, USA). The RQN ranged from 7.8 to 10 for all samples, which was considered sufficient. Messenger RNAs (mRNA) were purified from total RNA using poly-T oligo-attached magnetic beads. After fragmentation, the first strand cDNA was synthesized using random hexamer primers. Then the second strand cDNA was synthesized using dUTP, instead of dTTP. The directional library was ready after end repair, A-tailing, adapter ligation, size selection, USER enzyme digestion, amplification, and purification. The library was checked with Qubit and real-time PCR for quantification and bioanalyzer for size distribution detection. Quantified libraries will be pooled and sequenced on Illumina platforms, according to effective library concentration and data amount. The samples were sequenced on the Illumina NovaSeq platform (2 x 150 bp, strand-specific sequencing) and generated ~40 million paired-end reads for each sample. The quality of the raw sequencing reads was assessed using FastQC (www.bioinformatics.

babraham.ac.uk/projects/fastqc/) and MultiQC. For the expression data quantification and normalization, the FASTQ reads were aligned to the ToxoDB-49 build of the T. gondii ME49 genome using Subread version 2.0.1 with the following options 'subread-align -d 50 -D 600 --sortReadsByCoordinates'. Read counts for each gene were calculated using featureCounts from the Subread package. Differential expression analysis was conducted using DESeq2 and default settings within the iDEP.96 web interface 47 . Transcripts were quantified and normalized using TPMCalculator.

The Illumina RNA-seq dataset generated during this study is available at the National Center for Biotechnology Information (NCBI): BioProject # PRJNA921935.

Nanopore Direct RNA Sequencing (DRS). The mRNA library preparation followed the SQK-RNA002 kit (Oxford Nanopore)-recommended protocol, the only modification was the input mRNA quantity increased from 500 to 1000 ng, and all other consumables and parameters were standard. Final yields were evaluated using the Qubit HS dsDNA kit (Thermo Fisher Scientific, Q32851) with minimum RNA preps reaching at least 200 ng. For all conditions, sequencing was performed on FLO-MIN106 flow cells either using a MinION MK1C or MinION sequencer. All datasets were subsequently basecalled (high accuracy basecalling) with a Guppy version higher than 5.0.1 with a Q score cutoff of >7. Long read alignment was performed by Minimap2 as previously described 48 . Sam files were converted to bam and sorted using Samtools 1.4. Alignments were converted and sorted using Samtools 1.4.1. For the three described samples, Toxoplasma aligned reads range between 600,000 and 800,000.

The Nanopore DRS dataset is available at the National Center for Biotechnology Information (NCBI):

BioProject # PRJNA921935.

Assay for Transposase-Accessible Chromatin with high-throughput sequencing (ATAC-seq).

Intracellular tachyzoites (non-treated or IAA treated for 24h) were prepared using HFF cells monolayers in a T175 format, which was freshly scrapped, gently homogenised by pipetting and centrifuged at 500*g. Prior to initiating the transposition protocol, the pellet was gently washed with warm DPBS (Life technologies) and resuspended in 500 μL of cold PBS + protease inhibitor (Diagenode kit). Nuclei preparation, permeabilization, Tn5 transposition and library preparation was prepared following precisely the Diagenode ATAC-SEQ kit protocol (C01080002). Nuclei permeabilization was performed on an estimated 100,000 tachyzoites by diluting 10 μl of DPBS cell suspension (from one T175 resuspended in 500 μl) in 240 of DPSB + protease inhibitor (1/25 dilution). From this dilution, 50 μl were then taken to perform the transposition reaction. Of note, the permeabilization protocol used a 3 min 0,02% digitonin (Promega) exposure. Following the Tn5 reaction, libraries were amplified using the Diagenode 24 UDI kit 1 (ref 01011034) following standard protocol procedures. Libraries were multiplexed and sequenced on a single Novaseq6000 lane by Fasteris (Genesupport SA) using 2*50 cycles, generating on average 27 million reads. Following the demultiplexing of raw reads by bcl2fastq V3, trimming, quality control, alignment to the ME49 reference genome (using bwa2) and duplicate read merging (using Picard) was performed by the nf-core ATAQ-SEQ pipeline 46 . Data visualization:

For IGB visualization and gene centered analysis using Deeptools, Picard merged bam files were converted to bigWig file format using a bin size of 5 by bamCoverage (Deeptools). The Deeptools analysis were then generated using "computeMatrix reference point" with the following parameters (--minThreshold 2, --binSize 10 and -averageTypeBins sum). Quantitative analysis of UT vs IAA 24h conditions was performed by nf-core through a broad peak calling/annotation (MACS2) followed by HOMER (annotatePeaks) to analyse peak distribution relative to gene features. Reads were counted on annotated peaks by featureCounts, and counts were processed by DeSeq2 to generate global statistical analysis of peak intensities in between conditions using biological duplicates. All these raw and processed files can be found at Series GSE222832.

Gene synthesis for recombinant co-expression of TgAP2XI-2 and TgAp2XII-I.

Gene synthesis for all insect cell codon-optimized constructs was provided by GenScript. Millipore, 70746). Lysis was performed on ice by sonication for 3 min (30-s on/ 30-s off, 45° amplitude). After the lysis step, 10% of glycerol was added. Clarification was then performed by centrifugation for 1 hour at 16,000g and 4°C and vacuum filtration using 45um nylon filter systems (SteriFlip -Merck Millipore). Prior to purification, tetrameric avidin (Biolock -IBA lifescience) was added to the clarified lysate (1/1000 v/v) which was then batch incubated for 20 min with 3 ml of Strep-Tactin XT (IBA lifescience). Following the incubation, the resin was retained on a glass column and washed 3 times using 6 ml of lysis buffer (W1), 6 ml of lysis buffer with NaCl content at 1M (W2) and 6 ml of lysis buffer (W3). The elution was then performed using 1X BXT buffer (IBA lifescience) which contains 50 mM biotin, 100 mM Tris pH 8and 150 mM NaCl. This initial 1X solution was further supplemented with 300 mM NaCl, 2 mM BME and 10 % glycerol. Following Strep-Tactin XT elution, the sample was concentrated to 500 μl using a 100 kDa concentrator (Amicon Ultra 4 -Merck Millipore)

injected on an ÄKTA pure FPLC using a Superose 6 increase column 10/300 GL (Cytiva) running in 50 mM Tris pH 8, 400 mM NaCl, 1 mM BME.

Mouse infection and experimental survey. Six-week-old NMRI, CD1 or Balb/C mice were obtained from Janvier Laboratories (Le Genest-Saint-Isle, France). Female mice were used for all studies. For intraperitoneal (i.p.) infection; tachyzoites were grown in vitro and extracted from host cells by passage through a 27-gauge needle, washed three times in phosphate-buffered saline (PBS), and quantified with a hemocytometer. Parasites were diluted in Hank's Balanced Salt Solution (Life), and mice were inoculated by the i.p. route with tachyzoites of each strain (in 200 μl volume) using a 28-gauge needle.

Animal euthanasia was completed in an approved CO2 chamber. For immunolabeling on histological sections of the brains, the brains were removed from mice, entirely embedded in a paraffin wax block and cut in 5-μm-thick layers using microtome. uploaded to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifiers PXD039400 and PXD042658 for respectively the proteome-wide and interactome analyses.

Processed proteomics data is available in Supplementary Table 3. tachyzoites, sporozoites, and cysts, as documented in prior studies 12,13,16 . We also examined these patterns in the context of in vitro MORC KD and HDAC3 inhibition (FR235222-treated PruKU80) 1 .

The abundance of each transcript is expressed as log2 fold change from the log transformed mean TPM values of the biological triplicates. Up-regulation and down-regulation are indicated by magenta and green, respectively. 5). Significant genes (FC > 8) were identified using DESeq2 with an independent-hypothesis-weighted approach and Benjamini-Hochberg false discovery rate (FDR) < 0.1. c, M-pileup representation of aligned Nanopore DRS reads at genes differentially expressed following IAA-induced knockdown of AP2XII-1 and AP2XI-2 individually or in combination. d-e, Heat map showing hierarchical clustering analysis of selected SRS (d) and Family A (e) mRNA transcripts and their corresponding proteomic enrichments, which were significantly upregulated (Log2 FC > 2; P-value < 0.01) or downregulated (Log2 FC < -1; P-value < 0.01) following the simultaneous depletion of AP2XII-1 and AP2XI-2. The abundance of these transcripts is presented across different in vivo stages -merozoites, EES1-EES5 stages, tachyzoites, sporozoites, and cysts, as documented in prior studies 12,13,16 . Analysis parameters are those of Fig. 1f. 

Preamble

As before described, Toxoplasmosis is a life-threatening zoonotic disease responsible of important economic losses worldwide, mainly, due to Toxoplasma gondii astonishing transmissibility amongst distinct hosts.

Therefore, development of transmission-blocking strategies requires a profound knowledge of its life cycleparticularly concerning its sexual reproduction. Nevertheless, Toxoplasma gondii sexual stages natural restriction to the felines intestines and the technical obstacles linked to their in vitro culture have importantly hampered studies on the field. Obtention of Toxoplasma sexual stages in vitro can putatively be achieved through two strategies: either attempting to reproduce the felines physiological environment (e.g., developing organoids with linoleic acid-derived treatments) or by (epi)genetically tuning the parasite developmental regulators (e.g., by knocking down or overexpressing transcriptional regulators as MORC).

MORC was described as the master regulator of Toxoplasma sexual commitment and differentiation, and its role is likely dependent on the combined interaction with Apetala-like transcription factors. The goal of our study was to describe the contribution of ApiAP2 to MORC/HDAC3 -mediated regulation of Toxoplasma gondii sexual reproduction. For doing so, we focused on the first steps of sexual reproduction, i.e., sexual commitment and merozoites differentiation, which led to our research question: What is the function of AP2XI-2 and AP2XII-1 in T. gondii sexual commitment?

Here, we shed light on Toxoplasma gondii sexual commitment and merozoite/pre-gametes development by characterising two primary AP2s, i.e., AP2XI-2 and AP2XII-1 and by providing compelling evidence that these two are repressors of merogony -a developmental step preceding gametogenesis. We show that, depleting both AP2XI-2 and AP2XII-1, lead to a marked switch in the parasite developmental program, from tachyzoites to fully differentiated merozoites. Our findings allowed, for the first-time a thorough characterisation of in vitro differentiated merozoites thus opening doors to future research on Toxoplasma sexual development. Furthermore, we found that in tachyzoites, these two AP2s recruit MORC and HDAC3 to the chromatin to restrict the accessibility of merozoite genes to the transcriptional machinery, thereby repressing them. Their mutual depletion triggers the loss of MORC/HDAC3 from their loci and subsequently local hyperacetylation and increased gene accessibility.

Here I will discuss the obtained results according to the order in which they were presented in the Results section, i.e.: the role of AP2XI-2 and AP2XII-1 in repressing Toxoplasma merogony (Preliminary studies pg. 171); the thorough description of AP2XI-2/AP2XII-1 depleted and in vitro converted merozoites (pg. 184); and finally, the contribution of MORC/HDAC3 to regulation of merogony (pg. 192).

AP2XI-2 and AP2XII-1 silence genes are necessary for merozoites.

AP2XI-2 and AP2XII-2 are two fitness-conferring primary AP2 expressed in the tachyzoite stage. As they are essential for tachyzoite proliferation, functional characterisation through a knock-out based loss-offunction approach would not be possible. Therefore, we used the minimal-inducible degron system to conditionally knock down AP2XI-2 and AP2XII-2, individually and simultaneously. We generated stable parasite lineages in which of each of these two AP2 was endogenously tagged with an epitope and/or with the mAID motif, allowing further corresponding protein reliable detection and degradation, respectively. Despite a slight side-effect leakiness, this system has been widely used across the field as shown its reliability multiple times.

Similarly, to the AP2 knockout, simultaneous depletion of both AP2s proteins was accompanied by a stronger induction of merozoite markers (> 98% of vacuoles with both markers after 48 hours) when compared to individual AP2 depletion (< 25% of vacuoles co-labelled by GRA11b and GRA80). Together, these first results indicated that our candidates AP2 would play a role in regulating the expression of merozoite-specific genes. In tachyzoites or bradyzoites, the genes involved in the parasite sexual reproduction-including merozoite-specific genes-are repressed and some are even embedded under a poised chromatin state, as discussed later 147 . As each developmental stage displays different features, sexual commitment requires the repression of asexual-stage specific genes and the further upregulation of sexual-stage-specific genes. We next characterised the role of both AP2s in gene expression by performing RNA sequencing in presence (UT) or absence of AP2XI-2 and AP2XII-1 (IAA), individually or simultaneously.

Consistent with a synergic role, depletion of both AP2XI-2 and AP2XII-1 resulted in higher genome-wide transcriptional changes when compared to each AP2 depleted individually. Simultaneous depletion of AP2XI-2 and AP2XII-1 led to 490 transcripts being significantly differentially expressed. Amongst these, 295 genes were upregulated and 195 were downregulated. Hierarchical clustering of these results and Principal Component Analysis revealed that upregulated genes correspond to pre-gamete-specific genes (cluster 2) while the downregulated ones, belong to a subset of tachyzoite-specific genes. Interestingly, this gene expression profile is reminiscent of that observed in vivo in entero-epithelial stages (EES), and thereby mirrors the gene expression profiles of merozoites in the cat intestine.

Importantly, Ramakrishnan et al., reported greatest stage-specific differences between tachyzoites and EES, and between EES5 and all other EES stages. In this respect, EES5 stages are enriched in differentially regulated genes during gametogenesis 211 . Therefore, in this study, the term "pre-gamete specific genes" group both merozoite-specific and EES1-4-specific genes.

AP2XII-2 and AP2XI-2 single knock downs sufficiently induce a few proportions of genes (101 genes).

As these latter can be repressed by one or another AP2, this indicates a redundancy in AP2XI-2 and AP2XII-1 function for this specific subset. Interestingly, AP2XI-2 do not seem to regulate an exclusive subset of genes as is the case of AP2XII-1 that separately targets genes 14 genes. On the other hand, the simultaneous depletion of AP2XI-2 and AP2XII-1 is necessary to upregulate 194 genes. Therefore, our results also argue in favour of a synergistic co-regulation concerning a bigger set of genes.

Is noteworthy, that gene expression may be regulated at (post-)transcriptional and (post)translational levels. In other terms, changes in the gene transcripts do not necessarily correspond to changes in protein levels. Therefore, we investigated whether the changes observed upon AP2XI-2 and/or AP2XII-1 depletion were reflected translationally. Our proteomic analysis demonstrated that 276 and 285 proteins where respectively, up and downregulated upon depletion of both AP2s. Similar to the transcripts, most of the upregulated proteins corresponded to merozoites (30%) and EES (40%) stages, whereas 90% of the downregulated proteins corresponded to the tachyzoite stage.

As before introduced, Toxoplasma gondii displays a heteroxenous life cycle, marked by the alternation between distinct stages in different hosts. Upon changes in the surrounding conditions, the parasite converts to a "better-adapted" stage, which is commonly characterised by a repertoire of genes allowing parasite survival and persistence in a specific environment. We examined the potential implication of the differentially regulated genes/proteins by AP2XI-2 and AP2XII-1 in parasite survival, persistence and transmission. As little is known about the function of most of the induced pre-gamete-specific genes, we focused on the tachyzoite-specific downregulated genes/proteins. We found that the downregulated genes included very well-described tachyzoite dense granules, rhoptries, micronemes and SRS proteins. These have been previously reported to play indispensable roles in the host-parasite interaction being linked for example to adhesion/invasion and immunity evasion 27 . Consistently, AP2XI-2 and AP2XII-1 -depleted parasites did not proliferate in human fibroblasts and displayed invasive defects despite increased attachment (unpublished data). The decrease in the tachyzoite-specific genes, as observed for example AMA1 and MIC2 could lead to a dysfunction in the establishment of the moving junction (MJ) complex and thus explain the parasites loss of invasiveness / proliferation [212][213] . In Eimeria merozoites, RON4/AMA1 complex is particularly involved in MJ formation and MICs, ROPs and proteinases contribute to the process 212 . In Eimeria sporozoites, on the other hand, the MJ formation relies on AMA2/RON5. Eimeria AMA1 display great homology with those of Toxoplasma, Neospora and to a lesser extent Plasmodium and Babesia, possibly reflecting a phylogenetic similarity amongst Apicomplexans 212 . RON5 for instance, is conserved in Plasmodium sporozoites 214 and its expression in Toxoplasma is restricted to the tachyzoite and cyst.

immune evasion and dissemination prior to conversion to tachyzoites. Nevertheless, type III parasites are characterised by notable avirulence and merozoites are unlikely to use the trojan-like-mechanism to disseminate throughout the feline organism. Therefore, the reasons behind the differential expression of ROP38 among Toxoplasma strains and developmental stages is unclear. One could wonder why is this protein expressed in merozoites if it would trigger host pro-inflammatory responses and while participating in immune evasion, given that chronic cases of toxoplasmosis is rare in felines? Perhaps, ROP38 would exhibit additional or distinct roles depending on the parasite strain and stage. Consistently, TgROP38 was also described as affecting parasite invasion, proliferation and egress in type I strains 216 -a phenotype that we also observed in our AP2XI-2 and AP2XII-1 depleted parasites. Surprisingly however, it seems that ROP38 exhibits 13 paralogs (ToxoDB) thus making it impossible to discriminate their expression across Toxoplasma developmental stages and strains. This differential expression of rhoptries across strains and stages is not a new concept though, as it was already observed for ROP16 and ROP18. For example, ROP16 allele present in Type I and type III strains is highly active whereas the one in type II strains is lesser. Moreover, ROP16 activity differ in many different strains isolated from nature [223][224][225] , resulting in a type-specificity and profound difference in the degree of inflammation 28 . Similarly, ROP18 is a key locus for virulence differences between types I, II and III as its different gene alleles are correlated with virulence 28,[226][227][228] .Therefore, it is possible that amongst the upregulated ROPs, some may be behind the differential stage conversion rates across Toxoplasma gondii strains. Moreover, these upregulated ROPs may explain the preference of merozoites for enterocytes.

ROP21 is another protein upregulated in our AP2XI-2 and AP2XII-1 depleted parasites. This protein was suggested to be secreted into host cytoplasm by Peixoto et al., 2010, but according to G. Jones et al, 2016, it localised exclusively to the PV matrix. It was described together with ROP27 as participating in regulation of cyst burden during chronic toxoplasmosis 229 . ROP21 has been suggested to inhibit the host cell's ability to produce specific pro-inflammatory cytokines, thus allowing host immune response evasion and establishment of chronic infection. However, our reference data indicates that its expression profiles correspond rather to merozoites and entero-epithelial stages and that ROP21 is not expressed in cysts. The contradictory observations concerning this protein may be due to experimental differences or, similarly to ROP38, different expression profiles across strains and stages, plus the potential existence of paralogs. Of note, the number of reported ROPs exclusive to pre-gametes is rather limited. Among them, some as BRP1 or ROP26 may be expressed in both merozoite and bradyzoites stages 230 and may aid in the transition process from bradyzoites to merozoites. It could be the case of both ROP26L1 and ROP26L4 whose expression seem to be restricted to cyst stages but are upregulated in our AP2XI-2 and AP2XII-1 depleted parasites. immunogenic during infection (as SRS29C and SRS34A) 27 . Contrarily to other Apicomplexan, Eimeria differ in proteins involved in invasion probably because of differences in target host cell receptors and the parasite migration abilities 212 . Similarly, the upregulated SRS upon AP2XI-2 and AP2XII-1 codepletion, could contribute to the fiercely and locally invasion of enterocytes by merozoites that, unlike sporozoites or tachyzoites, do not display considerable motility. Consistently, SRS superfamily is hypothesized to function as quasi-redundant receptors for facilitating Toxoplasma gondii entry into its broad spectrum of host cells. Despite merozoites only infecting feline enterocytes, they seem to exhibit a wider repertoire of SRS than tachyzoites. These could in fact, compensate the low-abundance of merozoite-specific and the repression of tachyzoite-specific GRAS/MICS/ROPS. In this respect, SRS were hypothesized to trigger feline local immunity culminating in diarrhoea and thus oocysts shedding in the environment. As discussed below, SRS genes and proteins also vary amongst Toxoplasma strains 27 , hence our results obtained from the type I RH (this study) and type II PRU (unpublished) strains, despite similar, will require further analysis.

Whether these proteins could also participate in cell signalling and display other functions, is yet to be established. Nevertheless, SRS were previously linked to parasite virulence. Indeed, targeted disruption of SRS29B and SRS34A, two highly abundant and pan-coccidian SRS was reported to dramatically upregulate the levels of SRS29C (formerly SRS2). Importantly, this latter is differentially expressed by mouse-virulent and -avirulent strains of T. gondii (e.g. type I and III respectively), suggesting its role as negative regulator of Toxoplasma virulence 27 . If depletion of SRS29B and SRS34A induced only a moderately increase in SRS29C, SRS51 and SRS52A transcripts, the potential post-translational regulatory role of SRS had been reported previously for other SRS. In fact, SRS16C (BSR4) mRNA levels are equally abundant in tachyzoites and bradyzoites but the corresponding protein was shown to be upregulated in bradyzoites -consistent with a developmental stage differential expression 234 .

Additionally, AP2XI-2 and AP2XII-2 depletion led to upregulation of SRS48 and SRS59, two SRS previously identified in feline merozoites (Error! Reference source not found.) and predicted as actors in the gamete development and fertilization 210 . Interestingly, SRS22B and SRS22H, identified as the highest expressed genes at merozoite stage in a previous study 215 displayed low expression levels in Hehl et al,study 210 . Differences between our two references studies may be due to experimental differences (e.g., bradyzoites isolated from different chronically infected animals) or two the fact that different type II strains were used given the differential expression of SRS proteins across Toxoplasma strains.

Moreover, depletion of AP2XI-2 and AP2XII-1 triggered the induction of a subset of Apicomplexanspecific uncharacterised Family A proteins. In fact, Toxoplasma exhibit several large and unannotated gene families encoding putatively secreted or membrane-associated proteins, that are referred to as Family A-E. These families were found to be largely merozoite stage-regulated, with family A for instance being predominantly merozoite-specific. The other four families would likewise be strongly expressed in merozoites as well but under the 8-fold change parameter used by Hehl et al.,210 and in our study. The function of these proteins was not discovered yet but given their predicted location, one would expect them to play roles in the parasite/vacuolar architecture and host interactions -as for GRA proteins. In this respect, the maturation and maintenance of the parasitophorous vacuole depends on the pivotal role of dense granule proteins (GRAs). Some are involved in the formation of the intra-vacuolar network (IVN) whereas others in mediating uptake of nutrients from the host 210 . Finally, some GRAs are exported across the PVM into the host cytoplasm and nucleus, where they modulate the host cell cycle and immune responses (reviewed in 235 ). Depletion of AP2XI-2 and AP2XII-2 is accompanied by upregulation of putative GRAs, amongst which our selected markers GRA82, GRA80, GRA81, whose functions were not deciphered yet. In fact, in Toxoplasma, approximately 40 GRAs have been identified mostly in tachyzoites 236 , although many are also found in sporozoites and bradyzoites 215,237,238 . Thus far, only three GRAS were found expressed in merozoites: NTPase 1, GRA7 [START_REF] Ferguson | Ultrastructural study of early stages of asexual multiplication and microgametogony of Toxoplasma gondii in the small intestine of the cat[END_REF][START_REF] Ferguson | The ultrastructural development of the macrogamete and formation of the oocyst wall of Toxoplasma gondii[END_REF][START_REF] Speer | Ultrastructural differentiation of Toxoplasma gondii schizonts (types B to E) and gamonts in the intestines of cats fed bradyzoites[END_REF][START_REF] Frenkel | Toxoplasma gondii in Cats: Fecal Stages Identified as Coccidian Oocysts[END_REF][START_REF] Ferguson | An ultrastructural study of the early development and tissue cyst formation of Toxoplasma gondii in the brains of mice[END_REF][START_REF] Ferguson | Use of molecular and ultrastructural markers to evaluate stage conversion of Toxoplasma gondii in both the intermediate and definitive host[END_REF] and GRA11 (isoforms a and b). GRA11b for example, is a dense granule protein, trafficked from parasites into the maturing PV and subsequently into the PVM 211 , whose function is still unknown. Some of these proteins, may be fitness-conferring and be involved in essential aspects of merozoites development -including filling metabolic needs or architectural roles, as genes related to metabolism and cytoskeleton are not differentially regulated between tachyzoites and merozoites 210 . Moreover, these merozoites-specific GRAs could also be involved in the absence of chronic infection in felines thus participating in the unidirectionality of Toxoplasma gondii sexual cycle.

Commitment to sexual reproduction was hypothesized to require the compulsory passage through the bradyzoite stages [START_REF] Farhat | A MORC-driven transcriptional switch controls Toxoplasma developmental trajectories and sexual commitment[END_REF] . Perhaps, the transition from tachyzoites to merozoites would require the expression of certain bradyzoite-restricted genes/proteins as a sort of preparation for the next stage. Maybe these cysts-belonging genes/proteins upregulated upon depletion of AP2XI-2 and AP2XII-1 (e.g. MIC17C, ROP26L1-L4, MAG1, GRA58, SRS13, SRS22A, SRS38A, or certain family A proteins as TGME49_278400, TGME49_242900, TGME49_278080, TGME49_278070), potentially reflect an intermediary stage. Interestingly however, our AP2XI-2 and AP2XII-1 depletion did not induce bradyzoite known markers as BAG1, BCLA, nor DBA. Consistently, bradyzoites conversion by overexpression BFD1 did not trigger the expression of merozoite-specific markers as GRA11b nor GRA80, underlining their exclusiveness to the merozoite program. One could speculate that the depletion of AP2XI-2 and AP2XII-1 would shortcut the bradyzoites development, partial or entirely skipping the passage through this stage. Maybe differentiation of tachyzoites to bradyzoites could occur early upon AP2XI-2 and AP2XII-1 degradation, i.e., in the first 20 hours and immediately be followed by commitment and differentiation into merozoites. In this respect, bradyzoites may be assimilated to multipotent cells, as they are the only stage able to decide entry into the sexual cycle or recrudescence to the tachyzoite stage (Error! Reference source not found.). Together these results suggested that AP2XI-2 and AP2XII-1, regulate pre-gametes-specific and tachyzoites genes, in a redundant and synergistic manner. Active during tachyzoite stage, AP2XI-2 and AP2XII-1 can silence genes necessary for merozoites and their conditional and simultaneous depletion leads to a drastic change in the transcriptional program, promoting a transcriptional transition from tachyzoites to merozoites. This potential role in transcriptional regulation and merozoites conversion is not surprising, as several APiAP2 have been described as regulators of Apicomplexans developmental strategies.

In Plasmodium for instance, several AP2s have been shown to play key roles during the developmental stages, commonly overlapping with chromatin remodelling and post-translational regulation [START_REF] Painter | The Apicomplexan AP2 family: Integral factors regulating Plasmodium development[END_REF] . For example, AP2-O is highly expressed in ookinetes but its corresponding abundant mRNA transcripts in gametocytes are subjected to translational repression 241 . Once this translational repression is lifted, AP2-O protein is produced and activates the transcription of ookinete genes. Furthermore, AP2-O directly regulates 10% of the parasite genome and including genes involved in several biological processes as morphogenesis, locomotion, midgut penetration, protection against mosquito immunity and preparation of oocyst development 206 . On the other hand, AP2-Sp is essential for sporozoite development 201 and its deletion blocks sporozoite formation during oocyst development. Like AP2-O, AP2-sp transcripts were detected in other stages (e.g. blood stages) suggesting either a translational regulation or a secondary role [START_REF] Painter | The Apicomplexan AP2 family: Integral factors regulating Plasmodium development[END_REF] . Moreover, Plasmodium sexual development is triggered by AP2-G, which is silenced in asexual parasites by h3K9me3/HP1 196,205 . This repression is counteracted by GDV1 (gametocyte development 1) during sexual commitment thus leading to AP2-G expression and subsequent entry into sexual development 196 . Similarly, TaAP2.me1, an ApiAp2 factor in Theileria possessing the orthologous domain of the Plasmodium AP2-G was also described to regulate gametocytogenesis and progression to merogony 193 . In Cryptosporidium, AP2-F, exclusively expressed in female gametes was recently identified as indispensable for oocyst shedding in vivo 192 . Furthermore, AP2-FG2 and AP2R-2 were also recently described as forming a transcriptional repressor complex in Plasmodium female gametocytes 205 . In addition to the significant overlap of target-genes with PbAP2-G, PbAP2-FG2 also interacts with the chromatin regulator PbMORC, strongly supporting our model in which AP2XI-2 and AP2XII-1 together with MORC regulate merogony in Toxoplasma gondii.

Nevertheless, whether Toxoplasma AP2XI-2 and AP2XII-1 were solely repressors of pre-gametes genes or also activators of tachyzoite-specific genes required further investigation, as discussed in subsection 3 (below). Moreover, the drastic change in the transcriptional program observed in their absence, questioned whether these changes were sufficient to induce tachyzoites full conversion into merozoites.

We thereby accomplished a detailed phenotypical description of our AP2XI-2 and AP2XII-1 depleted parasites (Subsection 2, below).

AP2XI-2 and AP2XII-1 depletion triggers in vitro merogony.

Depletion of AP2XI-2 and AP2XII-1 induced a drastic change in the parasite transcriptional program, with tachyzoite genes downregulated-and pre-gametes specific upregulated -genes being reflected at the protein level. Consistent with a developmental transition, we noted phenotypical changes, that will be discussed in this subsection.

One of the striking phenotypical changes that can easily be observed upon depletion of AP2XI-2 and AP2XII-1 is concerns the parasites replication and organisation within the parasitophorous vacuoles.

Toxoplasma tachyzoites and bradyzoites multiply by endodyogeny, a division mode in which two daughter cells emerge symmetrically and in a synchronous manner in the mother cell by a budding mechanism [244][245][246] . Tachyzoites development in vitro displays a characteristic rosette-like division pattern. Our AP2XI-2 and AP2XII-1 depleted parasites however, displayed an unprecedentedly observed division mode for tachyzoites, similar to the endopolygeny described for merozoites, where multiple daughter parasites bud from the mother cell.

The phenotypic changes observed upon depletion of both AP2s are consistent with stage transition and can be resumed in three main steps: cellular replication, internal budding and final assembly.

During the first step, we observed several replications of the mother cell nucleus leading to 4-10 individualized nuclei. This was accompanied by the expansion/ multiplication of cellular organelles destined to the daughter cells as the Golgi apparatus or the apicoplast, that seems to replicate by scission.

In addition to maternal inheritance, de novo biogenesis seems to characterize formation of multiple Golgi complexes around the nucleus as well as secretory organelles. At this stage, the mother cell presents 4-8 nuclei, and exhibits a characteristic ovoid shape, morphologically similar to that of early meronts (i.e., morphotypes B and C) described by Dubey, J. P. & Frenkel, J. K, 1972 [START_REF] Dubey | Cyst-Induced Toxoplasmosis in Cats*[END_REF] .

The multinucleated mother cell containing several sets of organelles destined for the daughter cells along its cytoplasm undergoes sub-compartmentalization in the second step of the transition. The mother conoid partially disassembles, suggesting that this latter is dispensable for meronts development. Perhaps, the conoid structure is incompatible with the cytoplasmic rearrangements necessary for the multiple nuclear divisions and later daughter budding. The daughter cells rhoptries differ in shape and electron-density, suggesting de novo synthesis. Here, new flattened vesicles of the IMC emerge in the mother cytoplasm, and progressively elongate to separate each daughter cell. The internal expansion of multiple daughter buds was previously described in several organisms, including Toxoplasma meronts as endopolygeny [START_REF] Speer | Ultrastructural differentiation of Toxoplasma gondii schizonts (types B to E) and gamonts in the intestines of cats fed bradyzoites[END_REF][START_REF] Frenkel | Toxoplasma gondii in Cats: Fecal Stages Identified as Coccidian Oocysts[END_REF][START_REF] Ferguson | An ultrastructural study of the early development and tissue cyst formation of Toxoplasma gondii in the brains of mice[END_REF][START_REF] Ferguson | Use of molecular and ultrastructural markers to evaluate stage conversion of Toxoplasma gondii in both the intermediate and definitive host[END_REF][START_REF] Dubey | Structures of Toxoplasma gondii Tachyzoites, Bradyzoites, and Sporozoites and Biology and Development of Tissue Cysts[END_REF]247 . The IMC is an organelle essential for daughter cell formation during replication but whose functions diverge during sexual development 248 . For instance, in asexually dividing Toxoplasma stages, ICM7 marks exclusively the mother's cytoskeleton whereas IMC1 and IMC3 mark both mother and daughter cytoskeleton. Additionally, IMC3 is strongly enriched in daughter buds. On the other hand, IMC3 and ICM1 are absent from gametocytes whereas IMC7 is retained in macrogametocytes. Inversely, ICM7 is absent from sporozoites but these latter exhibit IMC1 and IMC3. Overall, IMC1 and 3 associate with daughter cytoskeleton whereas ICM7, 12 and 14 associate only with the mature cytoskeleton and thus are never present on the forming daughters (Illustration 24. Therefore, we used IMC7 as a marker to identify mother cells and IMC1/3 to identify forming cells. As daughter IMC expands, the mother IMC undergoes partial disassembly, and both cells may be distinguished through the expression of IMC3 and IMC7, respectively. Moreover, GAP45, a member of the IMC also displayed differential expression during the process, as its staining was restricted to the periphery of the mother cell. Overtime, daughter cells become polarized and exhibit a conoid and apically distributed micronemes, rhoptries, the apicoplast, and the Golgi apparatus. On the other side, the maternal conoid coexists with the newly formed conoids of the progeny. Daughters' assembly can occur through internal budding (i.e., within the mother's cytoplasm), or through cortical or peripheral budding (i.e., directly from the plasma membrane of the mother cell) 246 . During the last step, i.e., final assembly of our AP2XI-2 and AP2XII-1 depleted parasites, the daughter cells emerged separately by cortical and peripheral budding and were wrapped by the plasma membrane of the mother cell. Inversely to tachyzoites that form rosette-like structures within the PV, our AP2XI-2 and AP2XII-1 depleted parasites are thinner, and form fan-like structures as previously described in infected cat cells [START_REF] Speer | Ultrastructural differentiation of Toxoplasma gondii schizonts (types B to E) and gamonts in the intestines of cats fed bradyzoites[END_REF] . Additionally, these parasites are aligned, with their apex facing the PV membrane, similarly, to type D-like merozoites observed in feline intestinal cells [START_REF] Ferguson | Ultrastructural study of early stages of asexual multiplication and microgametogony of Toxoplasma gondii in the small intestine of the cat[END_REF][START_REF] Ferguson | The ultrastructural development of the macrogamete and formation of the oocyst wall of Toxoplasma gondii[END_REF]249,250 . The physical interactions observed between PV membrane and host ER and mitochondria suggest the recruitment of these organelles for nutrient acquisition, as described in other Toxoplasma gondii stages 251 .

Our morphological and phenotypical description included the 251 surveillance of the replication mechanisms employed by our AP2XI-2 and AP2XII-1 depleted parasites, where we observed asynchronous nuclear division and polyploidy. Sexual division of Apicomplexans can be distinguished through internal versus external budding 248 . Within the external budding based replication, schizogony had already been described in Apicomplexans, particularly for Eimeria, Plasmodium, Theileria and Babesia subspecies. During "classic" schizogony, (e.g., for Eimeria parasites) the mother's cytoskeleton is disassembled shortly after host cell invasion and before onset of mitosis and karyokinesis, which can be asynchronous. In summary, cells undergo several cycles of DNA replication and nuclear division without budding. On the other hand, in schizogony with limited karyokinesis (e.g., for Plasmodium and Theileria parasites), DNA replication and mitosis are not always followed by karyokinesis, thus leading to a nuclei population with varying levels of ploidy. Nuclear cycles within the same nucleoplasm are similar (i.e., within one polyploid nucleus, the cycle is synchronous) but individual nuclei may be at different levels of S-phase. In summary, karyokinesis seems to be optional in these polyploid schizonts. Other Apicomplexans as Hammondia Hammondi, Neospora caninum, Besnoitia besnoiti, Cytoisospora suis and Toxoplasma gondii, however, replicate by internal budding through endodyogeny and endopolygeny with karyokinesis.

First, "endodyogeny" stands for inner/internal ("endo") + two ("dyo") + genesis ("geny") and is therefore used to describe a reproduction in which two daughters are formed within a parent cell, which is the case of Toxoplasma gondii tachyzoites. As observed in our Untreated parasites, the mother's cytoskeleton was not disassembled following invasion and the two progenies assemble on centrosomes residing within the cytoplasm 246 . The mother cytoskeleton is only disassembled at the very late stage of daughter cells budding and the plasma membrane is deposited on the progeny through recruitment of the "gliding motor complex" to the IMC. This can be followed by the staining of GAP45, a multiacylated glideosome associated protein, anchored in both the plasma membrane and the IMC outer membrane that "zippers" these structures together in an apical to basal direction 252,253 . Similar to schizogony, parasites undergoing endodyogeny present synchronous S/M-phase, karyokinesis and daughter budding. Interestingly, two checkpoint have been described upon commitment of mitosis and budding. Based on a differential activation of a bipartite centrosome (innerand outer-cores), these would facilitate the uncoupling of S/M cycles from budding in the multidaughter division modes 246 . In fact, T. gondii centrosome's inner-core proximal to the nucleus regulates the S/M cycle in an independent-fashion related to the centrosome's outer-core distal from the nucleus, which organizes daughter bud formation. Interestingly, asynchronous nuclear division cycles detected by DNA, histone, or centrosome staining and the formation of multiple progenies suggested that these checkpoints were affected by AP2XI-2 and AP2XII-1 depletion.

In this respect, endopolygeny stands for inner/internal ("endo") + multiple ("poly") + genesis/birth ("geny") and describes the simultaneous formation of more than two daughter cells within the cytoplasm of a polyploid mother cell. An essential difference between external and internal budding is that, in this latter, the mother cytoskeleton is maintained throughout cell division and its disassembly occurs only and just before the emergence of almost completely assembled daughter cells. In this respect, despite the increase in size of the mother cell, the sub-pellicular IMC was still prominently present beneath the plasma membrane, suggesting the maintenance of the mother cytoskeleton. Moreover, mother cells can either be multinucleated or contain one large polyploid nucleus depending on whether karyokinesis occurred after each round of S-phase or not 246 . Consistently, we observed both sub forms in our population of AP2XI-2 and AP2XII-1 depleted parasites, as previously described for Toxoplasma gondii distinct morphotypes.

Of note, Gubbels et al, 2020 established that endopolygeny "is used to describe the reproduction types wherein more than two individuals are formed simultaneously within the cytoplasm (i.e., not from the cortical periphery) of a polyploid parent cell 246 . Strikingly however, our AP2XI-2 and AP2XII-1 finally assembled daughter cells emerged separately, wrapped by the plasma membrane of the mother cell (cortical or peripheral budding), contradicting the aforementioned definition.

First, the cortical cytoskeleton is located just below the plasma membrane and plays a key structural role in facilitating budding across Apicomplexa asexual division 254,255 . If, Apicomplexan division mode seem to follow a central plan, variations concerning daughter budding and its orchestration exist, not only between Apicomplexa, but also across different stages or even within the same species and potentially among different strains. For example, the number of offspring per mother cell in Apicomplexan asexual cycles may vary from two to nearly hundred thousand. Moreover, karyokinesis may follow each S-phase and mitosis (S/M-phase) or not. And finally, daughter cells, can either assemble within the mother's cytoplasm by internal budding or emerge directly from the plasma membrane of the mother cell (cortical or peripheral budding). Furthermore, our results indicated the development of several Toxoplasma gondii merozoites morphotypes, that may differ in their division mode and therefore may exhibit morphotypes-specific features. For instance, morphotypes A division mode was never established in Toxoplasma gondii feline merozoites, whereas type B a priori replicates triggers upregulation of pre-gametes specific genes solely -which, by definition excludes EES5 because of its striking differential transcriptome [START_REF] Ramakrishnan | An experimental genetically attenuated live vaccine to prevent transmission of Toxoplasma gondii by cats[END_REF] . Perhaps, morphotypes E, as predecessors of gamonts, also belong to EES5 stages rather than pre-gametes. In this case, the 40h-IAA observed merozoites should display a transcriptional profile closer to gametes than to one of the first generation merozoites. Nevertheless, some PVs presented peripherally organized parasites, as previously described in the literature arguing in favour of them being type E morphotypes.

The aforementioned lack of spatial organization within the PV, had already been observed for bradyzoites inside cysts. Organisation of parasites within the PV is linked to the cytoskeleton arrangements and these latter depend on the host cell cytoskeleton. One can speculate that this phenotype may be due to the downregulation of GRAs and ROPs implicated in the PV and IVN organisation in tachyzoites (e.g., GRA2, GRA6) 256 . And that, no homologous proteins are upregulated in merozoites because the host cells are different. Perhaps human fibroblasts, neurons and enterocyte exhibit distinct cytoplasm organisation which would in turn influence tachyzoites, bradyzoites and merozoites distribution within the PV/cyst, respectively. Maybe these in vitro converted merozoites would present a more organised distribution upon infection of a different cell type, for example, enteroepithelial cells. The presence of an extruded conoid in our AP2XI-2 and AP2XII-1 depleted parasites may suggest that these parasites approach egress and prepare for re-invasion. It is also possible that the egress mechanism of merozoites and their subsequent ability to invade nearby cells requires the aforementioned lack of spatial organisation within the PV. Indeed, tachyzoite rosette-like vacuolar organisation is due to the cytoskeletal attachment between the progeny posterior ends to the mother cell residual body at the centre of the PV 257 . Tachyzoites detach for sister-cells upon egress and glide in order to invade new host-cells. In the feline context, spatial organisation and similar orientation and attachment of the less motile merozoites could be a less advantageous feature when released in the intestinal lumen.

In addition to the previously described and morphologically recognisable merozoite morphotypes, we also observed peripherally arranged parasites within PVs containing a large empty space. These are likely schizont PVs as described in feline intestinal cells [START_REF] Speer | Ultrastructural differentiation of Toxoplasma gondii schizonts (types B to E) and gamonts in the intestines of cats fed bradyzoites[END_REF] . Some PV displayed very thin and elongated tubular shape (200-250 nm diameter) structures. Interestingly, these latter do not contain nuclei but mitochondria and ribosomes, questioning their nature, formation and function, as they are quite abundant in the PV. The lack of nucleus in these structures would rather suggest that these are reminiscent compartments of the schizogony/merogony process rather than being entirely viable parasites.

Overall, upon depletion of both AP2s we observed four morphological stages (B-E) form sequentially in vitro (Illustration 25). Morphologically, they resemble pre-sexual stages that were cellularly characterized by Dubey and Frenkel [START_REF] Dubey | Cyst-Induced Toxoplasmosis in Cats*[END_REF] during colonization of the cat intestinal epithelium prior to gamete formation. Moreover, they present similar transcriptional program as described for felineisolated merozoites 210 , which are reflected in their proteomic content. We observed a significant and sequential transition from tachyzoites to morphotype B in the first 12 hours post-IAA treatment. These parasites exhibited 3-4 nuclei, ROP26+ expression and constituted 75% of the parasite population.

Within the first 24 hours, morphotypes C/D and mononuclear merozoites coexisted in culture. The first ones exhibited 8-32 nuclei and ROP26 staining whereas the differentiated and mononuclear merozoites displayed GRA11b+ GRA80+ staining. After 48 hours, nearly 98% of the parasite population expressed exclusively merozoite markers, i.e., GRA11b+, GRA80+ and no tachyzoite nor bradyzoite markers (GRA2 and BAG1, respectively). In summary, our AP2XI-2/AP2XII-1-depleted parasites undergo several rounds of schizogonic replication to produce in vitro merozoites, which recapitulate stage-specific and previously described feline-merozoites morphology and subcellular organization. So far, these two AP2 seemed to regulate pre-gametes-specific and tachyzoites genes. As they are active in the tachyzoite stage, they can silence genes necessary for merozoites or upregulate genes necessary for the tachyzoite stage. Concomitantly, their conditional and simultaneous depletion leads to a drastic change in the transcriptional program, promoting a transition from tachyzoites to merozoites. Our analysis suggested a redundant and synergistic role for both AP2 as their simultaneous knock down induced a stronger phenotype and together, they seemed to regulate more genes than individually. We next proceeded to identify their gene targets, chromatin location, modus operandi and to decipher their relationship with MORC and HDAC3 complex, as discussed in the next subsection.

AP2XI-2 and AP2XII-1 recruit MORC and HDAC3 to silence merozoite promoters.

AP2XI-2 and AP2XII-I were originally found in the MORC interactome together with HDAC3 and several primary AP2s in tachyzoites [START_REF] Farhat | A MORC-driven transcriptional switch controls Toxoplasma developmental trajectories and sexual commitment[END_REF] . We engineered parasite lines expressing a FLAG tagged version of the endogenous AP2XI-2 or AP2XII-1 and investigated their interactome through immunoprecipitation combined with MS-based proteomic and Western blot analyses. Our results confirmed their strong interaction with each other, but also with MORC and HDAC3, indicating that together they may form a functional complex. Nevertheless, this latter enrichment was comparatively low in both interactomes and suggested that both AP2s would associate in a MORC/HDAC3 independent fashion. Consistently, AP2XI-2 and AP2XII-1 co-elute in the same gel filtration fractions, independently of MORC-and HDAC3. Next, AP2XII-1-(Strep)2 was purified by Strep-tactin affinity chromatography after transient co-expression with AP2IX-6-Flag (as control) and AP2XI-2-Flag, in insect cells. Western blot analysis confirmed the partnership between AP2XII-1 and AP2XI-2 while no interaction was detected with the internal control AP2IX-6. Thus far, our data argues in favour of strong interaction between AP2XI-2 and AP2XII-1, as reported for many transcription factors, including Apicomplexan AP2, that may form homo-and hetero-dimers with different partners that modulate DNA binding specificity and affinity 34,184 .

As before introduced, direct interactions between transcription factors may lead to homodimerization, heterodimerization, oligomerization or may be transient. Given the used stringent conditions, AP2XI-2 and AP2XII-1 association cannot be considered "transient". As they were found to regulate genes independently, each AP2 may form homodimers separately or even oligomers. However, their simultaneous depletion displays a wider repertoire of targeted-genes and stronger transcriptional changes. Consistently, heterodimerization expands the range of target genes that the transcription factors can regulate and allows for combinatorial gene expression patterns. Upon heterodimerization, the entire proteins come together to interact, rather than specific domains and a stable complex composed of two different protein subunits is formed. The resulting heterodimeric complex has unique properties compared to the individual monomeric transcription factors as it can recognize a different set of DNA sequences due to the combination of DNA binding specificities from the two subunits. In this context, AP2XI-2 and AP2XII-1 likely bind cooperatively as a hetero-dimer to DNA to selectively and synergistically regulate Toxoplasma gondii developmental programs.

HDAC3 at their promoters in the untreated condition (e.g., PNP). We questioned how AP2XI-2 and AP2XII-1 would establish this repression in the tachyzoite stage without MORC/HDAC3, since their interactome did not point any other potential partner that could display similar repressive roles.

Interestingly, co-depletion of AP2XI-2 and AP2XII-1 was found to induce a downstream network of secondary transcriptional regulators.

These would also explain why tachyzoite-specific genes which were downregulated upon degradation of AP2XI-2 and AP2XII-I escaped direct regulation by AP2XI-2/AP2XII-1. They presented a strong decrease in ATAC-seq signals after addition of IAA, but no binding of AP2XI-2/AP2XII-1 nor of the repressive MORC complex to their TSS was observed during stage transition. This repression can arise from the downstream network of secondary regulators, including other primary or secondary AP2, that may repress tachyzoite-specific genes. In this respect, Plasmodium AP2-I associates with many invasion gene promoters 261 and recruits the acetyl-binding bromodomain proteins PfBDP1/2, other chromatin remodellers [261][262][263][264] and likely the transcriptional machinery [START_REF] Jeninga | ApiAP2 Transcription Factors in Apicomplexan Parasites[END_REF] .

Illustration 24: Heatmap of Upregulated TgAP2 upon simultaneous depletion of both AP2XI-2 and AP2XII-1. From Antunes et al. 2023. Finally, some of the noted upregulation upon depletion of AP2XI-2 and AP2XII-1 as for some cystspecific genes, may be a consequence of the local chromatin architecture modifications caused by the subsequent loss of MORC/HDAC3. Moreover, this upregulation may also be due to the changes in local transcriptional activity caused by depletion of both AP2s, independently of MORC and HDAC3 but dependent on other regulators. Amongst these potential regulators, seven AP2 and one C2H2 zinc finger transcription factors, also MORC-regulated are upregulated upon co-depletion of AP2XI-2 and AP2XII-1. These could govern the establishment of specific predetermined transcriptional programs for distinct stages. For instance, some may be regulators of gametogenesis and play a role in preparing merozoites from this transition. Amongst them, AP2X-3 is the only primary AP2 to be upregulated upon IAA treatment (Illustration 26). It would constitute the best candidate for further exploration because i) it associates with MORC/HDAC3 to repress sexual-stage specific genes; ii) it seems to be expressed in merozoites but also displays slight expression in pre-gametes (EES3); and iii) to date, no functional characterisation of this AP2 was obtained. Perhaps simultaneous depletion of AP2XI-2 and AP2XII-1 KD is sufficient to induce its transcription but not its proteins levels. Therefore, a post-translational regulation would only be lifted after merozoites full differentiation or after extrinsic signals. These questions could be answered by analysing our double KD proteomics. If the AP2X-3 protein is indeed absent, one could test whether its overexpression in our double KD line would induce the expression of gametocyte markers. Additional linoleic acid treatment may suspend post-translational regulation and trigger AP2X-3 native function. Finally, a Chip-sequencing/RNA-seq experiment within our double line will also shed light into the target genes regulated by this primary AP2.

Similarly, some of the upregulated secondary AP2s may be responsible for repressing tachyzoite and bradyzoite-specific genes upon AP2XI-2 and AP2XII-1 degradation. Consistent with their expression profiles, several of these AP2 (i.e., AP2Ib-1, AP2IV-3, and AP2IX-9) were described as being upregulated upon alkaline stress and downregulated in late bradyzoites 266 . Amongst them, only AP2IV-3 and AP2IX-9 have previously been functionally characterised whereas AP2IB-1 was only reported as transcriptionally upregulated in chronic forms. They were described as competitors for the control of bradyzoite genes and cyst formation with a role restricted to the transition of tachyzoite to bradyzoite [START_REF] Jeninga | ApiAP2 Transcription Factors in Apicomplexan Parasites[END_REF]265,266 . In fact, AP2IX-9 would be a repressor and AP2IV-3, contradictory to its expression profile, an activator of tissue cyst 265,266 . Furthermore, AP2IX-9 promoter is bound by BFD1, the master transcriptional regulator of bradyzoite differentiation [START_REF] Waldman | Identification of a Master Regulator of Differentiation in Toxoplasma[END_REF] . This latter was recently described, together with BFD2 as controlling Toxoplasma chronic differentiation through a positive feedback loop 267 . Indeed, BFD1 expression is sufficient to induce conversion to bradyzoites transcriptionally activating BFD2. This latter interacts with the BFD1 transcript under stress, increasing its protein abundance, thus establishing a positive feedback loop. In summary, upon depletion of BFD2, BFD1 protein levels decrease and so does the transcriptional levels of BFD2. Interestingly, despite AP2IX-9 had previously been shown to inhibit the expression of bradyzoite-specific mRNAs [265][266][267][268] , no consequences from its depletion under alkaline stress were observed in this last study. Nevertheless, why these AP2s are upregulated in our AP2XI-2 and AP2XII-1 depleted parasites, remain undeciphered. Perhaps their upregulation occurs as a consequence of the loss of other regulators, i.e., HDAC3 (discussed further).

Or maybe, AP2IX-9 would impede the conversion back to bradyzoites and subsequently assure the A last example to be discussed, is AP2IX-5, whose expression levels seem to be downregulated in absence of AP2XI-2 and AP2XII-1 (proteomics analysis). This AP2 have previously been described as transcriptional repressor of AP2XII-2, AP2IV-4 and SRS38B (Illustration 28a). Interestingly, AP2IX-5 also appeared as an essential contributor to tachyzoites internal budding, though regulation of IMC formation, as its absence downregulates IMC1, 4, 9, 15 proteins 269 . Upon its depletion, parasites showed a polyploid phenotype, similar to what observed by depletion of AP2XI-2 and AP2XII-1. Later, TgAP2IX-5 was described as master regulator that controls the timing of the budding process 270 . In this second study, AP2IX-5 was shown to bind to the promoter of hundreds of genes and control the activation of the budding-specific cell cycle expression program. It would act as a limiting factor ensuring the continuity of asexual proliferation by promoting the inhibition of the differentiation pathway. The functional characterisation of AP2IX-5 indicated that it controls centrosome downstream cell duplication events including organelle division and segregation 270 . This last finding corroborates with the previously reported significantly elongated or size-increased morphologies of apicoplast and endoplasmic reticulum respectively, without normal division into daughter cells in absence of AP2IX-5 269 .

Finally, a recent study centred on the Cdk-related kinases (Crk) involved in endodyogenic division of T. gondii tachyzoites, suggest TgCrk4 to regulate processes carried out during conventional G2 phase and to play a role in cell cycle checkpoint. Moreover, global phosphoproteome analyses demonstrated that TgCrk4 knockdown significantly affected the protein expression machinery that controls transcription, translation, and proteolysis. Interestingly, three transcriptional repressors AP2XII-1, AP2XI-2, and AP2IX-9 as well as histone modifiers and nucleosome assembly factors were strongly affected. Furthermore, one of the substrates of TgCrk4 is TgAP2X-9, whose transcription is regulated by TgAP2IX-5 271 .

Together, these results suggest a model in which AP2IX-5 regulates the budding process through transcriptional regulation of IMC proteins but also by regulating AP2X-9. This latter is a substrate of CRK4, which establishes a checkpoint ensuring the continuity into binary budding. Additionally, CRK4 also contributes to gene expression of several other AP2 factors (AP2IV -5, AP2VIIa-3,4,5,9; AP2IX-9, AP2XI-2 andAP2XII-1,2,4,5,9), histone modifiers and nuclear-associated factors. Upon CRK4 deficiency, tachyzoites pass the checkpoint and multi nuclear divisions can be observed (Illustration 28c). One could propose that these multi nuclear divisions are due to AP2IX-5-mediated regulation of AP2X-9, the substrate of Crk4. As indicated by Asma S. Khelifa et al., the controlled TgAP2IX-5 expression allows for the switching from endodyogeny to endopolygeny division patterns.

As the phosphoproteome of TgCrk4 also indicated that in its absence, AP2XII-1, AP2XI-2, and AP2IX-9 are downregulated, it is tempting to speculate that CRk4 phosphorylates AP2XI-2 and AP2XII-1 leading to their inactivation/degradation/sequestration. This latter would be accompanied by the repression of TgAP2IX-5 and subsequently, the absence of AP2X-9. In absence of this substrate, CRk4 no longer not establishes the G2 checkpoint (Error! Reference source not found.) and allows the switch from binary budding to endopolygeny, as observed in feline-merozoites and in our AP2XI-2/AP2XII-1 depleted parasites.

Conclusion

Altogether, our results establish that simultaneous knockdown of AP2XII-1 and AP2XI-2 efficiently triggers pre-sexual transcriptional program in Toxoplasma. Here we show that in the tachyzoites, these two AP2 bind to promotes/TSS of pre-gametes genes and recruit MORC/HDAC3 to restrict local chromatin accessibility thus establishing gene repression. MORC was described to form dimers that topologically entrap DNA loops 156,167 , leading to chromatin condensation and thus gene repression.

Additionally, HDAC3-mediated local deacetylation is as a common mechanism used to silence sexualstage specific genes in tachyzoites. Most stage-specific genes exhibit bimodal PTMs and are thus embedded in a poised state 141 . Nevertheless, given the unidirectionality of Toxoplasma gondii sexual cycle, one could imagine that upon sexual commitment, tachyzoite and bradyzoite genes become embedded under constitutive heterochromatin (and thus enriched with H3K9me3), preventing conversion back to asexual stages. Seeking for the changes in PTMs in these loci upon depletion of AP2XI-2 and AP2XII-1, may inform us on their chromatin status. Loss of repressors generally allows the recruitment of activators, their associated PTMs, and RNA poll II, followed by the formation of the PIC. As introduced (in page 7171), methylation of histone lysine (H3k4, H3H36, H3K79me) and ubiquitination may be directly coupled to the transcription process in Eukaryotes. Hence, we can suppose that upregulated genes will be marked by H3K4 di and tri-methylation upon AP2XI-2/AP2XII-1 depletion and/or upon MORC/HDAC3 loss.

Moreover, AP2XII-1 and AP2XI-2 orchestrate a network of secondary regulators that may insure the proper transition from one developmental program to another. For example, they can repress tachyzoitegenes upon transition to merozoites. MORC and HDAC3 are both expressed (as proteins) in Toxoplasma sexual stages in felines merozoites (Ramakrishnan, Hehl, unpublished). How is this repression achieved if not mediated by MORC? Do secondary regulators recruit HDAC3 to tachyzoitespecific loci upon depletion of AP2XI-2 and AP2XII-1? Could it AP2XI-2 and AP2XII-1 compete for HDAC3 binding against other factors that would bind to tachyzoite-genes independently of MORC and repress them? Or maybe other histones deacetylases/repressors would be involved? Deciphering the involvement of other repressors predicted by TOXODB (e.g. SIN3) may shed light into the repression mechanisms. Perhaps, these secondary regulators sequester GCN5b from tachyzoite-specific promoters upon depletion of AP2XI-2 and AP2XII-1, thus favouring their silencing? Despite this not being supported by the universal modus operandi of HATs, analysing the genome-wide and cellular distribution of GCN5b and other acetylases upon depletion of AP2XI-2 and AP2XII-1 could give more insights onto the repression of the tachyzoite program and the induction of pre-gametes one.

Despite not having unravelled the full picture, this study still advances our understanding of pregametes biology, as all predefined observed morphotypes (B-E), including type E expected to evolve into gametes, were observed. In the future, we will decipher if type E merozoites develop into both macro and microgametocytes or if these are formed separately by type D versus type E merozoites. In Plasmodium for instance, subpopulations of schizonts produce a homogeneous progeny of either all male or all female gametocytes 202,[272][273][274] .

In summary, studying morphotypes A-E in vitro is also difficult because they vary in size and shape and develop asynchronously [START_REF] Speer | Ultrastructural differentiation of Toxoplasma gondii schizonts (types B to E) and gamonts in the intestines of cats fed bradyzoites[END_REF][START_REF] Frenkel | Toxoplasma gondii in Cats: Fecal Stages Identified as Coccidian Oocysts[END_REF][START_REF] Ferguson | An ultrastructural study of the early development and tissue cyst formation of Toxoplasma gondii in the brains of mice[END_REF][START_REF] Ferguson | Use of molecular and ultrastructural markers to evaluate stage conversion of Toxoplasma gondii in both the intermediate and definitive host[END_REF][START_REF] Dubey | Structures of Toxoplasma gondii Tachyzoites, Bradyzoites, and Sporozoites and Biology and Development of Tissue Cysts[END_REF]275,276 . Nevertheless, the obstacles lifted by the heterogeneity of the population, may be overcome by single-cell analysis in the future.

Here, we were able to follow sexual commitment and most steps of in vitro merogony using several stage-specific markers. However, fully matured micro-gametocytes and macrogametocytes were not found, suggesting that gametogony (formation of gamonts and gametes) display additional genetic requirements or specialized metabolic conditions. Perhaps, the induction of pre-gametes specific genes observed upon IAA treatment trigger changes in the epigenetic environment of gametes-specific genes.

In this case, gamete-genes could become embedded in a poised chromatin state (i.e., marked by both H3K14Ac and H3K9me3) as a sort of preparation to the next transcriptional transition. This made us wonder which signals would be at the origin of merozoite and gamete differentiation. We hypothesize that sexual commitment relies on an extrinsic factor (e.g., linoleic acid), that triggers a signalling cascade leading to the nuclear translocation of an effector that is responsible for direct or indirect post-translational modification AP2XI-2 or AP2XII-1 (e.g. phosphorylation). As these AP2s are also embedded in a core complex with MORC and HDAC3, their removal from the pregamete genes upon sexual commitment may very probably be due to post-translational modifications.

I expect these PTMs to lead to the de-activation, sequestration or degradation of all proteins from the complex, as hypothesized for MORC, rather than a transcriptional regulation.

In this respect, MORC2 was recently reported to be modified by small ubiquitin-like modifier 1 (SUMO1) and SUMO2/3 in response to DNA damage causing chemo-resistance in breast cancer. On the other hand, MORC2 deSUMOylation induces transient chromatin relaxation to enable efficient DNA repair 277 . Consistently, ubiquitin PTMs have been reported to occur in waves during the cell cycle and thus be implicated as critical regulators of cell division and cell-cycle trasnitions 42 .

The fate of TgMORC upon depletion of AP2XI-2 and AP2XII-1 remains under investigation: whether MORC is degraded or nuclearly re-distributed was not deciphered yet. Nevertheless, further analysis of our data may provide insights into whether MORC protein levels decreases or not upon depletion of AP2XI-2 and AP2XII-1. Moreover, future studies on the other primary-AP2 may inform us whether MORC is enriched within these complexes upon AP2XI-2 and AP2XII-1 depletion or not. Another hint can be provided by a recent study claiming that MORC2 N-terminal homodimerization but not ATPbinding and hydrolysis is crucial for its stability 277 . Additionally, MORC2 was recently reported as controlling cell-cycle checkpoint through an acetylation-dependent mechanism 166 . Thus, TgMORC putative acetylation and deacetylation may be linked to its behaviour upon depletion of both AP2XI-2 and AP2XII-1.

Consistent with PTM regulation, our preliminary studies pointed out AP2XI-2 regulated-genes to be induced by a chemical compound targeting a parasite kinase (unpublished data, MA Hakimi). Therefore, maybe AP2XI-2 could be activated by phosphorylation, consistent with its predicted phosphorylation sites. A yet unidentified feline-restricted signalling factor could target the kinase inhibited by this chemical compound and thus suspend AP2XI-1 phosphorylation.

Inversely, this signal could induce the activation of a phosphatase that would in turn, remove AP2XI-1 phosphorylation, thus de-activating it. As both AP2s form hetero-dimers and thus are in close proximity, the post-translational modification of one, could potentially trigger the post-translational-modification of the other. This is consistent to the multiple PTM sites predicted in these proteins, including several phosphorylation and monomethyl arginine sites. PTM can also trigger allosteric modifications (and direct inactivation or dimer dissociation) or transient interaction with another enzymatic complex that would lead to the poly-ubiquitination of the target protein and its degradation.

Perhaps, in the native conditions, repressors of sexual commitment are not degraded but rather sequestered within the nucleus, for instance to LLPS or even to other sites in the cell. In this respect, growing evidence indicate that nuclear processes including genome maintenance and nucleic acid metabolism involve formation of phase separated condensates 278 . Interestingly, MORC3 forms phase separates and membraneless structures within the nucleus (i.e., Nuclear Bodies) upon activation 279,280 .

Similarly, MORC1 and MORC4 also participate in phase-separated structures such as droplets and nuclear condensates, respectively 158,167,280 . As our in vitro system lacks feline physiological conditions, the whole network cannot be fully reproduced yet. One could speculate that upon sexual development, repressors complex is just displaced along the DNA and the transcriptional changes are a consequence of chromatin architecture remodelling. Nevertheless, this hypothesis would require transcription factors -including ApiAP2s -to bind DNA in an accessibility-specific manner rather than in a sequencespecific manner. Some chromatin remodellers, i.e., members of the SWI/SNF family in fact, reposition nucleosomes by "sliding" on the DNA, in a mechanism named as phasing (unpublished data, MA Hakimi). Chromatin modifiers function individually or as elements of larger multi-protein complexes in order to maintain proper chromatin structure 109 . Their involvement in Toxoplasma sexual development was not established yet, but they could participate in the MORC-centered regulatory network. Consistently, proteomics of PfISWI was enriched with several proteins including a putative MORC protein and an APiAP2 transcription factor 281 . In this respect also, Plasmodium falciparum AP2-G2, which plays a critical role in gametocytes maturation, was found to interact with chromatin remodelling proteins, MORC protein and another ApiAP2 282 . Therefore, AP2XI-2 and AP2XII-1 could be involved in the suggested model in which ApiAP2 TFs recruit chromatin remodellers and other cofactors such as MORC, HDAC, GCN5 to alter local chromatin structure subsequently leading to gene repression, activation or insulation 281 . Of note, MORC have been proposed to constitute a new family of chromatin remodelers 280 . Future 3D genome mapping of a parasite undergoing stage conversion may shed light into the topological changes occurring during this process. Nevertheless, it is important to note that our analysis was based on an 8-fold-change detection limit in order to select only the robust changes. Interestingly, transcript/protein abundance do not necessarily reflect protein function as sometimes, a 2-times fold in gene expression may result in drastic consequences and strong phenotype. Thereby, some factors as chromatin remodellers or enzymatic complexes may be differentially expressed but were potentially discarded/not detected in our analysis due to the chosen parameters.

Here we show that AP2XI-2 and AP2XII-1 control merogony by repressing pre-gamete specific genes, and that their simultaneous depletion allowed us to thoroughly describe merozoites development in vitro. We hypothesized that commitment to gametogenesis, i.e., development of merozoites D-E into gamonts, macro-and micro-gametocytes and -gametes require the passage through additional checkpoints. Consistently, downstream activators or repressors TFs are expected to significantly influence developmental trajectories post-merogony, i.e., gametogenesis and sex determination as shown for P. falciparum 39,204 . Here, we hypothesize MORC to act as a checkpoint governing sexual developmental trajectories together with ApiAP2s. For instance, other set of primary AP2 may regulate the next steps of sexual development, from gametogenesis, oocysts development, and finally, sporulation. In my theory, secondary ApiAP2 would regulate different subsets of genes amongst each of the previous steps or even participate in regulatory pathways modulating the expression of several other actors, including primary ApiAP2 themselves. Fine-tuning their activity in mature in vitro-cultured merozoites holds promise for functional gamete production and in vitro fertilization 43 . As future perspectives, we could perform a CRISPR-cas 9 mediated KO of Primary AP2s within AP2XI-2 and AP2XII-1 simultaneous depletion and seek for the induction of gametes-specific genes/proteins. This may allow us to identify AP2 factors responsible for gametogenesis (maybe AP2IV-3, the orthologous of PfAP2-G) and further responsible for sex-determination in Toxoplasma gondii gametes.

Nevertheless, the limited availability of gamete specific markers may be challenging, but components of the male gamete flagella (e.g. Pf16) had previously been detected upon MORC depletion.

Additionally, the coccidian version of e Hapless2/Generative Cell Specific Protein (HAP2), which is particularly upregulated in mature gametocytes is present in Toxoplasma gondii. As the corresponding gene disruption previously resulted in blockage of fertilization [START_REF] Ramakrishnan | An experimental genetically attenuated live vaccine to prevent transmission of Toxoplasma gondii by cats[END_REF] , it constitutes a very good candidate to identify micro-gametocytes. On the other hand, the AO2 protein identified in merozoites transcriptomes 210 can be used as marker to identify Toxoplasma macrogametocytes 4 . Perhaps longer treatment of our parasites with IAA supplemented with linoleic acid may be sufficient to trigger gametogenesis. Despite the challenges encountered during our preliminary studies, culture of our KD lineages within feline-derived intestinal cells could be the closest system to T. gondii sexual reproduction's native environment.

Another limitation is that this study has been performed with the type I RH strain. As mentioned for the SRS proteins, some genes are differentially expressed between the distinct Toxoplasma gondii strains.

Therefore, what applies for the RH strain may not necessarily be reflected in other strains. Type I T.

gondii is rare worldwide 20 and make us wonder if our in vitro studies reflect the native conditions. Also, one could wonder which strains are best suited for sexual development: type I strains, whose virulence are proportional to their fast replication and thus suited for rapid stage conversion, or, type II strains, whose cystogenic behaviour place them in the feline alimentary chain and agree with bradyzoites preceding sexual development?

Parasites may choose transmission through the sexual or asexual mode, depending on which of the two models benefits both the individual and the species 144 . As Toxoplasma transmission through the sexual mode requires optimal environmental conditions, i.e., felines, the parasite bypasses these sexual reproduction requirements by being transmitted asexually indefinitely. Nevertheless, sexual reproduction within felines is indispensable for genetic admixture and thus species survival. Asexual mode seems to be by definition, the favoured expansion strategy employed by Apicomplexans, whereas the sexual reproduction is only de-repressed upon specific triggers. Consistently, with a perfect-in-timeactivation, Toxoplasma sexual cycle is thought to be unidirectional and sexually committed parasites do not convert back to asexual stages. In the native conditions, type II strains originate from rodent preys and exhibit a latent/dormant behaviour, questioning bradyzoites ability to rapidly convert into merozoites and proceed sexual development. The existence of poised chromatin state 147 allows faster switch and transcriptional changes in both type I and type II strains. Another similarity between these two strain types is the active role of MORC in regulating developmental transitions. The interactomes of MORC presented two additional AP2s in the virulent type I (RH) strain that weren't detected in the cystogenic type II (Pru) strain, i.e., AP2IX-7 and AP2VIII-4. Nevertheless, in our study, Ha-flag-tagged AP2XII-1 or AP2XI-2 were purified from both RH and PRU strains, and their interactome presented the same partners, suggesting that these AP2s exhibit the same role in both type I and type II strains.

Take home-messages:

Here, the goal of our study was to describe the contribution of ApiAP2 to MORC/HDAC3mediated regulation of Toxoplasma sexual reproduction. By characterising AP2XI-2 and AP2XII-1 role as repressors of merogony and as recruiters of MORC, the master regulator of sexual commitment to pre-gametes specific genes, we successfully reached our goal. Furthermore, by obtaining fully differentiated merozoites in vitro, we open doors for the next studies of the sexual development and hopefully to the emergence of reproduction-blocking strategies.

Illustration 1 :

 1 Longitudinal section view of the Tachyzoite of Toxoplasma gondii indicating the main structures and organelles, from Attias et al 2020.

Illustration 5 :

 5 Representation of the life cycle of Toxoplasma gondii in epithelial cells of the small intestine of felids. Right panel: The felid small intestinal epithelium is composed of diverse specialized cell types, all of them originating from intestinal stem cells, located at the base of the crypts. The feline intestinal environment, characterized by the absence of the delta-6-desaturase enzyme, and a consequent increased level of linoleic acid, is the only anatomical site and biochemical environment supporting T. gondii's sexual differentiation. Left panel: In the epithelial cells, T.gondii bradyzoites (haploid cell; 1n) differentiate into merozoites (1n), which further give rise to microgametes (1n) and macrogametes (1n). Throughmechanisms not yet completely understood, the microgamete fertilizes the macrogamete generating the zygote (immature oocyst, 2n). These diploid cells are then shed as unsporulated oocysts in the feline's feces, contaminating plants and water sources in the environment, becoming potentially infective to other animals, leading to the beginning of a new infective cycle. FromSena et al, 2023. 

Illustration 6 :

 6 Life Stages of T. gondii from Tomasina & Francia 2020. (A) Transmission of bradyzoites from intermediate hosts to definitive hosts natively occur through carnivorism. (B) Infection of these latter occurs by consuming tissue cysts containing bradyzoites. Differentiation of bradyzoites into asexually expanding merozoites happens along the intestinal tract. (C) Bradyzoites will sequentially differentiate into A-E merozoites prior to giving rise to macro (MaG) and micro (MiG) gametes. The intestinal segment where each meront is found more often is color coded according to B. (D) Combination of MaG and MiG gives rise to a unsporulated oocysts which mature in the environment becoming sporulated, sporozoite containing, infective oocysts.

71 Type

 71 1 : D merozoites subtypes, from Ramiro Tomasina et al, 2020 detection is coincident with a decrease in the percentage of observed mature type D merozoites (Illustration

Illustration 10 :

 10 Life Cycle of Toxoplasma gondii in the definitive hosts, environment and intermediate hosts. From Delgado et al., 2022.

  and technical issues linked to animal experimentation while fully reproducing a host physiological environment. Indeed, several reliable two-and three-dimensional cell cultures and organoids-based experiments/protocols developed in the last years, allowed increasing progress on Toxoplasma gondii biology aspects amongst which, invasion, motility or host/pathogen interaction studies for example.Nevertheless, these in vitro models are still under development and miss important host physiological components as solutes and oxygen gradients, local microbiota, fluxes, muscular movements, endocrine and nervous signals and host vasculature. As before mentioned, host specific factors as IFNy, Il1b and TNFa or the accumulation of linoleic acid (discussed later) are indispensable for triggering stage conversion (to bradyzoites and merozoites respectively). Ex vivo methods have also been tested as alternatives and are still under development to overcome the fact that these present insufficient lifespan for long-term experiments. Hence, explants, for example are not yet adapted to mimic Toxoplasma sexual reproduction that takes 3 to 15 days as observed in orally infected cats23 .In addition to the multiple attempts to reproduce the host environment in vitro and ex vivo, approaches based on genetical modification of parasites are widely used in the Apicomplexan field. Indeed, finding the regulators of the parasite developmental paths allows gaining insights of in vitro unavailable mechanisms. Consequently, understanding the regulation of stage conversion brings another advantage in developing in vitro models for parasite study.In the next chapter, I will present briefly the state of the art on Toxoplasma gondii stage transitions regulation, focusing mainly on the transcriptional regulation via ApiAP2 TF and via epigenetic components including chromatin architecture, histone (de)acetylation balance and chromatin remodellers.

Illustration 11 :

 11 A scheme for hierarchical chromatin organization inside the cell nucleus: Adapted from (Upper panel) Maeshima et al, 2017 101 and (Bottom panel) Portillo-Ledesma et al, 2023 102 : ~147 bp of DNA wrap around the histone octamer to form the nucleosome, the chromatin basic building block. The 10-nm chromatin fibre can form a loop structure held by cohesin or other proteins. Nucleosomes fold into tetra-nucleosome units, and the zigzag topology appears dominant in small kb arrays. Further folding through hierarchical looping creates nucleosome clutches of different sizes and levels of compaction. Genes fold while maintaining the folding features of the lower scales. The chain of nucleosomes is compacted into chromatin domains (e.g., topologically associating domain (TAD)/contact domain/loop domain) which further fold to form segregated compartments. A and B compartments in general represent transcriptionally active or open chromatin state (compartment A) and inactive or closed chromatin (compartment B). Finally, chromosomes separate in territories in the cell nucleus. For example, a single interphase chromosome consists of several compartments occupies that collectively form a chromosome territory.

  These epigenetic regulators are classified in separate families according to their domains and specificity but, they use similar mechanisms to modulate nucleosome assembly and post-translational modifications 109 . All chromatin remodellers share a conserved Swi2/snf2 ATPase domain split into two RecA-like lobes to conduct ATP-dependent translocation of DNA from a fixed point on the nucleosome. When binding to the nucleosome, the two RecA-like lobes engage the same strand of DNA and hydrolyse ATP to catalyse the sequential binding and release of each individual lobe to propel DNA around the nucleosome. Remodeller-catalyzed DNA translocation leads to the disruption of DNA/histone contacts. Thereby, remodellers can conduct various nucleosomes assembly/disassembly and positioning functions by propelling DNA around the nucleosome. Additionally, all chromatin remodellers share a greater affinity for nucleosomes rather than free DNA. They were shown to engage the nucleosome with primary DNA contacts from the ATPase domain at fixed regions of nucleosomal DNA, named specific Super-helix Locations (SHL). SHL represents the number of double helical turns away from the nucleosome dyad at SHL0. The different subfamilies of remodellers exhibit a preference for specific SHL and thus bind different regions of the nucleosome109,110 .

  Post-translational modifications (PTMs) undergone by histones and their variants may drive a direct genomic response, as local alteration of chromatin can lead to transcriptional activation. However, intermediate steps as binding of a chromatin remodelling complex or effector proteins may be required prior transcriptional activation. Another example of a PTMs indirect effect is the prevention of the binding of a reader protein. According to the epigenetic code, each individual mark has its own message to convey and while some marks compete, other can have synergistic effects. Hence, the message communicated by individual PTMs can fluctuate depending on the context of mark combinations.

  the other hand, PTMs on the lateral surface of globular domains (hgdls) have the potential to affect binding of histones to DNA, as well as the rate of DNA unwrapping and rewrapping. Additionally, these modifications can regulate the accessibility of nucleosomal DNA and facilitate the mobilization of nucleosomes. Therefore, PTMs altering charges that change charges could have a particularly significant impact on the binding between histones and DNA. Since it affects unwrapping of DNA close to DNA entry/exit regions, it also affects DNA breathing, which are spontaneous local conformational fluctuations. Consequently, they may also alter the binding of transcription factors 105 . Inversely, PTMs on histone tails present the advantage of being potentially easily accessed and recognized by a multitude of readers and effector proteins. Chromatin function is usually regulated by these proteins rather than the PTMs themselves (Illustration 14).

  Toxoplasma gondii is restricted to zygote/oocysts are the only diploid stages but little is known about the role of histones PTMs in meiotic recombination. In eukaryotes, trimethylation of H3K4 and H3K36 are enriched at genomic hot spots and to trigger chromatin opening prior to meiotic recombination through recruitment of readers in complex with helicases in Eukaryotes105,125 . Moreover, loop anchors of TADs are also hot spots for meiotic recombination and since they are enriched in H3K4me3. Whether these are also conserved in Apicomplexans requires further studies.In general, DNA replication is a conserved step preceding daughter cells formation and requires chromatin remodelling so the DNA Polymerase complexes gain access to the to-be-copied DNA. As aforementioned, histone PTMs can serve as delimitators of accessible genomic regions. Moreover, local histone modifications regulate the initiation of DNA replication and affect both origin establishment and replication activity 105 . For instance, acetylation (H4K5, K8 and K12), favours the formation of the Pre-initiation Complex (PIC) by opening the chromatin structure. Bromodomains-containing proteins (e.g. BRD4) interact with the limiting replication initiation factor RESLIN leading to recruitment of factors involved in transcription and chromatin regulation 105,126. Similarly, phosphorylation marks, serve as activators of cofactors, including transcription factors that will recruit the RNA Polymerase and associated complexes to the marked locus. On the other hand, methylation can stabilize the Origin Replication Complex (ORC) at specific locations on the chromatin. H4K20 methylation levels oscillate in a DNA replication -dependent manner and methylases bind to components of the replication machinery and efficient initiation of DNA replication occurs post demethylation of H3K4 and H3K9 105 . Overall, histone PTMs and their dynamics hold instructive roles in regulation of DNA replication. Conversely, DNA replication can also influence histone modification landscape. In this respect, nucleosomes are disassembled, exchanged, modified, re-assembled and histones PTMs are recycled during DNA replication. These mechanisms are expected to be conserved across Eukaryotes including Apicomplexans, but the epigenetics marks associated to DNA replication in Toxoplasma are understudied.DNA replication is tightly coordinated with DNA repair. Damaged DNA is sensed, signalled and repaired by DNA damage response pathways. Intracellular parasites as Toxoplasma gondii undergo oxidative stress generated by the host defence mechanism and by its own metabolism. These causing DNA damage, a process like DNA base excision repair (BER) should exist in Apicomplexans to repair their DNA 127 . In this respect, Toxoplasma gondii possesses apurinic/apyrimidinic (AP) endonucleases functioning in DNA BER. Importantly, TgAPN is critical for Toxoplasma to recover from DNA damage 128 . Non-Homologous End Joining mechanisms (NHEJ) is another mechanism expected to be broadly used by Apicomplexan parasites for repairing DNA given their haploidy and proliferation through a semi-closed mitosis process (endodyogeny). Interestingly, most or all enzymatic machinery for canonical NHEJ is absent in most Apicomplexan parasites[129][130][131] , except for Toxoplasma gondii 132 .Despite not fully described repair mechanisms in Apicomplexan allow for instance, apicoplast DNA repair[132][133] .As expected, histone PTMs are involved in these DNA repair pathways. For instance, phosphorylation in serine 139 of H2Ax is the first PTM to be induced at a double-strand DNA break site. This PTM can spread along the DNA thus serving as platforms for the recruitment of DNA damage signalling factors and even form foci for the DNA repair. In fact, damaged DNA mobilisation seem to occur through loop extrusion mechanisms around TAD boundaries, which coincide with H2Ax boundaries. This histone (H2Ax) would potentially play a role in 3D genome topology through phase-separation and creation of condensates. In this respect, the aforementioned PTM triggers the ubiquitination of histones H1 and H2A. If the role of these ubiquitin role is unknown, they may be involved in phase-separated chromatin, which are reaction chambers enriched in H2B ubiquitination. Ubiquitination seems therefore to be a mechanism through which chromatin is compartmentalised and consequently repaired, replicated and transcribed. In this respect, H2AK15ub is specifically accumulated at DNA damage sites and favours Non-Homologous End Joining (NHEJ) repair mechanism. Inversely, mono-and di-methylated H4K20 can be recognised and bound by the same factors as H2AK15ub, but this mark rather favours Homologous Recombination (HR). Additionally, H3K36me3 prompts DNA double strand break in transcriptionally active genes to be preferentially repaired by HR. In summary, the choice of repair mechanism is dictated by the interplay between different readers and their affinities for cell-cycle regulated and DNA-damage dependent histone PTMs 105 .

  before mentioned, changes in the chromatin structure can occur through DNA modifications, RNAbased epigenetic regulation or histones Post-translational Modifications. DNA methylation and glycosylation have never been reported in Toxoplasma gondii, but the parasite conserved components of the RNA-based silencing processes. Despite the presence of a significant number of encoded LncRNAs, silencing RNA does not seem to display an accountable regulatory role. On the other hand, small silencing RNAs could potentially participate in the recruitment and interaction with other regulatory complexes 124 .Most work in the Apicomplexa focused on the role of conserved histones and their PTM, which together stabilise chromatin structure, recruit effector complexes and whose combinations delineate boundaries in the genome. Despite the absence of the linker H1 histone, T. gondii exhibit conserved histone core (H2A, H2B, H3, H4) and conserved (H3.3, CenH3, H2AZ or H2Ax) or parasite specific (H2Bv/H2BZ) histone variants. Moreover, histone variant H2B.Z acetylation was recently described as necessary for maintenance of Toxoplasma gondii biological fitness 138 .Amongst the PTMs previously identified in Eukaryotes (approx. 130 in 2021), most are generally conserved across Eukaryotes. Many of the major types (e.g. Acetylation, methylation, phosphorylation and ubiquitination) are also conserved in Toxoplasma gondii139 and have received acknowledgeable effort to decipher how they affect gene expression. Overall, histone acetylation major contribution to Toxoplasma gondii epigenetic landscape and gene expression has been broadly demonstrated in the last years. For instance, histone acetylation is typically correlated to gene expression and T. gondii promoters of actively transcribed genes are marked by H3K9Ac, H4K8Ac, K12Ac and K16Ac94 . 

  was shown to be an important regulator of cell cycle progression, transcription, and chromatin structure in T. gondii. If histone phosphorylations are usually associated with acetylation and gene activation, non-histone proteins are the main targets of multiple kinases in the parasite. Cell cycle regulated proteins (e.g., Cyclins and Cyclin-Dependent Kinases, Checkpoint Kinases, microtubuleassociated proteins) may be phosphorylated under three waves: first one occurring shortly after invasion, second one during G1 (together with acetylation, sumoylation and ubiquitination) and the third one during S/M phase (together with ubiquitination). Interestingly, many proteins implicated in gene regulation (as ApiAP2 TF) are both ubiquitinated and phosphorylated. Whereas histone phosphorylation was associated with nutrient sensing, metabolism, chromatin remodelling and transcription the function of ubiquitin motives in Toxoplasma are not well documented. Nevertheless, ubiquitin PTM are associated to protein degradation, signal transduction and protein trafficking.Interestingly, many cell-cycle regulated proteins are extensively ubiquitinated during late G1 and S/M phases. This ubiquitination would serve as regulatory mechanisms to control protein abundance, activity, and degradation.Chromatin remodellers in Toxoplasma gondii regulate the developmental transitions. For example, the homologue of RSC complex (Remodels the Structure of Chromatin) is a SWI/SNF-like complex implicated in regulating gene expression during stage conversion and differentiation143. TgRSC8 would act as a negative regulator of transcription of bradyzoite-induced genes in tachyzoites 143 .ConclusionAs described previously, T. gondii has a multi-host life cycle and the parasite adopts forms specifically suited to each niche. Its flexibility in switching from one stage to another, is orchestrated in a stagespecific transcriptional and epigenetic program-based manner. The developmental programs in T. gondii are regulated by host-specific environments and metabolic states. For example, the bradyzoite developmental program will be triggered when parasites within intermediate hosts undergo stressful conditions as interferon-gamma release by host cells. Similarly, the definitive host environment, particularly the presence of linoleic acid in felines guts, will trigger parasite sexual development through activation of the merozoite developmental program for example.Briefly, each stage has its own (epi)genetic signature constituting the expression of stage-specific genes. Transition between stages is highly coordinated to insure the choice of the most suited parasite form, accordingly. Hence the unidirectionality of the life cycle and the necessity of a complex network of regulators and epigenators to meticulously control parasite developmental trajectories144. This tight regulation requires a complex network specialized in perceiving environmental stimuli (e.g. membrane receptors), transducing it (e.g., Map-kinases and transcription factors) to the nucleus and responding (e.g., DNA-binding, recruitment of chromatin remodellers, gene induction or repression). It is noteworthy that the response to the stimuli can mean simple responses (induction of protein effectors or ions release) to locally answer the stimuli but can also mean complex rewiring of the parasite developmental epigenetic program leading to stage conversion[START_REF] Hakimi | Epigenetic Reprogramming in Host-Parasite Coevolution: The Toxoplasma Paradigm[END_REF] .The environmental stimuli triggering Toxoplasma gondii sexual commitment was recently elucidated by Knoll team. Felines are the only mammals lacking delta-6-desaturase activity in their intestines. This enzyme catalyses linoleic acid metabolism and its absence results in systemic excess of this lipid in the felines. Inhibition of the endogenous enzyme and diet supplementation allowed the sexual development of T. gondii in mice. Additionally, infection of linoleic acid treated cat intestinal epithelial cells resulted in parasite conversion, merozoite differentiation and oocyst formation in vitro as well145 .

(

  Duuta et Inouye, 2000; Kang et al, 2008;) [START_REF] Farhat | A MORC-driven transcriptional switch controls Toxoplasma developmental trajectories and sexual commitment[END_REF] . MORC proteins are critical for gene silencing and chromatin compaction in eukaryotes, including plants, nematodes and mammals. In this respect, MORC was shown to be implicated in the repression of transposons and newly integrated transgenes in plants, nematodes and mammals149,150 . In A. thaliana, MORC1 physically interacts with MORC6, MORC4, MORC7 and RdDM factors to maintain heterochromatic TEs condensed151,152 . In Plants, MORC also seems to have an antagonistic relationship with the ISWI chromatin remodeller concerning regulation of DNA methylated genes153 . Moreover, MORC also plays a role in resistance to biotrophic and necrotrophic plant pathogenic fungi by forming distinct nucleocytoplasmic homo-/hetero-dimers. By interacting with the RNA-directed DNA methylation pathways, MORC is also implicated in epigenetic silencing of transposable elements 154 . Of note, silencing of transposable elements is an essential process to maintain genomic integrity within the cell 155 . Nevertheless, MORC also functions independently of the RdDM pathway, and a recent study proposed an alternative pathway involving MAINTENANCE OF MERISTEMS (main) and main-like factors. These are PMD (plant mobile domain) proteins, originally identified as essential for plant development and genome integrity. Accordingly, MAIN/MAIL1/PP7L complex seems to be required for the proper expression of the MORC1 protein, which in turn ensures TEs silencing 155 .

  It was recently described as being essential for host-hormone (melatonin) response in parasite synchronization. Of note, melatonin plays a key role in modulating the cell-cycle of P. falciparum and P. Chabaudi by modulating parasite Ca2+ and cAMP levels (Alves, E. et al, 2011; Hotta C. T. et al, 2000; Schuck, D. C. et al. 2014). Finally, PFMORC seems to associate with PfAP2-MRP, an essential Plasmodium specific ApiAP2 identified as Master Regulator of Pathogenesis during the intraerythrocytic developmental cycle. It was found to bind to promoters of genes controlling host cell remodelling, trophozoite development, antigenic variation and pathogenicity. Interestingly, Δpfap2mrp parasites overexpressed several early gametocyte marker genes indicating a potential role in regulating sexual stage conversion 170 . Toxoplasma gondii evolved a unique version of the MORC protein, that possesses a bipartite NLS, six Kelch repeats, an HATPase domain and a CW zinc-finger domain (Illustration 16). TgMORC is evolutionarily closer to the animal version of MORC than to the Plants one, suggesting a sort of transfer from the host cell.

Illustration 14 :

 14 Microrchidia (MORC) modus operandi: signalling through chromatin From Farhat et Hakimi, 2021144 . (A) Structural domains of TgMORC characterized by the HATPase domain (in red). The protein exhibits a monoubiquitination at K472 near the KELCH motifs (in purple), which may act as substrate adaptors for the Cullin-RING E3 ubiquitin ligases. TgMORC also carries a zf-CW domain, a putative reader of methylated residues, like the human MORC3 protein, which binds to methylated residue K4 on histone H3.(B) The current model assumes that MORC proteins entrap DNA into loops at their target genes and then undergo multimerization to achieve a higher degree of compaction and possible formation of biomolecular condensates. In this context, the pattern of nuclear puncta observed in vivo for TgMORC (in red) could be an outcome of DNA looping events carried out by multiple MORC proteins. (C) MORC and HDAC3 were coenriched near silenced genes embedded in chromatin characterized by both H3K9me3 (a repressive mark) and H3K14ac (an activation mark), a dual post-translational modification (PTM) signature reported as a state of poised chromatin characteristic of developmentally regulated genes in Toxoplasma gondii. Upon release of MORC from chromatin, we expect a rearrangement of the histone code with a switch from a poised to an active chromatin state, followed by the formation of the preinitiation complex (PIC) and transcription. Ubiquitination of lysine and the Kelch motifs could serve as a signalling hub for MORC to sense the external environment. Removal of ubiquitin by a deubiquitinase (DUB)could lead to inactivation of MORC and its release from chromatin. Alternatively, signalling by linoleic acid or a metabolic shift could lead to degradation of MORC or inactivation of HDAC3.

Illustration 18 :

 18 MORC and HDAC3 co-purify with a dozen Primary APiAP2. These, regulate the expression of secondary APiAP2s, forming a complex network at the basis of the epigenetic regulation of stage transition in Toxoplasma gondii, particularly in sexual commitment. Ap2s are classified according to the stage in which they are most expressed. Parasites in violet correspond to Bradyzoite stages, yellow ones to Merozoite, Blue to Sporozoites. Male and Female gamete specific AP2s are also presented.From Farhat et Hakimi, Trends in Parasitology, 2021. 

  MORC and HDAC3, thereby limiting chromatin accessibility for transcription. Conditional and B. The Article: In vitro production of cat-restricted Toxoplasma pre-sexual stages by epigenetic reprogramming Summary paragraph Sexual reproduction of Toxoplasma gondii, confined to the felid gut, remains largely uncharted due to ethical concerns regarding the use of cats as model organisms. Chromatin modifiers dictate the developmental fate of the parasite during its multistage life cycle, but their targeting to stagespecific cistromes is poorly described 1,2 . In this study, we found that transcription factors AP2XII-1 and AP2XI-2, operate during the tachyzoite stage, a hallmark of acute toxoplasmosis, to silence genes necessary for merozoites, a developmental stage critical for subsequent sexual commitment and transmission to the next host, including humans. Their conditional and simultaneous depletion leads to a drastic change in the transcriptional program, promoting a full transition from tachyzoites to merozoites. These in vitro-cultured pre-gametes display unique protein markers and undergo typical asexual endopolygenic division cycles. In tachyzoites, AP2XII-1 and AP2XI-2 bind DNA as heterodimers at merozoite promoters and recruit MORC and HDAC3 1 , thereby limiting chromatin accessibility and transcription. Consequently, the commitment to merogony stems from a profound epigenetic rewiring orchestrated by AP2XII-1 and AP2XI-2. Successful production of merozoites in vitro paves the way for future studies on Toxoplasma sexual development without the need for cat infections and holds promise for the development of therapies to prevent parasite transmission.

.

  The following primary antibodies were used in the immunofluorescence, immunoblotting, and/or ChIP assays: rabbit anti-TgHDAC3 (RRID: AB_2713903), rabbit anti-TgGAP45 (gift from Pr. Dominique Soldati), mouse anti-HA tag (Roche, RRID: AB_2314622), rabbit anti-HA Tag (Cell Signalling Technology, RRID: AB_1549585), rabbit anti-mCherry (Cell Signaling Technology, RRID: AB_2799246), rabbit anti-FLAG (Cell Signaling Technology, RRID: AB_2798687), mouse anti-MYC clone 9B11 (RRID: AB_2148465), H3K9me3 (Diagenode, RRID: AB_2616044), rabbit Anti-acetyl-Histone H4, pan (Lys 5,8,12) (Millipore, RRID:AB_310270), rat anti-IMC7 and Centrin-1 (gift from Pr. Gubbels MJ), mouse anti-IMC1 (gift from Pr. Ward GE), mouse anti-AtRx antibody clone 11G8 24 , mouse anti-GRA11b 14 . We have also raised homemade antibodies against linear peptides in rabbits corresponding to the following proteins: MORC_Peptide2 (C+SGAPIWTGERGSGA); AP2XI-). They were manufactured by Eurogentec and used for immunofluorescence, immunoblotting and/or chromatin immunoprecipitation. Secondary immunofluorescent antibodies were coupled with Alexa Fluor 488 or Alexa Fluor 594 (Thermo Fisher Scientific). Secondary antibodies used in Western blotting were conjugated to alkaline phosphatase (Promega).

  transfection. Parasite strains were electroporated with vectors in Cytomix buffer (120 mM KCl, 0.15 mM CaCl2, 10 mM K2HPO4/ KH2PO4 pH 7.6, 25 mM HEPES pH 7.6, 2 mM EGTA, 5 mM MgCl2) using a BTX ECM 630 machine (Harvard Apparatus). Electroporation was performed in a 2 mm cuvette at 1,100 V, 25 Ω, and 25 µF. Antibiotics (concentration) used were chloramphenicol (20 µM), mycophenolic acid (25 µg/ml) with xanthine (50 µg/ml), pyrimethamine (3 µM), or 5fluorodeoxyuracil (10 µM) as needed. Stable transgenic parasites were selected with the appropriate antibiotic, cloned in 96-well plates by limiting dilution, and verified by immunofluorescence assay or genomic analysis. Chromatographic purification of FLAG tagged proteins. Toxoplasma extracts from RH∆ku80 or Pru∆ku80 cells stably expressing HAFlag-tagged AP2XII-1 or AP2XI-2 proteins, respectively, were incubated with anti-FLAG M2 affinity gel (Sigma-Aldrich) for 1 hour at 4°C. Beads were washed with 10-column volumes of BC500 buffer (20 mM Tris-HCl, pH 8.0, 500 mM KCl, 20% glycerol, 1 mM

1 -

 1 Flag or AP2IX-6-Flag genes were cloned within the co-expression donor vector pFastBac dual which accepts two constructs. The (Strep)2-AP2XI-2 expression cassette was derived from the TGME49_310900 gene with a fused dual Strep Tag and Tobacco Etch Virus (TEV) site in the N-terminus. AP2XII-1-Flag or AP2IX-6-Flag were derived from the full length TGME49_218960 and TGME49_290180 genes, respectively, with an additional non-cleavable FLAG-TAG on the C-terminus.The (Strep)2-AP2XI-2 expression cassette was under the control of the polyhedrin promoter while AP2XII-1-Flag or AP2IX-6-Flag were under the P10 promoter.Generation of baculovirus.Bacmid cloning steps and baculovirus generation were performed using EMBacY baculovirus (gifted by I. Berger), which contains a yellow fluorescent protein reporter gene in the virus backbone. The established standard cloning and transfection protocols set up within the EMBL Grenoble eukaryotic expression facility were used. Although baculovirus synthesis (V0) and amplification (to V1) were performed with SF21 cells cultured in SF900 III medium (Life Technologies), large-scale expression cultures were performed with Hi-5 cells cultured in the protein free ESF 921 Insect Cell Culture Medium (Expression System) and infected with 0.8-1.0% (v/v) of generation 2 (V1) baculovirus suspensions and harvested 72 h after infection. For purification, three cell pellets of about 500 ml of Hi-5 culture were each resuspended in 50 ml of lysis buffer [50 mM tris (pH 8.0), 400 mM NaCl, and 2 mM β-mercaptoethanol (BME)] in the presence of an anti-protease cocktail (Complete EDTA-free, Roche) and 1 μl of benzonase (Merck

  Software and Statistical analyses. Volcano plots, scattered plots, and histograms were generated with Prism 7. Sample sizes were not predetermined and chosen according to previous literature. Experiments were performed in biological replicates and provided consistent statistically relevant results. No method of randomization was used. All experiments were performed in independent biological replicates as stated for each experiment in the manuscript. All corresponding treatment and control samples from ChIP-seq and RNA-seq were processed at the same time to minimize technical variation. Investigators were not blinded during the experiments. Ethics statement. Mouse care and experimental procedures were performed under pathogen-free conditions in accordance with established institutional guidance and approved protocols from the Institutional Animal Care and Use Committee of the University Grenoble Alpes (APAFIS#4536-2016031 017075121 v5). Animal experiments were performed under the direct supervision of a veterinary specialist, and according to Swiss law and guidelines on Animal Welfare and the specific regulations of the Canton of Zurich under permit numbers 130/2012 and 019/2016, as approved by the Veterinary Office and the Ethics Committee of the Canton of Zurich (Kantonales Veterinäramt Zürich, Waltersbachstrasse 5, 8090 Zürich, Switzerland).

Fig. 1 |

 1 Fig. 1 | Simultaneous depletion of AP2XI-2 and AP2XII-1 induces the expression of merozoiterestricted transcripts. a, Schematic representation of the multistage life cycle of T. gondii. The enteroepithelial cycle begins when a cat ingests tissue cysts, initiating merozoites asexual replication (morphotypes A-E) leading to macro and micro-gametes production. These form oocysts that sporulate in an oxygen-rich environment. After ingestion, sporozoites are released, which develop into tachyzoites causing acute infection. Later, due to host immunity, they convert into bradyzoites forming tissue cysts, with predation by cats closing the cycle. Created with BioRender.com. b, Epifluorescence image of IFA of infected small intestine of kittens stained with antibodies against GRA80, GRA11b and rat immune serum. Nuclei were counterstained with DAPI. c-e, Expression of the merozoite markers (c) GRA11b (TGME49_237800), (d) GRA80 (TGME49_273980) and (e) GRA81 (TGME49_243940)were quantified in situ in intracellular tachyzoites in which MORC, one of 14 MORC-associated AP2 or AP2XII-1/AP2XI-2 were genetically disrupted. Cas9-GFP expression was used to assess the efficacy of genetic disruption in Cas9-expressing parasites (see Extended Data Fig.2f). Horizontal bars represent the mean ± s.d. of GRA80 vacuolar intensity from three to four independent experiments (n = 50 GFPpositive vacuoles per dot). Statistical analysis was done by one-way ANOVA followed with Tukey's multiple comparison test. f, Differential expression analysis was performed with DESeq2 on raw rRNAsubtracted data, followed by Benjamini-Hochberg correction (P-value threshold of 0.05). In the IAA (24 hours)-induced double KD parasites, 295 genes exhibited upregulation (Log2 FC > 2) and 195 genes displayed downregulation (Log2 FC < -1), compared with untreated parasites. Heat map representation is based on mean-centered data and K-Means clustering (Pearson correlation) using iDEP.96, and shows log2-transformed data. Hierarchical clustering grouped genes and samples to elucidate expression patterns across different in vivo stages -merozoites, EES1-EES5 stages,
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 234 Fig. 2 | Co-depletion of AP2XI-2 and AP2XII-1 causes rewiring of organellar proteomes specialized in invasion and host-parasite interaction. a-c, Heat map showing hierarchical clustering analysis of selected microneme (a), rhoptry (b), and dense granule (c) mRNA transcripts and theircorresponding proteins, which were significantly upregulated (Log2 FC > 2; P-value < 0.05) or downregulated (Log2 FC < -1; P-value < 0.05) following the simultaneous depletion of AP2XII-1 and AP2XI-2. The abundance of these transcripts is presented across different in vivo stages -merozoites, EES1-EES5 stages, tachyzoites, sporozoites, and cysts, as documented in prior studies12,13,16 . Some tachyzoite or merozoite stage genes are highlighted in blue and red, respectively. Analysis parameters are those of Fig.1f. d, Time-course Western blot analysis of protein expression levels after depletion of AP2XII-1mAID-HA and AP2XI-2-mAID-MYC. Samples were collected at the indicated time points after addition of IAA and probed with antibodies against HA, MORC, and HDAC3, rhoptry proteins (ROP26 and BRP1), dense granule proteins (GRA11b and GRA80), the SRS48 family, a CK2 kinase (TGME49_307640), and the protein encoded by TGME49_306455. The experiment was repeated three times, and a representative blot is shown. e-f, Maximal intensity projection of a confocal microscopy z-stack from meront in infected small intestine of a kitten. Antibodies against GRA11b (green) mark the dense granules and against IMC1 (red) or GAP45 (magenta) the inner membrane complex of individual merozoites. Nuclei are counterstained with DAPI.
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 5 Fig. 5 | AP2XII-1 and AP2XI-2 heterodimerize and interact with HDAC3 and MORC to form a repressive core complex. a, Eluates from flag immunoprecipitation in HFF cells infected with either untagged wild-type parasite (mock) or parasites stably expressing HAFlag-tagged AP2XII-1 or AP2XI-2 protein were examined through label-free quantitative proteomics using MS (three biological replicates per condition) and represent as Volcano plot. Each dot represents a protein. Volcano plot showing proteins with differential expression comparing individual AP2 eluates with Mock eluates. Black dotted lines show -log10 P-value < 7 and log2FC= 2.5 cut-offs; proteins above these thresholds are colored in orange, blue (HDAC3), pink (MORC) or green (AP2). Raw data and a detailed statistical analysis are shown in Supplementary Table 4. b, Flag affinity eluates were analysed by Western blot to detect MORC and HDAC3. This was repeated three times, and a representative blot is displayed. c, Chromatographic purification scheme of AP2XI-2-Strep and AP2XII-1-Flag or (Strep)2-AP2XI-2 and AP2IX-6-Flag co-expressed in Trichoplusia ni (Hi-5) insect cells. d, Co-purification of AP2XII-1-Flag through the pulldown of (Strep)2-AP2XI-2 by streptactin purification. e, AP2IX-6-Flag is not co-purified by (Strep)2-AP2XI-2. d-e, (Strep)2-AP2XI-2 wasdetected using an in-house anti-AP2XII-2 antibody and AP2XII-1-Flag or AP2IX-6-Flag using anti-Flag antibody. Input, soluble fraction (SF), flow-through (FT), high salt wash (W2) and final wash (W3) deposits were deposited using 8 ul while eluted fractions (E1 to E8) were deposited using 15ul.Experiments were performed at least twice for d and e and identical input insect cell culture volumes, and strep tactin resin volumes were used. f, Strep-tactin XT purified (Strep)2-AP2XI-2/AP2XII-1-Flag proteins were fractionated on a Superose-6 increase gel filtration column. Input (concentrated streptactin elution) and gel filtration fractions were separated by SDS -polyacrylamide gel and analyzed by both Western blots using anti-Flag and in-house anti-AP2XII-2 antibodies and colloidal blue staining.Fraction numbers are indicated at the top of the gel. MS-based proteomic analyzes of fractions 10 and 14 are indicated on the right side of the graph. Number of identified peptides and iBAQ values are indicated (see Supplementary Table5).

Fig. 6 |

 6 Fig. 6 | Recruitment of HDAC3 and MORC to chromatin is mediated jointly by AP2XII-1 and AP2XI-2. a, Heatmap and profile analysis of the ChIP peak intensity for AP2XII-1 in parasites, either untreated (UT) or following co-depletion of AP2XII-1 and AP2XI-2. Kmeans clustering applied to the untreated sample shows a prominent and centered enrichment of AP2XII-1 at the TSS in genes from cluster 2. b, Profile comparison of AP2XII-1 ChIP peaks in untreated single or double knockdown strains, centered at TSS (±8 kb) within cluster 2 genomic loci. c, Superposed profile plots indicate AP2XII-1, AP2XI-2, HDAC3, and MORC co-enrichment around TSS of cluster 2 genes in the untreated state. a-c, profile plots were generated by Deeptools using an averaged summed occupancy over a bin size of 10. d, IGB view illustrates AP2XII-1, AP2XI-2, MORC, HDAC3 enrichment and ATAC-seq chromatin accessibility on chromosome Ia before and after simultaneous AP2XII-1 and AP2XI-2 KD. The Y-axis shows read density. e, HOMER analysis reveals global distribution of significant peaks within genomic features for AP2XI-2, AP2XII-1, HDAC3 and MORC ChIP experiments. f, Profile and heat maps of averaged summed occupancy using bin sizes of 10 show Tn5 transposase accessibility (ATAC-sequencing) for T. gondii genes centered at TSS (±1 kb) in untreated and IAA-treated samples. High read intensity is in blue, with average signal profile plotted above. (g, h) The Tn5 transposase accessibility plot in T. gondii predicts nucleosomal occupancy. Averaged mean occupancy profiles with a bin size of 10 of untreated and IAA-treated ATAC-seq signals across down-regulated (n=226) and upregulated genes (n=281) show nucleosome-depleted region (NDR) at TSS and enriched, phased mononucleosome fragments at surrounding regions. i, IGB screenshots of four genomic regions with representative merozoite and tachyzoite genes highlight ChIP-seq signal occupancy for HA, MYC, MORC, and HDAC3, in untreated and post-depletion conditions. RNA-seq data at different induction times and Tn5 transposase accessibility profiles for both conditions are also shown.

3 |

 3 Quantification of stage-specific markers expression levels in the context of AP2XII-1/AP2XI-2 co-depletion, MORC depletion and BDF1 overexpression. a-b, MORC and single or double AP2XII-1/AP2XI-2 KD parasites, untreated or IAA-treated (24 and 48h), were compared with ΔBFD1/DD-BFD1-Ty parasites treated with vehicle or 3μM Shield-1 (48h). Parasites were stained with GRA11b (red) and GRA80 (green) antibodies, and Hoechst DNA-specific dye. Representative images of double KD vacuoles are shown on the left (a) the right graph (b) displays quantified results (n=50 vacuoles/dot, 3 replicates/conditions), analyzed using one-way ANOVA and Tukey's test. c, Levels of merozoite markers after AP2VIIa-3, AP2VIII-4, and AP2VIII-7 depletion were compared with those after AP2XII-1/AP2XI-2 co-depletion (48h). Displayed data represent mean ± s.d. of GRA11b(+)/GRA80(+) vacuole staining from three experiments (n=50 vacuoles/dot). Statistics involved one-way ANOVA and Tukey's multiple comparison test. d-e, MORC and single or double AP2XII-1/AP2XI-2 KD parasites, untreated or IAA-treated (24 and 48h) were co-stained with GRA11b (red) and GRA82 (green) antibodies. Representative images of double KD vacuoles are shown on the left (d) the right graph (e) displays quantified results (n=50 vacuoles/dot, 3 replicates/conditions), analyzed using one-way ANOVA and Tukey's test. f-g, Representative vacuoles of AP2XII-1/AP2XI-2 KD parasites, untreated or IAA-treated (48h) (f), stained for GRA2 (red) and GRA80 (green); the graph on the right (g) quantifies results (n= 50 vacuoles/dot, 3 replicates/conditions), using one-tailed Student's t-test. h-j, Representative images of MORC, double AP2XII-1/AP2XI-2 KD, and ΔBFD1/DD-BFD1-Ty treated with respective inducers and stained with DBA and bradyzoite markers BAG1 (red) or BCLA (green) (h). Graphs show % of BAG1 (i) or BCLA (j) positive vacuoles across three experiments (n=50 vacuoles/dot), statistical analysis by one-way ANOVA and Tukey's test. k, IAA-induced (24h) vacuoles of MORC KD parasites containing GRA81 tagged with mCherry (in red), co-stained with a bradyzoite marker (BCLA, green), and Hoechst DNA-specific dye. Extended Data Fig. 4 | Co-depletion of AP2XI-2 and AP2XII-1 induces the expression of merozoite proteins, including a large repertoire of parasite surface proteins. a, PCA analysis of mRNA sequencing data from biological triplicates of single KD or double KD parasites. Samples were collected from untreated conditions or after 24 or 48 hours of IAA treatment. b, Venn diagram illustrating the overlapping genes that were upregulated in the three IAA-treated knockdown strains.
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 5671 In vitro development of pre-gametes stages. a-c, IFA of tachyzoites (UT) and AP2XII-1/AP2XI-2-depleted zoites (at indicated time post-IAA) were fixed and stained with (a) antibodies of AtRX clone 11G8 (red) and IMC7 (green), (b) IMC7 or pan-acetylated histone H4 (red) and GAP45 or IMC7 (green), (c) IMC1 (red) and GAP45 (green). The cells were co-stained with DNAspecific Hoechst dye (white or blue). Morphotypes B, C and D meronts are highlighted in yellow. d-e, Electron micrographs of RH (AP2XII-1 KD/AP2XI-2 KD)-infected HFFs treated with IAA for 24 hours show (d) an advanced stage of daughter individualization, characterized by polarized inner membrane complex (IMC) and apical conoid, and (e) fully formed merozoites aligned in the PV with apex directed towards the PV membrane. Go: Golgi apparatus, rh: rhoptry, mi: microneme, n: nucleus (plus posterior that in tachyzoite), PLVAC: plant-like vacuolar compartment, dc: daughter conoid, IMC: inner membrane complex, DG: dense granule, Ac: acidocalcisome, LD: lipid droplet, ER: endoplasmic reticulum, hER: host endoplasmic reticulum, m: mitochondrion, hm: host mitochondrion. f, fully formed merozoites (24 hours post-IAA) were stained with GAP45 (green) and DNA-specific Hoechst dye. Mature merozoites and their special substructural features. a, AP2XII-1/AP2XI-2-depleted meronts (24 hours post-IAA) were fixed and stained with ROP26 (red), GRA11b (green) and Hoechst DNA-specific dye. Yellow arrows indicate fully developed merozoites. (b, d, e, g, h) Electron micrograph images of RH (AP2XII-1 KD/AP2XI-2 KD)-infected HFFs treated for 48 h with IAA. b, Emphasis on changes in body shape of merozoite (sausage). c, AP2XII-1/AP2XI-2depleted type E meronts (48 hours post-IAA) were fixed and stained with IMC7 (red), GAP45 (green) and Hoechst DNA-specific dye. d, Emphasis on conoid extrusion and same organelle content as in tachyzoite. n: nucleus, Go: Golgi apparatus, rh: rhoptry, m: mitochondrion, mi: microneme, DG: dense granule, LD: lipid droplet, mp: micropore, PLVAC: plant-like vacuolar compartment. Red circles showing extruded conoid. e, Emphasis on two other morphological transformations of merozoites, either very large (asterisks) or tubular (arrows) in PV with large lumen. f, AP2XII-1/AP2XI-2-depleted type E meronts (48 h post-IAA) were fixed and stained with IMC1 (red), GAP45 (green) and Hoechst DNA-specific dye. (g and h) Emphasis on thin parasitic forms (arrows) containing mitochondria and ribosomes. m: mitochondrion. Extended Data Fig. Contribution of AP2XII-1 and AP2XI-2 to MORC and HDAC3 recruitment on chromatin. a, Heatmap and profile analysis of APXII-1 (HA), AP2XI-2 (MYC), HDAC3, and MORC ChIP-seq peak intensity in double KD parasites, comparing untreated (UT) to codepleted (24h post-IAA) conditions. Density profiles centered at TSS (±8 kb), and heat maps of peak density are shown, with color scales indicating signal intensity. b-d, Comparison of chip peak profiles in cluster 2 genomic loci (as defined in Fig. 6a), centered at TSS (±8 kb), for (b) AP2XI-2 (HA or MYC antibody) in single AP2XI-2 KD or double knockdown in absence of auxin treatment; (c) AP2XII-HA), HDAC3, and MORC in AP2XII-1 KD; (d) AP2XI-2 (HA), HDAC3, and MORC in AP2XI-2 KD. a, Heatmap and profile analysis of APXII-1 (HA), AP2XI-2 (MYC), HDAC3, and MORC ChIP-seq peak intensity in single KD parasites, comparing untreated (UT) to depleted (24h post-IAA) conditions. Average signal profiles centered at TSS (±8 kb), and heat maps of peak density are shown, with color scales indicating signal intensity. For all panels, Deeptools analysis used averaged summed occupancies within a bin size of 10. Extended Data Fig. 9 | AP2XI-2 can bind to chromatin even in the absence of AP2XII-1. a, AP2XII-1 (HA) and AP2XI-2 (MYC) expression levels and subcellular localization were assessed using IFA following AP2XII-1 depletion. Hoechst DNA-specific dye was used for counterstaining. b, Heatmap and profile analysis of APXII-1 (HA) and AP2XI-2 (MYC) ChIP-seq averaged mean occupancy over a bin size of 10 in APXII-1 KD parasites with AP2XI-2-MYC knock-in (KI), comparing untreated (UT) and co-depleted (24h post-IAA) conditions. Average signal profiles centered at TSS (±8 kb) and heat maps of peak density display signal intensity. c, IGB screenshots depict the enrichment of AP2XII-1 and AP2XI-2 at the GRA80 and GRA81 loci in the context of AP2XII-1 single knockdown. d, M-pileup representation of aligned Nanopore DRS reads at genes up-regulated following IAA-induced knockdown of AP2XII-1 and AP2XI-2 individually or in combination. e, IGB screenshot highlighting the genomic region of the merozoite-specific purine nucleoside phosphorylase (PNP) gene, which is up-regulated upon IAA treatment independently of MORC and HDAC3. f, IGB screenshots displaying the genomic regions of the rhoptry genes (ROP16, ROP18) and the microneme gene (MIC1), demonstrating their repression in IAA-treated parasites. g, IGB screenshots showcasing the AMA1 gene family. (e-g) ChIP-seq signal occupancy, ATAC-seq chromatin accessibility profiles, and nanopore DRS are visualized in a manner consistent with Fig. 6i.

Illustration 19 :

 19 Differential Expression of SRS and genes coding for secretory organelle (microneme, rhoptry, dense granule) proteins.From Hehl et al210, 2015. Bar graphs indicate -fold difference in mRNA levels (DESeq mapped reads); red (tachyzoite), green (merozoite).

Illustration 20 :

 20 Bradyzoite is the only multipotent T. gondii stage From Sinai et Suvorova, 2020.Schematics on the left (blue colored cells) represents ability of the mammalian STEM cells to convert into several type of cells. Different signals (S) trigger different developmental pathways (cell type). Similarly, alternative external stimuli direct development of the T. gondii bradyzoites (red colored cells) toward different fates. Bradyzoites recrudesce into tachyzoites when IFN-γ is depleted, while excess of the linoleic acid drives forward development into merozoites. In both models, signals are converted into a specific developmental program during window of opportunity in the G1 phase (grey area).These opposing decisions were proposed as being executed through the common machinery of the Restriction checkpoint. Interestingly, the canonical G1 restriction checkpoint (R-point) is a cell-cycle surveillance mechanism that creates a window of opportunity in G1 phase for the cellular reorganization driven by developmental transitions 239 . Specific factors/signals processed at the restriction checkpoint, which is a molecular switch controlling entry or not to DNA replication phase, would therefore determine bradyzoite developmental fate. For instance, at the restriction checkpoint, bradyzoites integrate intrinsic and extrinsic cues as parasite metabolic state and immune environment/metabolites respectively. These signals drive specific gene expression leading to a functional shift in the life cycle stage, thus executing the appropriate developmental program.In Eukaryotes, a set of factors connecting environmental signals to the biosynthetic pathways operate the restriction checkpoint by coordinating gene expression via activation of the e2F transcription factor. Surprisingly, none of the canonical R-point regulators, i.e., the CDK4/6 family kinases, D-type cyclins and the specific CDK effector Retinoblastoma protein, were found in Apicomplexans, including T. gondii. Therefore, an alternative network seems to regulate the Apicomplexan R-point, and in Illustration 21: The RESTRICTION checkpoint controls developmental transitions in T. gondii, from Sinai & Suvorova 2020. (a) Reorganization of the cell cycle upon bradyzoite development with cell cycles (G1, S, M, C). Stop sign indicates the threshold of the RESTRICTION checkpoint where external signals govern the entry into division cycle. (b) Major reprogramming events taking place in G1 phase of the developing bradyzoites. Window of opportunity permits regional relaxation of the chromatin and changes in histone coding, which in turn activates transcription of the previously silent genes. (c) New metabolic status of the parasite becomes an internal signal to maintain the current developmental pathway.

Illustration 22 :

 22 IMC proteins in merozoites and during schizogony adapted from Rashmi et al, 2017. Schematics based on IFA with IMC1, IMC3, IMC7, and co-staining with IMC1 and IMC7 of multinucleate (MN : either an early schizont[ES] or early microgametocyte), LS (late schizont), and MS (mature schizonts). T and M mark trophozoites (early growth phase of schizont) and merozoites, respectively. IMC7 specifically stains the polyploid mother, whereas IMC1 and -3 are specific to (developing) merozoites. Blacklines indicate the localization and presence of the IMC, whereas the colours represent the IMC proteins considered. Dotted lines indicate fragmented IMC and/or weak IMC protein localization. Red and green overlay is represented in yellow.

Illustration 23 :

 23 Longitudinal tracking of tachyzoites and developmental morphotypes within vacuoles post-IAA treatment, integrating stage-specific aforementioned markers and parasite nuclei count (Hoechst and histone staining). From Antuneset al., 2023. 

  unidirectionality of the cycle, as proposed by Farhat et Hakimi 144 (Illustration 27). Similarly, AP2IV-3 could favour the progression of the merozoite program by inhibiting the previous programs, thus insuring the sequential development of merozoites A, B, C, D and E.

Illustration 25 :

 25 MORC and BFD1 in partnership with AP2 control Toxoplasma developmental strategies, from Farhat et Hakimi, 2021. (A) Schematic representation of T. gondii developmental transitions and their regulation by MORC. The enteroepithelial cycle begins 2 days after ingestion of tissue cysts by felines, during which the merozoites initiate gamete formation, which in turn produce transmissible oocysts that sporulate when exposed to environmental oxygen. Linoleic acid in the cat's gut signals Toxoplasma to transform into sexual stages. After ingestion, sporozoites are released from the oocysts and differentiate into tachyzoites, causing acute infection. In response to the host immune response, the tachyzoites convert to bradyzoites that form cysts in the tissues of the infected host. Predation of a cyst-containing animal by a cat completes the life cycle of the parasite. (C)MORC forms multiple partnerships with HDAC3, along with primary AP2 TFs, to maintain a large number of chronic and sexual-stage genes in a sustained repressive chromatin state.

Illustration 26 :

 26 TgAP2IX-5 regulates the transcription of multiple cell-cycle genes adapted from Chaouyue et al, 2020. (a) DEGs shared in three time-points. The mean log 10 FPKM value of every gene in each group was normalised (b) The table shows detailed information about eight DEGs. (HFF CRISPR: average phenotype score of genes from a recent whole genome CRISPR analysis (Sidik et al., 2016). Peak phase: the highest phase of the gene expression in cell division). (c) IF microscopy of intracellular AP2IX-5-AID-3HA parasites after IAA treatment (500 μM) or mock treatment (EtOH 1:1000). Scale bars = 5 μm.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Chromatin Architecture and Structure Remodelling Cells

  can use the available gene content in different ways according to environmental signals, without

. Characterisation of HDAC3 role in T.g. allowed the recent discovery of the Master Regulator of Sexual Commitment, MORC 72 , detailed in the second part of this chapter (B). MORC was described as partnering with HDAC3 and several Apetala-like Transcription factors which are believed to play predominant role in regulating Toxoplasma developmental transitions. Hence, the state of the art on the major transcriptional component of gene regulation in Toxoplasma, i.e., ApiAP2 Transcription factors will be presented on the last section of this chapter (C).

A: Chromatin-mediated regulation A1.

  Chromatin-binding proteins can undergo LLPS in both heterochromatin and euchromatin regions. In euchromatin, LLPS contribute to the local enrichment of certain factors (e.g. super enhancers, transcription factors) crucial for nuclear activities as DNA replication, transcription, damage repair and alternative splicing. On the other hand, in heterochromatin, LLPS drives compartmentalization

	and consequently, their lack of fixed and ordered structures in absence of interacting partners, allow
	them to adopt flexible conformations. Transient and weak interaction among IDRs (e.g., electrostatic
	interactions) drive LLPS formation. These LLPS are characterised by reversibility and molecular
	exchangeability with the surrounding environment. Nevertheless, LLPS can transition to a less-
	reversible gel-like state and even create solid condensates by undergoing phase-transition. This process

100,[105][106][107] 

.

Heterochromatin plays a role in nuclear architecture, gene expression, genome stability and organization. Despite the underlying mechanisms responsible for heterochromatin formation and maintenance being unclear, emerging evidence point LLPS as essential factors for heterochromatin compartmentalization

100 

. LLPS are membrane-less compartments i.e., without phospholipid barriers but exhibiting well-delimited physicochemical boundaries. They can condense and dissolve upon changing conditions. Protein based LLPS are marked by high protein concentration and form liquidlike spherical droplets, also named condensates, compartments or foci. It is the case of stress granules and super-enhancers, present in the cytoplasm and in the nucleus, respectively. Proteins undergoing LLPS usually contain few hydrophobic residues and are enriched in hydrophilic residues. Their IDRs is probably sequence-encoded driven, plays a role in cellular activity, and was correlated to human diseases as Alzheimer or

Parkinson ( 100,106 

).

  Signalling information is integrated into chromatin by histone PTMs to regulate access to DNA and its expression. PTMs are distinctly written on histone tails vs core and undergo continuous turnover. Most PTM are reversible, although some are highly dynamic (acetylation) and other are fairly stable (methylation). In conclusion, the biological output of a given epigenetic mark is established by a crucial equilibrium between writers and erasers. These factors are differentially recruited to specific regions of the chromatin in a spatial/temporal dependent manner. Moreover, deposition of PTMs is interdependent of DNA processes, DNA topology and other nuclear events 105 . It is still debated whether hPTMs are a cause or a consequence of DNA-templated processes. As proposed by Millan-Zambrano et al, histones PTMs can be both105 . When written on histone tails, they can either be instructive or a consequence of a maintenance mechanism. On the other side, when written on histone cores, they can be instructive or causative of DNA templated processes since they directly affect Methylation is a more complex mark as it exists under three possible states (mono, di or trimethylation), on either histone lysine or arginine and whose effects are site-specific. Despite no direct correlation, methylation of histone lysine (H3k4, H3H36, H3K79me) seems to be directly coupled to the transcription process through recruitment of different chromatin shapers. For instance, the RNA Pol II is tethered to enzyme complexes which mediate H2B ubiquitination. The ubiquitin molecule (50 kDa) triggers nucleosome structure opening and increased access to methyltransferases, in addition to recruit other factors. Interaction between methyl transferases and RNAPol II during elongation, culminates in the establishment of H3K4me3 at transcription starting sites (TSS) and H3K36me3 within transcribed regions. H3K36me3 is usually associated to post-translational control of gene expression and DNA methylation. Inversely, H3K4me3 is enriched in the promoters of most active genes in eukaryotes, peaks around TSS and enables the recruitment of the transcriptional machinery. This

	stimulates catalytic activity of chromatin-interacting proteins or promotes binding of specific TF while
	inhibiting others. On the other hand, Crotonylation marks function as binding sites for recruiting
	different proteins and are positive regulators of transcription but are also implicated in gene
	repression 105 .

Illustration 14: 

Mechanisms that underlie the effects of histone post-translational modifications and recruitment of histonemodifying enzymes. Histone post-translational modifications (PTMs) (red circles) can act either directly (for example, by affecting nucleosome-nucleosome interactions; part Aa), or indirectly via either promotion (top) or prevention (bottom) of the binding of reader proteins

(part Ab). From Millan Zambrano et al,2022. 105 

nucleosome dynamics. As discussed further, histone/variants PTMs can be causative of various DNAtemplated processes, as transcription, repair, replication. Not surprisingly thus, dysfunctions in this process (e.g., mutations of specific cofactors or histone modifying enzymes) can be oncogenic or cytotoxic

105 

.

Histone PTMs in transcription:

PTMs, can induce changes in gene expression in two different coexisting ways. One, by controlling the distribution of heterochromatin and euchromatin via changes in the electrostatic interactions between histones and surrounding DNA. Two, by being recognised by histone-binding reader proteins that help to recruit different nuclear factors to further modulate the surrounding chromatin 109 .

Transcription is correlated (positively or negatively) with PTM presence at distinct regions of the chromatin, as promoters, enhancers, gene body 105 .

For example, acetylation marks are enriched on active promoters, enhancers and other accessible regions of chromatin. Acetylation marks seem to act in a cumulative and redundant manner and is positively correlated to transcription. Conversely, phosphorylation, in addition to promoting acetylation, is also correlated to transcriptional activity. Usually, phosphorylation of histone residues remarkably conserved mark is correlated to low levels of DNA methylation in a mutually exclusive manner. Potentially, tri-methylation of H3K4 protects the marked genomic regions from inappropriate DNA methylation. An interesting observation given the lack of evidence for DNA methylation in Apicomplexans, including Toxoplasma gondii. Because H3K4 di and tri-methylation are enriched at

  T. gondii, as in most eukaryotes, environmental signals transduced by epigenetic mechanisms are critical for inducing the developmental transitions, including parasite conversion to bradyzoites within immunocompetent hosts, transition to merozoites in the definitive host or even development of sporozoites within oocysts 124 . The fundamental principles of gene regulation in T. gondii seem to be conserved from Eukaryotes (mammalian cells) but, as discussed further the parasite also evolved its own repertoire of diverse and unique (epi)genetic mechanisms. For example, most of Toxoplasma 85mb-genome can be found under an open euchromatin state, delineated by diverse heterochromatin compartments (e.g., LLPS). As in other Eukaryotes, euchromatin is associated with transcriptional activity and usually correlates with hyperacetylation. However, heterochromatin has not been universally associated with gene silencing yet in T. gondii yet 124 . Delineation of these two different regions of T. gondii genome is strictly linked to H3K4 and the multiplicity of marks it bears

  APETALA2 (AP2) genes were first identified by Jofuku in 1994 in Plant mutants unable to produce petals 173 . These mutants were characterized by homeotic transformations of their sepals to leaves and/or carpels and petals to staminoid petals 174 . Discovery and analysis of floral mutants led to the ABC model

	of flower development where AP2 is classified as an A-class gene. Sequence analysis of the AP2 gene
	depicted a putative nuclear localization signal and domain able to activate RNA polymerase II
	transcription factor, thus suggesting that the AP2 proteins are transcription factors 173,174,175 .
	Plants multiple physiological pathways are controlled by Ethylene, a signalling molecule whose
	biosynthesis is significantly increased under stress conditions and during different developmental
	stages. Briefly, the ethylene signalling pathway leads to regulation of the expression of stress-related
	genes, amongst which Ethylene Response Factors (ERF) belonging to the AP2/ERF family of TF 179 .
	of plant growth and hormonal regulation including spikelet development, grain characteristics, flower
	and root development and formation, seed germination, organ size, and nutrient use 177-180. In
	addition to the AP2 domain, some plants AP2 TF present additionally a MADS box domain (for MCM1,
	Agamous, Deficiens, and Serum response factor). While de AP2 domain is involved in DNA binding,
	the MADS box domain is involved in both DNA binding and protein-protein interactions with other
	MADS domain containing proteins.

The members of this latter are further classified in four subfamilies according to their number of domains and functions: AP2, ERF, RAV and Soloist. For example, AP2 subfamilies exhibit 2 AP2/ERF domains whereas ERF subfamily exhibits only one (Figure

7

). In this respect, ERF subfamily of TFs recognizes the canonical GCC-box sequence

(Sakuma et al, 2002)

, whereas the members of the AP2 subfamily recognize longer sequences (5'-GCAC(A/G)N(A/T)TCCC(A/G)ANG(C/T)-3' consensus)172. It was also found that the AP2 subfamily proteins possess a conserved histidine in residue in each AP2 domain, which is neither present in the others single AP2 domain-containing AP2/ERF proteins 176 nor in Apicomplexans AP2.

AP2/ERF family of transcription factors have been found to regulate diverse stress response processes in higher plants, such as abiotic stress (submergence, cold, heat, drought, salinity, heavy metal stresses) and biotic stress (insects and pathogens). Furthermore, AP2/ERF TF are important regulators
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CHAPTER 2: REGULATION OF STAGE-CONVERSION

RESULTS:

simultaneous depletion of both AP2XI-2 and AP2XII-1 leads to a drastic change in the transcriptional program promoting a full transition from tachyzoites to merozoites. This transition and full differentiation of merozoites allowed to obtain in vitro Toxoplasma gondii pre-gametes for the first time and to unravel their unique developmental characteristics.

Note of the author: My contribution

During the two first years of my PhD, I worked on several distinct projects, including at least two Toxoplasma secreted effectors to the host cell nucleus and two/three Toxoplasma chromatin remodellers.

For simplification reasons, it was decided that the results from these previous projects would not be included in this manuscript.

I would like to emphasize that the following article is a result of a collective effort made by several members of my team, particularly Martina Shahinas and Christopher Swale that share the co-first authorship. I was involved in the preliminary studies, performed and contributed to several experiments including the first characterizations of the strains (e.g., invasion assays, attachment assays and proliferation assays); the immuno-purification of the single tagged versions of AP2XI-2 and AP2XII-1 followed by Size Exclusion Chromatography, SDS-Gel separation, Silver staining or Western Blotting; the preparations of whole protein extracts of individual and double tagged AP2XI-2 and AP1XII-1 but also MORC-tagged lineages under several IAA incubation times followed by Western blotting; the preparation of mRNA samples for the transcriptome studies that were further analysed by Nanopore Direct Sequencing and sent to Illumina Sequencing; the Chromatin Immunoprecipitation (single tagged AP2XI-2 and AP2XII-1 and control lineages); and some analysis of IFAs (e.g., Mean Fluorescence Intensity measurements of the Primary AP2s CRISPR/cas9-mediated screening).

proteome-wide analysis and a 200 min gradient for interactome characterization. For this, peptides were sampled on a 300 μm × 5 mm PepMap C18 precolumn and separated in a 200 cm µPAC column (PharmaFluidics) or a 75 μm x 250 mm C18 column (Aurora Generation 2, 1.7 µm, IonOpticks) for respectively proteome-wide and interactome analyses. MS and MS/MS data were acquired using the Xcalibur software version 4.0 (Thermo Scientific).

Protein identification and quantification

Peptides and proteins were identified by Mascot (version 2.8.0, Matrix Science) through concomitant searches against the Toxoplasma gondii database (ME49 taxonomy, version 58 downloaded from ToxoDB), the Uniprot database (Homo sapiens taxonomy), and a homemade database containing the sequences of classical contaminant proteins found in proteomic analyses (human keratins, trypsin...).

Trypsin/P was chosen as the enzyme and two missed cleavages were allowed. Precursor and fragment mass error tolerances were set at respectively at 10 and 20 ppm. Peptide modifications allowed during the search were: Carbamidomethyl (C, fixed), Acetyl (Protein N-term, variable) and Oxidation (M, variable). The Proline software (version 2.2.0) was used for the compilation, grouping, and filtering of the results (conservation of rank 1 peptides, peptide length ≥ 6 amino acids, false discovery rate of peptide-spectrum-match identifications < 1%, and minimum of one specific peptide per identified protein group). Proline was then used to perform a MS1 label-free quantification of the identified protein groups based on razor and specific peptides.

Statistical analyses

Statistical analyses were performed using ProStaR [START_REF] Kennard | Virulence shift in Type X Toxoplasma gondii: natural cross QTL identifies ROP33 as rodent Vir locus[END_REF] . Proteins identified in the reverse and contaminant databases or matched to human sequences were discarded. For proteome-wide analyses, only proteins identified by MS/MS in a minimum of two replicates of one condition and quantified in the three replicates of one condition were conserved. After log2 transformation, abundance values were normalized using the variance stabilizing normalization (vsn) method, before missing value imputation (SLSA algorithm for partially observed values in the condition and DetQuantile algorithm for totally absent values in the condition). For comparison of each IAA-treated conditions to mock-treated condition, statistical testing was conducted with limma, whereby differentially expressed proteins were selected using a log2(Fold Change) cut-off of 1 and a p-value cut-off of 0.01, allowing to reach a false discovery rate inferior to 5% according to the Benjamini-Hochberg estimator. Proteins found differentially abundant but identified by MS/MS in less than two replicates, and detected in less than three replicates, in the condition in which they were found to be more abundant were invalidated (pvalue = 1). Protein abundances measured in the four different conditions were also compared globally by analysis of variance (ANOVA) using Perseus; q-values were obtained by Benjamini-Hochberg correction. 
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Supplementary Figures

A total of 6 supplementary figures are included here with legends.

Supplementary Tables

A total of 5 tables are submitted as separate SI Excel files and their legend are included here.

Supplementary Fig. 3 | The simultaneous depletion of AP2XII-1 and AP2XI-2 severely affects protein levels. a, A Principal Component Analysis (PCA) illustrates the biological and technical variance between triplicate proteome samples extracted after 24, 32, and 48 hours post AP2XII-1/AP2XI-2 knockdown induction, juxtaposed with the untreated sample (UT). b, Hierarchical clustering using iDEP.96 presents protein profiles of parasites, either untreated or treated with IAA for 24, 32, and 48 hours; here, each column represents a replicate, and each row signifies a protein (all 3020 quantified proteins). c, A histogram delineates the distribution of upand down-regulated proteins (n=276 and 285, respectively) post AP2XII-1 and AP2XI-2 knockdown, categorized by their life stage association. and AP2XI-2 proteins have been depleted, genes pertinent to merozoites begin to activate, thereby accelerating the merogony process.

During the transition from tachyzoite to merozoite, secondary AP2s such as AP2IX-1 come into play. The expression of AP2IX-1 is reported to be limited to merozoites, and when it's transiently expressed in tachyzoites, this transcription factor has demonstrated the ability to suppress the expression of SAG1, the primary surface antigen of tachyzoites 4 . As a matter of fact, SAG1 expression is repressed when AP2XII-1 and AP2XI-2 proteins are quickly suppressed. Although less common, this second wave of TFs may also operate as transcriptional activators to take over the expression of pre-sexual genes not directly regulated by AP2XI-2 and AP2XII-1 (e.g., the PNP locus; Extended Data Fig. 9e), suggesting that there is a second gateway for development to the merozoite stage. The molecular switches AP2XII-1/AP2XI-2/MORC/HDAC3 exhibit specificity, as other complexes continue to facilitate the silencing of stage-specific genes as well as telomeric silencing.

Supplementary Table legends

Supplementary Supplementary Table 3 | MS-based quantitative analysis of total proteome from T. gondii depleted or not for AP2XII-1 and AP2XI-2. The proteomes from the AP2XII-1 KD / AP2XI-2 KD strain infecting HFF cells and treated (T) or not (UT) with IAA for 24h, 32h and 48h were analyzed by MS-based label-free quantitative proteomics (three biological replicates per condition). The quantification of proteins (log2 of filtered, normalized and imputed abundances of the different proteins in the different samples are given in columns O to Z) was based on razor and specific peptides (values indicated in column G). Statistical significance was tested using limma for two-by-two sample comparisons ; differentially abundant proteins were defined by a log2(fold change) ≥ 1 or ≤ -1 and a p-value ≤ 0.01, allowing to reach a false-discovery rate < 5 % according to the Benjamini-Hochberg estimator. A global comparison of the abundances of each protein in the four analyzed conditions was performed using ANOVA (column N).

Supplementary Table 4 | MS-based characterization of AP2XII-1 and AP2XI-2 interactomes.

Flag immunoprecipitation eluates from HFF cells infected by T. gondii stably expressing HAFlag-tagged AP2XII-1 protein, HAFlag-tagged AP2XI-2 protein or none (Mock) were analyzed by MS-based label-free quantitative proteomics (three biological replicates per condition). Only proteins quantified with a minimum of five peptides, identified by MS/MS and quantified in all the replicates of one condition were considered. The quantification of proteins (log2 of filtered, normalized and imputed abundances of each protein in the different samples are given in columns O to W) was based on razor and specific peptides (the number of used peptides for each protein is indicated in column F). Statistical significance was tested using limma for two-by-two condition comparisons ; when comparing individual AP2 eluates with Mock eluates, differentially-abundant proteins were defined by a fold change ≥ 5 and a p-value ≤ 0.01, allowing to reach a falsediscovery rate < 1 % according to the Benjamini-Hochberg estimator ; when comparing AP2 eluates with each other, differentially-abundant proteins were defined by a fold change ≥ 3 and a p-value ≤ 0.01, allowing to reach a falsediscovery rate < 1 % according to the Benjamini-Hochberg estimator. The relative abundance relative to the bait protein of each protein found enriched with it compared to Mock was calculated based on iBAQ metrics (columns M and N); only enriched proteins showing an iBAQ ratio superior to 0.1 with respect to the bait protein were considered. 

Supplementary Table 5 | MS-based characterization of AP2XI

DISCUSSION

Preliminary studies and identification of merozoite markers

Sexual reproduction of Toxoplasma gondii can be depicted into three main steps: sexual commitment with parasites differentiation to merozoites (i.e., merogony) and pre-gametes; gametogenesis with production of male and female gametes prior to their fusion; and third, oocysts development and sporulation. These steps are orchestrated by MORC and HDAC3, together with primary ApiAP2 [START_REF] Farhat | A MORC-driven transcriptional switch controls Toxoplasma developmental trajectories and sexual commitment[END_REF] . In order to decipher the contribution of these ApiAP2s to MORC/HDAC3 -mediated regulation of sexual reproduction, we searched for primary ApiAP2s candidates that would regulate the first step of sexual development: commitment and the differentiation to merozoites.

As the primary AP2 are potential repressors of sexual commitment, we seek for the induction of proteins restricted to merozoites upon a loss-of-function event. Nevertheless, GRA11b was the only marker specific to merozoites that would indicate that commitment had taken place. Therefore, we first identified proteins whose corresponding transcripts would only be found in merozoites, similarly to GRA11b (Sup. Fig 1a-d). Of note, GRA11b is a dense granule protein, and therefore we searched for candidates exhibiting previously described dense-granules characteristics (e.g., sequence disorder, transmembrane or nuclear signals) and whose transcripts would have been detected in merozoites isolated from cats 210 . We either developed antibodies against our candidates or epitope-tagged them and tested whether they were detected upon MORC depletion, in feline merozoites or in inducedbradyzoites. Our results indicated that GRA80, GRA81 and GRA82 were absent in tachyzoites and bradyzoites but were detected in feline-merozoites. Moreover, their transcription profiles in sexual stages strongly indicated that they could be used as markers to detect merozoites.

We next performed a screen based on a CRISPR-cas9-induced knock out of the previously identified primary TgApiAP2s and searched for the induction of merozoite markers, i.e., the previously identified GRA11b and our new markers GRA80 and GRA81. For technical reasons, GRA82 was not included in the screening because it displayed a late expression profile and the transient knock out of ApiAP2 required early fixing. Nevertheless, our screening revealed that among the 14 primary AP2, only inactivation of AP2XI-2 or AP2XII-1 resulted in upregulation of our markers, GRA11b, GRA80 and GRA81. MORC Knock Out induced GRA81 slightly, as reported before [START_REF] Farhat | A MORC-driven transcriptional switch controls Toxoplasma developmental trajectories and sexual commitment[END_REF] , but stronger repression of these merozoite markers seemed to be due to AP2XI-2 and AP2XII-2.

We next wondered whether these two AP2 would act independently, competitively or synergistically.

Simultaneous knock out of both AP2 resulted in significant increased levels of all three merozoite markers, suggesting a synergistic/cooperative role in repressing merozoite genes. Few information is available in the literature concerning the function of the upregulated ROPs and so far, only ROP38 and ROP21 have been described. According to our reference studies, ROP38 is not expressed in tachyzoites nor in cysts but rather in sporulated oocysts and merozoites 210,215 . Consistently, depletion of AP2XI-2 and AP2XII-1 resulted in induction of ROP38. Contradictory to our results though, this protein was previously reported to be strongly upregulated in bradyzoites suggesting a key role in the chronic stages of infection 28 . Interestingly however, ROP38, exhibit differential expression levels between strains, with type III having higher expression than type II or I. Overexpression of this effector in type I strains resulted for instance in downregulation of host genes associated with mitogenactivated protein kinase (MAPK) pathways, including those involved in apoptosis and proliferation (Peixoto et al., 2010). Moreover, overexpression of ROP38 in both PRU and RH strains suggested a vital role in producing inflammatory cytokines (Il-18) during PRU infection 216 . Inflammatory environment may induce conversion to bradyzoites, thus the reported upregulation of ROP38 in bradyzoites 28 agree with the cystogenic feature of PRU strains. Coincidently, ROP38 also seems to promote the maturation of dendritic cells (DC) through Toll-like receptor 4 (TLR4) induction in vitro, resulting in upregulation of expression levels of CD11c 217 . Of note, CD11c+ DC are preferentially parasitized in early infection, particularly by type II parasites 218 . Moreover, Toxoplasma parasitized dendritic cells and microglia exhibit hyper-migratory behaviour, associated to enhancing parasite dissemination via a trojan-like mechanism [219][220][221] . In this respect, the migratory activation of parasitized dendritic cells was recently associated to the Tg14-3-3 proteins 222 , that seemed to be regulated by AP2XII-1 (Nano-pore and proteomic data). In this respect, ROP38 could play similar roles to 14-3-3

i.e., in the dissemination of bradyzoites to immune-privileged sites (e.g., CNS) within microglia and dendritic cells. Moreover, as expressed in sporulated oocysts, this effector could also allow sporozoites Several ROPs are antigenic epitopes 231 that participate in the modification of the parasitophorous vacuolar environment and act as key virulence factors 232 in coccidian. However, ROPs are divergent across Toxoplasma, Plasmodium and Eimeria spp. and T-cell responses and thus constitute an important mechanism of immune evasion promoting bradyzoite survival 26 . Nevertheless, the genetic mechanism(s) behind Toxoplasma SRS gene expression are clearly different from that of the vsg or var genes, as is their functions. Indeed, in Trypanosoma and Plasmodium, respectively, vsg and var genes sub-telomeric location is thought to drive single locus expression at time 27 . This leads to antigenic variation or sequential expression of a single gene on the parasite surface coat (i.e., VSG genes in T. brucei) or promotes rapid sequence variation via increased rates of ectopic recombination (var genes in P. falciparum). In T. gondii however, SRS genes are distributed throughout across 14 chromosomes at 57 genome loci 27 and non-overlapping sets of SRS mRNA transcripts were found to be co-dominantly expressed in a strain-dependent and developmental life cycle stage-dependent fashion. Thereby, it is likely that Toxoplasma merozoites and gametes surface are coated by a mutually exclusive set of multiple SRS proteins. In this respect, 90% of predicted SRS proteins upregulated upon simultaneous depletion of AP2XI-2 and AP2XII-1, had previously been identified in feline merozoites. Of note, predicted SRS differ across studies in the literature (from 2004 and 2012), possibly due to the presence of multiple paralogs and advances in technical experiments.

The SRS proteins have an N-terminal signal peptide and are tethered to the outer surface membrane of the parasite by a glycosylphosphatidylinositol (GPI)-anchor. Therefore, they are thought to mediate attachment to host cells and activate host immunity to regulate parasite's virulence 26 . Given their surface location within the parasite, they can function as adhesins (as for SRS29B and SRS57) or be highly

Toxoplasma gondii for instance, TgCrk2 or P-type cyclin is involved in completion of G1 240 . In this respect, the duration of the window opportunity, i.e., the time spent in G1, is probably responsible for bradyzoite diversity and the heterogeneity of the intra-cyst population (Illustration 23). Early bradyzoites may have higher chances to reinitiate tachyzoite cell cycle while mature bradyzoites may efficiently convert into merozoites. It is tempting to speculate that AP2XI-2 and AP2XII-1 could shortcut the conversion to bradyzoites and its window of opportunity, prior to merozoite development.

Nevertheless, most genes differentially expressed in our study, concern surface and proteins and rather than metabolic ones. Therefore, even if these AP2s would "shortcut" tachyzoite-to-bradyzoite conversion, the parasites would still not display the required metabolic state favouring merozoites conversion. Furthermore, at 12 hours post-IAA treatment, a significant proportion of the tachyzoite population transitioned into morphotype B (discussed further), reducing the potential window of passage through bradyzoite stage to lesser than 12 hours, i.e. two replication cycles.

A more plausible hypothesis is that cysts-specific genes may be upregulated because of the transcriptional changes and chromatin architecture modifications caused by depletion of both AP2s or even by the MORC downstream network of secondary AP2, as discussed below.

Overall, most upregulated genes and proteins from our study correspond to genes implicated in host parasite interactions, such as secreted and surface proteins and were also previously detected in felines merozoites 210 . These uncharacterised proteins could be involved in specific enterocytes-merozoites interactions in vivo, and for example justify the inability of our AP2-depleted parasites to invade nonfeline cells, as was the case for human fibroblasts. They could also participate in the parasite gliding mobility and adhesiveness in the mucus present in felines intestines. Whether merozoites employ transepithelial migration pathways like bradyzoites or sporozoites is unknown yet. Nevertheless, the further characterisation of these upregulated putative effectors will allow to gain insights on their functions in merozoites, potentially allowing the development of transmission-blocking strategies.

through asynchronous endodyogeny and endopolygeny [START_REF] Ferguson | Ultrastructural study of early stages of asexual multiplication and microgametogony of Toxoplasma gondii in the small intestine of the cat[END_REF][START_REF] Ferguson | The ultrastructural development of the macrogamete and formation of the oocyst wall of Toxoplasma gondii[END_REF][START_REF] Speer | Ultrastructural differentiation of Toxoplasma gondii schizonts (types B to E) and gamonts in the intestines of cats fed bradyzoites[END_REF][START_REF] Frenkel | Toxoplasma gondii in Cats: Fecal Stages Identified as Coccidian Oocysts[END_REF][START_REF] Ferguson | An ultrastructural study of the early development and tissue cyst formation of Toxoplasma gondii in the brains of mice[END_REF][START_REF] Ferguson | Use of molecular and ultrastructural markers to evaluate stage conversion of Toxoplasma gondii in both the intermediate and definitive host[END_REF][START_REF] Dubey | Structures of Toxoplasma gondii Tachyzoites, Bradyzoites, and Sporozoites and Biology and Development of Tissue Cysts[END_REF] . Types C were described to replicate through synchronous endodyogeny/schizogony whereas type D and E through synchronous endopolygeny/schizogony. Moreover, subtypes D seemed to further present distinct replication modes ranging from endopolygeny (subtype I), schizogony (subtype II) and splitting (subtype III) [START_REF] Tomasina | The Structural and Molecular Underpinnings of Gametogenesis in Toxoplasma gondii[END_REF] .

The first 24h following depletion of AP2XI-2 and AP2XII-1 were accompanied by transition of classical tachyzoites to multinucleated structures that replicated through endopolygeny with asynchronous karyokinesis, as described in feline-meronts and morphotypes B, C and D. Overtime, multiple daughter cells budded from the mother cell and exhibited morphological characteristics reminiscent of felinemerozoites. AP2XI-2 and AP2XII-1 simultaneous depletion induced transcriptional changes corresponding to the activation of the merozoite developmental program that are reflected in the parasite phenotype, strongly indicating a transition from tachyzoites to merozoites.

Full transition to merozoites was observed by extending the IAA treatment for another 16 hours. In these conditions, we observed very large meronts containing numerous daughter cells in formation.

Similar to the described pre-gametes development in feline's gut 248 , these meronts shared the same PV with what we claim as fully formed in vitro merozoites. Both mature polyploid meronts and fully formed merozoites could be distinguished through presence of IMC7 staining or its absence, respectively. Furthermore, we observed a mutually exclusive expression pattern concerning ROP26 and GRA11b/GRA80. According to our results, ROP26 marks zoites undergoing schizogonic replication, whereas GRA11b and GRA80 mark exclusively fully differentiated daughter cells. GRA11b expression being described to be restricted to the feline's merozoites, the induction of the merozoites transcriptional program and the feline-merozoites similar phenotype observed, together indicate that the fully differentiated daughter cells marked with both GRA11b and GRA80 correspond to mature in vitro merozoites.

The daughter cells observed at 40h post IAA seemed to acquire novel distinct morphological features when compared to first-generation of daughter cells (i.e., morphotypes A-D, seen in the first 24h of IAA); 40h treated parasites likely corresponded to type E morphotypes [START_REF] Speer | Ultrastructural differentiation of Toxoplasma gondii schizonts (types B to E) and gamonts in the intestines of cats fed bradyzoites[END_REF] . These features include sausage-shape parasites with a 1.5-1.8-micron diameter, and lack of spatial organization within the PV.

Contradictorily, morphotypes E were previously described as presenting the smaller diameter (1.1 µm) when compared to morphotypes A-D (1.5-2.9 µm) [START_REF] Speer | Ultrastructural differentiation of Toxoplasma gondii schizonts (types B to E) and gamonts in the intestines of cats fed bradyzoites[END_REF] . Further single cell analysis and purification of feline E merozoites would confirm whether these morphologically distinct stages correspond to an intermediary or fully differentiated type E merozoites. Moreover, depletion of AP2XI-2 and AP2XII-1

Interestingly, no such association was observed with other AP2 proteins, nor chromatin modifiers, suggesting that these two AP2 would only work with each other or with MORC and HDAC3. Given that MORC/HDAC3 silences sexual-stage specific genes, their strong interaction with AP2XI-2 and AP2XII-1 led us to hypothesize that they could recruit MORC/HDAC3 to pre-gamete specific genes in order to silence them in tachyzoites.

However, the fact that these two AP2 may function independently of MORC and HDAC3 also suggested that in absence of these latter, AP2XI-2 and AP2XII-1 could still activate tachyzoite-specific genes, which would explain the downregulation of these upon IAA treatment. So far, AP2XI-2 and AP2XII-1 could be either repressors of pre-gametes genes with MORC and HDAC3 or be activators of tachyzoites genes independently of MORC/HDAC3, or play both roles. Interestingly, our team had previously identified four AP2 factors in association with GCN5b, amongst which AP2XI-2 (Wang et al, 2014). However, those experiments were performed with 150 mM KCl, meaning, with less stringent conditions as in this study (500mM KCl). Moreover, the GCN5b complex was purified from parasites that ectopically expressed an N-terminal HA-myc-tagged form of full-length GCN5b driven by the Toxoplasma tubulin (TUB1) promoter. Contrarily, in this study, we purified the AP2XI-2 and AP2XII-1 proteins whose genes were expressed under their native promoter. Moreover, AP2XI-2 and AP2XII-1 genes were tagged with the HA-FLAG at their C-terminal, as N-terminal tags may disrupt native protein-protein interactions. Together, the differences in the technical/experimental conditions between both studies suggest that the GCN5b interactome should be re-evaluated. Perhaps, AP2XI-2 it's a weak interactant, but does interact with GCN5b, and this interaction would result in the expression of tachyzoite-specific genes. In this respect, GCN5b have recently been described to form a complex with AP2IX-7, AP2X-8, AP2XII-4 and AP2VIIa5 258 , but no AP2XI-2 was detected in this recent study.

Possibly, AP2XI-2 co-elution was a side effect/artefact resulting from the ectopically expression of the enzyme and/or from its epitope tagging at the N-terminal. Therefore, AP2XI-2 (and AP2XII-1) seems not associated to GCN5b nor to the subsequent tachyzoite gene activation but rather would silence pregametes specific genes by recruiting MORC and HDAC3 to their loci.

We then next investigated the genome-wide distribution of AP2XI-2 and AP2XII-1 by ChIP-sequencing in order to confirm this hypothesis by identifying their target genes, together with the recruitment of their partners MORC and HDAC3.

Both AP2XII-I and AP2XI-2 showed similar genome-wide occupancy, but AP2XII-1 had a discretely and highly enriched peak on the transcription start site (TSS) of genes from cluster 2, that are exclusively expressed in pre-gametes. We also observed a strong overlap between the binding sites of AP2XI-2 or AP2XII-1 cistromes, that co-occupy 30-50% promoters/TSS of cluster 2 genes in the untreated condition, i.e., in tachyzoites. Interestingly, depletion of AP2XII-1 did not result in AP2XI-2 dissociation from chromatin indicating its ability to form independent homodimers and repress merozoite-specific genes. Whether the inverse is also true, i.e., depletion of AP2XI-2 would trigger the loss of AP2XII-1 from the chromatin was not deciphered yet. Nevertheless, it is unlikely that one AP2 recruit the other as the single-knock downs displayed little effect on transcription. Consistently, peak expression of pre-gametes genes is only reached upon simultaneous knockdown. Persistence of homodimers on chromatin would explain the sustained repression of these genes' expression when a single AP2 is depleted.

Furthermore, HDAC3 and MORC are both enriched at AP2XII-I /AP2XI-2 peaks. Consistent with their hypothetical function as recruiters of MORC: HDAC3, acute release of AP2XI-2 and AP2XII-1 from chromatin by IAA treatment was accompanied by a concomitant reduction in HDAC3 and MORC occupancy at TSS at cluster 2 genes. This latter was more pronounced in the context of double KD suggesting that they are better recruiters as hetero dimers than individually. Here, our results confirmed that AP2XI-2 and AP2XII-1 are direct repressors of pre-gamete specific genes rather than direct activators of tachyzoite-specific genes.

By recruiting MORC and HDAC3 to cluster 2 (pre-gametes) TSS, we expected that AP2XI-2 and AP2XII-1 would indirectly alter chromatin accessibility through local histone deacetylation and subsequent chromatin compaction. In order to confirm this hypothesis, and obtain a broader picture of the gene regulatory landscape, we profiled chromatin accessibility through ATAC-seq. This new method replaces the original DNAse-seq and MNase-seq that required large numbers of cells and whose library preparation protocol was time-consuming and complex. Briefly, ATAC-seq uses an engineered hyperactive Tn5 transposase that can efficiently be inserted into nucleosome-free regions in vivo 259 . In vitro, transposition of sequencing adapters into native chromatin allows to assay protein-free binding regions of the genome 260 . ATAC-seq peaks correspond to peaks of Tn5-accessible chromatin in each sample and this data can be combined with ChIP-seq and RNA-seq to provide a detailed description of gene expression.

We observed that the majority of the AP2XI-2 and AP2XII-1 ChIP-seq peaks were located at TSS, and their depletion trigged a slight decrease in average accessibility at the genome level. Nevertheless, the differentially regulated genes exhibited more pronounced changes in occupancy, coherent with the expected increase or decrease in accessibility of induced or repressed clusters, respectively. At the gene level, loss of AP2XI-2 and AP2XII-1 resulted in a substantial decrease in MORC/HDAC3 enrichment, which enhanced local chromatin hyper-accessibility. This latter lead to a concomitant increase in target genes mRNA abundance, particularly concerning merozoite genes.

These results are consistent with the previous description of MORC as transcriptional repressor of sexual-stage specific genes in Toxoplasma gondii [START_REF] Farhat | A MORC-driven transcriptional switch controls Toxoplasma developmental trajectories and sexual commitment[END_REF] Nevertheless, AP2XI-2 and AP2XII-1 seem to regulate a subset of genes independently of MORC/HDAC3. In fact, upon depletion of AP2XI-2 and AP2XII-1, some pre-gamete genes exhibited increased levels of RNA and proteins, hyper-accessible chromatin signatures but lacked MORC and Despite this hypothesis requiring deep construction and fine tuning, it is plausible that in addition to functioning separately, independently of MORC/HDAC3, or via regulation of secondary factors, AP2XI-2 and AP2XII-1 modus operandi may also be independent of their DNA-binding activities (e.g. via protein interactions, as with CRk4).
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