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Résumé

Au cours de son cycle de vie complexe, Toxoplasma gondii se différencie en stades
de développement distincts. Ces transitions sont associées a des modifications du
transcriptome du parasite. Les facteurs de transcription (FT) spécifiques de la
famille ApiAP2 jouent un réle dans la régulation de 'expression des genes au cours
de ces transitions développementales. Les FT de la famille des ApiAP2 se
caractérisent par la présence d'un domaine de liaison a I'ADN de l'intégrase
Apetala2/ERF similaires a ceux des plantes. Alors qu'il a été démontré que
certains FT ApiAP2 jouent un role dans le controle de la transition
développementale du tachyzoite au bradyzoite, un grand nombre de ces protéines
n‘ont pas encore été étudiées. Ainsi, pour la premiere partie de cette these, le role
biologique de deux FT ApiAP2, TgAP2X-10 et TgAP2III-1 a été étudié. L'effet de
TgAP2X-10 et TgAP2III-1 sur la différenciation des bradyzoites a été déterminé
en utilisant différents modeles de différenciation in vitro. Nous avons également
étudié l'effet de la perte de TgAP2X-10 et TgAP2III-1 in vivo chez la souris. Les
données accumulées tendent a montrer que ces deux FT pourraient étre des
régulateurs potentiels de la différenciation des bradyzoites. Afin de poursuivre la
caractérisation des FT ApiAP2, un troisieme FT, TgAP2IX-5 a été étudié. L'étude
de cette protéine fait partie de la deuxieme partie de ce projet de these. Nous avons
démontré que TgAP2IX-5 avait un role dans la division asexuée du tachyzoite de
T. gondii. Plus précisément, cette protéine controle la production des cellules filles
lors du cycle cellulaire. La création d'un mutant d’expression conditionnel pour la
protéine TgAP2IX-5 nous a permis de montrer que I'absence de cette protéine
bloque la division du plaste précisément apres son allongement et avant sa
ségrégation. En étudiant le transcriptome de ces mutants par RNA-seq, nous
avons déterminé que la protéine TgAP2IX-5 régule des centaines de genes, dont
la majorité est adressée au complexe de la membrane interne (IMC) et au complexe
apical. TgAP2IX-5 est présent sur de nombreux promoteurs de génes qui sont
nécessaires a la progression du cycle cellulaire et la production des cellules filles.
De plus, TgAP2IX-5 controle aussi le destin cellulaire en activant des répresseurs
bradyzoites connus, promouvant ainsi la division cellulaire du tachyzoite. De
maniere surprenante, nous démontrons que la réexpression de TgAP2IX-5 réinitie
la division du cycle cellulaire, mais le parasite change son mode de division de
I'endodyogénie a I'endopolygénie. Des études complémentaires montrent aussi que
d’autres domaines protéiques jouent un role essentiel dans I'activité biologique de
TgAP2IX-5. Dans une troisieme et derniere partie de cette these, nous démontrons
le role essential de la protéine TgPP1 dans la production de 'IMC ainsi que dans
le cycle suggere que TgPP1 est important pour controler les événements de
phosphorylation dans le cycle cellulaire asexué du tachyzoite.



Abstract

During its complex life cycle, the 7. gondii parasite differentiates into distinct
developmental stages. The transition between these life stages is associated with
changes in the parasite’s transcriptome. In 7oxoplasma, it has been demonstrated
that specific transcription factors of the ApiAP2 family play a role in regulating
gene expression during these developmental transitions. ApiAP2 transcription
factors are characterized by the presence of an AP2 domain. These AP2 TFs
possess an Apetala2/ERF integrase DNA binding domain similar to those of
plants. While certain ApiAP2 TFs have been demonstrated to play a role in
controlling the tachyzoite to bradyzoite developmental transition, several remain
unstudied. Thus, for the first part of this thesis, the role of two constitutively
expressed ApiAP2 TFs, TgAP2X-10 and TgAP2III-1was studied. The effect of
TgAP2X-10 and TgAP2III-1 on bradyzoite differentiation was determined using
two 1n vitro models. We also study the effect of TgAP2X-10 and TgAP2III-1 loss in
vivo in mice and demonstrate that these proteins might be potential regulators of
bradyzoite differentiation. In an attempt to continue with the characterization of
ApiAP2 TFs, a third ApiAP2 TF, TgAP2IX-5 was studied. The study of TgAP2IX-
5 represents the second part of this PhD project. TgAP2IX-5 was demonstrated to
have a role in asexual cell cycle division of the 7’ gondiitachyzoite. The conditional
depletion of TgAP2IX-5 blocks the progression of the cell cycle at a precise time-
point when the plastid is elongated before its segregation. By using RNA-seq, we
determined that TgAP2IX-5 differentially regulates hundreds of genes, a majority
of which are targeted to the Inner Membrane Complex (IMC) and apical complex.
ChIP-seq allowed to identify the promoters of hundreds of genes targeted by
TgAP2IX-5 which are necessary for the progression of the budding cycle. In
addition, TgAP2IX-5 was demonstrated to activate known bradyzoite repressors.
Strikingly, we demonstrate that the re-expression of TgAP2IX-5 re-initiates cell
cycle division, yet the parasite switches its mode of division from endodyogeny to
endopolygeny. Further studies regarding the elucidation of the different regions
of the TgAP2IX-5 protein were carried out and a novel domain was identified and
shown to be essential for the function of TgAP2IX-5. In the third and final part of
this PhD study, we demonstrated the crucial role of the TgPP1 phosphatase in the
cell cycle. The production of the daughter cell IMC and the nuclear cycle is affected
in absence of this protein. Phospho-proteomics analysis revealed that the
depletion of TgPP1 results in the differential phosphorylation of several IMC
proteins. Overall, this study suggests that TgPP1 is important for controlling
phosphorylation events within the tachyzoite’s cell cycle.
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Summary

Cette these de doctorat comprend trois projets différents. Dans la premiéere partie
du doctorat, la caractérisation de deux facteurs de transcription ApiAP2 a été
réalisée. Des parasites mutants ont été générés dans les souches de Type I,
RHAKuS80, et de Type II, Pru AKu80, pour lesquelles les genes AP2X-10 et AP2I1I-
1 ont été supprimés. Les analyses de croissance n’ont démontré aucun défaut de
croissance. [’étude de la différenciation des souches de Type II en bradyzoite, dans
un modele de stress alcalin, a montré qu’il n’y avait pas de différence significative
dans le nombre de kystes identifiés. Cependant, dans un nouveau modele de
différenciation spontanée utilisant des cellules primaires de cerveaux de rat, les
parasites mutants pour le gene AP2X-10 ont montré une augmentation
significative du pourcentage de kystes tissulaires suggérant quAP2X-10 aurait un
role dans la différenciation. En outre, afin d’examiner si les deux souches
mutantes ont un role dans la différenciation des bradyzoites in vivo, nous avons
réalisé deux expériences d’infection de souris par les souches mutantes et
sauvages. Dans les deux expériences, le nombre de Kkystes étaient
significativement plus faibles pour les souches mutantes par rapport au sauvage.
Ces résultats in vivo suggerent que TgAP2X-10 et TgAP2III-1 ont un role dans la
différenciation des bradyzoites in vivo. Une analyse du transcriptome des souches
mutantes en condition normales et de stress alcalin, n’ont pas révélé d’expression
différentielle, reflétant les données de caractérisation des mutants obtenues pour
ces conditions.

Dans une deuxiéme partie, un troisieme facteur de transcription ApiAP2,
TgAP2IX-5, a été caractérisé. Un mutant inductible de cette protéine a été généré
a l'aide du systéme de dégradation inductible par I'auxine (AID). En présence
d’auxine, la déplétion de TgAP2IX-5 est effective apres une heure. Les expériences
testant la croissance et la prolifération du mutant ont montré que cette protéine
est essentielle pour le parasite. En outre, le mutant a un défaut extrémement
marqué de production des cellules filles, induisant la production de parasites
comportant un grand nombre de noyaux. Le suivi de la ségrégation des organelles
lors du cycle cellulaire dans le mutant a montré le role essentiel de ce facteur de
transcription précisément apres I’'allongement du plastide et avant sa ségrégation.
Des expériences d'immuno-précipitation de la chromatine (ChIP-seq) ont permis
d’identifier les promoteurs sur lesquels TgAP2IX-5 se lie. L'intégration de ces
données avec celles de transcriptomique des parasites iIKD TgAP2IX-5 traités avec
de 'auxine pendant 6 heures a permis d’identifier les génes directement sous le
controle de ce facteur de transcription. Ces genes sont exprimés pendant la phase
S/M et sont en majorité adressés au complexe membranaire interne (IMC) et au
complexe apical. Des expériences de réexpression de TgAP2IX-5 apres déplétion
de cette protéine a permis de démontrer que cette protéine jouait un réle central
dans le controle de la production des cellules filles. Nous pu montrer que le
moment de production des cellules filles est 'évenement crucial du cycle cellulaire
permettant le passage d'un mode de division par endodyogenie a ’endopolygénie,
qui est normalement réalisée par les mérozoites chez I'hote félidé définitif. Ce
travail a été suivi d'un ensemble d’expériences complémentaires. Notamment, des
expériences explorant le transcriptome des parasites traités avec de 'auxine
pendant une ou deux heures ont permis I'identification d'un panel plus large de
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génes ciblés directement par TgAP2IX-5. De plus, différents domaines de la
protéine TgAP2IX-5 ont été caractérisés. Les régions étudiées, grace a des
expériences de complémentation du mutant iIKD AP2IX-5, sont le domaine AP2 et
un nouveau domaine non caractérisé nommé « domaine 1». Ces expériences ont
démontré que le domain 1 est essentiel pour la fonction biologique de TgAP2IX-5
alors que le domaine AP2 ne l'est pas.

Dans une troisieme et derniere partie, la phosphatase TgPP1 a été caractérisée.
Les analyses de croissance pour ce mutant ont montré un défaut de croissance
apres le traitement avec de 'auxine. Une étude de I'impact de la déplétion de la
protéine TgPP1 sur la division des organites a démontré un role de cette protéine
sur la division du plastide et I'intégrité structurelle du centrosome. Nous avons
aussl observé un impact majeur sur la formation de I'IMC. Les expériences de
microscopie électronique ont confirmé les conséquences de la déplétion de
TgPPlsur 'IMC tandis que la membrane plasmique demeure intacte. Des
expériences de phosphoprotéomique ont montré un impact majeur de TgPP1 sur
Iétat de phosphorylation de plusieurs protéines IMC, telles que IMC4, IMC5,
IMC18, IMC20 et IMC24. En résumé, TgPP1 joue un role essentiel dans la
formation et le maintien de la structure de 'IMC. Cependant, d’autres études sont
nécessaires afin de mieux comprendre le role de la phosphorylation dans la
structuration de I'IMC.
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Chapter I - Introduction

1 Toxoplasma gondii, member of the Apicomplexa
phylum

Toxoplasma gondii is a protozoan parasite that was first discovered more than
100 years ago by scientists in North Africa and Brazil. It was Charles Nicolle and
Louis Manceaux who first identified the parasite in Tunisia in a hamster-like
rodent, Ctenodactylus gundi, in 1908 (Nicolle & Manceaux, 1908). When first
discovered Nicolle thought the parasite to be a piroplasm and then Leishmania,
but it was soon realized that a new organism was discovered and was named 7.
gondil based on its morphology. Toxoplasma is derived from the Greek word
‘taxon’. “Toxo” refers to “bow” or “arc” whereas “plasma” refers to “form”.
Splendore also discovered the same parasite in a rabbit in Brazil in 1908 and he
thought it to be Leishmania without naming the parasite (Splendore, 1908).
During the next 30 years, 7. gondii was discovered in several other hosts
specifically in birds (J. P. Dubey, 2002). In 1937, viable 7' gondii was first isolated
and proven identical to the human isolate (Sabin and Olitsky, 1937). The
taxonomic classification of 7! gondii according to NCBI (Taxonomy ID: 5811) is
included in the following table:

Domain Fukaryota
Kingdom Alveolata
Phylum Apicomplexa
Class Conoidasida
Sub-class Coccidia
Order Fucoccidiorida
Sub-Order Eimeriorina
Family Sarcocystidae
Genus Toxoplasma
Species Toxoplasma gondii

Table 1- Taxonomic Classification of Toxoplasma gondii according to NCBI

Several 7. gondii genotypes are present worldwide (Su et al., 2012). However,
previous studies demonstrated that 7. gondir had a clonal population structure
comprised of three main genotypic lineages: Type I, Type II, and Type III (Howe
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& Sibley, 1995). These lineages were mainly characterized based on their
distinguished virulence in mice and their cyst-forming capability (Howe & Sibley,
1995). The three clonal lineages were found in diverse hosts in different regions
mainly located in North America and Europe. The expansion of the three main
clonal lineages is most likely due to their spread through the food chain (Howe &
Sibley, 1995). However, more recent studies have identified that 7. gondiiisolates
consist of six major clades classified into several haplogroups (Su et al., 2012).
Type I strains are extremely virulent in vivo where the inoculation with a single
parasite is deadly (Boothroyd & Grigg, 2002). Type II and Type III strains are
characterized by low virulence when relatively compared to the Type I strain and
exhibit lethality in vivo by the inoculation of 1000 parasites (Saeij et al., 2005).
Type II strains are characterized by the production of a large number of tissue
cysts in vivo ( Hunter et al., 1992), and may become reactivated in the case of
immunocompromised individuals such as those who are diagnosed with AIDS or
are undergoing chemotherapy or organ transplantation. The Type II strain is pre-
dominantly associated with disease and is responsible for around two-thirds of
the globe’s human cases of toxoplasmosis (Howe & Sibley, 1995). In a study
carried out in France, Type II strains were found to be associated with disease in
the French population and constitute over 90% of human and animal isolates
(Robert-Gangneux & Darde, 2012). The correlation of Type II strains with disease
has made strains of type II the focus of study for investigating the implications of
toxoplasmosis as well as potential discovery of treatments.
Atypical strains account for large genetic diversity within South America. A recent
study grouped the atypical strains into 11 distinct haplogroups. Most of the strains
classified under haplogroups 1-3 occur in North America and Europe coinciding
with the previously defined lineages I, II, and III. However, haplogroup strains
4,5, and 8-10 occur mainly in South America whereas haplogroup 6 strains are
spread widely and appear in Europe, South America, and Africa. Strains that were
previously designated as ‘exotic’ were discovered to be common in South America
and are ‘uncommon’ solely in the case when compared to the defined lineages in
North America and Europe (Khan et al., 2007). Furthermore, the recent study
carried out by Su et al. (2012) identified 15 haplogroups defining the six major
clades of 7. gondiiisolates.

The Apicomplexa phylum consists of a large and diverse group of unicellular
protists that have a wide geographic distribution. It is the only taxonomic group
that is uniquely formed of obligate intracellular parasites. Many of its members
are pathogens of humans and domesticated animals. The phylum belongs to the
taxonomic kingdom Alveolata which consists of Dinoflagellates and Ciliates in
addition to Apicomplexans (Gould et al., 2008; Moore et al., 2008; Yoon et al.,
2008). The Apicomplexa taxonomic group consists of four sub-groups: the Coccidia,
the Gregarines, the Cryptosporidia, and the Hematozoa (Figure 1). The current
classification of Apicomplexan members is characterized by its conservation far
from the extents of modern molecular data (Kaya, 2001). Many morphological
features are shared among Apicomplexan parasites that are regarded as a
hallmark of the phylum. These shared traits include the elongated shape, and
several specialized organelles that constitute the apical complex which include:

27



rhoptries, micronemes, and the apical polar ring. The apical complex is essential
for the parasite’s survival and invasion of the host cell. Furthermore,
Apicomplexans have other specialized structures such as the apicoplast, which is
an essential chloroplast-like organelle (N. S. Morrissette & Sibley, 2002).

hemosporidia

malarial parasites piroplasms
Plasmodium Babesia
Leucocytozoon Theileria coccidia
hemogreg-arlnes monoxenic coccidia
Adelina Eimeria
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Figure 1 — Schematic representation of the various Apicomplexa taxonomic sub-
classes (Portman & Slapeta, 2014). Apicomplexa phylum members and their
closest related relatives are represented in the phylogenetic tree. There are four
main sub-groups present in the Apicomplexa phylum and include: Cryptosporidia,
Gregarines, Hematozoa, and Coccidia.

This phylum contains pathogens such as Plasmodium, Cryptosporidium, Babesia,
and Eimeria.

2 Toxoplasma gondii life cycle and transmission

T. gondii can infect any type of nucleated cell whether it be mammalian or avian.
The life cycle of 7' gondiiis divided between an intermediate host and a
definitive host correlating to asexual and sexual replication, respectively.
Transmission of 7. gondii can occur when a warm-blooded intermediate host
ingests either tissue cysts or oocysts from the external environment. Tissue cysts
release bradyzoites which then differentiate into tachyzoites. Sporulated oocysts
release sporozoites which then also differentiate into tachyzoites. Tachyzoites
replicate throughout the intermediate host until they differentiate into the latent
bradyzoite form in different types of tissue such as the brain, skeletal muscle
tissue, the eyes, and even cardiac tissue.
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The sexual cycle occurs exclusively in the intestinal lumen of the definitive host
which includes many members of the Felidae. After the felid ingests tissue cysts
or oocysts, the parasites invade and replicate within the definitive host’s intestinal
epithelial cells (IECs). The parasite undergoes several rounds of asexual division
known as endopolygeny and is characterized by the development of merozoites
within schizonts (J. P. Dubey & Frenkel, 1972). This is then followed by the
formation of microgametocytes and macrogametocytes. These gametocytes fuse to
form a zygote, which then develops into an oocyst. The sporozoite-containing
oocysts are released into the environment and ingested by a secondary host
(intermediate host), where the sporozoites differentiate into the rapidly
replicating tachyzoites causing the ‘acute’ form of toxoplasmosis. The parasite can
be a cause of ‘chronic’ disease, when the rapidly replicating tachyzoites
differentiate into the slowly replicating bradyzoites (Figure 2). These bradyzoites
can re-emerge occasionally but usually are not a factor of serious illness in healthy
individuals (Ajioka et al., 2001). However, cerebral toxoplasmosis is developed in
the case of bradyzoite re-activation and differentiation into tachyzoites in
immune-compromised individuals ( Lee & Lee, 2017; Luft et al., 2010). In these
cases, the uncontrolled proliferation of tachyzoites is the cause of life-threatening
illness, especially when the reactivating cysts are located in the brain of the
infected host (cerebral toxoplasmosis).
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Figure 2 — Schematic representation of the complex life cycle of 7. gondii divided
between the intermediate and the definitive host (Hunter & Sibley, 2012). Sexual
reproduction of the 7' gondii life cycle occurs in the felid definitive host whereas
asexual reproduction occurs in the warm-blooded intermediate host and the
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definitive host. Merogony which involves the division of merozoites within the
feline enterocytes is followed by the formation of female and male gametes. The
two gametes fuse to form an oocyst which i1s excreted with the feline’s feces.
Oocysts released by the definitive host into the environment withstand extreme
conditions and ensure transmission of the parasite when ingested by the
intermediate host. Within the intermediate host, asexual division occurs. The
oocysts release sporozoites which differentiate into tachyzoites and disseminate
throughout the body. The tachyzoites may then differentiate into the latent
bradyzoite form forming tissue cysts that remain dormant in muscle, heart, brain,
and eye tissues. Intermediate hosts including humans can become infected by
Ingesting tissue cysts where bradyzoites that reach the intestinal lumen convert
into tachyzoites and disseminate throughout the body. Vertical transmission can
have detrimental effects on a pregnant women’s fetus.

The sexual life cycle of 7. gondii occurring in the definitive host (Felidae) is
characterized by oocyst shedding in the feces 3 to 10 days after initial ingestion of
bradyzoites, around 18 days after ingesting sporulated oocysts, and around 13
days after the ingestion of tachyzoites (J. P. Dubey, 1998). After the felid (domestic
and wild cats) ingest tissue cysts of an intermediate host, the cyst wall is disrupted
by specific gastric enzymes and bradyzoites are released from the tissue cysts
before they invade enterocytes carrying out multiple rounds of asexual replication
resulting in merozoite-containing schizonts. This is then followed by the sexual
development phase also known as gametogony, where the formation of male and
female gametes, microgametes and macrogametes, respectively is carried out
(Ferguson, 2002). Microgametes are bi-flagellated and fertilize macrogametes by
using their flagella to swim and displace towards the macrogametes (Speer &
Dubey, 2005). After fertilization, a zygote is formed which develops into an oocyst.
Oocysts are liberated from the enterocytes by disruption of the epithelial cells.
This is then followed by excretion of the oocysts in an un-sporulated form in cat
feces. Once the oocysts are released within the external environment, sporogony
1s carried out after a few days. The oocyst undergoes morphological changes and a
meiotic reduction. This produces a sporulated oocyst containing two sporocysts,
within each sporocyst are four haploid sporozoites (Figure 3).

The excretion of oocysts can start as early as 3 days after tissue cyst ingestion and
can continue throughout the following 20 days. The number of shed oocysts in a
cat’s feces can reach up to 100 million oocysts. The released oocysts can infect any
warm-blooded intermediate host, usually through food contamination. However,
oocysts remain less infectious for cats based on a study which examined the
infectivity of oocysts in cats (definitive host) and mice (intermediate host). In the
case when 29 cats were fed 1-10 million oocysts, only one single cat shed oocysts
and all cats were asymptomatic. However, when administering 1-10 million
oocysts to mice, all of the mice died of toxoplasmosis. This study therefore
confirmed that oocyst infectivity to cats is less than that to mice. In addition, non-
pathogenicity of oocysts in cats was determined (Dubey, 2006; Robert-Gangneux
& Darde, 2012).
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The asexual stage of 7' gondiioccurs in the warm-blooded intermediate host. After
the intermediate host ingests oocysts which release sporozoites, the sporozoites
invade and replicate within the intestinal epithelium of the intermediate host and
differentiate into tachyzoites. Similarly, cysts containing bradyzoites that are
developed within muscle and brain tissues can be ingested by another
intermediate host by consuming raw or uncooked meat. In that case, the cyst wall
1s ruptured by digestive tract enzymes allowing for the release of bradyzoites
which infect the epithelial cells of the intermediate host and differentiate into
tachyzoites (Figure 3).

These tachyzoites replicate within cells by undergoing a process termed
‘endodyogeny’ and disseminate via the bloodstream throughout the body. The
tachyzoites then differentiate into a slower replicating form of the parasite known
as ‘bradyzoites’ which give rise to tissue cysts within 7 to 10 days after infection
in vivoin mice (Black & Boothroyd, 2000; Robert-Gangneux & Darde, 2012).
Tissue cysts remain throughout the entire lifespan of the intermediate host, and
reside most prominently in muscle tissues and the brain (Black & Boothroyd,
2000; J. P. Dubey, 1997b; Robert-Gangneux & Darde, 2012). Life-long persistence
of tissue cysts has been proven in mice (J. P. Dubey, 1997a).

The development of tissue cysts defines the chronic phase of toxoplasmosis. Tissue
cysts can then be consumed by either an intermediate or definitive host. In the
case when consumed by the definitive felid host, asexual replication occurs
primarily followed by initiation of the sexual phase (Figure 3, following page).

The modes of transmission of 7" gondii were elucidated when the discovery of its
life cycle came into light and can be classified into horizontal and vertical modes
of transmission.

Congenital transmission (CT) represents the vertical method of 7. gondii
transmission in which transplacental transmission occurs when the mother of the
fetus becomes infected with the 7. gondii parasite during pregnancy for the first
time. The risk of transmission is elevated as the primary infection of the mother
occurs later in pregnancy. The transmission rate in the third trimester is 65%
compared to 25% in the first trimester and 54% in the second trimester (McAuley,
2014).
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Figure 3 — Schematic representation of 7' gondii life cycle’s three main infective
stages (Robert-Gangneux & Darde, 2012). 7. gondii has three main infective
stages of development. Within the felid definitive host, the sexual phase takes
place where the ingestion of tissue cysts is followed by the disruption of the tissue
cyst wall with gastric enzymes leading to the release of bradyzoites which infects
cells of the intestinal epithelium. The parasite undergoes several rounds of
asexual replication and schizonts consisting of merozoites are developed through
schizogony. This is then followed by gamogony which entails the differentiation of
merozoites into microgametes and macrogametes. After the fusion of these two
types of gametes, oocysts are formed and released into the external environment
via the felid’s feces. These oocysts remain within the external environment where
they undergo an environmental phase. Several environmental factors affect the
Oocysts such as temperature, pH, pressure, etc. and result in their sporulation.
The asexual phase takes place in the intermediate host and consists of the
ingestion of the sporulated Oocysts or tissue cysts. Sporozoites released from
oocysts or bradyzoites released from tissue cysts differentiate into tachyzoites and
spread throughout the organism by asexual replication termed endodyogeny. The
tachyzoites can convert into bradyzoites and form tissue cysts in different types of
tissue such as the brain, heart, lungs, the eyes, etc.

There are three mechanisms by which congenital toxoplasmosis can occur: One
method is through transmission to the fetus in the case where the mother is
seronegative and immunocompetent and acquires infection during the first
trimester of pregnancy or three months before conceiving. The second method that
CT can occur by is through reactivation of toxoplasmosis in an immune woman
that suddenly becomes immunocompromised when pregnant. The third method
by which CT can occur is in the case where an immune mother gets infected with
a new 7. gondii strain that is more virulent than the one she was initially infected
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with (Maldonado et al., 2017). CT is known to be a cause of miscarriage and in
some cases can cause severe ocular disease and mental retardation in newborns.

This method of transmission occurs when infected raw or undercooked meat is
ingested by a naive intermediate host. The transmission of the parasite through
ingestion of infected meat was proven by experiments carried out on children in a
Paris sanitorium by comparing acquisition rates of infection in the children before
and after admission to the sanitorium. The annual acquisition rate of 7. gondii
infection increased from 10% to 50% after addition of undercooked meat (beef or
horse) to the diet whereas the acquisition rate increased to 100% when adding
undercooked lamb meat to the diet. This coincides with 7’ gondii prevalence rates
which are higher in sheep compared to other animal types (horse and cattle) (J. P.
Dubey, 2008).

The widespread prevalence of 7. gondii in vegetarians and herbivores can be
explained by ingestion of oocysts that are excreted in cat feces. Shedding of oocysts
within the environment has been a cause of numerous outbreaks of Toxoplasmosis
in humans. Epidemiological studies have demonstrated a complete absence of
Toxoplasma in habitats without cats particularly in isolated islands. Therefore,
affirming the importance of the fecal-oral route for natural 7" gondii transmission
(J. P. Dubey, 2008).

In addition to carnivorism and fecal-oral transmission, horizontal transmission of
T. gondil may rarely occur through blood transfusion and during organ
transplants consisting of tissue cysts (Katzer et al., 2014).

3 Toxoplasmosis, a devastating infectious disease

Toxoplasmosis, the disease associated and caused by the intracellular parasite, 7.
gondii, is a world-wide public health problem of significant importance. In the
United States, an estimation of 8-22% of the population is infected. In other parts
of the world such as Africa, Europe and Central America, infection rates range
from 30-90% (Aguirre et al., 2019). These high rates of infection across the world
have a negative impact on mortality, human health, and overall quality of life.

In the United States alone, more than one million individuals are infected by 7.
gondil every year with an estimate that the parasite is a cause for more than 8%
of hospitalizations and 24% of deaths in the United States due to foodborne
diseases (Scallan et al., 2011).

T. gondii was first identified as a cause of disease in humans in 1939 in an infant
girl who was delivered by Caesarean section in New York. After 3 days, the infant
experienced seizures and chorioretinitis and died at 1 month of age. The 7. gondii
strain responsible for the death of the child was isolated and demonstrated to be
no different to other 7" gondii strains that were isolated from animals in terms of
biology and immunology (Wolf et al., 1939). Following the initial case of 7! gondii
infection, several other cases were reported in infants, and it was concluded that
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encephalitis and chorioretinitis were recognizable syndromes due to 7. gondii
infection.

In 1951, the first ocular toxoplasmosis clinical description was carried out in detail
and in the 1960s, studies regarding seroconversion in pregnant women were
initiated (Couvreur,1974). In the 1960s, 7. gondii was initially recorded to cause
encephalitis in immune-compromised patients under immunosuppressive drugs
for Hodgkin’s disease (Flament-Durand et al., 1967).

About one third of the world is infected with the latent form of toxoplasmosis. The
prevalence of this infectious disease is different from one region to another based
on eating habits, hygiene conditions, and ethnic factors (Tenter et al., 2000).
However, underdeveloped countries are known to have a higher incidence rate of
infections than developed countries. A high seroprevalence of 80% is present in
Africa and Southern America relative to North America and Southeast Asia where
the seroprevalence rate is around 30%. 80% of infections in immunocompetent
individuals are asymptomatic. However, the remaining ~ 10-20% of cases of 7.
gondii infections in immune-competent hosts are symptomatic (Montoya &
Liesenfeld, 2004). Asymptomatic cervical lymphadenopathy usually manifests. 7'
gondii causes around 3-7 % of lymphadenopathy which is clinically significant
(McCabe et al., 1987). There are particular groups of people who are at high risk
of severe 7. gondii infection, and these include fetuses who are infected via CT,
infants, and immune-compromised individuals. For example, those who receive
corticosteroids and cytotoxic treatments, individuals suffering from hematological

malignancies, those who have received organ transplants and those diagnosed
with HIV/AIDS (Weiss & Dubey, 2009).

Three types of toxoplasmosis can be developed:

This type of clinical manifestation is the most common among immune-deficient
individuals. Cerebral toxoplasmosis is caused by the re-activation of the latent
tissue cyst forms. This occurs when the chronic infection is re-activated through
the conversion of the tissue cysts containing bradyzoites into tachyzoites in the
brain (Lee & Lee, 2017; Luft et al., 2010). In this case, the parasite replicates
through its tachyzoite form causing severe brain tissue lesions.

It has many common symptoms such as headaches, deficiency in coordinating
motor and sensory functions, as well as psychiatric complications. It was a leading
cause of death in patients diagnosed with AIDS until the development of
antiretroviral treatments.

This type of toxoplasmosis affects the eye’s retina and usually occurs when a local
tissue cyst reactivates within the retinal region. The latent tissue cysts re-activate
into tachyzoites in eye tissues. Common symptoms include blurred vision and the
appearance of floating bodies at the posterior region of the eye. Ocular
toxoplasmosis was initially thought to be a consequence of congenital
toxoplasmosis. However, recent advances in the field have demonstrated that this
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specific form of parasitic infection can be acquired post birth as well (Montoya &
Liesenfeld, 2004).

affects immunocompromised individuals in rare cases and can lead to severe
pneumonia which can be deadly in merely a few days (Rabaud et al., 1996). This
is a result of the re-activation of latent tissue cysts containing the bradyzoite form
into tachyzoites. In addition, a fulminant pneumonia can also develop as a result
of acute toxoplasmosis and is considered as a severe disseminated systemic disease
termed ‘Amazonian toxoplasmosis’ (Demar et al., 2012).

The development of the serological test allowed for great advancements in
studying the world-wide prevalence of the toxoplasmosis disease and is
characterized by sensitivity and specificity.

Since the clinical symptoms of infection with the 7. gondii parasite are non-
specific, medical doctors have relied on other methods to diagnose this parasitic
disease. Traditional diagnosis of toxoplasmosis includes bioassays and serological
tests. The gold standard procedure for 7' gondii infection detection is by isolation
of 7. gondiiby using laboratory animals. The specimens used for parasite isolation
include secretions, excretions, lymph nodes, muscle, and brain tissues (Aubert et
al., 2010; J. P. Dubey et al., 2013). INF-y knock-out mice ensure higher success
rates of 7. gondii isolation since these mice are extremely sensitive to infection
with the parasite. However, the bioassay remains an overall costly and time-
consuming detection method and can take up to six weeks (Q. Liu et al., 2015).
Alternatively, a variety of serological tests exist such as the dye test (DT) first
developed by Sabin and Feldman and is considered the gold standard for 7’ gondii
infection detection in human individuals. The modified agglutination test (MAT)
is known to be wutilized in epidemiological studies. The enzyme-linked
immunosorbent assays (ELISA), has the advantage of testing a large sample
number using a single ELISA plate. The immunosorbent agglutination assay
(ISAGA) necessitates great numbers of tachyzoites. There are also two other
assays, indirect fluorescent antibody test (IFAT) and indirect hemagglutination
assays (IHA), in addition to several others. These serological tests have the ability
to detect various antigens. IgM antibodies can be detected in an infected individual
around 1 week after infection, these antibodies are able to remain for several
months or years. Detection of IgA antibodies allow for the determination of acute
infection whereas IgE antibodies can determine current infection but are only
present for a short period. Infection by 7. gondii is confirmed by the presence of
IgG antibodies, however, it does not convey any information regarding the timing
of its occurrence (Q. Liu et al., 2015).

Traditional diagnostic methods are limiting in the case of prenatal toxoplasmosis
diagnosis and immunocompromised patients. Therefore, molecular approaches in
detecting 7. gondii infection are relied upon in addition to the traditional
serological test. The most prominent molecular detection method being PCR which
allows for amplification of DNA from a minimal quantity of initial material.
Increased sensitivity of PCR is achieved by using many multicopy targeting genes
for T. gondii detection. These targeting genes include genes such as the B1 gene
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and ITS-1 (internal transcribed spacer or 18S rDNA sequences). Single copy genes
have also been used to detect 7. gondii and include SAG1, SAG2, and GRA1 (Q.
Liu et al., 2015).

Despite the several gaps that have been filled in toxoplasmosis diagnosis,
epidemiology, and 7. gondii parasite-cell interaction, only a few advances have
been established in the field of toxoplasmosis treatment. Globally, CT still remains
a burden with 1.2 million disability-adjusted life-years (DALY) corresponding to
190,000 cases annually (Torgerson & Mastroiacovo, 2013). Furthermore, HIV-
associated toxoplasmosis remains a burden in countries with low-income where
antiretroviral therapy is not available with an estimate of 87% of the 13 million
HIV-infected people that are Toxoplasma seropositive, and at an elevated risk of
developing cerebral toxoplasmosis, residing in the sub-Saharan African region (Z.-
D. Wang et al., 2017).

Treatment options for toxoplasmosis remain limited and are usually administered
in the case of CT or HIV-infected individuals. The main pathway that is targeted
by anti- Toxoplasma drugs is the folate pathway. There are two main enzymes that
are specifically targeted in this pathway: dihydrofolate reductase (DHFR) enzyme
and dihydropteroate synthetase (DHPS) enzyme. The two major drugs that are
used against the DHFR enzyme are pyrimethamine (PYR) and trimethoprime
(TMP). However, the most prominent drawback of these drugs is that they are not
able to differentiate between the DHFR enzyme of the parasite and that of the
human host cell and need to be taken by patients in association with
sulphonamides that block DHPS and only have an effect against toxoplasmosis
during the acute phase of infection. One of the major side effects of the current
treatments used against toxoplasmosis is myelotoxicity which consists of a lack of
leukocytes, erythrocytes, and blood platelets. This creates a major concern in the
case of immunocompromised patients and is extremely life-threatening.
Furthermore, there are no drugs available that target the latent form of the
disease; the 7. gondii tissue cysts. The search for potent novel drug candidates
that is effective and safe in a wide range of patients and can act against both forms
of Toxoplasma (tachyzoite and bradyzoite) is an ideal future perspective and
remains an important concern in the field of Toxoplasmosis (Konstantinovic et al.,
2019). Aspects of protection against toxoplasmosis are also being studied and
several vaccination trials against toxoplasmosis have been carried out yet
resulting in only partial protection against the infection (Rezaei et al., 2019).
Furthermore, there is a single approved vaccine “TOXOVAX’ that is only valid for
veterinary use and consists of live attenuated parasite of the S48 7. gondii strain
(Buxton, 1993).

4 Ultrastructure of 7Toxoplasma gondii

The tachyzoite remains to be the most substantially studied stage in the life
cycle of 7' gondii. This is due to the ease of obtaining large numbers of
tachyzoites in vitro and in vivo. The tachyzoite is characterized by a crescent
shape and has dimensions of approximately 2 x 7 um. The anterior apical end of
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the parasite which defines the direction of motility is slightly pointed compared
to the posterior basal end.

4.1 Toxoplasma gondii tachyzoite ultrastructure

The tachyzoite is made up of a unique cytoskeleton (composed of subpellicular
microtubules and the conoid), secretory organelles (including the rhoptries,
micronemes and dense granules), organelles of endosymbiotic origin such as the
mitochondrion and the apicoplast. In addition to conventional eukaryotic
organelles (for example the nucleus, endoplasmic reticulum, Golgi, and
ribosomes). All the previously mentioned components of the 7. gondii tachyzoite

are enclosed within a complex structure known as the cortical cytoskeleton (Black
& Boothroyd, 2000) (Figure 4).
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Figure 4 - Ultrastructure of 7. gondii tachyzoite (Black & Boothroyd 2000, dJ. P.
Dubey et al., 1998). (A) Schematic representation of 7. gondii tachyzoite including
the subcellular components within this parasitic form. (B) Transmission electron
micrograph scan of a tachyzoite of VEG 7. gondii strain. Amylopectin granules are
abbreviated as Am. The conoid is represented by Co. The Golgi complex is
represented by Go. Dense granules are represented by Dg. Micronemes are
represented by Mn. The nucleolus is represented by No and the nucleus by Nu. PV
stands for parasitophorous vacuole and Rh stands for rhoptries.
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4.1.1. Toxoplasma gondii cytoskeleton

The cortical Toxoplasma cytoskeleton is composed of the microtubular network
enclosed within a complex and layered structure comprised of the plasma
membrane and the inner membrane complex (IMC) known as the pellicle.

Plasma membrane
The plasma membrane comprises of a lipid bilayer that is enriched with glycosyl-
phosphatidylinositol (GPI) clusters (Nagel & Boothroyd, 1989;Tomavo et al.,
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1989). GPI proteins allow for the anchorage of 7. gondii characteristic surface
proteins and play a role in host cell adhesion and evasion of the host’s immune
response (Lekutis et al., 2001; Mineo & Kasper, 1994; He et al., 2002). Surface
antigen (SAG) proteins are known to coat the surface of the parasite (G. Couvreur
et al., 1988). TgSAG1 (P30) is the most abundant antigen found on the surface of
the tachyzoite within the plasma membrane and belongs to the SRS (SAG1 related
sequence) family (Lekutis et al., 2001; Manger et al., 1998). Recent studies
utilizing single-cell RNA sequencing (scRNA-seq) of asynchronous populations
demonstrated that SRS gene expression is dependent on the cell cycle as well as
the stage of the parasite’s life cycle (Waldman et al., 2020; Xue et al., 2020).
Furthermore, around 50% of the SRS genes of the 7. gondii genome (111 SRS
genes in genome) have a significantly increased expression during the entero-
epithelial stage of the definitive host (cat) in merozoites whereas only about 10%
of SRS genes are expressed in the tachyzoite form (Behnke et al., 2014; Hehl et
al., 2015).

The Inner Membrane complex (IMC) consists of a double membrane system
situated 15nm beneath the plasma membrane. The IMC spans longitudinally
along the length of the parasite and has openings at each end of the parasite, one
at the apical end (conoid level), the other at the posterior end (basal end). An
opening is also present at the micropore level which is situated in the apical half
of the parasite and consists of an invagination of the membrane and most likely
has a role in endocytosis (Nichols et al., 1994). The membranous structures of the
IMC are made up of flattened vesicles termed alveoli which are Golgi-associated
and give rise to membranous sheets enveloping the parasite (Morrissette et al.,
1997). The alveoli are a unique feature of the Alveolata, which is a superphylum
made of ciliates, dinoflagellates, and apicomplexans (Keeling et al., 2005). The
subpellicular network (SPN) consists of an underlying protein mesh which
comprises of 8-10 nm wide filaments. These filaments contain intermediate
filament-like (IF-like) proteins which align along the cytoplasmic edge of the
alveoli and coat the subpellicular microtubules and are termed alveolins (Gould et
al., 2008; Mann, 2001; Porchet & Torpier, 1977).

The IMC consisting of the alveoli and associated cytoskeletal proteins provide
structure to cells, are responsible for daughter parasite scaffold formation as well
as have a role in glideosome-associated motility (Mann, 2001; Gaskins et al., 2004).
The double membranes of the alveoli contain intramembranous particles IMPs)
which interact with the microtubules in order to provide further stabilization to
the cytoskeleton ( Morrissette & Sibley, 2002; Morrissette et al., 1997).

The IMC initiates exactly below the apex of the parasite which is limited by the
plasma membrane only. Below the apical tip, the flattened IMC sacs spiral around
the parasite body in a similar manner to the underlying microtubules and are
organized as three rows of joined rectangular membrane plates which are sutured
together by suture proteins. The suture proteins are responsible for bridging
transverse segments or connecting individual plates by association with both their
longitudinal and lateral boundaries ( A. L. Chen et al., 2015, 2017; Lentini et al.,
2015; Tilley et al., 2014). The flattened IMC sacs are capped with an alveolar plate
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at the apical tip of the parasite (Porchet & Torpier, 1977) which is composed of a
single IMC compartment characterized by a ring shape and consists of an IMC
sub-compartment protein, TgISP1 in addition to nine apical complex proteins
(Beck et al., 2010; A. L. Chen et al., 2015, 2017; Fung et al., 2012). The central
IMC compartment includes TgISP2 and TgISP4 (Beck et al., 2010; Fung et al.,
2012). In addition to this, the central compartment also includes TgISP3.
However, TgISP3 is shared with the basal IMC compartment as well (Beck et al.,
2010). Targeting of TgISP1, TgISP2, and TgISP3 to their associated IMC
compartments requires coordinated myristoylation and palmitoylation (Beck et
al., 2010). Alternatively, targeting of TgISP4 exclusively necessitates
palmitoylation rather than myristoylation (Fung et al., 2012). Parasite mutants
lacking in TgISP2 exhibited severe defects in daughter cell formation (Beck et al.,
2010). However, loss of TgISP4 did not lead to any major replicative or growth
impairments (Fung et al., 2012).

The apical IMC plate is connected to the central and basal plates by a number of
proteins termed IMC suture components’ (ISCs) localized at the lateral and
longitudinal boundaries of the plates (Chen et al., 2015, 2017). To date, TgISC1,
TgISC2, TgISC3, TglSC4, TglSC5, and TgISC6 have been identified. Among these
proteins, TgISC1, TgISC4, and TgISC5 are detergent insoluble and embedded
within the IMC filamentous network (Chen et al., 2015, 2017). By carrying out
BLAST analyses, it was demonstrated that TgISC1, TgISC2, and TgISC4 are
devoid of any known functional domains. However, TgISC3 is similar to choline
transporter-like proteins therefore suggesting a possible role in the formation of
IMC membranes (Chen et al., 2015; Michel et al., 2016). In addition, there is a
specific set of proteins which are exclusively localized at the transverse IMC
sutures and not the longitudinal sutures and are designated ‘“Transverse Suture
Components’ (TSCs) (Chen et al., 2017). There exists a total of six TSCs designated
TgTSC1-6. Mutant parasites where TgTSC1 (also termed as TgCBAP and TgSIP)
1s disrupted are shorter compared to the wild-type parasites and demonstrate
defects in gliding motility, invasion impairment, and decreased infectivity in vivo
(Chen et al., 2017; Gaelle Lentini et al., 2015; Tilley et al., 2014). Three TSC
proteins are insoluble when detergent-extracted : TgTSC2, TgTSC3, and TgTSC4
(Chen et al., 2017).

The IMC sutures are also known to be residence to a total of seven apical annuli
proteins (AAPs) of which 5 consist of coiled-coil regions suggesting functions
associated with structure (Engelberg et al., 2020). These TgAAPs are embedded
within the junctions between the lateral IMC plates located at the apical end of
the parasite and the apical IMC compartment. In addition, super-resolution
microscopy (SR-SIM) demonstrated that the AAP proteins are organized into
concentric rings 200-400 nm in diameter (Engelberg et al., 2020). TgCentrin2
localizes at the intermediate annuli ring and apical annuli methyltransferase
AAMT is present on the annuli exclusively in intracellular parasites (Engelberg
et al., 2020; Hu et al., 2006; Suvorova et al., 2015). Mutant knock-out parasites of
TgAAP4 had a significantly slower proliferation rate compared to that of the
parental strain. Normal proliferation was restored when the knock-out strain was
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complemented with AAP4 gene. Furthermore, in vivo experiments demonstrated
that mice infected with TgAAP4 knock-out strain were able to survive acute
infection for one more additional day compared to the mice infected with wild type
strain (Engelberg et al., 2020). Phylogenetic analysis of AAPs demonstrated that
AAPs are conserved across Coccidia dividing by means of internal budding
suggesting a potential role of AAPs in the internal budding process Furthermore,
AAPs possess a pore-like structure suggesting roles in signaling and material
exchange across the IMC membranes (Engelberg et al., 2020).

To date, there have been 30 proteins dubbed IMC proteins based on their
localization to the IMC compartment. There are several subtypes of IMC proteins
which can either be integral or peripheral membrane proteins, members of the
alveolin cytoskeleton, or proteins localized to the IMC that are not designated as
IMC proteins but have distinguished names such as TgPhIL1, TgILP1, and
TgMSC1b (Morrissette & Gubbels, 2020). Currently, there is no standard
categorization organizing the different IMC proteins. However, it would be of use
to assign specific names reflecting the particular subcategories which include the
alveolins, cytoskeletal proteins embedded within the IMC network, and proteins
anchored to the IMC sacs that are detergent soluble (Morrissette & Gubbels,
2020).

The first 15 IMC proteins are intermediate filament-like alveolin proteins with
the exception of TgIMC2 which consists of an N-terminal transmembrane domain
(Mann, 2001). Recent studies have identified novel IMC proteins which are non-
alveolin and are designated as IMC proteins 16-29 (Butler et al., 2014; Chen et al.,
2015, 2017). These proteins are targeted to the central and basal sub-
compartments of the IMC save for TgIMC28 which is targeted to all 3 sub-
compartments (apical sub-compartment included) (Chen et al., 2017). Among the
non-alveolin IMC proteins, there are those that are suggested to being membrane
cytoskeletal constituents due to their characteristic detergent-insoluble nature.
This subset of IMC proteins comprises of TgIMC16, TgIMC17, TgIMC21, and
TgIMC25. Some IMC proteins are localized to both mature and nascent developing
buds such as TgIMC19, TgIMC21, and TgIMC25. Some are exclusively specific to
mature parasites such as TgIMC17, TgIMC18, and TgIMC20 while others are
specific to the developing daughter buds and consist of TgIMC16 and TgIMC29
(Chen et al., 2015, 2017).

The 14 alveolin IMC proteins provide the parasite with pellicle tensile strength
and are characterized by the presence of conserved repeats “EKIVEVP”, “EVVR”,
or “VPV” sub-repeats within domains rich in valine and proline residues (Gould et
al., 2008; Mann, 2001). These alveolin proteins are localized to the mother and
daughter cytoskeletons. TgIMC1 and TgIMC4 are characterized by equal
distribution between the mother and nascent daughter IMCs whereas TgIMC3,
TegIMC6, and TgIMC10 are heavily localized to the forming daughters. TgIMC3,
TgIMC6, and TgIMC10 disappear once the daughter parasites mature (Anderson-
White et al., 2011). TgIMC7, TgIMC12, and TgIMC14 are solely localized to the
mature parasite’s cortical cytoskeleton specifically during the G1 phase of the cell
cycle, these proteins are not found on the developing daughter cells (Anderson-
White et al., 2011). These three IMC proteins have an important role in controlling
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mature and daughter parasite structural stability. TgIMC11 localizes to the apical
and basal poles of the parasite (Anderson-White et al., 2011). In the middle of the
process entailing daughter parasite formation, TgIMC5, TgIMCS8, TgIMC9, and
TgIMC13 are targeted from the developing daughter buds towards the basal
complex of the daughter parasites. TgIMC15 is involved in the initiation of
daughter parasite budding and is associated with centrosome replication
(Anderson-White et al., 2011). TgIMC14 and TgIMC15 ensure a single round of
nuclear division is carried out since the absence of either of these proteins triggers
the production of multiple buds within the mother parasite per round of division
and therefore TgIMC14 and TgIMC15 can be considered as proteins influencing
the development decision to either divide by endodyogeny or endopolygeny (Dubey
et al., 2017). The assembly of IMCs in daughter parasites follows a sequential
order. After TgIMC15 is recruited to the daughter parasite cytoskeletons, this is
followed by the recruitment of other IMC proteins in the following order: TgIMC1,
TgIMC3, TgIMC4, TgIMC5, TgIMC6, TgIMC8, TgIMC9, TgIMC10, and TgIMC13
(Anderson-White et al., 2011). A recent study demonstrated that TgIMC32 is a
conserved protein across the Apicomplexa phylum which is essential for the
survival of the parasite (Torres et al., 2021). IMC32 localizes at the IMC’s body
portion and is deposited on the nascent daughter buds early during the internal
budding process. Mutant parasites where IMC32 is conditionally depleted exhibit
a collapsed IMC (Torres et al., 2021)..

In addition to its main role in the formation of daughter parasites during
endodyogeny, the IMC also has essential functions in the motility and invasion of
the parasite. These motility characteristics of the IMC are shared across
Apicomplexan members. For the parasites to move forward, a myosin motor
tethered to the outer membrane of the IMC must pull the actin filaments which
are situated between the plasma membrane and the IMC and their associated
adhesins rearward. During this process, it is crucial that the IMC-anchored
myosins in association with glideosome associated proteins (GAP) remain intact
and fixed to the IMC most likely by interactions connecting the glideosome motor
to the cytoskeleton laying beneath. Subpellicular microtubules and the alveolin
network are key to achieving IMC stability which is important for the resistance
of IMC myosin displacement (Johnson et al., 2007).

GAPM (gildeosome associated proteins with transmembrane domain) link the
IMC alveoli to the cortical cytoskeleton (Harding et al., 2019). Proteins which
belong to the GAPM family are extremely conserved and Apicomplexa-specific.
Phylogenetic analysis revealed that members of the GAPM family belong to one of
the following orthologous groups: GAPM1, GAPM2, and GAPMS3 (Bullen et al.,
2009). GAPM proteins are six-pass transmembrane proteins which are localized
to the IMC of both mature and nascent parasites and are characterized by their
SDS-resistant nature (Harding et al., 2019; Bullen et al., 2009).

GAPM1a, GAPM2a, and GAPMS3 are expressed abundantly within the tachyzoite
form. However, GAPM1b and GAPMZ2b are expressed at a relatively lower level
(Harding et al., 2019). Based on CRISPR genome-wide screens, loss of GAPM1a,
GAPMZ2a, and GAPMS3 decreases in vitro fitness of the tachyzoite. GAPM1b and
GAPM2b do not have much of an effect on in vitro fitness and are most likely
dispensable (Sidik et al., 2016). Mutant parasites conditionally depleted of
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TgGAPMI1a displayed a severe defect in replication. In addition, the conditional
loss of TgGAPM1la resulted in impaired organisation of cortical microtubules
followed by their disassembly leading to morphological changes to the tachyzoite
rendering it rounder and shorter (Harding et al., 2019).

Inner membranous particles (IMPs) are present at the surface of the IMC and are
arranged in longitudinal spiraling rows organized with a 32 nm periodicity,
reflecting the periodicity of the subpellicular microtubules of the underlying
cytoskeleton (Morrissette et al., 1997). It has been suggested that the tethering of
the alveolar membrane to the cytoskeleton is most likely not achieved by the direct
interaction of GAPM proteins with the cytoskeleton microtubules but rather
microtubule associated proteins (MAPS) which decorate the cytoskeleton
microtubules, IMPs and linkers that bridge the space between the microtubules
and the IMC membrane are suggested to have a role in mediating this connection.
(Harding et al., 2019).

Despite the studies that have been carried out so far regarding IMC proteins,
several of these proteins remain unstudied and thus the complete IMC proteome
remains uncharacterized. Therefore, a novel technique based on the application
of the spatial proteomic method hyperplexed localization of organelle proteins by
isotope tagging (hyperLOPIT) resulted in identifying the location of thousands of
proteins in the parasite including those associated with specific parasite
compartments among them the IMC (Barylyuk et al., 2020).

The study utilizing the hyperLOPIT method allowed for the identification of a total
of 81 IMC proteins including previously characterized and verified IMC proteins
(38 IMC proteins) as well as newly assigned IMC protein predictions (43 IMC
proteins) thus expanding the IMC proteome (Barylyuk et al., 2020). In addition,
this study provided knowledge regarding the physical association of 7. gondii
proteins and sub-compartments with each other. Insights into the IMC sub-
compartment associations indicated that the IMC as a definitive complex
component of the pellicle resolves into a total of four hyperLOPIT clusters; a major
IMC cluster which resolved separately from that of the PM, two apical IMC
clusters; apical 1 and apical 2, and a microtubule-associated proteins (MAPs)
cluster (Barylyuk et al.,, 2020). The study additionally provided information
regarding the strength of attachment of the IMC’s different entities. Since the
known apical cap and apical annuli proteins located at the posterior boundary
resolved separately from the remaining IMC proteins, this suggested that the
posterior boundary is disassociated and that the association of the apical annuli
to the IMC alveoli is weaker than the association of the apical annuli to the apical
cap (Barylyuk et al., 2020).

Overall, the IMC has many integral functions in 7. gondii. It is implicated in
maintaining the tachyzoite’s structural integrity, several IMC proteins are
essential for providing tensile strength for the parasite (R. Dubey et al., 2017). The
IMC has additional key roles in replication, motility, and invasion (Beck et al.,
2010; R. Dubey et al., 2017). Furthermore, it is a highly dynamic compartment
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and is disassembled and re-built during cell division (Harding & Frischknecht,
2020; Ouologuem & Roos, 2014).

The microtubule network is a component of the 7. gondii cytoskeleton.
Microtubules are important components of various structures that are used
throughout the parasite’s life cycle. 7. gondi’'s microtubule cytoskeleton
morphology is highly conserved throughout the “four” zoite stages (tachyzoites,
bradyzoites, merozoites, and sporozoites). Similar to other eukaryotes, spindle
microtubules are a crucial element for chromosome segregation during cell
division. Membrane-associated microtubules give rise to the elongated appearance
of the invasive forms of the parasite. In addition, microtubules have a role in the
spiral trajectory pathway that 7. gondii has due to its unique motility
(Morrissette, 2015).

There is a total of 22 microtubules situated within the subpellicular region of the
T. gondii tachyzoite. A microtubule organizing center (MTOC) anchors the
negative ends of the microtubules, this region is also known as the apical polar
ring (APR). Growth of the microtubules starts from the apical end of the parasite
in the direction of the posterior end. The positive ends of the microtubules remain
in a condition of hindered depolymerization (Anderson-White et al., 2012).

T. gondii microtubules are very stable compared to those in other eukaryotes and
this is due to microtubule-associated proteins (MAPs) which connect the
microtubules to the pellicle such as subpellicular microtubule protein 1 (SPM1)
(Tran et al., 2012). MAPs allow the microtubules to coordinate crucial roles in
mitosis and meiosis, motility, and cytoplasmic structure. Microtubules are
polymers composed of a-B-tubulin heterodimers. There are five type of structures
containing tubulin within 7' gondii- spindle microtubules, centrioles, subpellicular
microtubules (SPMTs), the conoid, and intraconoid microtubules (Figure 5B).
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Figure 5- Schematic representation of the 7" gondii cytoskeleton- (Anderson-White
et al., 2012). A. Representation of the alveolar vesicles that are situated directly
under the plasma membrane are represented in yellow. The top-most alveolar
vesicle termed the apical cap is structured in the form of a cone at the apical tip of
the parasite. The three rectangular-shaped vesicles occupy the IMC. B.
Representation of the apical complex structure and the associated apical complex
proteins (MORN1, RNG1, TgCentrin2, IMC15). C. Representation of the Intra-
Membrane Particles (IMPs) localized within the alveolar vesicles. D.
Representation of the IMC protein network including associated IMC proteins as
well as proteins localised to both sides of the alveoli. Proteins that are indicated
with an asterisk (*) represent proteins which are present in various regions.
Proteins that are present only in mature daughter parasites are indicated with a
(+) symbol.

The apical complex

The Apicomplexa phylum name is based on the apical complex region present
within its members. The apical complex region contains specialized organelles
that orchestrate parasite-host interactions. These organelles are apical secretory
organelles consisting of micronemes and rhoptries which carry out key roles for
parasite motility, invasion, and parasitophorous vacuole formation (Frénal,
Dubremetz et al., 2017). Members of the Gregarine and Coccidian subgroups of
the Apicomplexa phylum possess an additional apical structure named the conoid
(Leander & Keeling, 2003).

The apical complex is comprised of three main structural components: 1) the apical
cap which 1s the most apical part of the IMC. In 7. gondii, the apical cap is
characterized by a single conical shaped alveolar plate and is delimited at its base
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by several annuli structures dubbed ‘apical annuli’. 2) the conoid which is situated
within the apical polar ring (APR) and 3) rhoptries and micronemes, the secretory
organelles, that secrete their contents to ensure the dissemination of the parasite
(reviewed in Dos Santos Pacheco et al., 2020). Furthermore, the apical complex
consists of three main tubulin-based components: 1) the pre-conoidal rings located
at the most distant tip of the conoid and from which the fibers of the conoid
originate. 2) the polar ring from which the 22 subpellicular microtubule (SPMT's)
fibers originate and 3) two short intraconoidal microtubule fibers (Hu et al., 2006).
In addition to the apical complex’s main role in invasion, regulated secretion from
the apical complex i1s responsible for providing factors which are critical for the
formation of the parasitophorous vacuole (Carruthers & Sibley, 1997). The apical
complex in addition to daughter conoids is the first structure to emerge during
daughter cell formation and represents a focal point for the building of the
daughter parasites.

The apical cap is characterized by several proteins among them TgISP1 which is
clearly restricted to the apical cap region and is associated with the IMC at the
periphery. However, ISP1 is not found embedded in the protein meshwork
underlying the IMC (Beck et al., 2010). TgISP1 consists of conserved N-terminal
cysteine residues which are critical for targeting TgISP1 to its proper location at
the extremity of the apical cap. To determine the functional role of TgISP1, the
ISPI gene was disrupted. Disruption of the ZSPI gene did not have a major impact
on the growth of the parasite in vitro. However, an interesting observation was
noted where instead of the mutant parasites exhibiting a loss of TgISP1 at the
apical cap, two other closely related ISP proteins, TgISP2 and TgISP3 were
localized to the apical cap where TgISP1 should normally be localized (Beck et al.,
2010). In addition to TgISP1, the apical cap is home to several apical cap proteins
(ACs) which are exclusively restricted to the apical cap region. Proximity-labelling
experiments using the BIOID technique allowed for the identification of this novel
set of apical proteins. Apical cap protein 1 (TgAC1) and Apical cap protein 2
(TgAC2) were identified by using ISP3 as bait for BIOID proximity labelling. The
two identified proteins were found to be localized to different IMC sub-
compartments. TgAC1 was found to be associated with the membrane sacs
whereas TgAC2 was found to be associated with the cytoskeleton network (Chen
et al., 2015). In order to identify additional apical cap proteins in 7. gondii, another
BIOID proximity labelling experiment was carried out using TgAC2 as bait which
resulted in the identification of 5 additional AC proteins: TgAC3, TgAC4, TgAC5,
TgAC6, and TgAC7. All 5 AC proteins colocalized with TgISP1 in mature and
nascent parasites (Chen et al., 2015). In a following study carried out by Chen et
al. (2017), two additional AC proteins were identified by using proximity labelling.
However, this time, ISC4, a protein localized within the sutures at the very base
of the apical IMC plate was used as bait. TgAC8 and TgAC9 were identified and
verified by immunofluorescence to localize to the apical cap region (Chen et al.,
2017). A tenth AC protein designated TgAC10 has also been identified by using
the BIOID technique (Tosetti et al., 2020). TgAC9 and TgAC10 are recruited early
on during endodyogeny to the apical caps of the forming daughter parasites even
prior to the recruitment of TgISP1. Super-resolution microscopy using the
stimulated emission depletion (STED) technique demonstrated that TgAC9 and
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TgAC10 belong to the alveolin cytoskeleton and are organized in rows following a
regular periodicity. TgAC9 was found to colocalize with TgGAP45 and TgISP1,
thus confirming that TgAC9 is localized at the IMC and confined to the sub-
pellicular microtubules (SPMTs) side. Furthermore, a newly developed type of
electron microscopy termed ultrastructure expansion microscopy (U-ExM) showed
that TgAC9 and TgAC10 colocalize between the SPMT's below the conoid and the
APR (Tosetti et al., 2020). Mutant parasites that are conditionally depleted of
TgAC9 and TgAC10 exhibit extreme defects in microneme secretion, invasion, and
egress. In addition, these mutant parasites harbor severe morphological defects of
the apical complex region and are devoid of the conoid and the APR. This loss
occurs at the final stage of the division process and/or during the emergence of the
daughter parasites from the mother cell (Tosetti et al., 2020). Furthermore, by
using U-ExM microscopy, parasites depleted of TgAC9 and TgAC10 exhibited
SPMTs that are significantly disorganized (Tosetti et al., 2020). TgAC9 was
demonstrated to form a complex with TgERK7 (extracellular signal-regulated
kinase 7), a conserved mitogen activated protein kinase (MAPK) (Back et al.,
2020). TgERK7 was found to be essential for proper conoid formation
(O’Shaughnessy et al., 2020) and its localization at the apical cap region requires
TgAC9. TgERKY7 interacts with TgAC9 by means of its C terminus where the C-
terminus of TgAC9 is inserted into the active site of TgERK7 leading to its
subsequent inhibition (Back et al., 2020).

Furthermore, two other proteins were demonstrated to localize within the apical
cap region, TgPhIL and TgIMC11. TgPhIL is a cytoskeletal IMC protein which
colocalizes with TgIMC11 (Gilk et al., 2006; Anderson-White et al., 2011). In an
attempt to functionally characterize TgPhIL, a mutant strain in which the 7gPhIL
gene was disrupted by homologous recombination, was produced. The morphology
of mutant TgPhIL knock-out parasites was altered and resulted in mutant
parasites which were shorter and wider compared to the wildtype parasites. In
addition, mutant parasites depleted of TgPhIL demonstrated a growth defect in
vitro and reduced fitness in vivo (Barkhuff et al., 2011).

The apical complex in 7’ gondiiis constructed around the conoid. This structure is
characterized by its motile activity during the invasion process. The conoid 1s 380
nm wide in diameter and is comprised of 10-14 filaments which are~430 nm long.
These filaments are arranged in a left-handed spiral pattern and structured to
resemble a funnel shape (Hu et al., 2002; Nichols & Chiappino, 1987; Morrissette
et al., 1997). The conoid is characterized by the arrangement of its a-tubulin
microtubule filaments into a spiral similar to a compacted spring. The anterior
face of the conoid has two pre-conoidal rings. The a-tubulin filaments of the conoid
link the apical polar ring (APR) to the pre-conoidal rings (Anderson-White et al.,
2012; Hu et al., 2002; Swedlow et al., 2002). Within the conoid, two intraconoidal
microtubules are present and have a role in secretion of proteins from the apical
region of the parasite during invasion of the host cell (Figure 5).

The extrusion and retraction of the conoid is apparent during invasion of the host
cells. This specific conoid movement can be initiated in extracellular tachyzoites
by pharmacologically increasing Ca2* ion concentrations intracellularly (Del
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Carmen et al., 2009). The conoid is characterized by the presence of
apicortin/doublecortin protein referred to as DCX, which contains two domains
that bind tubulin,(Nagayasu et al., 2017) P25-a and DCX (Orosz, 2009). TgDCX
localizes solely to the conoid and has an important role in the stability of the conoid
and the overall fitness of the parasite (Nagayasu et al., 2017). The loss of TgDCX
results in morphological defects of the conoid structure hence it becomes shorter
and disordered and subsequently leads to a defect in host cell invasion (Nagayasu
et al., 2017). TgDCX has the striking ability to stabilize the curvature of the
microtubules forming the conoid to support effective host cell invasion (Leung et
al., 2020). The conoid consists of several proteins which are implicated in parasite
motility such as TgMyoH which interacts with myosin light chain proteins (MLCs)
such as TgMLC3, TgMLC5, and TgMLC7 (Graindorge et al., 2016). In addition,
TgMyoH most likely interacts with calmodulin-like proteins designated TgCAMI1,
TgCAM2, and TgCAMS3 present within the conoid and likely regulate the activity
of MyoH in a calcium-dependent manner (Long et al., 2017).

On top of the conoid are the two pre-conoidal rings (PCRs). The specific function
of these two rings remains to be elucidated. Dynein light chain 8a (DLC8a) is
localized within the apical complex region when expressed as a second copy
localizing at the apical polar ring, the conoid, spindle poles, the centrosome and
basal ring (Hu et al., 2006). However, other studies in which TgDLC8a is C-
terminally tagged demonstrated that TgDLC8a localizes exclusively to the apical
cap (Qureshi et al., 2013). An even more recent study exhibited that TgDLC8a
localizes to the parasite’s centrosome and the apical cap but is more strongly
concentrated at the APR (Lentini et al., 2019). DLC8a has been suggested to be
essential for the tachyzoite’s lytic cycle based on the genome wide CRISPR screen
carried out by Sidik et al (2016). In an attempt to functionally characterize the
role of TgDLC8a, a mutant cell-line in which TgDLC8a is depleted was generated.
The depletion of TgDLC8a has a major impact on invasion and microneme
secretion yet does not as strongly affect the parasite’s motility, attachment, and
egress from host cells (Lentini et al., 2019). Furthermore, depletion of TgDLC8a
affects rhoptry positioning impacting rhoptry discharge which is important for
proper invasion of the host cell (Lentini et al., 2019).

TgCentrin2, a calcium-binding protein localizes to the anterior of the preconoidal
rings at the extremity of the apex of the 7' gondii parasite. TgCentrin2 can also be
found in the annuli present at the apical region’s posterior edge and is also found
within the basal complex and the centrioles (Hu et al., 2006; Lentini et al., 2019;
Leung et al., 2019). TgCentrin2 is essential for the tachyzoite’s lytic cycle (Lentini
et al., 2019; Leung et al., 2019). TgCentrin2 depleted parasites demonstrated
defects in motility, adhesion, invasion, and egress. The ability of TgCentrin2
depleted parasites to secrete micronemes was drastically affected. However, the
overall morphology and positioning of micronemes and rhoptries remained
unaffected (Lentini et al., 2019). In addition, TgCentrin2 has an essential role in
maintaining the architecture of the peripheral annuli. In mutant parasites
conditionally depleted of TgCentrin2, around 70% of mutant parasites
demonstrated a faint peripheral annuli protein 2 (TgPAP2) signal, unproper PAP2
localization, or a significantly decreased number of parasites possessing PAP2 at
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annuli compared to their wildtype counterparts (Lentini et al., 2019). These
results were confirmed by a similar study carried out by Leung et al. (2019) in
which TgCentrin2 was depleted and indicated the essentiality of TgCentrin2 in
Iytic cycle stages and microneme exocytosis. TgCentrin2 present within the
centrioles most likely has an important role in regulating parasite replication
(Leung et al., 2019).

TgSAS6L 1s a centriole-associated-like protein which localizes at the PCRs.
Mutant parasites devoid of SAS6EL gene resulted in reduced fitness (Leon et al.,
2013). It is most likely that TgSAS6-L plays a role in the tethering of straited fiber
assemblins (SFA) to the conoid (Leon et al., 2013).

The apical polar ring (APR) is characterized by the presence of the Ring 1 protein
(TgRNG1) which localizes to the APR at the very late stages of daughter parasite
formation and is apparent within daughter cells before disassembly of the mother
parasite cell (Tran et al., 2010).Unsuccessful attempts to generate a knock-out
strain of TgRNG1 suggests its essentiality. Another protein localized at the APR
is TgRNG2 which connects the APR to the base of the conoid forming a ring with
the amino-terminal associated with the conoid and the carboxy-terminal anchored
to the APR (Katris et al., 2014). During the extrusion of the conoid, the orientation
of the TgRNG2 proteins terminal ends is flipped as the conoid passes through the
APR (Katris et al., 2014). As opposed to TeRNG1, TgRNG2 associates with the
apical complex early during endodyogeny. An inducible knock-down mutant of
TgRNG2 demonstrated that this protein is crucial for the growth of the parasite.
Studying the role of TgRNG2 in maintaining the structure of the tachyzoite
demonstrated that TgRNG2 has no obvious role in maintaining pellicle structure.
However, TgRNG2 knock-down perturbed parasite motility, invasion, and
microneme and rhoptry content secretion (Katris et al., 2014). The membrane
occupation and recognition nexus 1 protein (MORN1) is yet another protein
localized at the apical end of the alveoli. It also localizes to the spindle pole and
the spindles (Gubbels, 2006; Hu, 2008). However, TgMORN1 is more highly
concentrated at the basal end of the parasite and has an important role in
cytokinesis (Lorestani et al., 2010).

The recent study that utilized the novel hyperLOPIT method identified a total of
63 apical proteins . Among the 63 apical proteins, 41 were already known and 22
were newly identified and predicted to localize to the apical region of the parasite
(Barylyuk et al., 2020). The resolved apical proteins included known apical cap
proteins, apical annuli proteins, known conoid-associated proteins, APR proteins,
and structural apical extremity invasion-associated components (Barylyuk et al.,
2020). The apical proteins resolved into two clusters, apical 1 and apical 2.
Intriguingly, these two clusters did not demonstrate much of spatial
differentiation since both clusters consist of conoid-associated proteins and apical
cap proteins (Barylyuk et al., 2020). However, there are biophysical properties
which distinguish the two clusters. Apical 1 cluster proteins possess a basic pl
(isoelectric point) whereas apical 2 cluster proteins possess an acidic pI (Barylyuk
et al., 2020). In a follow-up study of the hyperLOPIT experiments carried out by
Barylyuk et al. (2020), another 32 proteins were resolved into the apical clusters
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which were not reported in the previous study due to less data support (Koreny et
al., 2021). Therefore, the number of putative apical proteins assigned by
hyperLOPIT expanded to a total of 95 (Koreny et al., 2021). Among these 95
putative apical proteins, 13 were verified in the previous hyperLOPIT study to be
localized at the apex extremity (Barylyuk et al., 2020), 23 were verified to be
localized to the same apical extremity, 21 are known to localize to the apical cap
or other IMC sub-compartments, leaving 38 novel predicted apical proteins with
unverified localization (Koreny et al., 2021). Super-resolution microscopy allowed
for the verification of the novel apical proteins localization which were found to be
located at the conoid body, the conoid base, and the conoid canopy while others
were verified to localize to the APR (Koreny et al., 2021).

To conclude, the conoid represents a signalling hub controlling gliding motility,
invasion, and egress. Novel insights into the proteins that make up this structure
provide a platform for future studies in order to decipher enigmatic conoid
mechanisms. Further identification of apical cap proteins has advanced our
understanding of how these proteins contribute to the maintenance and stability
of the conoid and APRs. Likewise, APR proteins are linked to the integrity of the
conoid.

The proteins of these structures are inter-linked and maintain the integrity of
each other (Dos Santos Pacheco et al., 2020).

Furthermore, the apical proteome has become expanded due to the hyperLOPIT
technique. However, future studies are still needed to explicitly characterize each
newly identified and verified apical protein. Studying each apical protein’s
potential contribution to the function of the apical region is necessary to decipher
still outstanding questions regarding the function of its subcomponents such as
conoid protrusion, preconoidal ring function as well as the role of intraconoidal
microtubules. These are a few questions of many.

The basal complex i1s a structure located at the posterior end of the IMC, also
termed as the posterior cup (Mann, 2001) and functions as a contractile ring
during cytokinesis at the late stages of parasite replication (Blader et al., 2015;
Gubbels, White, et al., 2008b; Hu, 2008). The assembly of daughter parasite basal
complexes occurs early during endodyogeny prior to the formation of daughter
parasite cytoskeleton and IMC and prior to the disruption of the cytoskeleton of
the mother parasite (Hu, 2008).

The basal complex is characterized by electron dense structures which are ring-
shaped and become apparent during budding at the leading edge of the developing
daughter parasites (Anderson-White et al., 2011; Gubbels, 2006;Hammarton,
2019; Hu, 2008). The basal complex was determined to be comprised of two
electron-dense structures observed by electron microscopy. The first electron-
dense structure is directly tethered to the cytoplasmic edge of the basal pole of the
IMC and is termed the basal inner ring (BIR). The second electron dense structure
1s situated along the length of the basal IMC but is not directly attached to the
IMC or the BIR but instead bends towards the plasma membrane, this structure
is termed the basal inner collar (BIC). In addition to these two electron dense
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structures, the basal complex consists of numerous unit membranes (UM)
(Anderson-White et al., 2011).

The basal complex is initially marked by TgMORN1 and forms a ring around the
already replicated centrioles (Anderson-White et al., 2012; Hu, 2008). TeMORN1
also co-localizes with TgMyoC and most likely functions in conjunction with this
protein to generate the driving force necessary for the constriction of the basal
complex (Gubbels, 2006; Hu, 2008). TeMORN1 was also found to localize to the
centrocone, a key structure for mitotic spindle organization (Gubbels, 2006;
Naumov et al., 2017). The formation of TeMORNI1 rings is independent of the
cytoskeleton microtubules structural integrity (Gubbels, 2006; Hu, 2008).
TgMORNTI1 is essential for the formation of the basal complex. The loss of the basal
complex in TgMORN1 depleted parasites resulted in parasites losing their
contractile capacity that should normally occur during the late stages of daughter
parasite formation. Hence mutant parasites with ablated TeMORN1 resulted in
multiple-headed parasites conjoined at the basal end with a defect in apicoplast
segregation (Heaslip et al., 2010; Lorestani et al., 2010).

A following study allowed for the dissection of the MORN1 complex components
by using a cellular fractionation method followed by immunoprecipitation and
mass spectrometry analysis (Lorestani et al., 2012). Several proteins were
identified as components of the TgMORN1 complex among them TgMSC1a which
creates a ring around TgIMC5 and TgIMC8. TgMSC1la is unique to the basal
complex of mature parasites since it appears in the daughter parasites only at the
final steps of endodyogeny as they emerge from the mother parasite. TgMSCla
was found to be soluble when extracted with TX-100 detergent and is therefore
associated with the IMC membrane which coincides with the presence of several
predicted palmitoylation sites (Lorestani et al., 2012). A second protein termed 14-
3-3 was demonstrated to localize to the basal complex of the mature parasites and
co-localize with TgMORN1. Localization of Tg14-3-3 is independent of TgMORNI1.
To date, the specific functions of TgMSC1la and Tg14-3-3 remain to be elucidated
(Lorestani et al., 2012).

IMC proteins localize to the basal complex. Such IMC proteins include: TgIMC5,
TgIMCS8, TgIMC9, TgIMC13, and TgIMC15 (Anderson-White et al., 2011).
Additional proteins localize to the basal complex as well such as TgCentrin2,
TgHAD2a, TgDLC, TgMyoC, and TgMyod (Delbac et al., 2001; Hu, 2008; Lorestani
et al., 2010).

TgCentrin2 is incorporated into the basal complex at the final stage of interphase
and 1s localized to a compartment that is more distal compared to the
compartment to which TeMORNT1 localizes to (Hu, 2008). The recruitment of
TgCentrin2 to the basal ends of the daughter parasites before the start of
cytokinesis coincides with basal complex constriction. TgCentrin2 contains a
calcium-binding EF-hand domain and may contribute to generating basal complex
contractile force since artificial Ca2* ion treatment induces daughter parasite
TgCentrin2 basal ring constriction (Hu, 2008).
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TgMyod is present at the basal complex and colocalizes with TgCentrin2 (Frénal,
Jacot et al., 2017). Parasites depleted of TgMyod exhibited unsuccessful basal
complex constriction. In addition, the localization of TgCentrin2 in TgMyod
depleted parasites is undetectable (Frénal, Jacot et al., 2017). Basal complex
constriction is absent in mutant parasites lacking TgMoyd. Similarly, constriction
is unsuccessful in inducible knock down TgCentrin2 parasites. These results
suggest that both TgMyod and TgCentrin2 are essential for basal complex
constriction (Frénal, Jacot et al., 2017). Furthermore, treatment of parasites with
cytochalasin D which destabilizes actin hindered localization of TgCentrin2 and
constriction of the basal complex (Frénal, Jacot et al., 2017). These findings
suggested a role for actin in basal complex assembly and constriction. In order to
study the role of actin in 7" gondii, a conditional knockout strain of TgACT1 was
characterized (Periz et al., 2017). ActI gene is the only gene that encodes for actin
in 7" gondii. Mutant parasites lacking TgACT1 exhibit aberrant basal complex
morphology with a flattened appearence (Periz et al., 2017). By using an actin
chromobody, it was confirmed that actin does not form a ring-like structure at the
basal end of the developing daughter parasites but rather actin is targeted to the
IMC and forms a ring-like structure at the residual body (Periz et al., 2017).

TgHAD2a is an enzyme consisting of a conserved haloacid dehalogenase (HAD)
phosphotransferase domain. This enzyme localizes to the developing daughter
parasite’s cytoskeleton but then transitions towards the basal complex during its
contraction. TeHAD2A colocalizes with TgMORN1 at the basal complex. However,
TgHAD2A labelling in mutant parasites conditionally depleted of TgMORN1
(Lorestani et al., 2010) demonstrated that HAD2a is localized to the cortex of
daughter parasites yet detection of HAD2a at the basal complex is no longer
present. Therefore, TgHADZ2a localization is not dependent of TgeMORN1 yet its
targeting to the basal complex necessitates TeMORN1 (Engelberg et al., 2016).
TgHAD2a has a role in the assembly of the basal complex since the conditional
knockout of TgHADZ2a results in conjoined daughter parasites due to impaired
basal constriction. Overall, these results suggest that TgHADZ2a has an important
role in basal complex contractile function (Engelberg et al., 2016).

The basal complex most likely functions in resisting to mechanical stress during
invasion (B. Anderson-White et al., 2012) in addition to its key role in constriction
during cytokinesis allowing for the splitting of the daughter parasites as they
emerge from the mother cell (Hu, 2008).

The first electron micrographs demonstrated different subcellular organelles in
T. gondii, some of these organelles appeared conventional and have already been
1dentified in other organisms such as the ER, Golgi, and mitochondria. However,
there are certain subcellular structures that have not been identified before and
are unique features of Apicomplexans such as the apical complex including its
associated structures and the apicoplast.
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The apicoplast is a double membrane structure that is most likely to have
originated from secondary endosymbiosis of a red alga (Janouskovec et al., 2010;
Kohler, 1997; McFadden et al., 1996). Several electron micrographs demonstrate
that the 7. gondii plastid possesses four membranes. A primary endosymbiotic
event involving the engulfment of a cyanobacterium by a eukaryote is assumed to
have preceded the secondary endosymbiotic event consisting of the engulfment of
an alga containing a plastid (Figure 6). The two inner-most membranes are
assumed to be the original membranes of the apicoplast. The third membrane is
believed to be derived from the algal cell’s plasma membrane or from the ER of
the ancestor host and is termed the periplastid. The fourth outer-most membrane
originates from the endomembrane system of the host. Most apicoplast proteins
are encoded by the nucleus and it is therefore necessary that they are imported
across the apicoplast’s four membranes (Mallo et al., 2018).

The second outermost membrane also termed the periplastid membrane (PPM)
houses an endoplasmic reticulum associated degradation (ERAD)-like system in
which a major component of this system is the ubiquitin pathway which
polyubiquitinates misfolded proteins and is a proteasome degradation signal. The
ubiquitin machinery has been re-formulated in order to facilitate the
transportation of proteins across the PPM (Sommer et al., 2007).
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Figure 6- Schematic representation of the history of apicoplast acquisition in 7.
gondii (Mallo et al., 2018). (A) Depiction of the two endosymbiotic events resulting
in apicoplast formation. The first endosymbiotic event (bottom), a cyanobacterium
represented by CB is engulfed by a eukaryotic cell. During the second
endosymbiotic event, the eukaryotic cell engulfs a red alga cell which contains a
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primary plastid which then evolves into a secondary apicoplast plastid. (B)
Schematic representation of the proteins invloved in the import of apicoplast
proteins. The direction of protein transportation is indicated by a white arrow
starting from the parasite’s cytosol passing through the four apicoplast
membranes and arriving within the apicoplast stroma. The participants of the
endoplasmic reticulum associated degradation (ERAD) and ubiquitination
pathways are represented as well.

The genome of the plastid resembles plant and algal chloroplast DNA and
comprises of a ~35 kb circular DNA genome. Apicomplexan plastids are non-
photosynthetic and their genomes are highly reduced with a great loss of
photosynthesis-related genes (Hadariova et al., 2018). Overall, apicomplexan
plastid genomes are highly similar in length yet vary in GC content (Cinar et al.,
2016). The majority of apicoplast genes code for proteins that are necessary for the
expression of the apicoplast genome (Wilson et al., 1996). These genes include
genes encoding all tRNAs which are necessary for the synthesis of apicoplast
proteins and consist of genes encoding three components of a eubacterial-like RNA
polymerase (RPOB, RPOC1, and RPOC2). In addition to 17 ribosomal proteins and
Tu, a translation factor of elongation (Wilson et al., 1996).

The apicoplast is an essential organelle for 7. gondii parasite survival despite
losing its photosynthetic properties and houses numerous crucial metabolic
pathways such as the production of fatty acids, heme, iron-sulfur clusters, and
isoprenoid precursors (Mazumdar et al., 2006; Nair et al., 2011). Isoprenoids are
lipid compounds which have many important functions. Isoprenoids allow for
cytosolic proteins to interact with membranes of cells (Swiezewska & Danikiewicz,
2005). In addition, isoprenylation is essential for the localization of membranes
and the proper function of proteins involved in DNA replication and cell cycle
regulation.

Several inhibitors targeting apicoplast biogenesis result in ‘delayed death’
phenotype. Treatment with inhibitor resulted in parasites which were devoid of
apicoplasts or possessed a defective apicoplast. Despite these severe apicoplast
defects, the parasite is still able to grow unaffected during the first lytic cycle while
treated with the inhibitor. However, during the second lytic cycle, parasite growth
1s inhibited leading to its death even after removal of the inhibitor. This
phenomenon has been observed in several studies. Apicoplast ribosome inhibitors
such as clindamycin in addition to inhibitors against DNA gyrase such as
ciprofloxacin as well as the actinonin inhibitor targeting the apicoplast membrane
metalloprotease, FtsH1 resulted in a delayed death phenotype of the 7. gondii
tachyzoite (Amberg-Johnson et al., 2017; Camps et al., 2002; Fichera et al., 1995;.
Fichera & Roos, 1997). Delayed death phenotype was also observed in mutant
parasites over-expressing a dominant negative version of TgMyoF-tail (Frénal et
al., 2017; Jacot et al., 2013). The deletion of TgMyod and TgMyol in the TgMyoF-
tail dominant negative strains resulted in parasite death within the first lytic
cycle, thus suggesting that parasite survival during the initial lytic cycle is due to
intravacuolar communication (Frénal, Jacot et al.,, 2017). A recent study
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confirmed that the common defect of the delayed death phenotype is the loss of
metabolic function of the apicoplast (Amberg-Johnson & Yeh, 2019).

Overall, the essentiality of the plastid for the growth and development of 7' gondii
has made it a very promising drug target (Striepen, 2011).

Micronemes are present in abundance and are clustered mostly at the apical pole
of the parasites. These structures are crucial for gliding motility and invasion of
the parasite. Micronemes were initially identified by electron microscopy and
appear to have a rod-like appearance (Garnham et al., 1962; Scholtyseck et al.,
1970). The relative abundance of these organelles is different based on the species
and the developmental life stage of the Apicomplexan parasite (V. B. Carruthers &
Tomley, 2008; Dubois & Soldati-Favre, 2019).

The secretion of micronemes occurs at the furthermost apical end of the parasite.
Microneme secretion has an important role in invasion since the chemical
inhibition of microneme secretion greatly hinders the invasion process
(Carruthers et al., 1999; Carruthers & Sibley., 1997). Before the secretion of their
contents, the micronemes travel through the conoid to reach the plasma
membrane where fusion occurs between the micronemes and the plasma
membrane and the micronemes’ contents are released (Carruthers & Sibley,
1999). This ‘fusion’ allows micronemes to transfer the components of their
membranes to the surface and soluble proteins are released within the
extracellular space termed ‘adhesins’.

Across the apicomplexan phylum, microneme proteins have been studied by using
a variety of approaches including proteomics analyses (Bromley et al., 2003;
Soldati et al., 2001; Tomley & Soldati, 2001). In 7! gondii, adhesins (MICs) are
heavily involved in host cell attachment and invasion and form functional
complexes (Huynh et al., 2003; Huynh & Carruthers, 2006). Most adhesin proteins
consist of adhesive repeat domains which give the parasite the ability to bind to
the surface of the host cell. The adhesive domains in MICs include:
Thrombospomdin-1-type 1 domains (TSR), Von Willebrand A domain/integrin
inserted (I) domain (A/I domain), Apple/PAN domains, EGF-like domains, and
lectin domains. These domains are predicted to have a transmembrane
configuration across the plasma membrane that involve receptor-ligand
interactions (V. B. Carruthers & Tomley, 2008) (Figure 7, following page). For
example, MIC2 consists of an A/I domain which is highly conserved across
Apicomplexa and is characterized by its ability to bind different ligands such as
ICAM- 1 and collagen ( Lee et al., 1995; Wan et al., 1997). MIC2 also contains
thrombosin-like domains which have a role in adhesion of the 7. gondii parasite
to its host cell (V. B. Carruthers & Tomley, 2008).
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Figure 7 - Schematic representation of the different adhesion domains of MIC
proteins in Toxoplasma gondii (V. B. Carruthers & Tomley, 2008). Micronemes
contain different adhesion repeat domains implicated in various microneme
functions.

In 7. gondii, super resolution microscopy allowed for the identification of two
distinct microneme subpopulations which are trafficked differently and have
distinct subcellular localizations. One subpopulation involves the transport of
microneme proteins MIC3, MICS8, and MIC11 while the other subpopulation
includes microneme proteins MIC2, M2AP, PLP1, and AMA1 (Kremer et al.,
2013). Further distinctions have been made regarding the distribution of
micronemes. Differences between micronemes concentrated at or directly under
the conoid and those localized in the peripheral and central area of the parasite
body were made based on the exclusive localization of parafusin (PRP1), a protein
with a Ca2* dependent exocytosis role, with apical micronemes (Matthiesen et al.,
2001, 2003). In addition, lack of certain proteins associated with CORVET/HOPS
complexes resulted in absence of peripheral microneme proteins (Morlon-Guyot et
al., 2018). Overall, these results suggest that micronemes possess at least two
different trafficking pathways of at least two different subpopulations of
micronemes that are confined to distinct spatial locations within the parasite.

Microneme proteins exist in two forms, there are soluble microneme proteins and
transmembrane ones. Microneme proteins associate with each other in order to
form complexes which function in parasite invasion (Sheiner et al., 2010). These
complexes are: MIC6/MIC1/MIC4, MIC2/M2AP (MIC-2 associated protein),
MICS8/MIC3, and AMA1/RONs (Figure 8, following page). The first complex was
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discovered based on the disruption of TgMIC6 which resulted in the mis-
localization of two other MIC proteins, TgMIC1 and TgMIC4. (Reiss et al., 2001).
By using coimmunoprecipitation, the association of all three MIC proteins was
confirmed (Reiss et al., 2001).This complex functions in the attachment and
invasion of the parasite (Céréde et al., 2005).

The second complex MIC2/M2AP was discovered to be formed in the ER and then
localized at the micronemes. The MIC2/M2AP complex remains on the parasite
surface during invasion (Rabenau et al., 2001) and has an important role in
attachment, invasion and parasite gliding (Huynh & Carruthers, 2006). TgMIC3
and TgMICS8 are suggested to form a complex based on the association of TgMIC3
to artificially expressed GPI-anchored TgMIC8 (Meissner et al., 2002). TgMIC3
has a synergistic role in association with TgMIC1 in parasite virulence whereas
TgMICS8 is implicated in rhoptry secretion (Céréde et al., 2005; Kessler et al.,
2008). The AMA1/RONs complex functions in the formation of the moving junction
(MJ) (Bargieri et al., 2013; Lamarque et al., 2014; Mital et al., 2005).
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Figure 8 - Microneme complexes in 7Toxoplasma gondii (Sheiner et al., 2010).
Schematic representation of different microneme complexes present within the
parasite and at its surface.

Rhoptries
Rhoptries are club-shaped organelles present in 7' gondii in multiples of 8-12 per

parasite, and each rhoptry is around 2 -3 pm long (Dubey et al., 1998). Rhoptries
have a bulb-like base and an elongated duct and are situated at the apical region
of the parasite with the exception of only one to two rhoptries which can access the
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interior of the conoid at one given time. There are three sub-compartments within
each rhoptry, a sub-compartment for the bulb, one for the neck and a recently
1dentified third sub-compartment separating between the rhoptry bulb and the
neck. The latter sub-compartment has been demonstrated to exist by using freeze-
fracture and quick-freeze techniques (Lemgruber et al., 2011) showing that this
middle region has intermediate electron density and houses particular rhoptry
proteins present on the cytoplasmic surface of the rhoptry organelle ( Mueller et
al., 2016).
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Figure 9- Schematic representation of rhoptry proteins in 7" gondii (Boothroyd &
Dubremetz, 2008). ROP and RON proteins are released from rhoptry bulbs
(represented in grey) and rhoptry necks (represented in red) during the 7. gondii
invasion process. The collaboration of RON2, RON4, and RON5 with TgAMA1
results in the formation of the moving junction. The MdJ transcends down the
parasite’s surface and leads to the formation of the parasitophorous vacuole
membrane (PVM). ROP16 and PP2C localize within the host nucleus.

Segregation of rhoptry proteins exists between the neck and the bulb region of
these organelles (Roger et al., 1988). ROP proteins are the proteins identified to
be situated in the bulb region while RON proteins are located within the neck of
the rhoptry (Dubey et al., 1998). Rhoptries are a central component of the
parasite’s secretory system and are produced de novo during the formation of
daughter cells within the mother parasite through the budding of vesicles which
contain newly synthesized rhoptry (ROP, RON) proteins (Nishi et al., 2008). Right
before the final cytokinesis phase, pre-rhoptries mature into elongated rhoptries
which then localize to the apical end of the parasite (Dubremetz, 2007; Venugopal
et al., 2017). The translocation and attachment of rhoptries to the apical end of
the parasite is crucially dependent on Armadillo Repeats Only protein (TgARO),
Myosin F (TgMyoF) and ARO-Interacting protein (TgAIP) (Mueller et al., 2013).
Rhoptries are characterized by their acidic environments; pre-rhoptries are more
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acidic than the mature rhoptries. The rhoptries are the only organelles which were
found to be acidic within the parasite (Shaw et al., 1998).

The secretion of rhoptries happens early in the invasion process. The exact number
of rhoptries that are secreted is not known. However, the secretion process does
not follow the conventional exocytosis process which involves the release of cell
content extracellularly but rather follows a process where two main steps are
coupled (Boothroyd & Dubremetz, 2008). The first step involves the docking and
fusion of the rhoptry membrane with the apical plasma membrane of the parasite,
representing a process commonly known as ‘exocytosis’. The second step involves
the transfer of the rhoptry content via the membrane of the host cell, this process
1s commonly known by ‘export’. However, in this specific case, content of the
parasite consisting of ROPs/RONs/ and associated lipids are not secreted via
synaptic vesicles but are rather directly injected into the host cell (Hakansson et
al., 2001).

After the secretion of rhoptry proteins, they associate with various compartments
in order to carry out essential functions. These functions include association of
TgRONs with the moving junction (MJ) for invasion (Figure 9), disarming of
immune defenses by TgROPs, hi-jacking the host during the invasion process by
rhoptry proteins that are directly injected into the cytosol of the host, and
interference with the signalling pathways of the host particularly the host’s
transcription factors associated with the production of IFN-y ( Lebrun et al., 2020).

RON proteins such as TgRON2, TgRON4, and TgRONS5 are present within the
neck region of the rhoptry organelle and are secreted after the MIC proteins. These
RON proteins have an implication in the formation of the moving junction (MJ) in
association with TgAMA1 during invasion (Alexander et al., 2005; Lebrun et al.,
2005). ROP proteins present within the bulb of the rhoptries are secreted after the
formation of the MdJ and have a crucial role in the formation of the parasitophorous
vacuole (PV). ROP proteins are targeted to various compartments which include
the parasitophorous vacuole (PV), PV membrane (PVM), in addition to
compartments of the host cell (Bradley & Sibley, 2007).

The largest and most extensively studied rhoptry proteins are the ROPK
superfamily also referred to as the ROP2 family, known to localize within the bulb
region of the rhoptries and consists of more than 50 kinases and pseudokinases
termed as “rhoptry kinases” (Peixoto et al., 2010; Talevich & Kannan, 2013). The
ROP2 family was initially described as a family of rhoptry proteins consisting of
three proteins; each of which were recognized by a single monoclonal antibody
(Sadak et al., 1988). The ROPK family proteins have distinct characteristics in
common. They share a kinase-fold present at the C-terminus and a basic amino-
acid rich region present at the N-terminus of the protein. The N-terminal region
of the kinase domain consists of an activation loop and a substrate-binding site
and 1s the most conserved region of the ROPK proteins. Several ROPK proteins
are predicted to be active due to the presence of a complete catalytic triad (Peixoto
et al., 2010). However, not all members of the ROPK family are enzymatically
active since some lack a glycine loop essential for ATP stabilization and a
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conserved aspartate in the catalytic loop which is crucial for phosphotransferase
function. These inactive ROP proteins are termed “pseudokinases” such as ROP2,
ROP4, ROP5, ROP7, ROP8, and ROP54. X-ray crystallography showed that these
pseudo-kinases still have a ‘kinase-fold’. However, it is different from the
conventional one and is characterized by 7Toxoplasma-specific variations. These
pseudo-kinases exhibit potential roles in the scaffold and substrate sequestration
(Labesse et al., 2009; Qiu et al.,, 2009; Reese & Boothroyd, 2011). Certain
polymorphic ROP proteins are essential factors of virulence for the parasite in type
I strains. The complex consisting of ROP5, ROP17, and ROP18 which localizes at
the PVM is responsible for triggering the phosphorylation of immunity related
GTPases (IRGs) preventing accumulation of IRGs at the PV and subsequently
hindering PV lysis within mice (Etheridge et al., 2014; Fleckenstein et al., 2012).
In Type II strains, the ROP5 gene has a polymorphism which renders it inactive
(Behnke et al., 2011) and hence results in an alternative outcome leading to
disruption of PVM integrity and PV lysis. TgROP18 is also implicated in the
modulation of transcription factor ATF6-8 function (Yamamoto et al., 2011).
TgROP17 is involved in modulating the host cell transcriptome ( Li et al., 2019).
TgROP17 additionally has a role in effectively translocating dense granule
proteins across the PVM (Panas, Ferrel, et al., 2019).

Another set of ROP proteins are translocated to the nucleus of the host. TgROP16
1s a kinase secreted within the cytosol and is quickly targeted towards the nucleus
of the host cell by means of a nuclear translocation sequence. TgROP16 has a
prominent role in the activation of transcription factors STAT3 and STAT6 (Signal
Transducer and Activator of Transcription) resulting in the inhibition of cytokine
secretion such as IL-12 (Butcher et al., 2011). Another rhoptry protein TgPP2C
which is not a member of the ROPK family is also translocated to the nucleus.
Parasites lacking TgPP2C demonstrated a decreased growth phenotype. However,
further studies to identify its specific role remain to be carried out (Gilbert et al.,
2007).

Furthermore, other rhoptry proteins exhibit an important role in the
differentiation of the 7. gondii parasite. The transcriptome of the parasite was
investigated during acute and chronic infection and the gene encoding for the
ROP28 protein was found to be 5-fold more abundant during chronic infection
compared to acute infection (Pittman et al., 2014). Another study in which 26
ROPK gene loci encoding for 31 unique Type II ROPK proteins were deleted
1dentified several Type II ROPK proteins to have a moderate effect on cyst burden
(Fox et al., 2016). However, certain ROPK proteins proved to be essential for the
establishment of chronic infection in vivo and included: ROP5, ROP17, ROP18,
ROP35, and ROP38/29/19 (Fox et al., 2016). Furthermore, in yet another study,
the deletion of ROP21, ROP27, ROP28, and ROP30 did not significantly affect
bradyzoite differentiation in vitro. However, a combined knock-out mutant of
ROP21 and ROP17 resulted in a 50% decrease of cyst burden in vivo (Jones et al.,
2017). Furthermore, a bradyzoite rhoptry protein designated TgBRP1 was
characterized. A TgBRP1 knock-out strain was produced and its effect on cyst
burden was studied only to demonstrate that TgBRP1 had no major effect on the
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formation of tissue cysts but rather is most likely to have an important role in the
merozoites of the sexual felid stages (Schwarz et al., 2005).

In addition, subcellular fractionation of the rhoptries allowed for the detection of
abundant lipids and particular enrichment in cholesterol (Foussard et al., 1991).
However, experimental studies have clearly demonstrated that cholesterol does
not deem necessary for invasion (Coppens & Joiner, 2003). The rhoptry proteins
and lipids are exported via rhoptry exocytosis and contribute in modifying the
PVM (Coppens & Vielemeyer, 2005).

Overall, the rhoptries house several proteins and lipids with critical functions for
parasite invasion and production of the parasitophorous vacuole. The contents of
these organelles carry out important roles and contribute to the maintenance of
the tachyzoite during the acute stage of infection. Moreover, rhoptry proteins
contribute to tissue cyst formation during chronic infection.

Dense granules are small electron dense organelles enclosed by a single membrane
and are distributed throughout the parasite’s cytoplasm. Under an electron
microscope, these organelles appear as microspheres ~200 nm in diameter. Dense
granules vary in number based on the developmental stage of the parasite.
However, they are plentiful within the 7. gondii tachyzoite stage (Mercier &
Cesbron-Delauw, 2015).

The content of dense granules which consists of GRA proteins has been
demonstrated to be secreted after the initial invasion steps and most likely before
the parasite has been fully incorporated within the confinements of the PVM
(Panas & Boothroyd, 2021). GRA proteins are located within different
compartments of the PV, they are found within the PV lumen. Other GRAs are
located within the PVM while others are located on the PVM. Moreover, certain
GRA proteins are located at the host cell nucleus and cytoplasm after their export
from the PV (Clough & Frickel, 2017; Mercier & Cesbron-Delauw, 2015; Panas &
Boothroyd, 2021). GRA proteins are also secreted by extracellular parasites with
the potential to affect cells which are uninfected (Leroux et al., 2015; Wong et al.,
2020). The process by which GRA proteins are secreted has proven to be difficult
to elucidate. Unlike rhoptries and micronemes, dense granule proteins are not
secreted at the apical end of the parasite but rather it has been hypothesized that
the fusion of dense granule membranes with the parasite’s plasma membrane
occurs through gaps located between the IMC plates (Dubremetz et al., 1993).
However, the transport of GRA proteins after being newly synthesized from the
Golgi to the parasite periphery is carried out by a MyoF motor, which transports
cargo along actin filaments (Heaslip et al., 2016). Additionally, TgRab11A has an
essential role by contributing to the transport of dense granules (Venugopal et al.,
2020).

GRA proteins have an important role in maintaining PV structural integrity by
formation of the intra-vacuolar network (Mercier et al., 2002). GRA proteins also
function in the import of nutrients from the host cell to the PV (Gold et al., 2015).
Additionally, GRA proteins are implicated in modulating the host’s immune
response (Bougdour et al., 2013; Braun et al., 2013; Gay et al., 2016; Rosowski et
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al., 2011). In addition to their role in the formation of the chronic phase tissue cyst
(Fox et al., 2011, 2019; Guevara et al., 2019, 2020, 2021).

TgGRA7 interacts with the vacuole Host Organelle Sequestering
Tubulostructures (HOST) which are digitations of the PV membrane and functions
in internalizing host endo-lysosomes within the parasite’s PV (Coppens et al.,
2006). Additionally, TeGRA7 has an in implication in IRG clearance, TgGRA7
interacts with the TgROP5/TgROP18 complex which targets and phosphorylates
Irga6, an IRG protein contributing to acute virulence in mice (Alaganan et al.,
2014; Hermanns et al., 2016). Similarly, TeGRA12 functions in the elimination of
IRGs yet the mechanism regarding how this dense granule protein is able to carry
this process out remains to be elucidated (Fox et al., 2019; Michelin et al., 2009;
J.-L. Wang et al., 2020). In addition, other important roles for TgGRA12 were
identified by studying mutant parasites lacking the expression of GRA12. Mutant
parasites in which the GFEA12 gene was deleted exhibited a significant decrease
in virulence and tissue cyst formation (J.-L. Wang et al., 2020). TgGRAG60 is yet
another GRA protein that demonstrated an important role in eliminating IRGs
(Nyonda et al., 2021). Type I parasites lacking the 7gGRA60 gene resulted in
decreased virulence and reduction of cyst burden in addition to the recruitment of
IRG proteins, Irgb10 and Irga6. TgGRAG60 was also shown to work in concert with
the TgROP18 and TgROP5 proteins (Nyonda et al., 2021).

TgMAF1D is yet another GRA protein which mediates the association of the host
mitochondria to the PVM (Pernas et al., 2014). The association of the mitochondria
to the PV allows the parasite to obtain fatty acids which are needed for the
proliferation of the parasite and at the same time might restrict the growth of the
parasite by incorporating essential fatty acids as well (Pernas et al., 2018).

GRA proteins take part in modulating host signalling pathways. GRA proteins
were demonstrated to interact with host cell transcription factors such as TgGRA6
In Type I strains which activates NFAT4 (Nuclear Factor of Activated T Cells 4),
resulting in the recruitment of immune cells only to be cleared by the parasite
(Bierly et al., 2008; Coombes et al., 2013; Courret et al., 2006). Another dense
granule protein example is TeHCE1/TgTEEGR which binds to E2F3 and E2F4
TFs affecting chromatin remodeler gene EZH2 (Braun et al., 2019).
TgHCE1/TgTEEGR also has an impact on host cell cyclin E and CDK2 impacting
cell cycle progression (Panas, Naor, et al., 2019). Furthermore, GRA proteins have
an impact on the immune system such as TgIST which regulates STAT-dependent
genes blocking IRG clearance (Gay et al., 2016; Olias et al., 2016).

Furthermore, certain GRA proteins have an implication in tissue cyst formation
such as TgGRA4, TgGRA6, TgGRA3, TgGRA7, TgGRAS8, TgGRA14, TgGRAZ2,
TgGRA9, and TgGRA12 (Fox et al., 2011, 2019; Guevara et al., 2019). The deletion
of TeGRA4 and TgGRAG6 in Type II parasites resulted in a drastically decreased
cyst burden compared to their wildtype counterparts (Fox et al., 2011). The
deletion of both TgGRA4 and TgGRAG6 in the same strain resulted in an even more
drastic defect in tissue cyst burden (Fox et al., 2011). In a following study, PVM-
associated GRAs including TgGRA3, TgGRA7, TgGRAS, and TgGRA14 and IVN-
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membrane associated GRAs including TgGRA2, TgGRA9, and TgGRA12 were
deleted in type II strains. These deletions resulted in severe defects in cyst burden
in vivo (Fox et al., 2019). During tissue cyst development, GRA proteins are very
dynamic, this was shown through studying the localization of IVN-associated GRA
proteins (TgGRA1, TgGRA4, TgGRAG6, TgGRA9, and TgGRA12) in developing in
vitro tissue cysts during different time points (Guevara et al., 2019).
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Figure 10- Schematic representation of dense granule GRA proteins in 7. gondii
(Mercier & Cesbron-Delauw, 2015). A compilation of GRA proteins identified in
the Type II ME49 strain based on TOXODB database. The associated domains of
the GRA proteins are indicated in different colors. Grey represents the signal
peptide, light pink represents the PEXEL-like motif, purple represents the
hydrophobic alpha-helix, orange represents the Ca2* -binding EF hand, dark red
represents the nuclear localization signal.

Proteomics analysis carried out on enriched cyst wall fractions of in vitro tissue
cysts allowed for the identification of GRA proteins as major components of the
tissue cyst wall (Tu et al., 2019). Among these GRA proteins are GRA2, GRAS3,
GRA4, GRA5, GRA7, GRAS, GRA9, GRA12, GRA14, GRA17, GRA23, GRA25,
GRA29, GRA31, GRA33, GRA34, and GRA35 (Tu et al., 2019). In addition, a novel
sub-set of dense granule proteins designated as CST proteins was identified.
Among them, TgCST2 was demonstrated to have an essential role in establishing
an in vivo chronic infection (Tu et al., 2019).

In addition, a more recent study characterizing four GRA12-related genes
(GRA12A, GRA12B, GRA12C, and GRA12D) indicated that the GRA-12 gene
family has an implication in chronic infection (Guevara et al., 2021). Similar to
TgGRA12, genes related to TgGRA12 are associated with the IVN in tachyzoites.
In immature cysts formed by using the high pH shift, TeGRA12A, TgGRA12B,
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and TgGRA12D localize to the cyst wall suggesting that these three proteins have
a role in the PV developing into a tissue cyst. Similarly in mature cysts,
TgGRA12A, TgGRA12B, and TgGRA12D localize to the cyst wall as well as the
cyst matrix (Guevara et al., 2021). Mutant parasites lacking TeGRA12A resulted
in a significant decrease in cyst burden in vivo. Alternatively, parasites lacking
TgGRA12B led to a significant increase in cyst burden in vivo (Guevara et al.,
2021). Furthermore, parasites lacking TgGRA12A, TgGRA12B, and TgGRA12D
demonstrated a decrease in bradyzoite re-activation efficiency yet TgGRA12A
deficient-parasites also displayed a delay in re-activation (Guevara et al., 2021).
Overall, these findings imply that dense granule proteins have important roles in
the formation and maturation of tissue cysts in vitro and the establishment of in
vivo chronic infection.

4.2 T. gondii tissue cyst ultrastructure and formation

During the early developmental stage of tissue cysts at around 28 days post-
infection, a limited number of dividing tachyzoites remain within the bloodstream
and an enlargement of the tissue cysts occurs followed by the appearance of
invaginations in the tissue cyst wall, and an underlying amorphous layer. During
the early stage of tissue cyst development, the bradyzoites within still retain most
of the tachyzoite’s ultrastructural features such as the rhoptries despite the
expression of bradyzoite markers such as BAG1, ENO1, and LDH2 (Ferguson &
Hutchison, 1987D).
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(acute infection)
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Can be eliminated by drug treatment Resistant to current drug treatments

Figure 11 — Tachyzoite — bradyzoite interconversion (Cerutti et al., 2020).
Tachyzoites present during acute infection can convert into bradyzoites present
during chronic infection and vice versa.

Mature tissue cyst structures were demonstrated to remain unchanged during the
entire life span of the mouse. The initial hypothesis was that tissue cysts were
extracellular. However, upon ultrastructure observation, the presence of a thin
rim of the host cell cytoplasm enclosing the tissue cysts demonstrated otherwise
(Ferguson & Hutchison, 1987a). The enclosure of the tissue cyst within the host
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cell cytoplasm may be the reason why the tissue cysts avoid the host’s immune
system. The thickness of cyst walls of different tissue cysts varies; some cysts
possess cyst walls with deep invaginations leading to the formation of a network
of interconnecting channels fixed within the granular material (Ferguson &
Hutchison, 1987b). Bradyzoites enclosed within mature cysts appear to be more
elongated compared to tachyzoites and contain a nucleus at the posterior end.
The bradyzoites are characterized by the presence of abundant micronemes and a
few dense granules. The rhoptry bulb regions are more enlarged in addition to the
appearance of polysaccharide amylopectin granules. Tissue cysts are usually
similar in size and shape. However, in some instances, different-sized tissue cysts
were observed in mice and it was hypothesized that this may be explained by the
formation of daughter tissue cysts following the release of single bradyzoites from
initial tissue cysts in order to form new ones (Lainson, 1958). Bradyzoites can be
released from the tissue cyst upon reactivation and differentiate into the rapidly
replicating tachyzoites (Cerutti et al., 2020).

5 The Lytic Cycle of Toxoplasma gondii

The lytic cycle is essential for 7" gondirs survival and encompasses five steps
which include: attachment (adhesion), invasion of the host cell, parasitophorous
vacuole (PV) formation, replication of the parasite within the parasitophorous
vacuole, egress, and emergence of new daughter parasites after the destruction of
the invaded host cell (Figure 12).

Extracellular

Gliding &
Adhesion

Figure 12 - Schematic representation of the sequential steps involved within the
intracellular lytic cycle of 7. gondii (Billker et al., 2009). Tachyzoites actively
invade host cells by means of gliding motility which is based on actin-myosin
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motility allowing for active invasion of the host cell. Adhesion to the host cell then
results due to microneme protein secretion from the apical complex of the parasite.
A tight constriction is formed between the host cell and parasite cell membranes
consisting of proteins secreted from the rhoptries and is known as the moving
junction (represented by a red ring). Once the parasite has entered the host cell,
the parasitophorous vacuole is formed and enlarges as the parasites replicate
within it. Abscisic acid (ABA) accumulates and leads to egress. The production of
ABA can be blocked by herbicide fluoridone (FLU) and triggers the formation of
tissue cysts.

Motility in 7" gondii is characterized by gliding movement. There are three types
of gliding movements when observed on a 2-dimesional coated surface: There is
circular gliding, helical rotation gliding, and up-right twirling gliding (Hakansson
et al., 1999). However, when observed in a 3-dimensional motility assay, the
motility of the parasite can be described as a clockwise corkscrew trajectory and
this is due to the nature of the tachyzoite’s shape and microtubules present in the
tachyzoite’s cytoskeleton which are left-handed (Leung et al., 2014).

The machinery involved in the gliding movement is termed the glideosome and is
responsible for powering the parasite’s motility, migration, invasion, and egress
from the host cell. It is situated between the plasma membrane from one side and
the IMC from the other and is conserved among members of the Apicomplexa
(Opitz & Soldati, 2002). The glideosome consists of Myosin A (TgMyoA), the
associated myosin light chainl (TgMLC1) (Herm-Gotz, 2002), the essential light
chain (TgELC1) (Bookwalter et al., 2014; Williams et al., 2015) and three gliding-
associated proteins GAP45, GAP50 (Gaskins et al., 2004), and GAP40 (Frénal et
al., 2010). TgMLC1 associates with TgGAP45 allowing for the anchoring of
TgMyoA to the IMC at its functional location in the pellicle of the parasite’s
tachyzoite. TgGAP45, a central component of the glideosome is present and
produced within the cytosol. Acylation of the GAP45 protein at its N-terminal
allows for its targeting towards the plasma membrane while association with the
IMC is maintained through the C-terminal of the GAP45 protein (Frénal et al.,
2010). TgGAP45 has two other orthologues: TgGAP70 which appears in the
glideosome present at the apical region consisting of TgMyoA whereas the
TgGAPS0 glideosome is present at the basal end and consists of TgMyoC (Figure
13, Frénal et al., 2014).

TgMyoA is the powering motor of gilding motility and has similar mechanical
characteristics to that of skeletal muscle myosin with a velocity of ~3um per
second. The chemical energy released from the hydrolysis of ATP is converted by
MyoA into mechanical energy and movement is achieved along polymerized actin
fibers (Herm-Gotz, 2002). The firm anchorage of TgMyoA to the cytoskeleton of
the parasite remains crucial for the generation of traction and this is through
TgGAP40 and TgGAP50 on the IMC side whereas on the opposing side, TgMyoA
must be anchored to host cell substrates present in the extracellular compartment.
Mutant parasites in which the components of the glideosome (TgMyoA, TgMLC1,
TgELC1, and TgGAP45) were conditionally depleted had a drastically substantial
impact on tachyzoite motility which eventually impacts survival (Frénal,
Dubremetz, et al., 2017). 7. gondii tachyzoites lacking in TgMyoA have been
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demonstrated to retain the capacity to replicate within host cells yet the lytic cycle
is greatly disrupted (Andenmatten et al., 2013). This is best explained by the
presence of another myosin heavy chain TgMyoC which functions with TgGAP45
despite the lack of TgMyoA (Frénal et al., 2014). In more recent studies, a third
myosin motor protein has been identified TgMyoH, which is localized at the
tachyzoite apex and is anchored at the conoid acts in accordance with conoid
protrusion to initiate movement (Graindorge et al., 2016).

It has been hypothesized previously that the link between the parasite and
TgMIC2 is due to the aldolase enzyme (TgALD) by means of its ability to bind F-
actin (Jewett & Sibley, 2003). Transgenic parasites lacking in TgALD
demonstrated an impairment in motility and host cell invasion (Starnes et al.,
2009). Strikingly, in recent studies, it has been demonstrated that the 7. gondii
glideosome associated connector (TgGAC) is responsible for binding to F-actin and
translocating along the length of the parasite, binding to the TgMIC2 adhesin
(Figure 13) while motile and during invasion (Jacot et al., 2016).

Apical Cap Periphery Basal Polar Ring

Host Cell Membrane "~ HostCellMembrane @~ Host Cell Membrane
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Figure 13- Schematic representation of the glideosome (Boucher & Bosch, 2015;
Frénal, Dubremetz et al., 2017). (A) Representation of the different components of
the glideosome at the apical cap (left), periphery (middle), and basal polar ring
(right). (B) Most recent representation of the glideosome which replaces TgALD
with TgGAC as the actin connecter linking adhesin TgMIC2.

The initial attachment of the 7. gondiiparasite to the host cell is through adhesins
present at the parasite’s surface designated SAGs (Surface Antigen
Glycoproteins). These proteins bind to host cell receptors specifically interacting
with sulfated proteoglycans (V. Carruthers & Boothroyd, 2007; X. He et al., 2002)

For the parasite to move forward, it is necessary for the glideosome to interact
with host cell receptors which is maintained through specific ligands termed
‘adhesins’ (Paing & Tolia, 2014). Adhesins are secreted into the plasma membrane
of the parasite once microneme exocytosis from the parasite’s apex has occurred.
In 7. gondii, there are three main adhesion complexes that are exocytosed from
the micronemes: TgMIC6-TgMIC1-TgMIC4, TgMIC2-TgM2AP, and TgMICS8-
TgMIC3 (V. B. Carruthers & Tomley, 2008). TgMIC2 has an important role in
gliding motility since mutations of the TgMIC2 tail region results in a defect in
tachyzoite motility (Kappe et al., 1999) whereas the complete absence of TgMIC2
does not totally hinder motility (Andenmatten et al., 2013; Rugarabamu et al.,
2015). Therefore, it is highly probable that other microneme proteins have roles in
parasite motility.

Microneme protein secretion acts as a response to a decrease In potassium
concentration which in turn increases intracellular calcium concentrations. The
peak in calcium concentration is involved in signaling through the activation of
specific kinases and microneme secretion coordination (Lourido & Moreno, 2015).
The presence of several calcium-dependent kinases (CDPKs) which are usually
found in plants have been demonstrated to be crucial for microneme secretion
(Billker et al., 2009). TeCDPK1 has an important role in microneme exocytosis
and is an essential kinase for microneme protein secretion (Lourido et al., 2010).
Another 7. gondii calcium-dependent kinase, TgCDPK3 has an implication in
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egress and has an important role in triggering motility following the
phosphorylation of myosin protein motor, TgMyoA (Garrison et al., 2012; Lourido
et al., 2012; McCoy et al., 2012).

In addition to 7. gondii CDPKs, there are additional proteins and molecules that
play important roles in the signaling pathways associated to 7. gondirs motility
and glideosome regulation. cGMP-dependent protein kinase (PKG) activates the
secretion of micronemes and egress from the host cell in a manner independent of
calcium ions (Lourido et al., 2012). Recent studies on TgGC, a purine nucleotide
cyclase enzyme which is responsible for converting GTP into ¢cGMP have
demonstrated that TgGC 1is essential for the cell-to-cell transmission in
tachyzoites by regulating invasion, migration and egress (Bisio et al., 2019; Brown
& Sibley, 2018; L. Yang et al., 2019). TgGC is essential for the production of cGMP
which in turn activates TgPKG.

In addition, phosphatidic acid (PA) has been shown to be a lipid which has an
important role in regulating microneme secretion (Bullen et al.,, 2016).
Phosphatidylinositol phospholipase C (PI-PLC) in response to an increase in
extracellular potassium levels activates a signaling cascade and is responsible for
generating second messengers such as diacylglycerol (DAG) and inositol- 1,4,5-
triphosphate (IP3). DAG is interconverted into PA by diacylglycerol kinase 1
(DGK1) (Bullen et al., 2016). The downstream product PA is detected by an
acylated pleckstrin homology domain-containing protein (APH), an Apicomplexa
conserved protein which is situated on the surface of micronemal proteins. In 7.
gondii, TgAPH was demonstrated to have an essential role in microneme secretion
since mutant parasites in which TgAPH was conditionally depleted led to a major
blockage in the release of microneme proteins and subsequently resulted in a
severe impairment in glideosome activity (Bullen et al., 2016).

The process of invasion is a very rapid process and requires only a few seconds.
Following the secretion of microneme and rhoptry proteins, the parasite becomes
in intimate contact with the host cell by means of a moving junction (MdJ). The MJ
appears as a visible constriction encircling the parasite and is apparent as a ring
of contact between the parasite and the plasma membrane of the host cell (Figure
14). The formation of such a structure remains necessary for the parasite to
successfully invade the host cell (Besteiro et al., 2011).

The MJ is associated with rhoptry neck proteins and microneme apical membrane
antigen-1 (TgAMA1) protein (Alexander et al., 2005; M. Lebrun et al., 2005).
TgAMA-1 is a type I transmembrane protein, it possesses a short C-terminal
cytoplasmic tail and a large N-terminal extracellular ectodomain consisting of
around 16 conserved cysteine residues (Donahue et al., 2000; Hehl et al., 2000).
TgAMAL1 is secreted on the parasite’s surface, followed by cleavage of the N-
terminal ectodomain and its shedding. TgRON2, TgRON4, TgRON5 and TgRONS
were identified as members of the TgeAMA1-associating MJ complex (Alexander et
al., 2005; Besteiro et al., 2009; M. Lebrun et al., 2005). The MJ functions as a
flexible, ring-link structure which holds the parasite and the plasma membrane of
the host in close proximity by means of a link allowing the membranes of the two
organisms to flow around this link.
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The interaction between TgRONZ2 and TgAMAT1 bridges the parasite and the host
cell (Tonkin et al., 2011). The association of the RON proteins with the host cell
cytoplasm function in subverting the host cell protein networks (Guérin et al.,
2017). Four host proteins are recruited to the MdJ during invasion: ALIX, CD2AP,
CINS5, and TSG101 (Guérin et al., 2017). ALIX and TSG101 are components of
the endosomal sorting complex which is necessary for transport (Bissig &
Gruenberg, 2014) whereas CIN85 and CD2AP are homologs which have an
implication in cytoskeletal polarization and cell signaling (Dikic, 2002; Dustin et
al., 1998). TeRON4 has an essential role in recruiting ALIX, CD2AP, and CINS85
through specific binding sites whereas TgRONS contributes to the recruitment of
TSG101 (Guérin et al., 2017). Transgenic parasites in which the recruitment of
these 4 RON-interacting host proteins is impaired displayed a significantly
reduced invasion capacity (Guérin et al., 2017). These results exhibit the parasite’s
ability to interact with host proteins during the formation of the MdJ in order to
ensure efficient parasite invasion of the host cell.

Mutant parasites in which TgRON2 was depleted resulted in a significant
decrease in invasion which was reduced to 10% compared to that of wildtype
parasites (M. H. Lamarque et al., 2014). In addition, these TgRON2 depleted
parasites exhibited that TgRON4 and TgRONS were not expressed and localized
correctly and instead of localizing to the rhoptries, they remained dispersed within
the PV or perinuclear region of the mutant parasites. These two RON proteins
were also absent from the MdJ during invasion. However, this was not the case for
TgRONS which localized at the rhoptries and consequently at the MdJ in the case
of invasion suggesting the presence of additional components that can associate at
the MJ (M. H. Lamarque et al., 2014) . In addition, conditional depletion of
TgAMA1 demonstrated that 7. gondii parasites exempt of TgAMA1 expression
have a severe impairment in attaching intimately to host cells as well as an
impairment in rhoptry protein secretion. These results demonstrate that TgAMA1
is a highly crucial protein for the parasite to robustly adhere to the host cell (M.
H. Lamarque et al., 2014; Mital et al., 2005). The direct KO of TgeAMA1 confirmed
that TgAMALI is not essential for intimate attachment of the parasite to the host
cell. The role of TgAMA1 despite its absence can be compensated for by the
expression of homologous proteins of TgAMA1 and TgRONZ2. Newly identified
complexes consisting of TgAMAZ2-TgRON2, TgAMAS3-TgRON212, and TgAMA4-
TgRON2L: indicate the presence of alternative pathways to the TgAMA1 and
TgRON2 invasion pathway (M. H. Lamarque et al., 2014).
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Figure 14- Schematic representation of the invasion process of the 7. gondii
parasite via formation of the moving junction (Tyler, Treeck et al., 2011). (a)
Schematic representation of the apical portion of the 7' gondii parasite during the
initial steps of invasion demonstrating the presence of secretory organelles such
as the micronemes, rhoptries, and dense granules along with key protein members
that participate in the formation of the MdJ. TgAMA1 is depicted in green, TgRON2
1s depicted in red, TgRON4/5/8 are represented as a complex in blue, pink, and
purple, respectively. Cytoskeleton microtubules are depicted in dark yellow. (b)
Schematic representation of the intermediate steps of 7. gondii invasion and the
formation of the constriction ring associated with the MdJ. To date, it is not clear
whether the constriction is due to cytoskeleton forces or forces generated by the
actin/myosin motors.

The parasitophorous vacuole (PV) is an intracellular structure that is formed
within the host cell to avoid the host’s immune system. Upon entry of the parasite
into the host cell and formation of the moving junction (MJ), the parasite creates
a force that causes the invagination of the host cell membrane. A study carried out
by Suss-Toby et a/ (Suss-Toby et al., 1996) identified that the parasitophorous
vacuole lipid bilayer is mainly derived from the plasma membrane of the host cell.
The exocytosis of rhoptries has an important role in exporting proteins and lipids
that are necessary for the modification of the developing parasitophorous vacuole
membrane (PVM). A selective exclusion process of host cell plasma membrane
proteins at the MdJ is carried out. This sorting or selective exclusion is based on
the anchoring of these proteins to the cytoskeleton. Proteins which are excluded
include Type I single-spanning TM proteins associated with the cytoskeleton
whereas host-lipid anchored proteins remain associated with the PVM (Mordue et
al., 1999). The exclusion of proteins is not affected by host cell lipid components
hence some raft-associated proteins are excluded while others are included into
the composition of the PVM. The parasite’s ability to exclude most of the host
proteins suggests the prevention of elimination of the parasite by lysosomal fusion
(Charron & Sibley, 2004).

70



Evacuoles which are rhoptry-derived vesicles are secreted into the cytosol of the
host cell (Hidkansson et al., 2001). These specialized vesicles contain within them
the ROP proteins necessary for the making of the PV. The specialized vesicles
(evacuoles) appear to have a multilamellar morphological structure of lipids and
are similar to the PVM in avoiding fusion with the endosomal components of the
host cell.
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Figure 15—-Function of ROP proteins in modulation of the host cell (Hakimi et al.,
2017). After adhesion of the parasite to the host cell and formation of the moving
junction, ROP proteins are secreted into the cytoplasm of the host cell and
associate with the PV or are translocated to the host cell’s nucleus. TgROPS5,
TgROP17, and TgROP18 function as a complex in order to phosphorylate IRGs
and prevent their accumulation at PVM. TgGRAT7 can either function alone or with
the TgROP5/17/18 complex in order to inhibit IRGs. TgROP18 phosphorylates
transcription factor ATF6B8 and TgROP16 phosphorylates STAT3 and STAT6 in
order to trigger anti-inflammatory responses.

Certain secreted rhoptry proteins constructing the PV have an important role in
the parasite’s virulence. Among these rhoptry proteins is TgROP5, a pseudokinase
that interacts and activates two kinases, TgROP17 and TgROP18 forming a
complex that enhances 7. gondifs virulence activity (Figure 15). TgROP17 and
TgROP18 target and phosphorylate immunity related GTPases (IRGs) that
function in innate immunity in mice (Etheridge et al., 2014). In addition, the
deletion of TgROP17 in Type I parasites led to a slight attenuation of virulence.
The same phenotype was observed when deleting TgROP18. However, a double
knock-out of TgROP17 and TgROP18 resulted in total attenuation of virulence in
vivoin mice (Etheridge et al., 2014). Furthermore to this, TgROP18 targets ATF68
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by phosphorylation , a member of the unfolded protein which has an influential
role in adaptive immunity (Figure 15) (Yamamoto et al., 2011).

Once the nascent parasitophorous vacuole has been formed, separating the
parasite from the host cell cytoplasm, and consequently separating the parasite
from nutrients located in the host’s cytoplasm and organelles, the PV is converted
into a dynamic structure in order to obtain the required nutrients for the parasite’s
survival. This transformation step of the PV is known as a maturation step where
several GRA proteins are implicated within 10-20 minutes after the initiation of
invasion (Sibley et al., 1995). TeGRA17 localizes at the PVM and has an important
role in maintaining the morphology of the PV. Mutant parasites in which
TgGRA17 was knocked-out resulted in a substantial number of PVs that were
abnormally enlarged (Gold et al., 2015). The abnormal PV morphology in
TgGRA17-deficient parasites was able to be rescued by complementing the
TgGRA17 knock-down strain with TgGRA17-related protein PFEXP2 which has
an important role in mediating the export of proteins across the PVM and into the
cytosol of the red blood cell (de Koning-Ward et al., 2009; Gold et al., 2015). In
addition, mutant parasites lacking TgGRA17 led to PVs which were extremely
dynamic and unstable. TgGRA17 was proven to have an important role in small
molecule passage from the PV to the host cell. TgGRA23 was also suggested to
function synergistically with TgGRA17 in small molecule permeability (Gold et
al., 2015). Furthermore, TgGRA17 and TgGRA23 function in a synergistic manner
to ensure normal parasite growth and affect the parasite’s virulence in vivo (Gold
et al., 2015).

GRAs are known to be secreted primarily right after invasion within the forming
PV followed by a continuous secretion of GRAs during the entire development cycle
of the parasite (Carruthers et al. 1997).

Some GRAs are located at the TVN. The TVN is made up of an intricate network
of tubules which stands for the tubulo-vesicular network also termed as the
intravacuolar network (IVN) and is built within the PV. These tubular structures
are around 30 nm in diameter (de Souza & Attias, 2015; Magno, Lemgruber, et al.,
2005). The TVN network enlarges by incorporation of host lipids (Caffaro &
Boothroyd, 2011; Nolan et al., 2017). The maturation of the TVN is associated with
the secretion of dense granule proteins (GRAs), these proteins accumulate at the
posterior end of the parasite within an invaginated pocket. Overall, the TVN
functions as an obtainer of necessary nutrients from the host cell as well as a
protector of the parasite within the confinements of the PV and therefore
decreases the exposure of parasite antigens to the host.

In addition to the TVN, the PV contains vesicles which consist of actin filaments
connecting the PVM to the TVN and the parasites in between. The tubules have
an important role in controlling synchronicity in the division of the parasites
within the parasitophorous vacuole as well as material transfer between the
parasites (Frénal, Jacot, et al., 2017; Periz et al., 2017). The PV is also
characterized by modifications at the level of the host cell organelle. After
invasion, mitochondria and endoplasmic reticulum (ER) of the host cell encircle
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the developing PV and remain within its proximity during the intracellular
development of the parasite, at a conserved distance between the PV and each of
the two organelles of around 12 nm for the mitochondria and 18 nm for the
endoplasmic reticulum (Sinai et al., 1997; Magno, Straker, et al., 2005). The
mechanism by which host organelles are allocated towards the PVM remains to
be identified, yet the anchoring of the mitochondria of the host cell to the PVM of
type I and III strains is achieved through MAF1b, a dense granule protein termed
‘mitochondria association factor 1’ (Pernas et al., 2014).

Apicomplexans are known to have peculiar cell cycles compared to other model
eukaryotes. Asexual cell division among apicomplexan members is a means by
which the parasite ensures expansion of its biomass within its host cells. Members
of the apicomplexan phylum exhibit a variety of distinctly different division modes
(Figure 16) (Gubbels et al., 2020). However, all division modes conclude with the
production of invasive zoites which possess an apical complex region consisting of
secretory organelles in addition to cytoskeletal components (Gubbels et al., 2021).
The main division modes in Apicomplexa include schizogony which has been
extensively studied in Plasmodium, endodyogeny which has been studied in
Toxoplasma, endopolygeny with karyokinesis which occurs in 7’ gondii merozoites
and endopolygeny without karyokinesis which occurs in Sarcocystis neurona.
Another mode of division that occurs in apicomplexans is binary fission which is
known to be carried out by Babesia.

A recent review written by Gubbels et al. (2021) nicely portrays the various
asexual division modes stating that each division mode consists of a number of
‘modules’ which represent distinct events that occur during division. Four modules
were identified and include the replication and segregation of DNA (D&S),
karyokinesis, budding of the daughter cells (zoite assembly), and the disassembly
of the mother cytoskeleton (Gubbels et al.,, 2021). The main feature that
differentiates between the different division modes is whether the assembly of the
mother cytoskeleton is the initial or final step during division and this gives rise
to either external budding or internal budding, respectively (Gubbels et al., 2021).
Yet another distinguishable feature between the division modes is whether the
karyokinesis module occurs after the DNA replication and segregation module.
This is due to the synchronous budding of nuclei situated in the same cytoplasm
and necessitates a synchronizing process in the case if the nuclear division is
asynchronized. Overall, all the division modes (almost always) result in an even
number of progenies (Gubbels et al., 2021).

The variability of the asexual cell division modes among apicomplexans is
attributed to differences in budding through the membrane skeleton assembly
which lies beneath the plasma membrane. The assembly of the cytoskeleton is
initiated from the centrosomes and the three main conserved elements of the
cortical cytoskeleton (alveolar vesicles, the alveolar meshwork, and the
subpellicular microtubules) are assembled in a concerted fashion following a
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direction from the apex to the basal end of the parasite (Gubbels et al., 2020). A
further common characteristic is the linking of budding to a round of S and M
phase (Francia & Striepen, 2014; Suvorova et al., 2015).

The specific replication scheme where daughter parasites are formed internally
entails endodyogeny and endopolygeny whereas daughter parasite budding from
the periphery (externally) entails schizogony and binary fission.

Schizogony meaning ‘multi-fission’ is usually attributed to modes of division that
generate more than two daughter parasites from a single round of division
(Gubbels et al., 2020). This process is characterized by the formation of daughter
parasites from the periphery of the parasite. For example, the best studied system
in which schizogony occurs is within the Plasmodium species. After the
Plasmodium sporozoites invade the liver cells, they undergo a single cycle of
schizogony in order to form tens of thousands of progeny cells following the
schizogony scheme. The same scheme is followed by Plasmodium during asexual
division within the red blood cells (Gubbels et al., 2021). The defining trait of
external budding is that right after the parasite invades the host cell, the mother
cytoskeleton starts to disassemble (Gubbels et al., 2020). Breaks in the IMC
appear in the middle near the nucleus. This is followed by the bulging of the
cytoplasm in an outwards direction. The IMC is seperated from the plasma
membrane and the sporozoite distal ends disappear within 24 hours-time all the
while the zoite rounds up in appearance (Jayabalasingham et al., 2010). This is
followed by the re-organization of the alveolar cytoskeleton and the degradation
of the micronemes and rhoptries. The microtubules remain with the IMC while it
is being broken down during the initial phases (Verhave & Meis, 1984). The
resulting cell undergoes multiple rounds of DNA replication and nuclear division
which occurs devoid of budding. In this case, nuclear division is asynchronous, and
it is only the last round of S phase and mitosis which is synchronous and is
followed by a synchronized budding step (Ferguson et al., 2008; Kono et al., 2016;
Rudlaff et al., 2019). Prior to external budding, the centrosomes’ inner and outer
cores are activated yet the exact timing entailing the initiation of budding remains
to be elucidated (Gubbels et al., 2020).

Endopolygeny is an internal budding process which results in the production of
more than two daughter parasites simultaneously. These daughter parasites are
produced within the cytoplasm and not from the periphery of the parasite which
is the case in Plasmodium schizogony. The main distinguishable feature of this
mode of division is that the mother cytoskeleton is retained throughout the
division process and is only disassembled right before the daughter cells emerge
at the end of the cell cycle. In fact, in 7. gondii and Cystoisospora suis
endopolygeny, the timing of emergence of daughter cells from the mother parasite
overlaps with the mother cytoskeleton’s destruction (R. Dubey et al.,, 2017;
Gubbels et al., 2020).

This type of asexual division consists of two sub-types: Endopolygeny with
karyokinesis and in this case the mother cell is multi-nucleated. The second sub-
type involves endopolygeny with no karyokinesis and in this case the mother cell
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consists of one large polyploid nucleus. The two subtypes of internal budding are
adopted by tissue cyst forming Coccidia, particularly Sarcocystidae.

Another internal budding process is endodyogeny which results in the production
of two daughter cells within the mother cell. This type of asexual division is carried
out by 7. gondii tachyzoites and bradyzoites. This division mode is also used by
several genera belonging to Sarcocystidae which includes Hammondia, Neospora,
Besnotia, and Sarcocystis neurona during the stages of tissue cyst development.
In this case, the mother cytoskeleton is not disrupted right after the invasion of
the host cell, and it is exclusively at the very final steps of cell division where the
parental cytoskeleton is disrupted, and the plasma membrane is delivered to the
two budding daughter cells. This process is mediated by the recruitment of the
glideosome to the IMC , and is responsible for suturing the daughter IMC outer
membrane and the plasma membrane following a direction from the parasite’s
apex to its basal pole (Frénal et al., 2014; Gaskins et al., 2004).
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Figure 16-Schematic representation of the different modes of division present
among apicomplexans (Gubbels et al., 2021). The division modes of Apicomplexa
are categorized into internal and external budding. The yellow box contains
division modes where karyokinesis occurs after D&S whereas the green box
contains a division mode in which karyokinesis does not take place after D&S.
‘D&S’ stands for DNA replication and segregation. ‘n’ demonstrates that the
modules are repeated. Blue represents the nucleus. The black dot on the nucleus
represents the centromere cluster present at the centrocone. The red lines
represent the IMC/cytoskeleton. The rhoptries are represented in green.
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Modes of division vary not only between species but also between the different
developmental life stages of a single species and this variation can be due to a
number of genetic and environmental factors (Gubbels et al., 2021). For example,
the number of daughter parasites varies from one mode of division to another
ranging from two daughter cells produced from 7. gondii endodyogeny to several
thousands of daughter cells generated from Plasmodium schizogony. The host cell
environment can be manipulated by the parasite to accommodate for the number
of progenies produced by host cell expansion. The host liver cell of Plasmodium
can expand to accommodate up to 90,000 merozoites from the infection of one lone
sporozoite (Vaughan & Kappe, 2017). Another example is the parasite’s ability to
respond to certain environmental factors such as phosphatidic acid (PA) and the
decrease in the parasite’s pH level which results in the egress of the parasite (Bisio
et al., 2019; Roiko et al., 2014).

Overall, the in-depth study of asexual cell division in apicomplexans has allowed
for laying out a distinct set of guidelines or rules which are characteristic of this
phylum and are applicable to all modes of asexual division. Hence, in the case
when the replication and segregation of DNA is not followed by karyokinesis, DNA
replication and segregation cycles of nuclei present in the same cytoplasm are
asynchronous. Another rule is that although the parasite can harbor multiple
rounds of DNA replication and karyokinesis, it is necessary to have a final round
of karyokinesis after DNA replication in order to activate the formation of
daughter zoites. Furthermore, budding is always synchronized across the cell cycle
and almost nearly all modes of division result in an even number of offspring
(Gubbels et al., 2021).

Contrary to the conventional eukaryotic cell cycle, the Apicomplexan cell cycle
lacks a G2 phase and is composed of distinct phases that transition in a precise
order and include: G1, S, and M (J. Radke, 2001). In 7’ gondii, the tachyzoite cell
cycle is initiated by a gap phase, G1 which is dedicated to the biogenesis of protein
and RNA constituents, this first half of the G1 phase is termed ‘Gla’. After this,
another phase follows and is characterized by the production of components
needed for the production of DNA. This phase occurring in the second half of the
G1 phase is termed ‘G1b’ (Behnke et al., 2010). The following S phase includes
replication of the chromosomes followed by their segregation during the M
(mitosis) phase (White & Suvorova, 2018) (Figure 17, following page).

Apicomplexans perform a closed mitosis and possess the core machinery necessary
for the synthesis of DNA which is highly conserved among eukaryotes and includes
all of the MCM helicase subunits as well as specific DNA polymerases (Naumov et
al., 2017). The initiation of the G1 phase in Apicomplexans is most likely triggered
by the transduction of signaling cascades through the phosphorylation functions
of various kinases (Brown et al., 2017). These signaling pathways are responsible
for the ordered biogenesis cascade (Behnke et al., 2010; Bozdech et al., 2003).
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Figure 17 - Schematic representation of the cell cycle comparing (A) Apicomplexan
cell cycle phases to (B) conventional ones and their associated checkpoints (White
& Suvorova, 2018). In the conventional cell cycle, there exists two separate growth
phases (G1 and G2). Chromosome replication within the cell cycle is conducted by
the ‘once only’ rule. In opposition to the Apicomplexan cycle which is a more
complex cycle and has many regulatory points. In Apicomplexa, the parasites
either undergo a separate nuclear cycle represented by blue arrows characterized
by a dissociation of the nuclear segregation from the budding cycle or a nuclear
cycle accompanied with the budding cycle represented by black arrows and
chromosome replication is segregated in synchronization with the formation of the
daughter parasites.
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5.6 Cellular division in Toxoplasma gondii

T. gondii tachyzoites and bradyzoites replicate through an internal budding
system known as endodyogeny. This division is characterized by an intertwined
connection between mitosis and cytokinesis. Asexual division in 7. gondiiinvolves
a haploid genome (1N) with the parasite’s DNA content accommodated within 13
chromosomes (Bunnik et al., 2019). The nuclear cycle occurs within the nuclear
envelope and mitosis is closed.

During nuclear replication, the chromosomes remain minimally condensed with
the centromeres clustered at the periphery (White et al., 2004). Chromosome
replication pauses during the late S phase and a dominant sub-population
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possessing 1.8 N emerges. In accordance with the emergence of the 1.8 N
subpopulation, the assembly of the spindle poles and spindle is carried out. This
1s then followed by nucleation of the two developing buds close to the centrosomes
(J. Radke, 2001; White et al., 2004).

The 7. gondii centrosome plays a major role during cell division (mitosis,
karyokinesis and cytokinesis). The centrosome is considered to be a centriole-
associated organizing center or MTOC (Microtubule Organizing Center) in 7.
gondii. After the association of the centrosome with the Golgi organelle and its
division via lateral elongation which occurs during the G1 phase (Hartmann et al.,
2006; Nishi et al., 2008; Pelletier et al., 2002), the centrosome duplicates at the
basal end of the nucleus which is then followed by migration of the replicated
centrosomes towards the apical end of the nucleus during the S phase (Hartmann
et al., 2006). The centrosomes have a particular bipartite structural organization
and are composed of an inner core and an outer core (Suvorova et al., 2015).

At the G1 phase, the parasite possesses a condensed centrosome which augments
in size through the progression of G1 and is associated with the nuclear envelope.
This 1s followed by the expansion and replication of the outer core centrosome
during the late G phase. At the same time, the inner core centrosome partitions
from the outer core centrosome yet remains connected to the centrocone which is
a specialized conical-shaped structure with an important role during mitosis in
members of the Apicomplexan phylum (Suvorova et al., 2015; Ferguson et al.,
2008). These centrocones are situated close to the location of chromosome
tethering at the interphase stage (Anderson-White et al., 2012; Francia et al.,
2014; Brooks et al., 2011). In addition, centrocones are structures through which
spindle fibers pass through to gain access into the nucleus in order to carry out
the separation of chromosomes during the mitosis stage (Francia et al., 2014).
After the outer core replication, the inner core centrosome duplicates all the while
the spatial orientation remains intact with the inner core in proximity to the
nucleus and the outer core distal from the nucleus. Super-resolution microscopy
exhibited that the outer cores, inner cores, and centromeres are aligned in a linear
fashion (Suvorova et al., 2015). During the final stage of mitosis, the centrocone
which consists of the TgMORNI1 protein is segregated into two distinct entities. At
the end of daughter parasite formation, each daughter parasite is equipped with
one core of each centrosome type (Figure 18, following page).
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Figure 18 - Development of 7. gondii centrosome during cell division (Suvorova
et al.,, 2015). There are five states which the centrosome transitions through
throughout the different stages of the cell cycle. During the S phase, centrosome
replication is initiated by division of the outer core which is represented in blue
(TgSas-6). This is then followed by division of the inner core which is represented
in red (TgCEP250-L1). Finally, the centrocone represented in green (TgMORN1)
1s duplicated.

Several proteins have been found to localize at the inner or outer centrosome.
TgSfil is an outer core centrosome protein and the corresponding temperature
sensitive mutant displayed growth arrest at an elevated temperature of 40°C. At
this temperature, the mutant parasites exhibited a severe defect in parasite
budding with the capacity of nuclear replication. This resulted in unequal
distribution of DNA and nucleus and even tachyzoites that were devoid of a
nucleus (Suvorova et al., 2015). TgSfil is closely associated to TgCentrinl at the
outer core and the absence of TgSfil resulted in a severe decrease in TgCentrinl
associated cores at 40°C (Suvorova et al., 2015). In addition, the TgCep250-L1
protein associated with the inner core centrosomes resulted in the over
amplification of TgCep250-L1 associated inner cores and were localized in an
independent manner to the remaining outer core centrosomes.

The outer core and inner core structures are uncoupled from each other (Surovora
et al., 2015). The two regions of the centrosome have distinct functions. The inner
core of the centrosome has a principal role in karyokinesis whereas the outer core
functions in driving cytokinesis and has an important role in the formation of
daughter parasites (Suvorova et al., 2015).
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The duplication of the centrosome cores requires the presence of regulatory
mechanisms. Several kinases are involved in the division of the centrosome such
as TgNekl1(NIMA related kinase) (C.-T. Chen & Gubbels, 2013), TgArk1/2/3
(Auorora Kinase) and TgMAPK-L1 (Mitogen-activated protein kinase L1)(Berry
et al., 2018; Suvorova et al., 2015), and TgCDPK7 (Morlon-Guyot et al., 2014).
TgMAPK-L1 was demonstrated to have an important role in the coupling of
mitosis and cytokinesis. Temperature-sensitive TgMAPK-L1 mutant parasites
demonstrated severe defects in coordination between mitosis and budding and
resulted in multiple buds and nuclei. TeMAPK-L1 is a kinase which has a key role
in the regulation of the nuclear replication and normal budding of the parasite by
ensuring the proper duplication of the centrosome occurs (Suvorova et al., 2015)
Another kinase with an important role in regulating centrosome replication is
TgNekl (C.-T. Chen & Gubbels, 2013). Mutant parasites with a temperature
sensitive mutant V-A15 which consists of a point mutation in TgNek1 displayed a
defect in parasite budding. The mutant parasites harbor centrosomes which have
two linked globular structures with a dumbbell-shape. In these mutants, the
centrosomes replicate but there is a defect in their separation (C.-T. Chen &
Gubbels, 2013). Furthermore, TgArk3 which is localized at the centrosome and
partially associated with TgCentrinl at the outer core was demonstrated to have
an important role in regulating centrosome division (Berry et al., 2016). Mutant
parasites depleted of TgArk3 displayed a defect in daughter cell formation with a
normal nuclear cycle but an impaired budding and cytokinesis (Berry et al., 2016).
By contrast, TgArk2-deficient parasites did not display any notable phenotype
(Berry et al., 2016). Calcium-dependent protein kinase 7, TeCDPK7 exhibits a role
In maintaining the integrity of the centrosome by having a key role in the proper
positioning and segregation of the centrosomes (Morlon-Guyot et al., 2014).
During mitosis, Striated-Fiber Assemblin proteins termed TgSFA2 and TgSFA3
emerge from centrosomes with the goal of tethering the forming apical complex of
future daughter cells to the centrosomes. Loss of either SFA proteins results in
subsequent loss of daughter cell formation (Francia et al., 2012).

The 7. gondii tachyzoite internal budding process is propelled by the formation of
the daughter parasite’s cytoskeleton (Striepen et al., 2007) (Figure 19). The
formation of nascent parasite cytoskeletons is initiated at the centrosomes (Hu,
2008) The cytoskeleton grows as mitosis and cytokinesis occur concurrently
following an apical to basal direction of growth. After migration of the centrosomes
to the apical side of the nucleus and their alignment with the centrocone, the first
feature of the daughter cytoskeletons to appear are small hazy entities that form
close to the centrosomes and can be labelled with TeMORN1 (Gubbels, 2006; Hu,
2008; Hu et al., 2006). These TeMORN1 bodies develop into basal complexes.
TgMORNT1 rings are found in mature parasites at both apical and basal ends. With
the progression of division, the TgMORN1 rings move towards the basal end of the
developing parasites aided by the polymerization of microtubules (Gubbels, 2006).
The apical complex including the conoid are formed after MORN1 rings are made
(Hu, 2008). This is then followed by the localization of the conoid towards the apex
and the migration of the basal ring longitudinally across the nucleus.
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The formation of the IMC involves two subsequent steps. The IMC is assembled
de novo during the elongation of the IMC of the daughter cells present within the
mother cell. This is then followed by recycling the mother cell’s IMC membranes
after the daughter cells emerge from the mother cell (Ouologuem & Roos, 2014).
The assembly of IMC proteins follows a temporal sequence and a spatial pattern,
they are expressed in a just in time’ cell-cycle dependent manner exactly at the
time when they are required for assembly (Anderson-White et al., 2011).

In the final steps of internal budding, TgCentrin2 starts to accumulate at the basal
edge of the MORN1- ring and has an important role in its constriction designating
the basal region of the daughter cells (Gubbels, 2006; Hu, 2008).

Conoid

Centrosome

SFA
Spindle

) \'_“’g 053 Basal complex
Kinetochore ——\\—— MORN1 '
Chromosome N

Figure 19 — Schematic representation of the tachyzoite’s cortical cytoskeleton
during cell division (Blader et al., 2015). (a, b) Closed mitosis occurs without the
condensation of chromosomes which cluster at the centrosomes and are anchored
by the kinetochore at the centrocone. (¢c) Construction of the cortical cytoskeleton
of the two daughter cells with formation driven from the apical pole to the basal
end. (d) The nucleus of the mother cell is anchored to the forming daughter cells
by the centrosome which is connected to the conoid by SFA. (e) Daughter cells are
separated when the basal complex becomes constricted during the late stages of
the cell cycle.

The various organelles are divided and segregated in the forming daughter
parasites in a tightly coordinated manner (Nishi et al., 2008). The division of the
organelles follows a precise order and is initiated by the division of the Golgi and
the centrosome (Figure 20). This is then followed by apicoplast division. The
division of the apicoplast occurs concurrently with the parasite’s nuclear division
(Striepen et al., 2000). During division, the ends of the apicoplast are linked to the
centrosomes of the mitotic spindle. Time-lapse video microscopy allowed to
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visualise the progression of apicoplast division which occurs at the apical end of
the nucleus (Striepen et al., 2000). At the beginning of the parasite’s cell division,
the apicoplast retains an ovoid shape, which then elongates to form a U-shaped
intermediate with its ends pointing towards the apical tip of the parasite. This is
then followed by fission allowing for the complete segregation of the plastid into
two daughter plastids. The fission of the apicoplast occurs right before the
daughter parasites emerge from the mother cell (Striepen et al., 2000). In fact,
during endodyogeny the plastid does not only associate with the centrosomes but
also associated with the spindle and the inner membrane complex (Striepen et al.,
2000).

Electron microscopy of the tachyzoite apicoplast has allowed for the observation
of division rings suggesting that there may potentially be ring-forming proteins
that mediate apicoplast fission (Matsuzaki et al., 2001). Fission occurs exactly at
the base of the U shape within the intermediate apicoplast form with TgDrpA
having a direct role in apicoplast fission (van Dooren et al., 2009). Apicoplast
division is followed by the division of the endoplasmic reticulum, which is followed
by mitochondria division (Gubbels, White et al., 2008; Nishi et al., 2008).
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Figure 20 — Schematic representation of the organellar replication cell cycle
timeline (Nishi et al., 2008). The coordination of organellar replication is depicted
with the duration of replication of each organelle represented along the timeline.
Images corresponding to the morphological replication events representing the
precise timepoint at which each organelle divides are represented in the upper
most panel.

Rhoptries and micronemes, the secretory organelles of the parasite are

synthesized de novo within each daughter parasite cell rather than being
inherited from the mother parasite (Nishi et al., 2008). After the formation of the
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rhoptries and micronemes, they associate with the apical complex at the apex of
the parasite. This process 1s thought to be dependent on cytoskeletal components
which function as paths for molecular motors by carrying these organelles to the
apical tip of the daughter parasites (Francia & Stripen, 2014). The mitochondrion
divides late during the cell cycle and is integrated into the daughter cells at the
very end of the cell cycle when the daughter parasites are almost completely
emerged from the mother parasite (Nishi et al., 2008). This is then followed by the
acquisition of the plasma membrane from the mother cell during the cytokinesis
phase (Gubbels et al., 2008). Once the organelles have been assembled within the
developing daughter parasites, the daughter cells start to emerge from the mother
cell leaving behind remnants which consist of degraded mother cell secretory
organelles and parts of the mother cell mitochondrion in form of the residual body
(Attias et al., 2019; Mudiz-Herndndez et al., 2011; Nishi et al., 2008). The
formation of daughter parasites requires approximately 6-7 hours to complete in
a type I strain. Once the daughter cells completely emerge from the mother cell,
they can initiate another cycle of division (Figure 20).

After the tachyzoite replicates intracellularly, it actively egresses by rupturing the
host cell. To date, the signals that trigger the parasite’s egress are not very well
comprehended. Egress of the parasites occurs after they detach from the IVN, the
rosette becomes disrupted, and the PVM becomes displaced towards the nucleus
of the host cell (L. A. Caldas & de Souza, 2010). The PVM is then destroyed, and
the parasites glide freely within the host cell’s cytoplasm and eventually rupture
the host cell plasma membrane. Among the signals that trigger the egress of the
parasites from the host cell 1s a drop in the pH level, a reduction in the
concentration of potassium ions and phosphatidic acid build-up in the PV (Bisio et
al., 2019; Roiko et al., 2014; L. Yang et al., 2019).

The accumulation of ABA during the development of the parasite functions as a
quorum sensing mechanism for the parasite’s egress. ABA concentrations increase
immediately before tachyzoites exit from the host cell whereas ABA
concentrations stay decreased during the replication process. ABA triggers the
release of parasites from the host cell through activation of the release of
intracellular calcium, this coincides with microneme secretion and motility of the
parasite leading to its egress (Nagamune et al., 2008). A prior study on the causes
of egress linked the permeability of the host cell membrane to the sudden decrease
in potassium concentration describing that the host cell membrane becomes
permeable exactly 2-3 minutes before actual egress. After analyzing the specificity
of the ion concentration, it was found that the decrease in cytoplasmic potassium
ions triggers parasite release (Moudy et al., 2001). In another independent study,
the activation of nucleoside triphosphate hydrolases (NTPases) was demonstrated
to promote parasite egress by effectively depleting the PV of ATP necessary for the
release of Ca2*ions that are ATP dependent (Stommel et al., 1997). In addition,
cysteine proteases such as calpain most likely play an important role in PVM and
host cell membrane disruption, therefore contributing to parasite egress. Calpain
activation is most likely achieved as an end-result of the parasite’s perforin
function (Chandramohanadas et al., 2009).
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Acidification of the PV activates microneme secretion and promotes the activity of
perforin-like protein 1 (7gPLP-1) (Roiko et al., 2014). The secretion of TgPLP-1 is
dependent on calcium secretion and is necessary for the permeabilization of the
PVM. Additionally, 7gPLP-1 forms pores of ~100 A in diameter within the host
cell’s membrane consequently leading to its disruption and therefore facilitating
the exit of the parasites from the host cell. Studies on 7¢PLP-1 depleted parasites
demonstrated that the mutant parasites were not able to exit and remained
entrapped within the host cell (Kafsack et al., 2009; Kafsack & Carruthers, 2010).

Figure 21 — Schematic representation of tachyzoite egress in 7oxoplasma gondii
(L. Caldas & De Souza, 2018). (I) Rosette organization of the tachyzoites after
several cycles of asexual replication. (II) Parasites become motile after egress
signaling takes place and rosette conformation is disrupted. Permeabilization of
the PVM is achieved which allows for the tachyzoites to emerge within the host
cell’s cytosol. PV membrane and ER host cell remnants are dragged along with the
tachyzoite and are represented in red. (III) and (IV) The tachyzoite’s cell body can
either become stretched or constricted (V) the tachyzoite releases the host cell
remnants as it moves through the cytosol (VI) and (VII) the parasite conforms to
an hourglass form as it traverses the host cell plasma membrane. During the final
steps of the egress process (VIII), the host cell plasma can become either disrupted
which occurs during collective egress (IX) or re-seal as in (X).

In addition, egress of parasites can be provoked by the host’s immune system
through the involvement of lymphocytes. T-cells that affect infected 7. gondiicells
via death ligand or perforin/granzyme-dependent cytotoxicity result in host cell
destruction triggering the egress of the infectious parasites within the host with
the capacity of infecting the surrounding neighboring cells (Persson et al., 2007).
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6 Gene Regulation in Toxoplasma gondii
The 7. gondii parasite utilizes main transcriptional machinery to regulate the
expression of genes coding for proteins. This machinery involves RNA polymerase
IT and its corresponding general transcription factors (GTFs). An in-depth analysis
of GTFs and the nuclear polymerases suggest the conservation of the
transcriptional machinery within eukaryotes (Ranish & Hahn, 1996).

In eukaryotes, transcription requires several coregulatory complexes working
simultaneously to ensure that RNA of a specific genomic locus is transcribed in a
correct manner. 7oxoplasma possesses homologs of RNA polymerases required in
other well-studied eukaryotes, RNA polymerase I which synthesizes ribosomal
RNA (rRNA), RNA polymerase II which synthesizes transcripts encoding for
proteins (mRNA), and RNA polymerase III which synthesizes small RNAs (tRNA)
(Meissner & Soldati, 2005). Cis-acting promoter elements are bound by activating
transcription factors (ATFs). These ATFs are responsible for recruiting chromatin
remodelling enzymes which modify chromatin near the cis-element area by
relaxing it. In addition, a multi-subunit Mediator complex, which is recruited by
the chromatin remodelling enzymes, activates the RNA polymerase II
preinitiation complex (PIC) (Blazek et al., 2005). There are a variety of factors that
dictate whether the cis-elements are accessible to the ATFs such as their
interaction with the chromatin remodelling enzymes, the condition of the
chromatin at the cis-element regions, and the cell cycle stage (Fry, 2002). As soon
as the chromatin relaxes, the PIC is established at the core promoter elements in
accordance with the Mediator, RNA polymerase II, and GTFs.

The largest subunit of RNA polymerase II (TgRPB1) is characterized by the
presence of a carboxy-terminal domain (CTD), which is progressively
phosphorylated during the progression of transcription. Phosphorylation of
TgRPB1 occurs at two serine residues, serine 5 and serine 2 (Deshmukh et al.,
2016,2018). The CTD of TgRPB1 consists of nine heptapeptide YSPxSPx
sequences with a high conservation of serine 5 and serine 2 residues (Deshmukh
et al., 2016). The phosphorylation of the serine 5 residue of TgRPB1 is mediated
by cyclin-dependent kinase, TgCdk7 (Deshmukh et al., 2016). Additionally,
activated Cdk-related kinase, TgCrk9 phosphorylates the CTD of TgRPB1 since
the impairment of the kinase activity of TgCrk9 results in reduced
phosphorylation of TgRPB1 serine 2 residue (Deshmukh et al., 2018).

Promoters of class II genes which are protein encoding genes include core
promoter elements (CPE) which are composed of a TATA box, an initiator (INR),
and downstream promoter elements (DPE) (Lemon, 2000; Shandilya & Roberts,
2012). In Toxoplasma, particular components remain absent such as the TATA-
box, the CAAT box, and SP1-motifs.

Downstream promoter elements are recognized by several GTFs and which
include TATA binding proteins (TBPs), TFIIA, TFIIB, TFIID, TFIIE, TFIIF, and
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TFIIH (Blazek et al., 2005; Featherstone, 2002; Ranish & Hahn, 1996) which allow
for binding of RNA Pol II to DNA. In Zoxoplasma, some GTFs and TAFs (TBP
associated factors) were not found by homology searches (Meissner & Soldati,
2005). However, two TBP homologues were identified, and chromatin
immunoprecipitation experiments were carried out by Hakimi et a/(data available
on toxodb.org).

A recent study was carried out by the Lourido lab in which transcription initiation
at 7. gondii promoters in acute and chronic stages were analysed in-depth at
nucleotide resolution (Markus et al., 2020). 5’ end RNA-sequencing was used in
order to generate a genome-wide map of transcription initiation during acute
tachyzoite and chronic bradyzoite stages (Markus et al., 2020). This allowed for
assigning transcription start sites (TSSs) for 7603 protein-encoding genes (~91%).
However, 66% of the TSS predictions differed from the gene models that were
available on ToxoDB by a length of more than 40 nucleotides. Additionally, this
analysis demonstrated the presence of stage specific alternative TSSs that
produce mRNA isoforms with specific 5 ends (Markus et al., 2020). 26 genes were
validated to have alternative TSSs after manual inspection. Among these 26
genes, 16 demonstrated a shift in stage-specific usage whereas the remaining 10
genes possessed alternative T'SSs which were used at similar levels in a stage-
independent manner. For example, TGMFE49 200250 illustrated bona-fide
alternative stage-dependent usage, with a shift leading to an extension of 649
nucleotides (Markus et al., 2020).

In 7. gondii, the TSS is positioned deep within the +1 nucleosome located at
approximately 41 bp from its upstream end (Markus et al., 2020). This model of
nucleosome internally located TSS is similar to that found in yeast (Albert et al.,
2007). T gondii 5’ leaders which represent the entry point for the ribosome during
translation that is cap-dependent are one of the longest in eukaryotes reaching up
to a length of ~800 nucleotides (Markus et al., 2020).

T. gondii is also characterized by the presence of specific regulatory elements
localized upstream of the target promoter.

The promoter that codes for the main surface antigen, SAG1 contains a cis-
element consisting of 6 tandem repeats of 27 bp. The tandemly repeated repeats
have an important role in directing the start of transcription (Soldati & Boothroyd,
1995) and is characterized by the presence of a central heptamer motif
(A/TGAGAGC) (Bohne et al., 1997; Matrajt et al., 2004; Mercier et al., 1996;
Nakaar et al., 1998). When studying promoters controlling the expression of MIC
proteins, two conserved sequences were identified: 5’GCGTCDCW also known as
the MICA motif and 5’SMTGCAGY also known as the MICB motif. The MICA
motif is similar, in reverse orientation, to the conserved cis-acting element in the
promoter of TgSAG1 (Mullapudi et al., 2009).

In addition, specific regulatory cis elements were found to be dependent on the
parasite’s developmental stage. A study on the promoters regulating bradyzoite-
specific genes demonstrated that the presence of cis-regulatory elements is
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necessary for gene transcription (Behnke et al., 2008). The promoter of bradyzoite-
specific gene 7TgB-NTPase, consisted of two regulatory motifs: TGTGTG and
CAGC. Another bradyzoite-specific gene 7TgBAGI1, possesses a promoter
containing a regulatory motif: TACTGG (Behnke et al., 2008). In a study regarding
the binding profile of a myb-like TF, TgBFD1 which represents a master regulator
of bradyzoite differentiation (Waldman et al., 2020), in which the CUT & RUN
method was used (Skene & Henikoff, 2017), TgBFD1 was demonstrated to bind to
509 genes and the binding sites are preferentially located close to TSSs (Waldman
et al., 2020). Analogous motifs (CACTGG) were identified by carrying out motif
enrichment analysis. These motifs were found to be positioned upstream of
bradyzoite-specific genes. Additionally, they were found upstream of TgBFD1’s
own promoter, and early bradyzoite marker AP2 TF, TgAP2IX-9 (Waldman et al.,
2020)

Furthermore, nucleotide resolution TSS data allowed for the identification of a
novel motif gCATGCa which was identified to be present in 44% of 7. gondii
promoters and located at approximately 82 nucleotides upstream of TSSs (Markus
et al., 2020).

The Toxoplasma genome has been proven to possess a scarcity of gene clusters
with a few virulence gene clusters characterized (Adomako-Ankomah et al., 2014;
Blank & Boyle, 2018) indicating that the regulation of transcription is performed
at the promoter level.

Initial studies on the 7' gondii transcriptome resulted in the construction of a
limited cDNA microarray that studied tachyzoite-bradyzoite transitions as well as
gene expression in strains with impaired bradyzoite differentiation. Results from
these studies demonstrated that developmental life stages of the parasite relied
on transcriptional regulation. In addition, a strong correlation between the mRNA
levels of parasites in the bradyzoite stage and bradyzoite-specific proteins was
found and this suggested a hierarchical induction of gene regulation during
bradyzoite differentiation (Cleary et al., 2002; Singh et al., 2002). Additionally,
the analysis of the 7. gondii transcriptome by SAGE (Serial Analysis of Gene
Expression) at different developmental stages of the parasite demonstrated that
gene expression mechanisms are associated with the transitions of the different
developmental stages of the parasite (J. Radke et al., 2005).

During the tachyzoite cell cycle, several transcripts encoding for basal metabolic
mechanisms and subcellular structures are expressed by the parasite solely when
required during growth and development (Behnke et al., 2010). This is similar to
the ust-in-time’ concept initially described in Plasmodium (Bozdech et al., 2003).
In 7. gondii tachyzoites, the expression of more than one third of genes which is
equivalent to 2833 genes have been shown to be tightly regulated with peaks of
expression at specific time-points during the cell cycle (Behnke et al., 2010). The
analysis of synchronous tachyzoite culture indicated the presence of two major
transcriptional waves. These two waves represent two functionally distinct sub-
transcriptomes. The G1 sub-transcriptome includes the expression of conserved
eukaryotic genes that are essential for main biosynthesis activity and metabolic
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functions. However, the S/M sub-transcriptome is characterized by the expression
of genes which are apicomplexan-specific and essential for parasite development,
the development of specific apicomplexan organelles (rhoptries and micronemes),
and parasite exit from host cells (Figure 22).

A closer look at the S/M sub-transcriptome revealed that mRNA transcripts
encoding for Apicomplexan-specific proteins are expressed in a precise and
sequential order, with plastid genes being expressed first followed by the rhoptry
genes and then those for micronemes (Behnke et al., 2010). This order of mRNA
transcription reflects the sequential order of organelle division during the
tachyzoite cell cycle (Nishi et al., 2008).
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Figure 22- Representation of the two functional sub-transcriptomes of the
tachyzoite cell cycle (Behnke et al., 2010). (A)Two main waves are present during
RNA abundance peak times. These two waves correlate to the S/M and G1 sub-
transcriptomes which are separated by a transition phase in which RNA is actively
synthesized and decayed. The number of genes is represented by histograms. The
maximum net increase in mRNA is in red, the maximum RNA abundance is in
black, and the maximum net rate of RNA decrease is in blue and represented by
an inverted scale during a complete 7’ gondii tachyzoite replication cycle for 8.7
hours post-thymidine release. RNA abundance peaks demonstrate the presence of
two main waves of the two sub-transcriptomes. Genes labelled ‘a’ (black S/M
histogram peak) demonstrate maximum net decrease in mRNA levels in the later
transition phase peak in blue and which is labelled ‘a”. Genes labelled ‘b’ (black
G1 histogram peak) are mostly derived from the prior transition phase red peak of
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maximum net increase in mRNA levels labelled ‘b”. Highly rapid increases and
decreases in the expression levels of various transcripts occurs in the transition
phase and this coincides with budding, initiation of the cell cycle, and decay of the
mother cell. (B) Peaks of expression of mRNAs categorised according to their
functional groups are dispersed among the two sub-transcriptomes. Genes
implicated in the basal development of the parasite peak during the G1 wave
whereas genes associated with Apicomplexan-specific functions peak during the
S/M wave.

Single cell RNA sequencing (scRNA-seq) of tachyzoites and tachyzoites grown in
alkaline bradyzoite conditions confirmed the findings of Behnke et al. (2010). In
these single cell RNA sequencing studies, the presence of clusters of gene
expression corresponding to the different cell cycle phases (Gla, G1b, S, M and C)
was demonstrated (Waldman et al., 2020; Xue et al., 2020). The presence of
bradyzoites was mostly dominant during the G1b phase (Xue et al., 2020). In
addition, it was demonstrated that there is a strong correlation between the gene
expression of specific proteins and the cell cycle (Waldman et al., 2020; Xue et al.,
2020). Single cell RNA-sequencing carried out on tachyzoite, tachyzoite-induced
cells and TgBFD1 KO cells demonstrated that cell difference was based on the cell
cycle or state of differentiation (Waldman et al., 2020). Overall, these results
demonstrate that in-depth study of the cell cycle by using scRNA-seq allows to
establish a link between the cell cycle and bradyzoite differentiation.

Transcription in eukaryotes is a highly regulated process which involves a large
number of proteins interacting with each other. In model eukaryotes, the basic
mechanism by which transcription is controlled is by sequence-specific binding of
transcription factors with DNA elements of an approximate length of ~ 5-25 bp
(Wingender, 1993). These specific transcription factors regulate the
transcriptional process by either activating or repressing gene expression. The
Transcription Factor Database: TRANSFAC is a database containing data
associated with transcriptional level gene expression and includes data on
different TF's, their targeted genes, and the specific sequences to which they bind.
TRANSFAC allowed for the categorization of specific TFs into five distinct super
classes, and which include: TFs with basic domains (Class I), TFs with zinc-
coordinating DNA-binding domains (Class II), TFs with helix-turn-helix domain
(Class III), TFs with B -scaffold factors with minor groove contacts (Class IV), and
other TFs (Class V) (Coulson, 2003; Wingender, 1996). Analysis of Apicomplexan
genomes such as Plasmodium and Cryptosporidium demonstrated that there are
much less transcription factors in these Apicomplexa species compared to yeast or
other eukaryotes (Templeton, 2004). This difference hinted towards the
apicomplexans adopting different mechanisms of gene regulation. The presence of
ApiAP2 TFs in apicomplexans which bind specific DNA sequences and control
gene expression has been demonstrated (Balaji et al., 2005; Silva et al., 2008).

In addition, a thorough inspection of the Plasmodium genome indicated that there
1s an absence of specific transcription factors which contain a homeodomain, basic
domains, and FKH domains (Aravind et al., 2003). A more recent bioinformatic-
aided study suggests that the genome of Plasmodium species is characterized by

89



an absence of any basic domain and winged-helix TFs (Sardar et al., 2019). The
analysis also suggested the presence of new families of TFs not previously
described in Apicomplexans such as the TUB, NAC, BSD, HTH, Cupin/Jumonji,
winged-helix and FHA families of TFs (Sardar et al., 2019). In 7' gondii, no TUB
proteins have been identified. Two NAC proteins (TGME49 strain) have been
1dentified in addition to 1 BSD protein, 3 HTH proteins, 5 Cupin/Jumonji proteins,
2 winged-helix proteins, and 9 FHA proteins (Sardar et al., 2019) (Table 2).

Gene Family Number of TFs Gene 1Ds

AP2 67 TGME49_203050, TGME49_203690,
TGME49_203710, TGME49_205650,
TGME49_208020, TGME49_211720,
TGME49 214840, TGME49_215150,
TGME49_ 215570, TGME49_215895,
TGME49_216220, TGME49_217700,
TGME49_218960, TGME49_220530,
TGME49_224230, TGME49_225110,
TGME49_233120, TGME49_247700,
TGME49_247730, TGME49_251740,
TGME49_253380, TGME49_255220,
TGME49_262000, TGME49_264485,
TGME49_ 267460, TGME49_269010,
TGME49_271030, TGME49_272710,
TGME49_280460, TGME49_280470,
TGME49_ 282210, TGME49_282220,
TGME49_ 285895, TGME49_290180,
TGME49_290630, TGME49_299020,
TGME49_299150, TGME49_306000,
TGME49_306620, TGME49_310900,
TGME49_310950, TGME49_315760,
TGME49_318610, TGME49_320700,
TGME49_252370, TGME49_320680,
TGME49_211720, TGME49_264485,
TGME49_288950, TGME49_289710,
TGME49_240460, TGME49_240900,
TGME49 244510, TGME49_202490
TGME49_262420, TGME49_229370
TGME49_233120, TGME49_ 273660,
TGME49_271200, TGME49_227900
TGME49_224050, TGME49 237090,
TGME49_ 237425, TGME49_214960
TGME49_ 215340, TGME49_246660
TGME49_249190, TGME49_250800

CUPIN/IJmc 5 TGME49_212110, TGME49_226840,
TGME49_240840, TGME49_259210,
TGME49_283890

bZIP 1 1 TGME49_305220

Myb/SANT 14 TGME49_200385, TGME49_203380,
TGME49_203950, TGME49_211010,
TGME49_213890, TGME49_217050,
TGME49_259860, TGME49_262420,
TGME49_264120, TGME49_275480,
TGME49_286920, TGME49_306320,
TGME49_321440, TGME49_321450

HTH 3 TGME49_215950, TGME49_233160,
TGME49_278530

NAC 2 TGME49_205558, TGME49_257090

HMG 5 TGME49_210408, TGME49_217500,

TGME49_219828, TGME49_263720,
TGME49_281900

FHA 9 TGME49_201790, TGME49_202840,
TGME49_203830, TGME49_208310,
TGME49_221420, TGME49_228040,
TGME49_262780, TGME49_267600,
TGME49_287980

Winged Helix 2 TGME49_281950, TGME49_286920
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Table 2 — Different specific transcription factors present in 7. gondii (TGME49
strain) based on an in-silico study (Sardar et al., 2019).

Basic region: leucine zipper (bZIP) proteins represent a major class of conserved
transcription factors within eukaryotes and are characterized by binding to
specific target DNA sites either as homodimers or heterodimers. bZIP proteins
have a critical role in gene regulation. Distinct palindromic sequences are
recognized by members of the bZIP family. The study of an enhancer binding
protein a (C/EBP a), demonstrated that the DNA binding domain of bZIP TFs
possesses a positively charged portion known as the basic region of the TF which
1s connected to a ‘leucine zipper’ consisting of a heptad repeat sequence of leucine
amino acids (Landschulz et al., 1988). The peptides of these bZIP proteins bind to
their associated DNA complexes inheriting a dimer formation of uninterrupted a
helices. The structure formed is like a ‘chopsticks-like’ structure. The leucine
zipper segments are the region of the protein which drive dimerization resulting
in the formation of two parallel coiled-coil intertwined a helices and are situated
at a perpendicular angle to the DNA helix. Each one of the basic regions of the
bZIP TF remains in contact with one half of the DNA’s major groove palindromic
segment. The binding of bZIP to DNA leads to stabilization of the dimer and
induces helical folding of the protein (Miller, 2009). In 7. gondii, one single
putative bZIP TF (TGME49_305220) has been identified based on the recent in
silico study carried out by Sardar et al. (2019) but no other data are available on
the function of this protein.

Specific transcription factors with zinc-coordinating domains are abundant within
eukaryotic genomes. The superfamily of zinc-coordinating DNA-binding domains
include the family of C2Hz zinc finger domain proteins, characterized by a compact
globular structure and the presence of a zinc ion (Zn2*) which is essential for the
proper folding of the protein and is bound by two cysteine and two histidine
ligands. The backbone of the polypeptide consists of an a helix and two hairpin-
arranged B strands (M. Lee et al., 1989). An in-silico analysis of C2Hs zinc-
coordinating TF's in eukaryotes indicated that these TFs make up for ~2,8 % of all
genes in diptera (Chung et al., 2002), ~ 3% of all genes in mammals (Mistry et al.,
2021), 0,8 % of genes in Saccharomyces cerevisiae (Bohm et al., 1997) and 0.7% in
Arabidopsis thaliana (Englbrecht et al., 2004). C2H zinc finger proteins do not
only have active roles in transcriptional regulation but also have functions in RNA
metabolism, as well as other cellular pathways that require interaction with zinc
finger proteins. For example, in Arabidopsis, zinc-finger domains have an
important role in the regulation of floral organogenesis, gametogenesis, and leaf
formation (Takatsuji, 1999). C2Hz zinc finger proteins do not only bind to DNA but
also RNA and interact with other proteins. The differential use of the two cysteine
and histidine residues gives rise to the various types of zinc finger domains (C2Hsg,
C2HC, C2Cs, C2HC C2Cs, C2Cs C2Cs). 133 species of C2Hz zinc-finger proteins have
been found within the human brain alone. The general concept of zinc-finger
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protein function is that the greater the number of fingers, the greater the number
of different ligands the fingers have specific affinity to (Iuchi, 2001). In addition to
the presence of C2H2 domain zinc finger proteins, other zinc finger proteins are
existent within the Toxoplasma genome such as B-box (1 putative protein) and
CW zinc finger proteins (2 putative proteins).

Disruption of the locus of zinc finger protein TgZFP1, which contains a CCHC
motif led to an impaired bradyzoite differentiation phenotype (Vanchinathan et
al., 2005). Furthermore, many zinc finger proteins consisting of various domains
(CeHs, MYND, B-box) were upregulated during alkaline stress in 7oxoplasma
(Naguleswaran et al., 2010). Another CsHs zinc-finger protein TgZNF2 which is
conserved among eukaryotes was characterized to have an important role in
nuclear translocation of polyadenylated mRNA from the nucleus towards the
cytoplasm. Inducible knock-down mutants of TgZNF2 demonstrated a cell cycle
arrest during the G1 stage. Overall, TgZNF2 is essential for the survival of the
parasite (Gissot et al., 2017). A more recent study revealed that zinc-finger protein
TgZFP2 results in cell cycle arrest. The conditional knock-out of TgZFP2
demonstrated that the nuclear cycle remains unaltered yet the budding cycle is
severely affected (Semenovskaya et al., 2020). Most interestingly, TgZNF2 and
TgZFP2 were not shown to bind to DNA but are most likely binding to RNA.

The HTH superfamily consists of 5 different types of HTH domain proteins and
which include: Homeo, Forkhead, Heat Shock, Tryptophan, and TEA (Harrison &
Aggarwal, 1990). The structure of the HTH domain can vary slightly according to
the type of HTH domain. Most HTH domains consist of two a-helices which consist
of 20 amino acids connected by the turn. In other cases, HTH domains consist of
three a-helices where the core of the domain consists of an open tri-helical bundle.
The HTH domain binds DNA through its third a-helix. The HTH domain is a
simple fold which forms a right-handed helical bundle characterized by a partially
open structure. The three helices of the HTH domain appear to have a triangular
form when placing the third helix in front horizontally. The defining structural
feature of the HTH domain is the sharp turn and is located between helix 2 and
helix 3. The third helix is termed the recognition helix and interacts with DNA by
insertion into the DNA’s major groove. Conserved hydrophobic residues within the
structure of the HTH domain localize towards the interior and give rise to a
hydrophobic core which contributes to domain stability. HTH domains participate
in a variety of functions which are not solely limited to transcriptional regulation
but are also involved in other functions such as DNA repair and RNA metabolism
(Aravind et al., 2005).

Myb proteins are HTH domain TFs with three a-helices and three repeats of
around 50 residues which include three tryptophan residues positioned between
repeats. A large number of Myb proteins have been shown to specifically bind DNA
and have important roles in regulating genes responsible for cell differentiation
and growth control (Lipsick, 1996; Kanei-Ishii et al., 1996). For example, in
Plasmodium, PfMyb1 an HTH domain TF was demonstrated to have a role in the
regulation of genes that have an important role in the pre-erythrocytic stage of the
parasite’s life cycle (Gissot et al., 2005). Additionally, in a more recent study, a
myb-like TF designated TgBFD1 has been characterized (Waldman et al., 2020).
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This myb-like TF was demonstrated to have a key role in the regulation of
differentiation (Waldman et al., 2020). Mutant parasites lacking TgBFD1 resulted
in complete ablation of parasite differentiation in vitro. Furthermore, mutant
parasites lacking TgBFD1 lost their brain tissue cyst formation capability in mice
(Waldman et al., 2020).

A recent in-silico study carried out by Sardar et al. (2019) identified 3 novel
putative HTH proteins in the 7’ gondii Me49 strain which are predicted to localize
to the chromatin of the nucleus based on the recent hyperLOPIT data (Barylyuk
et al., 2020).

Overall, the indication of these novel HTH TF's in the 7. gondii genome could give
novel insight into their potential role in regulating gene expression by their
further characterization. Nonetheless, their precise role and mechanism of action
remain to be elucidated.

Contrary to the name used to classify this type of DNA binding TFs, not all TFs
categorized under Class IV contain a “B-scaffold” architecture. Members of this
superfamily which possess a B-scaffold architecture interact with DNA through
minor groove contacts. HMG (High Mobility Group) domain TF's are a type of DNA
binding domain TFs belonging to the “B-scaffold” superfamily and only consist of
a helices. (Stegmaier et al., 2004). However, the mechanism of interaction with
DNA is very similar to all the other members of this superfamily and consists of
insertion into the minor groove, resulting in a sharp kink of the DNA helix (A.
Lebrun & Lavery, 1999).

In 7. gondii, it has been shown that there are three orthologs of the protein
HMGB1 (High Mobility Group Box-containing protein). A phylogenetic and
bioinformatics study revealed that all three orthologs (HMGBla, HMGBI1b,
HMGB1c) have an HMG box domain. One of the orthologs termed TgHMGBI1a,
was demonstrated to have an implication in the regulation of gene expression. The
generation of a transgenic strain over-expressing TgHMGB1la resulted in an
increase in virulence factor expression (H. Wang et al., 2014).

Studies carried out on eukaryotic lineages, which branch out of the crown group
of the eukaryotic domain of life demonstrate a lack of specific TFs, this pattern of
specific TF scarcity is also the case in Apicomplexans despite the presence of all of
the expected basal transcription factors (Aravind et al., 2003; Templeton, 2004).
The presence of rare representatives of the 5 specific TF superfamilies was
predicted to be explained by two main factors. The first one being that the genome
of Apicomplexans might comprise of genes coding for specific transcription factors
which have not been previously identified and most likely consist of domains
which are distantly related or unrelated to the previously characterized DNA
binding domains. The second factor involves the possibility of alternative methods
being responsible for the regulation of gene transcription such as chromatin level
regulation as well as post-transcriptional regulation (Balaji et al., 2005).

Analysis of predicted apicomplexan nuclear proteins resulted in the identification
of a novel family of DNA binding proteins (Balaji et al., 2005). These proteins
consist of AP2 (Apetala-2) domains characterized by their ability to bind specific
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sequences of DNA (Balaji et al., 2005; Silva et al., 2008) and control the expression
of genes.

AP2 transcriptions factors were identified for the first time in plants in
Arabidopsis and were shown to play a crucial role in several regulatory
mechanisms related to plant growth such as the establishment of the floral
meristem, the development of organ identity , and most importantly the control of
gene expression (Jofuku & Laboratories, 1994). Transcription factors containing
AP2 domains were assumed to be only present in plants (Krizek, 2003; Riechmann
& Meyerowitz, 1998). AP2 domains are widely conserved given the presence of
AP2 homologs in several non-plant species; for example AP2 domains are present
in cyanobacterium, ciliates, and viruses (Magnani et al., 2004; Wuitschick et al.,
2004). These homologs were found to possess another domain encoding for a
homing endonuclease which is a mobile genetic element able to make a single or
double break in DNA initiating the transposition of DNA elements from one locus
to another. This process is termed ‘homing’ and is completed by repairing the
break in DNA (Chevalier et al., 2001; Koufopanou et al., 2002). It was
hypothesized that plant AP2/ERF (ethylene response factor) originated from the
homing endonucleases belonging to the HNH-AP2 family found in bacteria and
viruses. This was then followed by the incorporation of the HNH-AP2 domains
within plants through horizontal gene transfer or perhaps incorporation through
endosymbiosis with a cyanobacterium. However, it 1s most likely that the role of
the homing endonuclease has been lost with time in plants and the AP2 DNA-
binding domain has become the one to be responsible for controlling gene
expression to ensure proper plant development (Magnani et al., 2004). ApiAP2 TFs
within apicomplexan genomes may have originated from a similar endosymbiotic
origin (Balaji et al., 2005).

The family of AP2/ERF transcription factors (AP2/EREBP) within Arabidopsis
consists of numerous proteins and includes a total of 145 distinct transcription
factors, classified into 5 sub-families: 1) DREB subfamily (Dehydration
Responsive Element Binding) (56 proteins), 2) ERF subfamily (65 proteins):
comprise one AP2 domain and a WLG domain, 3) AP2 subfamily (14 proteins)
consisting of two AP2 domains, 4) RAV subfamily (6 proteins) comprises of two
AP2 domains in addition to a B3 binding domain, 5) subfamily of other proteins (4
proteins): comprise of one AP2 domain and a WLG domain (Sakuma et al., 2002).
The determination of the structure of members of AP2 proteins in Arabidopsis and
Plasmodium allowed for providing discernment regarding the mechanism followed
in which the AP2 domain binds specific DNA motifs. By using nuclear magnetic
resonance (NMR), a structural analysis of AtERF1 demonstrated that the
secondary structure of the AP2 domain consists of a three-stranded antiparallel B-
sheet and an a-helix present in a parallel fashion to the B- sheet. The AP2 domain
structure depicted that DNA interacted with 11 highly conserved residues, among

them 7 maintain a specific association with the consensus DNA sequence
AGCCGCC which is more commonly known as the GCC box.
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From this structural study, the residues of the AP2 domain interacting directly
with DNA were identified in the B-sheet. These residues included four arginine
residues whose guanidyl groups were in direct contact with DNA (R150, R152,
R162, R170) in addition to the interaction of two tryptophan residues (W154 and
W172). The 6 interacting residues were demonstrated to be in direct contact with
the cytosine and guanine bases of the GCC box. This specific interaction results in
the AP2 domain binding to the major groove of the DNA (Allen et al., 1998). The
target DNA-binding sequence is slightly altered according to which subfamily the
transcription factor containing the domain belongs to. For example, the DREB
subfamily recognized the DRE sequence TACCGACAT which is slightly different
from the ERF one (Sakuma et al., 2002). Within the subfamily RAV, the protein
AtRAV1 interacts with CAACA and CACCTG through its two domains AP2
domain and B3 domain, respectively (Kagaya et al., 1999).  AtANT
(AINTEGUMENTA), a member of the AP2 subfamily, has been demonstrated to
specifically bind to DNA via the consensus site
gCAC(A/G)N(A/T)TcCC(a/g)ANG(c/t) in vitro (Nole-Wilson & Krizek, 2000). A
further study demonstrated that transcription factors such as AtANT which
possess two AP2 DNA-binding domains have a complex scheme of DNA binding
(Krizek, 2003).

The identification of AP2 TFs in Apicomplexans (ApiAP2) has paved the road
towards having a better understanding of the regulation of gene expression within
this phylum. All members of the apicomplexan family possess ApiAP2 TFs. For
example, Theileria consists of 19 ApiAP2 TFs, Cryptosporidium possesses 19
ApiAP2 TFs, and Plasmodium comprises of 27 ApiAP2 TFs. Toxoplasma possesses
about more than double the number of ApiAP2 TFs identified in Plasmodium and
includes 67 ApiAP2 TFs (toxodb.org). There are up to four repeats of the AP2
domain in each AP2 TF in apicomplexans (Balaji et al., 2005).

In 7' gondii, ApiAP2 TFs were initially named according to their chromosome
location. However, the naming is most likely in need of revision due to the most
recent study of the 3D organization of the nucleus which specifically demonstrated
that there are 13 chromosomes within 7. gondii rather than 14 (Bunnik et al.,
2019).

A total of 22 genes of the 26 encoding for ApiAP2 TFs in P. falciparum were
demonstrated to be expressed during different stages of the intraerythrocytic
developmental cycle and named according to the specific phase at which they are
expressed. Nine members of the ApiAP2 family are conserved across members of
the apicomplexan family. Evolutionary studies indicate that since
Cryptosporidium and Plasmodium diverged from each other at an early time point
within Apicomplexa, it is most likely that the common ancestor of Apicomplexa
already acquired a minimum of nine ApiAP2 proteins (Balaji et al., 2005).
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6.4 Structure of the AP2 domain and function of ApiAP2 proteins

a) Structure

ApiAP2 domains comprise of about 60 amino acids and are found within the folds
of ApiAP2 proteins. When comparing the sequence and structural characteristics
of 211 ApiAP2 domains from the AP2 family derived from Apicomplexans
(Plasmodium, Theileria, and Cryptosporidium) with those from plants, and
bacteria, 12 residues were shown to be highly conserved in 241 representatives of
the 285 AP2 domains included in the study, and which included different AP2
domain representatives. The conserved residues have an important role in the
formation of important stabilizing hydrophobic interactions (Balaji et al., 2005).
Most members of the ApiAP2 family consist of one single globular AP2 domain. In
addition, in Apicomplexa, there are existent AP2 proteins possessing 2-4 AP2
domains. Furthermore, there is solely one other motif that is characterized by
DNA-binding and is associated with the AP2 domain in some proteins in
Apicomplexan members, this motif is termed AT-hook (Aravind, 1998).

DNA binding studies of two AP2 P. falciparum proteins, PF14_0633 and
PFF0200c, demonstrate that these two ApiAP2 proteins interact with DNA by
specific binding to the following DNA sequences TGCATGCA and GTGCAC,
respectively (Silva et al., 2008). Further studies involving the crystal structure
determination of the ApiAP2 domain from P. falciparum (PF14_0633) allowed for
insight regarding the function of the ApiAP2 domain. Comparing the crystal
structure of the ApiAP2 domain of P. falciparum (PF14_0633) to the plant AP2
domain of A. thaliana indicated that ApiAP2 retain several canonical
characteristics which are found in the plant A. thaliana (Allen et al., 1998) yet,
there are important key variations. P. falciparum AP2 domains dimerize through
a domain-swapping mechanism, contrary to plant AP2 domains which function as
a monomer. Domain-swapping of the ApiAP2 domains is characterized by the
swapping of a-helices between the two monomers in order to form the dimer
(Lindner et al., 2010). The dimerization model that was developed suggested that
the binding of the ApiAP2 domain to DNA initiates a stabilizing effect on the
homodimer or that the binding of AP2 to DNA as a monomer triggers a
conformational change which then triggers the binding of the second monomer
(Figure 23).

The dimerization of ApiAP2 domains in the specific case of PF14_0633 has been
suggested to have an important role in uniting distant loci of DNA to facilitate
regulating sporozoite-specific gene expression (Lindner et al., 2010).
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Figure 23 — Schematic representation of ApiAp2 domain-swapping (Lindner et al.,
2010). DNA binding of ApiAP2 domain stimulates dimerization and domain-
swapping leading to looping by exempting all the DNA that intervenes between
the binding location. DNA looping is represented by green dots.

Overall, T. gondii consists of 67 putative ApiAP2 TFs which are categorized as
follows: 24 ApiAP2 TFs are cell-cycle regulated, 27 are constitutively expressed in
the tachyzoite, 11 are bradyzoite-specific and the remaining are expressed in other
stages of the parasite’s development (Behnke et al., 2010). To date, there is a total
of 12 ApiAP2 TFs that have been characterized in ZToxoplasma. The key
developmental change of the 7. gondii parasite associated with human disease is
the inter-conversion of the parasite between the rapidly replicating tachyzoite
stage and the latent mature bradyzoite stage. This developmental switch requires
differential expression of genes specific to each stage (White et al., 2014).

One of the first ApiAP2 TFs to be characterized in 7oxoplasma is AP2XI-4. This
TF was shown to have an essential role in the bradyzoite with a peak of expression
during G1/S phase (Walker et al., 2013). High expression levels of TgAP2XI-4
transcripts in bradyzoite containing cysts compared to tachyzoites implied that
TgAP2XI-4 has a role in the bradyzoite stage. The direct knock-out mutant of
TgAP2XI-4 in a type II Pru 7. gondii strain resulted in a downregulation of
bradyzoite-specific genes in vitro and in vivo. In addition, the absence of TgAP2XI-
4 resulted 1n a lower cyst burden in mice compared to cyst burden in mice infected
with the wildtype strain (Walker et al., 2013).

Furthermore, 7¢AP2XI-4 was demonstrated to bind to the specific DNA sequence
“CACACAC” which is the same sequence to which the homologs of 7gAP2XI-4 bind
toin Plasmodium (Walker et al., 2013). The specific DNA motif to which 7gAP2XI-
4 binds to 1s found to be present in more than half of the promoters of the genes
regulated by this particular TF (Campbell et al., 2010; Walker et al., 2013).

A second ApiAP2 TF was then characterized: 7gAP2IX-9 was proven to be a
bradyzoite repressor after studying the effect of its overexpression and depletion
in vitro. TgAP2IX-9 overexpression resulted in significantly low cyst formation
under alkaline stress conditions whereas the depletion of 7gAP2IX-9 resulted in
cyst formation in vitro. 7gAP2IX-9 was found to bind in cis to promoters of
bradyzoite-specific genes such as 7¢BAG1 and TgB-NTPase. Protein binding
microarrays allowed for determination of the DNA sequence motif “CAGTGT” to
which 7gAP2IX-9 binds to (J. B. Radke et al., 2013).

TgAP2IV-3 is another activator of bradyzoite differentiation. The overexpression
of TgAP2IV-3 led to an increase in the expression of bradyzoite-specific genes.
TgAP2IV-3 directly binds to the promoter of the bradyzoite-specific gene
TgBAG1. Comparing the bradyzoite-specific genes that were upregulated by
TgAP2IV-3 to those that were downregulated by TgAP2IX-9, allowed for the
confirmation that indeed TgAP2IX-9 is a bradyzoite repressor (Hong et al.,

2017).
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Figure 24 — Schematic representation of putative Toxoplasma transcription
factors expressed during the cell cycle (Behnke et al., 2010). (A) mRNA abundance of
RNA polymerases, general TFs, chromatin modifiers, AP2 TFs, and TF-like Zn
fingers during the cell cycle of a synchronized tachyzoite cell culture. (B) Spline
model curves for specific AP2 mRNAs which are cell cycle regulated indicating
relative mRNA abundance and time shifts. The expression of the selected factors
follows a serial order with peaks at different cell cycle stages.

Additional ApiAP2 TFs were shown to have a repressing effect on bradyzoite
differentiation such as TgAP2IV-4 which peaks in the tachyzoite during the S/M
phase. Type I parasites lacking TgAP2IV-4 displayed expression of bradyzoite-
specific genes. In addition to this, mice inoculated with type II parasites deficient
in TgAP2IV-4 were unable to form cysts and establish chronic infection of the
disease in vivo (J. B. Radke et al., 2018). Yet another ApiAP2 TF that peaks during
the S/M phase of the cell cycle is TgAP2IX-4. The knock-out of TgAP2IX-4 renders
the parasite uncapable of forming cysts in vitro and in vivo (Huang et al., 2017).
The two repressors of bradyzoite differentiation TgAP2IV-4 and TgAP2IX-4 are
exclusively expressed at a specific timepoint during the S/M phase of the
tachyzoite cell cycle. The existence of ApiAP2 TFs that are solely expressed at a
single timepoint during the S/M phase of the tachyzoite cell cycle such as
TgAP2IV-4 and TgAP2IX-4 imply that ust in time’ expression of ApiAP2 TF's has
a major role in striking the balance between activation and repression of
bradyzoite differentiation in order to establish successful chronic infection of the
parasite (Figure 24).
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Figure 25 — Schematic representation of ApiAP2 regulation of bradyzoite
differentiation (Hong et al., 2017a). The model represents the ApiAP2 TFs
1dentified to have a role in bradyzoite development. To date, three ApiAP2 TFs
have been described as activators of bradyzoite differentiation (TgAP2IV-3,
AP2Ib-1, AP2XI-4) and three other ApiAP2s have been described as bradyzoite
repressors (TgAP2IX-9, TgAP2IV-4, and TgAP2IX-4).

Furthermore, when studying the transcriptome associated with bradyzoite
differentiation using scRNA-seq, a few bradyzoite BAG1* cells belonged to either
S, M, or C clusters suggesting that this small group of cells is replicating and
proceeding with the cell cycle (Xue et al., 2020). Particular AP2 TFs (TgAP2Ib-1,
TgAP2IX-1, TgAP2IX-6, and TgAP2VI-2) were found to be over-expressed in
cluster P1 which was enriched for bradyzoite-specific genes. This observation
suggested that these particular AP2 TFs may have potential roles in the transition
of the parasite to the bradyzoite stage (Xue et al., 2020).

Moreover, gene expression profiles during 7. gondii parasite bradyzoite
differentiation were studied by carrying out RNA-seq on infected in vitrobrain cell
culture in the laboratory. The parasites infecting the in vitro brain cell culture
proved to produce mature bradyzoites (Mouveaux et al., 2021). When examining
the expression profiles of AP2 TFs during differentiation of the parasite infecting
this brain cell culture, they were found to vary during the bradyzoite
differentiation process, and several clusters were observed. Two bradyzoite
clusters were present, the first cluster of bradyzoite genes were expressed at the
very initial stages of bradyzoite differentiation and this cluster included TgAP2IX-
9 whereas the second bradyzoite cluster consisted of genes that were expressed
during the later stages of bradyzoite differentiation, and this second cluster
included AP2XI-4. Nevertheless, a third cluster consisting of tachyzoite-specific
genes was also observed and consisted of TgAP2IX-5 and TgAP2X-5 (Mouveaux et
al., 2021). To conclude, AP2 TFs present in the bradyzoite clusters may control
bradyzoite differentiation.

99



Eight ApiAP2 TFs have been characterized to have a role in tachyzoites, three of
which have been proven to form complexes with chromatin remodeling enzymes.
TgAP2IX-7 and TgAP2X-8 have been proven to interact with TgGCN5b (J. Wang
et al., 2014). TgGCN5b is a member of the lysine acetyltransferase (KAT) family
and is responsible for the acetylation of histone H3 at specific lysine residues (J.
Wang et al., 2014). A dominant negative mutant of TgGNC5b resulted in the
blockage of parasite replication, a reduction in histone H3 acetylation, and
decreased expression of genes being targeted by TgGCN5b. Interaction of
TgGCNb5b with proteins containing AP2 domains was demonstrated via
proteomics studies and indicates that TgGBN5b has a central role in regulating
gene expression in concordance with ApiAP2 TFs (J. Wang et al., 2014). Therefore
suggesting that ApiAP2 TF's play an important role in recruiting TgGCN5D to the
promoters of targeted genes since TgGCN5Db are void of any DNA-binding motifs
Wang et al., 2014). A recent study describes the TgGCN5b complex by carrying
out a more rigorous investigation in which multiple AP2 TFs were demonstrated
to interact with TgGCN5b (Harris et al., 2019).

Identification of the TgAP2IX-7 interactome by carrying out co-
Immunoprecipitation and proteomic analysis demonstrated that TgAP2IX-7
interacts with TgGCN5b,TgADAZ2a, and TgAP2X-8 in addition to only five other
proteins which were also identified in the TgGCN5b interactome (four
hypothetical proteins and a kinase) (Harris et al., 2019). Co-immunoprecipitation
followed by proteomic analysis demonstrated that TgAP2XII-4 interacts with
TgGCN5b and TgADA2a (Harris et al., 2019). Furthermore, a fourth AP2 TF was
identified to most likely function in concordance with TgGCN5b and TgAP2XII-4
which is TgAP2VIIa-5 (Harris et al., 2019). It is also worthy to note that the
association of TgGCNb5b with AP2 TF's is lost under alkaline stress conditions.
Therefore, these results confirm that TgGNC5b is a member of several complexes
in the tachyzoite. It is plausible that specific AP2 TF's have a role in recruiting the
TgGCN5b core complex in order to regulate genes (Harris et al., 2019).
TgAP2VIII-4, initially identified as TgCRC-350, and a component of the 7. gondii
repressor complex, TgCRC which forms a complex with histone deacetylase
(TeHDAC3), has been demonstrated to be crucial for the repression of
transcription by means of TgHDACS activation (Saksouk et al., 2005).

Furthermore, TgAP2XI-5, an ApiAP2 transcription factor constitutively expressed
during the tachyzoite stage plays an important role in the regulation of virulence
genes (rhoptry and microneme genes) (Walker, Gissot, Huot, Alayi, Hot, Marot,
Schaeffer-Reiss, et al., 2013). By carrying out a Chip-on chip experiment, it was
demonstrated that TgAP2XI-5 binds to hundreds of promoters of genes including
those of genes which are apicomplexan-specific and involved in the virulence of
parasites and the invasion of hosts The specific DNA motif to which TgAP2XI-5
binds to was identified: GCTAGC by carrying out a binding analysis using the
RSAT computational program (Walker, Gissot, Huot, Alayi, Hot, Marot, Schaeffer-
Reiss, et al., 2013).
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By carrying out protein co-immunoprecipitation experiments, TgAP2XI-5 was
demonstrated to interact and form a complex with TgAP2X-5 (Lesage et al., 2018).
TgAP2X-5 1s a cell-cycle regulated TF mainly expressed during the S/M phases
(Lesage et al., 2018). The depletion of TgAP2X-5 resulted in downregulation of 153
genes and the upregulation of 70 genes. Most of the genes that were deferentially
regulated peaked during the S/M phases of the cell cycle among them were
multiple virulence genes (rhoptry and microneme genes). In addition, the
depletion of TgAP2X-5 led to a severe defect in virulence in vivo. ChIP-chip
experiments using the tagged strain of TgAP2X-5 failed to demonstrate that
TgAP2X-5 binds to promoters. However, Chip-chip experiments performed with
the aim of assessing whether TgAP2XI-5 binds to any promoters in the absence of
TgAP2X-5, demonstrated that 92 promoters exhibited a decrease in TgAP2XI-5
binding in the absence of TgAP2X-5 (Lesage et al., 2018). In the presence of
TgAP2X-5, TgAP2XI-5 was found to bind to promoters of virulence genes that were
downregulated when TgAP2X-5 was depleted whereas in the absence of TgAP2X-
5, a portion of genes that TgAP2XI-5 binds to when TgAP2X-5 is present exhibited
decreased binding by TgAP2XI-5. Thus, demonstrating that for certain promoters
of genes, TgAP2XI-5 binding is dependent on TgAP2X-5 (Lesage et al., 2018).
Overall, these results identify that AP2 TFs have the capacity to function in a
cooperative manner in order to regulate virulence factors in 7. gondii.

TgAP2IX-4 is a cell cycle regulated TF which is expressed mainly during the S/M
phase of the cell cycle. Mutant parasites exhibiting a knocked-out 7gAP2IX-4 gene
displayed no defect in tachyzoite growth rendering TgAP2IX-4 dispensable for the
growth of the parasite in vitro (Huang et al., 2017). The depletion of TgAP2IX-4
led to a decrease in the frequency of tissue cyst formation in vitro. The loss of
TgAP2IX-4 led to the dysregulation of the expression of genes during bradyzoite-
inducing stress conditions in vitro. Enhanced expression of bradyzoite genes such
as TgBAG1, TgLDH2, and TgENO1 among others in the TgAP2IX-4 knock-out
was observed.

When studying the effect of the loss of TgAP2IX-4 on the formation of tissue cysts
Iin vivo, it was demonstrated that TgAP2IX-4 depletion resulted in a modest
virulence impairment and a decrease in the formation of tissue cysts which is
consistent with what was observed in vitro (Huang et al., 2017).

In a recent study on TgAP2IX-4 in order to further characterize this TF, TgAP2IX-
4 was found to interact with multiple AP2 TFs such as TgAP2XII-2 and
TgAP2VIla-3. TgAP2IX-4 was also identified to interact with components of the
MORC complex and this shed light regarding the transcriptional repressor
activity of TgAP2IX-4 suggesting that several AP2 TFs recruit MORC in order to
regulate the expression of genes (Farhat et al., 2020; Srivastava et al., 2020).
TgAP2IX-4 was verified to strongly interact with TgAP2XII-2 and
immunofluorescence assays demonstrated that the two AP2 TFs are co-expressed
(Srivastava et al., 2020). Mutant parasites depleted of TgAP2XII-2 demonstrated
a defect in parasite replication. The loss of AP2XII-2 resulted in a delayed S phase
and thus delayed replication of the tachyzoite and an increase in the frequency of
bradyzoite differentiation (Srivastava et al., 2020).
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One of the AP2 TFs proved to have an effect on the surface antigens of the
tachyzoite. TgAP2IX-1 was demonstrated to have a key role in controlling the
switch of surface antigens (Xue et al., 2020). This was determined based on the
observation of a SAG1 single tachyzoite observed in scRNA-seq experiments of
RH Type I strain. The single tachyzoite devoid of SAG1 revealed a transcriptome
characterized by the absence of usually abundant genes which are tachyzoite-
specific and bradyzoite-specific (Xue et al., 2020). This gene expression is very
similar to that of the sexual stage where SRS22C is abundantly expressed.
TgAP2IX-1 was expressed in the SAG1 tachyzoite and a transient transfection of
TgAP2IX-1 demonstrated that this AP2 TF is responsible for the decrease of SAG1
antigen on the tachyzoite’s surface whereas RT-PCR demonstrated a significantly
increased expression of genes which were upregulated in the SAG1" parasite
including SRS22C (Xue et al., 2020). These results clearly demonstrated that
TgAP2IX-1 has the capacity to alter the expression of the parasite’s antigens.

The most recent transcription factor to be characterized, TgAP2IX-5 is a key
regulator of the asexual cell cycle in the tachyzoite and also has an impact on the
bradyzoite stage. Overlap of RNA-seq and ChIP-seq experiments demonstrated
that TgAP2IX-5 directly binds to genes necessary for daughter parasite formation
such as IMC genes as well as other ApiAP2 TFs necessary for the continuation of
the cell cycle (Khelifa et al., 2021; C. Wang et al., 2021).

Epigenetics is a term meaning heritable modifications that are not encoded in the
genetic composition (DNA sequence) of an organism and thus affects the
expression of genes. Many mechanisms of epigenetic regulation exist: 1)
mechanisms which influence the accessibility of factors to chromatin, and which
include methylation of DNA, modification of histones, and localization of
nucleosomes. 2) mechanisms which utilize noncoding RNA to affect several
processes which take place in the nucleus or cytoplasm. The recent models of
transcriptional activation include a larger number of cofactors than was initially
1dentified more than ten years ago with chromatin remodelers being the
facilitating factors to enhance gene transcription and thus transform chromatin
into a forefront position when studying epigenetic control of gene expression.

The basic components of chromatin are histone proteins of which exist four
different types: H2A, H2B, H3, and H4. These four sorts of histone proteins form
an octamer in complex with 146 bp of DNA wound twice around the octamer
forming the nucleosome. The tails of histones undergo a myriad of modifications
which result in different outcomes regarding gene transcription (Peterson &
Laniel, 2004). In Toxoplasma, histone proteins are highly conserved which is the
case in all eukaryotes. Conserved histone proteins include H3 and H4 proteins.
The residues of each N-terminal tail of each histone are highly likely to be subject
to chemical modification (Nardelli et al., 2013; Sullivan, 2003). Furthermore, there
are two distinguishable lineages of H2B: 7gH2B.Z which is associated with
parasites and TgH2Ba and TgH2Bb which represent a stage-regulated lineage
(Dalmasso et al., 2006). 7gH2A also has multiple variants: 7gH2A1, 7gH2AZ and
TeH2AX. TgH2AZ forms a dimer with 7gH2B.Z, this dimer is localized at
promoters of actively transcribed genes (Dalmasso et al., 2009). Furthermore,
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ChIP-chip experiments carried out on a tagged orthologous variant of H3,
TgCenH3 demonstrated that TgCen3 localizes to an apical region within the
nucleus mapping to centromeres, and remaining in close proximity to the nuclear
envelope (Brooks et al., 2011).

The N-terminal tails of histones are rich in basic, positively charged residues that
bind strongly to DNA which is negatively charged leading to a condensed state.
The default state of chromatin is represented by the construction of genomic DNA
into histone nucleosomes which is then compacted into a chromatin structure. The
default state of chromatin correlates to the repression of transcription and is
termed “silenced” chromatin or heterochromatin. After the replication of DNA,
chromatin adopts this silenced conformation (Ehrenhofer-Murray, 2004).
Alternatively, the relaxed form of chromatin allowing DNA to be accessible by
cofactors in order to carry out gene transcription is termed: ‘euchromatin’ ( Li et
al., 2007).

In 7. gondi, it was demonstrated by carrying out co-immunoprecipitation
experiments that TgH2BZ and TgH2AZ interact with each other forming a dimer.
However, TgH2BZ does not interact with TgH2AX (Dalmasso et al., 2009). In
addition, ChIP experiments followed by qPCR revealed that TgH2AZ and TgH2BZ
are enriched at promoters of genes that are transcriptionally active as opposed to
TgH2AX which is enriched upstream of genes that are transcriptionally repressed
(Dalmasso et al., 2009). In addition, TgH2AX was shown to associate with TgIRE
which is a repeat element located at the end of chromosomes (telomeres) since
TgH2AX was observed to be highly enriched at TgIRE as opposed to TgH2AZ and
TgH2BZ (Dalmasso et al., 2009). In 7. gondii, histone proteins were found to have
an association with the bradyzoite stage of the parasite. TgH2AX had an increased
expression in bradyzoites induced in vitro. These results were further confirmed
by microarray. Furthermore, TgH2BZ, the partner of TgH2AZ, has a similar
expression pattern as its partner and both histone proteins’ expression remains
unchanged whereas TgH2Ba which interacts with TgH2AX has an increased
expression in induced bradyzoites (Dalmasso et al., 2009). A subsequent study
carried out on tissue cysts obtained from mice demonstrated that H2AXand H2AZ
transcripts were present within the mature bradyzoite stage (Dalmasso et al.,
2009).

Overall, chromatin structure is implicated in DNA-related processes which
include DNA transcription, DNA replication, DNA reparation, in addition to many
others. The most studied process is transcriptional regulation, a process that is
possible by altering the chromatin structure in order to attain active transcription
of genes.

There are two existent mechanisms used to regulate the structure of chromatin
through the alteration of its compaction state. Chromatin structure can be altered
chemically through the covalent modification of histones or by using ATP in order
to reposition nucleosomes. These two sorts of chromatin-modifying mechanisms
are conserved among eukaryotes and are existent in 7oxoplasma as well.
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In Toxoplasma, apicomplexan N-terminal histone tails are susceptible to a wide
range of covalent modifications such as acetylation, methylation, succinylation,
phosphorylation, ubiquitination, and SUMOylation (Braun et al., 2009; Dixon et
al., 2010; El Bissati et al., 2016; Jeffers & Sullivan, 2012; Nardelli et al., 2013;
Silmon de Monerri et al., 2015). These post-translational modifications constitute
a ‘histone code’ representing the set of modifications in activation and inactivation
of particular genes (Jenuwein et al., 2001; Nardelli et al., 2013). Contrary to the
case in other eukaryotes, methylation of DNA cytosines is absent in 7Toxoplasma
and Cryptosporidium (Gissot et al., 2008). However, cytosine methylation remains
controversial in Plasmodium. In two studies carried out by Choi et al. (1996) and
before that Pollack et al. (1982), cytosine methylation appeared to be absent in the
P. falciparum genome (Choi et al., 2006; Pollack et al., 1982). Strikingly, a more
recent study identified the presence of cytosine methylation in Plasmodium (Ponts
et al., 2013). This was achieved by using highly sensitive mass spectrometry and
formic acid (Ponts et al., 2013). C5-DNA methyltransferase activity was detected
in P. falciparum in addition to the generation of a genome-wide map of cytosine
loci which are methylated during the intra-erythrocytic cycle (Ponts et al., 2013)

Histone acetylation involves the acetylation of lysine residues present in the N-
terminal tails of histones rendering highly positively charged histones negatively
charged. Acetylation relaxes the chromatin structure and is correlated with gene
activation. In opposition, the removal of acetyl groups is linked to the repression
of transcription. In eukaryotes, there exists several histone acetyltransferases
(HATSs) and histone deacetylases (HDACs) that have been characterized and that
regulate the acetylation condition of histones associated with the nucleosome.
HATs and HDACs are specific enzymes with important roles in the epigenetic
control of gene transcription (Sterner & Berger, 2000; Thiagalingam et al., 2003).

In 7Toxoplasma, there are around seven HATs and seven HDACs present within
the parasite’s genome. Recently, these enzymes have been termed KATs and
KDACs (lysine acetyltransferases and lysine deacetyl transferases). The renaming
of these enzymes was based on these chromatin remodeling enzymes having
substrates which are not histones (Allis et al., 2007; Jeffers & Sullivan, 2012).
KATs in 7. gondii belong to two families, the GCN5 family and the MYST family.
TeMYST-A and 7gMYST-B are homologous KATs and members of the MYST
family. 7gMYST-A and 7gMYST-B are essential to the parasite’s survival (Smith
et al., 2005). TegGCN5a and TgGCN5b are two homologous members of the GCN5
family of KATs. In eukaryotes, members of the GCN5 family have a preference
towards acetylating histone 3 and specifically lysine 14 (K14). Purified
recombinant TgGCNba protein preferentially targets H3K18 while TgGCN5b
selects H3K9, H3K14, and H3K18 (Bhatti et al., 2006; Saksouk et al., 2005).
TgGCNb5a plays a major role in transcriptional regulation since microarray studies
demonstrated that mutant parasites in which TgGCNb5a was knocked-out
demonstrated their inability to upregulate ~ 75% of bradyzoite-specific genes that
should be usually expressed during alkaline induced stress (Naguleswaran et al.,
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2010). Several unsuccessful attempts to generate a knock-out strain of TgGCN5b
suggests the essentiality of this particular KAT in the tachyzoite (J. Wang et al.,
2014). GCN5 KATs provide promising drug targets since garcinol, a
pharmacological drug targeting TgGCNb5b has a critical effect on the parasite’s
survival (Jeffers et al., 2016).

Analysis of the 7oxoplasma genome indicates that there are potentially seven
KDACs categorized into three different classes (I, II, and III), with only a single
HDAC characterized so far TgHDAC3. TgHDAC3 is a component of the TgCRC
complex and has been proven to have histone lysine deacetylation activity that can
be inhibited by a selection of HDAC inhibitors (butyrate, aroyl-pyrrole-hydroxy-
amides, and trichostatin A) (Saksouk et al., 2005). In addition, when treating 7'
gondii parasites with the FR235222 inhibitor and by carrying out ChIP on ChIP
experiments, it was demonstrated that the upstream regions of 369 genes were
characterized by hyperacetylated nucleosomes. These genes are mainly expressed
during the bradyzoite or sporozoite stages. In addition, upon treatment with the
FR235222 drug, histone 4 (H4) is hyperacetylated inducing bradyzoite
differentiation (Bougdour et al., 2009).

TgHDAC and TgMORC were demonstrated to co-purify with each other and
function in gene silencing (Saksouk et al., 2005). The association between
TgMORC and TgHDAC3 was verified by carrying out reverse
Immunoprecipitation and mass spectrometry experiments in which a strain
consisting of a tagged version of TgeMORC was used to confirm this association
(Farhat et al., 2020). In addition, TeMORC was found to interact with 10 AP2 TFs
and machinery necessary for chromatin remodeling (Farhat et al.,, 2020).
Furthermore, ChIP-seq experiments exhibited that the binding sites of TgMORC
and TgHDACS3 overlapped extensively with more than 90% of peaks situated at
intergenic regions. More specifically, TeMORC and TgHDAC3 were found to
associate with each other at regions where chromatin was hypoacetylated which
1s most probably a consequence of TgHDACS3 deacetylation activity. Overall,
TgMORC associates with TgHDACS3 and together these proteins play a major role
in the silencing of a distinct set of genes via histone deacetylation in the tachyzoite
stage.

Besides TgHDAC3, other HDACs exist within the 7Toxoplasma genome and those
of type I are predicted to be essential for tachyzoite replication whereas this is not
the case for type III HDACs (TgSIR2 and TgSIR2b), and this is based on the
genome-wide CRISPR/Cas9 screen carried out on the tachyzoite (Sidik et al.,
2016).

The acetylation of histones H3 and H4 represent classical gene activation markers
(H4ac and H3K9ac) (Kim, 2018). By carrying out chromatin immunoprecipitation
(ChIP) experiments, it was demonstrated that the acetylation of H3K9 and H4 co-
localize and form a complex pattern at specific loci within the parasite’s genome
with identified peaks located near the 5 end of genes (Gissot et al., 2007). Thus,
these modified histones are enriched at promoter regions hence, the acetylation of
these histones marks the promoters of genes which are actively transcribed
(Gissot et al., 2007). Furthermore, acetylation of H3 and H4 was observed for
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tachyzoite-specific promoters yet not for bradyzoite-specific promoters in
tachyzoite-stage parasites (Saksouk et al., 2005). However, in bradyzoite-induced
conditions, tachyzoite-specific promoters become hypoacetylated and bradyzoite-
specific promoters become acetylated (Saksouk et al., 2005). Moreover, differential
association of TgGCN5 and TgHDAC3 on stage-specific promoters was
demonstrated by carrying out ChIP assays. TgGCN5 was found to be associated
with tachyzoite-specific promoters such as SAG2A whereas TgHDAC3 was found
to be associated with bradyzoite-specific promoters (Saksouk et al., 2005).

To conclude, this association of different chromatin modifying enzymes to stage-
specific promoters contributes to overall gene regulation by the
acetylation/deacetylation of genes.

Histone methylation is a process consisting of the addition of methyl groups to
lysine (K) and arginine (R) residues. The methylation of theses specific residues
results either in the activation or repression of gene transcription (Zhang et al.,
2001). Arginine and lysine residues can become either mono-, di-, or trimethylated.
Methyltransferases are divided into 2 classes: protein arginine
methyltransferases (PRMT) and histone lysine methyltransferases (KMT). There
are five PRMT homologs within 7oxoplasma and are referred to as TgPRMT1-5.
Two protein arginine methyltransferases have been characterized via in vitro
histone methyltransferase assays using recombinant proteins of TgCARMI1, the
equivalent of TgPRMT4 and TgPRMT1. TgPRMT1 was identified to methylate
arginine residue 3 on histone 4 (H4R3) whereas TgCARM1 was identified to
methylate arginine residue 17 on histone 3 (H3R17) (Saksouk et al., 2005).
TgPRMT1 has 68 potential substrates which include AP2 TFs and regulatory RNA
binding proteins (Yakubu et al., 2017).

TgSETS8 belongs to a novel family of histone lysine methyltransferases which is
highly related to human SET8 (Sautel et al., 2007). TgSet8 was demonstrated to
have the capacity to methylate H4 at lysine residue 20. TgSet8 does not only mono-
methylate lysine residue 20 but can also di-methylate and tri-methylate this
specific residue present on histone 4 (Sautel et al., 2007). Additionally, TgSet8
was found to be mostly enriched in intergenic regions (Sautel et al., 2007).
Moreover, based on ChIP-on-chip data, TgSet8 was found to bind to rRNA gene
regions specifically. rRNA gene loci were found to be mono- and tri-methylated at
H4K20 in addition to the presence of TgSet8 at these specific sites. Additionally,
TgSet8 was discovered to bind to multiple DNA repeats close to telomeres (Sautel
et al., 2007). In a following experiment in which ChIP was carried out, H4K20me1l
and H4K20me3 were found to be enriched at heterochromatic DNA regions
(heterochromatic loci) in addition to the presence of H3K9 methylation as another
heterochromatic marker. These results indicate that H3K9 and H4K20
methylation function in synergy in silencing chromatin.

Another post-translational modification site in 7. gondir is H4K31 which is located
on the lateral surface of histone 4 and is situated at the dyad axis of the protein-
DNA interception site at the nucleosome where the K31 residue is present
(Sindikubwabo et al., 2017). By carrying out ChIP-seq experiments, H4K31mel
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was found to display enrichment at large genes which span from the start codon
to the whole body of the gene. H4K31mel was found to be missing from intergenic
regions alternatively to H4K3lac which was enriched in intergenic regions
aligning with in situ euchromatin localization (Sindikubwabo et al., 2017).
Therefore, this data suggests that H4K31me1l distribution is restricted to the gene
bodies (Sindikubwabo et al., 2017).

The Toxoplasma genome encodes seven demethylating enzymes which belong to
the JmjC family and consist of Jumonji demethylating domains (Bougdour et al.,
2014; Chang et al., 2007). However, further studies are needed to characterize
these demethylases although the genome-wide CRISPR screen has suggested the
presence of two homologs of lysine dimethyl-transferases which deem important
for the overall fitness of the tachyzoite (Sidik et al., 2016).
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Figure 26 — Schematic representation of ApiAP2 regulation of bradyzoite
differentiation (Kim et al., 2020). (A) Heterochromatin and euchromatin are the
two states of chromatin. Heterochromatin is a compact structure characterized by
posttranslational modifications of histones such as the methylation of H3K9 in
order to prevent access to cofactors crucial for gene transcription. For the sake of
simplicity, all factors participating in the remodeling of chromatin are designated
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as histone modifying enzymes (ATP-dependent factors, enzymes modifying
histones, and other complexes). HDACS3 is used as an example of a histone
modifying enzyme which leads to gene transcription repression through modifying
the state of chromatin to a compact state. Euchromatin is the relaxed chromatin
state and GCN5D is used as an example of an acetyl transferase associated with
active genes. GCN5b also interacts with ApiAP2 TFs. Poised genes represent an
intermediate state consisting of marks for both heterochromatin and euchromatin
and has been suggested to have a role in gene regulation as well. (B) AP2 TFs have
a major role in gene regulation, and several have been identified as either
activators or repressors of bradyzoite differentiation.

Chromatin remodeling by using DNA-dependent ATPases represents the second
mechanism by which the chromatin structure is altered. SWI/SNF2 DNA-
dependent ATPases form complexes which have important roles in the activation
or repression of genes (Mohrmann & Verrijzer, 2005). The energy generated from
hydrolysis of the ATP molecule results in a change in the placement and
conformation of the nucleosome since the contacts between the histones and DNA
becomes changed (Lusser & Kadonaga, 2003). The complexes that participate in
ATPase dependent chromatin remodeling contain members belonging to the
SWI/SNF2 family which are characterized by the presence of a unique ATPase
domain. ATPase domains possess a DEXDc region at the N-terminal end and a
HELICc region located at the C-terminal end. The SWI/SNF2 family is categorized
into 4 classes according to homology of sequence and particular structural
characteristics. There are members that possess bromodomains and are termed
Snf2, other members consist of a SANT domain and are designated as ISWI, while
others contain a chromodomain and are termed Mi-2. In addition, there exists a
fourth class consisting of a long insert located between the N-terminal region and
the C-terminal HELICc region, this class is termed Ino80/SRCAP/p400 (Kingston
et al., 1999). SWI2/SNF2 members are present in Apicomplexans. There is a
homolog of ISWI in Plasmodium termed SNF2L (Ji & Arnot, 1997). Additionally,
there is a SCRAP (Sbf2-related CREBBP activator protein) homolog present in the
genomes of most Apicomplexans including 7oxoplasmosis, Plasmodium and
Cryptosporidium (Sullivan et al., 2003). A yeast two-hybrid screen allowed for
investigation of the function of SRCAP in 7oxoplasma by using the TgSRCAP
protein as ‘bait’. Proteins identified to interact most strongly with 7gSRCAP were
identified as parasite-specific proteins without them having any eukaryotic
homologs. Interacting proteins identified through this study are predicted to
function in DNA processes such as transcription (Nallani & Sullivan, 2005).
Furthermore, Toxoplasma contains 15 other homologs of SWI2/SNF2 with at least
one member representing each of the four classes mentioned previously. Among
them, there is a predicted member of the SWI2/SNF2 family that contains a
chromodomain, belongs to the 7¢CRC complex, and is most likely an ortholog of
Mi-2 (Saksouk et al., 2005). Interestingly, 7oxoplasma contains two SWI2/SNF2
members homologous to snf2 with one of them containing a bromodomain which
have characteristic features specific to 7. gondii and represent potential drug
targets (Jeffers et al., 2017).
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In addition to enzymes with chromatin remodeling capacities, there are other
factors that exist within 7oxoplasma, and which take an active part in regulating
the expression of genes.

Glycolytic enzymes such as TgENO1 expressed within the bradyzoite and
TgENO2 expressed within the tachyzoite localize to the nucleus and are suggested
to have a role in the regulation of gene expression within the parasite. Bradyzoite-
specific TgENO1 promoter represented bait in an affinity chromatography
experiment in order to determine nuclear factors that control stage-specific
promoters such as TgENO1. A total of 35 nuclear proteins were identified as
proteins interacting with the bradyzoite-specific promoter and among them was
TgNF3, a novel nucleolar chromatin associated protein. TgNF3 was demonstrated
to bind specifically to nucleosome associated histones leading to a major role in
transcriptional regulation through transcription silencing (Olguin-Lamas et al.,
2011). A following study reported that TgENO1 and TgENO2 which localize
preferentially to the nucleus of intracellular replicating tachyzoites interact with
chromatin resulting in differential expression of genes (Mouveaux et al., 2014).
TgENO1 mutant knock-out parasites resulted in decreased cyst burden in vivo.
Moreover, the deletion of TgENO1 had a direct effect on the regulation of gene
transcription. By using qRT-PCR, it was demonstrated that the expression of eight
genes targeted by TgENO2 was differentially expressed at a magnitude of 2- to 5-
fold between the knock-out TgENO1 mutant and the parental intracellular
tachyzoites (Mouveaux et al., 2014). However, in in vitro induced bradyzoites, the
TgENO1 knock-out mutant parasites exhibited a constant decrease in the
transcript levels of seven of the eight TgENO2-targeted genes (Mouveaux et al.,
2014). Overall, the deletion of TgENO1 has an immediate effect on gene
regulation.

In addition to the enolase enzymes, there were many other glycolytic enzymes
which were determined to be constituents of complexes involved in transcription,
such as LDH and GAPDH suggesting a role in controlling gene transcription
(Zheng et al., 2003).

7 Protein phosphatases in Toxoplasma gondii

Reversible phosphorylation is an abundantly utilized regulatory mechanism that
employs specific protein kinases and phosphatases which interact in opposing
manners in order to ensure the regulation of the phosphorylation process.
Phospho-proteomics studies recently carried out in eukaryotes have clearly
demonstrated that about 50% of the entire amount of proteins in humans, mice,
and yeast are subject to phosphorylation and thus are designated as
phosphoproteins (Vlastaridis et al., 2017).
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Kinases are enzymes which possess a mechanism of action involving the shift of a
phosphoryl group belonging to an ATP molecule to a hydroxyl group present in the
substrate. The hydroxyl group belongs to either a serine, threonine, or tyrosine
residue of the substrate. Substrates of kinases are widely variable ranging from
small molecules to proteins and peptides. In addition, kinases can be auto-
phosphorylated (Gaji et al., 2021). Phosphorylation of substrates is considered as
a post-translational modification and can have further downstream effects such
as activation, repression, targeting modification, and initiation of signaling
cascades (Manning, 2002).

A total of 159 genes coding for kinases which is equivalent to ~2% of total genes
(~8000 genes total) are present within the 7Toxoplasma genome (Gaji et al., 2021).
These genes encode 108 true kinases and 51 pseudokinases elicited from genomic
analysis of the conserved KEDD signature motif of kinases (Lorenzi et al., 2016;
Peixoto et al., 2010).

In 7 gondii, a phospho-proteome analysis of enriched peptides in intracellular and
purified tachyzoite samples was carried out (Treeck et al., 2011). The analysis of
T. gondii intracellular samples which consisted of tachyzoites, and the invaded
host cells identified 11,822 phospho-peptides exhibiting 12,793 phosphorylation
sites associated to 2,793 proteins (Treeck et al., 2011). When analyzing the
phospho-peptides of purified tachyzoite samples, a 2-fold increase in the number
of phospho-peptides was observed (21,498 phospho-peptides) exhibiting 24,298
phosphorylation sites associated to 3,506 phosphoproteins. The most abundantly
phosphorylated residue in 77 gondiiis the serine residue (pS), which is followed by
the threonine residue (pT), and finally the least abundantly phosphorylated
residue is the tyrosine residue (pY). The phosphorylation sites were found at
regions of disorder and are apparently enriched in coil secondary structures
(Treeck et al., 2011).

Mass spectrometry analysis of phosphopeptides and flow-through which consists
mainly of non-phosphorylated peptides was carried out in attempt to identify
which classes of proteins are phosphorylated in Toxoplasma. 50.9% of the whole
T. gondii proteome was identified among them 63.9% of the analyzed proteins were
phosphorylated. In 7. gondii, representation of the phospho-proteome in
comparison to the entire proteome demonstrated that surface, mitochondrion, and
apicoplast proteins are significantly under-represented as opposed to a
significantly overrepresented kinome (Treeck et al., 2011). Moreover, several IMC
proteins as well as proteins involved in host cell invasion designated in the study
as the ‘invasome’ were phosphorylated yet not significantly over-represented.

Comparing the phospho-proteome and the proteome of the intracellular and
purified tachyzoites allowed to identify proteins that are secreted and
phosphorylated within the host cells. Among them were proteins previously
identified to be phosphorylated within the infected host cell such as TgGRA7 and
TgROP2 (Treeck et al., 2011). The cytosol of the 7. gondii parasite is where most
phosphorylation events take place since only around 14% of phosphoproteins
possessed a signal peptide as opposed to about 20% of the predicted proteome
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proteins. Furthermore, about 40% of proteins encoding for rhoptry and dense
granule proteins exhibited a signal peptide, these proteins demonstrated a
decreased phosphorylation in the purified tachyzoite samples and were designated
as outliers. These results suggested that these proteins are phosphorylated in the
PV or the host cell cytosol (Treeck et al., 2011).

A sub-type of kinase genes code for Cyclin-dependent kinases (CDKs). Within
higher eukaryotes, CDKs represent the backbone of cell cycle regulation and are
known to associate to specific proteins which are temporarily expressed and
termed cyclins. Once cyclins are associated to CDKs, they activate CDKs and issue
substrate specificity to the CDK they are bound to. CDKs belong to the
serine/threonine family of kinases and are only fully active when they form
heterodimers. CDKs represent the kinase unit whereas the associated cyclins
represent regulatory units. The activity of CDKs is tightly regulated during the
cell cycle which is ensured by the continuous expression of CDKs and the temporal
expression of the cyclins (L. Liu et al., 2019).

The Toxoplasma genome encodes a total of 10 genes which consist of a kinase
domain and a sequence to which cyclins bind to termed as the C-helix. These 10
genes are designated as CDK-related kinases (Crks) (Alvarez & Suvorova, 2017).
T. gondii tachyzoite and bradyzoites host the expression of eight TgCrks
designated TgCrk1-8 whereas the remaining two TgCrks designated TgCrk2-L1
and TgCrk5-L1 are expressed in merozoites and sporozoites. TgCrks are expressed
in a cyclical manner as opposed to the constitutively expressed CDKs in superior
eukaryotes. Contrary to the conventional eukaryotic cell cycle which consists of
canonical cyclins designated cyclins A to E, Toxoplasma consists of atypical cyclins
designated cyclins P, H, L and Y. Most of the atypical cyclins are strikingly
constitutively expressed (Alvarez & Suvorova, 2017; White & Suvorova, 2018).
Reverse genetics involving the conditional knock-down of TgCrks allowed for the
characterization of the TgCrks within 7' gondii. TgCrks were demonstrated to
have an important role in the regulation of cell division by regulating the different
checkpoints of the cell cycle in order to guarantee smooth progression of the cell
cycle. Five of the TgCrks were identified to be involved in the different 7. gondir
cell checkpoints. TgCrk2 associates with The P cyclin also known as TgPHOS0.
The complex TgCrk2/P cyclin is responsible for controlling the START checkpoint
in the G1 phase specifically the transition from the G1la phase to the G1b phase.
This is then followed by the DNA licensing checkpoint during the S phase carried
out by TgCrk5. TgCrk4 is responsible for controlling the replication of the
centrosome and segregation during the M phase. TgCrkl is essential for
controlling cytoskeleton assembly of the daughter cells and TgCrk6 is crucial for
the transition of the dividing parasite from the Anaphase stage to the Metaphase
stage. Moreover, many TgCrks do not have to interact with cyclins such as the
case in higher eukaryotes and can normally carry out their regulatory functions
without necessary association to any cyclins (Alvarez & Suvorova, 2017; Naumov
et al., 2017).
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Figure 27: Schematic representation of the cell cycle check points in 7. gondii
tachyzoites (Alvarez & Suvorova, 2017). The cell cycle consists of several
checkpoints to ensure that cell division proceeds correctly. The cell cycle in 7.
gondii consists of three conserved checkpoints. The G1 checkpoint is associated
with cell differentiation and dormancy and is regulated by the TgCrk2/TgPH080
cyclin complex (orange arrow). TgCrk5 controls DNA replication licensing (blue
arrow). TgCrk4 controls the checkpoint necessary for controlling proper
centrosome stoichiometry (light green arrow). TgCrk1 controls the bud assembly
checkpoint (purple arrow), and TgCrk6 is suggested to control the spindle
formation checkpoint during metaphase (dark green arrow).

Nevertheless, protein phosphatases exist within the 7Toxoplasma genome as well.
However, none have been implicated to have a role in the cell cycle and thus the
role of 7' gondii protein phosphatases remain to be elucidated.

7.2 Protein Phosphatases

There are three main types of protein phosphatases categorized according to the
type of amino acid targeted: serine/threonine phosphatases, tyrosine
phosphatases, and dual specificity phosphatases (target all three residues).

Protein serine/threonine phosphatases (PSPs) consist of three families:
phosphoprotein phosphatases (PPPs), protein phosphatases that are Mg2t/Mn2*
dependent (PPMs), and aspartate-based phosphatases (Shi, 2009). The PPP and
PPM subfamilies have been extensively studied in eukaryotes. In apicomplexans,
P. falciparum and T. gondii were shown to possess PPP subfamilies such as PP1
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and PP2A in addition to the presence of PPMs such as PPM2 and PPM5 which
have an important role in the sexual stages of P. falciparum and ookinete
formation, respectively (Guttery et al., 2014). However, not much is known about
the aspartate-based phosphatases which include FCP (FIIF-associating carboxyl-
terminal domain) phosphatases in addition to small CTD phosphatases which are
collectively known as the FCP/SCP family of phosphatases (C. Yang &
Arrizabalaga, 2017). Furthermore, apicomplexans possess phosphatases with
characteristic Kelch-like domains (PPKL), which are found in plants and
alveolates as well as Shewanella-like phosphatases (SLP) only present in bacteria
(Kutuzov & Andreeva, 2008).

a)

The PPP family contains protein phosphatase 1 (PP1), PP2A, PP2B (calcineurin),
PP4, PP5, PP6, and PP7 subfamilies. For most of the members of the PPP family,
a single catalytic subunit can associate with several substrates. However, this is
not the case for members of other families such as PPM which do not possess
regulatory subunits but rather additional domains and conserved motifs that
communicate the specificity of the protein phosphatase. When comparing the
eukaryotic genome to that of the four apicomplexan genomes (7. gondii, P.
falciparum, C. parvum, and B. bovis) P. falciparum and 7. gondiipossess an entire
set of the PPP subfamilies with at least one member of each of its seven
subfamilies with the exception of PP2A since 7. gondil possesses two of these
protein phosphatases (C. Yang & Arrizabalaga, 2017). However, in the case of each
of Cryptosporidium and Babesia, there are subfamilies that are absent in their
respective genomes. These missing families include PP6 and PP7 from C. parvum
and PP2B and PP6 from B. bovis. Members of the PPP family are highly conserved
in apicomplexans and possess conserved consensus sequences and includes
GDxHG, GDxVDRG, RG, GNHE, HGG and H (C. Yang & Arrizabalaga, 2017)

PPPs are crucial for the viability of cells. However, it is most likely presumed that
in eukaryotic cells lethality is evaded since there are several isoforms within the
PPP subfamily that possess overlapping functions and can compensate for absence
of certain PPP members (Brautigan & Shenolikar, 2018).

PPP family members possess a high level of identity across species (~ 80%).
Members of the PPP family do not exhibit the same mechanism of subunit
association. The direct binding of subunits by means of the RVxF motif in addition
to other sequences is a mechanism adopted by PP1. However, PP2A, PP4, and PP6
adopt a different manner of binding their respective subunits and use scaffold
subunits as intermediate bridges in order to bind the catalytic and regulatory
subunits together (Brautigan, 2013). Regarding phosphatase regulation of the cell
cycle, protein phosphatase 2A (PP2A) has been demonstrated to have a role in cell
cycle control. For example, in yeast, PP2A regulates the cell cycle at the transition
point between the G2 phase and the M phase. Loss of the phosphatase activity of
PP2A results in delayed progression throughout the cell cycle. In addition to this,
the loss of PP2A function disrupts the spindle assembly checkpoint and leads to
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an irregular mitotic exit. Furthermore, PP2A controls the G1/S transition and the
cytokinesis stage (Jiang, 2006). Overall, PP2A has multiple roles and contributes
to the regulation of nearly most of the cell cycle progression in mammals and
higher eukaryotes but despite the presence of PP2A within 7oxoplasma, its
specific characterization remains to be elucidated. Additionally, 7' gondii does not
possess a Cde25 phosphatase ortholog which is known to also have an important
role in regulation of cell cycle progression in higher eukaryotes and is responsible
for removing the phosphorylation in CDKs (Shen & Huang, 2012).

b)

This family includes members that are metal-dependent protein phosphatases.
PPMs carry out their phosphatase roles as one subunit enzyme with either bound
Mn2+* or Mg2* ions and are extremely conserved throughout eukaryotes and
prokaryotes (M. J. Chen et al., 2017; Kamada et al., 2020). PPM phosphatases
have differed to a great extent throughout evolution giving rise to specificity in
functions in higher eukaryotes. For example, in yeast there are 8 different PPM
isoforms yet in mammals there are 20 PPM isoforms. A thorough phylogenetic
analysis of PPM phosphatases, including the analysis of more than 50% of
sequences in the most conserved domain of the catalytic region, demonstrated that
the majority of conserved residues lie within the catalytic core and are crucial for
phosphatase function (Kamada et al., 2020).

In Apicomplexans, members of the PPM family are found in all four apicomplexan
genomes. Similar to other organisms, there is great difference in the number of
PPM homologs in each apicomplexan species. There are 13 PPMs in P. falciparum,
33 in 7. gondii, 14 in C. parvum, and 4 in B. bovis. A phylogenetic analysis
clustered apicomplexan PPMs into 10 main groups designated from I-X. Clusters
IT and X are one of the most important. Group II is predicted to consist of PDPs,
a subtype of PPM phosphates whereas Group X includes P/PPM3 and 8 homologs
of TgPPM3 (A-H), of which six include localization signal peptides suggesting that
these TgPPM3s are likely targeted to the PV or host cell (Yang & Arrizabalaga,
2017). The function of several PPM phosphatases in Plasmodium and Toxoplasma
have been elucidated. PPM2 in P. falciparum possesses two catalytic cores
characterized by phosphatase activity (Mamoun et al., 1998). Two PPMs have
regulatory roles in translation in P. falciparum. PPPM2 is involved in
translational regulation since one of its substrates is translation elongation factor
1- beta (PEF-18) (Mamoun & Goldberg, 2001). PfUIS2 is another PHPPM
phosphatase with an implication in translation and carries out dephosphorylation
of an important translational factor eIF2a-P (M. Zhang et al., 2016). Direct
knockouts of PPMs targeted in a genome-wide functional analysis were obtained
where mutants of knocked-our PfPPM2 and knocked-out PfPPM5 exhibited the
most detrimental defects. For example, mutant parasites in which PfPPM2 was
knocked-out demonstrated a significant decrease in the number of macrogametes
as well as a defect in ookinete formation rates whereas parasites depleted of
PfPPM5 displayed a defect in ookinete size and number (Guttery et al., 2014).

In 7' gondii, TgPPM13 plays an important role in phosphorylation regulation of
an actin binding protein, Toxofilin. TgPPM13 functions in combination with casein
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kinase II (CKII) in order to modulate the phosphorylation of Serine residue 53 of
Toxofilin. The coordinated function of PPM13 and CKII controls binding of
Toxofilin to G-actin and sequestration of actin monomers contributing to the
overall actin dynamics of the parasite which has a role in gliding motility (Delorme
et al., 2003; Jan et al., 2007). 7. gondii PPM protein, TgPPM20 which is a rhoptry
protein secreted during invasion, is important during parasite growth (Gilbert et
al., 2007).

Furthermore, plasma membrane PPM phosphatase, TgPPM5C has an implication
in the parasite’s lytic cycle (C. Yang et al., 2019). Vacuolar protein TgPPM3C has
an important role in GRA16 export. Furthermore, parasites depleted in TgPPM3C
exhibited a major defect in virulence in vivo (Mayoral et al., 2020).

c)

Members of this family are different from those of the PPP and PPM families by
their characteristic aspartate-based catalysis. A great majority of aspartate-based
phosphatases possess a conserved catalytic motif DxDT/V. There are eight
aspartate-based phosphatases in humans and five in yeast. Within
apicomplexans, there exists five putative aspartate-based phosphatases in C.
parvum, eight within 7. gondii, P. falciparum possesses four and B. bovis consists
of six. Among all the phosphatases existent in this subfamily, there is only a single
member that has been mostly studied and that is FCP1 also termed as CTDP1.
Studies carried out in humans and yeast demonstrate that FCP1 plays an
important role in the dephosphorylation of the CTD of RNA polymerase II large
subunit. The CTD region has a consensus sequence YSPTSPS, all residues
contained within the consensus sequence can be phosphorylated with the
exception of the two prolines (Stiller & Cook, 2004; C. Yang & Stiller, 2014). CTD
has a role in gene expression and serves as a docking platform and has been
investigated in yeast yet the characterization of the role of CTD in RNA
polymerase activity within apicomplexans remains to be elucidated (Corden,
2013).

Apicomplexans consist of two orthologs of FCP1 within their respective genomes,
contrary to humans and yeast which have only one FCP1 gene. 7. gondii has a
peculiar CTD region compared to the CTD of other apicomplexans. 7. gondii
consists of only two heptapeptides which are tandemly repeated and the
remaining 8 heptapeptides are randomly distributed. This suggests that the single
distributed heptapeptides possibly lack the conventional CTD functions since it is
based on heptapeptide pairs (Stiller & Cook, 2004).

Protein phosphatase 1 (PP1) was the first phosphatase to be discovered belonging
to the PPP family and was initially characterized as an enzyme that
dephosphorylates glycogen phosphorylase (Cori & Cori, 1945). As of today, it has
been demonstrated that PP1 plays a central role in several biological mechanisms
involving cellular division, metabolism, transcription, translation, and apoptosis,
in addition to many others (Ceulemans & Bollen, 2004).
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PP1 is described as a holoenzyme consisting of a catalytic and regulatory subunit.
The regulatory subunit of PP1 are designated proteins that associate with the
catalytic subunit and are termed as phosphatase type 1- interacting proteins
(PIPs). The highly conserved catalytic subunit consists of specific residues (3
histidine residues, 2 aspartic acid residues, and 1 asparagine residue) that
coordinate Mn2+* and Fe?* metal ions (Shi, 2009). PP1 catalytic subunit (PP1lc)
consists of one polypeptide that has an active enzymatic domain (Berndt et al.,
1987). Within humans, PP1 carries out around a third of total dephosphorylation
events. Furthermore, there is about 200 proteins that are PP1 regulatory subunits
and contribute to specificity to the very limited number of PP1 catalytic subunits
present in humans (Rebelo et al., 2015).

PP1c has an essential role in cell viability and disturbing its function can have
deadly consequences. Furthermore, the disruption of the normal interaction of
PPlc with PIPs has an important implication in multiple human diseases
(Ferreira et al., 2019).

Many isoforms of PP1c exist within eukaryotes save for yeast which only harbors
a single PP1c isoform encoded for by the Glc7 gene (Stark, 1996). In humans, three
different genes code for PP1c, PPP1CA, PPP1CB, and PPP1CC leading to the
existence of three distinct PP1c isoforms, PP1-A, PP1-B, and PP1-C (Yates et al.,
2017).

The first crystal structures of PP1 complexes were resolved for PP1A/microcystin
and PP1-G/tungstate providing the initial hints regarding the catalytic domain
PP1lc (M.-P. Egloff et al.,1995 ; Goldberg et al., 1995). Structural studies have
revealed that the catalytic domain consists of a central B-sandwich. Its active core
consists of divalent metal ions. The cations bind to oxygen atoms present in the
substrate’s phosphate molecule in order to carry out dephosphorylation. Despite
that several isoforms of PP1c exist, the structure is highly conserved and rarely
changes when bound to other molecular entities (M. P. Egloff et al., 1997). PPlc
also has grooves on its surface which are employed by the catalytic subunit as
anchoring regions for interacting proteins (PIPs). Mostly all of the interacting
proteins exhibit a specific docking motif termed as ‘RVxF-type docking motif
known to bind to PP1c by associating with a hydrophobic pocket on the surface of
the catalytic subunit far away from its core active site (Figure 28) (Felgueiras et
al., 2020; Heroes et al., 2013).

T. gondii, P. falciparum, C. parvum, and B. bovis, present one PP1 catalytic
subunit which are extremely similar to homologs of higher eukaryotes in both
length and sequence (C. Yang & Arrizabalaga, 2017).
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Figure 28 — Schematic representation PPlc-PIP interaction following the PPlc
binding code (Felgueiras et al., 2020). PP1c binds to regulatory subunits by means
of the multiple grooves present on its surface. PIPs bind to PP1c docking sites and
form the PP1 holoenzyme. The binding follows a code introduced by Heroes et al.
(2013) which is specific, universal, degenerate, nonexclusive, and dynamic.

In 7. gondii, PP1 activity was initially discovered by carrying out experiments
which involved the exposure of tachyzoites to PP1 inhibitors such as okadaic acid
(OA) and tautomycin (TAU), respectively. These experiments resulted in the
impairment of tachyzoite invasion by 50% suggesting that PP1 activity in 7.
gondii is important during the invasion process of the host cell (Delorme et al.,
2002). T. gondii tachyzoite invasion is inhibited when parasites are exposed to
2uM of OA. However, exposure to concentrations below 100 nM has no impact on
tachyzoite invasion. Furthermore, TAU possesses a greater selectivity for PP1
compared to OA (Delorme et al., 2002).

Phosphatase assays carried out on 7. gondii extracts involving the de-
phosphorylation of 32P-phosphorylase a indicate that 7" gondii indeed possesses
PP1 activity, which is sensitive to OA and human I-2, a specific inhibitor of PP1
(Delorme et al., 2002). Since PP1c is known to always be associated to regulatory
subunits, a monoclonal antibody against human PP1lc was used to precipitate 7.
gondii PPlc and all the polypeptides to which i1t 1s associated to.
Immunoprecipitated peptides verified the presence of phosphorylase «
dephosphorylation activity. When adding the OA inhibitor, there was a single
polypeptide which competed against OA in binding to PP1c. Furthermore, several
proteins were identified as targets of PP1 in 7. gondii via in-vitro phosphate
labelling assays. The immuno-depletion of PP1c from a fraction containing the 7.
gondii cytosol was carried out initially followed by the phosphate-labelling assays.
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An increase in the phosphate signal of multiple polypeptides was observed
whereas there was a decrease in phosphate signal in other polypeptides (Delorme
et al., 2002).

The subcellular localization of TgPP1 within the tachyzoite and bradyzoite forms
of 7. gondii was investigated via immunofluorescence assays using polyclonal
antibodies (Daher et al., 2007). Within the tachyzoite, TgPP1 localizes within the
nucleus. In addition to co-localization when using anti-ROP1 anti-bodies. In
bradyzoites, TgPP1 seemed to localize more within the cytoplasm rather than the
nucleus.

This was followed by further immunofluorescence assays in order to investigate
TgPP1 localization in tachyzoites by carrying out a c-Myc tagged PP1 transient
transfection which demonstrated a strong cytoplasmic signal in addition to partial
overlap with the nucleus yet no localization at the rhoptry was observed in this
case (Daher et al., 2007). Moreover, the unsuccessful attempt to maintain stable
transgenic parasites suggested that the over-expression of TgPP1 possibly impacts
the growth of the parasites (Daher et al., 2007).

Within the nuclear sub-compartment of the 7. gondii tachyzoite, TgPP1 interacts
with TgLLRR1, an identified homolog of sds22 in yeast with an important role in
PP1 activity regulation. This results in the formation of a TgPP1-TgLRR1 complex
(Daher et al., 2007). The formation of a TgPP1-TgLRR1 complex was identified
through affinity pull-down and immunoprecipitation assays. The presence of both
TgPP1 and TgLLRR1 proteins in eluates of tachyzoite proteins was demonstrated
by immunoblot analysis of tachyzoite protein eluates which bind to microcystin
beads with anti-PP1 or anti-TgLRR1 antibodies. This interaction was further
confirmed by carrying out immunoprecipitation in which anti-TgLLRR1 antibodies
were used (Daher et al., 2007).

Further investigation of the role of TgLRR1 indicated that it most likely inhibits
the activity of TgPP1. Inhibition of TgPP1 by TgLLRR1 was further confirmed by
studying the inhibitory function of TgLRR1 on TgPP1 by using a Xenopus oocyte
model. Within the Xenopus oocyte model, microinjection of OA or anti-bodies
against PP1 results in germinal vesicle breakdown (GVBD) (Swain et al., 2003).
When microinjecting oocytes with TgLLRR1 cRNA, it resulted in more than 90% of
oocytes undergoing GVBD (Daher et al., 2007).

A recent study functionally characterizing Inhibitor-2 (I2) in 7. gondii
demonstrated that it has a similar effect as its homolog in P. falciparum on PP1
phosphatase activity via an inhibitory effect (Deveuve et al., 2017). TgI2 has a
total of three conserved motifs, a SILK-like motif, an RVxF motif, and a third
FKK/HYNE motif. The SILK-like motifis present only in the I2 protein of 7. gondii
when compared to other apicomplexan I2 proteins. Tgl2 exhibited binding to
TgPP1 through the RVxF motif mainly whereas SILK-like and HYNE motifs
contribute towards TgPP1 binding minimally (Deveuve et al., 2017).

However, despite these findings, many questions regarding PP1 in 7Toxoplasma
remain unanswered. Whether PP1 is essential in 7oxoplasma, what specific
proteins are targeted and de-phosphorylated by TgPP1, the specific mechanism of
action of this protein phosphatase, and what downstream pathways PP1 is
implicated in within 7" gondii are a few questions of many.
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Chapter II-Objectives

The 7. gondii cell cycle is a highly regulated event and its successful completion
depends on both transcriptional and post-transcriptional regulation mechanisms.
The highly dynamic nature of transcriptional regulation during the tachyzoite cell
cycle has been illustrated by the transcriptome of synchronized parasites
expressing the Thymidine kinase (Behnke et al., 2010). This comprehensive study
showed that at least 2000 transcripts were dynamically regulated during the
tachyzoite cell cycle. This implies a tight control of transcriptional expression of
these genes. However, how this regulation is orchestrated at the molecular level
was an outstanding question at the beginning of this PhD.

Based on the accumulated knowledge on the function of ApiAP2 TFs in both 7.
gondii and Plasmodium spp., we reasoned that these proteins may play an
important role in controlling the cell-cycle dependent expression profiles. More
than 65 ApiAP2 encoding genes are present in the 7. gondii genome and at least
20 of them are dynamically regulated during the cell cycle. We therefore aimed at
characterizing these TFs. We identified among these the most promising
candidates based on their cell cycle expression profiles and their fitness score
(Sidik et al., 2016). This led to the identification of the TgAP2IX-5 protein as a
promising target to control the cell-cycle specific expression program. We therefore
aimed at identifying the phenotypes caused by an inducible knock-down mutant
of this gene and also the pathways regulated by this TF during the cell-cycle.
Through the characterization of its regulation network, we aimed at better
understanding the mechanisms controlling the transcriptional regulation of the
cell cycle.

The tachyzoite cell cycle is also controlled by a number of phosphorylation events
(Treeck et al., 2011). However, most of the knowledge accumulated so far is based
on the characterization of kinases (Gaji et al., 2021). The enzymes controlling the
de-phosphorylation events, that are described in other eukaryotes as crucial for
the cell cycle regulation (Manning, 2002), are poorly investigated in 7. gondii. By
contrast, genome wide targeting studies have illustrated the crucial role of these
enzymes in Plasmodium spp. (Guttery et al ., 2014) in multiple pathways
controlling its life cycle. We decided to investigate the 7. gondii homolog of PP1
since its crucial role in controlling the cell cycle has been described in a number of
organisms including P. falciparum and P. berghei (Zeeshan et al., 2021; Paul et
al., 2020). The objective of this study entailed determining the role of TgPP1 in
Toxoplasma gondii. Other objectives of this study included aiming for the
determination of potential TgPP1 substrates. The final objective of this study was
to identify the mechanism of action of TgPP1 and link it to any potential defects
which may be observed upon TgPP1 depletion.

Finally, cell cycle and differentiation are intertwined in 7’ gondii. For example, a

specific cell-cycle arrest has been shown to happen during the differentiation
process (Waldman et al., 2020; Xue et al., 2020). We therefore attempted to
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understand this link through the characterization of two other ApiAP2 TFs,
TgAP2X-10 and TgAP2III-1. These transcripts were originally identified as
dynamically regulated during the spontaneous differentiation of tachyzoites into
bradyzoites in brain cell culture in vitro (Mouveaux et al., 2021). The specific
objectives of this part of the PhD study included determining the functional role
of these ApiAP2 TFs and to determine the precise role of TgAP2X-10 and
TgAP2III-1 in the developmental differentiation process of the parasite.

122



Contributions



Chapter III - Contributions

This section is introduced to clarify the respective contribution of Asma Sarah
Khelifa and the work performed in collaboration with previous students within
the lab as well as external collaborators.

Regarding the first project of the PhD (role of TgAP2X-10 and TgAP2III-1 during
T. gondii differentiation), I generated all direct knock-out mutant strains as well
as characterized both direct knock-out mutants by carrying out growth assays,
bradyzoite differentiation studies using the HFF cell model at a pH 7.0 and pH
8.2. I also carried out bradyzoite differentiation studies using the brain cell culture
model with primary brain cell culture that were initially produced in the lab of
Jean-Charles Lambert. In addition, I carried out the in vivo experiments with the
help of Thomas Mouveaux. I generated all the RNA samples used for studying the
gene expression studies. I also constructed the RNA libraries for Type II WT and
direct Knock-out parasites in both pH conditions of pH 7.0 and pH 8.2 which were
sent for sequencing.

Regarding the second project of the PhD study (role of TgAP2IX-5 in asexual cell
cycle division), the iKD mutant of TgAP2IX-5 was generated by previous PhD
student Kevin Lesage and previous Masters student Cecilia Gomez-Sanchez. |
carried out a confirmation of the growth and proliferation phenotype including the
growth and plaque assay. I carried out all experiments regarding the
characterization of the iKD TgAP2IX-5 mutant with the exception of the electron-
microscopy preparation and image acquisition that was performed by Nicolas
Barois. I also generated the complementation strain of the iKD TgAP2IX-5 strain
and carried out all of the characterization experiments of the complemented
strain. I carried out the TgAP2IX-5 re-expression experiments where the parasite
was left to grow in the presence of auxin before washing out auxin for different
durations of time. The video-microscopy experiments were performed by Mathieu
Gissot. RNA-seq and ChIP-seq experiments included in the manuscript were
performed by Kevin Lesage, Cecilia Gomez-Sanchez, Thomas Mouveaux and
Ludovic Huot. The bioinformatics analysis and integration of both datasets was
performed by Pierre Pericard under the supervision of Helene Touzet and
Guillemette Marot.

I carried out all complementary experiments where I prepared all the RNA
samples of the iIKD TgAP2IX-5 mutant treated with auxin for 1 hour, 2 hours, and
overnight. RNA library construction of all the samples was also carried out by me.
Molecular biology experiments in order to generate the plasmids with deleted
domain 1 and AP2 domain were generated by me. I also carried out the
transfections to generate mutant strains in which the deletions of the different
regions of the TgAP2IX-5 protein were carried out including domainl and the AP2
domain. I also characterized these mutant strains with the deleted domainl and
the AP2 domain by carrying out plaque assays, nucleus per parasite counts and a
growth assay. All graphs regarding counts were generated by me as well as all
associated statistical analysis. Heat maps for the complementary experiments
gene expression studies were generated and analyzed by me.
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Regarding the third and final project, the iKD TgPP1 mutant was generated
previously by Mathieu Gissot. All phenotype characterization experiments were
carried out by me. Electron microscopy experiments were carried out in
collaboration with Wanderley De Souza and Tatiana Araudjo in Brazil at the
Federal University of Rio de Janeiro. The phosphoproteomics analysis was
performed by Chiarra Guerrera and Cerina Chluon at the Imagine Institute at
Necker Hospital in Paris.
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Chapter IV — Materials and Methods

1 Cell Culture

1.1 Maintenance of 7. gondii parasite cell culture

Tachyzoites were grown in monolayers of human foreskin fibroblast (HFF) cells in
vitro. Cells were maintained in culture in the presence of Dulbecco’s Modified
Eagles Medium (DMEM) GlutaMAX-1 (GibcoLife Technologies) which was
supplemented with 10% of Fetal Bovine Serum (FBS) (GibcoLife Technolgies) and
1% Penicillin-Streptomycin (GibcoLife Technologies).

Strains

KO TgAP2III-1 (Type I)

KO TgAP2X-10 (Type I)

KO TgAP2III-1 (Type II)

KO TgAP2X-10 (Type II)

iKD TgAP2IX-5-AID-HA

iKD TgAP2IX-5-AID-HA

KI IMC3 mCherry

iKD Tg AP2IX-5-AID-HA
KI SFA2-myc

iKD TgAP2IX-5 AID-HA
KI IMC29-myc

iKDc TgAP2IX-5-AID-HA

iKDc TgAP2IX-5 AID-HA Adomainl

iKDc TgAP2IX-5-AID HA AAP2 domain

iKD TgPP1-AID-Ty

Genotype

Direct knock-out (KO)
RH AhxgprtAku80; DHFR

Direct knock-out (KO)
RH AhxgprtAku80; DHFR

Direct knock-out (KO)
Pru AhxgprtAku80; DHFR

Direct knock-out (KO)
Pru AhxgprtAku80; DHFR

Inducible knock-down GKD)
RH AhxgprtAku80 Tirl; HXGPRT

Knock-In (KI)

RH AhxgprtAku80 Tir1l; AP2IX-5 AID-HA, HXGPRT
IMC3-mCherry, DHFR (Tubulin promoter)
Knock-In (KI)

RH AhxgprtAku80 Tirl; AP2IX-5 AID-HA, HXGPRT
SFA2-Myc, DHFR

Knock-In (KI)
RH AhxgprtAku80 Tirl, AP2IX-5 AID-HA, HXGPRT
IMC29-Myc, DHFR

Complemented strain (KDc)

RH AhxgprtAku80 Tirl ; AP2IX-5 AID-HA, HXGPRT
AP2IX-5-myc, UPRT

Complemented strain (iIKDc)

RH AhxgprtAku80 Tirl, AP2IX-5 AID-HA, HXGPRT
AP2IX-5 Adomain1-Myc , UPRT

Complemented strain (iIKDc)

RH AhxgprtAku80 Tirl, AP2IX-5 AID-HA, HXGPRT
AP2IX-5 AAP2domain-Myc , UPRT

Inducible Knock-down GKD)

RH AhxgprtAku80 Tirl,

PP1 AID-Ty-HXGPRT

Table 3 — Compilation of 7" gondii parasite strains used in the study

Parasite strains were grown in T25 ventilated flasks containing a monolayer of
HFF cells which were maintained in an incubator at 37°C and 5% COs. Parasite



culture was maintained by successive passaging of parasites once lysed out from
the HFF host cells. Certain experiments required the collection of 7. gondii
tachyzoites prior to their lysis from the HFF cells. In this case, 7. gondirinfected
HEFF cells were first scraped and then this was followed by the mechanical lysis of
the parasites by passing scraped cells using a syringe sequentially. First, a 17-
guage needle was used and then a 26-guage needle. The lysate was then filtered
through a 3 ym Whatman membrane. The filtered parasites were then centrifuged
for 15 minutes at 2400 rpm either at 4°C or at room temperature according to the
experiment carried out and then washed with 1XPBS.

Parasite strains used to carry out this study include Type I and Type II parasites.
Three 7. gondii strains were used to carry out transfections and produce mutants.
These strains can be designated as ‘parental’ strains and include:
RHAhxgprtAku80, this Type I strain has the Ku80 gene deleted in order to
promote  homologous recombination (Huynh & Carruthers, 2009).
PruAhxgprtAku80, this Type II strain is devoid of the Ku80 gene in order to
promote homologous recombination as well. RH AhxgprtAku80Tirl strain, is a
Type I strain which has a deleted Ku80 gene and expresses the Tirl protein which
combines an increased rate of homologous recombination with an Auxin-inducible
degradation (AID) system (Brown et al., 2018). The different transgenic parasite
strains generated for the purpose of this study are summarized in Table 3.

2 Molecular Biology
2.1 T. gondii genomic DNA extraction

Genomic DNA (gDNA) was extracted from purified Type I and Type II 7. gondii
tachyzoites by using the Wizard Genomic DNA Purification Kit (Promega).

The pellet of filtered tachyzoites was re-suspended in 200 pLi of Nuclei Lysis
Buffer. 1 uL of RNase A was added and the re-suspended pellet was incubated at
37°C in a water bath for 15 minutes. This was the followed by the addition of 200
pL of Protein Precipitation Solution. Once the solution had cooled down to room
temperature, it was vortexed and incubated on ice for 5 minutes. This was then
followed by a centrifugation step at 13000g for 4 minutes at 4°C. After this, the
supernatant was separated from the pellet and pipetted into a new tube which
already contained 600 uL of room temperature isopropanol in order to precipitate
the genomic DNA. The solution was then inverted gently and centrifuged again at
13000g for 30 minutes at 4°C. After this, the supernatant was removed from the
tube and 600 uL of 70% ethanol was added to the pellet and centrifuged at 13000g
for 30 minutes at 4°C. After the centrifugation step, the supernatant was removed
and the pellet was left to airdry for 10 minutes until the ethanol had fully
evaporated. Once the pellet had dried, 20 pL. of DNA rehydration solution was
added to each tube and incubated for 10 minutes at 65 °C. Once the gDNA was
completely dissolved and cooled to room temperature, its concentration was
measured by using a NanoVue Plus spectrophotometer (GE Healthcare). The
gDNA was then stored at -20°C until required for use.

Extracted gDNA was used to test for the obtention of direct Knock-out mutants.
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2.2 RNA sample preparation and extraction

RNA samples were prepared by infecting T175 flasks containing a monolayer of
HFF cells with different 7. gondii strains and under different conditions. Four
different strains were used to prepare RNA samples required for this study (Pru
WT, Pru TgAP2X-10 KO, Pru TgAP2III-1 KO, and iKD TgAP2IX-5) each of which
were grown under a particular set of conditions prior to extraction of RNA (Type
II strains were grown in normal pH (pH 7.0) as well as bradyzoite-inducing
conditions (pH 8.2 and no COsg), iKD TgAP2IX-5 parasites were grown in the
absence of auxin (control) as well as the presence of auxin for different periods of
time (1 hour, 2 hours, and 6 hours of auxin treatment). Parasites were collected
by mechanical lysis and filtered prior to RNA extraction.

RNA extraction was carried out by re-suspending the collected parasite pellet in
cold Trizol (Invitrogen). After this, Chloroform (4 °C) was added to the RNA
samples which allowed for the separation of the RNA-containing aqueous phase
and the protein-containing organic phase. The solution was then centrifuged at
room temperature for 10 minutes. This was followed by transferring the aqueous
phase into a new tube which contained cold isopropanol in order to precipitate the
RNA by centrifugation at 4°C for 20 minutes at top speed. The precipitated pellet
was then washed with 70% ethanol, dried, and re-suspended in RNase-free milliQ
water (Gibco). This was then followed by a purification step in order to remove
genomic DNA and clean the RNA samples by using the RNase-free DNase I
Amplification Grade Kit (Sigma).

The last step was an RNA quality verification step in which the extracted RNA
was verified by using an RNA 6000 Nano (Agilent) chip read by an Agilent 2100
Bioanalyzer. RNA samples which had an integrity score equal to or greater than
8 were used to prepare RNA libraries. RNA samples were stored at -80°C before
RNA-seq library preparation.

2.3 RNA-seq Library Preparation

RNA library samples were prepared by using the TruSeq Stranded mRNA Sample
Preparation Kit (Illumina). This kit was used to prepare RNA libraries according
to the manufacturer’s protocol. After RNA library samples were prepared, the
libraries were validated by passing the samples on a DNA high-sensitivity chip
using an Agilent 2100 Bioanalyzer. This was followed by a qPCR library
quantification step using the KAPA library quantification kit (Illumina) by using
a 12K QuantStudio thermocycler.
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2.4. Different Strategies used to generate mutant parasites in this study
a) Direct Knock-out using CRISPR/Cas9 technology

In this strategy, two gRNAs were used in order to target the 5 and 3’ ends of the
of the gene of interest (7gAP2X-10 gene and TgAPZ2III-1 gene). This is to promote
the insertion of the dihydrofolate reductase (DHFR) selection cassette flanked by
35 bp homology regions at the 5 and 3’ ends. The transfection of the two Cas9
plasmids targeting the two gene ends with the PCR product containing the DHFR
cassette allowed for the replacement of the entire gene of interest by the DHFR
selection cassette. This resulted in a clean Knock-out mutant parasite achieved
via homologous recombination.

35 bp . 35 bp
PCR product — DHFR
TgAP2X-10/TgAP2I1101 genomic locus Jumi——isi] TgAP2X-10/TgAP2IlI-1 | i—]
TgAP2X-10/TgAP211101 genomic locus C— DHFR ——

Figure 29 — Schematic representation of the direct Knock-out strategy used to
generate TgAP2X-10 and TgAP2III-T knock-out strains.

Integration of the DHFR cassette was verified by PCR by amplifying the 3’ and 5’
ends of the genomic locus of the gene of interest that was replaced by the DHFR
cassette. The pairs used to test DHFR cassette integration are illustrated in the
schematic below:

O TgAP2X-10/TgAP2I1I-1 ]
5’ RDHFR 3’ F DHFR
—_—
p—
O DHFR ]
5’ F 3’ R

Figure 30- Schematic representation of the primers used to verify DHFR cassette
integration in the direct knock-out mutants.
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b) Inducible Knock-down using the Auxin-induced degron (AID) system

This system was used to generate the iKD TgAP2IX-5 mutant strain by using
gRNA to target the 3’ end of the 7TgAP2IX-5 gene after the STOP codon. A PCR
product consisting of an AID-HA -HXGPRT cassette flanked by short homology
arms was used in combination with the 3’ targeting Cas9 plasmid in order to carry
out the transfection to generate the mutant parasite. AID-HA-HXGPRT was
added to the 3’ end of the endogenous 7gAP2IX-5 gene. The transfected strain
expresses Transport Inhibitor Response (Tirl) protein which has a role in targeted
protein degradation upon the addition of the plant hormone Auxin (indole-3-acetic

acid (IAA)).

In order to generate the iKD TgPP1 strain, a similar AID system was utilized.
However, tagging of the endogenous gene was carried out at the 5’ end of the gene
instead of the 3’ end due to the many complications that were demonstrated when
initially attempting to generate iKD TgPP1 strain by targeting the 3’ end of the
TgPP1 gene. In this case and for 5 targeting of the TgPP1 gene, a CRISPR/Cas9
plasmid consisting of a gRNA targeting the 5 end of the gene was generated. A
PCR product with 30 bp homology containing an HXGPRT selection cassette
(HXGPRT-T2A-AID-Ty) was transfected with the gRNA plasmid in order to tag
the N-terminal of the gene of interest. The Skip peptide (T2A) present within the
PCR product allowed for dual protein expression under a single promoter. The
SKIP peptide is also characterized by cleavage properties and is responsible for
the cleavage of the PP1 protein from the HXGPRT protein so that the TgPP1
protein can get degraded by the proteasome upon addition of the plant hormone
Auxin.

A

, 35bphomology arms

/ N\
AID-HA PCR product (] AD [ HA

Cas9 cutting site

AP2IX-5 genomic locus g TgAP2IX-5

AP2IX-5 AID-HA construct TgAP2IX-5 [ AD [HA
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PP1 genomic locus A_ TgPP1 J—

30 bp homology arms

HXGPRT-AID-2Ty PCR product [ hxgprt

PP1 AID-Ty construct

TgPP1 i

Figure 31 -Inducible Knock-down strategies using the AID system (A) Schematic
representation of iKD TgAP2IX-5 mutant generation strategy. (B) Schematic
representation of iIKD TgPP1 mutant generation strategy.

¢) Knock-In using the CRISPR/Cas9 strategy

Knock-In mutants were generated in the laboratory by targeting the 3’ end of the
gene of interest using a gRNA within CRISPR/Cas9 plasmid. PCR product was
amplified by using the pLIC-Myc-DHFR plasmid as a template. Upon successful
transfection of the amplified PCR product and the CRISPR/Cas9 PCR product, the
gene of interest becomes tagged with the Myc tag at the C-terminal end of the
gene. In this study, two genes were separately targeted TgSFA2 and TgIMC29.

] / homology arms \\\
pLIC-cMyc-DHFR [/] e (EERDO

Cas9 cutting site

Genomic locus TgIMC29/TgSFA2

KI construct g TgIMC29/TgSFA2

Figure 32- Schematic representation of the strategy used to generate knock-in (KI)
mutants using the 3’ Cas9 strategy.

d) TgAP2IX-5 complementation and domain 1 and AP2 domain deletions
The complementation plasmid was synthesized by the GeneWiz company. A ~6.9
kb fragment coding for the TgAP2IX-5 gene which is myc-tagged in addition to a
3kb fragment corresponding to the promoter region were synthetically inserted
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into a UPRT plasmid which consists of 2kb homology sequences for the UPRT
gene. Upon transfection, integration of the TgAP2IX-5 gene at an exogenous locus
(UPRT locus) was carried out since the UPRT gene is non-essential for the growth
of the parasite and allows for counter selection of mutant parasites by FUDR
treatment. In order to delete the AP2 domain and domainl from the exogenous
myc-tagged TgAP2IX-5 gene contained within the pUPRT plasmid, inverse
primers were used for amplification and the complementation plasmids consisting
of the deleted domains were constructed by using the Q5 mutagenesis kit (NEB)
according to the manufacturer’s protocol. The primers used to construct pUPRT
plasmids with deleted domains are summarized in Table 4.

Deleted domain/
L /

[

AP2 domain/domainl
deletion from UPRT
plasmid

Figure 33—Schematic representation of strategy used to delete domainl and AP2
domain from the pUPRT plasmid.

2.5 Cloning Techniques
Primers used to generate transgenic parasites used for this study are listed in the
following table:

Name

KO TgAP2X-10 F
KO TgAP2X-10 R
KO TgAP2III-1 F
KO TgAP2III-1 R
iKD TgAP2IX-5 F
iKD TgAP2IX-5 R
KI TgIMC29 F
KI TgIMC29 R

5 Primer sequence 3’
CAGAAGCCAGTTCACGAACTGTCCGTATTGATGTAAGCCGGATCCATTATGCGTGA
GATTCAGAAAAGCGTAAACTGCTGTTTATTGCCTTTACTAGTGGATCGATCCCCCG
GTTAAATAAGCTCCGCTCCAAACTAGGTCGCAACCAGCCGGATCCATTATGCGTGA
ACTTCTCCATCGGTTACAGCCTATCGCATCTCTTGTACTAGTGGATCGATCCCCCG
GGTACGGACGAAACCAAGTTGACGACTCCAGTGGATATCGGgctagcAAGGGCTCGG
CTTCTGTGTCCATTTCTCCCCTTGGCTCCCGAGACCCCTTTGAATACGACTCACTATAGG
CGCTCAGGCAGCAGTACCCCGGACACGGCCTCAATAAAATTGGAAGTGGACGG
GTCACATCCGTATACACGGTTCTATGAGCAGATTCCGAATTGGAGCTCCACCGC

KI TgSFA2 F CCTTACAGAAGGGCCTTCGAAATATAACAAGTCGCAAAATTGGAAGTGGAGGACGG
KI TgSFA2 R ATACCGTGCTGATTCTTCTCTGAGAATCATCAACACGAATTGGAGCTCCACCGC
iKD TgPP1 F TCTCAGGTTTCGCCAAAGCGCGCATGCATTCGGCAGATGGCGTCCAAACCCATTGA
iKD TgPP1 R ATGACGGCGTCGACATCGACGTCTAATGACACCATATCGAGCGGGTCCTGGTT

5 Cas9 KO TgAP2X-10
F

3’ Cas9 KO TgAP2X-10
KOF

GAAACGGTGGATACGAGCCGGTTTTAGAGCTAGAAATAGCAAGTTAAA

GCCTGACACGGACACACCGAGTTTTAGAGCTAGAAATAGCAAGTTAAA
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5 Cas9 KO TgAP2III-1 CTGAAGCGCGGAAGGCGAGGGTTTTAGAGCTAGAAATAGCAAGTTAA
g’ Cas9 KO TgAP2III-1 = TGTGCCATCGAGCAGACGAAGTTTTAGAGCTAGAAATAGCAAGTTAAA
g’ Cas9iKD TgAP2IX-5 GGAGCGTAGAAAAGAAAGCGGTTTTAGAGCTAGAAATAGCAAGTTAA
g’ Cas9 KI IMC29 F AGCAGCATGATTACGTATTCGTTTTAGAGCTAGAAATAGCAAGTTAAA

3’ Cas9 KI SFA2 F CGTACTGCACGCCCATGCAAGTTTTAGAGCTAGAAATAGCAAGTTAAA
5 Cas9iKD PP1 F TATCTACATGTGATACAATGGTTTTAGAGCTAGAAATAGCAAGTTAAA
Cas9 generic reverse AACTTGACATCCCCATTTAC

Q5-AP2IX-5 del_dom1- | TGCGGAGCCAAGGGCGAG

F

Q5-AP2IX-5 del_dom1- GTCGCTATTCGCCGGGGC

R

Q5-AP2IX-5 ATCCGGTCGCCAGGCAATTC
del_AP2dom-F

Q5-AP2IX-5 AGGCGTCGGGTAACGCGC

del_AP2dom-R
Deletion screen domain = TGCAGAGCGCGCGGGCGA

1-F

Deletion screen domain = CCACTCGGATCCTGCACG
1-R

Deletion screen AP2  GTCGAAGAACGCGAAGCC
domain- F

Deletion screen AP2 CCCGACGTCTGGCGCGGC
domain - R

TgAP2X-10 5 F KO | AAGCGTAGACGGCTTGGTTT
screen
TgAP2X-10 3 R KO  AGGACTCGGTCGTCTCCTTT
screen
TgAP2III-1 5 F KO  CTCCGTGGCTCTGTCTCATC
screen
TgAP2III-1 3 R KO CCGCTGCTCAATTACCTTGC
screen

Table 4- Table of primers used to generate mutant parasites for this study

Plasmid name Corresponding mutants
pLIC-DHFR KO TgAP2X-10 and KO TgAP2III-1
pLIC-MYC-DHFR KI TgIMC29 and KI TgSFA2
pAID-HXGPRT-3XHA iKD TgAP2IX-5
pHXGPRT-2TA-AID-Ty iKD TgPP1

Table 5- Table of plasmids used as templates to generate PCR products
2.5.1 Generation of PCR products

In order to generate the PCR products for the transfections, forward and reverse
primers indicated in Table 4 were used. Plasmids indicated in Table 5 were used
as templates to generate appropriate PCR products. gDNA mentioned previously
In section 2.1 was used as a template in the case of testing for dhfr integration.
Phusion High-Fidelity DNA Polymerase (NEB) enzyme was used according to the
manufacturer’s recommendations and using the following thermocycler protocol:

134



Initial Denaturation > 95 °C (5 min)

Denaturation > 95 °C (30 sec)

Annealing >  primer-specific (58°C -65°C) 35 cycles
Elongation > 72°C (30 sec/Kb)

Final Elongation = 72 °C (10 min)

Storage > 4 °C ()

Amplified PCR product bands were visualized on agarose gels in order to confirm
PCR product amplification. After this, PCR products were purified by using
NucleoSpin Gel and PCR Cleanup Kit (Machery Nagel). The concentration of the
PCR products was measured using the NanoVue Plus spectrophotometer (GE
Healthcare).

2.5.2 CRISPR/Cas9 Plasmid Construction

The CRISPR/Cas9 plasmids were generated within the laboratory by directed
mutagenesis in order to modify the gRNA region of the plasmid (pSAG1:Cas9-
U6::sgUPRT) obtained from Dr Sibley and following the method described by Shen
et al. (2014).

2.6 Chromatin Immunoprecipitation (ChIP)

Chromatin immunoprecipitation experiments were carried out on 1KD TgAP2IX-
5 mutant parasites. Parasites were grown intracellularly for 40 hours. This was
followed by a fixation step for 10 min at room temperature by adding 1%
formaldehyde in order to ensure that the DNA and proteins are covalently linked.
The parasites were then filtered and re-suspended in lysis buffer which consists
of 50mM Tris-HCI1 pH8, 10 mM EDTA, and 1% SDS. After this, parasites were
sonicated in a Bioruptor sonicator for 10 minutes at 4°C (30 sec on/off per cycle).
Protein-DNA associated complexes were diluted using IP dilution buffer which
consists of 16.7 mM Tris-HC] pHS8, 167 mM NaCl, 1.2 mM EDTA, 0.01% SDS, 1.1%
Triton, and 0.5 mM PMSF. Then, an overnight incubation step was carried out in
the presence of IgG agarose beads (Amersham Biosciences). The following day, the
IgG beads were washed five times using ChIP wash buffer consisting of 50 mM
Tris-HC] pHS8, 250 mM NaCl, 1% NP-40, 1% desoxycholic acid, and 0.5 mM PMSF
followed by two elution steps using 75 uL of ChIP elution buffer which consists of
50mM NaHCOs and 1% SDS. This experiment was realized in duplicates
(biological replicate of immunoprecipitation and input samples). This was followed
by ChIP-seq library preparation where 1 ng of purified DNA was used as a
template. The Nugen Ovation® Ultralow System V2 kit was used, and the
preparation of libraries was carried out according to the manufacturer’s
instructions. The validation of the libraries was carried out using Fragment
Analyzer and qPCR was used to quantify the libraries (ROCHE LightCycler 480).
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3 Cell Biology
3.1 Parasite transfection

Parasite transfection was carried out by using 106 freshly lysed and purified
tachyzoites for each transfection by electroporation. In order to generate the direct
KO strains (KO TgAP2X-10 and KO TgAP2III-1), 30 ug of Cas9 plasmids targeting
the 3’ and 5 ends of the TgAP2X-10 and TgAPZ2III-1 genes and ~ 10 ug of PCR
product consisting of the DHFR selection cassette flanked by homology sequences
were electroporated into the parental RHAku80 (Type I) and Prudku80 (Type II)
strains.

In order to generate the iIKD TgAP2IX-5 strain, the parental RHAku80 Tir1 strain
was transfected with 30 ug of Cas9 plasmid targeting the 3’ end of the TgAP2IX-5
gene after the stop codon and ~10 pg of PCR product consisting of the AID-
HXGPRT-HA cassette flanked by homologous arms. In order to generate the KI
TgIMC29 and KI TgSFAZ2 strains, the iIKD TgAP2IX-5 strain was transfected with
30ug of Cas9 plasmid targeting the 3 UTR of each gene and 10 pug of PCR product
consisting of a DHFR cassette and Myc tag. For the 1iKD complementation
transfection, 60ug of synthetically produced plasmid consisting of the 3-kb
upstream region of the start codon of the 7gAPZIX-5 gene, the full length
TeAP2IX-5 gene and full-length c-Myc tag flanked by 2 kb of homology sequence
for the UPRT gene was co-transfected with the pSAG1::Cas9-U6::sgUPRT
plasmid to ensure the insertion into the UPRT locus. A similar approach was
carried out for generating iKD complementation parasites with deleted domainl
and AP2domain sequences where 60 ug of pUPRT plasmid consisting of a myc-
tagged TgAPZ2IX-5 gene with either a deleted domainl or deleted AP2domain was
co-transfected with 30ug of Cas9 plasmid targeting the UPRT gene. In order to
generate the iKD TgAP2IX-5 strain expressing TgIMC3-mCherry, the iKD
TgAP2IX-5 strain was transfected with a TgIMC3-mCherry expressing plasmid
with a tubulin promoter.

Plasmids and PCR products were precipitated by using sodium acetate and re-
suspended in a cytomix solution which consisted of 120mM KCI, 10mM
K2HPO4/KH2PO4 pH7.4, 25mM HEPES pH7.6, 2mM EGTA pH7.6, 5mM MgCl2,
and 0.15mM CaCl2; pH 7.6. The filtered parasites were re-suspended in a cytomix
solution complemented with 2mM ATP and 5mM GSH (reduced glutathione). Re-
suspended parasites and precipitated DNA were mixed and placed within an
electroporation cuvette to carry out electroporation by using a BTX Electro Cell
Manipulator 600 at 1.5 kV.cml, 25uF capacitance, and 24Q resistance. After
electroporation, the parasites were put into a T25 flask and left to grow for 24
hours before adding the appropriate selection drug. For DHFR cassette
transfections, 2 pM pyrimethamine (Sigma) was added. For HXGPRT selection,
25 nug/mL of mycophenolic acid (Eurogentech), and 50ug/mL of Xanthine (Sigma)
was added. For UPRT counter-selection, 5uM of 5-fluorodeoxyuridine (FUDR)
(Sigma) was used.

Regarding direct knock-out strains, mixed population parasites were verified for
integration of the DHFR cassette by PCR. All other transfections were verified by

136



IFA for the presence of either the HA-tag or c-Myc tag. Clonal lines were generated
by limiting dilution by cloning them into a 96-well plate and then transferring
single parasite clones to 24-well plates for further validation either by IFA or
integration PCR.

3.2 Intracellular growth assays

Growth assays were carried out by inoculating 8 x 104 parasites of parental and
mutant parasites on a monolayer of HFF cells grown on 24-well plate coverslips
for 24 hours. In the case of iIKD TgAP2IX-5 and 1iKD TgPP1 growth assays,
parasites were left to grow for 24 hours in the presence and absence of 0.5 mM of
auxin. Infected coverslips were fixated using 4% paraformaldehyde (PFA).
Parasites were stained with anti-TgEno2 and anti-TgIMC1 antibodies. The
number of parasites per vacuole was counted for a total of 100 vacuoles for each
biological replicate. A total of three biological replicates were included for each
growth assay experiment.

3.3 Plaque assays

For the plaque assays, a total of 200 parental and mutant parasites were
inoculated on a monolayer of HFF cells grown in a 6-well plate in normal media
or media treated with auxin. Parasites were left to grow for 7 days before fixation
with 100% ethanol. Plaques were stained with Crystal Violet in order to visualize
the proliferation.

3.4  In-vitrobradyzoite differentiation assays

All pre-bradyzoite formation assays were carried out using Type II Pru Aku80 WT
and KO TgAP2X-10 and KO TgAP2III-1 strains. Parasites were inoculated on
HFF cells grown on coverslips in a 24-well plate for either 24 hours or 48 hours in
normal media at a pH of 7.0 or RPMI media (RPMI 1640) supplemented with 1%
FBS and 10mM HEPES at a pH of 8.2. Parasites grown in alkaline conditions were
incubated at 37°C without COsz. After fixation with 4% PFA, Dolichos biflorus
agglutinin also known as DBA (Vector Laboratories), a bradyzoite-specific lectin
that binds a major cyst wall protein CST1, was used to label pre-bradyzoite cyst
walls at a dilution of 1:500. The percentage of parasites exhibiting pre-bradyzoite
formation (Dolichos positive) was measured in both pH conditions.

3.5  Bradyzoite formation in brain cell culture assay

An in vitro primary brain cell culture was used to study mature bradyzoite
formation in brain cells extracted from the hippocampus of rat pup brains. Brain
cells grown on coverslips of 24-well plates were infected with 5 x 10 3 parasites of
Type IT PruAku80 WT and TgAP2X-10 KO and TgAP2III-1 KO strains for 7 days
before fixation with 4% PFA. Labelling was carried out using DBA at a dilution of
1:500. The percentage of parasites with a DBA- positive cyst wall was measured.
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3.6  Organelle and IMC labelling
Parental and mutant parasites GKD TgAP2IX-5 and iKD TgPP1) were inoculated
on a monolayer of HFF cells grown on coverslips of a 24-well plate.

iKD TgAP2IX-5 organelle labelling: For nucleus labelling, parental and mutant
parasites were left to grow for 24 hours prior to addition of auxin for 3 hrs, 6hrs,
and 12 hrs. Parasites were then fixated with 4% PFA and nuclei were stained with
anti-TgEno2 and the number of nuclei per parasite was counted. For labelling of
the Inner Membrane Complex (IMC), parental and mutant parasites were left to
grow for 24 hours on HFF cells grown on coverslips. Then, auxin was added for 6
hours prior to fixation. Parasites were labelled with anti-TgIMC1 and anti-
TgISP1. The outer and inner core of the centrosomes were labelled after parental
and mutant parasite growth overnight followed by addition of auxin for 6 hours.
Anti-TgCentrinl and anti-TgChromol were used to label the outer core and inner
core, respectively. For Golgi, plastid, and mitochondria labelling, parasites were
grown overnight in the presence of auxin before fixation and labelling with the
following antibodies: anti-TgSort, anti-TgACP, and anti-TgTom40, respectively.

iKD TgPP1 organelle labelling: Parental Tir 1 and iKD TgPP1 mutant parasites
were left to grow in the presence of Auxin for 24 hours, 48 hours, and 72 hours
prior to fixation and labelling. The IMC was labelled using anti-TgIMC1, anti-
TgISP1, and anti-TgGAP45. Golgi, plastid, and Centrinl were labelled using the
following antibodies: anti-TgSort, anti-TgACP, and anti-TgCentrin1, respectively.

3.7 Immunofluorescence Assays

All immunofluorescence assays (IFAs) were carried out by fixating intracellular
parasites with 4% PFA for 30 minutes. The coverslips were then washed 3 times
with 1x PBS and permeabilized using the following solution (1x PBS; 0.1% Triton
100x (Sigma); 0.1% glycine (Sigma); 5% FBS (Gibco Life Technologies)) for 30
minutes. Coverslips were then incubated in primary antibodies (Table 6) for 1 hour
diluted in the same IFA buffer used previously for permeabilization. Coverslips
were then washed 3 times using 1x PBS and then incubated in secondary
antibodies coupled to either Alexa-594 or Alexa-488 (Invitrogen) for 1 hour. Host
cell and parasite nuclei were stained with DAPI (Euromedex). After incubation
with secondary antibodies and DAPI, coverslips were washed with 1x PBS and
mounted onto microscope slides using Moviol (Sigma). IFA quantification was
carried out manually by counting the appropriate signal by visual observation.
Signal was counted for 100 parasites for each replicate. Each experiment was
carried out 3 times independently (triplicate).

Antibody Name Dilution Origin

Anti- TgEno2 1:1000 Dzierszinski et al., 2001
(rabbit)

Anti-TgIMC1 1:500 Prof. Ward, U. Vermont
(mouse)

Anti-TgISP1 (mouse) 1:500 Beck et al, 2010
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Anti-TgGAP45 1:10000 Dr Soldati

(rabbit)

Anti-TgCentrinl 1:500 Prof. Gubbels, Boston
(rabbit) College

Anti- 1:500 Gissot et al., 2012
TgChromol(mouse)

Anti-TgSort (rat) 1:500 Sloves et al., 2012
Anti-TgACP (mouse) 1:500 Dautu et al., 2008
Anti-TgTom40 1:500 van Dooren et al., 2016
Anti-myec (rat) 1:200 abcam

Anti-HA (rabbit) 1:500 Sigma-Aldrich

Table 6- List of antibodies and their corresponding dilutions used in IFAs.

3.8 TgAP2IX-5 re-expression experiments

1KD TgAP2IX-5 mutant parasites were inoculated on HFF cells grown on 24-well
plate coverslips and left to grow for 16 hours in the presence of auxin. This was
followed by washing out auxin from the media and leaving the parasite to grow in
normal media for 3 hrs, 6hrs, and 16 hrs before fixation with 4% PAF. Auxin
washout consisted of changing the media treated with auxin to normal media 3
times with 5-minute incubation periods at 37°C between each media change.
Anti-TgEno2 was used to label the nuclei of the parasites in order to count the
number of nuclei per parasite. In parallel, the IMC was labelled with TgISP1 and
TgIMC3 in order to measure the percentage of daughter parasite formation.
Furthermore, the plastid was labelled with anti-TgACP in order to measure the
ratio of plastid to nucleus. Each experiment was carried out in biological
triplicates.

3.9  In Vivocyst burden counts experiment

Ten balb/c mice were intraperitoneally injected with 2x103 parasites of either the
wildtype PruAku80, TgAP2X-10 KO or TgAP2III-1 KO strains. The mice were left
infected with the Type II wildtype and KO strains for 4 weeks before dissecting
and isolating the brains of the mice. After the collection of mice brains, they were
mechanically homogenized and one fifth of each mouse brain was labelled with
Dolichos biflorus Agglutinin (DBA) overnight in order to count the number of
tissue cysts formed within each individual brain.

A second subsequent experiment was carried out where ten balb/c mice were
injected intraperitoneally with 2 x103 parasites of either the Type II Pru wildtype,
TgAP2X-10 KO, or TgAP2III-1 KO strains. These mice were then left for 8 weeks
before isolating the brains and counting the total number of tissue cysts formed
within the brain using DBA labelling.

4 Microscopy
4.1 Confocal microscopy

Imaging of immunofluorescence assay experiments was carried out by using a
confocal microscope (ZEISS LSM880 confocal microscope or Apotome Microscope).
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A magnification of 63x was used. Processing of images was carried out by using
the Carl Zeiss Zen software.

4.2  Electron microscopy

1KD TgAP2IX-5 parasites were inoculated on a monolayer of HFF cells and were
grown for 24 hrs either in normal media or media treated with auxin in T25 flasks.
1KD TgPP1 parasites were inoculated on a monolayer of HFF cells and were grown
for 48 hrs either in the presence or absence of auxin. Parasite samples were then
fixated overnight with 1% glutaraldehyde in 0.1M sodium cacodylate pH 6.8 at
4°C. This was then followed by a post-fixation step using 1% osmium tetraoxide
and 1.5% potassium ferricyanide followed with 1% uranyl actetate. Post-fixation
steps were carried out in distilled water, in the dark, and at room temperature for
the duration of 1 hour. Samples were then washed and dehydrated using
increasing ethanol-concentration solutions. Then, samples were infiltrated by
using epoxy resin and cured at 60°C for 24 hrs. 70-80 nm- thick sections were
deposited in grids coated with formvar and were observed at 80 kV using a Hitachi
H7500 TEM (Milexia, France). Image acquisition was carried out by using a 1
Mpixel digital camera (AMT, Milexia, France).

4.3 Live-imaging re-expression experiments

1KD TgAP2IX-5 parasites expressing IMC3-mCherry were inoculated on HFF cells
grown in an 8-well chamber for 7 hours before adding 0.5mM auxin overnight (16
hrs). The next day, auxin was washed out from the media by changing the media
three times with 5-minute incubation times at 37°C between each medium change.
Signal corresponding to TgIMC3-mCherry was collected every 13 minutes (4 lines
average and zoom factor between 2-4). Images obtained were 512x512 pixels in
size, and 8 bits in resolution (256 gray levels). Image J (NIH) was used to treat
images and Z-stack acquisition allowed for 3D fluorescent signal visualization.
The movie was created at a rate of 2 frames per second. Representative images
collected at 5 different time points (To= baseline for auxin washout, T1= 43 min
after washing out auxin, T2 =1.5 h after auxin washout, T3 = 1.73 h after auxin
washout, and T4+ =3.9 h after auxin washout) were used to illustrate the phenotype.

5 Biochemistry

5.1 Protein extraction and Western Blotting
For western blots, 2x10¢ parasites of the parental Tirl strain were grown in
normal media for 24 hrs and 1KD TgAP2IX-5 strain parasites were grown for 24
hours in normal media or media treated with auxin for different durations of time
for 1 hour, 3 hours, and 6 hours. Parasites were purified by filtration, centrifuged,
and the pellet obtained was re-suspended in the following loading buffer (240mM
Tris-HCI1 pH 6.8; 8% SDS, 40% saccharose; 0.04% bromophenol blue, and 400 mM
DTT). WB samples were then incubated for 10 minutes at 95°C. Denatured protein
extracts were then separated on a 6% polyacrylamide electrophoresis gel and then
transferred onto a nitrocellulose membrane (GE Healthcare). Protein transfer was
carried out for around 2 hours at 100V. Western blot membranes were then
blocked by using a blocking buffer consisting of 5% milk in TNT buffer (100mM
Tris pHS8; 150 mM NaCl and 0,1% Tween). This was followed by incubating the
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membranes in primary antibody for 1 hour, washing the membrane 4 times, and
then incubation in secondary antibody for another hour. Antibodies were diluted
in 5%milk dissolved in TNT buffer. Protein band revelation was carried out by
using Super Signal West Femto Maximum Sensitivity Substrate (Thermo
Scientific). Band visualization was carried out by using the ChemiDoc™ XRS+
(Biorad).

Western blots for re-expression of TgAP2IX-5 were carried out using a similar
Western blotting protocol. However, preparation of parasite samples for re-
expression consisted of leaving the iIKD TgAP2IX-5 parasite to grow overnight in
the presence of auxin before washing auxin out for different durations of time for
3 hrs, 6 hrs, and overnight.

Antibodies used: anti-HA mAb (rabbit) (Sigma-Aldrich) used at a dilution of 1:500,
anti-TgSortilin (rat) at a dilution of 1:400 (Sloves et al 2012). The secondary
antibodies used are species-specific and conjugated to HRP.

5.2 Phospho-proteome extraction and analysis

Mutant iKD TgPP1 parasites were left to grow in T175 flasks consisting of
confluent HFF cells before Auxin treatment for 2 hours. Mutant parasites grown
without Auxin treatment were used as a control. Parasites were filtered and the
pellet was re-suspended in 8M Urea solution containing Protease and
Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific) to a final concentration
of 35 million parasites/50 uL of re-suspension buffer. Parasite samples were
always kept on ice in between different steps of the extraction. Then, samples were
sonicated by using a Bioruptor sonicator at 4°C for 10 cycles (30 sec on/off per
cycle). Samples were then centrifuged at 4°C for 20 minutes at 4000 rpm. After
centrifugation, the supernatant was transferred into a new tube. Extracted
proteins concentration was quantified by using the Pierce ™ BCA Protein Assay
(Life Technologies). Samples were then stored at -80°C until sent for analysis.
Titansphere TiO2 was used to carry out phosphopeptide enrichments (GL Sciences
Inc). 20 uL of solution A which consists of 80% acetonitrile and 0.4% TFA was used
to condition the TiO2 Spin tips. This was followed by a 2-minute centrifugation
step at 3000g. The tips were then equilibrated with 20 uLi of solution B which
consists of 75% acetonitrile, 0.3% TFA, and 25% lactic acid. Then, a 2-minute
centrifugation step was carried out at 3000 g. 20 ul of solution A was used to
dissolve the peptides. 100 pL of solution B was added and mixed with the peptides
followed by centrifuging for 10 minutes at 1000g. Phosphopeptide adsorption was
increased by spinning the tips two more times followed by sequential washing
using Solutions A and B. Elution of the peptides was carried out by adding 50 pL
of 5% NH4+OH and 5% pyrrolidine. This was followed by a centrifugation step for
5 minutes at 1000g. The phosphopeptides were then purified using GC Spin tips
(GL Sciences Inc.). After elution from the GC Spin tips, the phosphopeptides were
vacuum dried.

In order to analyze the phosphoproteome, phosphopeptides were resuspened in 42
ul of 0.1% TFA dissolved in HPLC-grade water. Injection of 5 ul. of each
individual sample into the mass spectrometer was carried out. Loading of the
samples was done on a p-precolumn (Thermo Scientific). This was followed by
separation on a 50 cm reversed-phase liquid chromatographic column (Thermo
Scientific). The solvents used for chromatography were solvent A which was
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composed of 0.1% formic acid dissolved in water, and solvent B which consists of
80% acetonitrile and 0.08% formic acid. The gradient used to elute the samples
from the column is as follows: 5% to 40% B for 120 minutes, 40% to 80% for 6
minutes, 5% re-equilibrium for 20 minutes before the proceeding injection. Sample
carry-on was prevented by running a blank in between each two samples. Data
dependent MS/MS analysis was carried out in order to analyze the eluted samples.
The MaxQuant software version 1.5.8.3 was used to process the MS files.
Statistical analysis and heatmaps were generated using the Perseus software
(version 1.6.0.7).

6 Bio-informatics Analysis
6.1 RNA-seq analysis

RNA libraries were sequenced as 50 bp reads on a HiSeq 2500 using the technique
known as the sequence by synthesis technique. Image analysis was carried out by
using HiSeq control software and real-time analysis component. Demultiplexing
was carried out by using the bcl2fastq 2.17 conversion software (Illumina). Raw
sequencing datasets including a total of 110 M reads were checked for quality
using the FastQC v0.11.8-0. The sequencing adapters were treated with Cutadapt
v1.18. Trimmomatic v0.38.1 was used to filter out reads shorter than 50 bp and
low-quality bases.

After datasets were cleaned and aligned with HiSAT2 v2.1.0 against the 7" gondii
ME49 genome from ToxoDB. The quantification of annotated gene expression was
carried out by using htseq-count belonging to the HTSeq suite v0.9.1. Differential
expression analysis between mutant parasites treated with auxin (1 hr, 2 hrs, and
6 hrs) and control mutant parasites not treated with auxin was carried out by
using DESeq2 v1.22.1 using the SARTools framework v1.6. and this was
performed after adding raw counts from technical replicates. The Benjamin-
Hochberg method was used to adjust the p-values. Differentially expressed genes
with an adjusted p-value less than 0.05 and a log2 fold change greater than 2 were
kept.

6.2 ChIP-seq analysis

Alignment of cleaned datasets consisting of 14 M reads was carried out by using
Bowtie2 v2.3.4 against the 7. gondii ME49 genome (ToxoDB). This was followed
by merging alignments from biological and technical replicates using SAMtools
v1.9. Picard MarkDuplicates v2.18.20 were used to identify duplicates. DeepTools
suite v3.1.3 was used to verify ChIP quality and dataset consistency. MAC2 v2.1.2
was used to identify peaks.

6.3 AP2 domain sequence alignment

A Basic Local Alignment Search Tool (BLAST) (Altschul et al., 1990) analysis was
performed and used to align the TgAP2IX-5 protein sequence with the protein
sequences of other proteins in the genomes of apicomplexan members. This
allowed for the identification of a novel conserved domain (domain 1).
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6.4 Statistical analysis

Graph Pad Prism software version 8 (San Diego, California, USA) was used to
analyse all data. A student t-test was used in order to indicate significant
differences between means. In all cases, p <0.05 was considered as significant. All
experiments consisted of using biologically independent replicates with a
minimum of 100 parasites counted per independent experiment.
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Chapter V — Results
V-1- Role of AP2X-10 and AP2III-1 during 7. gondii differentiation

This PhD study consisted of three different projects. In the first part of the study,
an attempt to functionally characterize two ApiAP2 transcription factors,
TgAP2X-10 and TgAP2III-1 was carried out.

INTRODUCTION

T. gondii exhibits a unique and complex life cycle shared between the warm-
blooded intermediate host and the definitive felid host correlating to asexual and
sexual division, respectively. 7. gondir asexual division consists of two separate
stages of growth contingent on whether the infection is in the acute or chronic
phase. The tachyzoite stage present during the acute phase of the infection is
known for its rapid growth whereas the bradyzoite stage present during the
chronic phase of the infection is a dormant form of the parasite with slow
replicating properties (MW Black, JC Boothroyd, 2000).

Replication of the tachyzoites occurs within a membrane-bound compartment
known as the parasitophorous vacuole (PV); this compartment can develop into a
cyst wall during the conversion of the rapidly replicating tachyzoites to latent
bradyzoite cysts (Sullivan WJ,Jr,Jeffers V, 2012). Tissue cysts were found to
appear 7 to 10 days post infection in animals (MW Black, JC Boothroyd, 2000)
having the ability to develop within the central nervous system (CNS) as well as
within the fibers of muscle tissues across the body. Bradyzoites present within a
tissue cyst are protected by a prominent thick wall structure also known as the
cyst wall which can be visualized by electron microscopy (JP Dubey, 1998). The
‘cyst wall’ is heavily glycosylated and is easily stained with Dolichos biflorus lectin
(DBA) (JP Dubey et al, 1998; Sims et al, 1988; Boothroyd et al, 1997) and is rich
in glycoproteins such as PPG1 (Craver et al., 2010) and CST1 which is the specific
target for binding of DBA (Tomita et al., 2013). The modifications of carbohydrates
present on the cyst are suggested to have a role in allowing the cyst wall to remain
undetected by the host immune system leading to life-long persistence of the
chronic infection.

Interconversion between the tachyzoite and bradyzoite form is a key characteristic
of the 7. gondii parasite. The importance of this phenomenon lies in ensuring
parasite pathogenesis and transmission.

Tachyzoite to bradyzoite interconversion has been studied in vitro using stress-
inducing alkaline conditions in addition to other stimuli such as starvation from
nutrients, heat shock, and the utilization of specific drugs (Cerutti et al., 2020).
The pH stress bradyzoite-inducing in vitro model has been extensively used to
study bradyzoite differentiation. However, it remains with certain limitations as
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mature bradyzoite development is not achieved and only early bradyzoite markers
are expressed in addition to the expression of some tachyzoite markers (Soete et
al., 1994).

The transition from tachyzoites to bradyzoites has been demonstrated to involve
significant transcriptomic changes. The significant differential expression of
hundreds of genes has been shown to occur in in vivo cysts isolated from the host
3-4 weeks post-infection (Buchholz et al., 2011; Pittman et al., 2014). A full
understanding of how the regulation of genes associated with tachyzoite to
bradyzoite interconversion remains to be elucidated. Albeit this, previous studies
have demonstrated that gene expression regulation associated with
tachyzoite/bradyzoite transitions involves epigenetic modification of histones
(Bougdour et al., 2009; Naguleswaran et al., 2010; Saksouk et al., 2005). A Myb-
like transcription factor designated as TgBFD1 has been recently characterized
and has proven to have an essential role in the differentiation of bradyzoites in
tissue cell culture and in vivoin mice by binding to the promoters of several stage-
specific genes (Waldman et al., 2020). Moreover, this Myb-like transcription factor
has been shown to be sufficient for driving the differentiation of bradyzoites
(Waldman et al., 2020). Furthermore, genetic studies in 7. gondii have
demonstrated that several ApiAP2 TF's control cyst formation, by either activating
or repressing bradyzoite differentiation. For example, TgAP2XI-4 and TgAP2IV-3
are known bradyzoite activators and co-regulate TgBAG1 and TgLDH2
bradyzoite- specific genes. In a similar fashion, TgAP2IV-4 and TgAP2IX-9 were
1dentified as bradyzoite repressors regulating bradyzoite-specific genes such as
TgBPK1 and TgB-NTPase (Walker et al., 2013a; Hong et al. 2017; Huang et al.,
2017; Radke et al. 2013; Radke et al., 2018). Despite previous studies in which a
number of ApiAP2 TFs have been characterized, none of these ApiAP2 TFs have
demonstrated to be exclusively responsible for the control of bradyzoite
development. Therefore, the identification of other ApiAP2 TFs that could have a
potential role in controlling bradyzoite development remains to be explored. Here,
we took advantage of a novel primary brain cell culture model that has been
recently developed in which bradyzoites can be maintained for up to 2 weeks
(Mouveaux et al., 2021). In this study, it was demonstrated that several ApiAP2
TFs are preferentially expressed during differentiation, indicating their potential
involvement in this process.

We therefore attempted to characterize two ApiAP2 TFs, TgAP2X-10 and
TgAP2III-1, both of which are expressed preferentially late during differentiation
kinetics (Mouveaux et al., 2021).

In order to characterize TgAP2III-1 and TgAP2X-10 TFs, direct Knock-out mutant
parasites were generated. Mutant parasites lacking TgAP2X-10 and TgAP2III-1
did not display any growth defect. Studying the effect of TgAP2X-10 and TgAP2I1I-
1 on bradyzoite differentiation in pH-stress bradyzoite-inducing in vitro models
using HFF cells yielded unsignificant results. However, when studying the effect
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of TgAP2X-10 and TgAP2III-1 on bradyzoite differentiation using the novel brain
cell culture in vitro model, TgAP2X-10 was demonstrated to have a role in
bradyzoite differentiation. Additionally, the role of TgAP2X-10 and TgAP2III-1
was studied in vivoby measuring cyst burden counts in mice suggesting that both
TFs could have a role in bradyzoite differentiation in vivo.

1.1 Role of TgAP2X-10 and TgAP2III-1 in parasite growth

With the goal of characterizing the function of the two ApiAP2 TFs, TgAP2X-10
and TgAP2III-1, Type I RH AKu80 and Type II PruAKu80 transgenic parasites
were generated in which a direct Knock-out strain of either TgAP2X-10 or
TgAP2III-1 was produced via homologous recombination (Figure 1A).
Transfections were carried out on the Type I RH AKu80 strain since it is a rapidly
growing strain and thus easy to handle. However, transfections were carried out
on the Type II PruAKu80 strain to study differentiation. This system consisted of
replacing the gene of interest’s locus by a DHFR selection cassette and integration
of the DHFR cassette at 3’ and 5’ ends was verified by PCR (Figures 1B and 1C).
Growth assays in which the Type I RH AKu80 wildtype and the two Type I knock-
out mutants were left to grow for 24 hours followed by counting the number of
parasites per vacuole did not demonstrate any growth defect (Figure 1D). Similar
unsignificant results were obtained when studying the growth of the Type II
PruAKu80 wildtype and the two Type II knock-out mutants (Figure 1E).
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Figure 1: (A) Schematic representation of the Knock-out strategy utilized to
generate transgenic parasite lines used for the study. (B) PCR image of the dhfr
cassette integration test at 3’ and 5’ ends of the genomic locus in Type I RHAKu80
WT and Knock-out strains. (C) PCR image of the dhfr integration test at 3’ and 5’
ends of the genomic locus in the Type II Pru AKu80 WT and transgenic strains (D)
Bar graph representing the growth assay of Type I RH RHAKu80 TgAP2X-10 and
TgAP2III-1 Knock-out parasites. (E) Bar graph representing the growth assay of
Type II Pru AKu80 TgAP2X-10 and TgAP2III-1 Knock-out parasites. ‘ns’ stands
for nonsignificant. A two-tailed Student’s t-test was performed, two tailed p-
values: ns p>0.05; mean + s.d. (n=3 independent experiments).
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1.2 TgAP2X-10 and TgAP2III-1 deletions do not affect expression of early
bradyzoite markers in the alkaline stress differentiation model.

In order to study bradyzoite differentiation in the mutant type II TgAP2X-10 and
TgAP2III-1 Knock-out parasites, labelling of the bradyzoite-specific lectin
Dolichos Biflorous Agglutinin (DBA) was carried out in normal pH conditions of
7.0 as well as bradyzoite-inducing alkaline conditions. Under normal conditions
(pH 7.0) and after 24 or 48 hours post-infection, no significant difference between
the percentage of DBA positive pre-bradyzoite cysts was observed between the
wildtype PruAKu80 mutant parasites and the Knock-out mutant parasites
(Figures 2A, 2C). Similarly, at 24 or 48 hours post-infection in alkaline bradyzoite
inducing conditions, (pH 8.2), no significant difference between the percentage of
DBA positive pre-bradyzoite cysts in the wildtype and the two Knock-out mutant
parasites was identified (Figures 2B, 2D). These results suggest that TgAP2X-10
and TgAP2III-1 do not impact the expression of early bradyzoite markers.
However, when comparing the pH 7.0 Dolichos positive counts to the pH 8.2
counts, we notice that the cyst counts increased by about 2-fold in pH 8.2
conditions 24 hours post infection as well as 48 hours post infection. Thus,
validating that the in vitro pH-stress inducing model is functioning and promotes
the formation of pre-bradyzoite cysts in HFF cells.
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Figure 2: (A) Bar graph representing the percentage of Dolichos positive cysts in
Type II Pru AKu80 strains 24 hours post-infection in normal conditions (pH 7.0).
(B) Bar graph representing the percentage of Dolichos positive cysts in Type II Pru
AKu80 strains 24 hours post-infection in alkaline conditions (pH 8.2). (C) Bar
graph representing the percentage of Dolichos positive cysts in Type II Pru AKu80
strains 48 hours post infection grown in normal media pH 7.0 (D) Bar graph
representing the Type II Pru AKu80 strains 48 hours post infection grown in
alkaline conditions (pH 8.2). In all cases, a student’s t-test was performed, two
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tailed p-values: ns p>0.05; mean + s.d. (n=3 independent experiments).

150



1.3 TgAP2X-10 is a potential bradyzoite repressor in in vitro brain cell
culture

A more biologically relevant in vitro brain cell model was developed by Dr Gissot
and used to carry out bradyzoite differentiation studies (Mouveaux et al., 2021).
The primary brain cell culture was infected with Type II Pru AKu80 and Knock-
out TgAP2X-10 and TgAP2III-1 mutant strains and was left to grow for 7 days
before labelling with DBA. There was a slightly significantly increased percentage
of DBA positive cysts in the PruAKu80 AAP2X-10 strain compared to the
PruAKu80 wildtype strain (Figure 3), thus suggesting that TgAP2X-10 might
possibly play a role in bradyzoite differentiation in this model.
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Figure 3: Bar graph representing the percentage of Dolichos positive cysts in Type
II Pru AKu80 and mutant Knock-out parasites grown in a primary brain cell
culture for 7 days. A Student’s t-test was performed, two tailed p-values: ns p>0.05
(Pru AKu80 AAP2III-1 compared to PruAKu80 wildtype), *p< 0.05 (PruAKu80
AAP2X-10 compared to PruAKu80 wildtype); mean + s.d. (n=3 independent
experiments).

1.4 TgAP2X-10 and TgAP2III-1 play a role in differentiation in vivo

Type II PruAKu80 wildtype and mutant Knock-out parasites PruAKu80 AAP2X-
10 and PruAKu80 AAP2III-1 were injected into ten Balb/c mice intra-peritoneally.
Cysts 1in the brains of mice infected with the wildtype and mutant strains were

identified using DBA staining. Significantly lower tissue cyst counts in the brain
of mice infected with PruAKu80 AAP2X-10 and PruAKu80 AAP2III-1 were
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observed suggesting that TgAP2X-10 and TgAP2III-1 most likely have a role in
differentiation 7n vivo (Figure 4A). These results were verified in a subsequent in
vivo experiment. In this case, the parasites were left to form tissue cysts in the
injected mice’s brains for 8 weeks rather than 4 weeks (due to the COVID19
lockdown in 2020). Three mice infected with PruAKu80 AAP2III-1 did not survive
the infection. Cyst burdens were significantly lower in the brains of mice infected
with PruAKu80 TgAP2X-10 and TgAP2III-1 Knock-out parasites compared to that
of the wildtype (Figure 4B). Thus, the results obtained follow a similar trend to
the initial in vivo experiment. Overall, these results indicate that TgAP2X-10 and
TgAP2III-1 most likely have a role during the process of parasite differentiation
into cysts in vivo in mice.
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Figure 4: (A) Bar graph representing cyst burden counts in isolated brains of mice
infected with Type II PruAKu80 wildtype and PruAKu80 AAP2X-10 and
PruAKu80 AAP2III-1 parasites. Mice were left for 4 weeks before isolating the
brains. (B) Bar graph representing cysts burden counts in isolated brains of mice
infected with Type II PruAKu80 wildtype and PruAKu80 AAP2X-10 and
PruAKu80 AAP2III-1 parasites. Mice were left for 8 weeks before brain isolation.
A Student’s t-test was performed, *p<0.05, ****p<0.0001; mean = s.d. (n=10).

1.5 Study of gene expression in TgAP2X-10 and TgAP2III-1 Knock-out
mutant parasites

In order to study the expression of genes within the Knock-out mutant parasites,
RNA-seq was carried out. Type II PruAKu80 mutant parasites which were
collected to study gene expression were either grown on HFF cells in normal media
at a pH of 7.0 or alkaline bradyzoite-inducing media at a pH of 8.2. Wildtype
PruAKu80 parasites were used as a control. By carrying out this experiment, we
anticipated to observe a downregulation and/or upregulation of certain genes.
However, expression studies by RNA-seq did not demonstrate differential gene
expression upon loss of either the 7TgAP2X-10 or TgAP2III-1 gene when compared
to the PruAKu80 wildtype parasites in both conditions. These results coincide with
the results obtained from infecting HFF cells with wildtype and mutant parasites
where there was no significant difference in DBA staining counts. Overall, gene

153



expression studies were not able to provide any further information regarding the
genes that are potentially targeted by these two transcription factors.

DISCUSSION

The 7. gondiilife cycle is characterized by its complexity with a sexual cycle in the
definitive host and an asexual cycle in the intermediate warm-blooded host.
Within the asexual cycle, tachyzoites differentiate into the latent bradyzoite state
and tissue cyst formation is achieved within the host mainly within brain and
muscle tissue (Cerutti et al., 2020). Tissue cysts consisting of the bradyzoite form
of the parasite are life-long persistent in the host cell thus deeming the bradyzoite
as a central component in the life cycle of the 7. gondii parasite.

Striking the correct balance between the proliferation of the tachyzoite ensuring
parasite dissemination throughout the host and bradyzoite formation in order to
warrant transmission of the parasite to other hosts, remains a necessary process
during the development of the parasite in the intermediate host. Thus, this leaves
the bradyzoite with a pivotal role in the parasite’s life cycle. Given the central role
of the 7' gondiibradyzoite, studying tachyzoite-bradyzoite differentiation remains
a critical topic to fully understand. More particularly, the factors controlling
bradyzoite formation are of interest in this study. Previously, a number of ApiAP2
TFs have been demonstrated to have a role in either activating or repressing
bradyzoite differentiation. With the intention of continuing along with the trail of
characterization of ApiAP2 TFs in terms of bradyzoite development control, an
attempt to characterize two never-before studied ApiAP2 TFs was carried out in
the first portion of this PhD study.

First, direct knock-out mutant parasites of the 7gAP2X-10 and TgAPZIII-1 genes
were generated with the aim of gaining insight into the biological role of these two
ApiAP2 TFs. When studying the growth capacity of the parasites, we were able to
determine the non-essentiality of the two ApiAP2 TFs for the replicating
tachyzoites since no significant growth defect was identified despite the fitness
scores of the genome-wide CRISPR screen of -2.98 and -0.82 corresponding to the
TgAP2III-1 and TgAP2X-10 genes, respectively (Sidik et al., 2016).

The development of bradyzoites consists of a stepwise process involving the
formation of a pre-bradyzoite form before mature bradyzoite formation. Following
experiments focused on studying the effect of TgAP2X-10 and TgAP2III-1 on
bradyzoite differentiation by using the pH stress bradyzoite-inducing in vitro
method in HFF cells. However, since we were not able to detect any effect of
TgAP2X-10 and TgAP2III-1 on bradyzoite differentiation in HFF cells, we used
the primary brain cell culture model and were able to identify a significant
increase in the percentage of cysts in primary brain cell culture infected by
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TgAP2X-10 KO mutant parasites compared to the wildtype parasites. The in vitro
brain cell model which we used remains a closer approach to mimicking the in vivo
environment and is a more ideal model since fully mature bradyzoites can be
achieved. The discrepancy between the results of experiments carried out using
the two different in vitro models, the in vitro model utilizing alkaline stress
induced differentiation and the one utilizing brain cells, to study bradyzoite
differentiation could be due to the nature of the cells.

Furthermore, ApiAP2 TFs were demonstrated to have variable expression profiles
during the bradyzoite differentiation process (Mouveaux et al., 2021) and given
that the deletion of TgAP2X-10 results in differential bradyzoite formation,
TgAP2X-10 might be regulated by other ApiAP2 TFs during developmental
transition.

In addition, in a previous study, it has been shown that primary neurons which
are a major component of the brain cell culture exhibit high rates of bradyzoite
differentiation compared to the pH-stress induced model (Halonen et al., 1996).
This could be an impacting factor rendering the brain cell culture model as a more
reliable in vitro model to study the effect of TgAP2X-10 loss compared to the pH-
stress induced model. Moreover, since the increase in the number of mature cysts
developed in the case of the TgAP2X-10 KO strain was of a moderate level
compared to the number of cysts developed in the wild-type counterpart, we
hypothesized that perhaps this increase was not observable in the pH-stress
differentiation model.

Transcriptome analysis of TgAP2X-10 and TgAP2III-1 KO parasites grown under
alkaline stress did not detect altered expression of genes and not much light was
shed on the biological role of the two ApiAP2 TFs. Consistent with the presumed
lack of a role of TgAP2X-10 and TgAP2III-1 in tachyzoite cell division, was the
lack of significant difference in the transcriptomes of the two knock-out strains
grown in normal media (pH 7.0) compared to wild-type tachyzoites grown at pH
7.0. Since there was a slightly significant increase in the number of DBA-positive
cysts in TgAP2X-10 KO parasites in the brain cell model, one would assume that
transcriptome changes might be detectable and therefore it would be of interest to
investigate further and study gene expression of the mutant parasites infected in
brain cell culture. This might provide further insight into which genes TgAP2X-
10 is responsible for targeting.

In vivo experiments demonstrated a significant decrease in tissue cyst production
in brains of mice infected with the two knock-out mutants, this opposes what was
observed in the case of TgAP2X-10 knock-out mutant in brain cells where an
Increase in tissue cysts was observed. Thus, in the absence of TgAP2X-10 in vivo,
there might be a dysregulation of tachyzoite to bradyzoite differentiation that may
result in an unbalanced expression of bradyzoite-associated genes leading to an
increase in the elimination of bradyzoites by the immune-system. Perhaps this
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may be due to an increased recognition of bradyzoite antigens by the host’s
Immune system resulting in a more prominent immune response. A previous study
on ApiAP2 TF, TgAP2IV-4 showed that the absence of this single transcription
factor can significantly alter the host’s immune response. This was illustrated by
demonstrating that inflammatory monocytes have a major function in
contributing towards the protective immune response when TgAP2IV-4 is absent
(J. B. Radke et al., 2018). It is likely that the loss of TgAP2X-10 and TgAP2I1I-1
might have a similar effect on the host’s immune system. However, further studies
must be carried out in order to validate that TgAP2X-10 and TgAP2III-1 loss can
lead to a more protective immune response.

Additionally, the different effects of TgAP2X-10 and TgAP2III-1 on tissue cyst
development in vitro and in vivo might depend on the type of host tissue
environment since the 7. gondii parasite senses different host cell environments
and this contributes to mechanisms controlling tachyzoite to bradyzoite
developmental transitions (White et al., 2014). Hence, it would be useful to
investigate the effect of TgAP2X-10 absence on bradyzoite differentiation in other
tissue types such as skeletal muscle (Swierzy et al., 2014).

The results obtained here could also be confirmed by complementing the mutant
strains by a WT copy of the targeted genes.

Overall, this study sheds light on never-before characterized ApiAP2 TFs that
might be potential regulators of bradyzoite development adding to the reservoir of
ApiAP2s that have been studied so far and have been demonstrated to control the
development of bradyzoites.

V-2 — Role of TgAP2IX-5 in asexual cell cycle division

For the second part of the PhD project, TgAP2IX-5, an AP2 TF which is expressed
in a cell-cycle dependent manner was studied. Initial experiments in the
laboratory carried out by previous PhD and Masters students Kevin Lesage and
Cecilia Gomez-Sanchez, respectively consisted of generating an iKD TgAP2IX-5
mutant using the AID system. The iKD TgAP2IX-5 mutant demonstrated a severe
division defect and thus TgAP2IX-5 was demonstrated to be essential for the
growth and proliferation of the parasite. For this part of the PhD study, the main
goal was to continue the characterization of TgAP2IX-5 in order to determine the
biological role of TgAP2IX-5. More specifically, two main objectives were intended;
studying the effect of TgAP2IX-5 on the cell cycle and the identification of the
precise time point of division at which the division defect of TgAP2IX-5 appears.
During this study, the iKD TgAP2IX-5 mutant parasite’s mutli-nucleated
phenotype was further characterized. We were able to identify the exact timepoint
of the division defect of the iIKD TgAP2IX-5 mutant during the progression of the
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cell cycle and which was determined to be precisely after elongation of the plastid
and before its segregation. Transfections consisting of generating KI mutants in
which IMC and centrosome markers were labelled in the iIKD TgAP2IX-5 strain
allowed for studying the effect of TgAP2IX-5 depletion on the subcellular
structures of the parasite. In addition to this, RNA-seq experiments in which
TgAP2IX-5 was depleted for different durations of time revealed that TgAP2IX-5
regulates several genes localized to the IMC and apical complex in addition to
regulating other AP2 TFs. Furthermore, overlap of ChIP-seq and RNA-seq allowed
to i1dentify genes that are directly targeted by TgAP2IX-5. TgAP2IX-5 re-
expression experiments allowed to demonstrate that the 7. gondir parasite cell
cycle modes of division are flexible where the 1IKD TgAP2IX-5 mutant parasites
completely changed their mode of division from endodyogeny to endopolygeny
following re-expression of the TgAP2IX-5 protein.

Additional experiments were carried out in order to elucidate the role of different
domains of the TgAP2IX-5 protein. Complemented iKD TgAP2IX-5 mutants with
deleted domains of the protein were produced and characterized. Overall,
TgAP2IX-5 was proven to be a key regulator of asexual cell cycle division in
Toxoplasma gondlii.

This study resulted in a recent publication in the Nature Communications journal
entitled “TgAP2IX-5 is a key transcriptional regulator of the asexual cell cycle
division in 7oxoplasma gondii.” The introduction, main results, and discussion
that were obtained from this study are presented here as published in the article:

INTRODUCTION

Apicomplexa is a phylum consisting of unicellular, obligate, intracellular
protozoan parasites, which includes various human pathogen species such as
Plasmodium spp. (causative agent of malaria), 7Toxoplasma (cause of
toxoplasmosis) and Cryptosporidium spp. (cause of cryptosporidiosis).

Apicomplexan parasites trigger disease associated with an uncontrollable
expansion of parasite biomass resulting in inflammation and host cell destruction
(Francia & Striepen, 2014). Although, apicomplexan parasites present a sexual
cycle within the definitive host, the pathogenesis of these parasites results from
the ongoing asexual replication cycles within the host’s cells. All Apicomplexa
possess complex life cycles consisting of parasite propagation controlled by the
tight regulation of the cell cycle and result in the formation of new daughter cells
containing one nucleus and a complete set of organelles. (Gubbels, White, et al.,
2008). Apicomplexa have evolved the ability to independently divide their nucleus
(nuclear cycle) and produce the parasite body through a process that is termed
budding (budding cycle). This allows flexibility in order to produce a suitable
number of offspring in a single cell cycle while allowing the parasite to cope with
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the different host-cell environments (C.-T. Chen & Gubbels, 2015). Apicomplexa
have evolved efficient and distinctive strategies for intracellular replication
(Francia & Striepen, 2014). How the division pattern is chosen to ensure parasite
expansion during host-cell infection remains unanswered. However, it has been
clear that the mode of division is dependent on the timing and coordination of the
nuclear and budding cycles (Francia et al., 2012; Sheffield & Melton, 1968).
Plasmodium falciparum and Toxoplasma gondii represent two modern branch
points of the Apicomplexa phylum, a divergence that occurred several hundred
million years ago (Escalante & Ayala, 1995). This divergence has led to changes
in the usage of different cell division patterns. For instance, in its intermediate
host, P. falciparum replicates through schizogony, a division pattern which
produces a multinucleated intermediate (schizont) where the daughter parasites
bud from the periphery at the closure of the division process to produce infective
merozoites. By contrast, in its intermediate hosts, 7. gondii undergoes
endodyogeny, a division pattern that consists of the formation of two daughter
parasites within the mother cell. In this case, the formation of new daughter cells
occurs within the cytoplasm rather than from the periphery (Francia & Striepen,
2014) and is coordinated to arise simultaneously with nuclear division. In addition
to endodyogeny, which is the simplest form of internal budding, 7. gondii asexually
divides within its definitive host through a division scheme that closely resembles
schizogony and is known as endopolygeny. It consists of the production of multiple
nuclei and a final step of daughter cell formation where parasites perform internal
budding in the cytoplasm, unlike schizogony (Ferguson et al., 2007). Furthermore,
Babesia spp. divide by a binary form of schizogony, where nuclear and budding
cycle are linked, with the difference that they bud from the periphery rather than
internally (Gubbels et al., 2020). These distinct replication patterns (endodyogeny,
schizogony and endopolygeny) rely on the coordination of the timing of the budding
and nuclear cycles. Apicomplexa, such as 7. gondii which exhibit endodyogeny and
endopolygeny, are able to employ several division patterns depending on the
cellular microenvironment and the developmental stage of the parasite’s lifecycle.
Such a flexibility suggests overlapping mechanisms in control of the cell cycle
independent of the division pattern used.

Apicomplexa show a peculiar cell cycle with a closed mitosis that is divided into
three phases (G1, S and M) while the G2 phase is apparently absent (Gubbels,
Lehmann, et al., 2008). Centrosomes play a central role in controlling the cell
cycle in Apicomplexa. Division and maturation of the centrosome controls the
progression and the coordination of the nuclear and budding cycle (Alvarez &
Suvorova, 2017; C.-T. Chen & Gubbels, 2013; Francia et al., 2012; Gubbels,
Lehmann, et al., 2008; Suvorova et al., 2015). Evidence suggests that soon after
centrosome division, centrosome maturation through kinases is key to the
activation of daughter cell formation (Alvarez & Suvorova, 2017; Suvorova et al.,
2015).
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During the Apicomplexa cell cycle, division and segregation of organelles is a
highly ordinated process in order to ensure that each daughter parasite acquires
the proper complement of organelles (Nishi et al., 2008). This highly controlled
process implies a tight regulation of the gene expression during the cell cycle. This
was illustrated by the transcriptomic analysis of synchronous cell cycle
populations indicating that 7’ gondii may have adapted a “just in time” mode of
expression whereby transcripts and proteins are produced right when their
function is needed (Behnke et al., 2010). This suggests that transcriptional
regulation of gene expression may exert a centralized control on both centrosome
activation and the expression of proteins needed for daughter cell formation.

However, little 1s known on the potential regulators that may control this
transcriptional switch. Apicomplexan genomes encode a family of putative
transcription factors that are characterized by the possession of one or more DNA
binding AP2 domains (Balaji et al., 2005). ApiAP2 transcription factors were
shown to control expression profiles during 7’ gondii differentiation (Hong et al.,
2017; J. B. Radke et al., 2018; Walker et al., 2013a). ApiAP2s were also shown to
cooperatively control the expression of virulence factors (Lesage et al., 2018;
Walker et al., 2013b) in 7. gondii indicating that this family of transcription
factors may control cell cycle dependent expression profiles as also suggested for
P. berghei (Modrzynska et al., 2017). Moreover, 7. gondii ApiAP2s were shown to
bind to promoters and regulate cell-cycle specific activity, indicating that they play
an active role in regulating cell cycle specific expression patterns in this parasite
(Lesage et al., 2018; Walker et al., 2013b). In this study, we functionally
characterize a cell cycle dependent ApiAP2 transcription factor, TgAP2IX-5. We
show that it controls cell cycle events downstream of centrosome duplication
including organelle division and segregation. TgAP2IX-5 binds to the promoter of
hundreds of genes and controls the activation of the S/M-specific cell cycle
expression program. Reversible destabilization of the TgAP2IX-5 protein showed
that its expression is sufficient for activation of the budding cycle in
multinucleated parasites. Therefore, controlled TgAP2IX-5 expression allows for
the switching from endodyogeny to endopolygeny division patterns. TgAP2IX-5
acts as a master regulator controlling the budding cycle and therefore, asexual cell
cycle division patterns in this parasite.

2.1 TgAP2IX-5 is a cell-cycle regulated transcription factor essential for
parasite growth and proliferation

To find specific regulators of the cell cycle dependent expression program, we
1dentified potential transcriptional regulators whose expression was cell cycle
regulated (Behnke et al., 2010). Among these regulators, we focused on the ApiAP2
family of transcription factors and discovered that the fgapZix-5 transcript was
dynamically expressed with a peak of expression within the S phase (toxodb.org).
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TgAP2IX-5 AP2 domain 1s conserved among apicomplexan parasites
(eupathdb.org). To confirm that the TgAP2IX-5 protein was also cell cycle
regulated, we produced a 7. gondii strain that had an epitope-tagged version of
this gene at its endogenous locus. Immuno-fluorescence assays using cell-cycle
markers demonstrated that TgAP2IX-5 is a nuclear protein mostly expressed
during the early S phase (Figure 1A). TgAP2IX-5 expression was detected at the
G1/S transition and early S phase when centrosomes are divided but remained in
close proximity of each other (as identified by TgCentrinl; a marker of the outer
core of the centrosome, Figure 1A upper panel, Supplementary Figure 1A).
TgAP2IX-5 was detected before centromere division (as identified by TgChromo1;
a marker of pericentromeric chromatin (Gissot et al., 2012), Figure 1A middle
panel, Supplementary Figures 1B-1C) but not after (late S phase), indicating that
TgAP2IX-5 was only present during the G1/S transition and early S phase.
TgAP2IX-5 was no longer detected when parasites enter the S/M phase (as
indicated by an early budding marker TgISP1, (Figure 1A, lower panel). Therefore,
TgAP2IX-5 protein expression is tightly controlled during the cell cycle.

To identify the biological role of TgAP2IX-5, an inducible knock down GKD)
mutant of TgAP2IX-5 was generated using the AID system which allowed for the
conditional depletion of the TgAP2IX-5 protein (Figure 1B). For this purpose, we
produced a strain that presented an AID-HA insert at the 3’ end of the 7gAP2IX-
5 gene using a CrispR/Cas9 strategy (Supplementary Figure 2A). The correct locus
of integration of this insert was confirmed by PCR (Supplementary figure 2B). The
AID system allows for the conditional depletion of the target protein after addition
of auxin (indoleacetic acid) (Figure 1B). A single detectable band at the expected
protein size (251 kDa) was present in absence of auxin in the iKD TgAP2IX-5
strain as verified by Western-Blot (Figure 1C). Rapid depletion of the TgAP2IX-5
protein (as early as 1 hour) was obtained in iKD TgAP2IX-5 mutant strain grown
in media containing auxin (Figure 1C).
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Fig. 1: TgAP2IX-5 is a cell-cycle-regulated protein. (A) Confocal imaging
demonstrating the expression of the TgAP2IX-5 protein using anti-HA antibody
during the tachyzoite cell cycle. Anti-TgCentrinl, anti-TgChromol, and anti-
TgISP1 were used as cell cycle markers. The schematic cell cycle phase 1s indicated
on the right side of the figure and the scale bar (1 pm) is indicated on the lower
right side of each confocal image. (B) Schematic representation of the AID system
used to degrade the TgAP2IX-5 protein. This system consists of introducing a
recognition sequence into the gene of interest, which expresses a protein fused to
the recognition sequence and in the presence of Auxin, will be recognized by the
TIR1 protein and degraded by the proteasome. This system was used to produce
an inducible knockdown parasite in which the expression of TgAP2IX-5 can be
controlled. (C) Western blot of total protein extract from the parental and iKD
TgAP2IX-5 strains treated with Auxin for different durations of time validating
the AID system. Western blots were probed with anti-HA to detect the presence of
TgAP2IX-5 protein (upper panel), anti-TgActin was used as a control for
normalization (lower panel).
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Supplementary Figure 1. Cell cycle expression of the TgAP2IX-5 protein.
Confocal imaging demonstrating the expression of TgAP2IX-5 protein during
different stages of the tachyzoite asexual cell cycle using anti-TgCentrinl as a
marker of the cell cycle. Expression of TgAP2IX-5 is indicated in red (HA-tag) and
TgCentrinl is indicated in green.DAPI was used to stain the nucleus. Scale bar is
indicated at the lower right side of each image. (A) TgAP2IX-5 expression during
the G1/S phase. (B) TgAP2IX-5 expression during the S/M phase. (C) TgAP2IX-5
expression of parasites within two separate vacuoles at different stages of the cell
cycle G1/S and G1.
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Supplementary Figure 2. Production of an iKD TgAP2IX-5 mutant strain.

(A) Diagram showing the strategy used to generate Toxoplasma gondii parasites
expressing AP2IX-5 tagged with AID-HA-HXGPRT at the C terminus. The
location of the primers used for integration PCR is indicated by arrows. (B) PCR
confirming the insertion of AID-HA-HXGPRT insert at the endogenous locus
coding for TgAP2IX-5.
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2.2 iKD TgAP2IX-5 mutant displays a defect in daughter parasite
formation

To phenotypically characterize the iKD TgAP2IX-5 mutant, a standard growth
assay was carried out. The growth capacity of the iIKD TgAP2IX-5 mutant in the
presence of auxin was tested and we observed that the 1KD TgAP2IX-5 mutant
growth ability was drastically decreased in the presence of auxin (Figure 2A). In
fact, growth was completely abrogated in the 1KD TgAP2IX-5 mutant in presence
of auxin with a calculated mean of 1.22 parasites per vacuole while the parental
strain (in presence and absence of auxin) and the iKD TgAP2IX-5 mutant in
absence of auxin grew at a mean of 2.5 parasites per vacuole. This demonstrated
a complete blockage of the proliferation capacity of the parasite in the absence of
TgAP2IX-5 (Figure 2A). A plaque assay, that measured the ability of the parasite
to grow and invade over a period of seven days confirmed the phenotype with the
absence of lysis plaques in the iKD TgAP2IX-5 strain treated with auxin contrary
to the control used (parental strain in presence of auxin) where lysis plaques were
observed (Supplementary Figure 3A). These results suggest that TgAP2IX-5
expression is essential for the parasite’s growth and proliferation.

To better assess the growth phenotype, we examined the parasite by IFA using a
nucleus marker (TgENO2) and an inner membrane complex (IMC) marker
(TgIMC1), a network of flattened vesicles lying beneath the plasma membrane
(Figure 2B). It was apparent that the parasite accumulated nuclei and did not
form daughter cells in absence of TgAP2IX-5 while exhibiting normal daughter
cell formation in presence of the protein. To confirm the inability of the parasite
to form daughter cells in presence of auxin, we performed transmission electron
microscopy and observed that in absence of auxin the iKD TgAP2IX-5 mutant was
able to produce daughter cells, while in presence of auxin, the parasite
accumulated nuclei associated with lack of apparent daughter cell formation
(Figure 2C). To confirm these observations, we measured the number of nuclei per
parasite (Figure 2D and Supplementary Figures 3B-C). Depending on the timing
during the cell cycle, the parasites exhibit either one nucleus (80 % of the total
parasite population) or two nuclei (20 % of the total parasite population) (before
or after cytokinesis) for the parental strain (in absence or in presence of auxin)
and for the iKD TgAP2IX-5 strain in absence of auxin (Figure 2D and
Supplementary Figures 3B-C). By contrast, the percentage of parasite exhibiting
more than 2 nuclei increased overtime in the iKD TgAP2IX-5 strain in presence of
auxin (Figure 2D and Supplementary Figures 3B-C). The observation of multi-
nucleated parasites in presence of auxin suggests that the iIKD TgAP2IX-5 mutant
displays a defect in daughter parasite formation but not in the ability of the
parasite to multiply and segregate its nuclear material. To assess the capacity of
the iKD TgAP2IX-5 mutant to produce daughter cells, we recorded the number of
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parasite cells that were in the process of producing daughter cells through internal
budding (Figure 2B and E and Supplementary Figures 4A-B), therefore measuring
the parasite’s ability to produce daughter cells at an early stage of internal
budding. Using two different markers, we were able to show a drastic decrease of
the number of parasites undergoing budding in the iKD TgAP2IX-5 strain after
6h of auxin treatment (Figure 2E and Supplementary Figures 4A-B). These results
indicate that TgAP2IX-5 plays an important role during the early stages of
internal budding and is necessary for daughter cell formation.
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Fig. 2: Characterization of TgAP2IX-5 iKD parasite. (A) Growth assay for
parental and iKD TgAP2IX-5 strains in the absence and presence of auxin
treatment for 24 h. The number of parasites per vacuole was measured and the
average number of parasites is represented within the graph. A total of 100
vacuoles were counted for each replicate. A Student’s #test was performed; two-
tailed p-value: *EFF p<0.0001; mean +s.d. (n=4 independent
experiments). (B) Confocal imaging of iKD TgAP2IX-5 labelled with TgEno2 (red)
and TgIMC1 (green) in the presence and absence of auxin treatment. Auxin was
added 24 h post-infection. DAPI was used to stain the nucleus. Scale bar is
indicated at the lower right side of each image. (C) Electron microscopy scans
demonstrating the structural morphology of the nucleus in iKD TgAP2IX-5
parasite in the absence and presence of auxin. (N) represents the nucleus. Two
daughter parasites are formed within each mother parasite in absence of auxin.
Multinucleated parasites are visible in presence of auxin. Scale bar (500 nm) is
indicated at the lower right side in the TEM images. (D) Bar graphs representing
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nucleus per parasite counts for parental and iKD TgAP2IX-5 strains in the
absence and presence of auxin (12h treatment). P stands for parasites and N
stands for nuclei. A Student’s #test was performed comparing mean percentage of
multinucleated parasite between the control (Parental in absence of auxin) and
iIKD TgAP2IX-5 in the presence of auxin, two-tailed p-values: ***p=0,0004;
mean+s.d. (7=3 independent experiments). (E) Bar graph representing the
percentage of daughter parasite formation in the absence and presence of 6 h of
auxin treatment using TgIMC1 labelling, A Student’s #test was performed, two-
tailed p-values: ***p=0.0002, **p=0.0012; mean+s.d. (=3 independent
experiments).
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Supplementary Figure 3. Phenotype of the iIKD TgAP2IX-5 strain.

(A) Plaque assay for the parental and iKD TgAP2IX-5 strains in the presence of
auxin treatment for 7 days. (B) Bar graph representing nucleus per parasite
counts for parental Tirl and iKD TgAP2IX-5 strains in the absence and presence
of 3 hours of auxin treatment. A Student’s t-test was performed to compare
between the mean percentage of multinucleated parasites between the control
(Parental Tirl -auxin) and the iKD TgAP2IX-5 mutant strain. Two-sided p-values:
**. p=0.0049; mean + s.d. (n=3 independent experiments). (C) Bar graph
representing nucleus per parasite counts for the parental and 1iKD TgAP2IX-5
strains in the absence and presence of 6 hours of auxin treatment. Student’s t-test
was performed to compare between the mean percentage of multinucleated

parasites between the control (Parental Tirl -auxin) and the iKD TgAP2IX-5
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mutant strain. Two-sided p-values: ** P=0.0097; mean + s.d. (n=3 independent
experiments).
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Supplementary Figure 4. Production of daughter cells is severely impaired in
absence of TgAP2IX-5

(A) Confocal imaging of iKD TgAP2IX-5 labelled with TgEno2 (red) and TgISP1
(green) in the presence and absence of auxin treatment. DAPI was used to stain
the nucleus. Scale bar is indicated at the lower right side of each image. (B) Bar
graph representing the percentage of daughter parasite formation in the absence
and presence of 6 hours of auxin treatment 24 hours post-infection using TgISP1
labelling, A Student’s t-test was performed, Two-sided p-values: **p=0.0048 GKD
TgAP2IX-5 +auxin compared to Parental Tirl — auxin),

**: p=0.0054 GKD TgAP2IX-5 +auxin compared to Parental Tirl +auxin),
**: p=0.0098 GKD TgAP2IX-5 +auxin compared to iKD TgAP2IX-5 -auxin); mean
+ s.d. (n=3 independent experiments).
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2.3 TgAP2IX-5 is required at a precise timepoint of the cell cycle

The 7. gondii cell cycle has been described precisely and presents a well-organized
time line for the division of the subcellular structures of the parasite (Nishi et al.,
2008) establishing the following sequence of organelle duplication and
segregation: first the centrosome is duplicated and divided and then the Golgi
complex, the apicoplast, the nucleus, the cytoskeleton (e.g. the IMC), the
endoplasmic reticulum and eventually the mitochondrion. To identify the exact
timepoint at which TgAP2IX-5 affects daughter parasite formation, a study of the
effect of TgAP21IX-5 on organelle duplication and segregation was carried out.

During division, the centrosome (outer core) divides first and then the centromere
(as well as the inner core centrosome) follows. We measured the ability of the
centrosome and centromere to divide within the iKD TgAP2IX-5 strain using
TgCentrinl and TgChromol as a centrosome and centromere marker,
respectively. For the parental and the i(KD TgAP2IX-5 strains, the centrosome to
nucleus and centromere to nucleus ratio were recorded after 6 hours of auxin
treatment (Figure 3A-C). The recorded ratios of centrosome to nucleus and
centromere to nucleus are close to 1 in both the presence and absence of auxin
(Figure 3B-C) despite that the Student’s t-test carried out for statistical analysis
shows a significantly lower number for both centrosome to nucleus and centromere
to nucleus ratios. These results suggest that TgAP2IX-5 does not have a drastic
effect on the replication of the centrosome. Similarly, the centromere division is
minimally affected, a result that is in line with the multiplication of nuclei
observed in the iKD TgAP2IX-5 strain in presence of auxin, as confirmed by the
labelling of TgSFA2, another centrosome marker (Supplementary Figures 5A-B).
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Fig. 3: Centrosome division is mostly unaffected in the absence of TgAP21X-5.
(A) Confocal imaging of iKD TgAP2IX-5 labelled with TgChromol and
TgCentrinl. TgChromol is indicated in green. TgCentrinl is indicated in red.
DAPI was used to stain the nucleus. Scale bar is indicated at the lower right side
of each image. Occasional disconnection between centromere and outer
centrosome was observed but does not represent the majority of cases. (B) Bar
graph representing TgCentrinl: nucleus ratio using the parental and i1KD
TgAP2IX-5 strains in the absence and presence of auxin treatment for 6 h. A
Student’s #test was performed, two-tailed p-values: **p=0.0015 GKD TgAP2IX-5
+auxin compared to Parental Tirl -auxin), **p=0.001 GKD TgAP2IX-5 +auxin
compared to Parental Tirl +auxin), **p=0.0112 GKD TgAP2IX-5 +auxin
compared to iKD TgAP2IX-5 -auxin); mean<+s.d. (n=3 independent
experiments). (C) Bar graph representing chromol: nucleus ratio using the
parental and 1KD TgAP2IX-5 strains in the absence and presence of auxin
treatment for 6h; A Student’s ttest was performed, two-tailed p-values:
***p=0.0006 GKD TgAP2IX-5 +auxin compared to Parental Tirl —auxin),
***p=0.0007 GKD TgAP2IX-5 +auxin compared to Parental Tirl +auxin),
**p=0.0022 GKD TgAP2IX-5 +auxin compared to iKD TgAP2IX-5 —auxin);
mean £ s.d. (7= 3 independent experiments).
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Supplementary Figure 5. Effect of TgAP2IX-5 on TgSFA2 and mitochondrion
replication in absence of TgAP2IX-5. (A) Confocal imaging of iKD AP2IX-5
TgSFA2-myc. TgSFA2 is labelled in red and the nucleus is stained with DAPI.
Scale bar is indicated in the lower right of each image. (B) Bar graph representing
the ratio of SFA2: nucleus in the absence and presence of overnight auxin
treatment. A Student’s t-test was performed, Two-sided p-values: **: p=0.0017;
mean + s.d. (n=3 independent experiments). (C) Bar graph representing the ratio
of mitochondria: nucleus in the absence and presence of overnight auxin
treatment. A Student’s t-test was performed; two-sided p-values: ***: p=0.0005;
mean + s.d. (n=3 independent experiments). (D) Confocal imaging of iKD
TgAP2IX-5 labelled with TgTom40 (mitochondria) in green in the presence and
absence of overnight auxin treatment. DAPI was used to stain the nucleus. Scale

<S¢ <
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per parasite

bar is indicated in the lower right side of each image.

Since centrosome division remained minimally affected by TgAP2IX-5, a study of
the proceeding organelles to divide in the 7. gondii organellar cell cycle division
timeline was carried out (Figure 4A). The Golgi complex was labelled in parasites
and the ratio of Golgi to nucleus was calculated (Figure 4B). We observed no
significant difference between the ratios of Golgi to nucleus in the presence or
absence of auxin, therefore suggesting that TgAP2IX-5 depletion does not impact
Golgi division and segregation (Figure 4C). We then observed plastid division and
segregation (Figure 4B) and measured the plastid to nucleus ratio. This ratio is
significantly lower in the iKD TgAP2IX-5 strain in presence of auxin (Figure 4D),
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suggesting that plastid division is blocked in the mutant. The plastid division is a
multistep process where it first elongates before the completion of scission and
segregation (Blanchard & Hicks, 1999). To determine the exact timepoint at which
plastid division is affected, the number of parasites with an elongated plastid was
recorded in the presence and absence of TgAP2IX-5. We observed a significantly
high number of elongated plastid in the absence of TgAP2IX-5 (Figure 4E),
suggesting a critical role for TgAP2IX-5 after elongation and before plastid
division. This short time frame corresponds to TgAP2IX-5 protein cell cycle
dependent expression. As expected, the mitochondria division (the last step during
the cell cycle, before cytokinesis) is also affected in the iKD TgAP2IX-5 mutant
(Supplementary Figure 5C and 5D), confirming that the blockage during the cell
cycle precedes mitochondria division.
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Fig. 4: Organelle replication in iIKD TgAP21X-5 throughout the tachyzoite
asexual cell cycle. (A) Schematic representation of the chronological order of
organellar division throughout a normal 7oxoplasma gondiicell cycle. Nuclear
cycle is indicated in green and budding cycle is indicated in blue. Timeframe of
each organelle division 1is represented by length of representative
organelle. (B) Confocal microscopy of iKD TgAP2IX-5 parasite with labelled
plastid (red) and Golgi (green) in the presence and absence of overnight auxin
treatment. The lower panel clearly represents the elongated plastid phenotype.
DAPI was used to stain the nucleus. Scale bar is indicated at the lower right side
of each image. (C) Bar graph representing the ratio of Golgi: nucleus using the
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parental and iIKD TgAP2IX-5 strains in the absence and presence of overnight
auxin treatment. A Student’s #test was performed, two-tailes p-values: p=0.0948
GKD TgAP2IX-5 +auxin compared to Parental Tirl —auxin), p=0.1039 GKD
TgAP2IX-5 +auxin compared to Parental Tirl +auxin), p=0.1030 GKD TgAP2IX-
5 +auxin compared to iKD TgAP2IX-5 —auxin); mean+s.d. (2=3 independent
experiments). (D) Bar graph representing the ratio of plastid to nucleus using the
parental and iKD TgAP2IX-5 strains in the absence and presence of overnight
auxin treatment. A Student’s ttest was performed, two-tailed p-values:
*%% P<(0.0001;, mean+s.d. (n=3 independent experiments). (E) Bar graph
representing the percentage of parental and iKD TgAP2IX-5 parasites with an
elongated plastid in the absence and presence of overnight auxin treatment. A
Student’s t-test was performed, two-tailed p-values: **** P<0.0001; mean+s.d.
(n=3 independent experiments).

2.4 TgAP2IX-5 impacts the expression of cell-cycle regulated genes

Since TgAP2IX-5 is a potential transcription factor, we examined the changes in
the transcriptome after depletion of the TgAP2IX-5 protein using RNA-seq. Total
RNA was purified from tachyzoites of the iKD TgAP2IX-5 strain grown with or
without auxin for 6 hours (three biological triplicates). Data analysis using Deseq2
allowed us to identify significant changes in the iIKD TgAP2IX-5 transcriptome
with an adjusted p-value cutoff of 0.05 and a minimum fold change of 2 (Figure
5A). We identified more than 600 transcripts that were downregulated and around
300 transcripts (Supplementary Data 1) that were upregulated in the iKD
TgAP2IX-5 mutant when treated with auxin (Figure 5A). We examined the cell-
cycle expression of the downregulated genes and represented their expression
using a heat-map (Figure 5B). We discovered that most of them showed an
expression peak during the late S and M phase with a few of them exhibiting a
peak during the cytokinesis phase (Figure 5B) while the upregulated genes
showed mostly peaks of expression that are quite heterogenous along the cycle
with low expression peaks corresponding to the S/M and cytokinesis phase.
Additionally, an expression peak during the G1 phase was present
(Supplementary Figure 6A).

In the list of downregulated transcripts, we were struck by the number of
annotated genes corresponding to proteins targeted to the IMC and to the apical
complex both structures that are the first to appear when the daughters bud
within the mother cell. To better assess the potential localization of the proteins
that correspond to downregulated transcripts, we used a HyperLopit proteomic
dataset that predicts with high confidence the localization of proteins in the
parasite (Barylyuk et al., 2020). We showed that a high proportion of the
downregulated transcripts present in the dataset (331 genes) encode proteins
predicted to localize to the IMC or to the apical complex (a total of 30% of the
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downregulated transcripts present in the HyperLopit dataset; Supplementary
Figure 6B). Moreover, these two localizations are overrepresented (16% and 14 %,
respectively) when compared to the whole proteome localization (3% for each; 2487
proteins). Based on this dataset, the downregulated genes represent 64 % of the
IMC proteome (52/81) and more than 70 % (45/63) of the predicted apical complex
proteome. These results suggest that TgAP2IX-5 may act mainly as an activator
of genes whose expression shows a cell cycle regulated profile with a peak at the
late S and M phases. These genes represent a high proportion of the IMC and
apical complex proteome. We also examined the upregulated gene list using the
same dataset (Barylyuk et al., 2020). While no upregulated genes are predicted to
encode proteins that localize to the IMC or the apical compartment, a majority of
the upregulated proteins may localize to the nucleus, ER and rhoptry
(Supplementary Figure 6C).

By RNA-seq, we were able to identify that TgAP2IX-5 either activates directly or
indirectly the expression of genes. In order to identify what promoters are directly
targeted by TgAP2IX-5, we carried out a ChIP-seq analysis. Biological duplicates
were produced and processed for sequencing (Supplementary Figure 7A). The
MACS2 software was used to identify the significant peaks (p-value < 0.05) that
were in intergenic regions close to an annotated gene. This analysis revealed that
TgAP2IX-5 directly binds to 696 gene promoters among which key genes are
involved in parasite formation (Figure 5C and Supplementary Figures 7A-D) such
as genes encoding proteins targeted to the IMC such as TgIMC1 and TgIMC4
(Figure 5Ci), TeGAPMS3 (Figure 5Cii) and TgIMC29 (Figure 5Ciii). Interestingly,
we also identified that TgAP2IX-5 was able to bind to the promoters of other
ApiAP2 encoding genes (Figure 5Civ and Supplementary Figures 7C-D). We
examined the cell cycle expression of the genes whose promoter was targeted by
TgAP2IX-5 and found that a majority of these genes were showing an expression
peak during the S and M phase, although a cluster of genes showed a strong
expression during C and early G1 phase (Supplementary Figure 7E). These data
confirm the ability of TgAP2IX-5 to act as a bona-fide transcription factor by
directly binding to promoters of genes encoding essential proteins for the
establishment of the daughter cells.

Since RNA-seq does not enable the identification of the genes that are solely
directly controlled by TgAP2IX-5, we overlapped the RNA-seq and ChIP-seq
dataset. For that, we identified within the differentially regulated genes list
whether they were downregulated or upregulated (as initially identified from
RNA-seq), and compared this list with the genes identified to be targeted by
TgAP2IX-5 from ChIP-seq analysis using the MACS software. Overall, 117 genes
were recorded from the overlap of RNA-seq and ChIP-seq data representing a
17% overlap (Figure 5D). A closer study of the overlap between RNA-seq and
ChIP-seq genes identified that 10% of upregulated genes are directly targeted by
TgAP2IX-5 whereas 14% of downregulated genes are directly targeted by
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TgAP2IX-5. We examined the cell cycle regulation of the downregulated
transcripts directly controlled by TgAP2IX-5 and found that these genes exhibit
a cell-cycle regulated expression peak during the late S and early M phases
(Figure 5E). These results suggest that TgAP2IX-5 directly controls genes
expressed during the S phase and beginning of the M phase. Examples of genes
that were found to be directly activated by TgAP2IX-5 included a number of IMC
proteins such as TgIMC1, TgIMC4, TgIMC3, TgIMC29 and TgGAPM3
(Supplementary Data 2 and Figure 5C). Since TgAP2IX-5 was shown to directly
activate genes that are mainly involved in daughter parasite formation,
TgIMC29 was myc-tagged within the iKD TgAP2IX-5 strain and we observed a
significant decrease in the TgIMC29 expression in the absence of TgAP2IX-5 as
confirmed by Western blot (Supplementary Figure 8A).

Considering the difference between the RNA-seq and ChIP-seq dataset, we
searched the RNA-seq dataset for potential regulators that might be directly
regulated by TgAP2IX-5 and therefore may in turn perturb the expression of genes
not directly targeted by TgAP2IX-5. Interestingly, 8 ApiAP2 TFs were
downregulated (TgAP2III-1, TgAP2I11-2, TgAP2IV-4, TgAP2VIIa-1, TgAP2X-11,
TgAP2XI-4, TgAP2XII-9, and TgAP2XII-2) and 4 upregulated (AP2IX-5, AP2IX-1,
AP2VI-3 and AP2X-9) following the depletion of TgAP2IX-5 as measured by RNA-
seq (Supplementary Data 1). Among these genes, 5 (TgAP2IV-4, TgAP2III-2,
TgAP2XII-9, TgAP2X-9 and TgAP2XII-2) had their promoters directly bound by
TgAP2IX-5 (Supplementary Figure 8B, underlined). Interestingly, much like
other genes directly regulated by TgAP2IX-5 (Figure 5E), these genes showed an
expression peak during the late S phase (Supplementary Figure 8B) with the
exception of TgAP2X-9 which peaks in early S phase and whose expression is likely
directly repressed by TgAP2IX-5 (upregulated in absence of TgAP2IX-5 and its
promoter bound by TgAP2IX-5). TgAP2IV-4, a known repressor of
developmentally regulated genes, is expressed during the S/M phase (J. B. Radke
et al., 2018). Since TgAP2IV-4 is involved in differentiation, we examined the
expression of the upregulated genes expression profile during the parasite life
cycle (Supplementary Figure 8C). Interestingly, TgAP2IX-5 depletion induced the
expression of transcripts that are preferentially expressed in bradyzoites and also
during the sexual stages that occur in the definitive host (Supplementary Figure
8C). Genes preferentially expressed in bradyzoite include MAG1 a known cyst
matrix protein (Parmley et al., 1994). Interestingly, a cluster of genes upregulated
in absence of TgAP2IX-5 is strongly expressed in the early days of sexual
development where division by endopolygeny occurs (Supplementary Figure 8C,
EES1 and EES2). These data suggest that TgAP2IX-5 directly controls other TFs
during the S phase that may in turn activate the late S and M expression program
but also coordinate developmental choices (such as differentiation into bradyzoite).
Surprisingly, we found that TgAP2IX-5 was enriched at its own promoter
(Supplementary Figure 7D, boxed) and the TgAP2IX-5 transcript was found to be
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upregulated in the presence of auxin based on RNA-seq. These data indicate that
TgAP2IX-5 may directly regulate its own transcript expression suggesting that
TgAP2IX-5 expression may be under the direct regulation of a possible negative
feedback loop.

ci - . s Lo
= — = i e TEIMCA AT TEIMCL

= Downregulated
= Upregulated
Non-significant

= L

e ci .. — e -

-log10 (Pvalue)

N .'».'\ 3 4
LY G T
O

Log FC

D Chip-seq Downregulated E

— — iv x -
l TOAP2XII-2 m— g

Fig. 5: TgAP21X-5 controls the expression of key genes involved in daughter
parasite formation. (A) Volcano plot of differentially expressed genes analyzed
from RNA-sequencing of TgAP2IX-5 parasites treated with auxin for 6h.
Downregulated genes are represented in blue, upregulated genes are represented
in red. Statistically nonsignificant genes are represented in gray. The differential
expression analysis (DE) was based on three independent biological
experiments. (B) Heatmap showing the cell cycle expression of all individual
transcripts that are downregulated in the iKD AP2IX-5 strain in the presence of
6 h of auxin treatment. The cell cycle phases are represented at the bottom as well
as the timing when budding occurs. (C) ChIP-seq data representing the direct
targeting of TgAP2IX-5 to the promoters of TgIMC4 (i), TgIMC1 (i), TeGAPMS3 (i),
TgIMC29 (iii), and TgAP2XII-2 (iv) genes. MACS2 generated tracks are
represented together with the annotated genes (top). (D) Venn diagram of
overlapping downregulated genes, upregulated genes from RNA-seq, and
identified promoters of genes directly interacting with TgAP2IX-5. DEseq2 and
MACS2 software were used to analyze RNA-seq and ChIP-seq data,
respectively. (E)Heatmap of 89 downregulated genes directly activated by
TgAP2IX-5. The cell cycle phases are represented at the bottom.
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Supplementary Figure 6. Cell cycle expression and putative localization of
differentially expressed genes.

(A) Heat map of the cell cycle expression profile for all individual transcripts that
are upregulated in the iKD AP2IX-5 strain in the presence of 6 hours of auxin
treatment. Scale of expression is color-coded with highly expressed genes in
orange and less expressed genes in blue according to cell cycle phase indicated at
the bottom of the heat map (S-M-C-G1). The cell cycle phases are represented at
the bottom as well as the timing when budding occurs. Although the majority of
up-regulated genes are not expressed in S/M phase, a cluster of genes shows a
strong expression during this phase. (B) Pie chart representing the distribution of
the putative localization, according to Barylyuk et al., of the proteins encoded by
downregulated transcripts. (C) Pie chart representing the distribution of the
putative localization, according to Barylyuk et al, of the proteins encoded by
upregulated transcripts.
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Supplementary Figure 7. ChIP-seq data analysis represented by peaks targeting
the promoter of several genes. (A) MACS2 generated track and individual ChIP
tracks (background subtracted) representing the direct targeting of TgAP2IX-5 to
the promoter of downregulated gene TgIMC1 and TgIMC4. (B) MACS2 track
representing the direct targeting of TgAP2IX-5 to the promoter of downregulated
gene TgIMC3. (C) MACS2 track representing the direct targeting of TgAP2IX-5 to
the promoter of downregulated gene TgAP2XII-9. (D) ChIP-seq data peak
indicated by blue box demonstrating the targeting of TgAP2IX-5 towards
upregulated gene TgAP2IX-5 (boxed). (E) Heat map representing the cell cycle
expression of all individual transcripts that are targeted by TgAP2IX-5 based on
ChIP-seq analysis. Phases of the cell cycle are indicated at the bottom of the figure.
The approximate timing for the budding cycle is indicated at the bottom.
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Supplementary Figure 8. Characterisation of genes differentially regulated in the
iKD TgAP2XI-5 mutant. (A) Western blot depicting the total protein extract of iKD
TgAP2IX-5 IMC29-myc strain treated with or without auxin for 24 hours. Western
blots were probed with anti-myc to detect the presence of the TgIMC29 protein
(upper panel), anti-TgSortilin was used as a control for normalization (lower
panel). (B) Heat map of 9 individual TgApiAP2 TF transcripts that are
downregulated and upregulated during 6 hours of TgAP2IX-5 depletion. Cell cycle
phases are indicated at the lower bottom (S-M-C-G1). Downregulated ApiAP2 TF
that are directly bound to promoters are underlined. The downregulated ApiAP2
TFs are underlined in green. The upregulated ApiAP2 TF is underlined in red. (C)
Heat map of upregulated transcripts that are expressed during the parasite life
cycle (cat sexual stages, tachyzoite and bradyzoite stages). EES stands for
enteroepithelial developmental stages.

2.5 Complementation demonstrates TgAP2IX-5 is responsible for the
phenotypes observed.

We generated a complemented strain (KDc TgAP2IX-5) by inserting a myc-tagged
version of the TgAP2IX-5 gene (under the control of its own promoter) into an
exogenous locus (uprt; Supplementary Figure 9A). The expression and localization
of the exogenous TgAP2IX-5-myc in the complemented strain was verified by
immunofluorescence (Supplementary Figure 9B) and the percentage of positively
labelled parasite with myc-tag was compared to the expression of the endogeneous
HA-tagged copy. A similar number of parasites (30 % of the asynchronous parasite
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population) were shown to express the myc-tagged copy in the complemented
strain rather than the parental iKD TgAP2IX-5 strain (Figure S9C-D). In order to
determine whether the 1KD TgAP2IX-5 strain phenotype can be complemented by
the ectopic expression of TgAP2IX-5, the number of nuclei per parasite was
recorded in the iKDc TgAP2IX-5 strain in the absence and presence of auxin. We
observed that the maximum number of nuclei per parasite did not exceed 2 nuclei
per parasite (Supplementary Figure 9E). These results demonstrated that the
multi-nucleated phenotype of iKD TgAP2IX-5 is due to the absence of the
TgAP2IX-5 protein. Similarly, Golgi to nucleus and plastid to nucleus ratios were
recorded. Calculated ratios of around 1:1 were recorded and we therefore inferred
that each parasite contains one Golgi as well as one plastid (Supplementary
Figures 9F-G). These results demonstrate that the TgAP2IX-5 protein was indeed
responsible for the phenotypes observed.
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Supplementary Figure 9. Complementation of the iKD TgAP2IX-5 demonstrate
that the TgAP2IX-5 protein is responsible for the phenotypes observed in the
mutant (A) TgAP2IX-5 iKD complementation schematic representation
demonstrating the strategy used for generating the complemented TgAP2IX-5
1KD strain by targeting the UPRT locus and replacing it with exogenous myec-
tagged TgAP2IX-5 under the control of its own specific promoter. (B) Confocal
imaging of ciKD TgAP2IX-5 strain. Endogenous TgAP2IX-5 tagged with HA is
represented in red while exogenous TgAP2IX-5 tagged with myc is represented in

178



green. (C) Bar graph representing the expression of TgAP2IX-5 using anti-HA and
anti-myc antibodies in the complemented strain. mean + s.d. (n=3 independent
experiments). (D) Bar graph representing the expression of iKD TgAP2IX-5 using
anti-HA antibody and anti-myc antibody as a negative control; mean + s.d. (n=3
independent experiments). (E) Bar graph representing nucleus per parasite
counts in the iKDc TgAP2IX-5 strain in the presence and absence of overnight
auxin treatment. A Student’s t-test was performed to compare mean percentage
of multinucleated parasite in the iKDc TgAP2IX-5 strain (-auxin) and iKDc
TgAP2IX-5 strain (+auxin). Two-sided p-values: ns: p=0.3739; mean + s.d. (n=3
independent experiments). (F) Bar graph representing Golgi: nucleus ratio in the
1KDc TgAP2IX-5 in the presence and absence of overnight auxin treatment. A
Student’s t-test was performed, two-sided p-values: ns: p=0.9387; mean + s.d. (n=3
independent experiments). (G) Bar graph representing plastid: nucleus ratio in
the iKDc TgAP2IX-5 in the presence and absence of overnight auxin treatment. A
Student’s t-test was performed, two-sided p-values: ns: p=0.1630; mean + s.d. (n=3
independent experiments).

2.6 TgAP2IX-5 regulates cell cycle pattern flexibility from endodyogeny to
endopolygeny

The timing of daughter cell formation is key to define the cell division pattern
employed by the parasite at any given time of its life cycle. Since we established
that TgAP2IX-5 is the master regulator controlling the production of daughter
cells during endodyogeny, we reasoned that controlling the expression of
TgAP2IX-5 may be sufficient to switch from one division pattern to another. 7.
gondii undergoes endopolygeny, during its asexual reproduction in the definitive
host, where multiple nuclei are formed before a final phase of internal budding.
We created a strain of the iKD TgAP2IX-5 mutant expressing a marker of the IMC
(TgIMC3-mCherry) to be able to follow the daughter cell formation using live
imaging. We treated this strain with auxin to deplete the TgAP2IX-5 protein and
obtain parasites that presented around 4 nuclei per parasite (over-night treatment
with auxin, Supplementary Figure 10A). Using this treatment and after auxin
washout, TgAP2IX-5 re-expression was apparent after 3 hours (Supplementary
Figures 10B and 10C). By time-lapse microscopy, we were able to visualize the
fate of these parasites after washing auxin out from cell culture media and
inducing the re-expression of the TgAP2IX-5 protein. At T (parasites grown for
16 hours with auxin and 3 hours without auxin) we observed enlarged
multinucleated parasites. At T1 (43 mins after To), we started to observe multiple
daughter cells emerging from within the initial multinucleated mother parasite
labeled with TgIMC3. The emergence of parasites continued throughout T2 (1.5
hrs after To) and T3 (1.7 hours after To). At T4 (3.9 hours after To), we observed
individual parasites each separately labelled with TgIMC3 mCherry that had
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completely emerged from the mother parasite (Figure 6A). After removing auxin
from the media, the multinucleated parasites where daughter cell budding was
inhibited by the absence of TgAP2IX-5, continued their division in a similar way
to endopolygeny. Multiple daughter parasites were observed to internally bud
within the cytoplasm of the mother cell leading to the release of multiple
daughters from an initial multi-nucleated parasite (Supplementary Movie 1). This
forced endopolygeny was due to the re-expression of TgAP2IX-5 in these parasites.
These data indicate that expression of TgAP2IX-5 controls the initiation of the
budding process and that parasites initially depleted from TgAP2IX-5 were still
division competent.

To quantify the ability of the parasite to restart division after an initial depletion
of TgAP2IX-5, we designed a protocol producing parasites with around 4 nuclei
and then observed the effect of the re-expression of TgAP2IX-5 on the number of
nuclei per parasite. For that, we counted the number of nuclei per parasite by
immunofluorescence at different time points after auxin washout. While this
number increased with longer auxin treatment (Figure 6B), we observed that the
number of nuclei per parasite decreases as the duration of auxin washout
increases (Figure 6C) indicating that the parasites formed by the “forced”
endopolygeny are competent for the next cycles of division. However, we noticed a
small percentage of parasites with multiple nuclei after overnight auxin washout,
indicating that some parasites did not recover from the original depletion of the
TgAP2IX-5 protein. In order to study the effect of auxin removal on daughter
parasite formation, we recorded the ability of the initial budding capability of the
parasite by labelling TgISP1 and TgIMC3 during auxin washout and compared it
with the parasite’s budding capability when continuing the auxin treatment. We
observed a significant increase in the daughter parasite’s budding ability when
removing auxin that increased as the duration of auxin washout increased (Figure
6D-6G, Supplementary Figure 10D). To assess if the parasites were able to divide
and segregate the apicoplast after depletion and re-expression of TgAP2IX-5, we
monitored the fate of the plastid during auxin washout by recording the ratio of
plastid to nucleus. While we observed a steady decrease of the number of plastid
per nucleus in presence of continuing auxin treatment (Figure 6H), we recorded
an increase in the ratio of plastid to nucleus per parasite as the duration of auxin
washout increased (Figure 6I) demonstrating that the plastid was competent for
replication. These results demonstrate that the timing of TgAP2IX-5 expression
is the sole determinant of the creation of daughter cells in the parasite. It may
therefore determine the cell division pattern flexibility from endodyogeny to
endopolygeny observed in this study. In order to determine whether the parasites
generated after re-expression of TgAP2IX-5 (auxin wash-out) and produced by
forced endopolygeny remain viable, we carried out plaque assays. For that, the
parasites were left to grow in the presence of auxin for 16 hours, 24 hours, and 48
hours before auxin washout and removal. They were then grown without auxin for
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several days. Plaques were visible after 16hr and 24hr auxin treatment and
subsequent washout. Residual plaques were visible after 48hr auxin treatment
(Supplementary Figure 11). This indicates that the parasites emerging from a
division cycle by forced endopolygeny were viable.
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Fig. 6: iKD TgAP2IX-5 parasites treated with auxin resume cell division and
daughter parasite formation mimicking endopolygeny. (A) Video-microscopy
1mages of 1IKD TgAP2IX-5 parasites at different timepoints after auxin washout.
The budding vacuole and the emergence of parasites is indicated with a red arrow.
The IMC of the parasite is labelled with IMC3-mCherry. The scale bar is indicated
at the bottom right of each panel. (B) Bar graph representing nucleus per parasite
ratio. Timepoint To=0 min is equal to start of auxin wash. Two-tailed p-values:
**p=0.0015; mean+s.d. (n=3 independent experiments). (C) Bar graph
representing 1KD TgAP2IX-5 nucleus per parasite counts during different
timepoints of auxin washout treatments; 3 h, 6 h, and overnight (O/N) washout.
Two-tailed p-values: **p=0.0001; mean +s.d. (n=3 independent
experiments). (D) Bar graph representing parasite budding in the iKD TgAP2IX-
5 strain during overnight auxin treatment using ISP1 labelling. Two-tailed p-
values: *p=0.0457, **p=0.0057; mean +s.d. (n=3 independent
experiments). (E) Bar graph representing parasite budding in the iKD TgAP2IX-
5 strain using TgISP1 labelling during different timepoints of auxin washout
treatments; 3h, 6h, and overnight (O/N) washout. Two-tailed p-values:
*¥%p<0.0001; mean=+s.d. (n=3 independent experiments). (F) Bar graph
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representing parasite budding in the 1KD TgAP2IX-5 strain using TgIMC3
labelling during overnight auxin treatment. Two-tailed p-values: ns: p>0.05;
mean + s.d. (2= 3 independent experiments). (G) Bar graph representing parasite
budding in the iKD TgAP2IX-5 strain using TgIMC3 labelling during different
timepoints of auxin washout treatments; 3 h, 6 h, and overnight (O/N) washout.
Two-tailed p-values: *F** H<0.0001; mean + s.d. (n=3 independent
experiments). (H) Bar graph representing the ratio of plastid to nucleus in the iKD
TgAP2IX-5 strain during overnight auxin treatment. Two-tailed p-values:
**p=0.0029 (Tox + auxin compared to To), **p=0.0095 (T¢+ auxin compared to
To); mean+s.d. (n=3 independent experiments). (I) Bar graph representing the
ratio of plastid to nucleus in the iKD TgAP2IX-5 strain during different timepoints
of auxin washout treatments; 3 h, 6 h, and overnight (O/N) washout. Two-tailed p-
values: **p=0.0020; mean +s.d. (n=3 independent experiments).
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Supplementary Figure 10. Auxin washout allows the re-expression of TgAP2IX-5
(a) Schematic representation of auxin treatment and washout times used to carry
out re-expression experiments of TgAP2IX-5. (b) Immunofluorescence assay of
1IKD TgAP2IX-5 parasites treated with auxin for 16 hours and re-expressing
TgAP2IX-5 after auxin washout and culture without auxin for 3 hours. TgAP2IX-
5 is indicated in red (HA-tagged). DAPI was used to stain the nucleus. Scale bar
is indicated in the lower right side of each image. (¢) Western-blot depicting the
total protein extract of iKD TgAP2IX-5-HA strain treated with (+Aux) or without
(-Aux) auxin for 16 hours. Parasites extracts were also produced after a 16 hours
auxin treatment and then cultured for 3h, 6h or over-night without auxin (Aux
washout, 3h, 6h and O/N, respectively). Western blots were probed with anti-HA
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to detect the presence of the TgAP2IX-5 protein (upper panel), anti-TgSortilin was
used as a control for normalization (lower panel). (d) Immunofluorescence assays
of iIKD TgAP2IX-5 parasites before auxin washout and after auxin washout for a
duration of 4 hours. TgIMC3 is labelled in red. TgISP1 is labelled in green. DAPI
was used to stain the nucleus. Scale bar is indicated at the lower right side of each

1mage.
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16h +Aux 24h +Aux 48h +Aux

Supplementary Figure 11. Parasites are viable after a cycle of forced
endopolygeny.

Plaque assay images representing the viability of iKD TgAP2IX-5 parasites after
auxin washout. Parasites were treated with auxin for 16 hours, 24 hours, and 48
hours prior to washout.

Discussion

TgAP2IX-5 depletion was found to completely halt the formation of daughter cells
(budding cycle) while nuclear division seemed unaffected. When auxin was added
at the time of parasite invasion, daughter cell budding was stopped in the first cell
cycle, indicating a direct relationship between budding and the expression of
TgAP2IX-5. This led to the accumulation of multinucleated parasites without any
signs of daughter cell formation. To our knowledge, such a stark phenotype was
observed before in a collection of temperature sensitive cell cycle mutants
(Gubbels, Lehmann, et al., 2008), overexpressing a dominant negative version of
TgRAb11b (Agop-Nersesian et al., 2010) and when mutating the specific fibers
(SFA2 and 3) that connect the centrosome (outer core) to the forming daughter
cells (Francia et al., 2012). However, this is the first report demonstrating the
importance of transcriptional control in the timing and assembly of daughter cell
formation.

After TgAP2IX-5 depletion, the cell cycle stops at a specific time-point after plastid
elongation and before its segregation. This time-point corresponds to the onset of
daughter cell formation. Surprisingly, the nuclear cycle proceeds while the
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apicoplast remains elongated and is not segregated. This underlines the absence
of a checkpoint to ensure proper apicoplast segregation as was observed for other
mutants (Jacot et al., 2013). A similar effect on plastid division was observed upon
depletion of MORN1 (Lorestani et al., 2010) or in a TgDrpA mutant (van Dooren
et al., 2009) although they were able to form daughter cells.

Flexibility between the nuclear and budding cycle is thought to be controlled in
this parasite by the dual core centrosome with the inner core controlling the
nuclear cycle and the outer core controlling the budding cycle (Suvorova et al.,
2015). A detailed study of the effect of TgAP2IX-5 on the subcellular structures of
the parasite revealed that nuclear and bi-partite centrosome division remain
mainly unaffected by TgAP2IX-5 depletion. Given the lack of daughter parasite
formation observed after TgAP2IX-5 depletion, it is surprising that the outer core
centrosome (as represented by TgCentrinl) is duplicated but remains inactivated
by the parasite’s kinases, such as TeMAPK-L1(Suvorova et al., 2015). In addition,
TgAP2IX-5 may participate in the regulation of the expression of TgFBOX1
because it is found present at its promoter. However, TgFBOX1 transcript (which
has a transient expression during the cell cycle) is not present in the RNA-seq
dataset. TgFBOX1 localizes early at the daughter cell bud and may organize the
daughter cell scaffold (Baptista et al., 2019). Depletion of FBOX1 does not lead to
such a dramatic effect on budding like those observed in the iKD TgAP2IX-5
strain. Other components of the outer core, such as the SFA fibers that were
shown to be involved in the emergence of daughter cells (Francia et al., 2012), but
were present at the centrosome after TgAP2IX-5 depletion. Indeed, SFA fiber
expression was also unchanged in the mutant as measured by RNA-seq. This
indicates that the outer core centrosome functionality is probably intact in the
mutant but centrosome activation and maturation is lacking to proceed with the
budding cycle. Therefore, it is most likely that depletion of TgAP2IX-5 hinders
normal centrosomal activity despite its successful division. The experiments
inducing re-expression of TgAP2IX-5 after its depletion further illustrate the
undamaged function of the centrosome in absence of the TF, since daughter cell
formation re-started after several cycles of unproductive budding. TgAP2IX-5 is
therefore the determinant factor for centrosome activation and the control of the
budding cycle.

The phenotype observed after TgAP2IX-5 depletion illustrates the independence
of the nuclear and budding cycles in this parasite. Using inducible degradation of
the TgAP2IX-5 protein, we have established that the tachyzoites are able to divide
by endopolygeny in vitro. These experiments also underline the ability of the
centrosome to duplicate and maintain its functionality in absence of daughter cell
formation. This is a key aspect of the parasite centrosome biology that allows to
accumulate nuclei and then activate the budding cycle as seen for division
patterns such as endopolygeny or schizogony. Although tachyzoites divide by
endodyogeny, they retained the ability to divide by endopolygeny. This simple
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mechanism of control which allows multiple nuclear cycles to happen before
cytokinesis is also dependent on TgAP2IX-5. The presence of the TgAP2IX-5
transcript during asexual division in the intermediate host in the tachyzoite and
bradyzoite stage (endodyogeny) or asexual division in the definitive host
(Ramakrishnan et al., 2019) (endopolygeny) may indicate that the same
mechanisms are shared for both division patterns, although global expression
profiles are profoundly different. Regulation of the timing of expression of
TgAP2IX-5 may be sufficient to switch from one division pattern to another.
Alternatively, the absence of TgAP2IX-5 may be a signal that promotes
endopolygeny. In this line, it is interesting to note that the artificial depletion of
TgAP2XI-5 induced the expression of a set of specific transcripts that are normally
expressed in the first days of the sexual cycle when endopolygeny occurs.
Strikingly, two ApiAP2 (AP2IX-1 and AP2VI-3) TFs upregulated after depletion
of TgAP2IX-5 are normally expressed in the sexual stages, indicating that in
absence of TgAP2IX-5 part of a sexual specific expression program may be
promoted. Interestingly, PF3D7_0613800, the AP2 domain containing protein that
is homologous to AP2IX-5 is expressed at the end of the red blood stage (schizont
stage) when parasites are budding after multiple round of DNA synthesis. The
molecular mechanisms that count the rounds of DNA synthesis and provide the
proper timing for parasite budding may be linked to the proteins that activate the
expression of TgAP2IX-5

We have established that TgAP2IX-5 controls the timing of activation of the
centrosome and therefore creation of daughter cells. However, the molecular
mechanisms leading to centrosome activation remain unknown. This key event
permits the production of daughter cells at the right timing irrespective of the
division pattern used. We reasoned that TgAP2IX-5 may directly control the
expression of the proteins in charge of centrosome activation. Although expression
of the SFA fibers or other known centrosome markers were unaffected in the
mutant, we noticed that the expression of a key centrosomal protein, TgCep530,
was directly under the control of TgAP2IX-5 (downregulated in RNA-seq and its
promoter bound in ChIP-seq). This protein was shown to be targeted to a
centrosomal region situated between the inner and outer core (Courjol & Gissot,
2018). It is essential for the coordination of the nuclear and budding cycle although
budding seemed to occur (Courjol & Gissot, 2018). However, its depletion leads to
the accumulation of outer core centrosome (Courjol & Gissot, 2018), a phenotype
that is not observed with TgAP2IX-5 expression. This protein may therefore have
other functions in the maturation or activation of the outer core centrosome that
were not identified previously. Another possibility leading to lack of centrosome
activation is a plausible downstream effect of non-transcriptional origin, targeting
either a kinase or phosphatase with an important role in the centrosome activation
cascade. Key serine/threonine kinases such as MAPK-like protein kinases have
been identified within 7' gondii and have been shown to ensure proper formation
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of new daughter parasites (Gubbels, Lehmann, et al., 2008; Suvorova et al., 2015).
We found that expression of kinases and phosphatases were downregulated after
TgAP2IX-5 depletion, but in our ChIP-seq analysis, TgAP2IX-5 was not found to
bind their promoters. One obvious candidate, that is directly regulated by
TgAP2IX-5, was the TgCDC48AP protein but it was shown to be involved in
apicoplast protein import (Fellows et al., 2017). TgAP2IX-5 directly activates the
expression of several proteins of unidentified function in 7. gondii; these
hypothetical proteins may serve as direct centrosome activators and the
characterization of their function may lead to the discovery of new centrosome
activators.

We have also established that TgAP2IX-5 directly activates key components of the
daughter cell scaffold. In particular, it regulates the expression of components to
be targeted early to the forming daughter buds, such as TgISP1 (Beck et al., 2010),
TgIMC1, TgIMC3, TgIMC4 and TgIMC10 (B. R. Anderson-White et al., 2011).
Apical cap component, such as TgAC2 and TgAC7 may also be loaded early on the
forming buds. Similarly, TgGAPMS3 expression is directly dependent on TgAP2IX-
5 and its invalidation provokes IMC collapse (Harding et al., 2016). However,
TgIMC15, a protein known to be loaded early on the centrosome before reaching
the forming buds is not affected by TgAP2IX-5 depletion. TgIMC15 may have a
limited role in daughter cell formation or centrosome activation as suggested by
the mild phenotype exerted by its mutant (R. Dubey et al., 2017). This suggests
that TgAP2IX-5 may activate the centrosome but also directly regulates the
expression of key components of the daughter cell scaffold that will be needed in a
short time frame to proceed with daughter cell formation (Figure 7).

Diffeie@tiation
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Fig. 7: Schematic representation of the effect of TgAP2IX-5 depletion on daughter
cell formation according to the different phases of the cell cycle. Absence of
TgAP2IX-5 leads to the blockage of the cell cycle within the G1/S phase. This is
associated with the direct targeting of key inner membrane complex proteins such
as TgISP1, TgIMC1, TgIMC29, TgIMC3, and TgIMC4 as well as other key TFs
(TgAP2XII-2, TgAP2XII-9, TgAP2I11-2, TgAP2IV-4, TgAP2X-9). TgAP2IV-4 is a
known repressor of differentiation. TgAP2X-9 may be repressed by TgAP2IX-5.
The TgAP2IX-5 transcript may also be regulated by a negative feedback loop.

We observed that RNA-seq and ChIP-seq datasets only partially overlapped. We
reasoned that indirect effects on gene expression may be identified using RNA-seq
even at a short timing after TgAP2IX-5 depletion (6 hours). The cell-cycle
expression profile of the genes that are directly controlled by this TF and
downregulated in its absence showed that regulated transcripts are expressed
during the S phase before the budding occurs. Among these genes, we identified 4
other ApiAP2 transcription factors (TgAP2III-2, TgAP2IV-4, TgAP2XII-2 and
TgAP2XII-9) that were directly controlled by TgAP2IX-5. These TF may be
responsible for the expression of the transcripts that were identified as
downregulated in RNA-seq and that peak during the late S and M phase. Although
no data is available for TgAP2III-2, TgAP2XII-2 and TgAP2XII-9, TgAP2IV-4 was
shown to be a repressor of the bradyzoite differentiation expression program (J. B.
Radke et al., 2018). Interestingly, depletion of TgAP2IX-5 leads to the
upregulation of transcript preferentially expressed in bradyzoites, such as MAG1,
indicating that the absence of TgAP2IX-5 promotes the differentiation pathway.
The control of the expression of a repressor of differentiation by a TF that also
controls the continuation of cell cycle may provide the missing link between cell
cycle and differentiation. It has been shown that the cell cycle is linked to
bradyzoite differentiation (J. R. Radke et al., 2003). In particular, the
developmental switch toward the latent bradyzoite is made during S phase and/or
mitosis (J. R. Radke et al., 2003). It seems convenient for the parasite to link the
choice of continuing the tachyzoite cell cycle (by starting the budding cycle) with
the expression of a repressor of differentiation. Therefore, expression of TgAP2IX-
5 may serve as a molecular check point for the choice between proliferation or
differentiation. TgAP2IX-5 may act as a limiting factor for this developmental
choice at each round of the cell cycle (Figure 7).

We also observed that TgAP2IX-5 may act as a repressor since it was found at the
promoter of genes whose transcript was up-regulated after depletion of this
protein. It was striking to see that the TgAP2IX-5 transcript was overexpressed
after TgAP2IX-5 depletion. We also found that TgAP2IX-5 was bound to its own
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promoter indicating that a direct negative feedback loop may be present to limit
the expression of TgAP2IX-5. This might explain the short timeframe when
TgAP2IX-5 1s expressed during the cell cycle since its expression might be self-
limiting. Another ApiAP2 TF expression (AP2X-9) may be directly repressed by
TgAP2IX-5. AP2X-9 transcript peaks at the G1/S boundary, just before the
expression peak of TgAP2IX-5. Therefore, TgAP2IX-5 may repress the expression
of the TF that control the cell cycle expression program preceding the budding
phase. In summary, TgAP2IX-5 serves as a platform for the repression of the G1/S
expression program (through AP2X-9 repression), the promotion of the S/M
expression program (through the activation of TgAP2III-2, TgAP2XII-2 and
TgAP2XII-9) and limiting differentiation (through AP2IV-4 activation).

In other eukaryotes, TFs associate with each other and form complexes to either
activate or repress gene expression (Nakagawa et al., 2018). ApiAP2s are known
to associate with each other (Lesage et al., 2018) and differential association may
impact their activity.

TgAP2IX-5 is therefore an essential regulator during the 7. gondii tachyzoite cell
cycle. TgAP2IX-5 controls the activation of the outer core centrosome to induce the
budding cycle. It also controls the expression of key proteins for formation of the
daughter cell scaffold, ensuring that the proper continuation of the cell cycle is
achieved. TgAP2IX-5 is also a master regulator that controls the expression of the
TFs that are no longer needed and those that will be further needed for the
completion of the budding cycle. It also acts as a limiting factor that ensures that
asexual proliferation continues by promoting the inhibition of the differentiation
pathway at each round of the cell cycle. TgAP2IX-5 is therefore a master regulator
that controls cell cycle and developmental pathways. However, several questions
remain to be answered. For example, what are the proteins whose expression are
controlled by TgAP2IX-5 and that are responsible of centrosome activation?
Moreover, the molecular mechanisms that allow the same TF to act as an activator
or a repressor are still unknown and will be the subject of further studies.

2.7 Complementary Experiments

1. TgAP2IX-5 depletion impacts the expression of cell cycle regulated genes at
earlier timepoints of auxin treatment

Since the depletion of TgAP2IX-5 was achievable as early as one hour after auxin
treatment as demonstrated previously by western blot, we decided to investigate
what genes are differentially regulated at earlier time points of auxin treatment.
This was carried out in order to identify genes that may be up or downregulated
early on after TgAP2IX-5 depletion and could have been masked at the 6 hour
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time-point. Therefore, total RNA was extracted from tachyzoites of the i1KD
TgAP2IX-5 strain grown with or without auxin for 1 hour and 2 hours. Significant
changes were identified by analyzing data using Deseq2 with an adjustable p-
value cut-off of 0.05 and a minimum fold change of 2 (Figures 8A-B). Depletion of
TgAP2IX-5 after 1 hour of auxin treatment led to the downregulation of 117 genes
and upregulation of 27 genes. However, the depletion of TgAP2IX-5 after 2 hours
of auxin treatment resulted in the downregulation of 603 genes and the
upregulation of 20 genes (Figures 8A-B). We then examined the cell cycle
expression of the downregulated genes after 1 hour of auxin treatment and 2 hours
of auxin treatment and generated heat maps to visualize phases of the cell cycle
that demonstrated peaks of expression (Figures 8C-D). We observed that most of
the downregulated genes demonstrated a peak of expression during the entire S
phase and early M phase. The heat map of downregulated genes generated after
2 hours of auxin treatment also demonstrates a peak of expression of genes during
the late cytokinesis and early G1 phase (Figure 8D). Overall, these results
demonstrate that TgAP2IX-5 controls genes which peak during the S phase and
early M phase based on short durations of auxin treatment (1 hour and 2 hours).
When examining the cell cycle expression of the upregulated genes after 1 hour
and 2 hours post-auxin treatment. The heat maps generated exhibited
heterogeneous peaks of expression along the cell cycle in a similar fashion to the
heat map generated after 6 hours of auxin treatment (Figures 9A-B).
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Figure 8- Cell cycle expression of differentially regulated genes after 1hour and 2
hours of auxin treatment. (A) Volcano plot of differentially expressed genes
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analyzed from RNA-sequencing of TgAP2IX-5 iKD parasites treated with auxin
for 1 hour. (B) Volcano plot of differentially expressed genes analyzed from RNA-
sequencing of TgAP2IX-5 iKD parasites treated with auxin for 2 hours. (C)
Heatmap demonstrating the cell cycle expression of individual transcripts that are
downregulated in the iKD TgAP2IX-5 gene in the presence of 1 hour of auxin
treatment. The cell cycle phases are represented at the bottom as well as the
timing when budding occurs (D) Heatmap demonstrating the cell cycle expression
of transcripts that are downregulated in the 1IKD TgAP2IX-5 gene in the presence
of 2 hours of auxin treatment.
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Figure 9: (A) Heatmap demonstrating cell cycle expression of upregulated genes
in the iIKD TgAP2IX-5 parasites after 1 hour of auxin treatment. The cell cycle
phases are represented at the bottom. (B) Heatmap demonstrating the cell cycle
expression of upregulated genes in the iKD TgAP2IX-5 parasites after 2 hours of
auxin treatment.

By using RNA-seq, we were able to identify genes that are either directly or
indirectly targeted by TgAP2IX-5, based on 1 hour and 2 hours auxin treatment
of iIKD TgAP2IX-5 parasites. Therefore, in order to determine the genes that are
directly targeted by TgAP2IX-5, we over-lapped the ChIP-seq data with the 1 hour
and 2 hours lists of downregulated and upregulated genes. After 1 hour auxin
treatment, there was an overlap of 47 genes representing a 7% overlap. In the case
of 2 hours of auxin treatment, there was a total overlap of 159 genes representing
a 23% overlap. When comparing the percentages of overall overlap between the
three different durations of auxin treatment (1 hr, 2 hrs, and 6 hrs), it was striking
that it was at 2 hours of auxin treatment where most of the overlap occurs between
the differentially regulated genes and those directly interacting with TgAP2IX-5
(Figure 10A). These results suggest that it is around 2 hours of auxin treatment
where most of the genes which are normally directly activated by TgAP2IX-5 are
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downregulated. Heat maps of the downregulated genes which are directly targeted
by TgAP2IX-5 based on the 1-hour auxin treatment study demonstrated peaks of
expression during the entirety of the S phase and M phase with low peaks of
expression during the cytokinesis phase (Figure 10B). A similar trend of peak
expression was demonstrated for the 2 hours auxin treatment study (Figure 10C).
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Figure 10: (A)Venn diagrams of overlapping downregulated genes, upregulated
genes from RNA-seq after 1 hour of auxin treatment, 2 hours of auxin treatment
and 6 hours of auxin treatment and identified promoters of genes directly targeted
by TgAP2IX-5. DeSeq2 and MACS2 software were used to analyze RNA-seq and
ChIP-seq data, respectively. (B) Heatmap demonstrating cell cycle expression of
downregulated genes directly targeted by TgAP2IX-5 after 1 hour of auxin
treatment. The cell cycle phases are represented at the bottom. (C) Heatmap
demonstrating the cell cycle expression of downregulated genes directly targeted
by TgAP2IX-5 after 2 hours of auxin treatment. The cell cycle phases are
represented at the bottom. (D) Heatmap of cell cycle expression of ApiAP2 TFs
targeted by TgAP2IX-5 from 1 hour and 2 hours auxin treatment of iIKD TgAP2IX-
5 parasite gene expression study not previously identified from the 6 hours auxin
treatment study.

We then searched for potential regulators which are directly regulated by
TgAP2IX-5 and therefore might regulate genes which are not directly targeted by
TgAP2IX-5. When comparing the ApiAP2 TFs that were targeted by TgAP2IX-5
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based on 6 hours of auxin treatment with the ApiAP2 TFs that were targeted by
TgAP2IX-5 based on 1 and 2 hours of auxin treatment, we noticed that five ApiAP2
TFs were not identified previously during the 6 hours auxin treatment gene
expression study (TgAP2VIIa-8, TgAP2XI-1, TgAP2IX-4, TgAP2VI-1, and
TgAP2IV-3). Cell cycle expression profiles of these ApiAP2 TFs demonstrated
peaks of expression during the S/M phase with strong peaks of expression during
the late S phase (Figure 10D). Additionally to AP2IV-4 which was originally
1dentified after the 6 hours auxin treatment, TgAP2IX-4, which is a known
repressor of bradyzoite differentiation (Huang et al., 2017) was also identified to
be downregulated in both 1 hour and 2 hours auxin treatment gene expression
studies therefore confirming the role of TgAP2IX-5 in regulating life cycle
transitions such as bradyzoite differentiation. In conclusion, these results
demonstrate that TgAP2IX-5 is responsible for controlling ApiAP2 TFs that are
mostly expressed during the S/M phase, among them certain ApiAP2 TF's are most
likely responsible for coordinating developmental choices. Strikingly, RNA-
sequencing analysis of 1IKD TgAP2IX-5 parasites treated with auxin for 2 hours
revealed a larger number of genes being directly targeted by TgAP2IX-5 and
therefore suggests that it is most likely that TgAP2IX-5 depletion has a peak effect
on gene expression at around 2 hours after auxin treatment.

2. Domainl is a novel domain of TgAP2IX-5

Domain 1 is a conserved region of the TgAP2IX-5 protein consisting of 115 amino
acids. Domain 1 was first identified by Dr Gissot by carrying out a Basic Local
Alignment Search Tool (BLAST) analysis using the TgAP2IX-5 protein sequence
as a query against sequences from the 7Toxoplasma genome. This resulted in
identifying 4 other proteins possessing a conserved version of domainl. The amino
acid sequence of domainl was demonstrated to be conserved in a number of
hypothetical proteins within the Zoxoplasma genome and which include
TGGT1_243460, TGGT1_281960, TGGT1_233380, and TGGT1_297340. These
proteins have a sequence identity of 44%, 42%, 39%, and 31%, respectively (Figure
11).
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TGGT1_289710 VEJHEEGRREFETEGROOMLRHLROVYNADSAYWGER-LRHANIAFSRIAYNRHAPIRWKIA 1824
TGGT1_281960 VITPEGRLELEAEGROVIBLRRLRRAYHASPPETRDTFLASHGLVFSRMPFINRYSEIIFHIA 318
TGGT1_233380 LOFHEERTLEIEKDGRGERIKRMRSVHKADREFCRFS-LEGMGIDFKRLAHNRYFEMWKIA 1001
TGGT1 243460  [vHEFAWEVEADGRRLBLRKLRGVYWSDPDYWOKRLMAEGLYRRDLFTLINQYOEFKVT 796

TGGT1_289710 HVMDCFPIALA----FSNRHSATASTG-—-——————————— VEDGGALTGAPGTGAVG 1864
TGGT1_281960 HLLGVFDFAVQCSEEFGGVSSATAVAGRGNRSGVHSSNASVGAVGASEGASGEGSEG 376
TGGT1_233380 YRWGLEFGYAVKLSKKYGKTTTS——==—=———————— e m e e ———— 1023
TGGT1 243460 HLME-—======m === == m o m e e 800

TGGT1 289710 LP-GAAAVGRRA 1875
TGGT1 281960 LRVGASAKRRRA 388

Figure 11: Sequence alignment of the 7' gondii domainl of the following proteins
(TGGT1_ 289710, TGGT1_243460, TGGT1_281960, TGGT1_233380, and
TGGT1_297340). Similar amino acids (aa) are highlighted in gray while identical
aa are highlighted in black.

3. Domain 1 is essential for the function of TgAP2IX-5

In order to elucidate the role of the different regions of the TgAP2IX-5 protein, we
studied the role of two different domains within the TgAP2IX-5 TF. The first
domain was the well-known AP2 domain which has been identified by many
studies previously. The second domain was the novel domainl (Figure 12A). For
this purpose, the complementation plasmid used previously to generate the
complemented 1iIKD TgAP2IX-5 strain was used to generate complemented strains
in which either the AP2domain or domainl was deleted from the exogenously
tagged TgAP2IX-5 gene (Figures 12B-C). In the case where the mutant strains
generated are treated with auxin, there will not be any compensation for the loss
of the AP2 domain or domainl.

TgAP2IX-5 (TGGT1 289710)

PLGTPSSLGLFGREAGEGKETPSSRASAENRSHPATGQSKNAKPYPAAGALQAGSQPGAAGPVSPTKAETEGSPSGTKAS 1040
KSGASGFLAAFEDAAFQQPSEEFIGYCVQKHQARYPTPONLPGIQMEQQQRRWCASVYYRGCQHKRRFSMGRWGPLGAFY 1120
AATEWRQSHYSRLNSLKGIRSPGNSEGAPGSDHKKRRRRSSSGSCSSRSHPALARGSVGPPGPGSLAESAPSEGPEGTET 1200
ACAGGTDMRKSTSREKQAGSGPARSRRTKGAASASNGGSLFPVSPYAAPVSPTGPASSFSPPFRPLSNSGSPPLAPANSD 1760

GAAPVEWHEGFRRPFGTEGROOLLRHLROVYNADSAYWGERLRHANIAFSRIAYATVAELWKIAHVMDCFPIALAFSNRH 1840
SATASTGVEDGCATTGAPGTCAVCHPGARAVGRRACGAKGEKAKGSRRGNSGNAGATAS SKTPQLKQTSALAGGLSSSGA 1920
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Figure 12: (A) Amino acid sequence of TgAP2IX-5 with AP2 domain highlighted
in yellow (60 aa) and domain1(115 aa) highlighted in green. Dotted lines represent
amino acids between the two domains (B) Schematic representation of TgAP2IX-
5 complementation construct with deleted AP2domain. (C) Schematic
representation of TgAP2IX-5 complementation construct with deleted domainl.

The complemented strains were designated as iIKDc TgAP21X-5 AAP2 domain and
1IKDcTgAP2IX-5 Adomainl mutants for the sake of simplicity. First, a growth
assay was carried out. Surprisingly, the 1KDc TgAP2IX-5 Adomainl strain
presented a severe growth defect in presence of Auxin, while the 1IKDc TgAP2IX-5
AAP2 parasites did not show any growth impairment suggesting that the deletion
of AP2 domain did not impact the growth (Figure 13A). In an additional
experiment, a plaque assay was carried out where the mutant parasites were left
to grow for 1 week in the presence and absence of auxin, Strikingly, the monolayer
of HFF cells that was inoculated with iKDc TgAP2IX-5 Adomain1 parasites in the
presence of auxin exhibited no lysis plaques as opposed to the presence of lysis
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plaques in wells infected with iIKDc TgAP2IX-5 AAP2 domain mutant parasites
(Figure 13B). In an attempt to study the effect of deleting either the AP2 domain
or domain 1 on the most striking phenotype exhibited by the iIKD TgAP2IX-5
mutant (multi-nucleation), we carried out nucleus per parasite counts. As
expected, there was a significant percentage of iKDc TgAP2IX-5 Adomainl
parasites with multinucleated parasite in the presence of auxin (Figure 13C).

Overall, these results suggest that domainl is essential for the function of
TgAP2IX-5 whereas the AP2 domain is not.
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Figure 13: (A) Plaque assay of iKDc TgAP2IX-5 AAP2domain mutant parasites
and 1IKDc TgAP2IX-5 Adomainl mutant parasites in the presence and absence of
auxin. (B) Bar graph representing the growth assay of iKDc TgAP2IX-5 Adomain1
parasite and iKDc TgAP2IX-5 AAP2domain in the presence and absence of auxin.
A Student’s t-test was carried out, ns p> 0.05, ****P<0.0001; mean + s.d. (n=3). (C)
Bar graph representing nucleus per parasite counts after growth and treatment
with auxin for 24 hours. A Student’s t-test was performed, ns p>0.05,
****p<0.0001; mean *s.d. (n=3).
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DISCUSSION of the complementary experiments

The striking mutli-nucleated phenotype and total blockage of asexual cell division
observed in iKD TgAP2IX-5 mutant parasites laid the foundation for investigating
transcriptome changes upon depletion of TgAP2IX-5. In the previous study,
depletion of TgAP2IX-5 by treating the mutant parasites with auxin for 6 hours
demonstrated a total of 640 genes being differentially regulated (either
downregulated or upregulated). Presuming that a larger array of genes is possibly
impacted by TgAP2IX-5 depletion, a more thorough investigation with the aim of
determining whether auxin treatment for a shorter duration of time would identify
genes that were not identified previously from the 6 hour auxin treatment and
that were perhaps masked, was carried out. The depletion of TgAP2IX-5 at a
shorter timepoint of 2 hours of auxin treatment identified a similar number of
genes which were differentially regulated by TgAP2IX-5 (623 genes). Strikingly
at 1 hour of auxin treatment, only 117 genes were identified to be differentially
regulated, a much smaller pool of genes compared to those identified from 2 hours
and 6 hours of auxin treatment. When comparing the nature of genes which were
differentially regulated and by focusing mainly on the downregulated genes, we
observe that more than half of the downregulated genes identified at 6 hours of
auxin treatment are shared with those identified at 2 hours of auxin treatment
with the remaining 306 downregulated genes most likely being downregulated as
a consequence of a downstream effect of TgAP2IX-5 depletion at 2 hours. When
comparing downregulated genes identified at 6 hours auxin treatment to those
downregulated at 1 hour auxin treatment, there is a much smaller group of genes
that are shared between the two groups consisting of 61 genes. Thus, the
downregulation of the genes not shared with those of the 1 hour auxin treatment
are downregulated as a consequence of the downstream effect of genes
downregulated prior to the 6 hour auxin treatment. Overall, it is most likely that
a large proportion of the genes identified to be controlled by TgAP2IX-5 based on
the 6 hours auxin treatment are differentially expressed as a downstream effect
of the downregulation of genes by TgAP2IX-5 at an earlier timepoint of the cell
cycle. When studying the nature of downregulated genes identified at the different
time points, we notice that most of the genes identified from all the time points
are important for constructing the scaffold of the daughter parasite and consist of
genes coding for the inner membrane complex and apical complex. However, it is
worthy to note that many of the downregulated genes identified at all time points
have yet to be characterized.

When comparing the number of genes that were downregulated and overlapped
with the list of genes identified from the ChIP-seq dataset , at 1 hour of auxin
treatment, 43 downregulated genes were directly targeted by TgAP2IX-5 whereas
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159 and 89 downregulated genes were directly targeted by TgAP2IX-5 after 2
hours and 6 hours of auxin treatment, respectively. Depletion of TgAP2IX-5 after
2 hours of auxin treatment resulted in the largest number of overlapped
downregulated genes with the ChIP-seq dataset (159 genes). In addition, when
comparing the number of downregulated genes which were directly targeted by
TgAP2IX-5 and overlapped between the 1 hour, 2 hours, and 6 hours auxin
treatment datasets, we were able to identify only 26 overlapped genes. Thus, it is
most likely that the depletion of TgAP2IX-5 after 2 hours of auxin treatment
reveals genes directly targeted by TgAP2IX-5 that were masked at the 6 hours-
time point of auxin treatment.

TgAP2IX-5 can be mainly described to function mainly as an activator, since 1
hour, 2 hours, and 6 hours of iIKD TgAP2IX-5 auxin treatment studies resulted in
a very low proportion of upregulated genes when comparing it to the number of
downregulated genes (Figure 10A). However, it is at 6 hours of auxin treatment
where there is the greatest number of upregulated genes. Furthermore, there is a
very small percentage of overlap between the upregulated genes and those directly
bound by TgAP2IX-5 in all 3 auxin treatment conditions. Thus, a majority of the
genes which are upregulated after 6 hours of auxin treatment and do not overlap
with genes identified from the ChIP-seq data are most likely downstream effects
of TgAP2IX-5 depletion. In addition, at 1 hour of auxin treatment there were only
4 genes that were upregulated and directly targeted by TgAP2IX-5 and
surprisingly at 2 hours of auxin treatment, there were no genes upregulated and
directly bound by TgAP2IX-5. Altogether, this further promotes that TgAP2IX-5
most likely functions mainly as an activator of genes.

In the previous study regarding the re-expression of TgAP2IX-5 after its depletion,
the parasite was demonstrated to change its mode of division from endodyogeny
to endopolygeny once TgAP2IX-5 was re-expressed thus signifying the flexibility
of the parasite’s mode of cell cycle division. An attempt to study the transcriptomic
changes after re-expression of TgAP2IX-5 yielded unsuccessful results. This could
be due to the short time frame of TgAP2IX-5 re-expression by washing out auxin
for 1 hour after overnight auxin treatment. Although the TgAP2IX-5 protein is re-
expressed within 1 hour of auxin treatment as tested by immunofluorescence
assays, transcriptome changes were not detected after 1 hour of auxin washout.
Perhaps, this time frame of auxin washout was too short and sample collection
after allowing for sufficient time for TgAP2IX-5 re-expression should have been
carried out instead. Supposing transcriptomic changes had been detected, this
would have provided useful insight as to which genes are targeted by TgAP2IX-5
after its-re-expression providing us with genes that might be key in controlling the
parasite’s switch from one division mode to another.
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Two hours of auxin treatment allowed to identify a wider range of proteins directly
targeted by TgAP2IX-5. Among these are those which are key in building the
daughter parasites scaffold and which were identified previously from the 6 hours
auxin treatment study such as IMC4, IMC1, IMC3, ISP1 (Beck et al., 2010),
IMC10 (B. R. Anderson-White et al., 2011) and GAPM3 (Harding et al., 2016). In
addition to other proteins which are important for maintaining the cytoskeletal
structure such as SPM1 (Tran et al., 2012). Furthermore, IMC9 (B. R. Anderson-
White et al., 2011) was directly targeted by TgAP2IX-5 based on both the 1 hour
and 2 hours of auxin treatment and was not identified in the 6 hours auxin
treatment study.

The depletion of TgAP2IX-5 at shorter timepoints at 2 hours of auxin treatment
led to the downregulation of the TgAP2IX-4 transcript. However, ChIP-seq does
not demonstrate the promoter of the TgAP2IX-4 gene to be bound by TgAP2IX-5.
More interestingly, TgAP2IX-4 has been previously demonstrated to be a
repressor of the bradyzoite expression program (Huang et al.,, 2017). This is
consistent with the downregulation of TgAP2IV-4, another bradyzoite repressor
(J. B. Radke et al., 2018) after 1 hour, 2 hours, and 6 hours of auxin treatment.
This advocates that TgAP2IX-5 has an important role in controlling the tachyzoite
to bradyzoite developmental switch. Since TgAP2IX-4 peaks during the S/M phase
and it has been demonstrated that the developmental transition to the quiescent
bradyzoite is executed during S and/or M phase (J. R. Radke et al., 2003), it is most
likely that TgAP2IX-5 functions as a molecular checkpoint between cell cycle
progression and bradyzoite differentiation. Four additional ApiAP2 TFs of which
not much is known (TgAP2VI-1, TgAP2XI-1, TgAP2IX-3, and TgAP2VIIa-8) were
downregulated following the depletion of TgAP2IX-5 for 2 hours. The indirect
activation of these 4 ApiAP2 TFs could be the downstream effect of the direct
activation of 2 other ApiAP2 TFs and which were identified based on the 1-hour
auxin treatment study and the 2 hours auxin treatment study, TgAP2XII-9 and
TgAP2III-2, respectively. The direct regulation of ApiAP2 TFs by TgAP2IX-5
1llustrates the central role of this TF in the continuation of the cell cycle program.

ApiAP2 TFs are characterized by the presence of one or more AP2 DNA-binding
domains (Balaji et al., 2005). We identified a novel uncharacterized domain, that
we named “domainl”. This domain is found to be conserved in several other 7.
gondii proteins (Figure 13A). Most strikingly, the AP2 domain was proven to be
non-essential for the function of TgAP2IX-5 whereas domainl was demonstrated
to be essential for TgAP2IX-5 function. However, many questions remain
unanswered as to the mechanisms behind the function of domain1. Based on ChIP-
seq studies, TgAP2IX-5 was demonstrated to bind to the promoters of several

198



genes. Whether it is domainl and/or the AP2 domain that binds to DNA remains
unanswered and a topic of further investigation.

Given that domainl was proven to be essential for the function of TgAP2IX-5 and
the AP2 domain not, it is highly likely that it is domainl that binds DNA. Thus,
determination of the DNA motif to which domain1 binds to remains essential to
studying domainl-DNA binding. Further analysis is needed to identify such a
motif. Thus, a Toxoplasma-adapted form of the CUT&RUN method followed by a
motif enrichment analysis (Skene & Henikoff, 2017; Waldman et al., 2020) can be
carried out. Alternatively, an RSAT analysis can be carried out in order to
determine the binding motif of TgAP2IX-5 as was done in the case of TgAP2XI-5
(Walker et al., 2013b). RSAT program analysis can be carried out by analyzing the
sequences of promoters to which TgAP2IX-5 binds to according to ChIP-seq
analysis. This can be done by utilizing positional bias since we hypothesize that
the DNA binding motif would be positioned at the center of the ChIP peak
sequences. Determining the DNA motif to which domain1 binds to will allow us to
explore many aspects. We can attempt to crystallize domainl in presence and
absence of DNA (apo-form). X-ray crystallography can shed light on the structure
of the domainl protein fold and provide insight on the mechanism of action of
domain 1 and can potentially identify the specific residues of the TgAP2IX-5 TF
that are actively interacting with the DNA. When taking a closer look at the
primary amino acid sequence of domainl, several of the conserved amino acid
residues are basic residues (arginine, lysine, and histidine residues) and thus are
likely to be directly interacting with DNA either specifically by contacting the
DNA base pairs or non-specifically by contacting the DNA’s sugar phosphate
backbone following a similar mechanism to the ApiAP2 domain of PF14_0633 in
Plasmodium falciparum where two arginine residues, one asparagine residue, and
one serine residue were identified to be in direct contact with DNA base pairs as
well as the phosphodiester backbone via histidine (Lindner et al., 2010). However,
in order to validate this hypothesis, and in the case where X-ray crystallography
might not be feasible as crystallization conditions are quite challenging to obtain
in most cases, site-directed mutagenesis of these basic arginine and histidine
residues (R1780, R1785, R1788, H1825) to alanine can be carried out. These
mutations can be carried out in the exogenous copy of TgAP2IX-5 of the
complemented mutant strain to investigate their potential biological relevance. In
this case, it is potentially possible to study the effect of mutating these residues
on the binding of DNA and thus pinpoint potential residues which are specifically
interacting with the DNA motif. Additional experiments consisting of biochemical
electrophoresis mobility shift assays (EMSA) in which the domainl protein
consisting of the mutated arginine and histidine residues can be carried out in
order to test for the presence of protein-DNA binding. Moreover, biophysical
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experiments involving nuclear magnetic resonance assays (NMR) might provide
insight into the mechanisms of action of domainl and thus remain crucial to
validate the ability of the novel domain we identify to bind to DNA.

In an alternative experiment, given the presence of identical conserved sequences
within domain1 across several proteins (Figure 11), studying the deletion of these
conserved regions might pinpoint the essential regions of domainl. When
analyzing the conserved sequences of domainl, it is likely that identical segments
of residues have an active role in the potential binding of domainl to DNA. Thus,
the deletion of these regions of domainl will possibly give us more insight into
which regions of domain1 are essential for the function of TgAP2IX-5. This can be
carried out by generating complementation constructs in which deletions of
domain 1 are generated in the copy of the exogenous TgAP2IX-5 complemented
parasite strain and studying the essentiality of these domainl segments for the
function of TgAP2IX-5 in a similar manner to what we describe for the initial
domainl characterization experiments.

In this study, the AP2 domain was demonstrated to be non-essential for the
function of TgAP2IX-5 thus giving rise to the hypothesis that the AP2 domain is
not binding DNA but rather can potentially interact with other AP2 domains of
other AP2 TFs. Consistent with the crystallography study carried out on
Plasmodium falciparum which suggests that two ApiAP2 domains can interact by
means of dimerization (Lindner et al., 2010) and also based on previous ApiAP2
cooperation studies (Lesage et al., 2018). This can be the case for TgAP2IX-5,
which can potentially interact with other AP2 TFs by means of ApiAP2 domain
interaction. However, this remains to be elucidated by further experiments.
Potential experiments include the identification of potential AP2 protein partners
of TgAP2IX-5 by carrying out co-immunoprecipitation experiments and studying
the essentiality of their respective AP2 domains to maintain such interactions.

From another angle, it may be possible that domainl interacts with the AP2
domain upon DNA binding and triggers a change in the conformation of TgAP2IX-
5. Nonetheless, it has been demonstrated in P. falciparum that homodimerization
of PF14_0633 AP2 domain results in a conformational change driven by a domain-
swapping mechanism facilitated by Proline kink-regions to drive dimerization
(Lindner et al., 2010). The presence of Pro 1774 in domainl can potentially
contribute to the creation of a kink (hinge-like structure) in the fold of the
TgAP2IX-5 protein thus contributing to its dimerization with the AP2 domain. In
the case where both domains may potentially interact together, this may increase
the binding affinity of the TgAP2IX-5 TF to the promoters of specific genes.
However, this possibility is most unlikely given that the loss of the AP2 domain
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does not render the TgAP2IX-5 protein unfunctional. Perhaps interaction between
domainl and the AP2 domain enhances binding of TgAP2IX-5 to the promoters of
genes but is not essential. This could be further explored by carrying out ChIP-seq
experiments on the complemented AP2IX-5 strains with the deleted AP2 domain
and domain 1 in the presence of auxin and compare it to that of a control (absence
of auxin). This follow-up experiment can identify any changes in the targeting of
TgAP2IX-5 to the promoters of genes should they be existent due to the deletion
of the AP2 domain.

Alternatively, supposing that the AP2 domain binds DNA, its loss may be
compensated for by domainl and thus it is rendered non-essential for the function
of the TgAP2IX-5 TF.

Overall, the most likely hypothesis is that domain 1 binds DNA, which can result
in a conformational change of the TgAP2IX-5 protein fold subsequently triggering
the AP2 domain to interact with other AP2 domains illustrating plausible ApiAP2
TF cooperation. Thus, studying the protein folds of the different domains present
in TgAP2IX-5 TF remains crucial to validate such a hypothesis. In this case, a
preliminary study can be carried out by constructing a 3D virtual model based on
previously solved crystal structures of ApiAP2 domains by using software such as
the Schrodinger software that can give us hints in predicting the fold of this
protein and any potential change in structure upon binding to DNA.

In summary, this set of complementary experiments confirms the central role of
TgAP2IX-5 as a master regulator of the asexual cell cycle division by controlling
the expression of genes crucial for daughter parasite formation. TgAP2IX-5 also
promotes the progression of the asexual cell cycle by regulating several ApiAP2
TFs. It also controls bradyzoite-repressing TFs by inhibiting the bradyzoite
developmental switch. Furthermore, elucidation of essential regions for the
function of TgAP2IX-5 sheds light on possible mechanisms of action of this TF.

V-3- Functional Characterization of protein phosphatase 1 in

Toxoplasma gondii, TgPP1

For the third part of this PhD study, an iKD mutant of TgPP1 was generated by
tagging the N-terminal of the PP1 gene with a T2A-AID-Ty cassette. Before the
generation of the iKD 7¢gPPI mutant, several attempts to generate an iKD mutant
in which the C-terminal of the 7gPP1I gene is tagged yielded unsuccessful results.
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However, by the way of N-terminal tagging, we were able to produce the iKD
TgPP1 mutant, and a number of experiments were carried out in order to
characterize it. The absence of TgPP1 led to a defect in proliferation hence plaque
formation was completely hindered when carrying out plaque assays. In addition,
studying the Inner Membrane Complex of mutant parasites exhibited that iKD
TgPP1 mutant parasites harbored an unstructured IMC. Confocal microscopy
allowed us to visualize the collapse of the IMC. Furthermore, phospho-proteomics
studies were carried out on the 1IKD TgPP1 parasite in the presence or absence of
2 hours of auxin treatment. This short duration of auxin treatment led to the
hyperphosphorylation of several proteins among them RNA recognition motif
proteins and RNB-containing motifs. Yet most strikingly, IMC1 was the most
highly phosphorylated protein at Threonine residue 62. Additional phospho-
proteomics experiments were carried out for a longer duration for 24 hours of

auxin treatment which revealed the differential phosphorylation of several IMC
proteins such as IMC17, IMC18, IMC20, and IMC24.

INTRODUCTION

The regulation of crucial functions in the apicomplexan parasite 7Toxoplasma
gondirhas been shown to involve post-translation modifications. Crucial molecular
mechanisms underlying cell division, microneme secretion or exit from the host
cell were shown to be regulated via phosphorylation/dephosphorylation of proteins
(Yang & Arrizabalaga, 2017). A large repertoire of phosphorylated proteins has
been discovered at the tachyzoite stage of this parasite (Treeck et al., 2011).
Moreover, protein kinases and phosphatases have been identified in the parasite’s
genome.

Tachyzoite kinases have been shown to play important roles during the cell cycle
division process. TgCDPKY7 is an essential kinase for parasite survival which plays
an important role in ensuring the proper positioning and duplication of the
centrosome is maintained throughout the tachyzoite’s cell division (Morlon-Guyot
et al., 2014). TgCDPKJY is also responsible for phosphorylating TgRab11a which is
essential for the parasite’s intracellular division and trafficking of proteins
(Bansal et al., 2021). Other protein kinases play important roles in 7. gondii such
as TgArk1l which is involved in regulating the assembly of daughter parasites
(Suvorova et al., 2015), TgArk3 kinase which is characterized by its importance in
endodyogeny and parasite virulence (Berry et al., 2016), and TeMAPK-L1 which
controls proper centrosome replication (Suvorova et al., 2015). In addition, a total
of 8 CDK-related kinases designated as TgCrks are cyclically expressed within the
T. gondii tachyzoite. Five of the TgCrks have been demonstrated to play a major
role in regulating cell division by regulating the various cell cycle checkpoints in
order to ensure the proper progression of the cell cycle (Alvarez & Suvorova, 2017).
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Only few protein phosphatases have been characterized to date in 7’ gondii. Thus
far, protein phosphatases belonging to the Mg2*/Mn2* dependent phosphatase
(PPM) family have been characterized including TgPPM13 which functions with
casein kinase II (CKII) in controlling the binding of Toxofilin to actin thus
contributing to the dynamics of actin in the parasite and its overall gliding motility
(Delorme et al., 2003; Jan et al., 2007). Additionally, TgPPM5C is implicated in
the parasite’s lytic cycle (C. Yang et al., 2019) whereas TgPPM3C demonstrated a
role in the parasite’s virulence in vivo (Mayoral et al., 2020).

Among the serine/threonine protein phosphatases, PP1 belonging to the
phosphoprotein phosphatase (PPP) family has been extensively studied in other
eukaryotes. PP1 has been shown to play a central role in many essential biological
processes involving cell division, cellular metabolism, transcription, translation,
apoptosis, in addition to several others (Ceulemans & Bollen, 2004).

In Plasmodium falciparum, PfPP1 has been shown to be essential during the
Iintraerythrocytic cycle and egress by regulating the activity of a HECT-family
ubiquitin E3 ligase in addition to a phospholipid transporter which functions in
the rupture of the host cell (Paul et al., 2020).

However, the function of the 7. gondii PP1 homolog remains to be elucidated. PP1
activity was demonstrated in 77 gondii by using phosphatase inhibitors (okadaic
acid) and which significantly decreased the invasion of the 7. gondii tachyzoites
thus suggesting an important role for TgPP1 in the invasion of the host cell
(Delorme et al., 2002). In addition, TgPP1 demonstrated to form a complex with
the TgLRR1 protein which negatively regulates TgPP1 activity (Daher et al.,
2007). Furthermore, 7. gondii Inhibitor-2, TgI2 has an inhibitory effect on TgPP1
activity similar as its homolog in P. falciparum (Deveuve et al., 2017). However,
despite these previous findings regarding PP1 in 7. gondii, much remains to be
explored as many questions remain unanswered regarding the essentiality of
TgPP1, the specific proteins targeted by TgPP1, and its main mechanism of action.
In this study, we produce an inducible knock-down mutant of TgPP1l. We
demonstrate that the conditional depletion of TgPP1 results in growth and
proliferation defects. Upon the conditional depletion of TgPP1, parasites exhibit a
collapsed IMC structure which was further confirmed by electron microscopy. In
addition, phospho-proteomics assays of the iKD TgPP1 mutant demonstrate the
hyperphosphorylation of several IMC proteins such as IMC1, IMC4, IMC17,
IMC18, IMC20, IMC24, and ISP2. Overall, we attempted to functionally
characterize TgPP1 and demonstrated its potential effect on the phosphorylation
status of several proteins essential for maintaining the tachyzoite’s IMC integrity.
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3.1 TgPP1 has an important role in parasite proliferation

With the aim of identifying the biological role of TgPP1, an inducible knock-down
mutant GKD TgPP1) was generated using the AID system. For the sake of this
study, a transgenic 7. gondii parasite strain was produced which consists of an
HXGPRT-T2A-AID-2Ty insert at the 5 end of the TgPP1l gene using a
CRISPR/Cas9 strategy (Figure 1A). The 5end of the TgPP1 gene of interest was
tagged rather than the 3’end after multiple unsuccessful attempts to insert an
HXGPRT-AID-HA cassette at the 3’end of the gene of interest.

Verification by Western blot identified a single band which was detected at the
expected protein size (~35kDa). The TgPP1 protein was rapidly depleted within
just one hour of auxin treatment as was verified by Western blot (Supplementary
Figure 1B).
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Figure 1: TgPP1 conditional depletion affects the growth and proliferation of the
parasite

(A) Schematic representation of iKD TgPP1 construct used to carry out the study
which utilizes the AID system in order to deplete TgPP1. (B) Plaque assay of the
1KD TgPP1 mutant and control parasites in the presence and absence of auxin.
(C) Bar graph representing a growth assay of the iKD TgPP1 strain after 48h
growth. A Student’s t-test was performed, *p <0.05, **p<0.01; mean + s.d. (n=3).
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Supplementary Figure 1: iKD TgPP1 mutant validation. (A) PCR confirming the
integration of the HXGPRT-2TA-AID-2Ty insert at the correct locus of the iKD
TgPP1 mutant’s genome. (B)Western blot demonstrating the depletion of TgPP1
when adding auxin for different durations of time. (C) Growth assay of iKD TgPP1
in the presence and absence of auxin for 24 hours. A Student’s t-test was
performed, ns >0.05, **p<0.01, ***p<0.001; mean =+ s.d. (n=3).

To characterize the phenotype, a plaque assay was carried out in order to measure
the iKD TgPP1 mutant parasites’ ability to grow and invade over a time period of
7 days (Figure 1B). The plaque assay demonstrated an absence of plaques in the
presence of auxin for the iKD TgPP1 strain. On the contrary, the iKD TgPP1 strain
in the absence of auxin exhibited plaques yet these were smaller compared to the
parental Tirl control in the presence and absence of auxin. These results
demonstrate that the iKD TgPP1 strain has an initial proliferation defect in the
absence of auxin. We then carried out a standard growth assay by leaving the
parasite to grow for 24 hours in the presence and absence of auxin only to discover
that there was indeed a significantly lower number of parasites per vacuoles when
comparing the Parental Tirl strain to the iKD TgPP1 strain. Strikingly, when
comparing the iKD TgPP1 strain in the presence and absence of auxin, the
modification of the 7gPPI locus yielded lower number of parasites per vacuoles
counts when compared to the parental strain (Supplementary Figure 1C). In a
following experiment, another growth assay was carried out in which the parasite
was left to grow for 48 hours. In this case, the iKD TgPP1 mutant parasite
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demonstrated a significant growth defect in the presence of auxin (Figure 1C).
These results therefore suggest that TgPP1l expression is essential for the
proliferation and growth of the parasite.

3.2 Depletion of TgPP1 results in a collapsed Inner Membrane Complex (IMC)

To better assess the phenotype of the iKD TgPP1 mutant, immunofluorescence
assays were carried out to label the IMC, a double membrane structure situated
right below the plasma membrane of the parasite, was labelled with different
markers. Labelling of the IMC with anti-TgIMC1 antibodies allowed us to
visualize the effect of TgPP1 depletion on the IMC. After 24 hours of auxin
treatment, we were able to clearly observe a collapsed IMC structures in the iKD
TgPP1 parasites (Figure 2A, lower panel) compared to the intact IMC structures
in the control parasites (Figure 2A, upper and middle panels). The collapsed IMC
is apparent as a mesh of intertwined IMC proteins with no clearly formed
tachyzoites within the vacuole (Figure 2A).

We observed that ~30% of the parasite population exhibited an unstructured IMC
in the case of 24 hours of auxin treatment (Figure 2B), while ~40% of the parasite
population harbored an unstructured IMC in the case of 48 hours of auxin
treatment (Figure 2C).

B o
A s
TgIMC1 2 IMC1 labelled 24 hrs auxin treatment
2
2 60
2
?
c
= % %k % %k
Parental Tirl £ 40
-Auxin i
2
]
32
]
>
-
)
[ 0 e P
g + t T
Parental Tirl H B S‘._(s \;’VP\Q &}Q
+Auxin 3] S K IS R
2 & & o Q
a & < £ S
A N
& @ L &
& & Q ]
<® q'b‘

PP1 -Auxin
60

40

PP1 + Auxin

percentage of vacuoles with unstructured IMC

Figure 2: (A) Confocal microscopy imaging of the Parental Tirl and iKD TgPP1
mutant parasites in the presence and absence of auxin labelled with TgEno2 (red)
and TgIMC1 (green). DAPI was used to stain the nucleus. The scale bar is
indicated in the lower right side of each image. (B) Bar graph representing the
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percentage of Parental Tir 1 and iKD TgPP1 vacuoles with an unstructured inner
membrane complex using anti-TgIMC1 as a marker for IFA assays in the presence
or absence of auxin for 24 hours. A Student’s t-test was performed, ****p<0.0001;
mean * s.d. (n=3). (C) Bar graph representing the percentage of Parental Tirl and
1KD TgPP1 vacuoles with an unstructured IMC in the presence or absence of auxin
for 48 hours. A Student’s t-test was performed, ***p<0.001; mean + s.d. (n=3).

In an attempt to further characterize the unstructured IMC apparent in the iKD
TgPP1 strain in the presence of auxin, another component of the IMC was labelled,
the IMC Sub-compartment protein 1 (TgISP1). Upon auxin treatment for 24 hours
and 48 hours, ISP1 which usually localizes at the very tip of the parasite’s apex
forming a cap-like structure was instead distributed along the periphery of the
iKD TgPP1 mutant parasite (Figure 3A). At 24 hours of auxin treatment ~ 10% of
the mutant parasite population exhibited an ISP1 mis-localization phenotype
(Figure 3B) whereas ~ 20% of the iKD TgPP1 mutant parasite population
exhibited ISP1 mis-localization after 48 hours of auxin treatment (Figure 3C).
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Figure 3: (A) Confocal microscopy imaging of the Parental Tirl and iKD TgPP1
mutant parasites in the presence and absence of auxin labelled with TgEno2 (red)
and TgISP1 (green). DAPI was used to stain the nucleus. The scale bar is indicated
in the lower right side of each image. (B) Bar graph representing the percentage
of Parental Tir 1 and iKD TgPP1 parasite vacuoles with mis-localized TgISP1
using anti-TgISP1 as a marker for IFA assays in the presence or absence of auxin
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for 24 hours. A Student’s t-test was performed, ***p<0.001; mean + s.d. (n=3). (C)
Bar graph representing the percentage of Parental Tir 1 and 1iKD TgPP1 parasite
vacuoles with mis-localized ISP1 by using anti-TgISP1 as a marker for IFA assays

in the presence or absence of auxin for 48 hours. A Student’s t-test was performed,
*H%%p<0.0001; mean + s.d. (n=3).

In addition to TgIMC1 and TgISP1, a third marker of the IMC was used for
labelling. The acylated gliding associated protein, TgGAP45, is a component of the
gildeosome which is targeted to the plasma membrane and is associated with the
IMC at its C-terminal region. By using confocal microscopy, we were able to
visualize the effect of TgPP1 depletion on TgGAP45 (Figure 4A). In the presence
of auxin, TgGAP45 is not properly localized in ~30% of the mutant parasite
vacuoles at 24 hours of auxin treatment (Figure 4B) whereas this number is
approximately ~40% at 48 hours of auxin treatment (Figure 4C). Altogether, these
results confirm that TgPP1 contributes to the structural integrity of the parasite’s
inner membrane complex.
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Figure 4: (A) Confocal microscopy imaging of the Parental Tirl and iKD TgPP1
mutant parasites in the presence and absence of auxin labelled with TgGAP45
(red) DAPI was used to stain the nucleus. The scale bar is indicated in the lower
right side of each image. (B) Bar graph representing the percentage of parasite
vacuoles possessing an undefined TgGAP45 protein after 24 hours of auxin
treatment. A Student’s t-test was performed, ***p<0.001; mean + s.d. (n=3). (C)
Bar graph representing the percentage of parasite vacuoles possessing an
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undefined TgGAP45 protein after 48 hours of auxin treatment. A Student’s t-test
was performed, **p<0.01; mean + s.d. (n=3).

3.3 TgPP1 depletion results in unsegregated nuclei
A defect in the segregation of nuclear material was observed in the iKD TgPP1
mutant 1n the presence of auxin. To better assess this phenotype,
immunofluorescence assays in which the nucleus was labelled with TgEno2 were
carried out (Figure 5A). After 24 hours of auxin treatment, we were clearly able to
1dentify a significant percentage of vacuoles consisting of unsegregated nuclear
material. This phenotype of unsegregated nuclear material was also visible at 48
hours of auxin treatment (Figures 5B-C). In addition, the defect of TgPP1 on

nuclear segregation is also apparent in the vacuoles presenting IMC defects
(Figures 2A,3A,4A).

A TgEno2 DAPI Merge B .
‘ _ unsegregated nuclear material - 24 hrs
X 8
S ¥ = = 60
Taek N s %
iy & [
: g E
Parental - Ay g R
Tirl -Auxin 4 ] < 40 * 3k ok
* > 3
w O
]
! 8}
. =] 20
e
s g
Q9
Parental ag 0-
Ti i & & & &
irl +Auxin o.p S"\ o.p o"'\
L N N
4(\(\ < Q'\ Q\
> > ~ &
& & Q«
C Q’b& Q'b@ $‘

unsegregated nuclear material - 48 hrs

iKD TgPP1 60

-Auxin

I
(=)

20

iKD TgPP1
+Auxin

percentage of vacuoles with
unsegregated nuclear material

Figure 5: (A) Confocal microscopy imaging of the Parental Tirl and iKD TgPP1
mutant parasites in the presence and absence of auxin labelled with TgEno2 (red)
DAPI was used to stain the nucleus. The scale bar is indicated in the lower right
side of each image. (B) Bar graph representing the percentage of parasite vacuoles
with unsegregated nucleus after 24 hours of auxin treatment. A Student’s t-test
was performed, ***p<0.001; mean * s.d. (n=3). (C) Bar graph representing the
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percentage of parasite vacuoles possessing unsegregated nuclei after 48 hours of
auxin treatment. A Student’s t-test was performed, ***p<0.001; mean + s.d. (n=3).

3.4 TgPP1 depletion disrupts the Inner Membrane Complex (IMC) of the 7.
gondii tachyzoite

By carrying out immunofluorescence assays, we were able to observe the complete
collapse of the inner membrane complex in the iIKD TgPP1 mutant parasite in the
presence of auxin. Therefore, electron microscopy experiments were carried out in
order to examine the morphology of the iKD TgPP1 mutant parasites’ IMC and
plasma membrane in the presence and absence of auxin treatment. Electron
microscopy scans demonstrated that the iKD TgPP1 tachyzoites showed an intact
plasma membrane and IMC in the absence of auxin (Figure 6A). When treating
the 1IKD TgPP1 parasite with auxin the IMC is no longer present, yet the plasma
membrane remains intact (Figure 6B). This is apparent as the IMC is missing and
only a single membrane is present (Figure 6B).
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Figure 6: Electron microscopy experiments demonstrate that conditional TgPP1
depletion results in an intact plasma membrane (A) Electron microscopy scan
demonstrating the structural morphology of the plasma membrane and the inner
membrane complex of iKD TgPP1 tachyzoite parasites after 24 hours in the
absence of auxin treatment. Both plasma membrane and IMC are intact. (B)
Electron microscopy scan demonstrating the structural morphology of the plasma
membrane and the inner membrane complex of iIKD TgPP1 tachyzoite parasites
after 48 hours of auxin treatment. I represents missing IMC, C represents
cytoplasmic inclusions. Scale bar (5 pm) is indicated at the lower right side in the
TEM images. Regions indicated by arrows are zoomed in.

3.5 Absence of TgPP1 has an impact on centrosome, Golgi, and plastid

The 7. gondii cell cycle exhibits a coordinated timeline in which the parasite’s
subcellular structures are divided following a chronological order (Nishi et al.,
2008). We investigated whether subcellular structures of the iKD TgPP1 mutant
were affected in the presence of auxin. To carry out this investigation, the impact
of the conditional depletion of TgPP1 on the centrosome, Golgi, and plastid was
studied by measuring the ratios of these organelles of interest to the nucleus.
First, the effect of TgPP1 depletion on the division of the outer core of the
centrosome was examined. The ratio of the outer centrosome to the nucleus was
measured. In both conditions consisting of 24 hours of auxin treatment and 48
hours of auxin treatment, the ratios of the outer core centrosome were recorded
after labelling the iKD TgPP1 mutant and Parental Tirl strain using the anti-
TgCentrinl antibody (Figure 7A). The ratios recorded were around 1 in the
presence and absence of auxin at 24 hours and 48 hours of auxin treatment
(Figures 7B-C) indicating that TgPP1 does not have an impact on outer core
centrosomes division. However, centrosome shape seems to be impacted in the iKD
TgPP1 mutant in presence of auxin since the intensity levels of the TgCentrinl is
much dimmer compared to that of the controls (Figure 7A).
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Figure 7: TgPP1 does not have an impact on the division of the outer centrosome
core. (A) Confocal microscopy images of the Parental Tirl (control) and the iKD
TgPP1 strain labelled with TgCentrinl (green) in the presence and absence of
Auxin for 48 hours. DAPI was used to stain the nucleus. (B) Bar graph
representing TgCentrinl: nucleus ratio using the parental and iKD TgPP1 in the
absence and presence of auxin treatment for 24 hours. A Student’s t-test was
performed, ns p>0.05; mean + s.d. (n=3). (C) Bar graph representing the recorded
TgCentrinl: nucleus ratios using the parental Tirl and iKD TgPP1 strain in the
absence and presence of auxin for 48 hours. A Student’s t-test was performed, ns
p>0.05; mean + s.d. (n=3).

Since there was a qualitative effect of TgPP1 on the division of the centrosome’s
outer core, we decided to investigate the effect of TgPP1 on the division of the
proceeding organelles to divide in the cell cycle. In order to determine the effect
of TgPP1 depletion on the division of the Golgi and plastid, the ratios of the Golgi
to nucleus and plastid to nucleus were recorded in the parental Tirl and iKD
TgPP1 strain in the presence and absence of auxin. At 24 hours of auxin
treatment, there was a significant percentage of parasites (~20%) with abnormal
ratios corresponding to Golgi and plastid division (Figure 8B). At 48 hours of auxin
treatment, the percentage of parasites with abnormal Golgi and plastid ratios
increased to ~27% of the total parasite population (Figure 8C). These results
collectively suggest that the depletion of TgPP1 has an impact on the division and
segregation of these subcellular structures.
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Figure 8: Golgi and plastid are impacted in the absence of TgPP1. (A) Confocal
microscopy images of the parental and iKD TgPP1 strain with labelled plastid
(red) and Golgi (green) in the presence and absence of 48 hours of auxin treatment.
DAPI was used to stain the nucleus. (B) Bar graph representing the percentage of
parasite with abnormal Golgi and plastid counts using the parental Tirl and iKD
TgPP1 strain in the absence and presence of auxin for 24 hours. A Student’s t-test
was performed. *p<0.05; mean + s.d. (n=3). (C) Bar graph representing the
percentage of parasite with abnormal and normal Golgi and plastid counts using
the parental Tirl and iKD TgPP1 strain in the absence and presence of auxin for
48 hours. ***p<0.001; mean =+ s.d. (n=3).

3.6 TgPP1 is responsible for dephosphorylation of the Inner Membrane

Complex protein, TgIMC1
The phosphoproteome of the iIKD TgPP1 mutant parasites in the presence and
absence of auxin for 2 hours was explored.
Overall, there was a total of 7822 different phosphorylation sites identified (Figure
9A, C and supplementary Table 1). However, we were able to identify significant
changes for 104 phosphopeptides corresponding to 85 proteins (Figure 9C and
supplementary Table 1). Among the 104 phospho-peptides that possessed
significant levels of phosphorylation, 40 peptides corresponding to 32 proteins
were hyper-phosphorylated whereas 64 peptides corresponding to 58 proteins
were hypo-phosphorylated. Significantly phosphorylated peptides were identified
by comparing iKD TgPP1 mutant parasites in the absence and presence of auxin
for 2 hours. Analysis was carried out for four biological replicates and
phosphopeptides with an FDR<0.01 were identified as significantly
phosphorylated. We noticed that the protein exhibiting the most hyper-
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phosphorylated ratio was IMC1. In addition, the apical cap protein 2 (AC2) was
also significantly hyper-phosphorylated. Six IMC proteins, IMC17, ISCI,
PMCAA1, and two uncharacterized proteins were hypo-phosphorylated.
Furthermore, treatment with auxin for 2 hours resulted in the hypo-
phosphorylation of calcium-dependent kinases such as CDPK2A and CDPKES6.
However, most of the proteins identified to be hyper-phosphorylated or hypo-
phosphorylated were of unknown function.

To better assess the effect of TgPP1 depletion, we explored the phospho-proteome
of the 1IKD TgPP1 mutant after 24 hours of auxin treatment when most of the
phenotypes are apparent in the population (phospho-proteomics analysis was
carried out for three biological triplicates in the case of 24 hours of auxin
treatment)

In this case, a total of 7509 different phospho-sites were identified, among them
376 phospho-sites corresponding to 284 proteins exhibited significant changes in
phosphorylation levels (Figures 9B, D and Supplementary Table 2). More
particularly, 152 peptides were found to be hyper-phosphorylated corresponding
to 114 proteins whereas 224 peptides were discovered to be hypo-phosphorylated
corresponding to 178 proteins. Inner Membrane Complex proteins, IMC4, IMC18,
and IMC20 were found to be hyper-phosphorylated while ISP2, IMC5 and IMC24
were found to be hypo-phosphorylated. Interestingly, IMC17 was found to be
hyperphosphorylated at certain sites and hypo-phosphorylated at others. Two
apical cap proteins were demonstrated to be hypo-phosphorylated (AC4 and AC10)
whereas one apical cap protein (AC2) was identified as hyper-phosphorylated.
Furthermore, microtubule associated protein SPM2 was found to be
hyperphosphorylated. Four ApiAP2 TFs associated with transcriptional control
were hyperphosphorylated (AP2XI-2, AP2XII-5, AP2XII-8, and AP2VIIa-4)
whereas 4 other proteins responsible for gene regulation were hypo-
phosphorylated and included 3 ApiAP2 TFs (AP2IX-7, AP2XII-1, AP2VIIa-3) and
a single Myb-family DNA-binding protein.

Additionally, two CDPKs were also found to be significantly hypo-phosphorylated
and this included CDPK?7, an essential protein for parasite survival (Morlon-
Guyot et al., 2014) and CDPK2A. In addition, we identified the hypo-
phosphorylation of GPAT, a suggested target of CDPK7 (Bansal et al., 2021).
When overlapping the proteins that were either significantly hyper-
phosphorylated or hypo-phosphorylated after 2 hours and 24 hours of auxin
treatment, we observe only 9 hypo-phosphorylated overlapped proteins whereas
only 2 hyperphosphorylated proteins were overlapped (Figure 9E-F). The
overlapped hypo-phosphorylated proteins included IMC protein, IMC17
(TGGT1_286580) and a major facilitator family transporter protein
(TGGT1_253700). The other hypo-phosphorylated overlapped proteins are not yet
characterized whereas the two overlapped hyper-phosphorylated proteins

214



consisted of apical cap protein 2 (AC2) and a trehalose phosphatase which has an
implication in the isoprenoid metabolic pathway (Imlay & Odom, 2014).
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Figure 9: Phosphoproteome of iKD TgPP1 mutant parasites after 2 hours and 24
hours of auxin treatment. (A)Volcano plot of the total phosphosites detected from
the phosphoproteomics analysis in the 1IKD TgPP1 mutant parasites in the
presence of 2 hours of auxin treatment (n1=7822) (B) Volcano plot of the total
phosphosites detected from the phosphoproteomics analysis in the iKD TgPP1
strain after 24 hours of auxin treatment (n= 7509) (C) Heat map demonstrating
the hierarchical clustering of phosphosites with significant differentiation
between iKD TgPP1 mutant parasites not treated with auxin and those treated
with auxin for 2 hours. (D)Heat map demonstrating the hierarchical clustering of
phosphosites with a significant difference between the iKD TgPP1 mutant
parasites not treated with auxin and those treated with auxin for 24 hours. (E)
Venn Diagram representing the overlap of hyper-phosphorylated proteins 2 hours
after auxin treatment and 24 hours after auxin treatment (F) Venn Diagram
representing the overlap of hypo-phosphorylated proteins 2 hours after auxin
treatment and 24 hours after auxin treatment.
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Gene ID
TGGT1_286580
TGGT1_312100
TGGT1 235340
TGGT1_217510

TGGT1_306190

TGGT1_231640

Supplementary Table 1:

Protein description
IMC17
PMCAA1
ISC1
Uncharacterized IMC
protein
Uncharacterized IMC
protein
IMC1

IMC proteins

Phosphorylation score
-8.67752
-5.90201
-5.02973
-4.6033

-4.36629

7.1984

significantly hyper-

Amino acid
Threonine 615
Threonine 491
Serine 98
Serine 2

Threonine 101

Threonine 62

(positive

phosphorylation score) and/or hypo-phosphorylated (negative phosphorylation

score) after 2 hours of auxin treatment.

Gene ID
TGGT1_237820
TGGT1_311480
TGGT1_306190
TGGT1_311480
TGGT1_286580
TGGT1_258470
TGGT1_ 231630
TGGT1_271930
TGGT1_295360
TGGT1_222400
TGGT1_312100
TGGT1_286580
TGGT1_286580
TGGT1_286580
TGGT1_ 231630

Supplementary Table 2:

Protein description
ISP2
Uncharacterized IMC protein
Uncharacterized IMC protein
Uncharacterized IMC protein
IMC17
IMC24
IMC4
IMC20
IMC18
Uncharacterized IMC protein
PMCAA1
IMC17
IMC17
IMC17
IMC4

IMC proteins

Phosphorylation score
-5.47349
-4.90895
-4.73855
-4.69999
-4.33155
-4.1009
3.28531
4.05312
4.76741
4.9533
6.47824
5.45417
5.54993
5.70877
7.11649

significantly hyper-

Amino acid
Serine 30
Serine 231
Serine 297
Serine 228
Threonine 872
Serine 28
Serine 32
Threonine 127
Threonine 209
Serine 498
Serine 533
Serine 666
Threonine 669
Serine 660
Serine 398

(positive

phosphorylation score) and/or hypo-phosphorylated (negative phosphorylation

score) after 24 hours of auxin treatment.

3.7 Discussion and future perspectives

1 Phenotypic characterization of iKD TgPP1

TgPP1 depletion was demonstrated to hinder the normal growth of the parasite.

However, a standard growth assay at 24 hours of growth did not yield any

significant difference in growth. In contrast, 48 hours auxin treatment was

sufficient to induce a significant growth defect. This suggests that the iKD TgPP1

parasite replication is significantly impacted (Figure 1C, supplementary Figure

1C). Analysis of the parasites at 24 hours post-auxin treatment, showed that the

replication of the parasite is impacted. However, the TgPP1 iKD without auxin

also showed slower growth (Supplementary Figure 1C). It is most likely that the

longer duration of auxin treatment (48 hours) is required for the TgPP1 depletion
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to have a subsequent impact on the replication of the parasite. The growth defect
we observe 1s most likely a consequence of accumulation of tachyzoites with
collapsed IMC structures and unsegregated nuclear material. This was further
confirmed by the plaque assays, showing that after 7 days, no lysis plaques are
apparent in presence of auxin.

The 7. gondii tachyzoite’s asexual cell cycle is characterized by independent
nuclear and budding cycles (Suvorova et al., 2015). In this study, the impact of
TgPP1 depletion on the two independent cycles (nuclear and budding cycle) is
clearly apparent. Upon depletion of TgPP1, the budding of the daughter parasites
1s affected qualitatively based solely on visual inspection. However, no
quantification was carried out to measure the effect of TgPP1 depletion on the
parasite’s ability to form daughter cells (budding capability) as this proves to be
quite challenging given the collapsed IMC phenotype that occurs in the presence
of auxin rendering the tachyzoite peripheries with unclear IMC boundaries at the
peripheries of the daughter parasites.

2 The link between differentially phosphorylated proteins and collapsed
IMC upon TgPP1 depletion

The most noticeable phenotype following TgPP1 depletion was the collapse of the
IMC structure, which is situated right below the plasma membrane. This IMC
defect was first detected by labelling the IMC in immunofluorescence assays and
was later confirmed by electron microscopy where tachyzoites of the iKD TgPP1
mutant parasite exhibited absent IMC. Based on the EM scans of the iKD TgPP1
parasite, in the presence of auxin, the plasma membrane of the parasite remains
intact. This is most likely due to the significant differential phosphorylation of
several IMC proteins such as IMC1, IMC4, IMC5, IMC17, IMC18, IMC20, IMC24,
ISP2, ISC1. Upon depletion of TgPP1, hypo-phosphorylation or hyper-
phosphorylation of these IMC proteins most likely leads to an accumulation of
disrupted IMC proteins which contributes to the overall collapsed IMC structure
that is observed via EM microscopy (Figures 6A-B). Interestingly, it is at longer
durations of auxin treatment (24 hours) where a larger number of IMC proteins’
phosphorylation is targeted.

The depletion of TgPP1 affected other IMC components such as ISP1, which
normally localizes to the apical cap of the parasite and is associated with the IMC
(Beck et al., 2010). In the presence of auxin, ISP1 localizes to the periphery of the
tachyzoite rather than at the apical cap (Figure 3A) giving rise to a mis-
localization of this protein. However, no known phosphorylation sites have been
reported thus far for TgISP1 (Treeck et al.,, 2011). TgISP proteins have the

217



capability of multimerizing into a Pleckstrin homology (PH) fold which is rich in
high affinity binding sites for inositol phosphates which are membrane associated
(Tonkin et al., 2014). This correlated with the presence of phosphatidyl-inositol 3
and 4- kinase (TGGT1_215700) as a significantly hyper-phosphorylated protein
(~5-fold) in the iKD TgPP1 mutant when treated with auxin. However, whether
phosphatidyl-inositol 3-4 kinase has a role in TgISPs anchoring remains to be
explored. Crystallography structure studies carried out on TgISP1 and TgISP3
suggested that the multimerization and phosphorylation of serine residues of ISP
proteins are responsible for the regulation of the biological function of ISP proteins
(Tonkin et al., 2014). Moreover, the phosphorylation of three serine residues on
TgISP2 has been identified in 7. gondii (Treeck et al., 2011). This coincides with
the hypo-phosphorylation of serine residues of TgISP2 upon TgPP1 depletion. It
would be of interest to study the localization of TgISP2 in the iKD TgPP1 mutant
in order to verify whether the localization is affected as was the case with TgISP1.
In order to explore this, a knock-in mutant in the iKD TgPP1 strain consisting of
ectopically tagged ISP2 gene can be produced and used to verify the localization of
the ISP2 protein in the presence of auxin.

TgGAP45 is major component of the glideosome which is responsible for
facilitating gliding motility in 7% gondii and possesses a crucial function in the
invasion of host cells and egress (Frenal et al., 2014). The glideosome complex
proteins are highly modified by phosphorylation (Gilk et al., 2009). GAP45 is
anchored to the IMC from its C-terminal region and embedded within the plasma
membrane from its N-terminal part. TgPP1 depletion impacted the IMC formation
and therefore may also impact GAP45 localization. It is most likely that the
invasion of iIKD TgPP1 mutant parasites is impacted due to the partial absence of
IMC. This may be linked to a previous study where the PP1 phosphatase activity
was inhibited by okadaic acid (OA). In this study, the invasiveness of tachyzoite
parasites was significantly impaired by around 50% (Delorme et al., 2002).

As observed by EM, IMC disruption leads to a defect in the structural morphology
of the mutant parasite in the presence of auxin. The normal arc-shape of the
tachyzoite is no longer apparent and oddly shaped-tachyzoites are present instead.
Additionally, odd curvatures and abnormal invaginations were present on the
outer surface of the plasma membrane of the iKD TgPP1 mutant parasite in the
presence of auxin (Figure 6B) which might possibly be due to the loss of the IMC.
The parasite tachyzoite form is maintained by means of several IMC proteins
which provide the pellicle with tensile strength. These proteins consist of an IMC-
associated network of alveolins and include IMC1, IMC4, and IMC5 (Anderson-
White et al., 2011; Mann, 2001). In addition, IMC7, IMC12, and IMC14 were
demonstrated to be associated with the tachyzoite cytoskeleton and function in
maintaining the structural integrity of the extracellular tachyzoite (Dubey et al.,
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2017). In our study, hypo-phosphorylation of IMC4 and IMC5 was identified.
Differential phosphorylation of these proteins may contribute to the morphological
defects of the IMC after depletion of TgPP1.

Furthermore, IMC suture component proteins (ISCs) were demonstrated to have
a role in maintaining the structural morphology of the tachyzoite (Chen et al.,
2017). Other differentially phosphorylated proteins included IMC suture protein,
ISC1 which was demonstrated to be hypo-phosphorylated upon TgPP1 depletion.
ISC proteins play an important role in suturing the IMC plates together (Chen et
al., 2015). The hypo-phosphorylation of ISC1 could potentially contribute to a
collapsed IMC structure. In addition, the phosphorylation status of ISC1 upon
depletion of PP1 may affect its anchoring into the underlying IMC cytoskeleton
network and may contribute to the phenotype of the TgPP1 mutants.

It has also come to our thought that the tubulin-based cytoskeleton of the mutant
parasites might be affected since the cytoskeleton is known to contribute to
maintaining the tachyzoite’s structural integrity (Morrissette & Gubbels, 2020).
Microtubule associated proteins (MAPs) promote the stability of subpellicular
microtubules. SPM2 is a MAP protein which has been identified as significantly
hyper-phosphorylated. However, the impact of TgPP1 depletion on the parasite’s
cytoskeleton microtubules remains unexplored and can be explored by
visualization of the cytoskeleton after ectopically expressing o/B tubulin followed
by using ultrastructural expansion microscopy (U-ExM).

Consistent with the unstructured IMC phenotype observed by IFA and EM,
phospho-proteomics analysis of the iKD TgPP1 mutant after 2 hours of auxin
treatment exhibited IMC1 as the most hyper-phosphorylated protein particularly
at Threonine residue 62. However, further experiments are needed in order to
validate whether it is specifically the hyper-phosphorylation of Threonine residue
62 that is causing the collapsed IMC phenotype. This can be carried out by
generating an iIKD mutant of IMC1 and complementing with a copy of the IMC1
gene at an exogenous locus in which IMC1 consists of an Alanine residue at
position 62 rather than a Threonine residue. Several attempts to produce an 1KD
TgIMC1 mutant were carried out but to no avail. However, this could be due to
technical issues and the generation of such a mutant could be possible. On the
other hand, the essentiality of IMC1 suggested by the Genome-wide CRISPR
screen (Sidik et al., 2016) could hinder the production of an inducible knocked-
down mutant of IMC1.

219



3 The link between differentially phosphorylated proteins and cell cycle
defects upon TgPP1 depletion

Calcium-dependent kinases such as CDPK6, CDPK7, and CDPK2A were
differentially phosphorylated upon TgPP1 depletion. Little is known about the
function of CDPK2A. CDPKY7 has an essential role in regulating the tachyzoite’s
cell cycle division. It has been previously exhibited that CDPK7 plays a major role
in maintaining the integrity of the centrosome (Morlon-Guyot et al., 2014). Given
that the centrosome shape is impacted in the iKD TgPP1 mutant and that CDPK7
is highly hypo-phosphorylated, modulating the normal phosphorylation status of
CDPK7 may be linked to the abnormal centrosome shape that we observe.
However, the disruption of CDPK7 altered the number of centrosomes during
division which we do not observe in the iKD TgPP1 mutant parasite (Figures 7B-

C).

In addition, Cep250 was identified as hyper-phosphorylated upon TgPP1
depletion. Consistent with a recent study carried out on Cep250. It has been
demonstrated that Cep250 does not play a role in the splitting of the centrosome
but rather functions in maintaining the overall centrosome integrity by connecting
the inner and outer core centrosomes (C.-T. Chen & Gubbels, 2019). It may be
likely that the hyper-phosphorylation of Cep250 contributes to the defect in
centrosomal integrity that we observe in the iKD TgPP1 mutant.

Myosin F was identified as significantly hypo-phosphorylated following the
depletion of TgPP1. MyoF has been demonstrated to being crucial for the proper
orientation of the centrosomes. The disruption of MyoF function results in an
1mpairment in the inheritance of apicoplast. Mutant parasites depleted of TgMyoF
exhibit a delayed death phenotype (Heaslip et al., 2016; Jacot et al., 2013). The
modified phosphorylation level of MyosinF can be possibly implicated in the
abnormal apicoplast ratios we observe in the iKD TgPP1 mutant parasite in the
presence of auxin.

4 Apical complex phosphorylation and TgPP1

Moreover, we observed the altered phosphorylation of apical cap protein, AC10. In
a previous study it has been shown that the depletion of AC10 severely impacted
the tachyzoite leading to a drastic defect in microneme secretion and subsequent
tachyzoite invasion and egress (Tosetti et al., 2020). In addition, the conditional
depletion of AC10 resulted in severe defects of the apical complex in mature
mother parasites such that the apical polar ring and conoid proteins are lost
during the final steps of daughter parasite formation (Tosetti et al., 2020).
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Therefore, modulation of the phosphorylation level of AC10 may trigger a conoid
defect. This can be investigated by carrying out Expansion Microscopy or Focus
Ion Beam Scanning Electron Microscopy (FIB-SEM) in order to visualize conoid
morphology. Interestingly enough, a MAP kinase, ERK7 (TGGT1_233010) was
identified as significantly hyper-phosphorylated in the iKD PP1 mutant in the
presence of auxin, and this coincides quite nicely with the possible conoid defect
as a previous study in which the role of ERK7 was studied indicates that it is
essential for proper apical complex biogenesis (O’Shaughnessy et al., 2020). ERK7
is characterized by autophosphorylation activity which is inhibited by AC9 (Back
et al., 2020).

5 Bradyzoite differentiation and TgPP1

Bradyzoite-associated marker MAG1 which is found in the bradyzoite’s cyst
matrix (Parmley et al., 1994) was extremely hyper-phosphorylated (>5-fold)
suggesting a possible dysregulation in the expression of tachyzoite and bradyzoite
associated genes. AP2 transcription factor AP2XI-2 has been identified as a
bradyzoite repressor (unpublished data) and is also present within the list of
significantly hyper-phosphorylated proteins. Thus, suggesting it might be likely
that the depletion of TgPP1 has an effect on genes controlling developmental
transitions. Another AP2 TF, AP2IX-7 was identified as significantly hypo-
phosphorylated and is implicated in gene regulation by associating with histone
modifying enzyme GCN5b (Harris et al., 2019) suggesting an alteration in the
expression of stage-specific genes might be possible. The expression of bradyzoite-
specific genes can be explored by studying the gene expression of the iKD TgPP1
mutant parasites by using RNA-sequencing. From another perspective, it would
be of interest to study the effect of PP1 depletion during the bradyzoite stage by
creating a mutant parasite in which PP1 is depleted in a Type II bradyzoite-
forming cyst strain.

It is highly likely that TgPP1 is responsible for triggering several phosphorylation
cascades, due to the larger number of proteins being differentially phosphorylated
in the phospho-proteomics study with a longer duration of auxin treatment (24
hours). Since there was very little overlap between the proteins that were hyper-
phosphorylated and hypo-phosphorylated at 2 hours and 24 hours, it is most likely
that TgPP1 functions in dephosphorylating several proteins at an early time-point
of the cell cycle among them kinases which then trigger the phosphorylation of a
large number of proteins and could potentially lead to triggering an IMC
phosphorylation cascade.

This study allowed to shed light on the biological function of PP1 in 7. gondir.
TgPP1 is demonstrated as essential for parasite tachyzoite growth and
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proliferation. The disruption of the IMC is identified as a hallmark of the
phenotype of the iIKD TgPP1 mutant. In addition, phospho-proteomics analysis
suggests the central role of PP1 in several biological processes. However, future
studies are still needed to validate the contribution of TgPP1 to various parasite
pathways and the mechanisms followed by TgPP1 to carry out its biological
functions.
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General Conclusions
and Discussions

223



Chapter VI- General Conclusions and Discussions

This PhD project combined a study of transcriptional and post-transcriptional
regulation of the 7. gondii tachyzoite’s asexual cell cycle by portraying the
importance of ApiAP2 TFs during transcriptional regulation as well as the
implication of a protein phosphatase, TgPP1 in post-transcriptional regulation of
the tachyzoite’s cell cycle.

The importance of ApiAP2 TFs lies in their role of striking a correct balance
between the rapidly replicating tachyzoite and the establishment of the chronic
tissue cyst in order to ensure transmission of the parasite. This balance remains
crucial for the overall successful survival of the parasite. In this PhD study, the
roles of three different ApiAP2 TFs were studied; TgAP2X-10, TgAP2III-1, and
TgAP2IX-5. Cooperativity between ApiAP2 TFs has been identified as a distinct
characteristic of these specific TFs in 7. gondir. Such cooperativity between
ApiAP2 TFs has been previously exhibited between two ApiAP2 TFs, TgAP2XI-5
and TgAP2X-5, which are involved in regulating the expression of virulence factor
genes (Lesage et al., 2018). Despite the limited insight that was achieved from
gene expression studies of HFF cells infected with the direct knock-out mutants
of TgAP2X-10 and TgAP2III-1, it is very likely that the effect observed of these
two ApiAP2 TFs on bradyzoite differentiation might be the downstream effect of
a potential cooperation between either or both of TgAP2X-10, TgAP2III-1, and
other ApiAP2 TFs shown to have a role in bradyzoite differentiation. In fact,
multiple TFs were shown to date to contribute to the establishment of the
bradyzoite expression program. This includes a Myb-like TF, BFD1, which was
shown to be required for the initial induction of the bradyzoite expression program
(Waldman et al., 2020). Other factors, such as AP2XI-4 and AP2IV-3 were shown
to be important for supporting the maintenance of the activation program (Hong
et al., 2017; Walker et al., 2013). In contrast, AP2IX-9 and AP2IV-4 were shown
to ensure the repression of the bradyzoite expression program in tachyzoites
(Radke et al., 2013, 2018). This highlights the complexity of transcriptional
regulation of the differentiation in 7’ gondii. The establishment of the bradyzoite
specific expression program relies on multiple regulators and their regulation is
probably inter-dependent. Producing mutant strains for each of the individual
ApiAP2 TFs will probably yield more insights on their respective role during
differentiation. Stingingly, the integration of the role of these regulators with
chromatin remodeling and modifying complexes, such as the MORC-HDACS3
complex (Farhat et al., 2020) is still missing. However, there is no doubt that both
mechanisms act in concert to achieve the transcriptional control of gene expression
during the crucial events leading to differentiation.
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Another layer of regulation is also achieved during the cell-cycle of the tachyzoite.
As highlighted before, the interconnection between cell cycle and differentiation
has been shown for years (J.R. Radke et al., 2003). However, how these two
complex mechanisms were connected at the molecular level was not understood.
It was already shown that certain cell-cycle regulated ApiAP2 TFs were involved
in differentiation, namely AP2XI-4, AP2IV-3, AP2IV-4, and AP2IX-4 indicating
that these TFs should be expressed at a certain point of the cell-cycle to carry out
their role. By studying the role of TgAP2IX-5, we showed for the first time a direct
link between the continuation of the cell-cycle and the inhibition of the bradyzoite
differentiation pathway. Indeed, TgAP2IX-5 was shown to have a role in
bradyzoite differentiation by directly controlling the expression of the known
bradyzoite repressor, TgAP2IV-4. A cell-cycle arrest at a timepoint where
TgAP2IX-5 is not expressed, for example Go as described before (J.R. Radke et al.,
2003), may block the expression of TgAP2IV-4 and therefore pave the way for the
initiation of the bradyzoite expression program. Conversely, when TgAP2IX-5 is
expressed and daughter cell formation initiated, the tachyzoite cell cycle continues
and the differentiation is prevented through the expression of TgAP2IV-4. It
would be of interest to dissect the other potential TFs that are directly regulated
by TgAP2IX-5 to clarify their role during differentiation. They may work in concert
or cooperatively to repress the initiation of the bradyzoite expression program. The
intertwined regulation network of regulators of cell-cycle and differentiation point
toward a clear molecular mechanism controlling both events. However, many
other actors may be implicated in the control of these mechanisms. It would be of
interest for example, to identify the TF's that are responsible for the expression of
BFD1. It would be therefore not surprising that some of these would show a cell-
cycle dependent expression.

Since the first studies highlighting the highly ordered profiles of gene expression
during P. falciparum asexual division in the erythrocyte (Bozdech et al., 2003; Le
Roch et al., 2003) or the cell-cycle dependent expression profiles of the 7. gondii
tachyzoite (Behnke et al., 2010), it has been suggested that a cascade of
interdependent transcriptional regulators are at play during these two events. In
P. berghei, the production of knock-out mutants of ApiAP2 genes have shown their
inter-dependence, the co-regulation of multiple gene clusters and the partial
overlap of their function (Modrzynska et al., 2017). However, such a systematic
characterization is missing for 7' gondii. Nevertheless, the study of the TgAP2IX-
5 mutant demonstrated that this TF directly controls other TFs such as AP2XII-
9, AP2III-2 and AP2XII-2 that may in turn control expression during the
subsequent steps of the cell cycle. This has been confirmed partially by a study of
TgAP2XII-2, the only other ApiAP2 TF characterized thus far to have an
1important role in the tachyzoite’s asexual cell cycle. A mutant targeting this gene
leads to a delayed S phase thus demonstrating its central role in the smooth
progression of the subsequent steps of the cell cycle (Srivastava et al., 2020). This
1llustrates that during the tachyzoite cell cycle, the transcript expression cascade
1s controlled at least partially by a cascade of expression of ApiAP2 TFs. The fact
that the previously expressed ApiAP2 TF controls the ones that are necessary for
the subsequent steps provide the molecular mechanism underlying the waves of
expression identified during the tachyzoite cell cycle. The apparent absence of
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classical cell cycle checkpoints may be compensated by the hierarchical
organization of the ApiAP2 TF expression.

Both TgAP2IX-5 and TgPP1 proteins have a regulatory effect on the formation of
the inner membrane complex (IMC). However, a closer comparison between the
effect of each protein on the IMC demonstrates that TgAP2IX-5 affects only the
daughter parasite IMC formation as opposed to TgPP1 which may affect the IMC
of both mother and developing daughter parasites.

The role of TgPP1 in maintaining the balance of phosphorylation of IMC proteins
which are essential for the formation of daughter parasite IMC might also be
linked to the mutant parasite’s affected budding ability. However, the nature of
the collapsed IMC phenotype renders this challenging to study given the meshed
IMC protein network present upon TgPP1 depletion. It might be likely that
exclusively labelling nascent parasite IMC proteins might relieve the appearance
of a meshed network and facilitate studying the ability of the parasite to produce
daughter parasites and thus allow us to link the transcriptional effect of TgAP2IX-
5 on parasite budding to the post-transcriptional role of TgPP1.

What was most striking was that several key IMC proteins determined to be
directly controlled by TgAP2IX-5 were also 1identified as differentially
phosphorylated by TgPP1. For example, TgIMC1 and TgIMC4 overlap between
RNA-seq, ChIP-seq datasets of the 1KD TgAP2IX-5 mutant and phospho-
proteomics datasets of the iKD TgPP1 mutant thus demonstrating that indeed
both TgAP2IX-5 and TgPP1 have important roles in the formation of IMC. This is
also true for AC2 and AC7. However, the timing at which each of TgAP2IX-5 and
TgPP1 are crucial for the parasite to maintain its IMC is what distinguishes each
of these proteins apart with TgAP2IX-5 having an impact on IMC genes at a
transcriptional level while TgPP1 has an effect on IMC proteins post-
transcriptionally by modulating their phosphorylation state. This indicates that
the control of IMC formation requires a combination of both transcriptional and
post-transcriptional regulation.

The conditional depletion of TgPP1 has pleiotropic effects on the parasite’s cell
cycle. Both nuclear and budding cycle seemed to be affected. This demonstrates
that TgPP1 has an effect on a wider number of organelles at moderate levels
compared to TgAP2IX-5 where a complete blockage in the budding cycle is
observed specifically at the time of plastid elongation during division. Some of
these pleiotropic effects may be explained by the differential phosphorylation of
centrosome proteins such as TgCep250 and TgCDPKY7. Indeed, TgCep250 localized
at both outer and inner core centrosome and is important for the structural
integrity of the centrosome (Chen & Gubbels, 2019). In the TgAP2IX-5 iKD, the
centrosome division and integrity were unaffected underlining the fundamental
difference in the two proteins’ function.

The potential role of TgPP1 in transcriptional regulation remains to be explored.
Its original localization in the nucleus and the cytoplasm (Daher et al., 2007), may
indicate a potential role in regulating transcriptional mechanisms. It may also be
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involved in other mechanisms such as splicing and DNA replication. PfPP1
localization is similar but the protein function was mainly demonstrated in
nuclear division (Kumar et al., 2002; Paul et al., 2020) rather than in transcription
regulation.

Overall, this PhD study shed light on the regulation of the tachyzoite’s asexual
cell cycle and demonstrated the key role of an ApiAP2 TF, TgAP2IX-5, and a
phosphoprotein phosphatase, TgPP1 in regulating the asexual cell cycle. In
addition to studying the role of TgAP2X-10 and TgAP2III-1 in developmental life
cycle transitions. Despite the many findings of this study, several questions
remain unanswered, the most prominent one being the functional link between
the transcriptional and post-transcriptional regulation of the asexual cell cycle of
the tachyzoite. Further studies are needed in order to shed light on this topic.
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