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Preface 

I pressed the button of a blank page, it scared me at first, am I going to get the blank page 

syndrome?  But I had lost enough time, time that was spent checking the news, checking how 

many people died today, what is the total in this and that country and where the next hit 

country will be? But as much as this period was painful and anxiogenic, as much as it made 

me and all the world realize once again how important what we are doing is, most importantly 

how critical it is to publish a type of science that is the closest to the truth as we can get. We 

work in flasks and we spend years of our PhDs staring at a gel and at a screen, but what we 

are accomplishing is real, and what is happening to the planet today illustrates this reality, 

along with a big demonstration for the need for scientists, ones that are at first ethical, honest, 

and not after ego and names. I started walking this path believing that the truth lies in science, 

and I will keep walking this path with this torch in hand. Today, I am proud to have 

accomplished an honest work, one where we didn’t allow ourselves to claim anything without 

triple checking, without giving our best to put on the table a full story, as full as I was capable 

of reaching in 3 years. I publish this work, and I write my manuscript holding as a first criteria 

a great respect for my fellow scientist readers, for their critical minds, and for the fuller truth 

we are all seeking. 

30.March.2020 
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Abstract  

 

T. gondii has a complex life cycle typified by an asexual development taking place in 

vertebrate, and a sexual reproduction which occurs exclusively in felids and thereby is less 

studied. The developmental transitions rely on changes in gene expression patterns, and 

recent studies have assigned roles for chromatin shapers, including histone modifications, in 

establishing specific epigenetic programs for each given stage. Here, we identified T. gondii 

microrchidia (MORC) protein as an upstream transcriptional repressor of sexual commitment. 

MORC, in partnership with Apetala (AP2) transcription factors, was shown to recruit the 

histone deacetylase HDAC3, thereby impeding the chromatin accessibility of the genes 

predestined to be exclusively expressed in sexual stages. We found that MORC-depleted cells 

underwent marked transcriptional changes, resulting in the expression of a specific repertoire 

of genes, and revealing a shift from asexual proliferation to sexual differentiation. MORC acts 

as a master regulator that directs the hierarchical expression of secondary AP2 factors, with 

these latter potentially contributing to the unidirectionality of the life cycle. Thus, MORC plays 

a cardinal role in the T. gondii life cycle, and its conditional depletion offers a way to study the 

parasite’s sexual development in vitro, and is proposed as an alternative to the requirement 

of cat infections.  
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1. Evolutionary History of Apicomplexa 

 

The story begins with an ancestral photosynthetic cyanobacterium that got engulfed by a 

previously non-photosynthetic eukaryotic protist, this endosymbiotic event gave rise to the 

Archaeplastida. Glaucophyta, Rhodophyta and Chlorophyta all originated from this primary 

endosymbiosis (Archibald, 2009).   

A red alga engulfed by a eukaryotic heterotroph protist would be at the origin of the 

appearance of the SAR supergroup which includes Stramenopiles, Alveolates and Rhizaria 

lineages (Cavalier-Smith, 2009) (Figure 1). To note that the origin of plastids of the 

photosynthetic lineages is also thought to originate from the red alga (Green, 2011), however 

the number of secondary endosymbiosis events as well as plastid losses and horizontal gene 

transfers added levels of complication regarding the exact chronological order of events and 

of the corresponding ancestors. The Stramenopiles are chromists which are reported to being 

behind algal diversity and aquatic habitats (Bhattacharya et al., 2004) , and together with the 

Alveolates, they make up the monophyletic Chromalveolata group. 

Alveolates include apicomplexans, dinoflagellates and ciliates. The Apicomplexa phylum is one 

of few wholly parasitic lineages of eukaryotes and, consisting of more than 6000 species, most 

of its species are parasitic on insects and mollusks with few causing diseases in metazoans 

(Levin, 1989).  From the SAR supergroup, the Apicomplexa which includes the malarial parasite 

Plasmodium sp, Theileria sp, Toxoplasma gondii and Cryptosporidium sp, along with the 

Kinetoplastida (including Trypanosoma sp and Leishmania sp) from the Excavata supergroup, 

together shape the major proportion of parasitic protozoa species. 
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Figure 1. Evolutionary History of Apicomplexa.  

Phylogenetic relationships of major eukaryotic groups are shown. Two bikont groups acquired plastids, 

Archaeplastida by primary endosymbiosis (1ES, green arrow) of ancestral cyanobacterium and the SAR group by 

secondary endosymbiosis (2ES, red arrow) of red algae. Adapted from (White and Suvorova, 2018). 

 

2. Evolution towards parasitism 

 

The emergence of parasitism in the phylum and thus the loss of the free-living style of their 

pre-parasitic ancestors, set a turning point in the evolution of these species. In the argument 

on the origin of parasitism, one of the developed ideas stated that this event was correlated 

more with protein loss than it was linked to the acquisition of novel structures. This theory 

was backed up by the estimation of more than 4000 genes in the pre-apicomplexan ancestor 

getting lost in the extant species (Woo et al., 2015). 
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Most of these genes are thought to have been needed for the free-living style, with some of 

them being involved in flagella motility, others in photosynthesis (Woo et al., 2015). The 

metabolic losses here would be of a significant weight in the transition to parasitism, 

especially as it is evident in the case of apicomplexans that a wider range of metabolic 

capabilities is exhibited by their closest free-living relatives, the Chrompodellids (Janouskovec 

and Keeling, 2016).  

However, when comparing the genomes of Trypanosomatids and their free-living ancestor 

Bodo saltans, it was surprising to realize that the metabolic related genes reduction had 

preceded their transition to a parasitic life style (Janouskovec and Keeling, 2016). Such 

observations led the development of less simplified and clean-cut views for the progression 

towards parasitism. In fact, for a long time it was thought that the characteristics that are 

‘unique’ to parasites would have been the drivers of the emergence of parasitism, however 

the relatively recent whole genome sequencing and advanced phylogenetic analysis made it 

possible to determine, on the genetical level whether such characteristics were adapted prior 

to the origin of parasitism or not. The genome of Bodo saltans, the free-living ancestor of 

Kinetoplastida and among the closest relatives of the trypanosomatid parasites, shares most 

of these characteristics once interpreted as adaptations to parasitism, showing that they 

might have evolved for different reasons.  

Regarding Apicomplexans, their aforementioned closest cousins are heterotrophic, 

photosynthetic Chromerids (including Chromera sp and Vitrella sp) and predatory colpodellids 

(Colpodellida, Alveolata). Chrompodellids, a large sister group of apicomplexans, were seen to 

share a great number of characteristics, such as glideosome-associated proteins, oocyst wall 

proteins, microneme-like organelles which all seem to predate the emergence of parasitism 

(Janouškovec et al., 2015).  

Structures involved in host invasion were also spotted in the free-living ancestors, such as 

pseudo-conoid and rhoptry-like organelles. However, it is believed that these organelles were 

needed for feeding the ancestors, thus they might have indirectly facilitated the emergence 

of parasitism as preconditions but not as previously thought parasite-specific adaptations. 

 

Although it is common to talk about gene loss accompanying this important switch, one must 

not ignore the considerable expansion occurring in these same genomes, for example of their 

acquired diverse specific TFs. This compensation can also be is seen in the fact that the overall 

regulatory input per protein-coding gene is comparable to other eukaryotes (Iyer et al., 

2008a). 

Also, once the parasitism is established, its persistence is likely linked to its adaptation to the 

host and its immunity. Having a host fighting back would increase the evolutionary rate of 

these species, with the greatest genome dynamism seen at the level of genes involved in the 

interaction with the host. Great amount of polymorphisms and lineage-specific innovations 
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would occur, and this is seen in the abundance of genes coding for effector proteins that are 

directed to either cell invasion or host immune modulation (Jackson, 2015). Therefore, the 

host responses would consist a great weight in driving the parasite genome evolution.   

For instance, an arms race exists between the parasite Toxoplasma gondii, and one of its most 

significant hosts, the rodents. A great level of polymorphism was detected between the 

interacting surfaces of proteins from both the parasite and the host (Lilue et al., 2013), 

underlining a reciprocal selection pressures between these proteins and thus these species. 

3. Host range and transmission modes 

 

After acknowledging the weight of the host on the evolution of parasitism, mostly on its 

persistence and its subsequent adaptations to this new life style, it is important to go through 

one major limiting factor for the survival of the parasite, its transmission between hosts. 

Therefore, it is of interest to point out how the parasite would acquire its hosts and develop 

its life cycle. 

Parasite can adopt a horizontal or a vertical mode of transmission, where the first is linked to 

a greater production of infectious particles and the second would be via the offspring of the 

parasite. However, a trade-off in transmission modes is needed in order to protect the host, 

first to prevent the loss in numbers of infectious particles, and second for the host to survive 

long enough until reproduction and an effective vertical transmission are possible (Alizon et 

al., 2009).  

It is believed that the transmission modes of a parasite would evolve in a way to produce the 

greatest opportunities for its fitness at the least cost, with sexual transmission being perceived 

as the derived mode rather than ancestral one. In fact, one of the theories for understanding 

how the parasite acquired multiple hosts and complex life cycles, states that the original host 

would be the evolutionary more ancestral one, while another position sets the original host 

as the one where sexual reproduction would occur, which is the definitive host, and that the 

hosts where no sex can occur, would be acquired subsequently (Antonovics et al., 2017). 

In reality, the incorporation of a new host might convert the definitive host into an 

intermediate one, with this event called upward incorporation, due to the parasites evolving 

to exploit the species predators. This mode seems to be selectively beneficial for the parasite 

evolution due to the decrease in its inbreeding, because of the higher potential for multiple 

infections to occur in a larger host, thus resulting in a greater genetic diversity (Rauch et al., 

2005).  

Another possibility would be that ecological and evolutionary perturbations would create a 

trophic vacuum, one which would constrain the parasite from directly infecting its definitive 

hosts, hence the need for adapting intermediate hosts to fill this gap and facilitate the 

transmission. In this case, a downward incorporation below the definitive host would occur, 
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involving the prey of this original host, mostly due to their geographical proximity and to their 

ingestion of parasitic transmission particles (Parker et al., 2015). That being said, the final 

complex cycle would be similar irrespective of the mode of the parasite acquiring its multiple 

hosts.  

4. Coccidians and Sarcocystidians life cycle 

This predator and prey relationship is utilized in the transmission between hosts of parasites 

displaying heteroxenous lifecycles, such as the family of Sarcocystidae, meaning flesh cyst 

forming parasites (Frenkel and Smith, 2003). This family includes the Sarcocystis and 

Hammondia species, along with Neospora caninum and Toxoplasma gondii, and they all form 

tissue cysts that confers them with a transmission mode via carnivorism. 

Sarcocystidae are part of Coccidia which are classified within the phylum of Apicomplexa, 

along with Cryptosporidia and Haemosporidia that includes the Plasmodium species, the 

agents of malaria (Figure 1). The divergence of these coccidian species from their common 

apicomplexan ancestor is predicted to have occurred 400 Million years ago (Berney and 

Pawlowski, 2006).  

Despite that the enteric non cyst-forming coccidian parasites do not display the two-host 

(heteroxenous) life cycle (Webster, 2010), yet they share the characteristic of possessing  

environmentally resilient oocyst which allow for a fecal-oral transmission mode (Frenkel and 

Smith, 2003). 

However, it seems that between the Sarcocystidae, T. gondii stands out in its ability to bypass 

the sexual phase of the life cycle, and to be transmitted between intermediate hosts through 

oral ingestion of infected tissues (Su et al., 2003), with this feature probably being behind the 

broad host range this parasite acquired during its evolution. 

In fact, feline hosts being the only definitive hosts for this parasite, were proven not be 

essential to maintain transmission of T. gondii , underlining the weight of other modes that 

this parasite adapted. The congenital mode was also determined to be sufficient to maintain 

a transmission of T. gondii in rats, when these latter where trapped in an environment devoid 

of oocysts (Webster, 1994). 
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Figure 2. The complex life cycle of T.gondii. 

Cats are the definitive host where sexual replication takes place. Following replication within enterocytes of the 
gut (a process known as merogony), male and female gametes are formed within the host cell, as described 
previously. Fusion of gametes leads to the formation of diploid oocysts that are shed in cat’s feces and undergo 
meiosis in the environment to yield eight haploid progeny. Oocysts are capable of surviving in the environment 
for long periods of time and can contaminate food and water, providing a route of infection for intermediate 
hosts. In the intermediate host (shown here as rodents) asexual replication occurs. Acute infection is 
characterized by fast replicating tachyzoites that disseminate throughout the body. In response to the host 
immune response, slow-growing bradyzoites form cysts in deep tissues (e.g. brain) leading to long-term chronic 
infection. Ingestion of tissue cysts via omnivorous or carnivorous feeding can lead to transmission to other 
intermediate hosts or to cats, which re-initiates the sexual phase of the life cycle. Adapted from (Hunter and 
Sibley, 2012) 

 

Despite evolving several ways for its persistence, yet the efficiency of its transmission within 

each different host changes depending on the route. For instance, it is best transmitted in the 

cat through carnivorism, namely ingesting tissue cysts, as it was reported that cats would shed 

millions of oocysts after ingesting even one bradyzoite from tissue cysts, noting that ingesting 

any of the other infectious stages would result in shedding oocysts, yet not in the same 

frequencies nor quantities as well as with a longer pre-patent period. Additionally, 
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intermediate hosts would get infected by ingesting even one oocyst, yet more than 100 

oocysts would not infect cats (Dubey, 2005, 2009; Dubey and Frenkel, 1972). 

These observations are linked to the fact that, not only this generalist pathogen had optimized 

its transmission modes based on its different hosts, but also each of its parasitic stages would 

specialize on the appropriate host. 

First, let’s go through the development of the T. gondii within its intermediate hosts. The list 

includes most warm-blooded organisms. The greatest evolutionary weight would fall on the 

intermediate hosts that hold great potential for the transmission of the parasite, hence, a 

potential of being a prey for Felidae. Therefore, despite the lack of intermediate host 

specificity that this parasite displays, yet unless they play regular parts in the felines food 

chain, they would be considered accidental intermediate hosts, as the case for humans.  

In fact, the innate immune pathways that are employed during the control of the parasite 

infection, is quite distinct between the human and the mice, as these latter have been for a 

long time under selective pressure from the parasite, unlike the humans which became 

relevant hosts relatively recently, after the cat domestication. 

Within the non-definitive hosts, T. gondii, like their fellow Sarcocystidae parasites, exists in 

both a highly invasive tissue-barriers crossing disseminating stage with the adopted form of 

tachyzoite and a residence stage relying on persistent tissue cysts containing bradyzoite 

forms. 

The tachyzoites are the actors behind the acute phase of infection, due to their rapidly dividing 

nature, which assigns them with a role in the horizontal transmission, through a greater 

production of infectious particles. These organisms are highly adapted to successfully invade 

the host cells, scavenge most of their needs in nutrients, amino and fatty acids from that 

environment (Dou et al., 2014), and to modulate the immune system of the host into the 

optimal conditions for their persistence. (Hakimi et al., 2017) 

The ability to form tissue cysts following the ingestion by the intermediate hosts, of oocysts 

shed by the definitive host, is as mentioned earlier, the characteristic that made Sarcocystidia 

a group on its own, allowing its parasitic species to be transmitted through carnivorism.  

The tissue-cyst forming stage is at the crossroad between the asexual and the sexual phases 

of the sarcocystidyan T. gondii parasite heteroxenous life cycle (Figure 2). The aforementioned 

trade-off existing between vertical and horizontal transmission modes is decided at this phase. 

Bradyzoites have the ability to persist, asymptomatically, in the tissues of the intermediate 

host, with potentially limited access to the host materials for sustenance, and they adapt low 

energy requiring conditions aligned with a very slow rate of division.  

To note, that in the absence of a potent immune response, these bradyzoites transition back 

to tachyzoites , which in most cases cause the destruction of the host cells (Weiss and Dubey, 

2009) and to the loss of the balancing mechanisms that the parasite acquired during its 
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evolution in order to protect its host long enough until a chance for a transmission through 

sexual modes arises.  

The parasite must persist within its modulated host, until the uptake of the bradyzoites forms 

by the definitive host. A highly virulent strain killing its mouse host would be counter-selected, 

yet the selective pressure these two parties imply on each other is behind the existence of 

highly resistant mice adapted for such strains and allowing for the encystment and the 

completion of their life cycle. 

Felidae ingest tissue cysts which release their bradyzoites in the stomach of their definitive 

host, these latter convert into a form, called merozoite, able to penetrate the intestinal 

epithelial cells where they initiate the asexual development of five morphologically distinct 

types designated A to E (Dubey and Frenkel, 1972).  

The sexual cycle starts a couple days after the tissue cysts ingestion by the cat, and the 

gamonts are found mostly in the ileum of its small intestine. The fertilization is concluded by 

the formation of the oocyst wall. The steps of both asexual and sexual development within 

the definitive host are shared between the subclasses of the coccidian family, concluding with 

the rupture of epithelial cells and the discharge of the persistent immature oocyst into the 

lumen and the environment (Dubey, 2006). 

 

5. Evolution of Sex, recombination and meiosis  

 

The persistent oocyst shed in the environment grants sarcocystidians with a flexibility 

regarding the duration it takes for these parasites to produce sexual forms, one that vector 

borne-dependent parasites such as Plasmodium sp. would not profit from, that is because 

these latter would need to produce transmissible stages over a longer time to increase their 

chances of encountering a vector (Weedall and Hall, 2015). 

The differences in the routes of transmission adopted by apicomplexan parasites, them being 

through vectors or through a direct fecal-oral route, are linked to their lifestyles and stages, 

as well as to their adapted sexual development. 

Protists were once considered to be primitive to the higher eukaryotes, and were thought to 

be reproducing only asexually. For instance, it was only until the 1970s that it was 

acknowledged that T. gondii displays a sexual life cycle within a definitive Felidae host 

(Frenkel, 1970). Detecting sex in parasites was not a straightforward mission, however the 

advances made in unraveling the eukaryotic evolution placed the evolution of sex to have 

occurred as early as the last common ancestor of all Eukaryotes (Cavalier-smith, 2002, 2010).  
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The emergence of conventional sex in eukaryotes consisting of cell fusion, nuclear fusion and 

meiosis, as well as its maintenance, have been both matters of debate. It is believed that sex 

offers advantageous for the individual to evolve and respond to rapid environmental shifts . 

With one of the most widespread environmental changes being generated by the dynamic 

interactions between hosts and parasites, it is thought their co-evolution is a driver for the 

persistence of sex (Lively et al., 1990). This idea has been adopted and developed in the Red 

Queen hypothesis, which states that sexual hosts are continually running (adapting) to stay in 

one place (resist parasites), and that sex would allow these populations to keep pace with 

their parasites by granting the offspring with potential new recombination of parasitic 

resistance alleles (Watve, 1998) . This can be observed in the high rates of evolution of genes 

coding for immune system and defense proteins  (Kuma et al., 1995). 

In fact, in the search for evidence of sex in a species, one of the indirect methods would be to 

look for patterns of genetic variation and recombination indicating events of outcrossing. 

I briefly mentioned in the former chapter how acquiring a host that is larger in size would be 

beneficial for the evolution of the parasite in order to increase its genetic diversity through 

multiple infections, yet another limiting factor exists residing in the transmission rates of the 

parasite. 

For instance, Plasmodium species display high transmission rates due to their sexual 

development being closely linked to their transmission cycle. This feature together with its 

mosquitoes-borne transmission route, allow for the high occurrence of multiple infections in 

hosts, therefore for more possibilities of recombination of the parasites (Weedall and Hall, 

2015).  

However, T. gondii displaying a broad range of hosts and a highly clonal population structure 

with a low sexual transmission intensity, as mentioned earlier regarding its ability to bypass 

the sexual phase of its life cycle. This possibly results in the different parasites rarely meeting 

in the host and thus the occurrence of less out-crossing events.  

In spite of this, genetic crosses of T. gondii in its definitive Felidae host produced offspring of 

differing virulence (Herrmann et al., 2012), and regarding their evolutionary weight, crosses 

have been documented in T. gondii suggesting that the current populations were derived from 

genetic recombination of four ancestral lineages (Khan et al., 2007).  

Unlike the great genetic diversity observed in strains of wild animals, limited numbers of clonal 

lineages are found in the human populations, mostly because of the aforementioned arms 

race being dampened. The types I, II and III are most recurrently found in European countries. 

Genome-wide SNPs sequencing showed that crosses between the type II with the ancestral  

“α” and  “β” strains gave rise to the current types I and III, respectively (Boyle et al., 2006). To 

note that more advanced high-resolution sequencing suggest an extensive mosaic genetic 

architecture across diverse haplogroups, originating from broad recombination events  

(Lorenzi et al., 2016). 
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Searching for traces of possible out-crossing events can be an evidence for sex occurrence in 

a species, but not exhaustively, that is because recombination can occur in bacteria without 

true sex, as the evolution of sex arose much later than recombination, presumably at the onset 

of the eukaryotic emergence (Cavalier-smith, 2002, 2010) . 

Therefore,  a more reliable method would involve the identification of genes in the species 

genome with functions related to meiosis. For instance, during the attempts to unravel the 

sexual cycle of the coccidian parasite Cryptosporidium parvum based on searches of 

homologues for recognized sex related proteins, a homologue of HAP2 was identified (Tandel 

et al., 2019), a protein required for gamete fusion in a range of organisms including other 

Apicomplexans such as Plasmodium sp. (Liu et al., 2008)and T. gondii (Ramakrishnan et al., 

2019). 

As mentioned in the former parts revolving around the coccidian parasites and their life cycles, 

namely that of T. gondii, we mentioned that the elements of this family present similar 

developmental phases occurring within the definitive host, in both their asexual and sexual 

parts. 

The number of asexual cycles depend on the species, and it seems that in T. gondii, the end of 

these cycles and the conversion to the sexual development, present more flexibility than in 

the other Coccidia as Eimeria sp. where this number is fixed (Speer and Dubey, 2005).  

However, the trigger responsible for this conversion is yet to be defined. Also, the process 

through which a merozoite go through its development into a micro- or a macro-gametocyte, 

is also unknown. The terms female and male gametes are recognized as accepted 

nomenclature for the macro- and micro-gametocyte, respectively (Josling and Llinás, 2015) . 

The fertilization of the gametes is preceded by their maturation. 

Despite the little number of descriptions of micro-gametogony, it is known that the 

microgametocyte of T. gondii produces 15 to 30 male gametes (Ferguson et al., 1974). This 

number is considered relatively low compared to the female counterparts, which is 

controversial if compared to the universal features observed in plants and animals. To note 

that other electron microscopy-based studies of micro-gametogenesis in Coccidia suggests 

that this number can reach few hundreds (Scholtyseck et al., 1972). 

The maturation of these organisms provides them with flagella aiding most apicomplexan 

male gametes in their movement, and while T. gondii male gametes present two flagella 

(Ferguson et al., 1974), the ones of Cryptosporidium sp. seem to be able to reach the female 

gamete despite their lack of any flagella (Tandel et al., 2019).  

 

A fertilization event with a true internalization of a male gamete in the female gamete has not 

been clearly observed, although the close attachment of the two gametes has been 
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documented, but as mentioned earlier, one can rely in their search for sex on the traces of 

cross fertilized parasites and on the existence of fertilization related homologues as HAP2. 

Meiosis directly follows fertilization and its intermediates with one, two and four nuclei were 

observable, along with labelling of the meiosis related DNA-repair protein, RAD51, recalling 

the occurrence of recombination and outcrossing. It is suggested that the meiotic process 

partially overlaps with the deposition of the oocyst wall (Tandel et al., 2019). 

The oocyst wall formation for T. gondii appears to be shared between coccidians namely 

Eimeria sp. and Cryptosporidium sp., resulting in a three-layered resistant wall (Ferguson et 

al., 1975). 

To note that this resistant feature seems to be acquired during the development of the female 

gamete. It was reported in Cryptosporidium sp. that proteins with roles in oocyst wall synthesis 

were upregulated in these gametes. Not only does it provide the competence for the thick 

wall formation, the female gamete seems also to carry the components for the ability of the 

oocyst to persist in the environment with limited resources, as the stock of enzymes that are 

required for the metabolism of amylopectin and trehalose are upregulated in the female 

gametes. 

Unlike HAP2 that is expressed by the male gametes, it seems that most conserved eukaryotic 

factors of meiotic recombination, such as DMC1 and HOP2, were expressed in females (Tandel 

et al., 2019), underlining the weight of the female gamete in this process.  

 

6. The evolutionary advantage of haploidy 

 

The fertilization of the female gamete by the microgamete produces a diploid zygote. Amongst 

Coccidians, this stage represents the only diploid state of the parasite which undergoes the 

meiotic division (Ferguson et al., 1974).  

In fact, in all other life stages, parasites display their chromosomes in single sets. This haploidy 

state is featured in many unicellular organisms other than T. gondii and its fellow 

apicomplexans (Otto and Gerstein, 2008). For instance, many Fungi species can propagate for 

many generations as haploid cells (Zeyl et al., 2003), it is the dominant state for many algae, 

and exceptionally  in some higher Eukaryotes as male ants and females of one mite species, 

where haploidy is reported to be constant throughout their life cycles (Normark, 2003). 

As prokaryotic organisms and viruses present genomes consisting of a single DNA or RNA 

molecules, the idea of haploidy being the ancestral status of evolution, prevails.  

Adopting haploidy by many organisms and maintaining it over their course of evolution 

suggests that it grants them with selective advantages. As no second copy exists to attenuate 
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the weights of mutations, a deleterious mutation would be more likely to be eliminated in 

haploid populations, whereas a beneficial mutation would spread more easily than in diploids 

where a beneficial allele is less efficiently fixed and propagated.  

The lower mutation load makes It seem more evolutionary advantageous for parasitic 

organisms to adopt this chromosomal state which seems also to aid them in their host escape 

by preventing the risk of expressing double antigen alleles and getting cleared (Otto and 

Gerstein, 2008).  

7. An unusual mitosis typifies apicomplexans 

 

In most bisexual animals, haploidy oscillates with diploidy where the former exists only in the 

post-meiotic germline and the latter ensures the mitotic divisions. However, when haploid 

organisms display the ability for continuous divisions, asexual reproduction could prevail as 

the case in yeast dividing by fission or budding, and in other species that are able to achieve 

complete life cycles by clonal reproduction (Hong, 2010), or at least to meet their biotic mass 

requirements as the case of T. gondii. 

The asexual division would start and end at the same point with invasion competent ‘’zoite’’, 

only with increased numbers. The processes for copying and segregating chromosomes during 

cell divisions in apicomplexans share their basic mechanisms with eukaryotic ancestors and 

extant species (White and Suvorova, 2018). Additionally, the progress of their cell cycle is 

controlled by orthologs of orthodox checkpoints proteins as cyclin-CdKs that are present 

throughout the phylum (Vleugel et al., 2012). 

 

However, Apicomplexa parasites seem to possess some cell cycle-related particularities. For 

instance, T. gondii possess a relatively short replicative cycle lasting not more than 6 hours, 

and many species of the phylum display a lack of a G2 period (Figure 3), which seems not to be 

so uncommon in unicellular eukaryotes (Radke et al., 2001). 

Their mitosis also displays notable features namely the intranuclear spindle and the 

maintenance of the nuclear envelope throughout mitosis (Hager et al., 1999). A bipolar 

microtubule residing at the nuclear periphery persists throughout the cell cycle providing a 

constant association to the centromeres, noting that conventional kinetochores are a 

conserved feature in apicomplexans (Brooks et al., 2011).  

This bipolar type of chromosome segregation tool seems to be a LECA (Last Eukaryotic 

Common Ancestor) innovation. Similarly, the red alga spindle pole initiates the formation of 

microtubules and kinetochores facing a polar protrusion (Dave and Godward, 1982). In fact, 

the similarity of the spindle poles of the red alga and the coccidian spindle poles, was observed 
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many years before this alga got recognized as an ancestor in the evolutionary path of 

Apicomplexa.  

This similarity is also observed at the nuclear envelope level, where in T. gondii and other 

Apicomplexa, a semi-closed mitosis takes place during which there is no occurrence of a full 

membrane disintegration nor does it stay fully intact (White and Suvorova, 2018). This form 

of mitosis which was likely to be adopted by LECA (Makarova and Oliferenko, 2016), consists 

of temporary breaks at the spindle pole which would close again during the nuclear division. 

T. gondii adapted different modes of divisions adapted to their developmental stages and to 

the changing host-cell environments they encounter. These variations of asexual divisions 

differ mainly in the location of daughter parasites formation.  

The majority of Apicomplexa undergo schizogony during which an invading zoite can give rise 

to many daughter cells , through multiple cycles of DNA replication and nuclear division, a 

multinucleated stage that would be followed by daughter cell formation, and ending by their 

budding from the mother cell (Ferguson et al., 2008). This process is used by Plasmodium sp. 

resulting in a multinucleate schizont before it gives rise to multiple zoites at once (Bannister 

et al., 2000). 

T. gondii adopts the conventional apicomplexan schizogony during its asexual development in 

the cat intestine, here budding takes place at the plasma membrane.  

However, Coccidia parasites display additional processes consisting of daughter formation 

within the mother cell cytoplasm, called endodyogeny and endopolygeny. Endodyogeny is 

applied by T. gondii in its intermediate hosts and results in the budding of two daughters after 

each round of DNA replication (Sheffield and Melton, 1968) (Figure 3).  

Endopolygeny division is carried out by the T. gondii in the cat gut, noting that a different form 

of endopolygeny is adapted by Sarcocystis sp. which following replication, bypasses 

karyokinesis resulting in a polyploid nucleus followed by the budding of multiple daughters 

(Ca and Jp, 1999), with this process being possible due to the adaptation of a pair of MTOC 

complexes allowing independent control for karyokinesis and cytokinesis, thus enabling a 

synchronous release of multiple daughter parasites from an infected host cell (White and 

Suvorova, 2018). 
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Figure 3. T. gondii cell illustration and cell cycle (Endodyogeny).  

A) T. gondii cell cycle scheme of its endodyogeny mode of division. S, S phase; M, mitosis; C, cytokinesis. B) An 

illustration of the T. gondii tachyzoites showing the cells organelles and components. 

 

8. The genome-free organelles characteristics of apicomplexans 

 

The cell division ends by each daughter zoites emerging with a single nucleus and a full 

complement of organelles including an unique apicoplast, a single mitochondrion, a Golgi and 

multiple secretory organelles that seem to form de novo during the budding event (Figure 3).  

Before going through the genome containing organelles of apicomplexans, namely of 

Toxoplasma, it is noteworthy to describe concisely the ones equipped for the purpose of 

invasion primarily, as well as of modulation of the host immune response. Bulbous rhoptries 

(ROP) and micronemes (MIC) organelles are packed at the anterior portion of the cell, whereas 

the dense granule (GRA) compartment is dispersed through the parasite cytosol (Tomavo et 

al., 2013).  

These organelles comprise different families of secretory proteins destined to reach either the 

host cytosol or its nucleus, examples would include rhoptry-resident protein ROP16 that 

phosphorylates the host transcription factor STAT3 (Yamamoto et al., 2009), and dense 

granule proteins GRA16 and GRA24 that are able to modulate the host p53 and p38-alpha 

MAP kinase pathways, respectively (Bougdour et al., 2013) (Braun et al., 2013) . 
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Before reaching the step of trafficking towards the host, the signal peptide loaded proteins 

would go firstly through the endoplasmic reticulum which would direct vesicles to the Golgi 

apparatus where the proteins would be sorted into their specific organelles prior to their 

discharge (Tomavo et al., 2013). A secondary host targeting motif would be required for the 

export across the parasite membrane into the host cell, a process well described in T. gondii 

(Hsiao et al., 2013) as well as in Plasmodium sp. (Spillman et al., 2015).  

Some of these proteins undergo a process of cleavage by ASP5 prior to their export such as 

GRA15, GRA16 and TgIST (Hammoudi et al., 2015) (Gay et al., 2016) (Curt-Varesano et al., 

2016) . However, it seems that a protein complex residing on the parasitophorous membrane 

consisting of at least three proteins MYR1, 2 and 3 are the main actors in the export of dense 

granule proteins (Franco et al., 2016).  

With most of these proteins displaying high abundance of intrinsically disordered regions, it 

seems that a positive evolutionary selection is weighing on T. gondii into adapting export 

machinery with preference for proteins with such regions, possibly as a mean to save energy 

as the secretion of IDR proteins does not require an active unfolding/refolding as is the case  

for chloroplast-destined proteins in Plants (Walker et al., 1996). The structural flexibility of 

these disordered proteins grants them with an additional advantage residing in their ability to 

acquire multiple protein partners (Hakimi et al., 2017), resulting in greater protein complexity 

that would serve the parasites in their arms race with their host, along with a probable easier 

immune evasion due to the higher rates of point mutations that these IDR secretor proteins 

display (Ma et al., 2014).  

9. A peculiar nuclear compartment  

Despite the different routes adapted by the various apicomplexans for the import of the 

secretory organelles proteins towards the host, these specialized structures and their 

respective effectors as well as transport mechanisms evolved in favor of the survival of these 

parasites within their hosts.  Beyond harboring these highly efficient organelles, the majority 

of apicomplexans display another very special feature, consisting of having three genomes, 

which was for a long time thought to be a characteristic of plants and algae. In the following 

section I will elaborate on the organization and specificities of the three genomes-containing 

organelles namely the nucleus, mitochondria and the apicoplast. 

The nucleus of Apicomplexa was not observed as one possessing any lamina structure (Koreny 

and Field, 2016), only an envelope with numerous nuclear pores and ribosomes bordering its 

external sides. The position of this basic eukaryotic structure seems to change in the case of 

T. gondii depending on the stage the parasite is in (Hager et al., 1999). 

The nucleus of an organism harbors many of its secrets including the one telling its history and 

the extent of its cousin species divergence, as well as its own, from their common ancestor. 

The science behind tracing these events of divergence is based on determining the level of 
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synteny between the genomes of organisms belonging to one genus or in a larger extent to 

one phylum. A high synteny is defined as conserved content, order and chromosomal 

distributions of genomic loci.  

Such levels of conservation were not found across the Apicomplexa phylum (DeBarry and 

Kissinger, 2011), however significant levels were detected between genomes of organisms in 

the same genus. Namely, for a long time this was believed to be the case for T. gondii and its 

fellow coccidian Neospora caninum, until a recent study challenged this paradigm and 

identified events of large chromosomal rearrangements between these two (Berna et al., 

2020). 

To note that such rearrangements would occur by chance, however their maintenance must 

be weighted by favorable selective pressures marked by the fact that rare synteny breaks 

could be observed within coding regions of these closely related species. Therefore, despite 

having half of their chromosomes structured similarly, they each display their particularities 

through the rest of their karyotype. 

In fact, the karyotype of both these species had to be recently corrected. It was thought for a 

long time that T. gondii and N. caninum harbored 14 chromosomes, as is the case for 

Plasmodium sp., until a 3D genome organization study reported an unusually high number of 

interactions occurring between chromosomes VIIb and VIII, with a great number of contacts 

between the right telomere of one and the left of the other (Bunnik et al., 2019).  

This observation led to the suggestion that these two chromosomes could be physically linked, 

yet a recent study based on third generation sequencing technologies, i.e., Nanopore-based 

sequencing, settled the discrepancy and brought the confirmation of them being fused, thus 

reducing the karyotype of both T. gondii and N. caninum to 13 chromosomes instead of 14 

(Berna et al., 2020). 

Genome assembly artifacts are, in many cases, generated by the limitations of former 

sequencing technologies underlined by their inaccuracy of reading through repetitive regions. 

These latter are thought to account for more than 20% of the accurate genome of T. gondii. 

However, no transposable elements have been identified so far in apicomplexans genomes, 

unlike trypanosomatids that owe much of their genomic divergence to the presence of such 

elements in their genomes (DeBarry and Kissinger, 2011). 

Intergenic regions do not stretch over long spans, with sometimes few hundreds of 

nucleotides separating two adjacent proteins encoding genes, creating a high density of 

transcriptional units (Kissinger and DeBarry, 2011). 

Other non-coding regions consist of the telomeric and centromeric structures. The telomeric 

repetitive nucleotide sequences of many apicomplexan parasites seem to lack complete 

conservation with the one of vertebrate TTAGGG. The repeat sequence of Plasmodium sp. is 

GGGTTYA, with Y being either a T or a C (Scherf et al., 2001), which is different than the one 

of T. gondii TTTAGGG. The T. gondii telomeric sequence is identical to the one observed in 
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plants, thus adding a supplementary layer to the evolution story and divergence that occurred 

since the microalgae common ancestors of these two. Noting that Cryptosporidium species do 

not share this sequence (Liu et al., 1998), letting one suggest the possibility of the loss by this 

latter of the ancestral signature or that T. gondii acquired during the evolution the plant-like 

telomeric repetitions. 

The centromeres of T. gondii that were mapped using ChIP of cenH3, did not show any 

nucleotides bias (Brooks et al., 2011), unlike Plasmodium sp. which display extreme A/T rich 

centromeres (Gardner et al., 2002). Yet both species structures were observed to be clustering 

within the nucleus, as T. gondii centromeres are confined to a single spindle pole body that is 

constitutively associated with the nuclear envelope throughout the cell cycle (Brooks et al., 

2011). 

 

Clustering of centromeres dominated the genome of T. gondii, yet not many other regions 

displayed such interactions. No Topologically Associated Domains (TADs) were described and 

no clustered organization of their families of species-specific multi-copy genes, nor their 

effectors was detected (Bunnik et al., 2019).  

Such genome organization was however reported in Plasmodium falciparum which 

chromosomes bearing var genes seem to come together in 3D space and to form loops for 

sheltering the genes at a perinuclear position, with this organization possibly offering means 

for increased rates of recombination, thus generating greater diversity and coordination 

between the virulence genes (Scherf et al., 2008). Therefore, it is proposed that a higher level 

of genome organization flexibility can be observed in organisms that lack antigenic variation 

requirements, such as the case for T. gondii.  

Such species-specific genes seem to represent the biggest share of protein-coding genes in 

the apicomplexan parasites. In fact, as mentioned earlier, major genomic rearrangements are 

observed through the phylum, thus as few as 1000 genes are conserved amongst them 

(DeBarry and Kissinger, 2011). Most of these shared genes have orthologs outside of the 

Apicomplexa phylum, suggesting their ancestral nature.  

Apicomplexans present different numbers of protein-encoding genes ranging from around 

3706 in Babesia bovis to 8322 in T. gondii (source VEuPathDB, release 48). These numbers are 

relatively reduced when compared to higher eukaryotes, however the same numbers are 

considered high when seen in the perspective of the relatively small genomes of the species 

of this phylum with the one of T. gondii accounting for merely 65-Mb increasing to 80-Mb 

after inclusion of the non-annotated repetitive elements, and those of the other phylum 

organisms ranging from 9- to 130-Mb (DeBarry and Kissinger, 2011). These aspects are all the 

more significant when compared to Arabidopsis thaliana carrying a genome of 135-Mb. 

Noting that the nuclear genomes of the apicomplexans are heavily affected by the amount of 

acquired genes through their evolution via events of horizontal gene transfers as well as 
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intracellular transfers stemming from the mitochondrial genome and from the ancestral algal 

nuclear and plastid genomes. 

10. The mitochondria genome 

Apicomplexans harbor tubular organellar structures as their mitochondrions, usually a 

singular organelle with changes greatly at the level of its form and size based on the species 

and on the life-cycle stage (Keithly, 2008). Noting that unlike the mammalian structures which 

numbers vary independently of the cell cycle, the mitochondrion of apicomplexans and 

namely of T. gondii divides simultaneously with the cytokinesis (Nishi et al., 2008). 

The mitochondrion carries its own genome, however most of the proteins destined to function 

at the organelle (e.g. its phage-like single-subunit RNA polymerase) are encoded in the cell 

nuclear genome and then imported to the former through translocation complexes that must 

have evolved in parallel to the intracellular transfer of mitochondrial genes (Mallo et al., 2018). 

This import machinery is also used to traffic tRNAs for synthesizing proteins within the 

organelle (Esseiva et al., 2004). Such gene transfers led to the reduction of the mitochondrial 

genome, which in Apicomplexa is as small as 7-kb which is recognized as the smallest 

mitochondrial genome of all organisms described so far (Gray et al., 2004). 

It has been reported that many species of the phylum, including Plasmodium sp, Theileria sp 

and  recently T. gondii display their mitochondrial DNA in linear fragments with no evidence 

of a detected circular molecule (Berna et al., 2020) (Preiser et al., 1996). As few as three 

protein-encoding genes have been retained in the mitochondrial genome, consisting of 

apocytochrome b, and 2 subunits of cytochrome c oxidase, with suggestions that their 

reservation in the organelle might be caused by their high level of hydrophobicity possibly 

defying any possible import from the nucleus (van Dooren et al., 2006). 

Moreover, additional ORFs were detected within the genome, along with genes encoding 

proteins required for its maintenance and a part of the translation apparatus as the other part 

is imported as mentioned ahead (Esseiva et al., 2004). In fact, this powerhouse has been 

maintained in all Eukaryotes for its multi-functional nature. Fatty acids synthesis is essential 

for the fitness of any organism unless they are able to acquire their requirements from 

external sources as the case of Theileria sp. parasites which seem to have lost this metabolic 

pathway due to an abundance in nutrients caused by their direct access to the host cytoplasm 

(Seeber et al., 2008). For other parasites of the phylum, their mitochondria are at the base of 

the oxidative decarboxylation of pyruvate to acetyl-CoA known as the building blocks for FA. 

Other functional aspects would consist of the biosynthesis of iron-sulfur clusters, a pathway 

that also seem to be affected by the different host environments, and additionally in T. gondii 

and Plasmodium sp. this organelle fulfills the requirement for the crucial pyrimidine 

biosynthesis (Seeber et al., 2008).  
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Despite sharing the same set of retained genes, however it seems that the gene order, 

distribution and order of the genes within the species of apicomplexan species are highly 

divergent, to the extent that the synteny is lost even between two strains of the same species, 

showcasing a great level of mitochondrial DNA sequence heteroplasmy between closely 

related species (Berna et al., 2020). This level of reshuffling wasn’t observed in the apicoplast, 

as this other endosymbiotic-originating organelle display genomes that seem virtually 

identical between the species of the phylum (Berna et al., 2020). 

11. The Apicoplast genome 

 

Other than both originating from endosymbiotic events, the apicoplast and mitochondria 

seem to also form a physical association prior to their segregation into daughter cells (van 

Dooren et al., 2005). In fact, for a long time the apicoplast organelle was mistaken to be the 

mitochondria of apicomplexans, this dating back to the 1970s (Kilejian, 1975), until this dogma 

started getting solved by accepting that the linear genome of 7-kb in Plasmodium sp. belonged 

to mitochondria  (Vaidya et al., 1989). The sequencing of the 35-kB molecule resulted in the 

identification of inverted repeats with duplicated sets of ribosomal RNAs, which at the time 

was a feature recognized as characteristic of plastid genomes (Gardner et al., 1991).  

Moreover, electron micrographs on T. gondii helped to identify that the organelle was 

surrounded by what they thought at the time was  two membranes, like the case observed in 

plants and microalgae (McFadden et al., 1996) (Köhler et al., 1997). This was the first time that 

it was suggested that apicomplexan parasites might have evolved from algal ancestors. 

The apicoplast is a relic non-photosynthetic plastid-like organelle that seems to change in 

shape and location in the cell throughout the life cycle (Striepen et al., 2000). The plastid 

genomes are a small fraction of the size of the genomes of Cyanobacteria which is at the origin 

of the emergence of this organelle as will be discussed ahead. Still, the apicoplast genome 

represents one of the most reduced plastid genomes identified so far (Smith and Keeling, 

2015).  

Reports about the apicoplast being circular have recently been challenged claiming not finding 

any compelling evidence arguing in this favor, instead they suggested this genome exists as a 

linear molecule accounting for 60-kb instead of the presumed 35-kb (Berna et al., 2020). This 

feature was observed also in Chromerida sp. which seems to have lost the circular aspect of 

its plastid (Janouškovec et al., 2010).  

Around 60 open reading frames stretch over this genome with most of them serving for its 

maintenance, corresponding to rRNAs and tRNAs, and with the exception of three identified 

protein encoding genes, namely SufB, clpC and a yet to be characterized gene(Berna et al., 

2020). The aforementioned high level of conservation of the gene content of the apicoplast 

between species, seems to be common to most plastids as little genetic diversity was observed 
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between plastid-bearing species, despite the multiple events of endosymbiotic gene transfers 

that led to the movement of many genes to the nucleus independently in many lineages 

(Gould et al., 2008).  

This pattern of genetic integration between the endosymbiont and the host, in parallel to 

adapting mechanisms for the protein import, make up the two criteria for an endosymbiont 

to be considered an organelle within its host. Noting that the trafficking of the nuclear-

encoded proteins to plastids originating from one endosymbiotic event, as the case of the 

three microalgae, would require less complex machinery than the one targeting secondary 

plastids, as the case for plants and Apicomplexa (Patron and Waller, 2007). 

The establishment of such import machinery is suggested to have occurred as the 

cyanobacterium got genetically integrated within its primitive eukaryotic host (Figure 4), which 

allowed for further transfer to occur, ending with the progressive degeneration of the 

cyanobacterium (Douglas and Raven, 2003).  
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Figure 4. Plastid evolution and fate 

A) Endosymbiosis events are boxed, and the lines are colored to distinguish lineages with plastids from the green 
algal lineage (green) or the red algal lineage (red). At the bottom is the single primary endosymbiosis leading to 
three lineages (glaucophytes, red algae and green algae). On the lower right, a discrete secondary endosymbiotic 
event within the euglenids led to their plastid. On the lower left, a red alga was taken up in the ancestor of 
chromalveolates. Adapted from (Keeling, 2010) 

B) A cartoon depicting the primary endosymbiotic origin of plastids through the uptake of a double-membrane-
bound cyanobacterium by a non-photosynthetic host eukaryote. Secondary endosymbiosis involves the 
engulfment of a primary-plastid-containing eukaryote by a second, non-photosynthetic eukaryote. 
Abbreviations: CB, cyanobacterium; M, mitochondrion; N, host nucleus; PL, plastid. Adapted from (Archibald, 
2009) 

 

A secondary degeneration also occurred when the endosymbiont algae transferred all of its 

genetic material to the secondary host nucleus (Figure 4), including the plastids proteins it once 

encoded, and all that remained from the alga was the plastid, which would be surrounded by 

four membranes corresponding to the host endomembrane, the engulfed alga plasma 

membrane and the primary plastid double membrane (Gould et al., 2008). 
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Despite the apicoplast organelle having most of its genes being encoded in the nucleus and 

then imported, yet the organelle is retained in most apicomplexans, except Cryptosporidium 

sp. (Abrahamsen et al., 2004), letting one ponder on the limiting factors behind the retention 

of the organelle with its remaining reduced genome. 

The functional characterization of this organelle is resolved through the identification of the 

nuclear components destined for the metabolic pathways that are retained in the apicoplast. 

Heme synthesis takes place in the organelle, yet cannot account for its global retention 

pattern in apicomplexans, as this pathway seems to be essential only in the liver and 

Anopheles developmental stages of Plasmodium berghei, whereas the parasite requirements 

in the blood stages can be met through their uptake from the host (Nagaraj et al., 2013).  

The retention of the plastid was argued to be linked to its involvement to the biosynthesis  of 

fatty acids such as the isoprenoids which are important lipid compounds, and their building 

blocks are IPP, products of the apicoplast (Botté and Yamaryo-Botté, 2018). It is thought that 

Cryptosporidium sp. have lost their plastid because of the ease with which the parasites are 

able to scavenge its IPP requirements from the host (Gisselberg et al., 2013) .   

Cryptosporidium sp. stand out between Eukaryotes as one rare example for proving an event 

of plastid loss, where it offers enough genomic and structural evidence allow to say that no 

plastid is present, while offering enough evolutionary evidence that its ancestors contained a 

plastid through the Chromalveolata hypothesis (Keeling, 2008). 

This hypothesis states that a single common endosymbiosis is behind the plastids present in 

the species of this reign (Cavalier-Smith, 1999). Yet the discrepancy about the origin of these 

plastids being from a red or green alga, was settled thanks to the sequencing of the plastid of 

Chromera velia, the photosynthetic sister to Apicomplexa, which enabled the demonstration 

that the plastid origin is of a red alga (Moore et al., 2008) (Keeling, 2010). The discovery of this 

species made it possible to assert that plastids of dinoflagellates and Apicomplexa share a 

common origin, despite the differences between them namely on the level of their plastid 

membranes number (Janouškovec et al., 2010). 

The red alga origin makes some observations in T. gondii puzzling, as many features were 

witnessed to be similar to plants, although these latter arose from the green alga (Andrabi et 

al., 2018).  

 

12. Apetala Transcription Factors  

a.  Their Origins 

Plants and Alveolates were described to share many transcription factors (TFs), yet less than 

what plants and Stramenopiles share, which is noteworthy seeing that they both arose from 
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a single red alga endosymbiotic event in the ancestor of the Chromalveolata lineage, 

suggesting the possibility of a greater loss of plant-like genes occurring within this branch 

species as the apicomplexans and the ciliates (Armbrust et al., 2004) (Bhattacharya et al., 

2004). 

In fact, it was suggested that TFs that were once thought to be specific to plants have their 

homologs found in cyanobacterium, namely the ones harboring an Apetala (AP2) DNA binding 

domain (DBD)  (Magnani et al., 2004). Similar proteins, recognized as ApiAP2, with one or 

more copies of this AP2 DBD were identified in apicomplexan species, even in the ones that 

lost their apicoplast as Cryptosporidium sp. (Balaji et al., 2005).  

The gap in determining the evolutionary origin of these AP2s domains arose from their 

apparent absence in the red algae (Magnani et al., 2004). It was proposed that this was either 

due to a subsequent loss of the domain in this organism or that plants have acquired this 

domain via horizontal transfers from bacterial or viral infections, an idea that is opposed by 

the existence of this domain in the green alga suggesting an early evolution of the AP2 domain 

in plants. 

The fact that homologues of the AP2 domain were found in bacteriophages and bacteria, led 

to the suggestion initiated ahead about it originating from cyanobacteria. An observation 

arguing in this favor is the lack of introns in the majority of plant AP2 TFs further supporting 

their prokaryotic nature (Magnani et al., 2004).  

As mentioned earlier, the cyanobacterium endosymbiont got progressively degenerated and 

transferred its genetic content to the algae nucleus, herein these TFs can still be traced in the 

nucleus of the green algae as well as in the nucleus of species belonging to haptophytes and 

Stramenopiles, both included in the Chromalveolata reign (Thiriet-Rupert et al., 2016). 

The AP2 domain of cyanobacterium was part of an HNH endonuclease which seem to have 

diverged towards losing the HNH domain and retaining the AP2 domain (Magnani et al., 2004). 

This pattern seems to be conserved in the evolution of many TFs which would emerge from a 

recycling event of inactive mobile elements that have lost their catalytic activity of the 

transposase domain yet retained the DBD (Babu et al., 2006). 

Newly acquired TFs seem to spread in their new genome via transposition and homing 

processes (Magnani et al., 2004), and unlike proteins that would have settled into highly 

conserved roles during their eukaryotic residency, these former TFs would be rapidly diverging 

and adapting in a lineage-specific manner. Lineage specific architectures were observed of this 

AP2 domain in the Phytophora parasite where it was found in a combination with an HDAC 

domain and a PHD finger domain (Iyer et al., 2008a).  

b.  Expansions and Discovery in Apicomplexa 

In Apicomplexa, the AP2 domain went through great expansions, unlike in Ciliates where very 

low numbers are detected (Balaji et al., 2005). Such genes expansions would have to be 
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accompanied by functional diversification in order for the duplicated genes to be maintained, 

considering that redundant functions being lost would not cause phenotypic changes and thus 

no real selective pressure. 

This holds true for TFs harboring a conserved DNA binding domain (DBD), which despite them 

sharing secondary and tertiary structures required for binding DNA, they display diversity in 

their recognition sequences and thus in their functions as TFs.  

Such diversity can be achieved through mutations occurring on the residues required for base 

recognition, but which wouldn’t influence the protein folding, unlike the ones that are 

relevant for the DNA binding mode which undergo more positive pressure (Yamasaki et al., 

2013). Also, acquiring additional domains through recombination events can help achieve 

such functional expansion. The combination of structural domains could be achieved not only 

on the same protein, but also through interactions with other proteins, them being activators 

or repressors, which would grant different functional fates for TFs that harbor the same DBDs.  

I noted earlier that the  AP2 domain seem to have originated from a cyanobacterium homing 

endonuclease, and their expansion must have occurred through transposition and homing 

processes as the case for many other TFs families. However, it must be noted that not much 

evidence exist supporting the apicomplexan extant species having retro transposable 

elements, other than in some early branching species as it seems that these elements were 

lost from the apicomplexan genomes (Roy and Penny, 2007). Nevertheless, versions of the 

AP2 domain that are independent of the integrases or transposases were recently identified 

in bacteria and it is suggested that they might represent the progenitors of the AP2 TFs of 

apicomplexans (Iyer and Aravind, 2012). 

AP2 harboring proteins were described in Apicomplexa in 2005, in alignment with the 

acknowledgment of the scarcity of families of specific TFs in this phylum where very few 

examples of conserved DNA binding domains of specific TFs were identified, such as Myb, 

C2H2 zinc fingers, High motility group b, PREBP, and E2F that is lost in all but Cryptosporidium 

species (Aravind et al., 2003) (Komaki-Yasuda et al., 2013). The deficiency both in numbers 

and variation of specific TFs would seem incompatible with the elevated gene regulation 

requirements that are emanating from the high number of protein-encoding genes, as well as 

from the various environmental pressures that a parasitic life style bestow on these species. 

It is suggested that some AP2 domains have evolved in a species-specific manner, in parallel 

to their regulatory targets involved in parasitic processes such as invasion or immune evasion, 

and that other ancestral domains that span the phylum might be responsible for regulating 

basal processes such as replication and translation (Behnke et al., 2010). In fact, it is reported 

that the species of Plasmodium and of T. gondii witnessed the greatest events of lineage-

specific amplifications with these accounting for more than 20 out of the 50 domains in the 

case of Plasmodium spp, and for around 60 out of the 90 domains identified in the case of 

coccidian parasites namely of T. gondii (Oberstaller et al., 2014). 
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c. AP2 Transcription factors in Land Plants 

The common Chromalveolata ancestor is reported to having about 9 to 18 AP2 domain 

containing TFs, that are originating from the cyanobacterium via the multiple endosymbiotic 

events, yet this assumption is relatively recent, as for a long time it was thought that the 

rhodophyte progenitor is at the origin of this transfer, as discussed in the earlier section. 

Also, this family of proteins was thought to be exclusive to the plant kingdom until homologs 

of the APETALA2/ethylene-responsive factor (AP2/ERF) were identified in various organism, 

including protists, slime molds, bacteria, viruses and even animals with 12 homologs identified 

in a bat species (UPI000944DD98). 

However, it holds true that the AP2/ERF is one of the most represented families in plants with 

the AP2 domains being the second most common DBD after the Myb domain in Arabidopsis 

thaliana (Riechmann and Meyerowitz, 1998). The AP2 subfamily is one constituent of the large 

family, along with ERF, DREB (dehydration-responsive element binding) and RAV (related to 

ABI3/VP1) subfamilies, with their various proteins being involved in responses to abiotic 

stresses and development of flowers and seeds, as well as in ethylene response (Mizoi et al., 

2012) (Aida et al., 2004). Ethylene is a plant hormone that impacts plant development, and 

genes that are induced by this hormone are recognized through their Ethylene responsive 

elements (or GCC box) by the ERF proteins (Broglie et al., 1989) (Fujimoto et al., 2000). 

Proteins of this subfamily contain one AP2 domain, unlike the AP2 subfamily which possess 

two copies of the 70 amino acid domain. 

It’s been reported that the AP2 domain would occur on the same protein with other DBD such 

as B3, and that the two domains would bind their respective motifs with great affinity and 

specificity despite the various spacings occurring between the motifs, and it has been 

suggested that this might be reinforced by the highly flexible structure that connects the two 

domains (Kagaya et al., 1999).  

An early study had already reported the double AP2 domain binding-mediated DNA sequence 

recognition, where neither AP2 repeat of the ANT protein was able of binding the longer than 

usual identified specific sequence (Nole-Wilson and Krizek, 2000). 

d. Structural perspective 

The DNA binding mode of this domain has been identified through structural determination 

of AtERF1 (pdb: 3GCC) revealing three β strands contacting the DNA backbone and specific 

bases within the major groove with the strands being stabilized by a C-terminal α-helix that 

does not contact DNA (Allen et al., 1998). 

This structure placed the AP2/ERF domain as a part of a structural superfamily which groups 

the DBD of AP2 with the ones of Tn916 integrase (Wojciak et al., 1999), the I-integrase and 



 

 44 

the methyl-CpG-binding domain (Ohki et al., 1999). To note that no apparent sequence 

similarity is found between these domains (Magnani et al., 2004). 

The resemblance in the three-dimensional structures of the AP2 domain and of proteins of 

bacterial origins recalls the evolution traces of this domain which were further elaborated in 

the former chapter. Unlike plants, the apicomplexan domains seem to share little sequence 

identity with each other. This diversity is reflected by the fact the ApiAP2 TFs have also 

expanded their range of recognition motifs (Llinas et al., 2008) as they present greater 

variability of DNA sequences than the plants AP2/ERF TFs most of which bind the canonical 

GCC box (Sakuma et al., 2002). 

A crystallographic analysis of the AP2 domain of PF14_0633 from P. falciparum in complex 

with DNA (pdb: 3IGM) reported a similar yet not identical structural motif as that of AtERF1 

and those of bacterial integrases. The secondary structure of the apicomplexan domain seems 

to differ from the plant domain, in that it was found in a homodimer where the α-helix of one 

monomer aligns with the -sheet of the other monomer (Lindner et al., 2010).   

As described in plants regarding the co-operative binding of two AP2 domains within the same 

protein, it was revealed in PF14_0633  that a similar binding mode exists, but unlike plants, it 

seems that in this case the two domains would dimerize and this dimerization would be 

triggered by their binding to DNA. This last statement was underlined by size exclusion 

chromatography of the AP2 domain in the absence or presence of DNA. The eluted fraction in 

the absence of DNA corresponded to a monomer (Lindner et al., 2010).  

This domain-swapping mechanism is responsible for the aforementioned structure consisting 

of the α-helix from one APiAP2 aligning with the -strands of the other ApiAP2 (Figure 5). The 

DNA-binding dimerization trigger could induce conformational rearrangements of the 

remainder of the protein or its interaction partners (Lindner et al., 2010). To note that the 

dimerization ability of these domains permits a higher level of functional diversification and 

thus a greater expansion of this family. 

 

 

Figure 5. A model of DNA-induced, domain swapped dimerization and DNA looping.  

DNA binding stimulates formation and/or stabilization of the domain-swapped dimer, which in turn loops out 
intervening DNA between the two binding sites (illustrated as dots).Dimerization may allow portions of the 
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proteins to undergo functional rearrangement of protein interaction/transcriptional regulatory domains. 
Adapted from (Lindner et al., 2010) 

 

e. Outside the DBD 

It is suggested that the structural rotations of the C-terminal α-helix would expose any 

additional domains, outside the DBD, to facilitate protein-protein interactions (Lindner et al., 

2010). No noteworthy sequence homology was detected in the rest of the ApiAP2 between 

proteins (Jeninga et al., 2019). Few additional domains have been identified as a zinc-finger 

domain, and Acyl-CoA-N-acetyltransferase, a pentapeptide-repeat-like domain and an AT-

hook (Jeninga et al., 2019) that might contribute to DNA binding but not in a sequence-specific 

way (Aravind and Landsman, 1998).  

Many ApiAP2 TFs in apicomplexan parasites also contain an ACDC domain, the function of 

which is unknown, and which is exclusively found in ApiAP2s, at a rate of one copy per protein 

unlike the AP2 domain, and it is mostly found on the C-terminus of the protein, which explains 

its acronym , AP2-Coincident Domain mainly at the C-terminus (Oehring et al., 2012). 

The function of the ApiAP2 protein as a repressor or activator is suggested to be weighed by 

the auxiliary domains it presents or on the interactions it is  able to establish. 

f.  AP2-containing proteins in T. gondii 

Functional characterization has been assigned to relatively few ApiAP2 in the coccidian T. 

gondii, which harbors 68 AP2 domain-containing proteins, out of them 24 have been reported 

to be cell cycle-regulated (Behnke et al., 2010). 

Out the 24, the TgAP2X-5 (5th AP2 protein on Chr. X) was reported to indirectly regulate the 

expression of virulence factors that are expressed in S and M phases in the cell cycle. Its action 

is accomplished through its regulation of the targeting of another ApiAP2 TgAP2XI-5. This 

latter with its additional trans-activator domain, is the alleged activator of these factors 

(Walker et al., 2013a), yet its binding to its targets promoters require the cooperative 

contribution of both interacting proteins (Lesage et al., 2018).  

The intermediate part of the life cycle of T. gondii gained the most interest in studying the AP2 

proteins of this parasite, mostly due to the ease with which the invasive non-cell 

discriminating tachyzoite and tissue-cyst bradyzoite stages can be manipulated for lab assays, 

and secondly because the interconversion between these two stages is responsible for the 

acute and chronic stages of the toxoplasmosis disease, respectively, and thus is behind the 

opportunistic nature of this parasite and the host life-threatening outcomes of the disease. 

Still, no AP2 “master regulator” was identified to be responsible for the parasite 

differentiation into bradyzoites, but some AP2s were characterized as secondary contributors 
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to this interconversion which seems to involve an intermediate stage, where switching 

parasites didn’t yet reach their mature bradyzoites fate (Hong et al., 2017). 

One of the presumed actors of this intermediate stage is AP2IX-9, the deletion of which led to 

an increase in the cyst formation, assigning it with a bradyzoite repressor role, one acting at 

the transcriptional level as it was found to be associated with promoters of bradyzoite-specific 

genes (Radke et al., 2013). The promoters of the same set of genes were observed to be bound 

by another factor AP2IV-3, the deletion of which reduced the tissue cyst formation; thus it was 

suggested that the two antagonistic actors might be either competing or operating 

sequentially in order to regulate the bradyzoite gene expression (Hong et al., 2017).  

This regulation seems to involve additional actors namely AP2XI-4 as an activator (Walker et 

al., 2013b) and AP2IX-4 as a repressor (Huang et al., 2017). AP2IX-4 was recently found to be 

associated with AP2XII-2, with these two sharing identical cell cycle expression patterns 

beginning at the S phase, peaking at mitosis and dropping after the nuclear division  

(Srivastava et al., 2020). Their impact on the bradyzoite differentiation is linked to their weight 

for a proper cell cycle progression, as It was previously shown that the initiation of this 

differentiation path occurs during the S/M phase with a slowing of growth and a delay in S-

phase (Radke et al., 2003).  

Despite the lack of extensive research on the AP2 repertoire of T. gondii and their functions, 

it holds true that this family of protein got more expansions in the coccidian parasites than in 

Plasmodium species for example, which can be related to the wider intermediate host ranges 

of coccidian parasites, as well as to the smaller genome size of Plasmodium species. 

In the realm of the search for functional homology of ApiAP2s between species of the phylum, 

it was observed that many DNA-binding motifs are conserved, however, with very few 

exceptions (Pieszko et al., 2015), no exhaustive proof was presented in favor of a parallel 

conservation of the biological function or of similar sets of genes being targeted.  

g.  AP2-containing proteins in Cryptosporidium sp. 

Before delineating the functional characterization of some of ApiAP2s in Plasmodium sp., it is 

worthy to outline some of the specificity of the other coccidian Cryptosporidium. The AP2s of 

this parasite display a lack of diversity regarding their binding sequences, compared to other 

parasites of the phylum. In fact, a high level of redundancy is suggested to be present between 

these proteins where different motifs could be recognized by the same protein.  

It seems that this parasite is less reliant on the AP2 family of specific TFs and has put up more 

functional weight on other specific TFs family, namely the ancient eukaryotic conserved 

E2F/DP1 transcription factors which are absent, or more plausibly, lost in all other 

apicomplexans noting that the binding motifs of these proteins are amongst the most 
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overrepresented sequences upstream of the Cryptosporidium parvum genes (Oberstaller et 

al., 2014).  

This expanded family of proteins granted Cryptosporidium sp. with a ratio of 1 TF to 340 target 

genes, which is much higher than the one corresponding to Plasmodium falciparum consisting 

of 1 TF to 800 genes (Templeton et al., 2004). 

h.  AP2-containing proteins in Plasmodium sp.  

i.  ApiAP2s involved virulence and clonally variant families 

The regulation of genes in Plasmodium species gained great interest especially after realizing 

its weight in aiding this parasite in its strategic host immune system evasion, which is based in 

part on the families of proteins with features of antigenic variation, such as the var genes 

bearing mutually exclusive expression of a critical virulence factor for malaria, the Erythrocyte 

Membrane Protein1 (PfEMP1) (Scherf et al., 1998) (Deitsch et al., 2001). The low rate of 

switching of the PfEMP1 variants is a factor in pathogenesis as well as in the parasite 

persistence.  

The multicopy var, rifin, stevor and surfin gene families all show clonally variant gene 

expression and they provide Plasmodium species with greater adaptive phenotypic plasticity 

and better responses to their hosts environments (Scherf et al., 2008). 

An ApiAP2 protein has recently been described as a driver of virulence in the rodent malaria 

parasite, P. berghei. Proof was brought on the impact of a single SNP occurring within the DBD 

of ApiAP2, on the regulation role of this latter. The SNP results in the switch of a hydrophobic 

aromatic aa, phenylalanine, into a hydrophilic serine aa (Otto et al., 2014), which was 

sufficient to alter the binding of the DBD and resulted in a differential expression of many 

genes, mostly involved in invasion, antigenic variation and immune evasion (Akkaya et al., 

2020).  

The single polymorphism granted one strain (S aa) of P. berghei over the other (F aa), with the 

ability of evading triggering an early IFN-y parasite-specific immune response in the host, 

rendering this protein one of the first ApiAP2 to be reported to fulfill a role in the host-

pathogen interaction, noting that the ortholog in P. falciparum seems to share the same target 

DNA motif, and is thought to have conserved this beneficial immune evading SNP (Campbell 

et al., 2010). 

Var gene silencing regulation was reported to be involving an ApiAP2 in P. falciparum, named 

PfSIP2. This protein binds exclusively SP2 arrays upstream of subtelomeric var genes, and is 

reported to harbor two AP2 domains, both required for a proper binding of the bipartite SP2 

motifs, recalling the AP2 binding mechanism described in the double AP2 DBD containing ANT 

protein in plants. Additionally, this ApiAP2 is shown to require a specific proteolytic event in 
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order to activate the DNA-binding activity. PfSIP2 is thought to play a role in chromosome end 

biology and heterochromatin formation (Flueck et al., 2010). 

Also, in P. falciparum, PfAP2-Tel co-localizes with telomeric clusters at the nuclear periphery, 

as mentioned ahead regarding the genome organization of Plasmodium sp. (Sierra‐Miranda 

et al., 2017). This telomere-specific protein harbors an AP2 domain with an unorthodox 

structure as it lacks one of the three β-sheet recognized to be essential for DNA binding. The 

ortholog of this protein in P. berghei is AP2-Sp3 (Modrzynska et al., 2017), but it has not yet 

been assigned with telomer-associated functions. 

In an assay to predict binding motifs using recombinant AP2 domains, the promoters of var 

genes were predicted to be bound by the DBD of AP2-exp protein (Campbell et al., 2010), yet 

this observation didn’t get backed up by the transcriptomic effects of this protein, the 

mutation of which yielded alterations in the expression of members of clonally variant gene 

families but not of the var gene family (Martins et al., 2017), recalling similar events reported 

in A. thaliana where the binding of an AP2 on a gene promoter and the transcriptional 

outcome didn’t form a linear link (Yant et al., 2010). 

Instead, AP2-exp was shown to regulate the expression of RIFINs and STEVORs, with this 

protein being the first described to fulfill a specific regulatory function that is not dependent 

on its AP2 DNA binding domain, but on its C-terminal (Martins et al., 2017), yet it is unknown 

how this specificity is accomplished.  

It seems that divergent C-terminus parts could provide distinct functions for proteins 

harboring similar DNA binding domains, as is thought to be the case for the ortholog of AP2-

exp in P. berghei AP2-Sp, which together share DBD homology of 92%, and yet this latter is 

reported to rather be implicated in the transcription of developmentally regulated genes 

(Yuda et al., 2010). 

ii.  ApiAP2 involved in Developmental regulation 

The majority of Plasmodium sp. genes are known to be induced in narrow windows, as gene 

expression is tightly linked to the development of the parasite and its transition between 

stages and hosts (Otto et al., 2010). Plasmodium shares many features of the complex life 

cycles of apicomplexan that we initiated in earlier parts with intermediate and definitive hosts 

and oocysts formation, yet unlike coccidian the cycle doesn’t include any tissue-cyst forming 

stage.   

The parasite alternates between a vertebrate host, which can be humans or rodent depending 

on the parasite species, and an anopheline mosquito vector, where fertilization and meiosis 

occur exclusively. In all other stages, the parasite divides asexually, with the multiplications 

inside red blood cells being responsible for the disease symptoms. In this blood stage, very 
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few parasites would initiate their development into gametocytes, awaiting their uptake by a 

female mosquito, where fertilization would take place generating diploid zygotes.  

20 to 30 hours are enough for the zygotes to transform into motile ookinetes which 

subsequently form oocysts. Many rounds of asexual divisions would produce a mass of 

sporozoites which migrate to the salivary glands of the mosquito in order for them to be 

injected and transmitted into the next mammalian host. 

Like the aforementioned Ap2-Sp, many ApiAP2s in Plasmodium sp. were characterized to 

being specifically expressed in a given stage, as well as being drivers of developmental 

pathways. AP2-Sp is exclusively expressed in the sporozoite stage and was reported to 

regulate transcription in this stage, its disruption resulted in the loss of sporozoite formation. 

But unlike AP2-Exp, this protein relies greatly on its DBD in fulfilling its regulatory role, as it 

was shown that replacing the AP2 DBD in a protein belonging to another stage, by the DBD of 

AP2-Sp led to the induction of the targets of this latter (Yuda et al., 2010).  

AP2-Sp3 is another AP2 involved in the proper development of sporozoites, yet it acts on the 

level of their maturation, as its loss led to a motility defects and failure of the sporozoites to 

reach the salivary glands (Bushell et al., 2017). 

Other examples involved in developmental control include AP2-O involved in ookinete 

development (Yuda et al., 2009), and AP2-L for liver stage maturation (Iwanaga et al., 2012), 

yet the mechanisms regulating the seldom events of sexual development of this parasite 

greatly occupy the community. 

iii.  ApiAP2s involved in Sexual Development regulation 

As detailed in the earlier sections regarding the modes of transmission adopted by a parasite, 

a trade-off between the horizontal and the vertical modes is needed, so that the greatest 

chances for the fitness of the parasite are met at the least cost.  The Plasmodium parasite is 

no exception to this evolutionary path, herein investing most of its energy into mass 

production of infectious particles, and keeping limited the transmission via the offspring, as 

the conversion of the parasites into the non-invasive gametocytes doesn’t build up to more 

than 5% of the population. 

The whole genome sequencing of P. berghei lines that lost their ability to produce 

gametocytes, revealed mutating SNPs occurring within a gene harboring a single AP2 domain 

(Sinha et al., 2014). The discovery of the PbAP2-g was accompanied in the same year by the 

identification of its counterpart in P. falciparum (Kafsack et al., 2014). The transcriptional 

alterations following the ablation of PfAP2-G were focused on early gametocytes genes, the 

upstream regions of which were found to be enriched by the PfAP2-G cognate DNA motif. The 

same study reported the link between the expression levels of PfAP2-G and the levels of 
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gametocyte formation, stating the heterochromatic state in which this locus is found in the 

majority of the parasites, with transcription getting permitted in minor cases.  

Other than this protein directly auto-regulating its own expression, many observations rose 

describing the mode of action of this protein as well as its upstream regulatory events. The 

switch triggering the expression of AP2-G was thought to be adjusted by the action of AP2-G3 

as the loss of the latter resulted in the decrease of the former expression (Zhang et al., 2017). 

This factor is thought to act upstream of AP2-G as a sensor for the environment signals in view 

of its double localization in the nucleus and the cytoplasm, as well as its expression in asexual 

parasites as well as in gametocytes.  

Downstream of AP2-G, there seem to be an additional factor ensuring the maturation of the 

gametocytes. Disrupting AP2-g2 would nearly abolish any sign of gametocytes being 

transmitted to the mosquitoes (Modrzynska et al., 2017). It is thought that this protein would 

take charge of repressing the asexual gene expression during the differentiation process. 

Moreover, AP2-g2 is predicted as versatile repressor in different stages including sporozoite 

genes, and its repression is alleviated by the activation counter effect of AP2-G during the 

sexual differentiation, yet in other stages it remains unknown which antagonistic actor would 

be involved. 

The regulation of such crucial protein function and thus of the pathway in which its involved, 

would generally involve multiple means and routes to achieve non stochastic outcomes and 

strict transcriptional signature transitions required for proper development of the parasite. 

In the case of AP2-G, the gametogenesis seems to involve not only its fellows G2 and G3, but 

also a partner ApiAP2, namely AP2-I, which itself is regulated through post-translational 

modifications on residues within one of its AP2 DBD (Josling et al., 2020), as was reported for 

many ApiAP2 that can have their DNA binding be altered through protein acetylation (Cobbold 

et al., 2016). The regulation of gametogenesis exceeds the transcriptional level, as female 

gametocytes were shown to adopt translational repression of stored mRNAs, with no 

evidence for proteins being found for more  than 500 transcripts (Lindner et al., 2019). This 

allows the parasite to guarantee a proactive production of mRNA and a just-in-time 

production of the corresponding proteins.  

13.  Epigenetic weight in Plasmodium species 

a. On Clonally variant multigene families 

The proportion of TFs to the total number of genes is suggested to be linked to the level of 

complexity in an organism, therefore the number of specific TFs in Plasmodium species would 

seem extremely low in comparison to other eukaryotes, especially with the requirements for 

a tightly regulated gene expression that are imposed by their multi-hosts parasitic life style.   
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60 potential TFs among 5800 genes is a small proportion to be enough for such complex 

expression programs (Coulson et al., 2004), leaving space for additional mechanisms based on 

the epigenetics means. In Plasmodium sp., epigenetic regulation of gene expression holds its 

biggest weight in heterochromatin-based gene silencing, as in antigenic variation genes and 

the control of gametocyte conversion rates. 

The maintenance of a singular var gene choice was reported to be dependent not only on 

ApiAP2 transcription factors but also on chromatin actors, underlining an adapted epigenetic 

signature which is built on one hand, on the heterochromatic inheritance relying on the  

deacetylating action of the histone deacetylase 2 PfHda2 on the H3K9 residue (Coleman et al., 

2014) allowing for its methylation by PfSETvs/2 (Ukaegbu et al., 2014), and the concomitant 

recruitment of the proteins heterochromatin protein 1 (PfHP1) for gene silencing (Flueck et 

al., 2009).  

On the other hand, the one active var gene promoter would be bound by the histone 

acetyltransferase PfMYST (Miao et al., 2010), the action of which would aid in recruiting the 

RNA Polymerase II to this site, and the expression of this gene in particular seems to be 

boosted by an intron-derived long non-coding RNA (lncRNA) (Amit-Avraham et al., 2015). Two 

lncRNAs have been reported to be derived from a bidirectional promoter within the intron in 

between two exons of each var genes, with the sense lncRNAs, when expressed, acting as a 

silencer, and the antisense as an enhancer for the activation of the var gene in question (Epp 

et al., 2009). 

The transcription of this gene would be poised for reactivation in the following cycle of 

replication, and this poised chromatin state is in part fulfilled by the H3K4 methylation action 

of PfSET10 (Volz et al., 2012). 

Similarly to T. gondii, which holds remarkably few constitutive heterochromatin sites 

throughout its genome, a great part of the P. falciparum chromatin, and particularly the 

chromatin embedding clonally variant members of multigene families, was found to be in a 

poised state (Karmodiya et al., 2015).  

In fact, the overall profiles of histone activation and repression marks remaining similar on 

active and inactive genes, as in the case of two activation marks H3K9ac and H3K4me3 being 

enriched within intergenic areas of both expressed euchromatic and silenced heterochromatic 

genes, but with their levels varying significantly (Karmodiya et al., 2015), rendering the fate of 

genes a subject of the winning mark of the binary ratio which is weighed by repressive marks 

such as H3K36me3 and H4K20me3 (Duraisingh and Skillman, 2018). To note that the co-

occupancy of H3K9ac and H3K4me3 was not arising from cellular heterogeneity, as sequential 

ChIP-assays proved (Karmodiya et al., 2015).  

Moreover, it is proposed that active marks are widespread throughout the genome and that 

repressive marks appear to be specific for the virulence genes. For instance, H3K9me3 is 

devoted to marking variant antigen encoding genes, abandoning its recognized role as a 
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general repressive mark on heterochromatic regions, such as at centromeres where its 

function seems to be fulfilled instead by the enrichment of H4K31me1 (Sindikubwabo et al., 

2017).  

H3K9me3 plays a role in tethering the var loci within the nuclear periphery. The activation of 

a particular gene requires the acetylation of the same lysine in order for it to move out of the 

perinuclear centers (Lopez-Rubio et al., 2009). Yet as this mark is enriched at all families of 

variant genes and them being independently regulated, it was thought to be insufficient to 

explain the mechanisms behind their regulation, ones that, nowadays we can affirm, rely 

greatly on the action of the aforementioned ApiAP2s factors.  

Considering the few parts of the genome being set  into a constitutive heterochromatic state 

with most of the genes being either active or poised, and the level of chromatin compaction 

that is relatively looser than in other organisms with a large proportion of its genome being 

constitutively acetylated (Ay et al., 2015), along with this parasite lacking an orthodox H1 

linker histone (Sullivan et al., 2006), one would reflect on the tightness of the epigenetic 

checkpoints that are providing this parasite with its great success in persisting in the 

bloodstream and proliferating towards accomplishing its life cycle development. 

b.  On Sexual development 

 These aforementioned chromatic checkpoints involving balanced ratios of histone PTMs are 

also strongly linked to developmentally controlled stage specific genes transcription. 

Plasmodium species evolved great plasticity regarding their cell fate decisions and their 

differentiation into the distinct life cycle stages (Waters, 2016).  

It has been described that only few parasites are primed for undergoing sexual differentiation 

(roughly 5% of the population). It appears that features of epigenetic inheritance have been 

supporting the switch to the gametocyte formation with the commitment to the sexual stage 

occurring one replicative cycle prior to the gametocyte formation and this decision seemingly 

being transmitted to the next cycle.  

Many chromatic actors were reported to be involved in this process such as the histone 

deacetylase PfHda2 (Coleman et al., 2014) shown to be controlling indirectly the frequency of 

switching from asexual to sexual development through orchestrating the repression of the 

expression of the acknowledged activator of gametogenesis PfAP2-g. PfAP2-g is also reported 

to be regulated by another epigenetic regulator, PfHP1, of which the knockdown resulted in 

the increase of gametocyte induction (Brancucci et al., 2014a), also resulted in the 

simultaneous activation of all var genes, here underlining the common mechanisms regulating 

the rate of sexual commitment and the virulence gene expression.  

The PfHP1-bound heterochromatin was also reported, as initiated ahead, to be mobilized 

under the action of PfHda2 for nucleating heterochromatin formation, with the binding of 

PfHda2 to histone tails plausibly occurring upstream of that of PfHP1 for their deacetylation 

to take place prior to their methylation. 
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The maintenance of the heterochromatic state which is in part established by the binding of 

PfHP1 to H3K9me3 at PfAP2-g, gets disrupted by the action of the gametocyte development 

protein 1 (GDV1) in evicting PfHP1 from the methylated lysine (Filarsky et al., 2018), rendering 

this protein an upstream activator of sexual differentiation. GDV1 offers another example for 

a gene being regulated through a noncoding RNA derived from its own locus.  

14.  Toxoplasma gondii Development and gene expression 

 

The ‘just in time’ concept described in the gene regulatory patters of Plasmodium falciparum, 

is one shared with T. gondii. About 3000 out of the 8322 protein-encoding genes display 

cyclical profiles with two major transcriptional waves consisting of a subset of genes with a 

maximum of expression at G1 and the function of which is metabolic-related, and genes that 

would peak at S/M stages being involved in daughter budding and egress (Behnke et al., 2010).  

However, the regulation of genes is broader than its dependency on the cell cycle phasing, 

with a great fraction of genes being stage-developmentally regulated albeit a scarcity of 

knowledge of the molecular events governing their expression dynamics.  

The ahead delineated ApiAP2 proteins hold a layer of control of such events, yet many 

evidences point out to additional actors based on the epigenetics means. As described in 

Plasmodium sp., the weight of such mechanisms is underlined mostly by the paucity both in 

numbers and variety of specific TFs, relatively to the high number of protein-encoding genes. 

Moreover, a high density of genes is observed in T. gondii with many of them displaying 

overlaps in the 5’UTR of one gene and the 3’UTR of another, letting one ponder about the 

actors involved in the accessibility to the genes in question and their tight regulation, 

especially when taking into account that physical proximity doesn’t appear to withhold a big 

weight in the matter with some genes having less than 1500 bp apart, displaying distinct 

differential expression patterns (Kissinger and DeBarry, 2011; Lyons et al., 2002).  

Also, a scattered distribution between chromosomes is observed for not only development-

specific genes, but also genes encoding proteins involved in similar biochemical pathways, 

such as the families of secreted proteins (Bunnik et al., 2019), as previously described 

regarding the genome of T. gondii . 

The complexity of this parasite’s gene regulation programs is greatly dependent on its 

previously described multi-host life style, and is regarded as being highly established, at least 

in part, and is the one we’re going to focus on for now, at the transcriptional level. 

Prior to the development of the genome wide RNA-sequencing, a limited set of 

developmentally-regulated genes had been identified, utilizing techniques based on small 

microarrays and EST analysis (Manger et al., 1998), with the gene sets mostly belonging to the 
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tachyzoites and bradyzoites stages and very few from oocysts, mainly due to limitations in 

accessing the cat enteric sexual and asexual developmental stages. 

a.  The Merozoite Stage 

The in vivo access difficulty was behind the merozoite being the least studied developmental 

stage.  This rapidly dividing asexual form is at the onset of sexual development and of gametes 

generation. The high expansion rate is shared between this form and the tachyzoite, however 

the former remains confined to the cat enterocyte monolayer whereas tachyzoite retains its 

exclusive ability for invading a broad range of cell types in a variety of hosts. Distinct 

expression profiles have been identified between these two forms, underpinning their unique 

adaptation to the tissues they develop within, as well as to their subsequent developmental 

fates (Hehl et al., 2015). 

A merozoite transcriptional profile was generated using multiple cat infected-enterocytes. 

Applying an 8 and above fold difference a threshold of, this high-throughput RNA-seq based 

study identified merozoite and tachyzoite stage exclusivity of 312 and 453 genes, respectively. 

Except for some fine tunings and few adaptations, most probably caused by the enterocyte’s 

low oxygen tension, there doesn’t seem to be great differences in expression of genes related 

to metabolism, noting that the position of the parasite close to the stream of nutrient of the 

host offers an advantage in scavenging nutrients at this stage. 

A large set of surface antigen (SRS, SAG1-Related Sequence) proteins displayed a remarkable 

stage-specific expression, with 52 members out of 111 being present in merozoite, versus 14 

being exclusive to tachyzoite (Hehl et al., 2015). These SRS proteins are reported to be 

involved in host-parasite interactions, namely in the attachment process and the promotion 

of host immune responses (Jung et al., 2004). It is also suggested that the merozoite-specific 

set of SRS proteins could be involved in the gamete development process.  

The majority of dense granule- and rhoptry-resident proteins, recognized for their remodeling 

of the host immune responses, as well as their MYR1 transporter (Franco et al., 2016), are not 

expressed in merozoite (Hehl et al., 2015). The absence of ROP16 and GRA15 proteins suggests 

that pro-inflammatory signaling pathways such as NF-κB are not targeted at this stage, yet it 

can’t be excluded that paralogs specific to merozoite might be performing GRA and ROP 

related functions. Also, the parasite requires some level of migration through the intestinal 

contents following their egress within the gut, hence there should be proteins fulfilling the 

motility role of the seemingly absent conventional microneme proteins. It must be noted that 

the residence of the parasite in its merozoite form in the enterocytes is relatively short, hence 

a lower need for a drastic modulation of the host cell. 
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The small intestine would also serve as a setting for the merozoite to differentiate into 

gametes. In fact, the transcriptome of the aforementioned merozoites fraction might itself 

include minor inputs from sexual stages (Hehl et al., 2015).  

b.  The Enteroepithelial stages and Gametogenesis 

However, another survey focused on uncovering the genes that are exclusive to micro and 

macrogametes, with samples taken from the small intestine epithelium of infected cats  

(Ramakrishnan et al., 2019). Their comparative RNA-seq approach pinpointed genes encoding 

for proteins with probable functions in sexual reproduction and fertilization, such as HAPLESS 

2 (HAP2) (Liu et al., 2008). Five EnteroEpithelial Stages (EES) were set to group genes belonging 

to different points of developmental progression going from EES1 representing very early, to 

EES5 representing very late (Ramakrishnan et al., 2019).  

The technical variabilities caused by the asynchronous nature of coccidian development set 

the last stage as the most resourceful for an accurate identification of the molecules most 

involved in gametogenesis development. This last stage is also at the onset of oocyst 

development initiation, and it is noteworthy that proteins involved in oocyst wall formation 

seem to be expressed and stocked already in macrogametocytes (Ramakrishnan et al., 2019) 

(Walker et al., 2015), recalling events of translational developmental control seen in 

Plasmodium species (Lindner et al., 2019). 

c.  The Oocyst and Sporozoites 

Consistent with such observations, are overlaps detected in an Affymetrix microarray-based 

analysis of oocyst stage-specific genes (Fritz et al., 2012). They report the presence of RNA of 

genes involved in the prior feline enterocyte developmental stages such as meiotic 

recombination genes, thus it was suggested that meiosis might not be fully accomplished at 

the time when oocysts are shed, yet this also reflects the technical limitations of such assays 

measuring the RNA abundance and not nascent RNA creating this gap between the active 

transcription taking place and the residual transcripts detection.  

However, the transcriptome becomes more robust as the oocyst proceed in their 

development (from day 0 to day 10). The initially noninfectious oocysts, when exposed to 

warmth and oxygen, would form two sets of four mature haploid and infectious sporozoites. 

The transcriptomic analysis provided data that were relevant to the requirements for the 

maturation and robustness of oocysts and to the infectivity of sporozoites.  

In fact, it was reported that formation of sporozoites, was in alignment with the increase 

expression of secreted and surface-antigen proteins, such as SRS28 or SporoSAG (Radke et al., 

2004), with rhoptries and micronemes being absent from immature oocysts (Fritz et al., 2012), 

consistent with them being needed for the moment sporozoites would encounter their host 

cell that is represented solely by the intestinal epithelial cells to be invaded.  
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As SRS are recognized for their immune provoking abilities, it was suggested that they might 

also play a role in the shedding and dispersal of oocysts through the stimulation of intestinal 

inflammation and diarrhea. Oocysts can persist for months, if not years, in the environment 

before being ingested, thus their need for an energetic supply that seems to be fulfilled by 

amylopectin granules (Guérardel et al., 2005), which were also reported to ensure the viability 

of sporozoite in the fellow coccidian Cryptosporidium (Jenkins et al., 2003). This relative 

dormancy in the environment must be followed by a rapid availability of proteins needed for 

restarting a competent infection in the new host, which was reflected by the up-regulation of 

many ribosomal protein encoding genes in the late stages of oocysts development (Fritz et al., 

2012). 

d.  The Bradyzoite stage in intermediate hosts 

As described when delineating the heteroxenous life of T. gondii, this parasite has the ability 

to divide and survive by means of horizontal transfer. Yet, for sex and thus genetic diversity to 

occur, the life cycle must be completed in both its intermediate and definitive hosts. Thus, the 

development of mature oocysts containing infectious sporozoites invade their next 

intermediate host, which would trigger immune responses inducing the encystment of the 

parasite in the brain and muscle cells, and their lifelong persistence. This immune control is at 

the onset of the duration of infection of the intermediate host, with this persistence being 

crucial for the subsequent ingestion by a feline and the occurrence of sexual development 

discussed ahead. 

It must be noted here that a considerable weight would lay on the aforementioned 

intermediate host, considering that a host that could not be ingested by a feline would not 

grant the parasite much developmental purpose (Gazzinelli et al., 2014).  

Therefore, most studies delineating the development aspects of the cyst stage would rely on 

mice studies, with these latter not merely serving as an in vivo model, but as the most 

evolutionarily significant host for T. gondii that must balance its virulence in order to allow for 

a proper immune response permitting its encystment (Lilue et al., 2013).  

Hence the choice of the parasite strain in such studies is critical, as highly virulent strains would 

kill laboratory mice which could not resist the acute infection phase. This rose questions about 

the evolution of such strains and whether they lost their ability for differentiation within mice, 

until it became clear that wild mice species exist that have evolved their immune systems in 

an adapted way to respond to such highly virulent strains (Lilue et al., 2013).  

Therefore, in most in vivo studies of bradyzoites development, the low virulent type II strain 

would be used and not the type I that present highly virulence for lab mice and doesn’t provide 

great representation of this stage.   

A recent in vivo transcriptomic-analysis-based study used RNA collected from forebrains of 

mice infected with type II strains of T. gondii and presented an  innovation in not purifying 
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parasites from the brain tissue (Pittman et al., 2014). The transcriptional progression from 

acute (10 dpi) to chronic (28 dpi) stages of infection was followed. An interesting observation 

was the parasite downregulating tachyzoite specific sets of SRS markers and upregulating one 

set specific to the bradyzoite. Microneme proteins were abundant enough to suggest events 

of active invasion occurring during this stage, once thought to be fully dormant. Evidence of 

the relative dynamism of these cyst forms has been detected, on their replicative abilities as 

well as on their interaction with their hosts and the active gene transcription in 

correspondence with the required responses to the host environment. 

For instance, many proteins have been previously detected in this stage with roles in the 

metabolism of oxygen radicals and DNA repair, answering to the long-term exposure to the 

host reactive metabolites (Manger et al., 1998). Nevertheless, the parasite still rely on a 

storage of amylopectin granules in its tissue persistence endeavor, with further changes in its 

carbohydrate metabolism being evidenced in its expression of bradyzoite-specific isoforms of 

lactate dehydrogenase (LDH2), and enolase-1 (ENO1) (Denton et al., 1996), which have been 

detected in early studies based on cDNA libraries from brain cysts (Yang and Parmley, 1997) 

(Yahiaoui et al., 1999).  

Such markers, along with cyst wall markers, as the DBA (Dolichos biflorus agglutinin) that 

presents high affinity for the acetyl galactosamine within the wall structure (Zhang et al., 

2001), served as detection tools at the onset of the studies of cysts development in tissue 

cultures.   

15.  Signaling through Chromatin and Epigenetics in T. gondii   

 

Taken together, these studies underline the statement initiated ahead, regarding the weight 

of gene transcriptional regulation on the complexity of the developmental program, with 

differentiation being, at least in part, regulated at this level.  I briefly mentioned how such 

tight control of stage specific transcripts is thought to be established via epigenetic means, 

hereafter the humble progress made into understanding such mechanisms must be 

elucidated, with evidence pointing toward a combinatorial action gathering many elements 

including mainly ApiAP2s, histone modifications, and chromatin actors.  

 

Apicomplexans share a common histone structure with other eukaryotes, with a conserved 

globular domain (Nardelli et al., 2013), and it is not surprising to witness them displaying 

common chromatin architectures as the packaging of eukaryotic genetic information into 

chromatin was an innovation already led by LECA, allowing its nascent eukaryote genome to 

expand and to gain new genes and paralogs (Omodeo, 2010). 

 

The packaging of chromatin in T. gondii holds its peculiarity, in part because of the suggested 

lack of a conventional H1 linker protein (Sullivan et al., 2006), and the absence of the common 
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detected DNA methylation (Gissot et al., 2008). The 3D structure of the chromatin shows very 

few clustered regions mostly at centromeres as previously mentioned, and no apparent 

topological domains were detected, except for relatively close contacts within chromosomes 

(Bunnik et al., 2019). 

 

In fact, little knowledge is achieved regarding the establishment of chromatin territories, 

namely of the few heterochromatin regions. The conservation of the CenH3 variant in this 

parasite allowed to visualize its centromeres and to assess the putative enrichment of other 

epigenetic marks, hence H4K20me3 was detected at these areas (Sautel et al., 2007). 

H3K9me3 was enriched at centromeres as well as other constitutive heterochromatin regions 

(Brooks et al., 2011),  unlike Plasmodium falciparum which as mentioned ahead, has privileged 

this mark to only the subtelomeric regions with embedded clonally variant genes (Lopez-Rubio 

et al., 2009).   

 

The observed abundant lysine acetylation points out to a dominant transcriptionally active 

state of the chromatin. The weight of the histone acetylation state on the normal 

development of parasites preceded the studies linking epigenetics to transcriptional control. 

In fact, the apicidin cidal effect on apicomplexan parasites as T. gondii and P. falciparum was 

demonstrated back in the nineteens, before its characterization as a histone deacetylase 

inhibitor (Darkin-Rattray et al., 1996). 

 
It its increasingly accepted that the chromatin of T. gondii, like Plasmodium sp., that was once 

thought to be generally active, is in many cases in a poised state, hence the preponderance of 

acetylation has its promoting effect on transcription getting fine-tuned by the co-enrichment 

of repressive marks. This bivalent chromatin sets straight the controversies of the early reports 

of acetylation and active marks on genes with no detectable expression.  

In T. gondii, the co-enrichment was reported between H3K14ac and H3K9me3 (Sindikubwabo 

et al., 2017). This last mark was not associated in other organisms with genes in poised states, 

but with constitutive heterochromatin (Nakayama et al., 2001), yet most of the genes 

embedded in such chromatin state in the parasite were found to be developmentally 

regulated (Sindikubwabo et al., 2017), in alignment with similar bimodal patterns being 

enriched at inactive promoters in mouse embryonic stem cells, pointing up that in stem cells 

the reported combinatory consist of H3K14ac/H3K27me3 (Karmodiya et al., 2012), or of 

H3K4me3/H3K27me3 (Matsumura et al., 2015).  

To note that the PRC2 catalyzed H3K27me3 modification, that is recognized for its role in the 

cell type-specific repression of genes (Lee et al., 2006b), is an absent mark from T. gondii and 

P. falciparum, as well the case for EZH2, in accordance with an apparent lack of enhancer 

elements in these organisms (Toenhake et al., 2018).  
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This poised state of chromatin grants great plasticity for an organism as T. gondii which must 

answer rapidly to the changing environments in which it finds itself, by achieving the distinct 

protein requirements for each developmental stage.  

One way through which this state can achieve its poised fate is through the interference with 

the RNA machinery elongation, as the case for H4K31me1 enriched loci (Sindikubwabo et al., 

2017), or with the promoter proximal pausing of RNA Polymerase II, wherein 

developmentally-regulated promoters could be loaded with Pol-II and awaiting their 

activation (Williams et al., 2015). Another way would be for this state to interfere with the 

recruitment of chromatin writers and readers to the genes in question. The crosstalk between 

acetyl- and methyltransferase complexes could produce allosteric effects for each other. For 

instance, the acetylation of lysine 18 on Histone H3 was often detected along with a 

methylation of the adjacent arginine 17 (Saksouk et al., 2005).  

 

a.  Methyltransferases 

Before delving into the acetyltransferase responsible for the first mark, it must be noted that 

T. gondii displays an expanded repertoire of methyltransferases, especially when compared 

to yeast or to its fellow apicomplexan P. falciparum. T. gondii carries 22 SET-containing KMTs, 

2 Disruptor of telomeric silencing (Dot)-related enzymes all targeting lysines, and 5 PRMT-like 

enzymes targeting arginines, with both families reported to withhold functions in gene 

expression in this parasite.  

TgCARM1 is the one behind the methylation of H3R17 in T. gondii, with the substrate 

specificity being shared with its human counterpart, and the enrichment being detected at 

promoters of active genes (Saksouk et al., 2005). 

Also, amongst the five, is PRMT1, which catalyzes the methylation of H4R3 and was thought 

to be involved in gene regulation through this histone modification (Saksouk et al., 2005). Yet 

this protein was reported to also act at the level of the parasite cell division and centrosome 

biology (El Bissati et al., 2016). It seems rational to ponder on the expanded roles of 

methyltransferases in this parasite, in accordance with their distinct duplication, also 

notwithstanding the correlated expansion of demethylases in this parasite. In fact, the 

orthologs of PRMT1 in yeast and humans are nuclear proteins, whereas it is detected primarily 

in the cytoplasm in T. gondii, which is consistent with that most of its substrates are non-

histone proteins. 

 

As mentioned ahead, T. gondii carries within its genome 22 duplicates of the Su(var)3-9, 

Enhancer-of-zeste and Trithorax (SET) domain, which is shared between lysine 

methyltransferases, with many enzymes presenting structural homology to the Set8, that was 

once thought to be exclusive to metazoans (Sautel et al., 2007). It is believed that the ancestor 

of Apicomplexa has acquired their SET subfamily from their vertebrate hosts through lateral 
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transfer, however some evidence points out the unlikeliness of such event based on the time 

of appearance of mammals, and argues in favor of the apicomplexan parasitizing nematodes 

and acquiring this protein (Kishore et al., 2013).  

Regardless of its origin, TgSet8 displays a unique ability to catalyze not only the 

monomethylation of H4K20, as the case for metazoans, but also its di and try-methylation 

(Sautel et al., 2007). This broader substrate activity seems to be derived from a single amino 

acid gain-of-function mutation within the substrate specific domain. This methylation mark, 

was as mentioned ahead found enriched within centromeres, but also was suggested to play 

an indirect role in the development towards the bradyzoite stage through its role in 

maintaining a proper cell cycle progression (Sautel et al., 2007).  

Methylation and acetylation are independent yet complementary in their action. The first 

statement can be observed at the level of proteins in eukaryotes which tend to not display 

both a methylase and an acetylase domain, nor a methylase and a demethylase and same for 

acetylation, suggesting a relative modification stability.  

However, despite their preference of acetylases co-occurring with bromodomains, and 

methylases with PHD fingers, eukaryote proteins still display fusion events between a 

methylation mark writer and an acetylation mark reader and the other way around (Iyer et 

al., 2008a).  

Such crosstalk underlines their complementary process. Examples were identified in 

apicomplexan, such as the SET1 protein in T. gondii, and its homologue in P. falciparum, which 

both seem to gather their lysine methyltransferase activity, with a number of PHD finger 

domains, as well as an N-terminal bromodomain (Jeffers et al., 2017). Nevertheless, it is 

suggested that such protein fusions, even the simple writer/reader combinations, evolved 

earlier for acetylation processes than for methylation (Iyer et al., 2008a).  

b. Bromodomains and Acetyltransferases (focus on GCN5) 

The critical weight of acetylation on gene regulation has been tackled in apicomplexans, as 

well as in kinetoplastids which seem to be relying on histone acetylation in regulating their 

polycistronic transcripts (Thomas et al., 2009).  

Non-histone proteins were reported to be subject to acetylation in both T. gondii and P. 

falciparum in different subcellular compartments, yet the best characterized acetylation-

mediated protein-protein interaction would consist of the recognition of histone tail lysine 

acetylation by corresponding readers as the bromodomains that hold a layer in the gene 

expression regulation process. 

The Bromodomain was first described in Drosophila within a SWI-SNF ATPase homologue with 

gene expression activation role (Tamkun et al., 1992). Seven proteins in P. falciparum were 

found to hold such domains, against twelve in T. gondii with the first identified bromodomains 

being held in the acetyltransferase GCN5 protein family. Members of the GCN5 
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acetyltransferases superfamily can be traced back to LECA (Iyer et al., 2008a), and homologues 

have been identified in a wide range of Eukaryotes. Apicomplexans possess homologues of 

the main HAT classes, including GCN5 and MYST, but no presence of the mammals PCAF 

family, was detected. Considering that invertebrates and other apicomplexans harbor one 

copy of GCN5, it is safe to say that T. gondii display a special feature by carrying a double 

isoform of the protein (Bhatti et al., 2006). To note that two GCN5 acetyltransferases are also 

detected in its close relative Neospora caninum.  

 

TgGCN5a and TgGCN5b don’t show signs of complete redundancy, with only few histone 

acetylation specificities being shared between the two. Functional studies also suggested their 

involvement in different processes with GCN5a thought to be required for appropriate 

responses to alkaline stresses (Naguleswaran et al., 2010). Their functional distinction is in 

correlation with different substrate specificities, as TgGCN5a was reported to hold high 

selectivity for H3K18, a mark mediated by a PCAF protein in humans (Daujat et al., 2002), while 

GCN5b presents a more prototypical repertoire of lysine targets, with its ability to catalyze the 

acetylation on H3K9, K14 as well as K18 (Bhatti et al., 2006; Saksouk et al., 2005), noting that 

it was assigned as the HAT for a core histone acetylation of H4K31, with this latter enriched at 

active genes promoters (Sindikubwabo et al., 2017). 

 

Both GCN5s in T. gondii possess one C-terminal bromodomain and one KAT domain, similarly 

to the one GCN5 present in P. falciparum (Fan et al., 2004). It is noteworthy that the 

bromodomain of this latter share a higher level of similarity with that of TgGCN5b than that 

of the similarity shared between the two isoforms (Jeffers et al., 2017).  

 

The P. falciparum GCN5 was first studied in view of the yeast homologue, where they brought 

proof of homology of their HAT domains, underlined by successful complementation 

experiments of the yeast mutated HAT by the plasmodium counterpart, marked by a 

conservation of substrates specificity at lysines 8 and 14 of H3 (Fan et al., 2004).  

 

However, the divergence between the two proteins was witnessed at the level of their 

interaction with the corresponding ADA2 coactivator proteins where no complementation 

proved functional. In T. gondii, GCN5b carries an ability to interact with either one of the two 

identified ADA2 homologs, while GCN5a associates with only one (Bhatti et al., 2006). 

 

The specificity and distinction in the additional interactors’ repertoire of the apicomplexan 

GCN5 proteins is suggested to occur at the level of their N-terminal sequences, which display 

high levels of divergence. This protein-protein interaction mediating N-terminal extension is 

one that is absent in most early eukaryotes, and present in mammals but with lack of the 

variation aforementioned in apicomplexans (Dixon et al., 2011).  
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Functional characterization of GCN5b suggests its involvement in differential gene expression 

control, with focus held onto the range of interactor proteins and multi-proteins complexes, 

as the one gathering this protein with the aforementioned arginine methyltransferase CARM1 

(Saksouk et al., 2005). The fact that many of the substrates of GCN5 are non-histone proteins 

(Jeffers and Sullivan, 2012), increases the amount of proteins detected in biochemical assays 

and thought as solid interactors. Nevertheless, GCN5b is reported to interact with different 

ApiAP2s (Wang et al., 2014), plausibly to fulfill a certain level of gene targets specificity as 

GCN5 KATs lack DNA binding domains, as well as to attain a fine-tuned regulatory activity.   

Such adjustments are also established through the acetylation balance at same sites, 

generated from the antagonistic activities of KATs and KDACs.   

c.  The evolutionary history of HDACs in the phylum  

It is suggested that at least one HDAC related protein was present in LECA (Iyer et al., 2008a), 

with phylogenetic evidence pointing towards the HDAC/RPD3, along with the Sir2 superfamily, 

being derived from prokaryotes proteins mainly involved in metabolic processes (Leipe and 

Landsman, 1997). 

Copies of the three classical HDACs are found in apicomplexans, with many of their features 

being shared with fellow Eukaryotes and others that seem to be non-canonical and unique to 

the phylum and to their close ancestors. 

The Silent information regulator (Sir2) superfamily is represented in most apicomplexans by 

two Sirtuins A and B. These proteins are recognized to have expanded their functions broader 

than their regular activities of histone deacetylase and ADP-ribosyl transferase, to be involved 

in fatty acid metabolic processes, as seen in Plasmodium falciparum (Zhu et al., 2012), where 

they also evolved redundant functions related to the regulation of antigenic variation, a 

process delineated earlier.   

Some remarkable fusion events can be witnessed through these proteins, as a patchwork can 

be seen, for instance on PfSir2A, between its first HDAC domain being analogous to bacteria, 

and the second sharing features with plants HDACs. A similar pattern can also be seen on the 

P. falciparum gametogenesis regulator PfHDA2 (Kanyal et al., 2018).  

The roots of PfHDA2 can be traced earlier than the apicomplexans emergence, to reach 

extents as early as the divergence of alveolates. Along with its T. gondii homologue HDAC1, 

these proteins display an alveolate-phylum-specific adaptation consisting of a unique 

combination of the HDAC domain with an inositol polyphosphate multikinase (IPMK) domain 

at their C-termini.  

To note, that the protein displaying the highest deacetylation domain homology to TgHDAC1, 

from the fellow alveolate and photosynthetic species of Chromerids, wasn’t detected as 

presenting such co-occurrence, which could have been lost later in the evolution of these 

species.  
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Another unusual family of class II histone deacetylase has been detected in apicomplexans, 

the proteins of which display a distinctive version of HDACs containing N-terminal ankyrin 

repeats. T. gondii possesses one protein presenting such aspects, TgHDAC5, which seems to 

share these properties with HDAC5 of P. falciparum as well as with C. parvum CpHDAC3. One 

copy can also be detected in Chromera, yet it seems that this co-occurrence can be traced to 

primitive chlorophyte algae, as well as haptophytes (Iyer et al., 2008a; Rider and Zhu, 2009). 

However, no orthologous genes were apparent in rhodophyte algae and higher plants, adding 

an additional compelling layer to the attempts of uncovering the evolutionary traces of 

apicomplexans.  

These repeats widely known to be involved in mediating protein-protein interactions, were 

characterized in C. parvum as being essential for the deacetylating activity of CpHDAC3 (Rider 

and Zhu, 2009). 

An apicomplexan-phylum-unique feature is pretty conserved amongst its species, pointing at 

its involvement in specific essential pathways, and it consists of a family of HDAC proteins 

displaying an Alanine-Threonine insertion at the catalytic pocket within the second catalytic 

pocket loop (Bougdour et al., 2009). To note that C. parvum presents a homolog of this HDAC 

with a TT insertion instead of an AT (Figure 6). Tracing this insertion to Chromera sp., one would 

detect three enzymes with homologous HDAC domains, and with AT, QT, GT insertions. Hence, 

it seems that the T residue holds the most critical weight in this evolutionary adaptation, as 

will be delineated ahead regarding the T. gondii homologue HDAC3.  

16. T. gondii HDAC3  

a. A nuclear-resident HDAC with sensitivity to cyclic tetrapeptides inhibitors 

T. gondii maintained 5 HDACs, most of them marking their early emergence and conservation, 

namely the aforementioned TgHDAC1, TgHDAC5 and TgHDAC3.   

At the time these enzymes were identified, the realm of studying acetylation impact on gene 

regulation in T. gondii was focused on acetylases as GCN5, probably because of the technical 

difficulties that can occur due to the dynamic nature of the deacetylation process, as in most 

cases, cross-talks occur between deacetylating a site and its subsequent methylation. 

However, as mentioned earlier, the weight of acetylation on the fitness of the parasite was 

established early on with the identification of the cidal apicidin and HC-toxin as two HDAC 

inhibitors (Darkin-Rattray et al., 1996). 

The differentially acetylated state of genes expressed in a stage-specific manner, was 

observed back in 2005, when the Hakimi lab optimized the ChIP assays to adapt the technique 

to the use in T. gondii parasites (Saksouk et al., 2005). At the time, only a limited set of 

bradyzoite-specific genes had been identified, such as a few immuno-fluorescence available 

cyst wall markers, and some were identified based on Expressed Sequence Tags (EST) analysis 
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and in vitro alkaline induction methods. Moreover, most developmental stages were 

technically inaccessible. 

They managed to map the acetylation state of H3 and H4 at putative transcription initiation 

sites of a set of genes that were recognized as either house-keeping, or specific to either 

tachyzoite or bradyzoite, and they brought primary proof that the putative cis-regulatory 

elements of a set of bradyzoite-specific genes, including a tandemly arrayed cluster of SRS 

genes, were in a hypoacetylated state prior to the alkaline-stimulated differentiation process, 

which became acetylated afterwards. The opposite was observed for the set of tachyzoite-

specific genes, with no alterations observed at the level of the house-keeping genes (Saksouk 

et al., 2005).  

They reasoned that this hypoacetylation would be mediated by an HDAC enzyme, obviously 

based in the nucleus. Their attempts to identify the localization of the 5 identified HDACs were 

based on generating parasites expressing ectopically recombinant tagged copies of the 

homologues. This allowed them to claim TgHDAC3 as the only exclusively nuclear-based 

enzyme. To note that such approaches can yield observations that don’t mimic the 

endogenous reality, due to altered expression conditions, as well as possible design and fusion 

caused folding defects that could alter the protein targeting and its observed localization. 

Nevertheless, they brought ChIP-based proof that TgHDAC3 was recruited upstream of the 

putative promoters of the set of bradyzoite-specific genes, consistent with their H3 and H4 

hypoacetylated state. At the opposite, TgGCN5b was shown to bind acetylated tachyzoite-

specific genes. 

Therefore, HDAC3 seems to be the only nuclear enzyme T. gondii possesses, while 

mammalians present 8 different nuclear-targeted counterparts. The sites of histones that can 

be modified are greatly conserved between these species, hence there seems to be a bigger 

weight on TgHDAC3 to fulfill diverse deacetylating requirements, and to expand its catalyzing 

abilities to a wider set of targets. This could explain the highly essential aforementioned 

Alanine-Threonine insertion that this enzyme displays at its catalytic pocket, of which the 

increase in capacity would allow TgHDAC3 to bind its targets with greater flexibility regarding 

their size and their surrounding peptidic contexts.   

The wider apicomplexan-specific catalytic pocket would be behind the inefficiency of the 

relatively small hydroxamate-based HDACi TSA to reside in such pockets, hence its potency 

tests on T. gondii being low (Strobl et al., 2007), unless it was used at really high 

concentrations, which can cause metabolic instability due to its non-selective binding of other 

zinc-containing proteins (Kozikowski et al., 2007).  

The most effective tested HDACi in T. gondii proved to be the cyclic tetrapeptides as 

FR235222, as well as HC-toxin and Apicidin (Bougdour et al., 2009), especially when compared 
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to short-chain fatty acids and thiol based HDACi which both displayed poor activity in 

inhibiting the proliferation of the parasite (Jones-Brando et al., 2003) (Hailu et al., 2017).  

The FR235222 compound which has been isolated from fermentation broth of Acremonium 

species (Mori et al., 2003), brought up abnormal parasitic cell cycles of many apicomplexan 

species, as T. gondii, P. falciparum and P. berghei, as well as N. caninum, with this block in 

growth being more pronounced than when using the clinically available pyrimethamine drug 

(Bougdour et al., 2009). 

The deacetylase inhibition activity of FR235222, was proven by the observed H4 

hyperacetylation, yet the targeted enzyme was not yet established, however the nuclear 

setting of TgHDAC3 had placed it as the suspected target. 

Forward genetic approaches were conducted to unravel the mode of action of FR235222, 

based on EMS-based chemical mutagenesis which generated FR235222-resistant parasites 

that all had distinct point mutations in HDAC3 occurring at their T99 residue (Bougdour et al., 

2009). Two lineages were isolated that were resistant to the cell-cycle blocking effect of the 

drug, yet still presenting growth defects, one displaying a mutation of the Threonine by an 

Alanine, and the other by an Isoleucine, hence the resistance conferring mutations were ones 

diminishing the polarity of the T residue (Figure 6).  

 

Figure 6.  Sequence alignment of HDAC3 homologues in Apicomplexan parasites and other organisms.  

 The region (from amino acids 122–141 of TgHDAC3) surrounding the point mutation identified in TgHDAC3-
resistant mutants is shown.  Point mutations identified in the T. gondii FR235222-resistant mutants are shown 
at the bottom.   Rpd3 and HDLP are the HDAC homologues in Saccharomyces cerevisiae and the 
hyperthermophilic bacterium Aquifex aeolicus, respectively .  Abbreviations: Cp, Cryptosporidium parvum; Hs, 
Homo sapiens; Nc, N. caninum; Pb, P. berghei; Pf, P. falciparum; Tg, T. gondii.   Adapted from (Bougdour et al., 
2009) 
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It is noteworthy that the loss of T for an I residue was enough to bring about hyperacetylation 

at the promoter region of a bradyzoites reporter gene, based on scanning ChIP assays (Figure 

7). The FR235222 treatment of the parasite induced the expression of a bradyzoite-specific 

SRS, as seen by immunofluorescence. This protein induction was also seen when staining 

parasites displaying the T99 mutation (Bougdour et al., 2009) (Figure 7).  

Therefore, the T residue seems to carry the catalytic activity of HDAC3, while the A residue of 

the AT insertion, could play a structural spacing role for the setting of the essential T residue, 

which explains why Cryptosporidium as well as Chromera species, displayed insertions with 

differential primary residues, but with the conserved T, which seem to be selectively pressured 

considering, for instance, the potential involvement of TgHDAC3 in the development of the 

parasite and its life cycle accomplishment. 

 

 

Figure 7. The T99 mutation impacts greatly the activity of TgHDAC3. 

 A) Scanning ChIP experiments showing the effects of FR235222 on AcH4 levels in the presence of the TgHDAC3 
WT, TgHDAC3T99A, and TgHDAC3T99I alleles at the promoter region of the bradyzoite-specific gene 
20.m00351. B) The T99A mutation induces the expression of the p36 bradyzoite-specific gene to the same 
extent that FR235222 treatment would. Adapted from (Bougdour et al., 2009). 

b.  T. gondii HDAC3 versus GCN5b, balancing stage conversions 

ChIP coupled to microarray hybridization-based assays identified a set of genes regulated by 

the action of TgHDAC3. Almost a third of the genes displaying H4 (K5,K8,K12,K16) 

hyperacetylation following the FR235222-mediated inhibition of the enzyme were associated 

to stage-specific ESTs, with reporter genes pointing at the transcriptional regulatory nature of 

the inhibitory drug. Also, the inhibition of HDAC3 induced the expression of bradyzoite-

specific SRS to levels comparable with the aforementioned alkaline-based bradyzoite-inducing 

conditions (Bougdour et al., 2009). 

However, many aspects of this HDAC3-based regulation were unraveled, like the discrepancies 

of the gene expression observed between the mRNA and protein levels. Also, many of the 

bradyzoite-specific markers available at the time, were not detected. It must be highlighted 

that the ESTs-based libraries poorly represent T. gondii mRNA diversity and a great number 

(around 50%) of the genes predicted in this essay to be regulated by HDAC3 were not found 
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to be correlated with any EST, further underlining the importance of the development of the 

genome wide RNA based transcriptomics, delineated earlier. 

 

The gene expression activation effect of the TgHDAC3 inhibitor was considered to be mainly 

through disrupting the H4 acetylation balance, yet this disruption was suggested to be limited 

to facultative heterochromatin regions (Bougdour et al., 2009), and that the methylation of 

H4K20 at constitutively silent heterochromatin (Sautel et al., 2007) might play a part in the 

prevention of the acetylation spread following the inactivation of HDAC3.  

The parasite relying on acetylation dynamics for its developmental transcriptional transitions, 

grants it with an advantage on the level of its flexibility, as such processes are relatively fast, 

compared to methylation-based processes. The expanded poised state of the T. gondii 

chromatin has been initiated ahead as a plasticity asset for the parasite in its requirement for 

fast adaptations to the changing cells and hosts environments.  

As mentioned earlier, this bivalent chromatin seems to be established, in part, by the co-

enrichment of H3K14ac and H3K9me3. It has not been established whether HDAC3 is acting 

on the deacetylation of either of these sites, as most studies focused on its impact on their 

global levels and not on their site-specific alterations. Yet, both of these residues have PTMs 

catalyzed by TgGCN5b which is considered to play an antagonistic role against HDAC3 at sites 

like H4K31, a residue embedded within the globular domain of histone H4 at which the 

balance between acetylation and methylation is linked to poised state dependent gene 

activation (Sindikubwabo et al., 2017).  

For the parasite to respond rapidly, it must employ actors that are able to interpret external 

signals, many of which can be of a metabolic nature. The link between HDAC enzymes and the 

metabolic state can be addressed from many angles. 

Sirtuins and HDACs require NAD+ and Zn2+ ions for their activities, respectively, therefore they 

can play parts as sensors of the intracellular metabolic states. Also, Acetyl-CoA metabolism 

has been reported to be linearly linked to developmental processes in T. gondii, by not only 

impacting histone accessibility, but also by weighting on the activity and interactions of 

proteins as AP2 transcription factors and histone-modifying enzymes as GCN5b (Kloehn et al., 

2020). The non-histone proteins targeting by acetylases and deacetylases in T. gondii has been 

reported by mapping their effects on proteome-wide acetylome (Hakimi et al., personal 

communication), which extends further the complexity of the cellular regulations implicating 

these enzymes. 

Also, in view of the evolutionary history of these proteins being derived from bacterial acetoin-

hydrolyzing enzymes, their chromatin-focused regulatory roles would be considered a 

eukaryotic innovation. However, histones should not be placed as entities separate from 

metabolic processes.  
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In fact, only recently that the histone H3-H4 tetramer has been studied in the realm of its 

structural conservation in Archaea that lacks requirements for histone-based epigenetic 

regulation or for chromatin compaction. It is impressive to realize that the tetramer carries a 

primitive oxidoreductase function (Attar et al., 2020), which might have permitted a DNA-

protecting, non-toxic copper utilization and transition in the oxidizing conditions which 

accumulated at times close to the emergence of eukaryotes (Anbar, 2008). 

c. TgHDAC3 a class I HDAC co-repressor 

Functional characterization of HDAC proteins have mainly been tackled in the sphere of multi-

protein complexes. The involvement of this family of enzyme on many processes has been 

witnessed in mammals, including cell cycle progression, and cell differentiation with HDACi 

being placed as anti-cancer epi-drugs (Bolden et al., 2006; Haumaitre et al., 2009). The action 

of HDACs on non-histone targets can be exemplified by its deacetylation of the p53 family 

member p63 at least in the context of epidermal development, as well as of p53 itself, with 

HDAC1/2 acknowledged to act in some contexts through both alteration of protein expression 

as well as of protein activity (LeBoeuf et al., 2010).  

There seem to be a high level of functional divergence between the individual HDAC of 

different organisms (Haberland et al., 2009), as well as little substrate specificity between 

individual enzymes (Riester et al., 2007), hence pointing at the weight of the co-factors in the 

matter, as it is suggested that the specific corepressor complexes they belong to, would 

control the substrate selection. 

Class I HDACs are recognized to be recruited to their corresponding repression complexes 

through the mediation of proteins displaying ELM2 and SANT domains (Ding et al., 2003) (Lee 

et al., 2006a), as their lack for conventional NLS is acknowledged, thus their need for 

interacting with additional actors.  

This class presents the most documented roles in regulation of gene expression, namely 

HDAC1 and 2 which are found within different multi-protein complexes such as NuRD 

(Nucleosome Remodeling and Deacetylation) which combines the deacetylating activity with 

the one of helicases (Xue et al., 1998), and as the CoREST (Co-Repressor for Element-1-

Silencing Transcription factor) which combines it with histone demethylation through LSD1/ 

BHC110 / KDM1A (Hakimi et al., 2002) (Lee et al., 2005).  

The human HDAC3 was identified as a constitutive core complex constituent of the SMRT 

(Silencing Mediator of Retinoid and Thyroid receptors) complex. TBL1 was also confirmed to 

co-elute within the same high molecular weight complex, yet HDAC3 didn’t seem to interact 

directly with TBL1 but through the mediation of SMRT (Guenther et al., 2000). 

 

In harmony with these protein-interaction-based functional characterizations, the role of 

TgHDAC3 was studied also at the biochemical level. Early size exclusion chromatography-
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based pull-down assays established that TgHDAC3 co-purifies with a set of proteins, together 

forming a high molecular-mass complex of about 1 million Daltons, namely the T. gondii 

CoRepressor Complex (TgCRC) (Saksouk et al., 2005). The robustness of the complex was 

underlined by the stringent purification conditions (salinity up to 500 mM KCl). To note that 

the Flag-tagged HDAC3 protein was one that is ectopically expressed, thus the interacting 

proteins would be divided between this protein and the endogenous counterpart, thus 

limiting the indisputable nature of the detected protein repertoire. 

The complex contained homologues of proteins that have been already reported to interact 

with HDACs. For instance, the NLS-deficient TgHDAC3 co-purified with a protein containing a 

SMRT-like domain which is suggested to act on the activity or on the nuclear targeting of the 

enzyme. A TBL1 homologue was also identified, with which the interaction was behind naming 

the newly characterized enzyme at the time TgHDAC3, as it was believed that it is a type I 

HDAC that belongs to only one complex, unlike the human HDAC1 and 2 which are able to 

associate with different complexes. Yet, the 64% identity of TgHDAC3 to hHDAC1 argues 

against this title, as well as the fact that the pull down of TBL1 didn’t include some of the 

polypeptides identified when purifying HDAC3, hinting to the involvement of this latter in 

other TBL1 unrelated complexes (Saksouk et al., 2005). 

Some of these polypeptides co-purifying with HDAC3 were novel uncharacterized components 

and were suggested to account for the co-activation of the enzyme or the co-establishment 

of a transcriptionally repressive chromatin state, including ones that were named at the time 

TgCRC350 and TgCRC230, based on their molecular weight.   

TgCRC350 was predicted to carry an NLS, yet at the time AP2 proteins weren’t yet identified 

in apicomplexans (Balaji et al., 2005), so they couldn’t identify its DNA-binding domain as the 

one of AP2s. It cannot be excluded that other AP2 proteins interact with TgHDAC3 in the real 

context, but as mentioned earlier, they were most probably taken up by the endogenous copy. 

TgCRC230 was identified through SMART analysis as a protein carrying a bipartite NLS, along 

with six KELCH repeats and a HATPase domain, which they didn’t know at the time belonged 

to the family of MORC proteins that were characterized few years later in Plants (Kang et al., 

2008).    
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Figure 8. The identification of TgMORC co-purified with TgHDAC3. 

Colloidal blue staining of a Trichloroacetic acid (TCA) precipitated Sizing fraction of TgHDAC3 chromatography 
purification. Representative domain architectures of T. gondii MORC domains. Adapted from (Saksouk et al., 
2005) and (Farhat et al., 2020). 

 

17.  MORC 

a. Evolution and divergence  

Contextualizing MORC proteins would require first delineating their evolutionary traces, as 

well as their functional characterization, and in the following section to detail what is until the 

moment known about their mechanism of action.  The attempts for finding these proteins and 

their homologs are based on aligning their N-terminal ATPase module. This module consists 

of a combination of a GHKL domain and an S5 domain.  

The GHKL domain owes its name to its occurrence on different proteins, namely the 

prokaryotic topoisomerase related Gyrase, HSP90, histidine Kinase, and a DNA repair protein  

of the MutL family (Dutta and Inouye, 2000) (Kang et al., 2008). The ribosomal protein S5 

domain 2-like, is usually found along with the GHKL domain, as is the case for the latter 

enzymes, and it seems to provide a conserved basic residue that can functionally replace the 

arginine fingers of phosphohydrolase reaction (Burroughs et al., 2006). Some prokaryotic 

homologs lack the S5 fusion but seem to possess a domain that shares a similar secondary 

structure as the S5 (Iyer et al., 2008b).    

However, both eukaryotic and prokaryotic versions of the GHKL family contained conserved 

motifs required for adenosine and phosphate binding, placing the proteins harboring such 

structures as putative active enzymes capable of ATP hydrolysis, which is likely as the common 
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ancestor of these proteins appears to have been involved in the catalysis of DNA structural 

organization (Iyer et al., 2008b). The association between the GHKL+S5 modules and 

nucleases/helicases appear to have arose early in the bacterial evolution.  

Proteins possessing such fusions in prokaryotes are found in bacteria that are distantly related, 

as cyanobacteria, proteobacteria, and archaebacteria. It was seen that the MORC homologs 

within the same lineage of proteobacteria do not cluster together, suggestive of lateral 

transfer of these genes between prokaryotes. Also, the eukaryotic proteins are thought to 

have been acquired through a single lateral transfer event from a bacterial source, one that 

belongs to eubacteria and not to archaea (Iyer et al., 2008b). One would ponder on whether 

the primary endosymbiosis of a cyanobacteria by the primitive eukaryote, as delineated in the 

first chapters, would be behind the wide distribution of the MORC proteins in most eukaryotes 

except fungi, in apicomplexans, as well as in plants. 

The number of MORC genes differs among the lineages of plants, with the green unicellular 

algae possessing only one copy, while at least five members are detected in most of the 

monocots and three to four in the basal angiosperms. It is suggested that these proteins were 

subjected to distinct duplication events during the evolution of land plants (Dong et al., 2018) 

(Figure 9). 

For the duplicate genes to be retained in the genome they usually exhibit different functional 

fates. For instance, paralogous gene pairs in plants species have been detected to experience 

transcriptional subfunctionalization, as in they would have expression patterns that are 

divergent and tissue-specific. Such pairs were seen in Arabidopsis thaliana, soybean and rice 

and are thought to have been subjected to different selection pressures after their 

duplication. 

Most MORC proteins in plants were seen to exhibit higher levels of expression within 

reproductive tissues, as in flowers and seeds, than in other organs, suggesting their possible 

involvement in the development of plant reproductive tissues (Dong et al., 2018). Functional 

characterization in plants will be delineated ahead. 

Not as many divergence events seem to have occurred in animal MORC compared to the 

plants counterparts, with one duplication event seeming to have occurred during the 

evolution of vertebrates producing multiple gene copies, as most species contained four 

MORC members, except for rats and mice possessing five counterparts (Figure 9). 

In animals, MORC1 and 2 can be evolutionary grouped together as they differ from MORC3 

and 4 by having a coiled coil domain separating their GHKL and S5 domains. This discrepancy 

will be further delineated along the chapter in the realm of its mechanistic impact. 
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Figure 9. Phylogenetic classification of MORC genes in plant and animal lineages. 

Plant MORCs encountered several rounds of gene duplication events in the long-term evolutionary courses, 
eventually generating large-scale expansion in most species. MORC genes in plants and animals can be 
topologically classified into two major groups, respectively, which is designed as Plants-Group I, Plants-Group II 
and Animals-Group I, Animals-Group II. The green algae were located in the base of these two plant groups. 
Seven and four canonical MORC genes in Arabidopsis thaliana and human were labeled with red triangle and 
circle, respectively. Adapted from (Dong et al., 2018) 

 

b. MORC proteins functions  

In parallel with its expression across tissues, the function of the human MORC2 has been 

widely characterized. It has been reported to act along HUSH to bind L1 retrotransposons, 

mostly the ones located within transcriptionally permissive euchromatic environment. 

MORC2 would act on the chromatin compaction at these loci, concomitant with a role in 

promoting the maintenance of high levels of H3K9me3 (Liu et al., 2018). 

This protein was reported to act as well on the cytosolic level, as an interaction was detected 

between MORC2 and ATP-citrate lyase (ACLY), a lipogenesis related enzyme that catalyzes the 

formation of acetyl-CoA. It was shown that MORC2 is in fact regulating the activity of ACLY, 

placing MORC as an actor in the adipocyte differentiation (Sánchez-Solana et al., 2014).   
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While MORC4 is suggested as a potential biomarker for B-cell lymphomas (Liggins et al., 2007), 

MORC3, also known as NXP2, is involved in the induction of cellular senescence. It is reported 

as an activator of p53, which seems to implicate a localization-based regulation through the 

recruitment of this latter to promyelocytic leukemia protein (PML) nuclear bodies (Takahashi 

et al., 2007) (Mimura et al., 2010). 

The mammalian MORC1 holds the status of the first identified MORC gene. In fact, the family 

of Microrchidia proteins owes its name to the mice deficient for MORC1 which led to aberrant 

and small testicles. An insertional mutation of the gene encoding this protein which is highly 

expressed in male germline, was reported to cause arrest in the meiosis process, and mice 

holding homozygous mutations were infertile, hence assigning MORC1 with a role in germ 

cells development regulation (Inoue et al., 1999; Watson et al., 1998). 

The Caenorhabditis elegans single copy of MORC was also detected as an effector in 

transgenerational fertility through its role in the maintenance of small interfering RNA 

(siRNA)-dependent chromatin organization. MORC-1 of C. elegans was suggested to act as a 

protector against the spread of euchromatic state, thus maintaining the H3K9me3-dependent 

repressive state of a subset of siRNA targets,  and preventing disorganization and genome de-

condensation of germline chromatin (Weiser et al., 2017). 

Similarly to its detected role in silencing repetitive transgene in C. elegans (Moissiard et al., 

2012), the mice MORC1 was also reported to act at a similar level, regulating the repression 

of transposons in the germline, thus preventing their expression at such developmental stages 

when repression is widely relieved. The regulation of such elements plays a role in the meiotic 

alterations observed in infertile mice (Pastor et al., 2014).  

The impact of MORC1 on transposon repression in the male germline was suggested to display 

similar patterns to the ones observed following the disruption of DNA methyltransferases 

(Aravin et al., 2008), placing it as an epigenetic regulator, the effect of which extends for longer 

than its own downregulation.  

Despite the phenotypic similarities observed in mice deficient in MORC1 or in DNMTL3, yet 

whole genome bisulfite sequencing brought proof of MORC1 not acting directly on the level 

of neither de novo nor maintenance of DNA methylation (Pastor et al., 2014). It was proposed 

to promote the DNA methylation of a variety of transposons in the germline, but the 

mechanism behind this effect was not revealed. 

c.  The DNA methylation discrepancy (Plant focus) 

Such discrepancies of whether the mechanism of action of MORC proteins was linked or not 

to DNA methylation, have been argued and documented in Plants. 

In 2012, Moissiard et al., stated that their Bisulfite sequencing (BS-seq) detected little 

evidence for changes in methylation occurring following the alterations of A. thaliana 

AtMORC1 and AtMORC6, at neither the global level, nor at the derepressed transposable 
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elements. An absence of repressive histone marks at their reporter genes was also noted 

(Moissiard et al., 2012). 

Considering that transposons and repeats are in part regulated through RNA-directed DNA 

methylation (RdDM), attempts were carried to unravel whether MORC is acting on such level. 

This aforementioned study proposed that MORC proteins might be acting downstream of the 

RdDM pathway (Moissiard et al., 2012). On the other hand, a study from the same year, 

detected reduction in DNA methylation at their reporter loci following the mutation of 

AtMORC6 (Lorković et al., 2012), reinforced by a following study also stating their observations 

of DNA methylations alterations at RdDM target sites, with mutants defective in the RdDM 

pathway being found to be also defective for AtMORC6 (Brabbs et al., 2013).  

It was proposed that the discrepancy might be due to locus specific effects and the choice of 

reporter genes, suggesting that AtMORC6 might be influencing DNA methylation at a distinct 

subset of loci.  

It was until 2016 that the Pr. Jacobsen SE’s lab performed a hextuple mutant of Arabidopsis 

thaliana MORC proteins and eliminated the disparity, thus stating that the repression exerted 

by MORC proteins was uncoupled from DNA methylation, and that they didn’t act 

downstream of the RdDM pathway (Harris et al., 2016). However, they recognized that the 

silencing of a small subset of RdDM target loci (about 5%) thought to be poised for 

reactivation, required the action of MORC for their proper DNA methylation. 

The DNA-methylation uncoupled mechanism of action of MORC proteins was strengthened 

by the repressing activity of MORC1 from C. elegans which is devoid of DNA methylation 

(Simpson et al., 1986), supporting that the MORC proteins might be exerting their ancient 

silencing roles through different mechanisms, which will be detailed at once. 

d. Mechanistic aspects 

i. Nuclear bodies and multimers formation 

AtMORC6 was suggested to repress its targets consisting of transposons, through modulating 

higher order compaction of pericentromeric heterochromatin, as it was observed, along with 

AtMORC1, to form nuclear bodies adjacent to chromocenters, and their alterations led to the 

de-condensation of pericentromeric regions (Moissiard et al., 2012).   

Chromocenters in A. thaliana constitute chromosomal territories dense in transposons-rich 

pericentromeric heterochromatin (Fransz et al., 2002). Such compaction makes it that 

pericentromeric regions don’t display many interactions with the rest of the genome, yet High-

throughput Chromosome Conformation Capture (Hi-C) analyses also showed that mutating 

AtMORC6 increased such aberrant connections with euchromatic arms (Feng et al., 2014; 

Moissiard et al., 2012). 

The physical interaction between AtMORC6 and AtMORC1 was detected by 

immunoprecipitation coupled to mass spectrometry (MS) analyses, and it was suggested that 
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MORC proteins exist primarily in vivo as dimers. The heterodimerization of the two homologs 

was recognized, yet it was later seen that AtMORC6 also interacts with AtMORC2, the closest 

homolog to AtMORC1 (80% aa identity), yet in a mutually exclusive manner, which is linked to 

these two proteins acting redundantly at a set of Transposable Elements similar to that of 

AtMORC6, placing this one as the epistatic factor in these functional heterodimers (Moissiard 

et al., 2014).  

Homodimerization was also reported in A. thaliana, with AtMORC4 and AtMORC7 both 

forming homomeric complexes in vivo, displaying concentrated nuclear bodies that are 

adjacent to and not within the chromocenters, as described earlier. These proteins were seen 

to be acting in a partially redundant manner, yet with AtMORC7 exerting a stronger effect, at 

repressing a large set of protein-encoding genes involved in pathogen response. Consistent 

with a gene regulatory function, and unlike the first pair described, AtMORC4 and 7 were also 

uniformly distributed throughout the nucleoplasm (Harris et al., 2016).  

MORCs are able to form nuclear bodies, both in plants and in animals. For instance, MORC-1 

of C. elegans was observed to localize into such heterochromatic structures (Weiser et al., 

2017). Another example is the aforementioned human MORC3 recruiting p53 to PML nuclear 

bodies. It was suggested that MORC3 homodimerizes and that alterations in any of the protein 

domains would impact this process (Mimura et al., 2010).  

I briefly stated that animal MORC1 and 2 display in addition to their C-terminal coiled coil 

domain, one that is triple stranded separating their GHKL and S5 domains (Koch et al., 2017). 

MORC3 and 4, as well as all other known MORC proteins display only one CC region at their C-

termini (Figure 10).   

 



 

 76 

 

Figure 10. Domain organization of MORC family members from Homo sapiens (Hs). 

Human MORC1 and MORC2 are different from their counterparts by their additional Coiled coil domain 
inserted within the ATPase module. Adapted from (Koch et al., 2017) 

 

The function of this region was characterized in MORC3 suggesting its requirement for a 

proper homodimerization of the protein and thus its localization to the PML regions (Mimura 

et al., 2010). The disruption of such structure has been documented also in plants where its 

deletion suppressed the in vitro homodimerization of the tomato and potato MORC1 proteins 

(Manosalva et al., 2015).  

The C-terminal coiled-coil domain is suspected to mediate constitutive homodimerization in 

GHKL-ATPase family members (Dutta and Inouye, 2000). For instance, ATP-free MORC3 

homodimerizes through this domain, thus forming its open state structure. However, the 

closed state of the dimer would require ATP binding for the N-terminal ATPase domains to 

come together. Mutations impairing the ATP binding were seen to disrupt the nuclear body 

formation of human MORC3 (Mimura et al., 2010). 

The CC-mediated multimerization is behind the detected modest events of MORC proteins in 

their dimerized state, even in the absence of ATP. 

ii.  ATP-dependent dimerization of ATPase modules 

The team of Pr. Jacobsen SE attempted to understand the molecular behavior of MORC 

proteins, and to confirm their dependence on ATP for stable dimerization, in a manner 

resembling that of GHKL proteins (Li et al., 2016).  

Their crystallography-based structure of MORC monomers in the presence of a non-

hydrolysable ATP analogue showed a symmetrical dimer between the ATPase domains. Each 
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monomer would bind one molecule of phosphoaminophosphonic acid-adenylate ester 

(AMPPNP)-Mg2+ within their active site, and extensive interactions would form between the 

two, with aromatic side chain residues from one monomer making hydrophobic contact with 

the ones from the other (Figure 11). These residues are conserved and necessary for an active 

ATPase enzyme adopting a GHKL fold (Corbett and Berger, 2003).  

 

 

Figure 11. Structure of MORC3 ATPase-CW cassette in complex with AMPPNP and H3K4me3 peptide.  

On the left: Overall crystal structure of MORC3–AMPPNP–H3K4me3 complex. The crystallized region is 
delineated by the red line. The ATPase and CW domains are shown in ribbon representation and colored green 
and magenta in monomer Mol A and cyan and orange in monomer Mol B, respectively. The bound peptides are 
shown in space filling representation, whereas the AMPPNP molecules are in stick representation. On the right : 
The MORC3 dimer demonstrating the extensive interactions between the two monomers, with Ile9 and Leu14 
residues positioned within two small hydrophobic pockets. Adapted from (Li et al., 2016) 

 

Hence, they confirmed that the ATPase domain of MORC3 is in a dimer state when in a 

complex with a non-hydrolysable ATP analog. Native mass spectrometry was used to assess 

the extent of dimer formation in the presence of such nucleotides.  

The incubation of MORC3 with no ligand or with ATP were similar with the ratio tilting towards 

a higher monomeric state, yet with ATP slightly more dimers were detected. This ratio shifted 

strongly towards a 90% dimer formation, when the protein was incubated with non-

hydrolysable ATP analogs, underlining that MORC3, and possibly other MORC homologs, use 

ATP for inducing their dimer formation and its hydrolysis for dimer dissolution (Li et al., 2016). 

it is noteworthy to mention that isoleucine residue 9 was established in this assay, as being 

essential for mediating monomer-monomer contacts and stabilizing the dimer (Figure 11), as 

its mutation shifted the ratio in favor of a  monomeric state, regardless of the nucleotide in 

incubation. Thus, the mechanism of dimerization of MORC resembles greatly that of other 
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GHKLs, as this residue seem to be functionally conserved across phyla (Corbett and Berger, 

2003). 

iii.  The CW mediated target recognition and ATPase regulation 

The canonical MORC proteins of human all possess a CW-type Zinc Finger (ZF), downstream 

of the ATPase module. Only a small subset of plants MORC were detected to display a similar 

domain (Figure 12). The crystal structure of MORC3 ATPase-CW bound to AMPPNP and in 

complex with a short peptide surrounding the K4 residue of histone H3, provided insights on 

the binding and targeting of MORC proteins (Li et al., 2016).  

 

 

Figure 12. Schematic of MORC architecture in two plants models.  

Domain organization of MORC family members from Arabidopsis thaliana (At), Hordeum vulgare (Hv) are 
shown. All canonical animal MORC contain a CW domain as seen in figure 10, yet only few plants display this 
domain. No plant MORC carry the additional CC domain within their ATPase module as the case of the human 
MORC1 and 2. Adapted from (Koch et al., 2017) 

 

In fact, a study showed that MORC proteins don’t seem to hold DNA sequence preferences, 

as it was able to bind in vitro to different DNA templates (Kim et al., 2019), which is consistent 

with plants MORC acting at transposons that are composed of a diverse array of sequences, 

thus its targets selection was thought to rely on chromatin. 

The CW-ZF was named after its conserved cysteine and tryptophan residues (Berg et al., 2003). 

Two conserved tryptophan residues make up the building blocks of the aromatic surface 

pocket of the CW domain, serving as the methyl lysine recognition cage (Hoppmann et al., 
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2011). The right wall tryptophan is conserved in all human CW proteins including the four 

MORC proteins as well as ZCWPW1, ZCWPW2 and LSD2 (Figure 13), and is considered to be 

essential for the binding of the methylated lysine, while the floor one which is absent in 

MORC1 and 2, is thought to enhance the binding affinity (Liu et al., 2016).  

The human MORC3 was identified as an H3K4me3 reader and was detected in vivo to be 

enriched at promoters marked by H3K4me3. The mutation of the wall tryptophan of CW was 

enough to disrupt the targeting of MORC3 to the chromatin (Li et al., 2016). 

This domain has been documented to carry the ability to bind methyl deposited on H3K4 

irrespective of the methylation state, and it was suggested that this is due to the MORC3 CW 

displaying a negatively charged end-wall residue, which is not conserved in other CW domains. 

Such residues would mediate hydrogen bonds with H3K4 when it is a low methylation state 

thus increasing the electrostatic attraction forces (Li et al., 2016) (Andrews et al., 2016). It is 

believed that the chromatin-binding mode of MORC4 would resemble that of MORC3 as they 

share high sequence similarity. 

On the other hand, MORC1 and 2 form a subfamily of their own, one that as mentioned earlier 

displays a coiled coil domain within their ATPase module, in addition to an aberrant CW 

domain that is unable to bind H3K4 in any of its methylation states (Liu et al., 2016), suggesting 

that their chromatin engagement relies on elements distinct from the ones of MORC3. There 

must be other mechanisms that ensure the targeting of the MORC proteins that lack either a-

histone-binding CW, or the domain all together, as is the case for most plants MORC (Koch et 

al., 2017). 

It must be noted that the CW domain could be forming assemblies with other homologous 

sub-structures as PHD and GATA-like zinc fingers (Argentaro et al., 2007). Thus, the aberrant 

CW of MORC2 might be able to function within such assemblies that allows for greater affinity 

than the one detected in isolation. Also, proteins possessing H3K4me-reading CW domains 

were identified in A. thaliana (Hoppmann et al., 2011), hinting to possible interactions or 

merely recruiting events occurring between the CW-lacking plants MORCs and such proteins. 

Nevertheless, despite its inability to mediate recognition of H3K4me3, The CW domain of 

MORC2 was reported to be required for its aforementioned function at the level of HUSH 

regulation. The CW domain of MORC proteins seems to be establishing critical interactions 

with the ATPase module, as weakening these interactions altered its fine-tuned hydrolysis 

rates and abolished the function of MORC2 (Douse et al., 2018).  

Moreover, such interactions were documented in MORC3, with CW reported to regulate the 

binding of the ATPase module to DNA. In fact, the ATPase activity of MORC3 was suggested to 

be enhanced by DNA, and the MORC3 CW was seemingly able to establish two mutually 

exclusive interactions, one with H3 and the other with the ATPase, where binding to the 
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methylated H3 would free the ATPase module and the inhibition of its catalytic activity would 

be alleviated (Andrews et al., 2016) (Figure 13). 

 

 

Figure 13. The human zinc finger CW domain-containing proteins. 

 A) Schematic representation of the domain structure of these proteins. B) CW negatively regulates the DNA-
dependent MORC3 ATPase activity likely through hindering DNA binding of the ATPase domain. Adapted from 
(Liu et al., 2016) and (Andrews et al., 2016). 

 

iv.  DNA binding and genome compaction 

After having described the aspects of MORC proteins at the level of their nuclear bodies, their 

ATP-dependent dimerization abilities, and their targeting to the chromatin,  I will proceed into 

delineating what was reported regarding the ability of these proteins to act on the compaction 

of DNA which is in most cases behind their earlier stated functions. 

The C. elegans MORC-1 was used as a model of a mechanistic in vitro study of the MORC 

means for compacting DNA. This protein shares a similar structure with the human MORC3, 

with one coiled coil domain in their C-terminus, and a CW domain downstream their ATPase 

module. As mentioned earlier, the disruption of this protein led to visible genome de-

condensation in the germline, in a DNA methylation-independent manner, as the species lack 

such modifications. 
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The proposed model of the study, in a nutshell, states that MORC-1 bind their targets via DNA 

entrapment, then undergo multimerization upon the binding to form intracellular 

condensates and topologically entrap foci for establishing a higher compaction (Kim et al., 

2019). (Figure 14) 

 

Figure 14. MORC-1 acts via a mechanism of DNA loop entrapment to compact chromatin.  

Caenorhabditis elegans MORC-1 traps DNA loops. Recruitment of additional MORC-1s causes further loop 
trapping and DNA compaction. MORC-1 assemblages become topologically entrapped on DNA. MORC-1 forms 
discrete foci in vivo. Adapted from (Kim et al., 2019). 

 

This study re-confirmed initial findings, regarding the slight ability of MORC proteins to 

dimerize even in the absence of ATP, and their exhibition of their highest dimerization rates 

when incubated with non-hydrolysable ATP-analogs (Li et al., 2016). However, in this assay, 

this was interpreted with a focus on the impact of such processes on the compaction of DNA.  

Hence, it was stated that the inability to hydrolyze ATP, and therefore its constant binding, 

yielded the highest DNA compaction rates, as it promoted the most stability of the protein on 

the DNA, acting against the opening of the ATPase dimers, thus preventing the dissociation of 

DNA from MORC1 (Kim et al., 2019). The fact that the protein was able to compact DNA 

without the addition of ATP suggests that MORC-1 binds DNA through a loop-trapping 

mechanism and not a loop extrusion one as this latter involved directional motor activity that 

requires active ATP processing, as seen for yeast condensin (Ganji et al., 2018) (Figure 15). 
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Figure 15. DNA Loop extrusion vs. Loop entrapment.  

A) Loop extrusion : DNA is trapped within one or two SMC complexes and the DNA further extrudes mediated by 
an ATP-dependent motor activity. B) Loop entrapment: Random crosslinking of DNA together by trapping two 
strands inside the SMC complex rings whether it’s one or two rings from two interacting complexes. Adapted 
from (Ganji et al., 2018) and (Eeftens and Dekker, 2017) 

 

The idea that MORC ATPases would encircle their substrates was defended using single 

molecule experiments, where a buffer flow was applied. It was observed that the protein 

would move with the flow, and slide off the free end of DNA to be released. This observation 

was further challenged with the attachment of quantum dots at the free ends, which 

consistently showed the retention and accumulation of the protein at these free ends (Kim et 

al., 2019).  

Furthermore, MORC-1 incubated with plasmid DNAs of various topologies followed by the 

application of high-salt washes, showed that the protein retained open circular and super-

coiled forms yet not linear DNA. This is consistent with the observations of Smc5/6 interacting 

with circular and not linear DNA at high-salt concentrations, underlining their DNA-binding 

through topological entrapment (Kanno et al., 2015). 

However, MORC-1 proteins themselves were observed to act similarly to quantum dots at 

retaining their own release, when used at higher concentrations, thus static DNA entrapping 

foci would serve as roadblocks for mobile MORC-1 foci. The static foci of labelled proteins 

would grow brighter, as initial protein binding events yielding additional interactions of MORC 

proteins (Kim et al., 2019).  



 

 83 

This is consistent with the MORC proteins forming nuclear puncta in cells, and it also explains 

the apparent preference of these proteins for longer DNAs over shorter ones, as the longer 

substrates would be able to load more proteins and thus increase their concentration enough 

for them to assemble and prevent their own dissociation from the DNA molecules. 

Therefore, the stable chromatin compaction takes place, as initiated, through the initial 

encircling and entrapment of DNA, the subsequent multimerization of the proteins and the 

formation of compacted entrapped DNA foci (Figure 14). 
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18. Knowledge gap and preliminary questions  

 

If I were to describe in clear sentences the knowledge gap in understanding the development 

of T. gondii, I would say that the community is facing a great lack of information regarding the 

molecular mechanisms underlying its sexual development, as the parasite in these stages is 

far less accessible than it is in its asexual intermediate host cycle.  

One other gap would revolve around the weight of the epigenetic mechanisms in this parasite, 

which seem to have extended and diversified its repertoire of PTM’s writers and readers, in a 

way that is evolutionary sophisticated enough to allow us to assume or at least imagine that 

chromatin structure and its remodeling must be carrying great responsibility in ensuring the 

success of this species. 

Also, the interplay between such processes and the transcription machinery has not been fully  

elucidated, nor the weight of this latter on the developmental commitment. Also, not clear 

are the mechanisms behind the translation of the external signals that the parasite receives 

from its host and environment throughout its life, and their weight in shaping the responses 

of the parasite and its developmental switches. 

No master regulator has yet been identified for neither developmental pathways, other than 

a few AP2 TFs that were characterized, yet none displayed a clean-cut phenotype on the 

transcription nor on the development of the parasite, hinting on the complexity of the 

molecular reprogramming of such commitments. 

The genome wide analysis techniques and new genetic tools becoming widely available 

permitted the expansion of our ability to tackle questions that were once too difficult to 

pursue.  

I will outline in a synthetic way the preliminary questions that we aimed to solve in the 

beginning of this project, which were later broaden depending on the subsequent findings. 

These would include the functional characterization of the unique MORC protein found in T. 

gondii. A diverse set of functions were attributed to this family of proteins, as detailed earlier, 

yet it is obvious that they were studied in a limited set of organisms, namely in Arabidopsis 

thaliana, in mammals, and in C. elegans. Our contribution would thus bring additional 

evolutionary and functional knowledge to the MORC community by providing insights on this 

new player. 

Also, as the protein was identified as a partner of TgHDAC3, an enzyme which weight on the 

transcriptional regulation of the parasite was already witnessed, we sought to understand the 

secrets behind this interaction and whether these two proteins were equally contributing to 

the fate of the parasite, with hopes of having identified a novel HDAC co-repressor complex 

in Apicomplexa.  
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We wanted to tackle the mechanistic aspects behind the putative function of MORC (unknown 

at the time), and whether a crosstalk exist between this protein and any of the 62 AP2 DBD-

containing proteins found in T. gondii, especially considering that one of these factors had 

been co-purified initially with TgHDAC3. 

Also, the domain architecture of this protein would let one wonder about its involvement in 

any epigenetic pathways. Aside from its interaction with an HDAC enzyme, the TgMORC 

displayed a structure that is similar to the one of C. elegans and HsMORC3 and 4, all of which 

sharing a CW-ZF domain with PTM reading abilities, thus pushing us to pursue the potential 

chromatin related function of our protein. 
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II. Results 
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1. The paper (Farhat et al., 2020) 
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2. Extended Data 
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3. Supplementary Figures 
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III. Discussion 
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We functionally characterized the only MORC protein found in T. gondii. Our data provide 

solid evidence of the weight of this protein on the developmental gene regulation of the 

parasite life cycle and specifically its sexual differentiation.  

A scarcity of knowledge exists around the molecular mechanisms guiding the developmental 

trajectory of the parasite towards its sexual stages. The involvement of MORC proteins in 

sexual development was already suggested in plants, when most of the orthologues were 

found to be mostly expressed in the reproductive tissues. Also, in mammals,  MORC1 exhibited 

an exclusive expression in the germline and during early development, to inhibit aberrant 

transposable elements expression in such stages, consistent with the global relief of 

repression occurring as they acquire their pluripotency. The MORC of C. elegans was also 

acting on the level of the transgenerational fertility and germline siRNA signature inheritance. 

By characterizing MORC protein in T. gondii, we bring additional knowledge not only to the 

developmental genetic regulation in the parasite and the phylum, but also to the MORC 

community by providing a new player for more evolutionary robust functional comparisons, 

and on the longer term for clearer mechanistic perceptions of this family’s mode of action. 

It cannot be denied that the development of a single-celled organism has unique features, and 

that its parasitic life style must have shaped greatly its regulatory pathways, including the ones 

that still hold great levels of conservation with other free-living eukaryotes. Considering these 

aspects, as well as all the years of evolution since their divergence, one must realize that any 

comparison made between these proteins, is merely speculative, unless defended and 

substantiated by concrete evidence.  

However, as our work mainly provided functional characterization, and lacked exhaustive 

mechanistic depiction, I will allow myself, as the discussion flows, to philosophize on the 

possible mechanistic aspects as well as the putative similarities between our protein and the 

ones documented in other phyla that are delineated in the introduction, when these can fit to 

our distinct parasite and to what we know about its sophisticated development and molecular 

story.   

 

1. Poised State and Chromatin Targeting 

a. Poised State 

In the quest of understanding the specificity of the targeting of the MORC-containing 

complexes, one must notice the abundance of MORC and HDAC3 binding near silenced genes 

embedded in a poised state chromatin, marked dually by H3K14ac and H3K9me3 

(Sindikubwabo et al., 2017). Similar bimodal patterns were identified at developmental gene 

promoters in embryonic stem cells. However, as stated in the introduction, that in stem cells 

the reported combinatory consist of H3K14ac/H3K27me3 (Karmodiya et al., 2012), or of 
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H3K4me3 with H3K27me3 (Matsumura et al., 2015) which is a mark that is absent from T. 

gondii and Plasmodium sp.. In P. falciparum, more bivalent states were recognized, balancing 

activating marks as H3K9ac and H3K4me3, with repressive ones as H3K36me3 and H4K20me3 

(Duraisingh and Skillman, 2018). 

P. falciparum has been reported to carry most of its chromatin in an active state, with the 

clonally variant families in a poised state and employing the bivalent pattern in their 

advantage for ensuring its evasion of the immune system, with the aid of PfSET10 methylating 

the lysine 4 of histone H3 of the active gene for its transcription to be poised for reactivation 

in the following cycle (Volz et al., 2012). 

The development-related genes of T. gondii being embedded in such chromatin states would 

seem only reasonable considering the speed at which the parasite must differentiate in order 

to ensure either its survival when facing the host immune response or its transmission by 

undergoing sexual conversion. 

Histone tails acetylation is one of the most dynamic marks catalogued so far in the histone 

code, and over the years we have shown the impact of the acetylation state on gene regulation 

in T. gondii, and recently we provided MORC as a cornerstone for this process alongside its 

intimate partner HDAC3, with the complex probably recognizing these loci through the CW 

domain of MORC or its PHD-containing protein partner (detailed ahead).  

Seeing MORC enriched at these sites raised the question about the mechanism of action of its 

complex and whether the bare absence of MORC and its partner would be enough for 

alleviating the repression through the mere disruption the balance between the activating and 

repressing marks duality at these loci. 

But here we have to underline on the fact that what we observed in vitro following the 

engineering of a MORC-KD system might not be completely reflecting the real context, where 

it is still not clear what is upstream of MORC and regulating its activity, yet it is believed that 

MORC would be constitutively expressed and its activity or targeting would be regulated. 

Therefore, we cannot conclude on its mechanism based solely on the aforementioned poised 

state loci enrichment. Yet, it is noteworthy to mention that there doesn’t seem to be a 

considerable difference in the matter of which stage specific genes are embedded within this 

type of chromatin.  

While searching for discrepancies that could explain the heterogeneity between the different 

vacuoles and the reasons behind their cell fate differences ( Figure 16 (Farhat et al., 2020)), one 

possibility arouse that suggests that genes belonging to one and not the other stage would be 

in a poised state, especially considering that only one third of the bradyzoite-specific genes 

were MORC-regulated versus almost all of the merozoites ones, suggesting an extra layer of 

bradyzoite regulation that might require an activating signal instead of the mere poised and 

ready to be alleviated mode of repression.  
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Figure 16. MORC KD results in a heterogenous protein expression.  

IFA of HFFs that were infected with MORC–HA–mAID RH parasites expressing a targeted knock-in merozoite-
specific gene (TGME49_243940). Immunofluorescence analysis of individual vacuoles after depletion of MORC, 
with a co-staining using a bradyzoite marker (BCLA, green) or a merozoite marker (red, TGME49_243940–
mCherry) showing an expression pattern that is almost mutually exclusive between vacuoles. Adapted from fig.5f 
in (Farhat et al., 2020) 

Many targeted genes belonging to the sexual stages  intensely displayed this pattern including 

7 paralogs of the SRS22 family  and the SRS48 family (See Extended Data Fig. 5 in (Farhat et 

al., 2020)), yet when looking more closely into some of the bradyzoite-specific targeted genes, 

a similar yet less pronounced pattern was observed, therefore, an explanation of the 

differences in the MORC-dependent regulatory events leading to one or the other stage, must 

not rely solely on interpreting their poised state.  

Also to be taken in consideration, the fact that while conducting our ChIP-seq experiments, 

we didn’t proceed to any particular mean of synchronization of the cells, deeming that all the 

parasites must be in a tachyzoite state and adopt a similar epigenetic signature, yet their cell 

cycle state, which is acknowledged to impact the histone marks enrichment (check cell cycle 

part for more details), was not homogeneous and this could lead to an apparent co-occupation 

of activating and repressing marks on the same loci, as reported in (Karmodiya et al., 2015).  

Observing MORC at this state of chromatin would let one wonder about how dynamic is this 

repression action, herein how maintained would the action of MORC be and how easily 

reversible. 

 

b. CW-mediated chromatin targeting of MORC 

Our protein shares its structure with the one of human MORC3 and 4, both displaying an 

H3K4me3-reading CW domain, and carries no additional coiled coils domains separating the 

GHKL and S5 domains and potentially impeding the efficiency of this peptide binding, as was 
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seen for the aberrant CW domains of the human MORC1 and 2. This similarity pushes us to 

consider the possibility for the T. gondii MORC to rely on such chromatin reading ability, in 

order to recognize its targets. However, we did not verify in T. gondii the MORC enrichment 

at genes marked by methylation at H3K4, to allow ourselves to claim functional resemblance 

to the CW-dependent targeting observed in other MORCs. 

It must be noted that Chromera velia, the most distant known ancestor of apicomplexans, 

possesses three orthologs of MORC, yet only one displays a CW-ZF, hinting to the functional 

relevance of such co-occurrence in T. gondii for this version to be conserved and not the other 

plant-like counterparts. 

We tried to prove the reading abilities of TgMORC CW domain by conducting biochemical 

essays where we proceeded into producing a recombinant CW-ZF protein in bacteria. We were 

unable to purify the protein to  a quality high enough for use in in vitro binding assays using 

modified histone peptides array.  

In parallel, we also produced the PHD domain of the co-purified PHD-containing protein found 

in the MORC interactome (described ahead), in our attempts to identify the assistant of MORC 

in scanning its targets, assuming that this domain might be the reader of the acetylated H3K14 

at which MORC is presumably enriched, especially after considering the reports about the 

ability of PHD to bind to this modified site (Zeng et al., 2010). 

Unfortunately, the binding to the modified histone peptides array didn’t succeed, and we 

were left with no conclusive answer regarding the TgMORC CW PTM reading abilities. It must 

be noted that phosphorylation sites were detected close to the PHD domain of this protein, 

as well as its additional EELM2 domain (described in HDAC3 section) which might be one of 

the reasons behind the failure of our histone binding assay when using bacterial recombinant 

proteins. 

In fact, it is plausible that both these domains promote multivalent contacts to generate the 

hydrophobic pocket that is necessary for binding to the methylated lysine; however, detailed 

structural assays are needed to prove the reality of this assumption. In fact, it has been 

proposed that in yeast, the RSC nucleosome remodeling complex requires multiple 

bromodomains to act in concert, in order to increase the RSC-nucleosome interaction lifetime 

(Lorch et al., 2018), therefore one can imagine a similar mode of action that would grant 

MORC sufficient time to recruit partners or additional actors. 

The CW is structurally seen as a variant of the PHD domain, as is the case for GATA-like zinc 

fingers, and together they can assemble, as the case for the LIM or ADD domains, potentially 

forming more potent or more diversified readers. One can imagine that such wider pockets 

might be thus evolved, enabling wider binding specificities other than the initial methylation 

of H3K4, similarly to the reported wider catalytic domain of TgHDAC3 (Bougdour et al., 2009) 

or the higher methylation catalyzing potential of TgSET8 (Sautel et al., 2007). 
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c. PHD-mediated chromatin targeting of MORC-containing complexes  

In our attempts to uncover the actors behind the complex recognizing its targets and loci 

specifically, we stumbled upon one of the interactors of MORC, TGME49_230890, withholding 

a plant homeodomain (PHD) domain which is a C4HC3 zinc-finger-like motif. This well 

conserved plant homeodomain is one of the first identified alternatives for bromodomains in 

their ability to read acetylated histones such as H3K14ac (Zeng et al., 2010), a mark reported 

on poised T. gondii genes at which we found MORC to be enriched.  

Originally, they were attributed a role in the recognition of the lysine methylated histone H3. 

Proteins harboring such domains were found within multi subunits complexes, mostly ones 

involved in gene regulation and development, precisely mediating repressive fates.  

The BRAF35-histone deacetylase complex was isolated in human cells and included BHC180, 

a PHD zinc finger subunit and was shown to be involved in the repression of neuron-specific 

genes in non-neuronal cells (Hakimi et al., 2002). The corepressor complex NURD is also 

typified by its core component CHD4 harboring two PHD fingers able to bind H3 tails from 

distinct nucleosomes thereby acting on the compaction of chromatin (Mansfield et al., 2011). 

This domain displays a stretched evolutionary range of conservation, and it is worth noting 

that the apicomplexans parasite must have acquired this plant-specific chromatin remodeling 

protein from their ancestor bearing an algal endosymbiont.  

Homeodomain proteins are classified into different subfamilies according to the conservation 

of their sequence, but also to the presence of additional motifs besides the homeodomain 

with their functional differentiation seemingly being achieved through the acquisition of these 

different codomain architectures (Mukherjee et al., 2009).  

One major group of plants homeodomain proteins is one characterized by the additional 

presence of the DDT domain which seems to have evolved early in green plant evolution since 

it was found even  in green algae. However, this DDT motif was not identified on any of the 

six homeobox genes of the red algae, along with no detection of the additional HD domain on 

these proteins (Mukherjee et al., 2009). Moreover, having not detected any of these 

additional domains within the PHD containing proteins of apicomplexans renders it more 

plausible that the ancestor of phylum gained these domains during the endosymbiont event 

of this red algae. 

The three-helix structure of the homeodomain shares similarities with families of prokaryotic 

transcription factors (Viola and Gonzalez, 2016) , nevertheless the MORC-interacting PHD 

containing protein possess a stretch of 22 pentapeptide repeats (LSSSS) with the vast majority 

of proteins containing these domains being found in prokaryotes where they could be 
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mediating inhibitory interactions with gyrase proteins, and few examples being detected in 

both A. thaliana and P. falciparum (Vetting et al., 2006). 

Aside from its possible implication in recognition of the MORC complex targets through its 

poised state chromatin reading abilities, this PHD-like protein could be participating in the 

intra-complex protein-protein interactions through the binding of proteins PTMs, noting that 

these latter were detected on some of the identified interactors, including the AP2s factors. 

Additionally, we think that this PHD containing protein might be involved in the recruitment 

of TgHDAC3 to the nucleus mediated by its EELM2 additional domain, a concept described 

further in the TgHDAC3 section. 

2. DNA-based targeting and Primary AP2s 

The mechanism behind the chromatin targeting of MORC at specific loci remains cryptic. We 

elaborated on the possibility of this recognition being mediated by the chromatin state 

reading accomplished by either the CW domain of MORC or the PHD domain of 

TGME49_230890. The targeting of the MORC complex to its loci could also occur via the 

affinity of TFs for the chromatin embedded DNA. AP2s family of potential specific transcription 

factors are the first suspected actors here, especially seeing that the interactome of MORC 

included more than ten different AP2s (See Extended Data Fig. 1a in (Farhat et al., 2020)). 

In our quest to unravel the mechanism(s) behind the cell fates heterogeneity emanating from 

the MORC-KD model, we pondered about the possible endogenous weight of these AP2s 

partners in establishing a stage-specific genes targeting.  

It is acknowledged that the same TF can induce different cell fates owing to differences in its 

interaction partners, as the case of pMad/Brk or Smad (Spitz and Furlong, 2012) (X et al., 

1998), thus we believe that similarly, MORC would induce distinct transcriptional programs 

based on its set of AP2 direct interactors. Our size exclusion chromatography of MORC-

containing complexes revealed the association of MORC and HDAC3 within a high-molecular 

weight complex of around 800-KDa (predicted globular size); this number suggests that 

additionally to the constitutive partners, MORC is able to accommodate a (homo or hetero) 

dimer of AP2s at a time. However, we were unable to distinguish the different subcomplexes 

of MORC, as they all eluted in the same fraction corresponding to about 800-KDa, thus our 

understanding of the possible AP2s interactions between each other is as limited as our ability 

to provide the case about the binding motifs of these heterodimerizing AP2s. 

MORC acts as a repressor of the sexual progression of the parasite, yet the mechanisms behind 

the regulation of its action remain unclear, especially considering that it seems to be 

expressed constitutively, at least on the mRNA level(Harb and Roos, 2020). mRNA of HDAC3 

were also detected in all stages of the parasite life cycle, therefore the fact that the interacting 

AP2s are mostly not expressed in stages other than the tachyzoites stage. If we reason on the 

basis of MORC being a fully active repressor only in the tachyzoites, this interactors AP2s 

apparent exclusive expression to this stage might imply that the regulation of the complex 
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function is in part, held by the AP2s levels of expression and thus by their recognition of the 

targets becoming either absent or fine-tuned.  

One would suspect that all AP2s belonging to the MORC complex would act as repressors too.  

In fact, we witnessed the action of the interactor AP2XI-4 as a repressor of our merozoite 

reporter gene TgME49_243940, as the CRISPR mediated disruption of this factor led to the 

induction of the TgME49_243940 protein.  

 Similarly, we witnessed the implication of the interactor AP2XII-1at the level of repression of 

our merozoite reporter gene, thus it seems to be acting in concert with MORC as a repressor 

of merozoite-specific genes and thus of the progression towards sexual development.  

Also, to note, is the fact that the interactome of MORC in the virulent type I (RH) strain 

presented two additional AP2s that weren’t detected in the one of the cystogenic type II (Pru) 

strain. We did not provide exhaustive evidence to whether this discrepancy emanates from 

technical limitations involving either the chromatography pull-down steps or the mass 

spectrometry sensitivity, or that these additional interactions are ones mediated by DNA and 

not a core complex protein-protein interaction, yet this last option is hardly plausible 

considering the highly stringent salinity used during the pull downs.  

Taking in consideration the difficulty emanating from all the possible homo and heterodimers, 

it seems quite unattainable to aim for an in-vitro reconstitution of the  order of assembly of 

these potential TFs and whether their targeting occurs in a random or hierarchical order.  

Also, as in this proposed model, the AP2s are the ones to be most likely targeting the complex, 

yet it is unclear whether they establish the repression at genes that were active, or whether 

they maintain their poised state. As in, we are using tachyzoites parasites, but if we were to 

be following the parasite during their progression from sporozoites to tachyzoites for example 

we would witness the actual establishing mechanism of repression of sporozoite-specific 

genes, and not only their maintenance in that state, as is the case.  

It remains to be determined whether the activity of these AP2 factors is merely regulated on 

the level of their transcription, or whether it can occur through post-translational 

modifications of their proteins. Other than the acetylated sites that we found to be regulated 

through the action of TgHDAC3, most of these proteins are phosphorylated at multiple sites 

of Serine and Threonine, yet not within their AP2 domains, with the exception of AP2XI-4 

which displayed a calcium dependent motif in its AP2s domain, pointing at the parasite 

transcription regulation through indirect effects of the cellular metabolism and external 

environment (check metabolism part). 

3. Secondary AP2s mediated regulation of targeting and action 

During our analysis of the possible means of action of MORC, we briefly mentioned the weight 

of the secondary wave of AP2s in aiding MORC, for maintaining a stage appropriate epigenetic 

reprogramming. Following the engineered KD of MORC, we have observed a de-repression of 

a wide set of AP2 genes which we then arranged based on their acknowledged 

developmentally regulated expression (Figure 17 (Farhat et al., 2020)). However, we reiterate 
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the non-exhaustive ability of our in vitro MORC KD model, to mimic the endogenous context. 

In fact, we haven’t provided the full set of data concerning the secondary action of AP2s in 

vitro, which could have reinforced our theory about these latter holding a regulatory layer for 

unidirectional transcriptional programs. 

 

Figure 17. MORC guides developmental trajectories recruiting downstream regulating pathways.  

Heat map showing mRNA hierarchical clustering analysis (Pearson correlation) of AP2 TFs shown to be regulated 
by MORC depletion. The abundance of their transcripts in the various stages of development, namely tachyzoite, 
bradyzoite/cyst, merozoite, EES and oocyst stages, is displayed. The colour scale indicates log2-transformed fold 
changes. The AP2 factors were colour-coded according to the colour of the life stage during which they are most 
expressed. Adapted from figure 6.a. in (Farhat et al., 2020) 

 

Some of these AP2s were already characterized, however we believe that the functions given 

to some of these factors were either not fully adequate, or that perceiving them requires 

further experiments, at least from our side . For instance, AP2IX-9 was reported as a repressor 

of bradyzoite gene expression, of which the deletion enhanced tissue cyst formation in vitro. 

In this study, they interpreted their observation basing on the tachyzoite-bradyzoite inter-

conversion (Hong et al., 2017). However, we believe that this bradyzoite-resident repressor is 

acting instead on the level of the bradyzoite-merozoite conversion. Tachyzoite-bradyzoite 

transitions are bidirectional and highly dynamic, making their control more appropriate by 

specific activators at each stage. The unidirectionality of the bradyzoite to merozoite 

transition makes it more plausible that AP2IX-9 is acting on this level to prevent an aberrant 

bradyzoite genes expression once a development into merozoites is initiated. 
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If I reason now based on our vitro observations instead, I would mention that the KD of MORC, 

apart from derepressing this repressor, led to the upregulation of many bradyzoite-specific 

genes yet not all of them were touched by its action, herein the repressor AP2IX-9  became 

present in this context and kept these genes in their dormant state. In our model, we claim 

that MORC is a repressor of the sexual development trajectories, and based on this model, it 

would be repressing AP2IX-9 in the endogenous context in order to alleviate the action of this 

factor on the prevention of a merozoite to bradyzoite switch back, therefore maintaining the 

parasite in its tachyzoite-bradyzoite asexual cycle.  

 

Figure 18. A proposed model.  

A model describing the mechanism that underlies the MORC-complex-mediated modulations of the T. gondii life 
cycle. B, bradyzoite; M, merozoite; O, oocyst; S, sporozoite; T, tachyzoite. The genetic regulatory circuits would 
be mediated by the clusters of secondary AP2 TFs acting on the transcription of the stage they belong to. Adapted 
from (Farhat et al., 2020) 

 

Going through the transcriptional profile of AP2IX-9, one would ponder about its semi-

exclusive expression during the bradyzoites stage, with a slight mRNA detected during the 

beginning of EES, considering that reasonably if it were to be a true bradyzoite repressor it 

should be expressed in all other stages except the bradyzoite one, unless if its repressing 

action at this point is regulated at the posttranslational level rendering it unable to fulfill its 

potential repressor role.  
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It would seem reasonable that the AP2s would be fulfilling their roles in the stages during 

which they are normally expressed. Keeping up with the possibility that AP2IX-9 is as claimed 

a bradyzoite-specific repressor preventing a switch back from the merozoite stage, and basing 

on its exclusive bradyzoite expression profile, one can ponder about the upstream regulation 

of this factor, such as it would only repress its targets upon an external cue signaling the arrival 

into a feline’s enterocyte and thus the necessity for repressing bradyzoite genes. This 

regulation could occur not only on the post-translational level of the protein, but also on the 

level of its proper transcription, herein this gene seems to harbor numerous different splicing 

possibilities, potentially stage dependent.  

The same study (Hong et al., 2017) claimed finding an activator of bradyzoites and cyst 

formation, being AP2IV-3. We found this factor to be upregulated following the KD of MORC, 

and instead we believe that it is an activator of merozoite genes and thus of sexual 

progression. In fact, its transcriptional profile shows a semi exclusive expression during the 

merozoites stage and EES, herein going against a potential bradyzoites activator role.  

 We did not provide any solid evidence proving its activating or repressing role, but we 

reasoned that as in our model MORC is a sexual development repressor, then AP2IV-3 as one 

of its repressed targets would be acting directly or indirectly in the favor of going forward into 

the sexual stages. 

As this factor is not essential, at least not in the tachyzoite stage, we attempt to generate its 

stable KO in the MORC-KD strain, in order to gain more insight on the role of this factor and 

to set straight the discrepancy. Moreover, transcriptomic assays would shed light on the 

potential functional resemblance between this factor and its P. falciparum architectural 

homologue PfAP2-G (See Extended Data Fig. 10b,c in (Farhat et al., 2020)). 

Among the 17 detected AP2 domain-containing proteins that have their expression regulated 

by MORC, it is worth noting that three of them belong to the interactome of MORC comprised 

of about 10 AP2s proteins that we called primary AP2s. We discussed previously the idea of 

the weight of these primary AP2s  on  the stage-specific targeting of the MORC complex, 

however we overlooked the fact in some cases MORC seems to be behind their 

developmentally regulated expression  

A thought loop regarding MORC’s sexual repressing function, with a simplified view focusing 

on the crosstalk between MORC and AP2s: 

If we consider that the MORC complexes act as repressors, due to the stable core complex 

interaction with HDAC3, then the outcome of the interactions that would occur with AP2 

proteins must be of a similar nature, as they will be aiding in the targeting towards the genes 

to be repressed, keeping in mind that MORC doesn’t have any DNA binding domain neither 

does HDAC3, and that their targets recognition can be mediated by the chromatin states, yet 

for their motif and promoter specificity they must rely on their AP2 partners. Two scenarios 

can be thought of, one with MORC always active and relying on AP2s for targeting (a repressor 

in all stages of all the genes that don’t belong  to the stage in question), and one with MORC 

only active in tachyzoite and its activity getting impaired by some external signal once the 
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sexual development gets initiated (a repressor of sexual development as our modest model 

proposes). 

We claim in our paper that the function of MORC would be to repress the sexual development, 

and due to the lack of ChIP or Interactome data from other stages, we based many of our 

perspectives on this tachyzoite-based model. However, this view seems a bit limited, and 

MORC should be considered a repressor of sexual stages genes, when the parasite is in its 

tachyzoite stage, hence conversely MORC must also be considered or at least suspected to be, 

a repressor of the tachyzoite genes (and other aberrant genes) when the parasite is its sexual 

forms. The fact that MORC is an ATPase enzyme that lacks a DNA specificity, makes it that it is 

an enzyme that relies on the presence and the activity of interactors for it to be guided to its 

DNA targets.  

For instance, MORC represses in tachyzoites the expression of a sporozoite gene, SporoSAG, 

(see Extended data fig7.a. in (Farhat et al., 2020)), directly at its promoter, and it also 

represses in tachyzoites the expression of a merozoite gene also in a direct manner (see  

Fig4.e. in (Farhat et al., 2020)), this targeting must be relying on a different set of AP2s that 

are acting in the tachyzoite stage as repressors, of sporozoite genes, and of bradyzoite genes, 

respectively. Thinking that MORC is by itself a sexual repressor that would become inactive at 

stages other than tachyzoite, would mean that both these genes would be de-repressed in the 

same way, which is not correct. Therefore, MORC is a master regulator, yet that would be at 

least partially active, this being throughout the developmental stages, at repressing the genes 

of other stages, herein relying on the states of expression as well as the activity of the 

differentially expressed interactors. 

An unshown data-based example to illustrate the downstream effects of MORC, again if we 

keep reasoning on the basis of a gene regulation based only on the crosstalk between MORC 

and downstream TFs, is the following: 

AP2IV-4 is reported as being a repressor of bradyzoite genes, and in the tachyzoite stage this 

AP2IV-4 is expressed at least at the mRNA level. Following the KD of MORC in this stage, this 

gene got repressed, yet considering that MORC proceeds by direct repression and not 

activation, MORC in the endogenous context, must have been repressing the repressor of this 

proteins, thus MORC in this case is acting as “ a repressor of a repressor of a repressor”! 

 

However, this is a simplified view that focuses on the direct transcriptional targeting of the 

gene’s promoters as a means of regulation, when the reality includes a lot more pathways and 

factors than only MORC protein and its interactors binding to their motifs. The fact that we 

cannot yet produce pertinent ChIP or MS-MS data from any stage other than tachyzoite, 

unless if we proceed by killing a huge number of cats, as well as that we lack a single cell 

approach for following a parasite going through its fate decision process, adds a layer of 

difficulty for interpreting what might be the endogenous case at other stages, and what 

complexes are forming then, and what promoters are targeted. 
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Also, some of the primary AP2s that were found to be interacting with MORC in the tachyzoite 

stage, were themselves found to be regulated by MORC. Hence, the interactome we identify 

in this stage is not a stable one throughout the life cycle, and what is seen as a secondary 

downstream AP2 can actually be a primary interactor in another stage. 

4. Alternative means for developmental regulation of expression  

We assigned to MORC the function of a sexual development master repressor; however, we 

wouldn’t allow ourselves to claim that this is the sole factor guiding the tight regulation that 

this parasite acquired throughout its evolution and its adaptation to its different hosts 

environments.  

As MORC was identified as an actor at the transcriptional level, it would be interesting to 

mention the other means of gene regulation that take place and could be related to the 

phenotypes we observed in our in vitro model, and that could also reflect the endogenous 

mechanisms of this developmentally regulated transcription. 

One of the concerns that we raised after witnessing the upregulation of that many stage 

specific genes, was whether the effect of the KD of MORC stems from a direct transcriptional 

activation of its repressed targets, or whether its absence merely allowed the release of 

imprisoned stage specific mRNA, an event that in the endogenous case would have occurred 

only following an environmental signal.  

We reason that both mechanisms can be taking place, wherein the time dependent increase 

of the upregulation of many of the targets of MORC following its KD, indicate that not all of 

the mRNAs of the genes in question were released simultaneously. This was a pattern for 

many genes that showed a higher level of mRNA after 24 hours of the KD of MORC than they 

did after 7hrs, taking in consideration that no MORC proteins were present after 3hrs of its 

posttranslational KD induction.  

However, if we keep reasoning at the in-vitro level, we cannot forget that we haven’t executed 

any single cell approach that could have allowed us to follow up on the transcriptional output 

of the step-by-step sexual development of the cells primed for this fate.  

a. Translational repression and the pocket concept 

Regarding the endogenous context, it would be interesting to investigate the possibility of a 

post-transcriptional regulation occurring at the beginning of the sexual trajectory and 

including all genes belonging to the merozoites as well as EES and oocysts, yet with each set 

of genes being released from an mRNA storage ‘pocket’ upon receiving an appropriate 

external signals, with this mechanism allowing for a faster progression through the stages 

rather than the energy and time consuming initiation of a transcription at the required time. 

The pocket idea has been described in the literature, with mRNAs being stored either 

individually or in multiple non-translating mRNA aggregating together in cytoplasmic foci. 
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Cytoplasmic RNA granules can form under stressful conditions with the aid of factors that 

seem to be conserved. The duration of such translational blockade vary between mRNA and 

can be either transient or extend for long periods of time (Hooper and Hilliker, 2013). 

In fact, the P. berghei female gamete has been seen to harbor such cytoplasmic bodies rich in 

translationally repressed mRNA, along with helicase proteins thought to establish the 

transition out of this state (Mair et al., 2006). Macrogametes stockpiling mRNA needed for the 

following oocyst stage was also described in Eimeria and Cryptosporidium species, as well as 

T. gondii (Ramakrishnan et al., 2019). 

The sustained translational repression can be exemplified with the T. gondii Lactate 

dehydrogenase 1 (Holmes et al., 2014). The mRNA of this tachyzoite specific metabolic actor 

was reported to be present in both tachyzoite and bradyzoite stages, yet the corresponding 

protein was only detected in tachyzoite, thus it was suggested that this repression allows for 

the fast replenishment of this protein that could be assisting in the reconversion to tachyzoites 

upon relief of stress. A sorting mechanism was also suggested, as to allow the transcripts 

destined for only transient repression to access to the limited supply of translation machinery. 

Translational repression in T. gondii was also seen in the oocyst stages where an obvious 

upregulation of ribosomal proteins was detected especially at times considered to be 

representative of a mature state of the oocyst, prior to their development into infectious 

sporozoites. It was suggested that these ribosomes would allow the sporozoites-containing 

oocysts that are dormant for months, to rapidly restart the translation of secretory organelles 

needed for the next stage and the next intermediate host (Fritz et al., 2012). Translational 

repression waves were detected also in malaria parasites, during the maturation of their 

sporozoites, with one being relieved upon reaching the salivary gland, and another being 

relieved when reaching the liver (Lindner et al., 2019). 

b. mRNA stability and maturity 

Another mean to ensure rapidity in answering to the protein demand of the new 

environments, would be to act on the level of mRNA stability and maturity, herein the 

transcriptional repression would be alleviated, for instance at the loss of the action of MORC, 

yet the mRNA specific to a certain stage would go through maturation only when receiving 

the corresponding cues. We are currently conducting essays to unravel some of the 

mechanisms behind the maturation of mRNA involving the CPSF complex required for the 

poly-adenylation of RNA, and it would be of interest to check whether its action is timely 

regulated and stage dependent. (Farhat et al., in preparation)  

While speaking of mRNA maturity, we can only mention the emerging evidence of the effect 

of the mRNA m6A mark on its stability. Studies are providing proofs about this mark acting on 

the stability of the mRNA, which was similarly reported in P. falciparum (Baumgarten et al., 

2019). We are conducting attempts to characterize this mark in T. gondii, with an interest of 

examining their impact on the stage dependent regulation of the transcriptome.  
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We also believe that MORC might be acting somehow on this mark, but it is still unclear 

whether it is impacting its deposition or its reading. In fact, following the KD of MORC, one 

could easily perceive the decrease in the level of m6A staining during an IFA of intracellular 

parasites, with this decrease getting more robust with time. Although we cannot exclude the 

indirect means through which this outcome could be occurring, yet one could reflect on the 

possibility of this mark holding a layer of regulation of the cell fate maintenance, while noting 

the lack of any DNA methylation in this parasite, which is acknowledged to bear this 

substantial role in many species (Gissot et al., 2008).    

 

c. RNA Polymerase II pausing 

One additional aspect to be considered is the pausing of RNA polymerase II at the vicinity of 

promoters, a newly described concept that has been conserved from bacteria to mammals, 

and it is thought to be a mean for tuning the gene expression (Williams et al., 2015). It would 

be interesting to tackle the impact of the pausing of RNA pol-II on the maintenance of stage 

specific gene expression programs in T. gondii, especially considering that the release of the 

RNA pol-II can be guided by external cues. In fact, we witnessed an effect of MORC on the 

elongation of transcription (See supplementary fig.6 in (Farhat et al., 2020) ), as its deletion 

led to an increase, at its targets genes of the H3K41me mark which was previously shown to 

be related to the progression of pol II (Sindikubwabo et al., 2017). One can imagine an 

antagonist link existing between MORC and Pol-II, where this latter would be pausing and 

holding the active genes signature during the cell cycles and transitions, while MORC would 

aid in holding the imprint of the repressed ones.  

5. HDAC3 involvement in post-transcriptional and post-translational 

regulation 

The post-transcriptional regulation in T. gondii relies in part, on a homolog of Argonaute, Tg-

AGO, which uniqueness is displayed through its ability to bind both plant-like trans-acting 

small interfering RNAs and metazoan-like microRNAs. This RNA silencing machinery seems to 

act mostly through translational repression, considering the loose pairing between the miRNA 

and the target, as well as the lack of endonucleolytic slicer residues in the Tg-AGO protein 

(Braun et al., 2010). 

This protein was co-purified with the initial TgHDAC3 affinity chromatography pull down, 

along with MORC (TgCRC230 at the time), hinting to the possible involvement of Tg-AGO 

machinery in the post-transcriptional repression of the complex targets, or in some fine tuning 

of the extent of the transcription, or of it playing an indirect part in the recruitment of these 

actors, and others to some sites. 

A Myb-domain-containing protein has recently been characterized in T. gondii, with evidence 

of its direct involvement in the ability of tachyzoites to differentiate into bradyzoites, as the 
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loss of this protein resulted in the loss of this ability even under in-vitro bradyzoites inducing 

conditions, as well as the loss of tissue-cyst formation during animal infections (Waldman et 

al., 2020), with this phenotype reaching extents that were not yet observed for any of the 

AP2s reported as putative bradyzoite development regulators. 

What is intriguing is that this Myb protein, called BFD1, binds bradyzoite genes promoters, but 

also its own promoter, stressing here on the equal mRNA expression of this gene across stages, 

yet with the protein being only expressed under stressing conditions hinting to its expression 

being regulated at the post-transcriptional level. The relevance of this suggestion lies in the 

evidence of an unusually long 5’ UTR as well as multiple open reading frames within this region 

(Waldman et al., 2020), recalling the translational regulation level of differentiation, described 

earlier. 

Additionally, BFD1 has been detected as one of the non-histone targets of TgHDAC3, based on 

our unpublished acetylome sequencing following the drug-inactivation of HDAC3 by 

FR235222. In fact, two acetylation sites seem to be dependent on the activity of HDAC3, which 

adds a layer of complexity to the reprogramming pathways in this parasite, as well as it 

stresses once again on the indirect yet significant weight of HDAC3 on the bradyzoite 

development. 

We previously conducted these acetylome-wide assays which proved that the targets of the 

deacetylating action of HDAC3 extend further than only histones to touch acetylation sites of 

many enzymes and proteins. Noting that most of these aforementioned HDAC3 deacetylated 

non-histone proteins were not directly targeted by its partner MORC, such that their RNA 

levels were not affected following its KD.  

Of these non-histone targets, some were proteins related to the cell cycle, which explains the 

apparent arrest in the cystogenesis following the treatment of parasites with FR235222, 

others were enzymes with known histones PTM-reading or -writing functions, such as the 

acetylase GCN5b which was found to be holding a specific acetylation site targeted by HDAC3. 

This regulatory relationship between two enzymes that are recognized to be antagonist and 

to be contesting each other on many dynamic histones PTMs, held one layer of explanation 

for the changes in acetylation levels extending beyond the promoter regions of the targets of 

HDAC3 following its chromatin dissociation and the KD of MORC. 

6. HDAC3 and MORC: a non-exclusive relationship 

In fact, one question regarding the activity of HDAC3 is the extent to which this protein is 

carrying an exclusive interaction within the MORC complex. In fact, other than its non-histone 

targets and the possible indirect impact of such protein activity post-translational regulation, 

it cannot be excluded that HDAC3 might be a part of other complexes, noting that the 

assumption of it acting within complexes and not independently, stems mostly of the fact that 

this nuclear based protein lacks any Nuclear Localization Signal (NLS) and thus requires 

targeting assistance from other proteins. Here, it must be noted that the KD of MORC led to 
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the disruption of the targeting of HDAC3 to the loci, yet it didn’t affect its nuclear localization 

(See Fig. 2e in (Farhat et al., 2020)), thus MORC is not the one directly carrying HDAC3 to the 

nucleus, and we also don’t have proof for the dissociation of the whole complex once MORC 

is gone, thus many of the intra-complex interactions could be maintained. 

Proteins harboring ELM2 (EGL-27 and MTA1) domains were reported to fulfill similar mission 

for the class I of human HDACs to be recruited into corepressor complexes. These domains 

undergo major folding transitions on binding to the HDAC, as in the NURD complex where this 

folding would mediate the dimerization of the whole complex containing a homo or 

heterodimer of HDAC1 and/or HDAC2, herein resulting in chromatin condensation and 

transcriptional silencing (Millard et al., 2013).  

Many of the 20 PHD domain containing proteins identified in T. gondii harbor specific co-

domains, however only the one interacting with MORC (described earlier) possess an 

additional EELM2 domain. This extended ELM2 homology domain occurs exclusively in 

proteins from apicomplexan parasites, with this extension stemming from the longer 

boundaries it harbors compared to the orthodox ELM2 domain (Oehring et al., 2012). 

Therefore, it could be that the recruitment of TgHDAC3 to the MORC corepressor complex is 

mediated by one of the 3 EELM2 domains-containing proteins identified in the interactome. 

These domains are found on the aforementioned protein co-displaying the PHD, as well as on 

two other proteins. However, only the protein harboring both the PHD and the ELM2 is 

reported to being essential for the fitness of the parasite, as well as the only one carrying an 

NLS, both aspects missing from the 2 other ELM2 proteins.  

To note that no other protein than these three MORC interactors possess the EELM2 domain, 

hence if we were to consider that they represent the only recruiters of HDAC3, then either 

HDAC3 is exclusive to the MORC corepressor complex, or most likely that these factors are 

also part of other HDAC3-containing complexes. However, other actors might be fulfilling this 

mission. 

7.  MORC in Plasmodium falciparum 

Recently, a study was published describing in silico attempts to identify the complexome in 

three species of Plasmodium (P. falciparum, P. knowlesi, and P. berghei) where they managed 

to determine a complex assembling the analogue of TgMORC in P. falciparum with PfHDAC1 

an EELM2 containing protein, and many multigene regulatory ApiAP2s (Hillier et al., 2019). 

They validated these predictions in vitro and considered MORC as the potential scaffolding 

protein connecting transcription factors with epigenetic regulators. It must be noted that the 

PfHDAC1 harbors a domain that shares the most homology with TgHDAC3. PfHDAC1 also 

displays a nuclear localization, one that wasn’t attributed to the other HDACs of this parasite 

for lack of antibodies. 
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No studies have tackled directly the function of MORC in Plasmodium sp., yet a freshly out 

paper detected an abundance of the PfMORC on var gene promoters (Bryant et al., 2020). The 

study relied on a catalytically inactivated dCas9 for identifying chromatin complexes on these 

genes regulatory elements. In parallel, they relied on the identified interactome of the ISWI 

protein also found to be enriched at the promoters of these elements. Among others, PfMORC 

and PfHDAC1 were co-purified with ISWI, along with GCN5, and an ApiAP2 that was already 

identified in the previous complexome to be associating with the MORC homologue (Hillier et 

al., 2019). The putative P. falciparum MORC displays the apicomplexan KELCH repeats 

signature for MORC proteins, yet intriguingly lacks the S5 fold domain, characteristic of the 

MORC ATPase module. Thus, it was suggested that this newly identified var elements-

associated complex would be acting on the level of subtelomeric chromatin alteration through 

mechanisms not yet elucidated. 

Moreover, a yeast two hybrid screen identified an association existing between PfMORC and 

a telomere repeat-binding zinc finger protein (TRZ) (Bertschi et al., 2017), hinting to a possible 

role for MORC at such regions.  

8. MORC and HDAC3 at telomeric repeats? 

In fact, we noted but did not report in (Farhat et al., 2020) the enrichment of both MORC and 

HDAC3 on the ends of the chromosomes of T. gondii, yet the repetitive nature of these 

elements led us to ponder whether this is merely due to the known technical limitations of 

ChIP-sequencing approaches when it comes to satellites and telomeres. However, these 

doubts were appeased when the enrichment of MORC was lost on these elements following 

its KD but not the one of HDAC3. This suggested that on these regions in particular, HDAC3 

would be fulfilling some other MORC-independent roles, as its targeting here was not 

dependent on its presence, as the case for their developmentally regulated targets (Figure 19). 

It is plausible that on these regions, HDAC3 is part of another complex, one that would be 

acting on the regulation of telomeres. In order to identify this interactome, we ran pull-down 

assays in very stringent salt conditions to release the chromatin-bound proteins. The data 

from the mass-spectrometry(MS)-based proteomic analysis didn’t provide compelling 

evidence of any clear-cut different core complex. 
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Figure 19. MORC and HDAC3 are enriched on telomeric regions.  

Density profiles for representative regions of chromosomes XII, as well as III and Ib. Chromosomal positions are 
indicated on the x axis. The ChIP–seq profiles were obtained using antibodies directed against HDAC3 (here 
shown in brown) and HA for MORC detection (here shown in green), and chromatin sampled from a Pru MORC 
KD strain that was either untreated or treated with IAA for 24 h. RNA-seq data for both treated and untreated 
for induction are shown in black. Read density from ChIP–seq data and RPKM values for RNA-seq data are shown 
on the y axis. 

 

Hardly any studies were conducted in attempt to unravel the secrets of the telomeric regions 

mainly because of technical challenges, for example it holds great difficulty to sequence their 

length with high precision in order to evaluate regulatory phenotypes of a suspect actor 

protein. However, few aspects can be easily observed as the plant-like nature of the telomeres 

of T. gondii, with their repeated sequence consisting of TTTAGGG instead of the TTAGGG 

sequence repeated at the ends of human chromosomes (Ichikawa et al., 2015); It must be 

noted that unlike yeast, T. gondii harbor their telomeric regions within nucleosomes as do 

mammals and plants (Figure 20). The short cell cycle of these parasites would let one doubt the 

existence of a telomere shortening process occurring in these parasites, keeping in mind that 

this process doesn’t exist in plants. 
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Figure 20. Nucleosome organization in telomeric chromatin.  

Table displaying the sequences of the telomeric repeats of some organisms and their nucleosomal nature. 
Highlighted is the one from A.thaliana for resemblance of features with T. gondii.  

 

We also managed to identify some proteins that carry domains with homology to telomere 

binding domains TBDs, and it is probable that one of them could aid HDAC3 in recognizing its 

targets, as HDAC enzymes are believed to rely on their partners for a specific identification of 

their targets. Spotting HDAC3 would suggest that in T. gondii  it is the type I HDACs instead of 

the Sirtuins that are required for the deacetylation step that must precede the methylation of 

histones on these regions and which leads to a more constitutive heterochromatic state.  

The apparent enrichment of MORC at the ends of chromosomes is worth being speculated. 

The accumulation of the protein at the ends of the chromosome recalls the model of the C. 

elegans MORC-1 which was seen in vitro to form static multimers at the end of linear DNA 

thus preventing the release of the mobile proteins that were encircling DNA. It would be 

interesting to further tackle the nature of the MORC enrichment at telomeric regions and to 

check whether its nuclear puncta pattern stems from DNA entrapping multimeric foci. 
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9. Host impact 

a. Host-parasite interactions  

 

In order to establish an adapted epigenetic and transcriptional reprogramming, the parasite 

must respond to external cues arising mainly from its multiple hosts, here considering that 

most of the stages this parasites passes through are intracellular, with the exception of the 

parasites residing within oocysts shed in the environment by felids, which nevertheless are 

responding to the environment, as in the oxygen dependent maturation of the sporozoites 

but not in a direct interactive relationship as the one linking the parasite to its various hosts. 

 

However, the study of this interactive host-parasite link is not always attainable, namely for 

the parasites in their sexual forms (merozoites and EES) at the encounter of their definitive 

Felidae host. It is deemed challenging and clearly unethical, to investigate the signaling 

pathways occurring at the level of the cat’s intestines.  

 

The most researched area here is based on the tachyzoite stage. An infection of the 

intermediate host by tachyzoites, is responsible for the expansion of the parasite population 

that triggers the acute phase of infection that is usually restrained by the host immune system. 

It is believed that the parasite would also be required to establish a protection against the 

oxidative stresses emanating from the infected host.  

 

This would be likely achieved by factors acting to maintain cellular homeostasis, as the 

reported KMTox, a histone lysine methyltransferase, however no definitive in vivo proof has 

been provided (Sautel et al.). This anti-oxidant defense seems to be needed also by the 

bradyzoite stage, where an upregulation of a number of oxygen radicals metabolizing 

enzymes, was stated. These encysted forms seem to be especially armed by various DNA 

repair enzymes to cope with the long-term exposure to reactive metabolites (Manger et al., 

1998). 

 

For a long time, it was believed that no host-pathogen interplay is present during the chronic 

infection, until a study produced RNA-seq based data to advocate the bradyzoites as 

metabolically and transcriptionally active forms and not as dormant as was thought (Pittman 

et al., 2014). For instance, bradyzoites were shown to hijack the host brain microRNome by 

stimulating miR-146a and miR-155 expression, two key inflammatory response regulators 

(Cannella et al., 2014).  

  

The influence of the host environment on the parasite gene transcription and differentiation 

can be observed at many levels, as the external host derived metabolic cues (check 

metabolism state section),or the different biophysical properties (temperature, consistency, 
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density and internal cytoskeletal processes) and mechanical load of the host cell (check actin 

section).  

 

 

However, this influence is met by the one exerted by the parasite development upon its host, 

which as mentioned upwards, would be set differently depending on the stage of the parasite. 

In fact, Laura knoll’s lab reported the detection of many host immune regulatory genes were 

more abundant during chronic infection compared to the acute one (Pittman et al., 2014). 

 

In Leishmania, intracellular infection of macrophages induced epigenetic modifications of the 

host cell genome resulting in the inhibition of their activation and hence of the host defense 

mechanisms (Marr et al., 2014; McMaster et al., 2016). Host cell remodeling was observed 

during gametogenesis in Plasmodium falciparum, as many of the early gametocyte genes were 

employed for that purpose (Brancucci et al., 2014b). In regards to T. gondii, we believe that 

we have brought a new layer to the parasite influence picture consisting of the MORC protein. 

We have observed a great number of host cells to be affected at their mRNA level following 

the KD of MORC, raising intriguing questions about its implication in the remodeling of the 

host for the benefit of the parasitism.  

 

The signaling cascade leading to this parasite-external outcome is yet to be unraveled, but we 

believe that MORC might be acting through the secretome of Toxoplasma by indirectly 

regulating the action of effectors at the level of their expression, their activity or their 

secretion. 

 

b. Rhoptry- and Dense granules-resident Effectors 

 

It is now acknowledged that the parasite delivers a set of its organelles-resident proteins, so-

called effectors, to the host cell cytosol and nucleus in order to manipulate the signaling 

pathways and responses of this latter, in the benefit of both the host and the parasite. These 

various effectors are released at distinct moments of the infection, with rhoptries and 

micronemes getting discharged at the moment of invasion, and the dense granules 

exocytosed later on out of the nascent parasitophorous vacuole (Carruthers and Sibley, 1997). 

 

Many effectors were reported to target the immune defenses of the host, here mentioning 

some of the ones employing the host transcriptional programs in order to achieve their 

survival and immune evasion. It must be noted that the infection effect on the transcriptional 

patterns of the host would depend on the host cell type as well as on the parasite strains, as 

is the case of the NF-κB pathway which was seen to be modulated exclusively by type II strain 

background (Rosowski et al., 2011).  
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The mechanisms through which the parasite is modulating the immune responses were 

unknown, until a few years ago when many effectors got characterized. TgIST was shown to 

inhibit the STAT1-dependent interferon-gamma-induced pro-inflammatory gene expression 

by altering the host chromatin through the recruitment of NuRD transcriptional co-repressor 

complex (Gay et al., 2016). More recently, another effector targeting the host chromatin state, 

was reported. TEEGR counteracts the nuclear factor NF-κB pathway thereby restraining the 

host inflammatory responses. This effector is able to interact with host E2F3 and E2F4 

transcription factors to promote the induction of the expression of EZH2 (a PRC2 subunit) 

which would target and downregulate the NF-κB target genes. EZH2 would also repress the 

expression of some pro-inflammatory cytokines, as IL-6 and IL-8 through promoting a non-

permissive chromatin state (Braun et al., 2019).  

 

However, an under-active immune defense would lead to an excessive parasite burden 

resulting in killing the host. Bearing in mind that the parasite must undergo a transition into 

its bradyzoite form, the holder of the chronic infection holder, in order to proceed towards its 

sexual development and its transmission, it would seem only reasonable that it is not in the 

advantage of the parasite to kill its own host through high virulence during the acute phase.  

 

Therefore, it is crucial for the parasite to establish a balanced host immune response, thus 

counterbalancing the parasite protecting effect through cytokines establishing pro-

inflammatory responses thus ensuring the homeostasis required for preserving both the host 

and the parasite One example of the pro-inflammation inducing effector would be GRA15 

which would trigger a pro-inflammatory response mediated by NF-κB, an action recently 

reported to depend on the interaction of GRA15 with tumor necrosis factors acting upstream 

of NF-κB (Sangaré et al., 2019). 

 

Another example is the GRA24 which modulated positively the host p38-alpha MAPK pathway, 

thus triggering the expression of an array of pro-inflammatory cytokines and chemokines, in 

turn contributing to the stimulation of a decisive interferon-gamma mediated parasite burden 

reduction (Braun et al., 2013). 

 

Nevertheless, Inflammatory responses are not all what the parasite effectors modulate, with 

the example of GRA16 shown to positively regulate the host cell cycle progression and the p53 

tumor suppressor pathway (Bougdour et al., 2013). Theileria parasites would employ a 

different strategy to trigger this same signaling pathway, involving the cytoplasmic 

sequestration of the host p53 to the schizont membrane (Haller et al., 2010). Herein to say 

that the effectors of T. gondii have co-evolved with their different hosts, and that not all 

parasitism approaches are common.  

 

For instance, one of the closest relatives of T. gondii, Hammondia hammondi seem to share 

more than 95% of the host pathways which the infection of both would alter, yet the 
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magnitude was not as similar, especially regarding their pro-inflammatory potential. While T. 

gondii would create a homeostatic balanced immune response mostly suited for its own 

survival but also for its ability for dissemination and encystment within the host brain cells, H. 

hammondi seem to lack such trait, potentially due to its divergent IST effector, one which 

seem to hold a T. gondii innovation regarding the immune modulation, as this factor seems 

aberrantly inactive in H. hammondi, as well as being absent in the close relative Neospora 

caninum (Wong et al., 2020). 

 

It remains uncovered how T. gondii establishes similar persisting mechanisms in its definitive 

host, and whether a distinct set of effectors would be involved in setting the appropriate host 

environments for the parasite to successfully undergo its sexual development. For instance, it 

was reported that GRA15, GRA16, GRA24 as well as the rhoptry-resident kinase ROP16 were 

not expressed in merozoites, so either the host pathways that these effectors are targeting in 

tachyzoite are not targeted in merozoite, or that other unidentified merozoite-specific 

paralogs would replace and perform their functions (Hehl et al., 2015). 

 

However, the felines must have developed a sort of resistance against T. gondii, yet it seems 

different than the innate resistance adapted in rodents, which is at the base of T. gondii’s 

completion of its life cycle. The genes encoding homologues of the mice IFNg induced IRG 

immune actors are in majority lacking in cats (Howard et al., 2011). This type of innate immune 

response is lacking  also in higher mammals, which seems consistent with the absence of a co-

adaptation between these species and the parasite, and their status as accidental 

intermediate hosts.  

 

We mentioned earlier our finding on MORC depletion upregulating a set of the host mRNAs 

and our theory of a possible role of the secretome in this process. However, we are now 

seeking beyond the tachyzoite stage effectors, in attempt to discover sexual stages-specific 

effectors, Myr-1-independent (likely merozoite) or Myr-1-dependent (i.e. sporozoite or/and 

bradyzoite). The MORC designed KD tool would hinder the aforementioned limitations 

regarding studying the definitive host interactions with the parasite. 

 

It also remains unknown whether the effects on the host on the chromatin and transcription 

levels emanating from the actions of the parasite effectors, would persist beyond the 

clearance of the parasite. Some of the effectors, discovered to date, were found to be either 

interacting with or regulating the activity of epigenetic factors of the host, recalling TgIST with 

NuRD, and TEEGR with EZH2.   

 

It had been reported that the intracellular infection of macrophages by Leishmania would 

induce modifications in the host DNA methylation, letting one suspect a static effect on the 

host chromatin (Marr et al., 2014). Bacterial infections were also seen to affect the DNA 

methylome of the host cells (Bierne et al., 2012). 
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Therefore, it would be interesting to investigate whether an infection by T. gondii would 

induce lasting influence on the host epigenome. However, we must be also able to distinguish 

whether the epigenetic changes are induced by the parasite or whether they merely emanate 

from the infected host response and in this case the parasite turning these events into its 

advantage. 

  

c. Developmental influence 

 

The host immune response induced-conversion of the tachyzoite into the chronic bradyzoite 

forms, is required for progressing into the parasite’s sexual development, therefore it would 

be reasonable to assess the impact of the host cell on this transition. In fact, a distinct level of 

permissiveness between different host cell regarding the development of tissue cysts has 

been described, in part due to their level of lactate and glycolysis (Lüder and Rahman, 2017). 

(Goerner et al., 2020). 

 

Many features of the host cell could be priming the parasites into one or the other cell fate. 

For instance, the host nutrient level could vary this outcome as lipid contents, as well as 

oxygen levels and internal temperatures, such as the cat’s gut would differ in its temperature 

than the neural or muscle tissues cells. These aspects represent some of many external signals 

that the parasite senses and responds to during its development, and the specificity of this 

response can be seen in, for example, the inability of oocysts to infect cats whereas they could 

excrete millions of oocysts following the ingestion of one bradyzoite (Dubey, 2006). 

 

It has been seen that host-derived enzymes were responsible for post-translationally 

modifying the proteins of the tissue cyst wall (Tomita et al., 2017), herein the host cell granting 

the parasite with a shield against its own immune defense.  

 

Another observation illustrating the host impact on the parasite differentiation lies in the 

particularity of the cat guts, where it would seem that felids  are the only mammals known to 

lack the enzyme that catalyzes linoleic acid rendering their intestines charged by this particular 

fatty acid, of which the addition was reported to lead to an increase in the expression of 

merozoite stage-specific markers (Martorelli Di Genova et al., 2019). 

 

Martorelli Di Genova B and colleagues sought to identify the potential factors behind the 

species specificity of T. gondii sexual development. They reported that adding linoleic acid to 

in vitro generated cat intestinal organoids, caused 35% of the parasite populations to express 

merozoite-specific markers. In fact, felids are the only mammals known to lack the enzyme 

that catalyzes linoleic acid rendering their intestines charged by this particular fatty acid. Their 
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attempts were carried on towards trying to mimic the cat gut environment within mice , but 

they couldn’t succeed in producing efficiently competent oocysts. 

 

 

In our attempts to assess the infectivity of the possible sexual forms arising following the 

MORC KD, we infected mice models with the treated parasites. Although the depletion of 

MORC protein resulted in the induction in vitro of the expression of cyst wall and sporozoite 

proteins (e.g. SporoSAG, ED Fig. 7a, Farhat et al., 2020) recognized as hallmarks of mature 

oocysts, yet, unfortunately, few round shaped structures were obtained, and they were not 

infectious in mice when delivered per os. We speculate that the infectivity would require 

complementary subtle regulatory factors other than MORC’s downregulation, ones that are 

normally triggered in vivo in cat intestinal milieu. We expect that artificially applying these 

factors would assist our MORC mediated genetic reprogramming into recapitulating the in-

tissue culture of the complete sexual life cycle. 

 

 

We aimed to assess the impact of the linoleic fatty acid on the activity of MORC, and following 

its addition to our infected HFF, we noticed a slight decrease in the expression of the protein 

of MORC, along with a modest increase of our merozoite reporter gene TgME49_243940. The 

aforementioned study reinforced our findings by demonstrating that employing metabolic 

components by themselves is not sufficient for recreating the felids gut environment required 

for the parasite to go through its full sexual development. 

 

In order for the parasite to progress through its development, the activity of MORC must be 

dynamic as well as adjusted and complemented by unknown factors to date, yet It remains to 

be unraveled how the regulatory interactions are being translated into highly specific and 

adapted cell fate outcomes.  

 

10. Cell cycle impact 

Before addressing the impact of the parasite cell cycle on its own development, it is 

noteworthy to point at the ability of this parasite to alter the cell cycle progression of the host. 

Although the weight of intervening with such host pathways on the parasite persistence 

remains unclear, yet the fact that many parasite effectors target this path in an overlapping 

way suggests that the induced host G2/M arrest might involve a mean for preventing the host 

cell senescence (Brunet et al., 2008; Molestina et al., 2008).  

Many cell cycle regulators were spotted to be regulated by the action of MORC and HDAC3, 

with many cell cycle inhibitors getting derepressed following the KD of MORC and the parasite 

being forced into deviating from its normal cycle progression. This was observed also on the 
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phenotypic cellular level where many parasites displayed round forms reminiscing dead cells 

with great damages on the nuclear level. 

Many discussions suggested that cells respond differently to the differentiation signals 

depending on their cell cycle status (Sela et al., 2012) (Pauklin and Vallier, 2013). It has been 

reported that a permissive window for cell fate reprogramming occurs at mitosis (Halley-Stott 

et al., 2014). 

Mitosis of T. gondii seems to be a semi-closed one, as adopted by P. falciparum during which, 

the nuclear membrane remains largely intact, and chromosomes don’t seem to condense at 

any step of mitosis (Hager et al., 1999; White and Suvorova, 2018). To note that the replication 

of the parasite seems to involve an induction of the host cells to produce soluble factors to 

increase the replication of parasites in the neighboring host cells (Wong et al., 2020). 

The division process must be fined tuned for an optimal speed balancing between a too fast 

host destructive division and a too slow virulence loosening one. The multitude of hosts 

environments and of life stages these parasites go through, acquired them with distinct 

division mechanisms suitable for the requirements of each stage, such as in the lack, in 

bradyzoite, of the cytokinesis step following mitosis, therefore reasonably they would also 

harbor developmentally controlled cell cycle progression checkpoints. 

In higher Eukaryotes, the replication of DNA is accompanied by a passive dilution of DNA 

methylation, a process suggested to be facilitating cells reprogramming (Tsubouchi et al., 

2013) (Ma et al., 2015), with others suggesting a mitotic advantage for reprogramming, based 

instead on cell cycle regulated active de-methylation (Halley-Stott et al., 2014).  

In T. gondii no DNA methylation has been reported, yet the chromatin acetylation state is 

proven to be of great impact on the cell cycle, as well as on its differentiation outcomes, 

therefore a passive dilution of the histone marks during the S phase could maybe have similar 

fallout such as the ones described above, noting the impact that has the S/G2 checkpoint on 

bradyzoite differentiation (Radke et al., 2003). 

In theory, if the KD effect of MORC hits the parasite when this latter is going through its 

mitosis, it would be much more responsive to getting its epigenetic programs reprogrammed, 

and this might explain some of the discrepancies we observed in the resulting cell fates of the 

different vacuoles following the KD.  

Also, to be taken in consideration, that at no point during our experiments did we employ any 

cell synchronization tools, adding complexity to the gene regulatory aspects interpretations, 

as the used populations would consist of parasites at different points of their cell cycle. 

The level of responsiveness would still be a matter of debate especially considering that long-

distance interactions across the genome are lost during mitosis (Palozola et al., 2017) , a 

mechanism suggested to be adopted by MORC for its differentiation regulatory functions. 
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Here, an additional aspect might be highlighted which represents another in vitro limitation. 

In fact, while passing the parasites, they go through a period of time where they have no more 

host cells to feed on, therefore we are not recapitulating the real cell cycle of the parasite in 

vivo (oocysts stage considered as a non in vivo stage), where no real extracellular G0 stage 

takes place. Such extension of a phase that the parasite is not adapted to in normal conditions, 

adds another layer to be considered while interpreting the resulting differentiation outcomes.  

11. Metabolism impact 

Many enzymes rely on ions for an optimal activity, if not for any, and HDAC3 is no exception, 

therefore the metabolic balance is a crucial aspect for establishing the needed environment 

for these proteins to accomplish their roles. To name a few examples, many demethylases 

require α¬ketoglutarate, a metabolic intermediate of the Krebs cycle, the Sirtuin family of 

histone deacetylases requires NAD+ as a cofactor, and Acetyl-CoA is the acetyl donor used by 

histone acetyltransferases. 

 

Therefore, it would be of interest to dig deeper into the impact of this metabolic balance on 

the functioning of these enzymes, on the chromatin state and in that, on the differentiation 

from one stage to another. The crosstalk between metabolism homeostasis and gene 

regulation is an acknowledged concept as many metabolites represent corner stones of the 

nuclear enzymatic activities. For instance, the acetyl-CoA synthetase ACSS2, was reported to 

undergo, upon metabolic stress, a translocation to the nucleus mediated by its 

phosphorylation, where it would hijack the HDAC generated acetate, and utilize it in favor of 

inducing the expression of autophagy genes (Li et al., 2017). 

 

It has been reported that different stages adapted distinct modes of energy resourcing, as in 

bradyzoite relying on anaerobic glycolysis instead of aerobic respiration for energy production 

(Shukla et al., 2018) (Denton et al., 1996), meaning the Krebs cycle would be differed and with 

it the intermediate metabolites and in that the effect on chromatin regulatory enzymes 

activity. It is also known that each stage would express one gene isoform of the enolase 

protein (ENO) (Dzierszinski et al., 2001) and of the lactate dehydrogenase (LDH) with LDH 

being utilized during anaerobic growth conditions (Yang and Parmley, 1997), and even being 

described as having a role during tachyzoite conversion into bradyzoite (Abdelbaset et al., 

2017). 

 

It is worth noting that, following the KD of MORC and the upregulation of bradyzoite- and 

sexual stages-specific genes, we noticed a clean shift in the metabolic isoforms, herein the 

tachyzoite ENO2 was downregulated where the bradyzoite ENO1 got upregulated, keeping in 

mind the tight chromosomal proximity of these 2 genes, emphasizing more on the specific 

action of MORC and the lack of a leaky spreading transcription. The same pattern was 

observed in the stage specific LDH enzymes. It must be noted that in addition to their function 
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in glycolysis, the nuclear-targeted ENO isoenzymes were shown to bind chromosomal DNA, 

potentially acting on gene expression (Mouveaux et al., 2014). 

 

 

The metabolic state of the parasite seems crucial for its fate determination, and it is potentially 

being sensed and translated with the aid of the aforementioned chromatin regulators, 

providing a new layer of investigation of the upstream events coordinating the activity of 

HDAC3, MORC and all the other yet unknown players involved in parasite differentiation. In P. 

falciparum, pfSIR2 has been accredited the role of metabolic sensor through its dependency 

to NAD+ for its deacetylating activity, and it is believed to play at adapting the rRNA synthesis 

and parasite proliferation according to the parasite’s energy status (Mancio-Silva et al., 2013) 

(Imai and Guarente, 2010). 

 

Here, light must be shed on the impact of the infected host cell and its metabolic status on 

the parasite proliferation and differentiation abilities. This concept has been reported in 

(Ferreira-da-Silva et al., 2009) (Lüder and Rahman) where they describe their in vitro trials of 

inducing tachyzoite differentiation using different host cells and claimed to observe significant 

differences in the conversion rates. Also, astrocytes seem to be a lot more permissive for the 

in-vitro auto conversion of tachyzoite-to-bradyzoite, without the need to stress the parasites 

with alkaline media (Goerner et al., 2020).  

 

 

Also, with each host cell type, the parasite is faced with a different flux of available 

metabolites. For instance, the merozoite which infect only the Felidae enterocyte monolayer, 

encounter less variability of bioavailable metabolites, than the tachyzoite which infects 

different cell types. In addition, the position of merozoite close to the nutrients stream of the 

host enterocyte, as well as the low oxygen conditions in the gut, might explain the few 

discrepancies between these two forms regarding the differential metabolic gene expression.  

 

The glycerol 3-phosphate dehydrogenase (NAD+), for instance, was seen to be highly 

expressed in merozoite compared to the tachyzoite, noting that its expression was detected 

to be induced following the KD of MORC. Also, the ENO2 protein was slightly higher in 

merozoite, hinting to the adaptive response towards a higher glycolytic throughput than the 

one in tachyzoite (Hehl et al., 2015). 

 

It seems only reasonable to consider that the event of host cell infection would acquire both 

of them with metabolic changes that could be translated at the level of immunological 

responses of the host. For instance, the oxidative stress of the infected cell leading to proteins 

having their activities be altered post-translationally, and to genetic signatures from both 

players being epigenetically modified, as was seen in (Metheni et al., 2014) where they 

considered this stress as a metabolic epigenetic initiator (Berger et al., 2009). 
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12. Contractility and KELCH 

The difference in the signaling environments of each of the host cell types that the parasite 

invades, might hold a layer of control for shaping the parasite into its most suited form for this 

or that life stage in particular. While studying the host cell effect on the parasite, one cannot 

disregard the biophysical properties of the host cell, and how the parasite might be sensing 

and translating these features, thereby adapting towards the fittest convenient.   

It has been proposed that the fine tuning of the contractile forces exerted by actin would 

affect gene expression through determining the morphology of the nucleus (Uhler and 

Shivashankar, 2017). This can be of importance at the moment of invasion, yet whether the 

parasite invading distinct host cells harboring different contractility and density properties, 

would impact its gene regulation differently is still under studied. 

We have brought solid evidence that links the MORC-dependent gene regulation to the cell 

fate of the parasite, therefore it would seem reasonable to philosophize the link between the 

actin-dependent contractility of the host cell, and the corresponding epigenetic signature the 

parasite would adopt in order to switch to its other form. 

Moreover, the apicomplexan MORC protein, and unlike orthologues in other phyla, holds on 

its N-terminal repetitive stretches forming a KELCH domain, which we mentioned in Farhat et 

al., 2020.  

It is still unknown how is MORC’s activity regulated, and in this regard, the protein presents 

many putative phosphorylation sites across its sequence, along with a monoubiquitination at 

the residue K472 in the vicinity of the Kelch motifs (See Extended Data Fig. 1 in (Farhat et al., 

2020)), which are now acknowledged to act as substrate adaptors for the Cullin-RING E3 

ubiquitin ligases (Shi et al., 2019).  Beyond proteasomal degradation, K472 mono-

ubiquitination may serve as a signaling hub for others modifications (e.g. acetylation) in this 

so-called ubiquitin code (Swatek and Komander, 2016).Hence these repetitions might aid 

MORC in sensing the external environments, this leading potentially to a more adapted 

genetical reprogramming of the different stage-specific signatures. 

Structural studies reported detecting these domains within some actin-binding and actin-

responsive proteins (Hara et al., 2004; Peng et al., 2018; Soltysik-Espanola et al., 1999). 

Therefore, there is a possibility that they might be able to sense the differential host 

contractile properties, creating a cascade of events starting with regulating MORC’s function 

and ending in shaping the parasite’s adopted form. 

Another aspect to consider regarding actin’s effect on the gene regulation, is underlined by its 

effect on the assembly of protein complexes and their translocation to the nucleus. We didn’t 

provide any proof of the order of assembly of the MORC corepressor complex, nor did we 
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determine whether the interaction happens in the cytoplasm then gets translocated or 

whether it is all nuclear-based.  

Actin was reported to aid proteins in coming together as well as in carrying them towards their 

targets, as well as the repositioning of genes from one nuclear compartment to the other 

(Zhang et al., 2011). Recalling the 800-KDa of globular weight of the different complexes 

MORC is embedded within as well as the many MORC-MORC dimers that could be formed, it 

would seem of much help for the nuclear actin to provide support of the nuclear bodies that 

could otherwise sediment and aggregate (Feric and Brangwynne, 2013; Miroshnikova et al., 

2017). 

13. Last words...  

Taking all these aspects into account, I could not call this section a conclusion, because I 

believe we’re far from revealing the developmental secrets of this parasite. I put the 

discussion ideas into distinct chapters, but in reality, they are all part of each other, all 

gathered, synchronized, ordered in their hierarchy, co-operating in order to bring out such a 

successful parasite. This is why I won’t be able to put big open questions in these last few 

sentences, because the complexity of this system, and the lack of knowledge and lack of 

answers that we are facing, make it so that the open question is still the one main question:  

What mechanisms are guiding the development of T. gondii in each life cycle stage?  

And the answer is all of the aspects above!  

Such a sophisticated parasite in need of tightly controlled responses to its various 

environments, would not possibly rely on one factor! This is why I am convinced that we 

merely scratched the surface by providing one additional piece of the puzzle to the 

community, that being the crucial weight of the MORC protein in the developmental 

pathways.
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