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The global malaria burden

Malaria is a devastating parasitic disease caused by a unicellular eukaryote of the 
Plasmodium genus. Nearly half of the world’s population lives in areas where there is 
risk of malaria infection1. In 2022, there were an estimated 249 million malaria cases 
and 608,000 deaths, mostly in children under 5 years old2. A disproportionately 
large part of the global malaria burden falls on African countries, with 94% of 
all cases and 95% of deaths. There are five Plasmodium species that commonly 
infect humans, namely P.  falciparum, P. vivax, P. ovale, P. malariae, and P. knowlesi. 
P. falciparum and P. vivax are responsible for the majority of the malaria morbidity 
and mortality. While P.  falciparum is dominant in sub-Saharan Africa and New 
Guinea, P. vivax is widely spread in South-East-Asia and the Americas2.

The Plasmodium life cycle

Plasmodium parasites have a complex life cycle that includes invasion of different 
hosts and different cell types within the host (Figure 1). When an infected 
mosquito bites the human skin, parasites known as sporozoites are injected with 
the mosquito’s saliva3. Motile sporozoites migrate actively to the blood and are 
transported to the liver. Here, the sporozoites invade hepatocytes, where they 
expand, proliferate and form tens of thousands of daughter merozoites in a single 
infected cell over a ~7 day period for P.  falciparum. The merozoites are formed 
within a meroblasts, sub compartments created by large parasite membrane 
invaginations, in which 10 to 1000 merozoites are formed synchronously by 
budding4,5. When merozoites are fully formed, they are released into the blood 
where they will invade red blood cells (RBCs). P. vivax and P. ovale can form dormant 
liver-stage hypnozoites, which can persist for months or years and can eventually 
activate to re-establish a blood-stage infection6. A merozoite enters a RBC through 
a complex, multi-step invasion process7. Here, the parasite replicates in a 48-hour 
asexual replication cycle, progressing through three morphologically distinct 
stages: ring, trophozoite and schizont. Up to 40 merozoites are formed within a 
single schizont, which egress from their host cell into the blood stream to invade 
new RBCs. While liver-stage infection is clinically silent, the exponential growth of 
asexual blood-stage parasites causes clinical pathogenesis. The parasite derives 
energy from anaerobic glycolysis of host glucose to lactic acid, which can lead 
to hypoglycemia and lactic acidosis8. Anemia is caused by the sequestration of 
infected and uninfected RBCs, clearance by the spleen, and destruction of RBCs due 
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to parasite egress9. Sequestration of infected RBCs in the brain capillaries can cause 
brain microthrombi and brain swelling, leading to cerebral malaria.

Figure 1. Plasmodium falciparum life cycle (with permission adapted from Inklaar et al.17). 
Sporozoites enter the skin through a mosquito bite, where they actively migrate to a blood vessel. 
Parasites travel through the blood to the liver, where they traverse and invade hepatocytes. Here, 
parasites expand and proliferate, forming thousands of daughter merozoites within an infected cell. 
When fully matured, merozoites are released into the blood, where they invade red blood cells (RBCs). 
The parasite replicates asexually within a 48-hour cycle, going through ring, trophozoite and schizont 
stages. During schizogony, daughter merozoites are formed and released from the host cell to invade 
new RBCs. Some parasites differentiate in the transmissible, sexual-stage gametocytes. When taken up 
by a bloodmeal of the mosquito, gametocytes become activated and the male microgametes fertilize 
the female macrogamete. The fertilized zygote develops into a motile ookinete stage, which traverses 
the mosquito midgut and settles to form an oocyst. Within the oocysts, thousands of sporozoites are 
formed. These sporozoites are released after full maturation, traveling to the mosquito salivary glands, 
where they can be injected into a new human with the next blood meal.

While asexual blood-stage parasites are unable to transmit to mosquitoes, a small 
proportion of parasites differentiate into non-replicating sexual-stage parasites, 
called gametocytes. Within a ~12-day period, P.  falciparum gametocytes develop 
from stage I to mature stage V males and females10. Immature gametocytes 
sequester in the bone marrow and spleen, while mature gametocytes circulate 
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in the blood for approximately three weeks11,12. These gametocytes can be taken 
up by blood-feeding mosquitoes and transmit to their second host. Gametocytes 
become activated in the mosquito midgut by a drop in temperature, change in pH, 
and presence of the mosquito-derived xanthurenic acid13,14. While the activated 
female macrogamete rounds up, the male undergoes three rounds of rapid nuclear 
replication and produces eight flagellated microgametes in a 15-minute process 
called exflagellation15. The microgametes fertilize the female macrogamete, forming 
a diploid zygote. The zygote develops into a motile ookinete which crosses the 
midgut epithelium and enters the basal lamina. Here it settles to form an immotile 
oocyst. The oocyst undergoes growth and replication to produce thousands of 
sporozoites over a 10–12-day period16. When fully matured, sporozoites are released 
from the oocyst and travel via the hemolymph to the salivary glands. The mosquito 
can then inject sporozoites into the skin when taking a new blood meal, repeating 
the life cycle.

Challenges in malaria elimination

Major progress has been made in the fight against malaria since the beginning of 
the millennium. Between 2000 and 2014, there was an overall decrease in number 
of global malaria cases from 243 to 230 million2. Following this success, the Global 
Technical Strategy (GTS) has set the ambitious goal of a reduction of 90% in malaria 
incidence and mortality, and elimination in at least 35 countries by 203018. However, 
in 2015-2019 the malaria incidence and number of deaths plateaued2. In 2020, 
there was a large increase in malaria cases (244 million), mainly due to disrupted 
services during the COVID-19 pandemic. If this current trajectory continues, it is 
highly unlikely that global targets will be achieved. Therefore, there is an urgent 
need to accelerate malaria elimination. However, there are several major hurdles in 
achieving malaria eradication.

Insecticide resistance
Malaria elimination programs rely heavily on vector control strategies, such as 
insecticide-treated nets (ITNs) and indoor residual praying (IRS). Modelling suggests 
that 75% of the decrease in malaria incidence from 2000 to 2015 can be attributed 
to these vector control strategies2. However, since the first report of insecticide 
resistance in the Anopheles mosquito in 1950, insecticide resistance has spread 
rapidly across numerous malaria-endemic regions, undermining the efficacy of 
these crucial malaria control strategies19. Out of the 88 malaria endemic countries, 
78 countries have detected resistance to at least one class of insecticide and 19 
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countries have confirmed resistance to all four classes of insecticides in at least 
one site2. There are two primary mechanisms responsible for insecticide resistance: 
increased metabolic detoxification of insecticides, caused by gene overexpression 
or amplification, and structural mutation of detoxification enzymes, such as 
P45020,21; and decreased sensitivity of target proteins, such as sodium channels and 
GABA receptors, through structural mutations21–23. Strategies that could prevent the 
further spread of insecticide resistance include: development of new insecticides 
with novel modes of action; agreements between public health and agricultural 
sectors to rotationally use insecticides to avoid resistance; and development of 
resistance detection markers that could detect early stages of resistance when it 
could be managed more easily24.

Vaccine development
One of the main challenges in malaria elimination is the difficulty in development 
of efficacious vaccines. Vaccination is one of the most cost-effective health 
interventions25. However, different vaccination strategies, including pre-
erythrocytic, blood-stage, and transmission blocking vaccines have resulted in 
limited success in clinical trials26. The currently two approved malaria vaccines 
target the clinically silent pre-erythrocytic stage and are based on a fragment of the 
surface circumsporozoite protein (CSP). RTS,S/AS01 has been recommended by the 
WHO since October 2021 and is currently been rolled out in 12 African countries2. 
Although vaccine efficacy wanes over time27, WHO estimates a reduction of 30% 
severe malaria cases in vaccinated children28. Since October 2023, the R21/Matrix-M 
vaccine became the second WHO recommended vaccine, which uses an additional 
adjuvant and has a promising efficacy of >70% 29. The effects of implementing both 
vaccines in malaria-endemic countries remains to be seen.

The effect of climate change on malaria transmission
The WHO has declared climate change as the single biggest health threat facing 
humanity30,31. The consequences of climate change affect mostly low-income 
countries where malaria remains a large threat, but proportionally contribute the 
least to climate change. Temperature, rainfall and humidity influence mosquito 
survival, larval development, parasite development, and vector competence32–37. 
Therefore, changes in climate can greatly affect malaria transmission. Extreme 
weather events, such as flooding, can result in malaria epidemics, while severe 
droughts can suppress transmission. Although the exact consequences are hard to 
predict, there is more and more evidence that climate change will cause the further 
spread of malaria. For example, in the African highlands increased temperature has 
led to the expansion of malaria and extreme monsoon rainfall in Pakistan caused 



14 | Chapter 1

flooding and a large malaria epidemic38,39. Other consequences of climate change, 
such as economic insecurity, food scarcity, or decreased availability of drinking 
water could have a more indirect effect on malaria because of decreased access to 
health care and increased cost and difficulties of malaria elimination programs2. It 
is therefore more important than ever to have the right toolbox at hand for malaria 
elimination and ensure sustainable and resilient malaria responses in the face of 
climate change.

Resistance to current anti-malarial drugs
Since the discovery of the first synthetic antimalarial drug chloroquine in the 1940s, 
a recurring pattern has emerged of drug development, wide implementation, and 
the emergence of resistance. Trying to prevent the spread of chloroquine-resistance, 
sulfadoxine/pyrimethamine replaced chloroquine as first line treatment in the 1970s. 
Nevertheless, chloroquine-resistant parasites spread to Africa in the 1980s, causing 
a dramatic rise in malaria deaths40. Sulfadoxine/pyrimethamine resistance was also 
quick to emerge, becoming widespread in many malaria-endemic regions by the 
early 2000s41. Subsequently, combination therapy, such as artemisinin combination 
therapy (ACT), has become the prominent treatment strategy to reduce the risk of 
resistance. ACT was introduced as the first-line treatment for malaria in the early 
2000s and played a crucial role in reducing malaria cases between 2000 and 20152,42. 
Artemisinin, a key component of ACTs, acts rapidly through activation by Fe2+-heme 
and presumably causing alkylation of heme, proteins, and lipids, thereby causing 
oxidative stress and cellular damage43. However, due to its rapid metabolization, a 
long-lasting partner drug is required to ensure complete parasite clearance44. Despite 
the success of ACTs, partial resistance to artemisinin has emerged in Asia and several 
African countries, resulting in slower parasite clearance from the bloodstream2,44–47. 
Mutations in the gene encoding for Kelch-like protein 13 (kelch13) have been 
associated with slower clearance by artemisinin and ACTs48–50. Emerging resistance 
to ACT partner drugs has led to ACT treatment failures in the Greater Mekong 
subregion2,51. The increasing threat of the spread of drug resistance underscores 
the urgent need for improved treatment strategies and the development of new 
antimalarial compounds with novel modes of action.

Two endosymbiotic organelles as promising 
drug targets

A novel antimalarial drug must be highly effective, safe, well-tolerated, and ideally 
feature a unique mechanism of action to prevent resistance. To minimize adverse 
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reactions, the drug target should be parasite-specific and absent in the host. 
Plasmodium parasites possess two distinctive organelles of endosymbiotic origin, 
the mitochondrion and the apicoplast, which serve as promising drug targets. 
Both organelles contain their own genomes. The mitochondrion is believed to 
have a monophyletic origin, tracing back to a common ancestor shared with alpha-
proteobacteria, indicating a single evolutionary event in eukaryotic history52. 
Despite this common ancestry, mitochondrial evolution has resulted in significant 
variation in their genomes, regulation, and function across species, reflecting 
adaptations to host-specific needs. Consequently, the Plasmodium mitochondrion 
is highly different from its human host counterpart on a molecular and functional 
level53. The apicoplast, on the other hand, is a non-photosynthetic plastid 
organelle unique to intracellular parasites of the phylum Apicomplexa, acquired 
through secondary endosymbiosis of a red alga that had previously engulfed a 
cyanobacterium54. The prokaryotic origins of both organelles, the absence of the 
apicoplast in the human host, and the high divergence of the mitochondrion 
make them attractive targets for parasite-specific drug development. Their distinct 
origins and functionalities present unique opportunities for targeted interventions.

Mitochondrion
It has become clear that the Plasmodium mitochondrion differs greatly from 
the well-described mitochondrion of its human host. The Plasmodium parasite 
mitochondrion harbors a unique, minimalistic mitochondrial DNA (mtDNA) of 
6 kb encoding for only three proteins (COX1, COX3 and CYTB) and scrambled 
fragments of ribosomal RNA55. These proteins are all components of the electron 
transport chain (ECT), which is highly important for ATP production in other 
model eukaryotes. However, asexual blood-stage P.  falciparum parasites rely 
heavily on cytoplasmic glycolysis for their ATP production and the ECT is merely 
required for ubiquinone recycling to sustain de novo pyrimidine biosynthesis56. 
Interestingly, the parasite mitochondrion in asexual blood stages (ABS) lacks the 
inner mitochondrial membrane (IMM) folds where ECT and ATP synthase complexes 
normally accumulate, also known as cristae57. Sexual blood-stage parasites on the 
other hand do have cristae and a high abundance of ECT complexes. Metabolomic 
approaches show a shift in carbon metabolism in gametocytes from glycolysis to 
increased tricarboxylic acid (TCA) cycle activity58,59. Mitochondrial respiration is 
essential for male gametogenesis and mosquito stage transmission, as shown by 
existing antimalarials targeting mitochondrial energy metabolism60–62. The ECT in 
P.  falciparum is highly different from the pathway in its human host57 (Figure 2). 
For example, parasites lack a canonical complex I and compensate this activity 
by a bacterial-like type II NADH, ubiquinone oxidoreductase63. It is therefore 
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not surprising that the ECT is a validated drug target of several anti-malarial 
compounds. Atovaquone is the first clinically approved drug targeting the parasites 
mitochondrion by acting as a ubiquinone analogue, targeting the cytochrome 
bc1 complex of the ECT64,65. Although atovaquone is a highly potent anti-malarial, 
resistance is quick to arise when used as a monotherapy66. Therefore, atovaquone is 
often used in the synergistic combination with proguanil in the form of Malarone 
for malaria treatment67. Other set of compounds targeting the cytochrome 
bc1 complex are endochin-like quinolones (ELQs)68. One of these, ELQ-331, has 
now been selected as a clinical candidate69. Another interesting mitochondrial 
drug target is DHODH, a mitochondrial enzyme that is critical in the pyrimidine 
biosynthesis pathway56. DSM265 is a promising drug with multistage, single dose 
efficacy, targeting DHODH and is now in clinical development70,71. Similarly to 
atovaquone, resistance to DHODH inhibitors arises quickly and they will therefore 
require partner drugs to reduce risk of the spread of resistance72.

The Plasmodium mitochondrion houses several metabolic pathways that are 
crucial for parasite survival, including iron-sulphur cluster synthesis, cardiolipin 
synthesis, mtDNA replication, etc. Some metabolic pathways that are present 
in the mitochondria of other well-described model organisms, such as steroid 
biosynthesis and β-oxidation of fatty acids and portions of amino acids, are not 
present in Plasmodium mitochondria53. Other pathways, such as ubiquinone 
biosynthesis and heme biosynthesis, are shared between the mitochondrion and 
the apicoplast in Plasmodium parasites.

Apicoplast
In the 1970s, scientists used electron microscopy to study apicomplexan parasites 
and found a unique organelle that was different from the mitochondrion73. Several 
decades later it was confirmed that this organelle was a plastid harboring its own 
35 kb circular genome and the “apicoplast” was born74–76. The apicoplast genome 
retains genes necessary for its function and maintenance. This includes genes 
encoding for a complete set of ribosomal RNAs and transfer RNAs, transcription and 
translational machinery, and metabolic enzymes74. Due to the prokaryotic-like gene 
expression in the apicoplast, antibiotics targeting DNA replication, transcription, 
and translation in bacteria also kill Plasmodium parasites77,78. Parasites treated 
with apicoplast-targeting drugs produce viable merozoites that can infect new 
RBCs. However, these newly infected parasites fail to divide and produce daughter 
cells79,80. This is referred to as the ‘delayed death’ phenomenon.



17|Introduction

1

Figure 2. Mitochondrial electron transport chain (ECT) with associated drug targets. Schematic 
representation of the ECT and the inner- and outer mitochondrial membranes (IMM, OMM, 
respectively). Drugs targeting respiratory chain proteins are shown in red. Reduced ubiquinone (QH2) 
is generated by five dehydrogenases: glycerol-3-phosphate dehydrogenase (G3PDH), malate:quinone 
oxidoreductase (MQO), type II NADH:quinone oxidoreductase (NDH2) dihydroorotate dehydrogenase 
(DHODH) and succinate dehydrogenase, also known as complex II. DHODH is essential for pyrimidine 
synthesis and is inhibited by DSM265. QH2 is oxidized by complex III, which is inhibited by atovaquone 
and ELQ-331. Electrons are transferred from complex III to cytochrome C, which is oxidized by complex 
IV. Complex III and complex IV both pump protons into the intermembrane space, generating a proton 
gradient. ATP synthase normally uses the proton gradient to generate ATP from ADP, although this 
process is not a significant ATP source in ABS. ATP synthase can also work in reverse, hydrolyzing ATP 
to pump protons, which might be the target of proguanil.

The apicoplast houses four important metabolic pathways, including biosynthesis 
of fatty acid, isoprenoid, heme, and Fe-S clusters78,81. Unlike the type-I fatty acid 
synthesis pathway in humans, the fatty acid synthesis pathway in the Plasmodium 
apicoplast employs a bacterial-like type II fatty acid synthase enzyme82. Antibiotics, 
such as thiolactomycin target this pathway and kill Plasmodium parasites. Heme is 
used by the parasite as a prosthetic group for cytochromes and can be derived from 
hemoglobin, as well as de novo biosynthesis. During mosquito and liver stages, 
biosynthesis of heme is essential and can be targeted by succinylacetone83. The 
isoprenoid biosynthesis pathway is also an attractive drug target, as it has greatly 
diverged from the human counterpart84. The antibiotic fosmidomycin targets this 
pathway and is used in clinical setting as an adjuvant drug in combination with 
other antimalarials85. Parasites treated with fosmidomycin can be chemically 
rescued by supplementation of isopentenyl pyrophosphate (IPP), an isoprenoid 
precursor86. Parasites cultured under these conditions lose their apicoplast genome 
and protein import function, while still being able to grow indefinitely, highlighting 
the importance of this pathway for parasite survival.
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Mitochondrion and apicoplast division during 
parasite replication

Malaria parasites have a complicated life cycle, during which three different 
proliferation stages occur to generate haploid daughter parasites. In the 48-h 
intraerythrocytic replication cycle, P.  falciparum parasites replicate through a 
process called schizogony. During this process, asynchronous nuclear division 
results in a nongeometric nuclear expansion, followed by a final round of division 
and the simultaneous segmentation of up to 40 daughter merozoites87. The 
second stage of proliferation occurs in the mosquito vector. Several thousands 
of sporozoites are formed within a single oocyst in a process called sporogony. 
Parasite proliferation occurs through endopolygeny-like replication where multiple 
rounds of DNA replication are followed by internal budding88. The last proliferation 
stage occurs in the liver, where up to 90,000 daughter merozoites are generated 
from a single sporozoite. Liver-stage parasites replicate through schizogony which 
is similar to schizogony in the ABS, but on a much larger scale89. The final round 
of nuclear division and merozoite segmentation happens in sub compartments 
created by large membrane invaginations5.

In contrast to human cells, which can contain hundreds of mitochondria per cell, 
Plasmodium parasites possess only a singular mitochondrion and apicoplast. 
Ensuring the precise division and segregation of these essential organelles to each 
daughter cell is crucial for parasite survival. This organelle division process diverges 
greatly from binary division in the human host, where hundreds of mitochondria 
are divided and distributed over two daughter cells. In Plasmodium parasites, 
a single mitochondrion and apicoplast need to be divided over tens, to tens of 
thousands of daughter cells in a highly orchestrated manner. However, very little is 
known about how this process happens in detail, and which proteins are involved.
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Objectives and outline of this thesis

The malaria parasite harbors two unique endosymbiotic organelles, that are crucial 
for the parasite and form an attractive drug target. Division and segregation of 
these single organelles is crucial for parasite survival, but poorly understood. The 
main aim of the studies in this thesis is to further investigate the processes of 
mitochondrial and apicoplast division and distribution in the P. falciparum parasite 
and to identify key proteins involved in this process.

In chapter 2: Organelle dynamics in apicomplexan parasite, an extensive 
overview of our current understanding of organelle dynamics and molecular 
mechanisms underlying organelle division is given. Organelle dynamics in two 
important apicomplexan parasites, Toxoplasma gondii and P.  falciparum, are 
described in detail with a clear focus on the mitochondrion and apicoplast. Molecular 
mechanisms underlying organelle division and distribution in model organisms are 
discussed and current knowledge of these mechanisms in apicomplexan parasites 
is summarized. Knowledge gaps in this process in P.  falciparum are discussed, 
hypotheses regarding potential fission scenarios are formulated, and new potential 
division proteins are proposed for future examination.

In chapter 3: Detailing organelle division and segregation in P.  falciparum, 
several advanced imaging approaches were used to capture mitochondrial and 
apicoplast division during schizogony in ABS. A parasite line harboring a novel 
mitochondrial marker was generated and used to capture mitochondrial dynamics 
throughout the Plasmodium life cycle. High-resolution fluorescent imaging and 
focused ion-beam scanning electron microscopy (FIB-SEM) approaches were 
used to visualize mitochondrial and apicoplast division steps. The extremely close 
interaction and sequential division of these organelles were described and the 
role of centriolar plaques (centrosome equivalent in P.  falciparum) in apicoplast 
segregation were highlighted. These findings are summarized in a new, detailed 
model for mitochondrial and apicoplast division and segregation.

In chapter 4: The role of stomatin-like protein (STOML) in P.  falciparum, a 
potential mitochondrial fission protein that belongs to a protein family involved 
in membrane organization was characterized. Deletion of STOML led to a 
significant growth defect in ABS, while sexual development remained unaffected. 
Localization of STOML on puncta on mitochondrial branching points and endings 
of mitochondrial branches suggests a potential role in mitochondrial dynamics. 
STOML was shown to resides in a large supercomplex with FtsH metalloprotease. 
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Predicted AlphaFold structures of STOML and multimeric STOML complexes 
showed high similarity with the bacterial HflK/C family member, which forms a 
large multimeric barrel structure around the bacterial FtsH homolog, indicating 
that a similar scenario might apply to the STOML-FtsH complex in P. falciparum.

In chapter 5: general discussion, the findings of the previous chapters are 
extensively discussed. These findings are put into perspective and future outlook 
is discussed.
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Abstract

Apicomplexan parasites, such as Toxoplasma gondii and Plasmodium falciparum, 
are the cause of many important human and veterinarian diseases. While T. gondii 
tachyzoites replicate through endodyogeny, during which two daughter cells are 
formed within the parental cell, P. falciparum replicates through schizogony, where 
up to 32 parasites are formed in a single infected red blood cell and even thousands 
of daughter cells during mosquito- or liver-stage development. These processes 
require a tightly orchestrated division and distribution over the daughter parasites 
of one per cell organelles such as the mitochondrion and apicoplast. Although 
proper organelle segregation is highly essential, the molecular mechanism and 
the key proteins involved remain largely unknown. In this review, we described 
organelle dynamics during cell division in T. gondii and P. falciparum and summarize 
the current understanding of the molecular mechanisms underlying organelle 
fission in these parasites and introduce candidate fission proteins.
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Introduction

Members of the phylum Apicomplexa are single-cell, intracellular parasites that 
can cause many important human and veterinarian diseases, including malaria, 
toxoplasmosis, and cryptosporidiosis, affecting millions of people every year. 
These unique eukaryotes have a fascinating biology, which enables them to grow 
and thrive within other eukaryotes and clearly distinguishes them from other 
pathogens such as viruses and bacteria. Apicomplexan parasites have complex 
life cycles, which in large part constitute an obligate intracellular replication cycle. 
In many cases, this often rapid increase of parasite numbers goes hand in hand 
with inflammation and tissue damage and is a result of a short replication cycle 
and very efficient cell division. During the 48 h intraerythrocytic replication cycle 
of Plasmodium falciparum, a causative agent of malaria, one parasite can generate 
up to 32 merozoites, each capable of invading another red blood cell. Moreover, 
liver-stage P.  falciparum can generate up to 40,000 merozoites from a single 
sporozoite in seven days, highlighting the extremely fast replication capability of 
these parasites1. In contrast to the familiar binary division of mammalian, plant, 
fungal, and bacterial cells, apicomplexan parasites replicate by de novo assembly of 
daughter cells within the parental cell. Depending on the number of newly formed 
parasites and the timing of nuclear division, this process is called schizogony, 
endodyogeny, or endopolygeny2.

Both intracellular replication of P.  falciparum within host erythrocytes and 
hepatocytes and extracellular replication of the oocyst in the mosquito vector 
happen via schizogony. During schizogony, asynchronous nuclear division results 
in a non-geometric expansion, after which a final round of nuclear division leads to 
the coordinated segmentation of daughter cells2. Although it was previously thought 
this last round of nuclear division happens in a synchronous manner, a recent 
study from Rudlaff et al. demonstrated this happens asynchronously3. Toxoplasma 
gondii, the causative agent of toxoplasmosis, replicates via endodyogeny during 
tachyzoite stage. During this process, DNA replication is immediately followed by 
the assembly of two daughter cells within the parental parasite2. Endopolygeny 
is a mode of replication that is used by parasites such as Sarcocystis neurona. These 
parasites undergo multiple rounds of mitosis without nuclear division, resulting in 
a polyploid nucleus. Only during daughter cell assembly, the last round of mitosis 
is followed by nuclear division and the packaging of haploid nuclei in the daughter 
parasites2,4. During these processes, parasites need to have extensive spatial and 
temporal control to ensure proper segregation of organelles and distribution of 
genetic material over daughter cells.



30 | Chapter 2

Like almost all eukaryotes, apicomplexan parasites contain a nucleus, endoplasmic 
reticulum (ER), and Golgi complex. However, they also harbor a specialized set of 
secretory organelles, including the rhoptries, micronemes, and dense granules, 
which are important for parasite invasion and establishment of parasitophorous 
vacuole (PV). These organelles are formed de novo during late intracellular stages5. 
Additionally, Apicomplexa possess an inner membrane complex (IMC) located 
directly beneath the plasma membrane. The IMC consists of flattened membrane 
sacs called alveoli and plays an important role in parasite replication, motility, 
and host cell invasion6. Furthermore, Apicomplexa harbor two singular organelles 
of endosymbiotic origin, the mitochondrion and a plastid organelle called the 
apicoplast, which both have their own reduced genomes7. The apicomplexan 
mitochondrion differs greatly from their host mitochondria on molecular and 
functional level8. One striking difference is that P. falciparum asexual blood stages 
use their electron transport chain primarily for pyrimidine biosynthesis, rather than 
ATP synthesis, manifesting in the loss of cristae9,10. The apicoplast was acquired by 
secondary endosymbiosis of a red alga but has lost its photosynthetic capacity11,12. 
This organelle is characterized by four membranes and plays a key role in major 
metabolic pathways, such as generation of isoprenoid, fatty acids, and heme13. 
The essentiality of the mitochondrion and apicoplast in apicomplexan parasites is 
demonstrated by the fact that these organelles are well-established drug targets14,15. 
A recent subcellular atlas of the Toxoplasma proteome confirmed a significant 
overrepresentation of essential functions in these endosymbiotic organelles16,17.

As each individual parasite harbors only a single mitochondria and apicoplast, it is 
highly important that they are properly divided and distributed over daughter cells 
during cell division. Unlike organelle fission in mammalian, yeast, and plant cells, 
almost nothing is known about organelle fission in apicomplexan parasites. Other 
eukaryotic cells often harbor multiple mitochondria that are able to rapidly change in 
size, shape, and position. They undergo continuous fission and fusion events to adapt 
to energy needs of the cell18. In contrast, organelle division in apicomplexan parasites 
it tightly linked to cell division and spontaneous fusion or fission events have not 
been observed5,19,20. Although loop formation of the mitochondrion in T. gondii and 
P.  falciparum could suggest the presence of self-fusion events, no components of a 
fusion machinery have been identified, indicating fusion of the individual organelles 
is redundant in these parasites19,20. In this review, we will describe organelle dynamics 
during cell division of the most commonly studied apicomplexan parasites, 
P.  falciparum and T.  gondii, with a focus on the apicoplast and mitochondrion. 
Furthermore, we will summarize the current understanding of the molecular 
mechanisms underlying organelle fission in these parasites and introduce candidate 
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fission proteins. Finally, we propose possible fission scenarios during schizogony and 
speculate about future directions to unravel these essential processes.

Organelle dynamics during cell division
During eukaryotic cell division, the cytoskeleton, membranes, and organelles 
change dramatically. In order to be fully functional, each daughter cell must 
be equipped with a complete set of organelles. A dividing cell is faced with the 
challenge of partitioning many different organelles that can vary in size, per-cell 
number, shape, and location. In mammalian cell division, larger and more complex 
organelles, such as the ER, Golgi and nuclear envelope must be extensively 
remodeled and disassembled before being distributed and reformed18. Smaller 
organelles that occur in larger numbers per cell, such as mitochondria, are 
fragmented prior to their distribution during cell division21. Unlike mammalian and 
plant cells, apicomplexan parasites harbor only one of each of their endosymbiotic 
organelles that demonstrate highly dynamic structures during the replication cycle. 
Organelles linked to the endomembrane system, such as ER, Golgi, and secretory 
organelles are distributed over daughter cells using a combination of de novo 
synthesis and recycling. However, endosymbiotic organelles need to replicate their 
genomes and undergo division, similarly to their bacterial ancestors. Organelle 
division is tightly coupled to cell division and happens in a highly organized and 
consecutive manner.

Structural of organelles during Toxoplasma gondii replication
During endodyogeny in T. gondii, individual organelles are divided and distributed 
equally in assembling daughter parasites in a tightly synchronized manner. The 
division process starts with fission of the Golgi and migration of the centrosome 
from the apical to the basal side of the nuclear envelope (Fig 1A). After duplication, 
the centrosomes return to the apical side of the nucleus5,22. The importance of 
this migration is not yet understood. At the same time, the single Golgi apparatus 
of the parasite undergoes lateral elongation and medial fission5,22,23. After Golgi 
fission, centrosomes localize at the inner ends of the divided Golgi. The apicoplast 
also associates with the centrosomes and undergoes lateral extension5,24. The 
scaffold of the two daughter cells, consisting of the conoid, IMC, and subpellicular 
microtubules, start to form and encapsulate the Golgi. The opposite ends of the 
elongated apicoplast are drawn into the growing daughter cells. The organelle 
remains associated with the centrosomes, resulting in a U-shape structure24,25. Next, 
the apicoplast undergoes medial fission and both daughter apicoplasts are packed 
in the assembling daughter cells. The mitochondrion typically has a lasso shape 
structure associating with the periphery of the parasite19,26. During G1 and apicoplast 
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elongation stages, the apicoplast and mitochondrion transiently associate with 
each other5. At the start of daughter IMC formation, the mitochondrion starts to 
form branches at multiple locations along its length. The ER forms a network-like 
structure with extensions from the nuclear envelope5,27. As the daughter scaffold 
elongates, DNA replication is completed and the nucleus lobulates. Following 
nuclear division, the ER enters the forming daughter scaffolds from the basal 
side together with the nucleus. Remarkably, the mitochondrion is completely 
excluded from the developing daughter cells, until very late during cell division. 
Once initiated, the entry of the mitochondrial extensions into the daughter cells is 
very fast. Here, the lasso shaped form of the mitochondrion is re-established, but 
the newly formed mitochondria remain attached at the basal part for an unknown 
period of time5,28. Ultimately, daughter mitochondria are separated at the basal part. 
Finally, maternal organelles and structures, such as micronemes, rhoptries, the IMC, 
and plasma membrane are almost quantitatively recycled from the parental to the 
daughter parasites29. This recycling process depends on a highly dynamic F-actin 
network that organizes the residual body and connects individual parasites to 
ensure equal distribution of maternal organelles to the forming daughter cells29,30. 
Indeed, while earlier studies suggested a relatively minor role of the parasites acto-
myosin system during replication and focused on its role in gliding motility and host 
cell invasion, recent findings demonstrate that actin and unconventional myosins, 
such as MyoF, play crucial roles in organelle recycling, apicoplast segregation and 
organization of the parasites endomembrane system30–33.

Structural changes of organelles during P. falciparum replication
In contrast to the relatively straightforward cell division of T.  gondii where the 
parental cell segments into two daughter cells, the process of schizogony in 
P.  falciparum is more complex. During erythrocytic schizogony of P.  falciparum, 
up to 32 daughter parasites can be formed in a single parental cell. Consequently, 
organelles undergo drastic morphological changes and complicated fission patterns 
(Fig 1B). In early ring-stage parasites, the ER has a simple crescent shape around 
the nucleus20. The single Golgi apparatus of the parasite localizes closely to the ER 
and the nucleus34. The apicoplast has a rounded shape, while the mitochondrion 
is typically slightly elongated and has a tubular form20. As the parasite develops 
into a trophozoite, the ER forms extensions into the cytosol and around the food 
vacuole. The mitochondrion elongates further through the cytoplasm and starts 
to form branches, while the apicoplast mostly retains its rounded shape. During 
these earlier stages of parasite development, the apicoplast and mitochondrion 
often localize in close proximity to each other. In contrast to T. gondii, P. falciparum 
parasites lack canonical centrosomes. They organize their mitotic spindle from 
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a centriolar plaque, which is embedded in the nuclear envelope35. The centriolar 
plaque duplicates and migrates to opposite sides of the nucleus prior to nuclear 
division36. This pattern repeats itself coincident with the asynchronous nuclear 
division. Similar to T.  gondii, the Golgi apparatus also duplicates prior to nuclear 
division. Only after the onset of nuclear division in early schizonts, the apicoplast 
elongates and the mitochondrion starts to form a more complex branched 
structure20,37. The ER forms a highly branched mesh-like network and further 
multiplication of the Golgi occurs34,38. As the apicoplast branches out, the number 
of contact points with the mitochondrion increases. The apicoplast divides during 
late stage schizogony prior to mitochondrial division3. Daughter apicoplasts 
associate with the smaller branches of the mitochondrion. The mitochondrion only 
divides very late during schizogony and segregates as a pair with the apicoplast 
into the new daughter merozoites. How and when the ER is divided and distributed 
during schizogony, remains largely unexplored. In newly formed merozoites, the ER 
has again a crescent-like shape around the nucleus, while the apicoplast is rounded 
and the mitochondrion has a slightly elongated tubular structure20.

Interestingly, similar apicoplast and mitochondrial fission patterns have been 
observed in liver-stage parasites, but on a much larger scale with simultaneous 
formation of tens of thousands of merozoites39. During the extremely fast rounds of 
nuclear division in liver-stage parasites, the apicoplast and mitochondrion become 
extensively elongated and branched structures. The apicoplast divides with 
surprising synchronicity along its length while remaining closely associated with 
the mitochondrion, which forms finger-like structures. Similar to intraerythrocytic 
schizogony, during hepatic schizogony the apicoplast always divides prior to 
the mitochondrion. Shortly before formation of the daughter parasites, the 
mitochondrion divides in a similarly synchronous manner.

Organelle contact sites
During the cell division process of both T. gondii and P. falciparum, there are several 
moments of membrane contact between different organelles. Interestingly, in human 
cells association between the ER and mitochondrion is needed for the initial step of 
mitochondrial division40. The ER tubules wrap around the mitochondria and facilitate 
actin-myosin mediated mitochondrial constriction. This pre-constriction step is 
required to decrease the mitochondrial diameter by approximately half, allowing 
the mitochondrial division machinery to be recruited. Recently, these mitochondrial-
ER contact sites have also been implicated in phospholipid and calcium transfer 
during division, suggesting that these contact sites also present a signaling platform 
for metabolite exchange that facilitates membrane remodeling and division41,42. 
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Although membrane contact points between the mitochondrion and ER in T. gondii 
and P. falciparum have not been reported, close association between the apicoplast 
and extensions of the ER has been observed in these parasites43–45. Association 
of other four-membrane-bound plastids with the ER has also been observed in 
heterokont, haptophyte, and cryptomonad algae46. In plants, contact sites between 
the chloroplast and the ER are indicated to be involved in lipid transport47. Apicoplast-
ER contact sites in apicomplexan parasites might also play a role in lipid distribution, 
which is needed for membrane remodeling and organelle dynamics43. So far there 
is no evidence that ER tubules physically wrap around the apicoplast to mediate 
apicoplast constriction, however, this remains largely unexplored.

The apicoplast and mitochondrion in T. gondii and P. falciparum divide subsequently 
while they have several transient contact sites. These contact sites have been 
observed with fluorescent and electron microscopy during both intraerythrocytic 
as well as hepatic schizogony20,39,44,48. It has been suggested that organelle contact 
facilitates metabolic exchanges, important for the biosynthesis pathway of heme, 
isoprenoid, iron-sulfur clusters, and fatty acids44,48–53. The contact points between 
these organelles might also represent a mechanism to ensure that every daughter 
parasite receives only one of each organelle20,39. Since apicoplast and mitochondrial 
fission happen in two subsequent steps, it is also possible that these contact sites 
allow exchange of a putatively shared fission machinery involved in the division of 
both organelles. However, so far this theory remains unexplored.

Figure 1. Schematic overview of organelle morphology during endodyogeny in T.  gondii and 
schizogony in P. falciparum. A) Replication cycle of T. gondii tachyzoites. 1) Mature parasite. 2) Lateral 
elongation of the Golgi and migration and duplication of the centrosome at the basal site of the nucleus. 
3) Centrosomes migrate back to the apical side of the nucleus and associate with the Golgi, which 
undergoes medial fission. The apicoplast also associates with the centrosomes and undergoes lateral 
extension. Budding is initiated with the formation of the IMC of daughter parasites. 4) Further formation 
of the IMC scaffold. Apicoplast remains associated with the centrosomes resulting in a U-shape. Nucleus 
and surrounding ER start to divide and enter the daughter parasites. 5) Fission of the apicoplast and 
nucleus with the ER. IMC scaffold encapsulates divided organelles. Extensions of the mitochondrion 
enter the daughter parasites. Degradation of parental secretory organelles and IMC. 6) Daughter  
parasites emerge, formation of the secretory organelles, establishment of the mitochondrial lasso, 
formation of the basal body. Only at the very last moment of division, mitochondria are separated 
at the basal end. B) Asexual replication of P.  falciparum in red blood cells. 1) Ring-stage parasite. 
2) Elongation of the mitochondrion and division of the CP and Golgi. ER forms extensions into the 
cytosol. 3) Further elongation and branching of the mitochondrion and apicoplast. Further replication 
of the Golgi and CP. Replication and expansion of the ER surrounding the dividing nuclei. 4) Apicoplast 
divides and associates with mitochondrial branches. Last round of nuclear division. 5) Mitochondrial 
division and formation of the daughter parasites. 6) Egress of merozoites from the red blood cell. 
Yellow, rhoptries; ochre, conoid; green, apicoplast; red, mitochondrion; light blue, nucleus; dark blue, 
ER; purple, Golgi apparatus; orange, centrosome (A) or centriolar plaque (CP) (B); gray, IMC. 
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Mechanisms of endosymbiotic organelle segregation

Distribution of endosymbiotic organelles
While the unusual morphology of apicomplexan parasites suggests the presence 
of rather unique machineries and proteins, other aspects of organelle division 
and distribution during the formation of daughter cells appear a common theme 
throughout the eukaryotic kingdom. Thus, distribution of divided organelles 
in eukaryotic cells typically involves coordinated remodeling of actin and the 
microtubule cytoskeleton. Microtubules and microtubular dynamics are critical for 
daughter cell assembly31. Interestingly, cell division is coordinated by a homolog 
of the striated rootlet fiber of algal flagella, striated fiber assemblins that are only 
expressed during division and connect the centrosome with the microtubule 
organization centers of the developing daughter cells, thereby defining the symmetry 
axis for division. Furthermore, centrosomes are tightly linked with the apicoplast, 
which is thought to be required for proper segregation during cytokinesis and 
allows to distribute apicoplasts evenly among daughter parasites24. In contrast, until 
recently the multiple roles of the parasites acto-myosin system during replication 
remained obscure, since the organization and functions of the actin cytoskeleton 
in apicomplexan parasites remained elusive due to the lack of adequate reagents 
to visualize F-actin and in vitro data that suggested that only short filaments can 
be formed in an unusual, isodesmic polymerization mechanism54. However, recent 
studies clarified that apicomplexan actin is well capable of forming long filaments 
of up to 30 µm in a cooperative polymerization mechanism, as seen for canonical 
actins55,56. Furthermore, with the application of the actin chromobody it was possible 
to visualize F-actin in T.  gondii and P.  falciparum and to explain surprising effects 
caused by disruption of F-actin dynamics or parasite myosins30,33,57–60.

As in other eukaryotes, parasite actin plays crucial roles during parasite division 
and is involved in recycling of maternal organelles as well as apicoplast inheritance. 
Interestingly, the unconventional myosin F (MyoF) appears the central motor 
protein for these diverse functions. Ablation of TgMyoF leads to loss of the 
apicoplast and affects the dynamic, positioning and movement of organelles of the 
endomembrane system33,59,61. To date, the exact function of MyoF and actin during 
apicoplast segregation is unknown. Interestingly, depletion of the actin nucleator 
Formin-2, which is localized close to the apicoplast, leads to a similar defect in 
apicoplast segregation in both, T. gondii and P. falciparum57. Importantly, the acto-
myosin system appears to act downstream of apicoplast fission, since individual 
parasites can possess several, while others do not obtain a single apicoplast, upon 
interference with the acto-myosin system.
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While the role of actin, striated fiber assemblins and microtubules in division and 
segregation of the apicoplast is well documented, their role in mitochondrial 
segregation is still obscure and requires further analysis.

Table 1. Overview of conserved endosymbiotic organelle fission proteins in T. gondii and P. falciparum.

Protein Function T. gondii homolog P. falciparum 
homolog

Drp1, Dnm2 (human), 
Dnm1 (yeast),  
Drp3A/B (plant),  
Drp5B (alga)

Dynamin related 
protein, formation 
contractile ring

DrpA 
(TGME49_267800), 
DrpB 
(TGME49_321620), 
DrpC 
(TGME49_270690)

DYN2 
(PF3D7_1037500), 
DYN1 
(PF3D7_1145400),
DYN3 
(PF3D7_1218500)

hFis1, yFis1 Drp1/Dnm1 adaptor 
protein

Fis1 (TGME49_263323) Fis1 (PF3D7_1325600)

Mff/MiD49/MiD51 
(human)

Drp1 adaptor protein NA NA

Mdv1/Caf4 (yeast) Dnm1 adaptor protein NA NA

FtsZ complex  
(plants/alga)

Formation Z-ring NA NA

MDR1, PDR1  
(plants/alga)

Formation MD/PD ring NA NA

INF2/Spire1C (human) ER-mediated 
constriction of the 
mitochondrion

NA NA

Ancestral and eukaryotic division machinery
Mitochondria and plastids both have an endosymbiotic ancestry. It is widely 
accepted that mitochondria originate from primary endosymbiosis of an ancestral 
alphaproteobacterium. The apicoplast, being surrounded by four membranes, is the 
result of a secondary endosymbiotic event. It originates from a red alga that in turn 
obtained a plastid by endosymbiosis of a cyanobacterium51. Some early-branching 
eukaryotes, such as Amoebozoa, stramenopiles, and the red alga Cyanidioschyzon 
merolae, still use a similar division machinery as their bacterial ancestors for fission 
of their endosymbiotic organelles62. Bacteria divide by oligomerization of a tubulin-
like GTPase, FtsZ, at the cytosolic membrane, corresponding to the matrix side of the 
inner mitochondrial membrane (IMM), where a so-called Z-ring is formed (Fig 2A). 
Together with a dozen other conserved proteins, the Z-ring comprises the divisional 
machinery and mediates mid-cell constriction63. We searched for apicomplexan 
homologs by performing reciprocal blast searches in vuepatdb and ncbi protein blast 
databases. Confirming previous studies, our bioinformatic analysis did not show any 
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homologs to components of the FtsZ division machinery in Apicomplexa (Table 1), 
suggesting that these parasites do not harbor this bacterial-like division system4,50.

Many eukaryotes have partially or wholly replaced the ancestral division machinery 
with a new dynamin-based division machinery (Fig 2A). Dynamins or dynamin-
related proteins (DRPs) are large GTPases that can form ring-like oligomers (dynamin-
ring) and change conformation to facilitate membrane constriction, scission, or 
fusion64. They play a key role in processes such as vesicle budding, cytokinesis and 
organelle division. For example, the mammalian dynamin-related protein 1 (Drp1) 
and yeast dynamin-related GTPase Dnm1 mediate mitochondrial fission.

Dynamins and their central role in organelle division
All members of the dynamin superfamily have a similar architecture; a large GTPase 
domain, a middle domain (MD), and a downstream GTPase effector domain (GED)64. 
Three DRPs were identified in T.  gondii (TgDrpA-C) and P.  falciparum (PfDYN1-3) 
(Table 1). TgDrpA/PfDYN2 and TgDrpB/PfDYN1 have the typical DRP architecture, 
while TgDrpC/PfDYN3 is apicomplexan-specific and lacks both the GED and MD 
domains65,66. Surprisingly, TgDrpC which lacks the two domains that are normally 
involved in the oligomerization and regulation of the GTPase activity, has recently 
been indicated to be involved in mitochondrial fission in T. gondii28. TgDrpC localizes 
in puncta in the cytoplasm and concentrates at the mitochondrion constriction 
site during the last steps of cell division, similar to localization of well-studied 
DRPs in other systems28,67–69. Conditional knockdown of TgDrpC showed that this 
protein is essential for parasite replication and significantly affects morphology 
of the mitochondrion, apicoplast, IMC, and Golgi28,69. Additionally, TgDrpC has 
been shown to interact with proteins that are homologous to proteins involved in 
vesicle transport69. However, expression of a dominant-negative form of TgDrpC 
resulted in impaired mitochondrial segregation and permanent mitochondrial 
interconnection, suggesting a role in mitochondrial division28. It is still unclear if 
TgDrpC actually forms a dynamin-ring that mediates mitochondrial constriction or 
if it plays a more indirect role in mitochondrial fission. Although the P.  falciparum 
ortholog PfDYN3 is predicted to be essential70, expression data do not unanimously 
support a role in mature asexual blood stages but appear rather variable across 
different studies (https://plasmodb.org). Thus, it still remains to be determined if 
PfDYN3 plays a role in mitochondrial fission or has additional functions.

TgDrpB is thought to be involved in the biogenesis of secretory organelles 
in T.  gondii. Conditional ablation of TgDrpB resulted in the parasites that lack 
micronemes and rhoptries, and were unable to escape or invade the host cells66. 
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TgDrpB is possibly involved in formation of vesicles for the secretory pathway 
that form the secretory organelles. The P.  falciparum homolog PfDYN1 is essential 
for parasite survival and is suggested to play a role in vesicle budding during 
hemoglobin uptake71–73.

In plants and algae, plastid division relies on the combined action the ancestral 
Z-ring and the eukaryotic dynamin-ring, and it is structurally and functionally highly 
similar to the mitochondrial division machinery74. A similar division machinery is 
used by some heterokonts that acquired their plastids via secondary endosymbiosis 
and therefore harbor four plastid membranes75. However, apicomplexan parasites 
lack homology to both the FtsZ division system and the plant and alga dynamin 
division system (ARC5 and Dnm2, respectively). This suggests that Apicomplexa 
have lost the primary chloroplast division machinery and developed a new 
mechanism for the division of the apicoplast that is different from the division 
machinery of previously studied plastids25,76.

Phylogenetic analysis has shown that TgDrpA and PfDYN2 are distinct from 
chloroplast division proteins and cluster together with other DRPs, such as human 
Drp1, that are involved in fission of the outer mitochondrial membrane (OMM)76. 
Surprisingly, Van Dooren et al. have shown that TgDrpA is involved in apicoplast 
fission in T. gondii25. Overexpression of a non-functional TgDrpA resulted in severe 
growth defects of the parasite and impaired apicoplast segregation. Additionally, 
TgDrpA localizes to the apicoplast fission point during endodyogeny, where a 
potential dynamin-ring can be expected25. This would mean that the apicoplast 
uses a unique plastid division machinery that is highly similar to the mitochondrial 
dynamin-based division machinery. Although PfDYN2 has been shown to have 
GTPase activity in vitro, it remains to be determined if it has a role in apicoplast 
division in P. falciparum76. An interesting observation entered as a comment by Ellen 
Yeh in PlasmoDB (http://plasmodb.org) lends support for roles beyond apicoplast 
fission. She noted that, while knockdown of this protein results in growth inhibition, 
this inhibition was not rescued by IPP as would be expected when PfDYN2 would 
function at the apicoplast exclusively.

Besides the FtsZ and dynamin rings, EM studies have identified another electron-
dense specialized ring structure at the division site of plastids and mitochondria 
in numerous photosynthetic eukaryotes77–79. The plastid-division (PD) ring 
comprises of two or three types of specialized electron dense ring structures:  
(i) the outer PD ring, which forms the main skeletal structure of the plastid division 
machinery and consists of a ring-shaped bundle of nanofilaments on the cytosolic 
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side of the organelle membrane79; (ii) the inner PD ring, which is formed on the 
inside of the inner plastid membrane; and (iii) an intermediate PD ring, which 
has been observed in the intermembrane space of C.  merolae and the green alga 
N.  bacillaris80,81. Although the conservation of the middle PD ring is less clear, the 
outer and inner PD rings have been found in many members of the plant kingdom 
and have been observed at division sites of multiple types of plastids, including 
proplastids, amyloplasts, and chloroplasts82. In some lineages of heterokonts, which 
harbor a four-membrane plastid of secondary endosymbiosis, an outer PD ring has 
been observed83,84. However, it remains unclear if other secondary endosymbiotic 
plastids, including the apicoplast also harbor this PD-ring for their organelle 
division. Interestingly, in lower eukaryotes a counterpart of the PD ring was found 
in mitochondrial division79,85. This mitochondrial division (MD) ring also consists of 
an inner MD ring located at the matrix side of the IMM and an outer MD ring at the 
cytosolic side of the OMM. In contrast to the PD ring, MD rings have so far only been 
identified in early branching eukaryotes, although some studies in yeast and human 
cells also identified electron dense structures at the mitochondrial division site86,87.

Both the PD and MD rings have been shown to consists of polyglucan filaments that 
form a belt-like structure88,89. Plastid-Dividing Ring 1 (PDR1) is a glycosyltransferase 
protein in C.  merolae that is embedded in the polyglucan filaments of the outer 
PD ring at the plastid division site and is thought to play an important role in the 
elongation of the glucan chain. The recently identified mitochondrial analogue 
Mitochondrion-Dividing Ring 1 (MDR1) has little sequence similarity with PDR189. 
However, MDR1 and PDR1 both harbor a glycosyltransferase domain that belongs 
to the type-8 subgroup of the glycosyltransferase family and they have homologous 
functions in plastid and mitochondrial division. PDR1 orthologues have been 
identified in other land plants, but it remains unclear if it is conserved in other 
eukaryotes or apicomplexan parasites. Further studies are needed to investigate if 
apicomplexan parasites harbor a PD-ring in their apicoplast division machinery.

Adaptor proteins, recruiters of the organelle division machinery
DRPs are recruited to the site of fission by adaptor proteins that associate with the 
organelle membrane (Fig 2A)90,91. After recruitment of DRPs, the multimeric DRP 
structures are assembled and the dynamin ring is formed. Although DRPs are well 
conserved, adaptor proteins are highly variable between different eukaryotes and 
are not related by primary amino acid sequence, predicted secondary structure, 
or domain composition90. Several mitochondrial adaptor proteins have been 
identified in human (Mff, MiD49, MiD51, Fis1) and yeast (Mdv1, Caf4, Fis1) (Table 1). 
Interestingly, the membrane anchored Fis1 is the only mitochondrial adaptor protein 
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that is highly conserved among eukaryotes that contain mitochondria. In yeast, Fis1 is 
the only known membrane bound adaptor protein and is essential for the membrane 
recruitment of the other fission proteins Mdv1 and Caf4, which in turn recruit the 
mitochondrial fission machinery (Fig 2B)92,93. Conversely, there is redundancy in the 
role of human Fis1 where Drp1 recruitment can be facilitated by the other adaptor 
proteins, Mff, MiD49, and MiD51 (Fig 2B)94,95. Overexpression of human Fis1 leads 
to mitochondrial fragmentation, indicating a role in mitochondrial dynamics96. 
Although T.  gondii and P.  falciparum lack homologs to other mitochondrial adaptor 
proteins, both parasites harbor a Fis1 ortholog (Table 1)28,97. Fis1 is a relatively small 
protein of approximately 16 kDa and contains two tetratricopeptide domains, 
a C-terminal transmembrane domain and a small C-terminal tail97,98. N-terminal 
tagging of Fis1 in T. gondii and P. falciparum confirmed its mitochondrial localization, 
which depends on its C-terminal transmembrane domain and the C-terminal tail. 
Conditional knockdown or knockout of Fis1 in T.  gondii and P.  falciparum did not 
result in a growth defect nor affect mitochondrial morphology28,97. This suggests 
that Fis1 is dispensable and does not play an essential role in mitochondrial fission 
in these parasites. However, T.  gondii parasites lacking Fis1 were less susceptible to 
the polyether ionophore monensin, which induces morphological changes of the 
mitochondrion as a result of constrictions in the OMM98. Additionally, mislocalization 
of Fis1 to the cytoplasm by the truncation of the C-terminal transmembrane domain 
in T. gondii caused significant alterations in mitochondrial morphology. These results 
indicate a role for Fis1 in mitochondrial morphology and suggest that Fis1 might 
interact with other proteins that are critical for mitochondrial morphology, which are 
pulled away from their action site upon Fis1 mislocalization. Jacobs et al. identified 
a novel OMM protein interacting with Fis1 in T. gondii, which they named the lasso 
maintenance factor 1 (LMF1). LMF1 disrupted parasites show significant growth 
defect, altered mitochondrial morphology and failure of proper mitochondrial 
segregation during endodyogeny98. LMF1 might be localized to the mitochondrion by 
protein-protein interaction with Fis1, where it might be directly or indirectly involved 
in the recruitment of the fission machinery. Additionally, knockout of LMF1 resulted 
in sperm-like and collapsed mitochondrial morphologies, which could be due to 
the loss of contact sites between the mitochondrion and the IMC. However, further 
research is needed to confirm these roles of LMF1 in mitochondrial morphology and 
division. We were not able to identify an LMF1 ortholog in P. falciparum.

It is clear that our understanding of the proteins and mechanisms involved in 
mitochondrial fission in apicomplexan parasites is very limited. As the role of Fis1 
is dispensable, it is likely that there are other, as yet unidentified adaptor proteins in 
apicomplexan parasites that are essential for the recruitment of the division machinery.
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Figure 2. Schematic representations of organelle division mechanisms. A) Endosymbiotic organelle 
division machineries. Endosymbiotic organelles are divided by the ancestral FtsZ-based division 
machinery where the Z-ring forms beneath the inner organelle membrane and/or the eukaryotic 
dynamin-based division machinery in which the dynamin ring forms at cytosolic side of the outer 
organelle membrane. B) Adaptor proteins recruit the mitochondrial division machinery in yeast, human, 
and apicomplexan parasites. In yeast, the membrane anchored Fis1 recruits adaptor proteins Mdv1 
and Caf4, which in turn recruit Dnm1 to form the constrictive ring. In human cells, multiple membrane 
anchored adaptor proteins, including Fis1, Mff, and MiD49/51 are able to recruit Drp1 and form the 
division machinery. In apicomplexan parasites, the function of Fis1 in the recruitment of the division 
machinery is dispensable, indicating the existence of other essential adaptor proteins. Additionally, 
in T. gondii LMF1 seems to bind to Fis1 and might be directly or indirectly involved in the recruitment 
of the division machinery. C) Three possible scenarios for mitochondrial and apicoplast fission during 
schizogony. In the synchronous fission scenario, many fission points will occur simultaneously, resulting 
in an instant division of the organelle in daughter organelles. In the outside-in fission scenario, the 
fission points will be formed at the endings of the network-like organelle and daughter organelles will 
be formed by fission from the endings to the center. In the branching point fission scenario, fission points 
occur at the branching points of the organelle network, generating smaller fragments.

<
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Conclusions and perspectives

Apicomplexan parasites have two different endosymbiotic organelles but harbor 
only one of each. The mitochondrion and apicoplast are both essential for parasite 
development. This makes proper division and distribution over daughter cells 
essential. Parasites utilize fission machineries to divide their mitochondrion and 
apicoplast that have highly diverged from their endosymbiotic ancestors and their 
human host. Therefore, these might form an attractive target for drug development. 
While some progress has been made towards a better understanding of the 
molecular processes involved, most of the fundamental mechanisms underlying 
organelle division remain elusive.

Morphological studies in both T.  gondii and P.  falciparum revealed that apicoplast 
division precedes mitochondrial division, which happens only during the final 
stages of cell division. In contrast to T.  gondii that needs to divide and distribute 
the organelles over two daughter cells, P. falciparum must divide its mitochondrion 
and apicoplast in up to 32 fragments during blood-stage schizogony and even 
thousands during sporozoite and liver-stage merozoite formation. Here, we 
propose three possible scenarios for division of the mitochondrion and apicoplast 
in P. falciparum (Fig 2C):

i.	 synchronous fission - instant division of the organelle into daughter 
organelles with many simultaneous fission points at the organelle.

ii.	 outside-in fission - organelle division takes place at the ends of the network-
like organelle, which are split off until the whole organelle is divided into 
daughter organelles.

iii.	 branching point fission - branching points of the mitochondrial network 
are the initial fission sites generating a few smaller fragments, which are then 
divided until all the daughter organelles are formed.

The ability to visualize and manipulate organelles and sub-organellar structures in 
high-resolution in a non-invasive manner is critical for understanding which, if any, of 
these scenarios apply to organelle fission in P. falciparum. Technological developments, 
such as lattice light sheet microscopy and high-resolution live imaging, together with 
the development of non-invasive organelle markers will enable the capturing of the 
process of organelle division in apicomplexan parasites in 4D.

In conclusion, the components and mechanisms of the organelle division machinery 
in apicomplexan parasites remain largely unknown. The endosymbiotic organelle 
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division machinery in eukaryotes includes at least one contractile ring, FtsZ- or 
dynamin-based, that mediates mid-organelle constriction. Although apicomplexan 
parasites lack components of the ancestral FtsZ-based division machinery, they do 
harbor three DRPs of which two have been indicated to be involved in apicoplast 
or mitochondrial division. Further studies are needed to verify the function of these 
proteins in organelle division. In contrast to the DRPs, adaptor proteins that recruit 
the division machinery are highly variable in eukaryotes. T. gondii and P. falciparum 
both harbor a Fis1 homolog, which is a highly conserved and extensively studied 
adaptor protein in humans, yeast, plant and algae. Although its function in 
mitochondrial fission in these parasites needs to be verified, dispensability of this 
protein indicates that there are unidentified and more important adaptor proteins 
that are central to recruitment of the division machinery. Despite a gradually 
expanding experimental genetics toolbox, ever better imaging resolution, e.g. the 
successful implementation of expansion microscopy99 and FIB-SEM3, and novel 
proteomics-based approaches to study protein-protein interaction and protein 
complexes10,100. The studying of such short-lived interactions will remain a significant 
challenge. Nevertheless, the search for the apicomplexan endosymbiotic organelle 
division machinery or machineries continues. Understanding the molecular basis 
of the organelle division machinery in apicomplexan parasites will enable a better 
understanding of this fascinating and essential process.
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Abstract

The malaria causing parasite, P. falciparum, replicates through a tightly orchestrated 
process termed schizogony, where approximately 32 daughter parasites are formed 
in a single infected red blood cell and thousands of daughter cells in mosquito or 
liver stages. One-per-cell organelles, such as the mitochondrion and apicoplast, 
need to be properly divided and segregated to ensure a complete set of organelles 
per daughter parasites. Although this is highly essential, details about the processes 
and mechanisms involved remain unknown. We developed a new reporter parasite 
line that allows visualization of the mitochondrion in blood and mosquito stages. 
Using high-resolution 3D-imaging, we found that the mitochondrion orients in a 
cartwheel structure, prior to stepwise, non-geometric division during the last stage 
of schizogony. Analysis of focused ion beam scanning electron microscopy (FIB-
SEM) data confirmed these mitochondrial division stages. Furthermore, these data 
allowed us to elucidate apicoplast division steps, highlighted its close association 
with the mitochondrion, and showed putative roles of the centriolar plaques (CPs) in 
apicoplast segregation. These observations form the foundation for a new detailed 
mechanistic model of mitochondrial and apicoplast division and segregation during 
P. falciparum schizogony and pave the way for future studies into the proteins and 
protein complexes involved in organelle division and segregation.
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Introduction

Malaria is a devastating parasitic disease causing an estimated 249 million cases 
resulting in approximately 608,000 deaths in 2022, especially in children under 5 years 
old1. Plasmodium falciparum is the most virulent parasite species causing malaria. 
Continued emergence of resistant parasites to antimalarial drugs is a major problem for 
global malaria control and necessitates continued development of novel antimalarials.

The malaria parasite harbors a unique mitochondrion that differs greatly from 
the human mitochondrion at a molecular and functional level2. While the most 
prominent role of the mitochondrion in humans is respiration and consequent 
energy conversion, in the disease-causing asexual blood stages of P.  falciparum 
the respiratory chain appears to be exclusively essential to support pyrimidine 
biosynthesis3. It is only during preparation for transition to the mosquito vector 
where sexual reproduction takes place, that canonical mitochondrial functions 
such as the tricarboxylic acid cycle (TCA) cycle and the oxidative phosphorylation 
(OXPHOS) pathway become more abundant and critical4,5. Because of these 
differences, it is not surprising that this organelle is the drug target of several anti-
malarial compounds, such as atovaquone, DSM265, proguanil and ELQ3006,7.

Host and stage transitions are commonplace in the complicated life cycle of 
Plasmodium parasites. During erythrocytic asexual replication, one parasite is 
segmented into approximately 32 merozoites through a tightly orchestrated 
process called schizogony. Cell division happens on a much larger scale in mosquito 
and liver stages, where one parasite is divided into thousands or even tens of 
thousands of daughter parasites. During P.  falciparum cell division, the single 
parasite mitochondrion needs to be properly divided and distributed among the 
daughter cells9. During parasite development in asexual blood stages, the tubular 
mitochondrion elongates and forms a large, branched network that stretches 
throughout the parasite10. Only during the final stages of schizogony, once nuclear 
division is completed, does the mitochondrion undergo rapid fission11. The apicoplast, 
another essential single copy organelle of secondary endosymbiotic origin, forms 
a comparable branched network, but divides prior to mitochondrial fission during 
blood- and liver-stage replication10,12. To produce viable offspring, the parasite has to 
ensure that each daughter parasite has a complete set of these organelles. However, 
so far a detailed view of these processes and the mechanisms involved is lacking.

We aimed to capture the process of mitochondrial division in these multinucleated 
cells in detail using different imaging methods. However, this comes with several 
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challenges. Firstly, imaging the small-sized parasites (1-7 μm diameter), and the 
even smaller organelles within the parasites, requires the use of super-resolution 
imaging techniques. Secondly, visualization of the mitochondrion requires a 
specific fluorescent marker or dye. Mitochondrial dyes, such as Rhodamine123 and 
MitoTrackerTM, have been widely used in the field13. These dyes rely on membrane 
potential to enter the mitochondrion and are therefore also used as a viability 
marker14. However, eight of these dyes were tested in a drug screen all showing 
IC50 values below 1μM with three, Mito Red, DiOC6, and Rhodamine B being 
highly active against P.  falciparum with IC50 values below 30 nM15,16. Additionally, 
in our hands MitoTracker signal can be diffuse, and therefore limit the resolution 
that is needed for the visualization of mitochondrial fission. Hence, we aimed to 
develop a reporter parasite line which harbors a fluorescent mitochondrial marker 
that allows imaging of this organelle in live and fixed conditions in all life-cycle 
stages of P.  falciparum. To do this, we deployed a similar strategy that has been 
used successfully in the rodent model Plasmodium berghei17,18. The targeting signal 
of the known mitochondrial protein HSP70-3 was fused with a fluorescent protein 
and integrated in a silent intergenic locus (SIL)19. Expression of this mitochondrial-
localized fluorescent protein allowed visualization of the organelle during imaging 
of asexual, sexual and mosquito stages. Using high resolution confocal microscopy, 
we were able to make a detailed 3D map of different mitochondrial fission stages 
during schizogony in asexual blood stages. Focused ion beam scanning electron 
microscopy (FIB-SEM) image stacks from Evers et al. were used to confirm these 
mitochondrial fission stages with high detail20. This also allowed us to study 
apicoplast division and highlighted the potential role of the centriolar plaques (CPs) 
in apicoplast segregation. These different microscopic approaches empowered 
us to put forward a detailed model for mitochondrial and apicoplast division and 
distribution during the final stages of schizogony.

Results

To acquire a detailed understanding of mitochondrial fission and distribution, we 
set out to capture this process throughout the Plasmodium life cycle by combining 
different microscopy approaches. We stained mature blood-stage wild-type 
P.  falciparum NF54 strain parasites with two different MitoTracker dyes and used 
these to visualize the mitochondrion in fixed confocal imaging. Surprisingly, both 
MitoTracker dyes showed a discontinuous, punctate staining pattern (Figure 1A). 
FIB-SEM studies have confirmed the prevailing notion that the mitochondrion is 
a single, branched network during these schizont stages20. While this observation 
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may arise from crosslinking of the MitoTracker dyes to specific proteins and 
aggregations thereof resulting from the fixation process, we concluded that the 
punctate staining pattern is likely an artifact and consequently limits our ability 
to dissect and visualize the process mitochondrial fission. To address this, we 
developed a new fluorescent mitochondrial marker that can be used for imaging 
live and fixed samples (Figure S1).

Design and generation of a new mitochondrial marker parasite line
We designed a mitochondrial marker that consists of the promotor and 
mitochondrial targeting sequence of the gene encoding the mitochondrial heat 
shock protein 70 (HSP70-3, PF3D7_1134000), fused to an mScarlet red fluorescent 
protein (Figure S1A). HSP70-3 was selected based on its high and consistent 
expression profile throughout the whole life cycle and has been successfully used 
for the same purpose in P. berghei17,18. We aimed to stably integrate this fluorescent 
marker in the P.  falciparum genome, without affecting any normal biological 
processes and parasite growth throughout the parasite life cycle. Selection of the 
new integration site, SIL7, is described extensively in Supplemental Information S1.  
The integration plasmid was transfected into NF54 parasites together with two 
different Cas9 guide plasmids directed at the SIL7 site. Successful integration of the 
mitochondrial marker and absence of WT parasite contaminations were confirmed 
by integration PCR (Figure S1B). A growth assay showed no difference in growth 
of the mitochondrial reporter line, MitoRed, compared to WT parasites in asexual 
blood stages (Figure S1C).

Characterization of the MitoRed parasite line
To visualize the mitochondrial marker, asexual blood-stage MitoRed parasites 
were fixed and used for fluorescent imaging. The fluorescent signal was well 
preserved after fixation and no antibody staining was required for mitochondrial 
visualization in all asexual blood stages (Figure 1B). To assess whether the 
punctate mitochondrial morphology observed after MitoTracker staining was 
an imaging artifact or a morphological aberration caused by the dye, we stained 
MitoRed parasites with three different MitoTracker dyes. Discontinuous, punctate 
mitochondria were observed in all MitoRed parasites stained with MitoTracker, while 
this was not observed in unstained MitoRed parasites (Figure 1C). The effect was 
less pronounced during live imaging of MitoTracker stained parasites (Figure S2). 
While there is an obvious imaging artifact following fixation of MitoTracker-stained 
blood-stage P.  falciparum parasites, the altered MitoRed signal in the presence of 
the dye might even suggest possible changes in mitochondrial morphology.
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Figure 1. Comparison of MitoTracker and a new mitochondrial marker for fluorescence imaging. 
A) Fluorescent imaging of WT parasites stained with MitoTracker Orange CMTMRos (MT orange) or 
MitoTracker Red CMXRos (MT red). B) Fluorescence microscopy of MitoRed. The mito-mScarlet signal 
was observed in all asexual life-cycle stages including rings, trophozoites, early and late schizonts. No 
antibody staining was used and fluorescent signal observed is exclusively the mito-mScarlet signal.  
C) Fluorescence microscopy of MitoRed, either unstained (no MT) or stained with MT orange, MT red or 
MitoTracker Deep Red FM (MT deep red). Mito signal is the combined MitoTracker and mito-mScarlet 
signal that is observed in this channel. DAPI (blue) is used to visualize DNA and DIC (differential 
interference contrast) for general cellular context. All images are maximum intensity projections of 
Z-stacks (41 slices, 150 nm interval) taken with Airyscan confocal microscope. Scale bars, 2 μm.
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Mitochondrial dynamics during gametocyte development 
and activation
To study mitochondrial dynamics throughout the malaria parasite life cycle, 
MitoRed parasites were induced to form gametocytes, which were fixed for 
microscopy on day 5, 7, 10, and 13 post induction. Parasites were stained for α 
tubulin to distinguish male and female gametocytes in stage IV and V. For each 
stage, between 11-19 parasites were imaged over two independent experiments 
and described observations were consistent over all analyzed parasites. In stage 
II and III gametocytes, the mitochondrion appears as a small knot that increases 
slightly in size when gametocytes become more mature (Figure 2A). This is 
consistent with our FIB-SEM data20. Evers et al. also showed that gametocytes 
have multiple mitochondria already from early gametocyte development 
onwards. Although light microscopy does not provide the resolution or ability to 
show membrane boundaries to distinguish the multiple mitochondria in stage II 
and III gametocytes, in stage IV gametocytes we could clearly observe separate 
mitochondria in both male and female gametocytes (Figure 2A, Figure S3A). There is 
no clear difference in stage IV gametocytes between male and female mitochondria. 
However, in stage V gametocytes the mitochondria in males appear slightly more 
dispersed, while the female mitochondria remain compact (Figure 2A, Figure 
S3B). Data from Evers et al. support this and showed consistently smaller volume 
and more loosely packed mitochondria in males compared to females20. When 
gametocytes are taken up by the mosquito via a blood meal, they are activated 
and transform into extracellular male and female gametes. While the female 
gametocyte develops into a single macrogamete, male gametocytes form up to 
eight flagellated microgametes. This transformation is triggered by a temperature 
drop, an increase in pH, and xanthurenic acid present in the mosquito midgut21. 
Upon in vitro activation, the difference between male and female mitochondria 
becomes more evident. Mitochondria in females remain in a compact knot while 
the parasite rounds up (Figure 2B). Interestingly, in males the mitochondria become 
smaller and more dispersed, and sometimes round up to small bean-like structures 
(Figure 2B, Figure 2D). This process already starts 2 min after activation. While this 
particular activation experiment was performed on a gametocyte culture that did 
not exflagellate for unclear reasons, it was repeated twice, and very similar results 
were found in exflagellating males (n=19) (Figure 2C). There was no significant 
difference between number of exflagellation events in MitoRed parasites compared 
to NF54 parasites (Figure S4A). An association of mitochondria with flagella is not 
uncommon and can also be observed in e.g. kinetoplastids, such as Trypanosoma 
and Leishmania spp, where the mitochondrion resides at the base of the flagellum, 
and in human sperm cells, where the mitochondrion wraps around the base of the 
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flagellum to provide energy for flagellar movement22. We found close apposition of 
the dispersed mitochondria to the axonemal tubulin in all 19 exflagellating males 
that were analyzed (Figure S4B, S4C).

Mitochondrial dynamics in mosquito stages
In the mosquito midgut, the male microgamete seeks out a female gamete for 
fertilization. After fertilization, the zygote takes one day to transform into a motile 
ookinete, which can traverse the midgut epithelium and differentiate into an 
oocyst. This oocyst expands and motile sporozoites are formed within the oocyst. 
When fully matured, the oocyst will burst and sporozoites will egress, spread 
through the hemolymph system, and invade the mosquito salivary glands. During 
oocyst development, the parasite mitochondrion has to expand enormously and 
then be divided over thousands of daughter sporozoites. However, very little is 
known about mitochondrial dynamics and only few studies have visualized the 
mitochondrion during these stages17,23,24.

To explore if MitoRed parasites develop normally in the mosquito and to visualize 
mitochondrial morphology, mature MitoRed gametocytes were fed to Anopheles 
stephensi mosquitoes. One day after the feed, the mosquito blood bolus was 
extracted and stained with anti-Pfs25 conjugated antibodies to visualize ookinetes 
by live microscopy. We distinguished different stages of ookinete maturation 
as described by Siciliano et al.25. Due to the resolution limit of light microscopy, 
it was difficult to tell if there were one or multiple mitochondria as observed in 
gametocyte stages. Since we did not find evidence for the presence of multiple 
mitochondria in these ookinete development stages, we will refer to it as “the 
mitochondrion” in the coming paragraph, although we cannot rule out the 
presence of multiple mitochondria. During earlier stages of ookinete development 
(II), when ookinetes have a short protuberance attached to the round body, the 
mitochondrion resides in the round body (Figure 3A, 3B). When the protuberance 
starts to elongate further, one elongated mitochondrial branch stretches out and 
reaches into the protuberance. In stage III ookinetes, the mitochondrion stretches 
out further into the growing protuberance, spiraling out from the round body. We 
could not find clear stage IV ookinetes where the protuberance is at its full length, 
which could be explained by the swift development from stage IV to V ookinetes 
as was observed by Siciliano et al.25. However, in the mature stage V ookinetes, the 
mitochondrion appears as a tight knot in the main parasite body.
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Figure 2. Mitochondrial dynamics during gametocyte development and activation. A) Immuno
fluorescence assay on MitoRed gametocytes stages IIa, IIb, III, IV, and V, stained with anti-β-tubulin 
(green) and DAPI (DNA, blue). The mito-mScarlet signal is shown in magenta. In stage IV and V, male 
(M) and female (F) gametocytes are distinguished based on the intensity of the tubulin signal (males 
high, females low). B) Immunofluorescence assay on MitoRed parasites during different stages of 
gametocyte activation (2, 5, 10 and 20 min after activation). C) Immunofluorescence assay on MitoRed 
exflagellating male gamete 20 min after activation. A-C) Images are maximum intensity projections of 
Z-stacks (41 slices, 150 nm interval) taken with an Airyscan confocal microscope. Scale bars, 2 μm. D) 
3D visualization of male and female MitoRed parasites 2, 5, 10, and 20 min after activation. The mito-
mScarlet fluorescent signal is segmented based on manual thresholding.
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Figure 3. Mitochondrial dynamics during ookinete development. A) Live imaging of MitoRed 
ookinetes one day after mosquito feed. Different stages of ookinete maturation (II – V) were distinguished 
based on description by Siciliano et al.25. Cells were stained with an Alexa fluor 488 conjugated anti-Pfs25 
antibody to visualize parasite outline (green). Images are maximum intensity projections of Z-stacks  
(30 slices, 185 nm interval) taken with an Airyscan confocal microscope. Scale bars, 2 μm. B) 3D 
visualization of different ookinete maturation stages. The mito-mScarlet fluorescent signal is segmented 
based on manual thresholding. Two smaller images in upper right corner of stage II-III and stage III are 
crops of the mitochondrial fluorescent signal with increased brightness and contrast. Scale bars, 1 μm.

At day 7, 10, and 13 after infection, mosquitoes from a feed with an infection 
rate of 100% and an average of 5 oocysts/mosquito were dissected and midguts 
were used for live confocal microscopy. At day 7, small oocysts (~10 μm 
diameter) were observed with a branched mitochondrial network stretched out 
throughout the cell (Figure S5A). Segmentation of the fluorescent signal based 
on manual thresholding indicated that the mitochondrion consisted of one 
continuous structure. Day 10 oocysts were much larger (~35 μm diameter) and 
the mitochondrial mesh-like network appeared more organized, also localizing to 
areas directly below the oocyst wall (Figure S5B). At day 13, oocysts of various sizes 
were observed. Some large oocysts (~70 μm diameter) showed a highly organized 
mitochondrial network, where mitochondrial branches were organized in a radial 
fashion around a central organizational point (Figure S5C). We named these points 
mitochondrial organization centers (MOCs). At least tens of these MOCs could 
be observed per cell. Some smaller oocysts (~35 μm diameter) at day 13 showed 
structures that looked like beginning MOCs (Figure S5D). However, several small 
oocysts showed a dispersed, globular mitochondrial signal, which we interpreted 
as unhealthy or dying parasite (Figure S5E). While several free sporozoites were 
observed in dissected midguts and salivary glands on day 16 (data not shown), 
we never observed an oocyst containing fully mature sporozoites with a divided 
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mitochondrion or an infected salivary gland on day 16 and 21 after infection. This 
indicates that sporozoites are produced and released into the hemocoel, however, 
they have a health defect that prevents them from infecting the salivary glands. 
Possibly the mitochondrial marker or the integration in the SIL7 locus causes issues 
for sporozoite development. We conclude that the MitoRed line is a great tool 
for mitochondrial visualization in asexual blood stages, gametocytes stages, and 
mosquito stages up until late oocysts (Supplemental Information S1) but that for 
studies later in the life cycle other tools need to be developed and tested.

Mitochondrial division during schizogony in asexual blood stages
Next, we aimed to use MitoRed for live visualization of mitochondrial division 
during schizogony in asexual blood stages. The biggest advantage of live imaging is 
that one parasite can be followed over time to capture mitochondrial fission events 
chronologically. Unfortunately, this proved to be challenging. All parasites imaged 
in several experiments for a duration exceeding 60 min exhibited significant 
morphological alterations, including mitochondrial swelling, fragmentation, and 
formation of vesicle-like structures, which indicate an unhealthy or dying parasite 
(Figure S6A). Additionally, we frequently observed parasites egressing from their 
red blood cells (RBCs) after approximately 45 min of imaging, indicating that 
imaged parasites are unhealthy (Figure S6B). Optimizing imaging conditions by 
reducing laser power, increasing time interval, better temperature control, and 
gassing of the imaging chamber with low oxygen mixed gas (3% O2, 4% CO2), did 
not improve parasite health during imaging. Therefore, we decided to go for a fixed 
imaging approach to capture mitochondrial division in asexual blood stages.

To capture mitochondrial fission, MitoRed parasites were tightly synchronized and 
fixed between 32-36 and 36-40 hours after invasion. In our culture system, MitoRed 
parasites have a replication cycle of approximately 40 hours, so we captured the 
last eight hours of schizont maturation before merozoite egress from the RBC. 
In order to distinguish the precise stage of schizont maturation, we included an 
anti-GAP45 antibody staining. Glideosome associated protein 45 (GAP45) is an 
inner membrane complex (IMC) protein and is important for RBC invasion26,27. IMC 
formation starts at the apical end of a developing merozoite during schizogony and 
continues to develop until it fully encapsulates the daughter merozoite with its own 
IMC membrane28,29. We used the stage of IMC formation and therefore merozoite 
segmentation as a marker for the maturity and age of the schizonts. Based on 
IMC and DNA staining, we differentiated four stages of schizont maturation: pre-
segmentation (n=6), early-segmentation (n=9), mid-segmentation (n=15), and late-
segmentation (n=10, Figure 4).
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Figure 4. Mitochondrial fission in asexual blood-stage parasites. Immunofluorescence assay on 
MitoRed schizonts stained with anti-GAP45 antibody (green) to visualize IMC and DAPI (DNA, blue). 
The mito-mScarlet signal is shown in magenta. Four different stages of schizont maturity are 
distinguished: pre-segmentation (pre seg), schizonts still undergo nuclear division (nuclei are large 
and irregularly shaped) and there is no, or very little IMC staining without clear curvature. Early-
segmentation (early seg), schizonts have (almost completely) finished nuclear division (nuclei are 
small and round), there is a clear IMC signal that has a curved shape at the apical end of the forming 
merozoites but is less than half-way formed. Mid-segmentation (mid seg), the IMC of the segmenting 
merozoites in these schizonts is more than half-way formed, but there is still a clear opening at the 
basal end of the merozoite. Late-segmentation (late seg), in these schizonts the IMC seems to be 
completely formed with no clear opening at the basal end of the forming merozoites. Images are 
single slices of a Z-stack taken with an Airyscan confocal microscope. Images of the mito-mScarlet 
signal in the seventh column are maximum intensity projections (MIPs) (41 slices, 150 nm interval). 
Images in the eighth column are crops of the GAP45 signal depicted in the first column, indicated by 
the dotted-line areas. Scale bars, 2 μm.

We generated and classified Z-stack images of 40 schizonts, which allowed us to 
reconstruct a timeline of mitochondrial fission. During pre- and early-segmentation 
stages, the branched mitochondrial network stretches throughout the parasite. Only 
at the end of early-segmentation stages, when the IMC is approximately halfway 
formed, the mitochondrion is oriented around the food vacuole in the center of 
the parasite with its branches pointing outwards in a radial fashion, creating a 
“cartwheel”-like structure (Figure 4). As the IMC progresses further and schizonts 
enter the mid-segmentation stage, this mitochondrial cartwheel structure is divided 
into smaller fragments, which maintain their radial branch orientation into the 
segmenting merozoites. Only when IMC formation appears complete, did we observe 
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mitochondria that are entirely divided and distributed over the daughter merozoites. 
This highlights the extremely late timing of this process. These mitochondrial division 
stages were confirmed in a second, independent 3D imaging experiment (Figure S7).

To further quantify the numbers and sizes of mitochondria and to create 3D renderings 
of the mitochondrial network throughout segmentation, we utilized threshold-based 
masking of the fluorescent signal (Figure 5). During pre- and early-segmentation 
stages, the mitochondrial network consists of one large fragment (between 7-14 
μm3), often with 1-3 smaller fragments (<1.5 μm3) (Figure 5AI, 5AII). As evident from 
our FIB-SEM data (Figure S10A), the mitochondrion features constricted regions, 
characterized by notably reduced diameters. Hence, the smaller fragments observed 
during these stages are likely not autonomous but caused by the reduced fluorescent 
marker intensity in the constricted regions. At the end of early-segmentation stages 
when the IMC is almost halfway formed, the mitochondrial network starts to orient 
itself in a radial fashion around the center of the parasite (Figure 5AII), consistent 
with the 2D image analysis (Figure 4). During mid-segmentation stages, the radial 
mitochondrial branches elongate further into the developing merozoites, and the 
large mitochondrial fragment is divided in smaller fragments at the center of the 
cartwheel structure (Figure 5AIII). There is a slight increase in number of mitochondrial 
fragments per parasite, specifically the “intermediate” sized mitochondrial fragments 
of 1-4 μm3. Only in the last stage of merozoite segmentation, there is a big increase in 
the number of mitochondrial fragments (Figure 5C). Of note, there appears to be no 
correlation between this number and the number of nuclei in the parasites (Figure 5B, 
5C). A likely technical explanation is the limited Z-resolution of light microscopy and 
the different nuclear and mitochondrial segmentation methods. When mitochondrial 
fragments are located closely above each other, the limited Z-resolution in combination 
with threshold-based masking can cause the adjacent fragments to appear as one 
continuous structure. Therefore, the number of mitochondrial fragments per schizonts 
will be underestimated in these late schizont stages. The nuclei on the other hand 
were segmented through an automated (spherical) object detection algorithm 
which does not have this problem. Even when the IMC formation appears to be 
completed based on the GAP45 staining, only 20% of cells appear to have concluded 
mitochondrial fission as indicated by exclusively containing homogenously small 
sized mitochondrial fragments (<1.0 μm3) (Figure 5AIV). During the late segmentation 
stage, some parasites still have a large mitochondrial fragment of more than 5 μm3, 
while others only have small and intermediate sized mitochondrial fragments (Figure 
5D). This suggest that division of the mitochondrial cartwheel structure into small 
fragments is a fast, stepwise process that does not happen in a 2n progression and 
happens only in the final moments of merozoite segmentation.
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Figure 5. 3D analysis of mitochondrial fission stages during schizogony. A) 3D visualization of 
mitochondrial segmentations based on thresholding of the mito-mScarlet signal in Arivis image 
analysis software. Smaller images in top row are a single slice of the Z-stack with anti-GAP45 labelling 
(IMC, green), DAPI (DNA, blue) and mito-mScarlet (magenta), and a maximum intensity projection of 
the mito-mScarlet signal. The larger bottom picture is a 3D visualization of the segmented 
mitochondrial signal. The color of the mitochondrial fragment represents the size of this fragment, as 
is shown in the color bar at the bottom. Two representative parasites are depicted for each of the four 
segmentation stages defined in Figure 4. Scale bars, 2 μm. B) Boxplot indicating the number of nuclei 
per parasite in the different segmentation stages. **, p<0.01; ***, p < 0.001. C) Boxplot indicating the 
number of mitochondrial fragments per parasite in the different segmentation stages. ***, p < 0.001. 
D) Boxplot indicating the size of the mitochondrial fragments in the different segmentation stages.
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Visualization of mitochondrial and apicoplast division using volume 
electron microscopy
Although the use of light microscopy allowed us to reconstruct mitochondrial 
fission in good temporal resolution, its limited spatial resolution and reliance on 
indirect staining leaves some questions unanswered. Our recent volume electron 
microscopy study detailed parasite organelle structures at a nanometer resolution 
bringing many new insights to the light20. Here, we reused the underlying FIB-SEM 
data, which besides gametocytes also contains asexual blood-stage parasites from 
different stages, to examine mitochondrial fission with high resolution. Asexual 
parasites in different stages of schizogony were selected and organelles including 
nuclei, mitochondrion, and apicoplast were segmented for 3D rendering (detailed 
description per parasite in Tables S2 and S3). The mitochondrion and apicoplast 
can be recognized by their tubular shape in addition to the double membrane 
of the mitochondrion and the thicker appearance of the four membranes of the 
apicoplast. In line with the results from our light microscopy experiments, the 
mitochondrion is a large, branched network stretched throughout the cell in early 
schizont stages before segmentation has started (Figure 6, Movie 1). The apicoplast 
is also a branched network, however, it is much smaller than the mitochondrion 
(Table S2). The apicoplast network is divided into smaller fragments of different sizes 
when nuclear division is still ongoing and IMC formation has started (Figure 7, Table 
S3, Movie 4). When nuclear division is finishing and the IMC envelops part of the 
nucleus, apicoplast division is completed (Figure 6, Movie 5). The mitochondrion 
starts to orient its branches in a radial fashion towards the developing merozoites. 
When nuclear division is completely finished and the IMC envelops most of the 
nucleus, the mitochondrion forms a clear cartwheel structure with its branches 
pointing into the developing merozoites (Movie 6). During late segmentation 
stages, where only a small opening is connecting the merozoite to the residual body, 
the mitochondrion is divided into smaller fragments of various sizes (Movie 7). While 
some mitochondrial fragments have a volume comparable with the mitochondria in 
a fully segmented parasite (0.016 - 0.036 μm3), other fragments are still 2-4 times that 
volume (FigureS8).* These larger mitochondrial fragments have several branches 
that are pointing into developing merozoites but are still connected to each 
other outside the merozoites. In an almost fully segmented schizont, where most 
merozoites are fully developed and only few merozoites are still connected to the 
residual body through a small opening, the mitochondrial division is completed and 
the number of mitochondrial fragments is the same as the number of merozoites 
(Movie 8). These findings corroborate our light microscopy data and confirm the 
mitochondrial division stages, position of relevant structures not stained in light 
microscopy, and timing of mitochondrial and apicoplast division during schizogony.
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* Note: The volumes measured in the FIB-SEM data differ greatly from the volumes measured in the 
3D fluorescent microscopy data. This can be explained by the limited spatial resolution of fluorescent 
microscopy because of the diffraction of light. The diffraction limit of the confocal Airyscan microscope 
that was used is ~120 nm in lateral direction and ~350 nm in axial direction. The diameter of the 
mitochondrion in asexual blood-stage parasites is ~140 nm, which is at the edge of the resolution limit. 
Therefore, the volume measurements of thresholding-based segmentation of the fluorescent signal are not 
very accurate and quickly over-estimate the volume. These volume estimations should merely be used to 
compare relative volumes of mitochondrial fragments. The FIB-SEM data has a resolution of 5 nm in lateral 
direction and 15 nm in axial direction, which allows much more precise visualization of organelles and 
volume measurements.

Interaction between mitochondrion and apicoplast in late 
stage schizonts
During schizogony, the mitochondrion and apicoplast show different moments of 
close association. Prior to apicoplast division, the mitochondrion and apicoplast 
have several apposition sites, which have also been described by Evers et al.20 
(Figure S9A and S9B). It remains unclear if these close associations represent 
true membrane contact sites that facilitate the exchange of metabolites or lipids 
between the organelles, or if these are merely random due to the limited space in 
the parasite. When apicoplast division is finished, the endings of the mitochondrial 
branches reach towards the basal endings of the apicoplasts (Figure S9D). 
Subsequently, the branches of the mitochondrial cartwheel structure align with the 
apicoplast over its entire length (Figure S9C and S9D). This close alignment remains 
when mitochondrial division is complete.

Bulbous mitochondrial structures with double 
membrane invaginations
The parasite mitochondrion does not have a consistent diameter during schizogony. 
While some parts have a very small diameter other areas of the mitochondrion are 
more bulbous (Figure S10A). These bulbous parts often contain double membrane 
invaginations of various size and shape (Figure S10C, S10D, S10F). These bulbous 
invagination structures (bulins) are found in all schizont stages and vary greatly 
in shape, size, and location in the mitochondrial network. In early stage schizonts, 
bulins can be found at branching points and in the middle of a continues branch of 
the mitochondrial network (Figure S10D, S10F). However, during mid-segmentation 
stages, when the mitochondrion is oriented in its typical cartwheel structure, bulins 
are consistently observed at the base of a mitochondrial branch near the merozoite 
entrance (Figure 6, Figure S10D, S10F). These merozoite-entrance bulins were found 
in all eight mid-segmentation stage schizonts from two independent experiments 
(example shown in Movie 9). Bulbous areas at the base of mitochondrial branches 
are also observed with fluorescent microscopy (Figure S10B). This, and the specific 
location of bulins, makes them unlikely an artifact of fixation or sample preparation 
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* Note: The volumes measured in the FIB-SEM data differ greatly from the volumes measured in the 
3D fluorescent microscopy data. This can be explained by the limited spatial resolution of fluorescent 
microscopy because of the diffraction of light. The diffraction limit of the confocal Airyscan microscope 
that was used is ~120 nm in lateral direction and ~350 nm in axial direction. The diameter of the 
mitochondrion in asexual blood-stage parasites is ~140 nm, which is at the edge of the resolution limit. 
Therefore, the volume measurements of thresholding-based segmentation of the fluorescent signal are not 
very accurate and quickly over-estimate the volume. These volume estimations should merely be used to 
compare relative volumes of mitochondrial fragments. The FIB-SEM data has a resolution of 5 nm in lateral 
direction and 15 nm in axial direction, which allows much more precise visualization of organelles and 
volume measurements.

Interaction between mitochondrion and apicoplast in late 
stage schizonts
During schizogony, the mitochondrion and apicoplast show different moments of 
close association. Prior to apicoplast division, the mitochondrion and apicoplast 
have several apposition sites, which have also been described by Evers et al.20 
(Figure S9A and S9B). It remains unclear if these close associations represent 
true membrane contact sites that facilitate the exchange of metabolites or lipids 
between the organelles, or if these are merely random due to the limited space in 
the parasite. When apicoplast division is finished, the endings of the mitochondrial 
branches reach towards the basal endings of the apicoplasts (Figure S9D). 
Subsequently, the branches of the mitochondrial cartwheel structure align with the 
apicoplast over its entire length (Figure S9C and S9D). This close alignment remains 
when mitochondrial division is complete.

Bulbous mitochondrial structures with double 
membrane invaginations
The parasite mitochondrion does not have a consistent diameter during schizogony. 
While some parts have a very small diameter other areas of the mitochondrion are 
more bulbous (Figure S10A). These bulbous parts often contain double membrane 
invaginations of various size and shape (Figure S10C, S10D, S10F). These bulbous 
invagination structures (bulins) are found in all schizont stages and vary greatly 
in shape, size, and location in the mitochondrial network. In early stage schizonts, 
bulins can be found at branching points and in the middle of a continues branch of 
the mitochondrial network (Figure S10D, S10F). However, during mid-segmentation 
stages, when the mitochondrion is oriented in its typical cartwheel structure, bulins 
are consistently observed at the base of a mitochondrial branch near the merozoite 
entrance (Figure 6, Figure S10D, S10F). These merozoite-entrance bulins were found 
in all eight mid-segmentation stage schizonts from two independent experiments 
(example shown in Movie 9). Bulbous areas at the base of mitochondrial branches 
are also observed with fluorescent microscopy (Figure S10B). This, and the specific 
location of bulins, makes them unlikely an artifact of fixation or sample preparation 

Figure 6. 3D rendering of mitochondrion and apicoplast during different stages of schizogony. 
First column contains representative micrograph images from different schizont stages. The numbers 
between brackets indicate the parasite ID number and detailed information can be found in table 
S2 and S3. The red blood cell (RBC) and food vacuole (FV) are indicated by their abbreviations. 
Rhoptries are indicated by white arrowheads, parasitophorous vacuole membrane is indicated by 
red arrowheads, and parasite membrane invaginations are indicated by black arrowheads. Scale bars, 
1 μm. The second, third, and fourth column contain 3D renderings of parasite membrane (gray, 5% 
transparency), nuclei (teal, 50% transparency), mitochondrion (red), and apicoplast (yellow). Red 
arrows indicate merozoite entrance bulins.
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for the FIB-SEM, although this cannot be ruled out completely. Bulins that reside 
at the entrance of a forming merozoite during the cartwheel phase are typically 
characterized by contact with the basal end of the divided apicoplast, and a small 
constriction right above the bulin where the mitochondrial branch enters the 
merozoite (Movie 10). Bulbous areas at the base of the mitochondrial branches 
are also observed with fluorescent microscopy (Figure S10B). In late-segmentation 
schizonts, we observed small bulins at the base of a divided mitochondrial 
fragment or at the entrance of a merozoite when the mitochondrial branch was not 
yet divided (Figure S10D, S10F). Sporadically, we also found bulins in the apicoplast 
(Figure S10E). The significance and function of these bulins remain to be explored, 
but it is tempting to speculate about a possible role in organelle division.

Centriolar plaques associate with apicoplast but not mitochondrion 
during organelle segregation
In mammalian cells, segregation of organelles is coordinated by microtubules 
that arise from the centrosomes, or so-called microtubule organizational centers 
(MTOCs). Plasmodium parasites lack canonical centrosomes but organize their 
mitotic spindle from a structure called the centriolar plaque (CP), which is 
embedded in the nuclear envelope30,31. Expansion microscopy studies from Liffner 
et al. have suggested an association of the CPs with both the mitochondrion and 
the apicoplast during schizogony, suggesting their involvement in organelle 
segregation32. In our FIB-SEM images, we can distinguish the CP by electron dense 
coffee filter-shaped regions in the nucleus (Figure 7A). In an early schizont that still 
lacks IMC or rhoptries, nuclei contain one or two CPs, which are oriented to the 
periphery of the parasite. 3D renderings show no direct association between the CPs 
and the mitochondrion or apicoplast (Figure 7B, Movie 1). Although the distances 
between the mitochondrion and CPs (average 616 nm, SD 235 nm) in this early 
schizont are significantly smaller than the apicoplast-CPs distances (average 1350 
nm, SD 260 nm), there is no direct interaction between the mitochondrion and CPs 
since the smallest CP-mitochondrion distance measured is 332 nm. The significant 
difference can be explained by the fact that the apicoplast is located in the center 
of the parasite, while the mitochondrion is larger and stretched throughout the 
whole cell leading to coincidental closer proximity to the peripheral CPs. In slightly 
later stage schizonts where IMC and rhoptry formation has started, all nuclei 
contain either two CPs, or one CP that is dividing. A portion of the CPs associated 
with the apicoplast, specifically with the endings of apicoplast branches (Movie 2). 
When the IMC is developed slightly further, all CPs associate with the apicoplast 
over the total length of the peripherally localized apicoplast network (Movie 3). 
While two CPs from the same nucleus usually associate with one apicoplast branch 



3

71|Detailing organelle division and segregation in Plasmodium falciparum

for the FIB-SEM, although this cannot be ruled out completely. Bulins that reside 
at the entrance of a forming merozoite during the cartwheel phase are typically 
characterized by contact with the basal end of the divided apicoplast, and a small 
constriction right above the bulin where the mitochondrial branch enters the 
merozoite (Movie 10). Bulbous areas at the base of the mitochondrial branches 
are also observed with fluorescent microscopy (Figure S10B). In late-segmentation 
schizonts, we observed small bulins at the base of a divided mitochondrial 
fragment or at the entrance of a merozoite when the mitochondrial branch was not 
yet divided (Figure S10D, S10F). Sporadically, we also found bulins in the apicoplast 
(Figure S10E). The significance and function of these bulins remain to be explored, 
but it is tempting to speculate about a possible role in organelle division.

Centriolar plaques associate with apicoplast but not mitochondrion 
during organelle segregation
In mammalian cells, segregation of organelles is coordinated by microtubules 
that arise from the centrosomes, or so-called microtubule organizational centers 
(MTOCs). Plasmodium parasites lack canonical centrosomes but organize their 
mitotic spindle from a structure called the centriolar plaque (CP), which is 
embedded in the nuclear envelope30,31. Expansion microscopy studies from Liffner 
et al. have suggested an association of the CPs with both the mitochondrion and 
the apicoplast during schizogony, suggesting their involvement in organelle 
segregation32. In our FIB-SEM images, we can distinguish the CP by electron dense 
coffee filter-shaped regions in the nucleus (Figure 7A). In an early schizont that still 
lacks IMC or rhoptries, nuclei contain one or two CPs, which are oriented to the 
periphery of the parasite. 3D renderings show no direct association between the CPs 
and the mitochondrion or apicoplast (Figure 7B, Movie 1). Although the distances 
between the mitochondrion and CPs (average 616 nm, SD 235 nm) in this early 
schizont are significantly smaller than the apicoplast-CPs distances (average 1350 
nm, SD 260 nm), there is no direct interaction between the mitochondrion and CPs 
since the smallest CP-mitochondrion distance measured is 332 nm. The significant 
difference can be explained by the fact that the apicoplast is located in the center 
of the parasite, while the mitochondrion is larger and stretched throughout the 
whole cell leading to coincidental closer proximity to the peripheral CPs. In slightly 
later stage schizonts where IMC and rhoptry formation has started, all nuclei 
contain either two CPs, or one CP that is dividing. A portion of the CPs associated 
with the apicoplast, specifically with the endings of apicoplast branches (Movie 2). 
When the IMC is developed slightly further, all CPs associate with the apicoplast 
over the total length of the peripherally localized apicoplast network (Movie 3). 
While two CPs from the same nucleus usually associate with one apicoplast branch 

Figure 7. Association of apicoplast and not the mitochondrion with centriolar plaques during schizont 
development. A) Micrographs of nuclei (teal) with centriolar plaques (CPs, purple). B) 3D rendering of nuclei 
(teal), apicoplast (yellow), mitochondrion (red), CPs (purple), and parasite membrane (gray, 5% opacity). 
Parasite ID numbers are indicated on the left side of the micrograph images. Right column shows measured 
distances between CPs and closest point to the apicoplast or mitochondrion. ***, p < 0.001.
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(Figure S11A), sometimes these associate with completely different branches of 
the apicoplast network (Figure S11B). Furthermore, the distances between the CPs 
and apicoplast are significantly smaller (42 nm average, SD 46 nm) compared to 
those measured in earlier stages as well as to the unchanged CP-mitochondrion 
distances (663 nm average, SD 274 nm) (Figure 7B). The association between 
CPs and apicoplast continues during and after apicoplast division (Movie 4-7). 
After apicoplast division, each apicoplast fragment is associated with one CP 
at its peripheral end (53 nm average distance, SD 37 nm) (Movie 5). During mid-
segmentation stages, the endings of the mitochondrial branches are close to the 
CPs (202 nm average distance, SD 65 nm) (Movie 6). However, this seems to be a 
result of the close association of the mitochondrion with the apicoplast, rather than 
a direct interaction between the mitochondrion and the CPs. In a fully segmented 
schizont, the CPs were much smaller and did not show a clear extranuclear 
compartment (Movie 8). This close and very consistent association between the 
apicoplast and the CP, suggest an important role in apicoplast segregation, while 
the mitochondrion likely deploys different mechanisms to accomplish its proper 
distribution over the forming merozoites.

Discussion

In contrast to most eukaryotes, the fast-replicating P. falciparum asexual blood-stage 
parasites harbor only a single mitochondrion. Consequently, proper division and 
distribution of this organelle during schizogony is crucial to ensure all daughter cells 
receive a mitochondrion. Here, we visualized the poorly understood mitochondrial 
dynamics in blood and mosquito stages using a new parasite line with a fluorescent 
mitochondrial marker and super-resolution 3D imaging methods. During blood-
stage schizogony, a cartwheel structure is formed and divided into smaller, 
unequally sized mitochondrial fragments in a stepwise process. Final division into 
single mitochondria happens during the last stage of merozoite segmentation. 
These division steps were cross validated by analyzing available FIB-SEM data with 
nanometer resolution. This also allowed us to reconstruct apicoplast division and 
its interactions with the mitochondrion. Finally, we showed that the apicoplast but 
not the mitochondrion associates with the CPs during merozoite formation.

To date, the visualization of Plasmodium mitochondria has largely relied on 
MitoTracker dyes. However, these dyes are toxic at nanomolar concentrations15,16 
and our data suggest that they may alter mitochondrial morphology (Figure 1). We 
developed a reporter parasite line harboring a fluorescent mitochondrial marker 
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that shows a more continuous and less punctate staining pattern compared 
to MitoTracker dyes and is compatible with live and fixed imaging without 
necessitating antibody labeling. Unfortunately, MitoRed is not well suited for long-
term time lapse imaging (>1h) since parasites showed various signs of poor health, 
probably due to phototoxicity. While expansion microscopy is currently not feasible 
with MitoRed, addition of a linear epitope tag would make this marker compatible 
with the required denaturation step.

In line with our earlier observations, we demonstrated multiple mitochondria in 
gametocyte stages20. As discussed by Evers et al., there are several possible reasons 
for the emergence of multiple mitochondria in gametocytes, such as adaptation 
to a metabolically varied environment, distribution mechanism of mtDNA, or 
management of reactive oxygen species. We expand upon these observations 
by also imaging gametocytes during activation. In males, mitochondria become 
more dispersed while female mitochondria remain in a tight knot. One possible 
explanation for this is that mitochondria in males are distributed to specific 
locations in the cell to provide energy locally for certain processes. In sperm cells, 
the mitochondrion resides at the base of the flagellum to provide energy for 
flagellar movement22. While we observed close apposition of the mitochondria 
with axonemal tubulin in some activated males using light microscopy (Fig. S4), 
this was not consistently observed in all males, and we lack the resolution to 
prove real association. Another explanation could be that the parasite undergoes 
a form of mitophagy as a source for proteins, lipids, and nucleotides required for 
the rapid nuclear division and microgamete formation. Even though mitophagy 
has not been studied in Plasmodium, some homologues of the general autophagy 
pathway have been identified33. Autophagy as a survival mechanism was described 
for P.  falciparum and T.  gondii under starvation conditions34,35. In T.  gondii, the 
fragmentation of the mitochondrion was reversed by using the established 
autophagy inhibitor 3-methyl adenine34. Alternatively, the distribution of the 
mitochondria could merely be a consequence of the nuclear expansion in the cell.

Mitochondrial dynamics during mosquito stages is poorly understood and to our 
knowledge studies have thus far been restricted to P. berghei17,23,24,36. Here, we 
visualized the mitochondrion in P.  falciparum during mosquito stages for the first 
time. In early oocyst stages, the mitochondrion resembles the extensively branched 
network from asexual blood-stage schizonts. During oocyst development, the 
mitochondrial network organizes into multiple MOCs that resemble the cartwheel 
structure observed in asexual blood stages. Although these mitochondrial 
observations should be interpreted with care since oocysts did not form salivary 
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gland populating sporozoites and might therefore not be representing healthy 
oocysts (see the supplement for a more extensive discussion), in P. berghei liver-
stage schizonts, a very similar mitochondrial organization was observed in 
sub-compartments created by large membrane invaginations12,37. Similar sub-
compartments are present during oocyst development37. Based on apicoplast 
visualizations in P. berghei and our observations of the formation of MOCs during 
oocyst stages, mitochondrial and apicoplast dynamics in these sub-compartments 
in both oocyst and liver stages resemble the dynamics of these organelles in blood-
stage schizogony12,38,39.

Although the use of new imaging techniques, such as expansion microscopy and 
3D volume EM, have revealed new insights in mitochondrial dynamics, many 
questions about the timing and organization of mitochondrial division remained 
unanswered11,32. In an earlier literature review, we proposed three possible 
mitochondrial division models: synchronous fission, outside-in fission, or branching 
point fission9. Here, we used a new mitochondrial marker and advanced imaging 
techniques, such as Airyscan confocal microscopy, to reconstruct mitochondrial 
fission during schizogony. The use of volume EM provided the resolution required 
to verify our fluorescence-based mitochondrial fission model while simultaneously 
shedding light on the division of the second endosymbiotic organelle, the 
apicoplast. This allows us to propose a new, detailed model of the organellar 
division and segregation (Figure 8).

In this model, we describe the cartwheel orientation of the mitochondrion, its 
non-geometric 2n division, the late timing of division, and its association with 
the apicoplast. The apicoplast divides when nuclear division is still ongoing and 
merozoite segmentation has just started. Similar to the mitochondrion, its division 
does not happen in a geometric 2n progression, but different sized apicoplast 
fragments are observed in a mid-division stage. The timing and orientation of the 
apicoplast-mitochondrion appositions, suggest a potential role of the apicoplast 
in mitochondrial segregation. However, doxycycline treated parasites, that have 
lost their apicoplast and are chemically rescued by isopentenyl pyrophosphate 
supplementation, can still produce viable merozoites, suggesting that association 
with the apicoplast is not essential for mitochondrial segregation40. The specific 
types of membrane contact between both endosymbiotic organelles, whether 
these consist of direct physical contacts, membrane fusions or tethering proteins, 
may vary and remain to be explored. However, EM tomography data from Sun et 
al. show there are hints of connecting structures between the mitochondrion and 
apicoplast in areas where the distance between the organelles is very small and 
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similar to the distance between the inner and outer membranes of the organelles 
themselves in merozoites, suggesting physical link between the organelles.

In other eukaryotic models, mitochondrial fission is facilitated by adaptor proteins 
on the cytoplasmic side of the outer mitochondrial membrane that recruit dynamin 
GTPases, which in turn oligomerize to form a constrictive ring around the organelle9. 
The only conserved adaptor protein in P. falciparum, Fission 1 (Fis1), is dispensable 
in asexual blood stages precluding an essential role in mitochondrial fission during 
schizogony41. Malaria parasites also harbor three dynamin-related proteins9. As 
the timing of the apicoplast division precedes that of the mitochondrion, it is 
conceivable that (parts of ) the same dynamin-based machinery may be reused 
for mitochondrial fission. Indeed, in a recent pre-print P.  falciparum, dynamin 2 
(PfDYN2) was shown to mediate both apicoplast and mitochondrial fission42. Which 
other proteins comprise the mitochondrial division machinery in P.  falciparum 
remains to be explored.

Their morphological features, timing of appearance, and specific location at the 
entrance of the developing merozoite during mid-segmentation stages suggests 
that the bulbous invagination structures, or bulins, could play a role in mitochondrial 
fission. A role in the distribution of certain components – e.g. mitochondrial DNA, 
proteins, or protein complexes – to the branches of the mitochondrial cartwheel 
structure that enter the merozoite is also conceivable. However, in earlier 
stages, bulins are also found at branching points or in continuous parts of the 
mitochondrion and apicoplast, perhaps suggesting possible roles in more general 
membrane remodeling of the organellar network.

We also observed CPs, the P.  falciparum analogue of the centrosome, which 
function as microtubule organizing centers and are important for mitosis and cell 
cycle regulation43,44. In T. gondii, the centrosome associates with the apicoplast and 
ensures correct segregation of the organelle during daughter cell formation45,46. 
Recent expansion microscopy data suggested interaction of the CP with both 
the apicoplast and the mitochondrion in P.  falciparum32. From the onset of IMC 
and rhoptry formation, we observed close apposition of the CPs and apicoplast, 
but not the mitochondrion (Figure 8). This CP-apicoplast association continues 
during and after apicoplast division, indicating a role of the CPs in apicoplast 
segregation. In other apicomplexan parasites, such as Toxoplasma gondii and 
Sarcocystis neurona, centrosomes have also been indicated to be involved in 
apicoplast organization and distribution during cell division45,47. The initial absence 
of CP-apicoplast association and the later association of two CPs from one nucleus 
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with separate apicoplast branches suggests an active recruitment strategy. Motor 
proteins facilitate intracellular transport of organelles along the cytoskeleton in 
multicellular eukaryotes. While dynein and kinesin facilitate organelle transport 
along microtubules, myosin motor proteins transport organelles along actin 
filaments to specific locations in the cell48. Previous studies have shown a critical 
role of F-actin and myosin F in the inheritance of the apicoplast in P. falciparum and 
T. gondii49–52. In T. gondii parasites that lack myosin F, the apicoplast fails to associate 
with centrosomes53. Therefore, we hypothesize that myosin facilitates recruitment 
of the apicoplast branches over the actin filaments to the CPs. Although the 
mitochondrion is close to the CPs in late segmentation stages, the distance is always 
significantly bigger than the apicoplast-CP distance. Additionally, mitochondrial 
branches reach much further into the merozoites when fully segmented, compared 
to the apicoplast. Furthermore, conditional knockout of PfACT1 (actin-1) did not 
alter mitochondrial morphology in asexual blood-stage schizogony49. Therefore, it 
remains questionable if the mitochondrial branches are recruited to the CP via a 
similar mechanism as the apicoplast.

Volume EM is a powerful tool to study biological questions as it allows the 
visualization of complex, connecting structures and gives spatial and cellular 
context. Here, we reused available FIB-SEM data, which contains sexual and asexual 
blood-stage malaria parasites from many different stages of intra-erythrocytic 
development. Future reinterrogation of the data could facilitate in answering 
other biological questions that are beyond the scope of this paper, such as rhoptry 
biogenesis and development of the apical complex.

In this study, we have developed a reporter parasite line harboring a fluorescent 
mitochondrial marker – integrated in a new genomic locus – that can be used 
for mitochondrial visualization in blood and early mosquito stages. This allowed 
us to visualize mitochondrial division in unprecedented detail and describe the 
relative timing and of mitochondrial fission and segregation using high-resolution 
confocal microscopy and FIB-SEM image analysis. Combined with new insights in 
apicoplast division, mitochondrial and apicoplast interactions, and association of 
the apicoplast with the CP during schizogony, this allowed us to propose a new, 
detailed model of apicoplast and mitochondrial division during schizogony. These 
findings pave the way to home in on the molecular mechanisms underpinning 
mitochondrial and apicoplast division and segregation.
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Figure 8. Schematic model for mitochondrial and apicoplast division and segregation in 
P. falciparum during schizogony. (1) Nuclear division is ongoing, while inner membrane complex (IMC) 
formation has not started and both the mitochondrion and apicoplast are branched networks. The 
apicoplast localizes more to the center of the cell, while the mitochondrion is stretched throughout the 
whole cell. (2) When IMC formation starts, the apicoplast branches associate with the centriolar plaques 
(CPs) at the periphery of the parasite. (3) The apicoplast divides in a non 2n progression, while it keeps its 
interaction with the CPs. (4) When nuclear division is finishing, apicoplast division is completely finished. 
The apical end of the apicoplast fragments associate with the CPs, while mitochondrial branches 
associate with the basal end of the apicoplast fragments. (5) The IMC develops further and envelops 
large parts of the nuclei. The mitochondrion orients itself in a cartwheel structure, while its branches 
align with the apicoplast fragments. (6) IMC formation is almost finished, and just a small opening 
connects the merozoites to the residual body. The mitochondrion divides in a non 2n progression. The 
apicoplast still associates with the CPs and aligns with mitochondrial branches/fragments. (7) Merozoite 
segmentation is complete, the apicoplast loses its clear association with the CPs since they become 
smaller and do not have a clear extra nuclear compartment anymore. The mitochondrion is fully divided 
and still aligns with the apicoplast. Red blood cell (RBC), parasitophorous vacuole (PV).

Materials and Methods

P. falciparum culture and transfections
P.  falciparum NF54 and MitoRed parasites were cultured in RPMI1640 medium 
supplemented with 25 mM HEPES, 10% human type A serum and 25 mM NaHCO3 
(complete medium). Parasites were cultured in 5% human RBCs type O (Sanquin, the 
Netherlands) at 37°C with 3% O2 and 4% CO2. For transfection, 60 μg of homology-
directed repair plasmid was linearized by overnight digestion, precipitated, and 
transfected with 60 μg Cas9 plasmid using ring transfection54,55. Briefly, a ring-
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stage sorbitol synchronized parasite culture was transfected with the plasmids 
by electroporation (310 V, 950 μF). Five hours after transfection, parasites were 
treated with 2.5 nM WR99210 for five days. Success of transfection was assessed by 
integration PCR (Fig S1, Table S1).

Plasmid constructs
To generate the base SIL7 reporter plasmid (pRF0057) the 5’ and 3’ homology 
regions for SIL7 were amplified from genomic NF54 DNA (Table S1) and cloned 
into the pBAT backbone19 with NgoMIV and AleI (5’) and BmgBI and AatII (3’). 
For the final MitoRed repair plasmid, first the mScarlet sequence was amplified 
from p1.2RhopH3-HA-mScarlet (a kind gift from Prof. Alan Cowman)56 (Table S1).  
The mScarlet sequence was cloned into pRF0077 (empty tagging plasmid 
with PBANKA_142660 bidirectional 3’UTR) with AflII and EcoRI restriction sites, 
generating pRF0078 intermediate plasmid. The HSP70-3 promotor (prom) and 
targeting sequence (t.s.) sequence was cloned into pRF0078 with EcoRI and 
NheI restriction sites, generating pRF0079 intermediate plasmid. The whole 
mitochondrial marker (HSP70-3 prom + t.s. + mScarlet) was cloned from pRF0079 
into pRF0057 with EcoRI and AflII restriction sites, generating pRF0191, the final 
repair plasmid. CRISPR-Cas9 guide plasmids targeting two different sites in the SIL7 
region were generated. Guide oligonucleotides were annealed and cloned into 
pMLB626 plasmid (a kind gift from Marcus Lee)57 using BbsI restriction enzyme, 
generating the two final guide plasmids (Table S1).

Growth assay
NF54 WT and MitoRed parasites were synchronized using 63% Percoll centrifugation. 
Late-stage parasites were isolated from the Percoll gradient and added to fresh 
RBCs. Four hours later, a 5% sorbitol synchronization was performed, which allowed 
only young rings that just invaded a new RBC to survive. Ring-stage parasites were 
counted and three independent cultures of 0.05% parasitemia were set up for 
each parasite line. Every 24 hours, 10 μl culture was taken and fixed in 100 μl 0.25% 
glutaraldehyde in PBS up until day 5. To prevent overgrowth, parasite cultures were 
cut back 1/50 after samples were taken on day 3. Before readout, fixative was taken 
of, and parasite DNA was stained with 1:10,000 SYBR Green in PBS. Parasitemia was 
determined by measuring SYBR Green positive cells with a Cytoflex flow cytometer 
(Beckman Coulter Cytoflex) using the 488 nm laser. Final parasitemia on day 4 and 5 
was adjusted for the 1/50 dilution factor, explaining why final parasitemia can reach 
more than 100%.
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Immunofluorescence assays and fixed fluorescence imaging
Immunofluorescence assays were performed on asexual and sexual blood-stage 
parasites, using the same fixation and staining protocols. Asexual blood-stage parasites 
were usually synchronized with 5% sorbitol to get them in the preferred stage for 
imaging. For tight synchronization, late-stage parasites were isolated with 63% Percoll 
centrifugation and added to fresh RBCs. Four hours later, a 5% sorbitol was performed 
to select for young rings. Parasites were settled on a poly-L-lysine coated coverslip for 
20 min at 37°C. Parasites were fixed (4% EM-grade paraformaldehyde, 0.0075% EM-
grade glutaraldehyde in PBS)58 for 20 min and permeabilized with 0.1% Triton X-100 
for 10 min. Samples were blocked with 3% bovine serum albumin (BSA) (Sigma-
Aldrich) in PBS for 1 h. Primary and secondary antibody incubations were performed 
for 1 h in 3% BSA. The nucleus was visualized by staining with 1 μM DAPI in PBS for 
1 h. PBS washes were performed between different steps. Parasites were mounted 
with Vectashield (Vector Laboratories). Images were taken with a Zeiss LSM880 
or LSM900 Airyscan microscope with 63x oil objective with 405, 488, 561, 633 nm  
excitations. Images were Airyscan processed before analysis with FIJI software. 
MitoTracker stainings (including MitoTracker™ Orange CMTMRos, Red CMXRos, Deep 
Red FM, all from Thermo Fisher Scientific) were done before settling and fixation by 
incubation of the parasites with 100 nM MitoTracker for 30 min at 37°C, followed by 
a wash with complete media. The IMC protein GAP45 was labeled using the anti-
GAP45 rabbit antibody (1:5000) (a kind gift from Julian Rayner)27 and goat anti-rabbit 
AlexaFluor 488 antibody (1:500, Invitrogen). Alfa-tubulin was labeled with an anti-alfa 
tubulin mouse antibody (1:500, Thermo Fisher Scientific) and chicken anti-mouse 
AlexaFluor 488 antibody (1:400, Invitrogen). 3D visualization and quantifications were 
done in Arivis 4D Vision software. For mitochondrial measurements, threshold-based 
segmentation was used. For nuclei, blob-finder function was used for segmentation. 
Number of segmented objects and volume of objects was determined automatically 
in Arivis software.

Gametocyte generation and mosquito feeds
Gametocyte cultures were maintained in a semi-automatic culturing system with 
media changes twice a day59. MitoRed gametocytes used for imaging were induced 
by Albumax supplementation. A mixed asexual blood-stage culture of 1% was 
set up and maintained in medium supplemented with 2.5% Albumax II (Thermo 
Fisher Scientific) without human serum for four days60. After four days, parasites 
were cultured in complete medium again for further gametocyte development. 
For mosquito feeding, MitoRed gametocytes were stress induced through 
asexual overgrowing. A mixed asexual blood-stage culture of 1% was set up and 
maintained for 2 weeks. At day 15 after gametocyte induction, gametocytes were 
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fed to Anopheles stephensi mosquitoes (Sind-Kasur Nijmegen strain)61. 24 hours 
after feeding, several mosquitoes were dissected, and blood bolus was obtained for 
live imaging of ookinetes.

Live imaging of asexual blood-stage parasites
Sorbitol-synchronized MitoRed and NF54 schizonts were stained with 0.5 μg/ml  
Hoechst 33342 (Invitrogen, H3570) for 30 min at 37°C for nuclear staining. 
MitoTracker stainings (including MitoTracker™ Orange CMTMRos, Red CMXRos, 
Deep Red FM, Rhodamin123, all from Thermo Fisher Scientific) were done by 
incubation of the parasites with 100 nM MitoTracker or 1 μg/ml Rhodamin123 
for 30 min at 37°C, followed by a wash with complete medium. Stained parasites 
were diluted 1:40 in complete medium and settled for 20 min at 37°C in a poly-L-
lysine coated μ-slide 8-well imaging chamber (Ibidi). Unbound cells were washed 
away with phenol red free complete medium in which cells were also kept during 
imaging. Parasites were imaged on a Zeiss LSM880 Airyscan microscope with 37°C 
heated stage table and 63x oil objective. Images were Airyscan processed before 
analysis with FIJI software.

Live imaging of mosquito-stage parasites
Ookinetes were obtained from the blood bolus of infected mosquitoes 24 hours 
after feeding. Ookinetes were stained by mouse monoclonal anti-Pfs25 conjugated 
antibody (made in house, final concentration 15µg/ml). Stained sample was applied 
on a glass slide and covered with a glass coverslip. The sample was immediately 
imaged on a Zeiss LSM880 Airyscan microscope with 63x oil objective. Mosquito 
midguts were dissected at day 7, 10, and 13 after infection and put on a glass slide 
in PBS covered with a glass coverslip. Samples were imaged immediately on a Zeiss 
LSM880 or LSM900 microscope with 63x oil objective. Oocysts were identified 
based on their fluorescent mitochondrion and round shape in the brightfield 
channel. All images were Airyscan processed before analysis with FIJI software. 
3D segmentations and visualizations were done by manual thresholding of the 
fluorescent signal in Arivis 4D vision software. Salivary glands were dissected on 
day 13, 16, and 21 after infection and stained with mouse monoclonal anti-CSP 
conjugated antibody (made in house, final concentration 1µg/ml). Stained glands 
were applied on a glass slide and covert with a glass coverslip. Samples were 
imaged on a Zeiss Axioscope A1 microscope with AxioCam ICc1.

FIB-SEM image analysis
FIB-SEM image stacks were reused from Evers et al.20 (EMPIAR-10392). For these 
stacks, gametocyte-induced iGP2 parasite cultures were MACS purified. During this 
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process many late-stage asexual parasites in these cultures were co-purified and 
fixed in the agarose blocks used for FIB-SEM imaging. Detailed sample preparation 
and FIB-SEM imaging methods are described in Evers et al.20. All image processing, 
visualizations and analysis was done in ORS Dragonfly software (2022.2). 
Segmentations were done by either manual segmentation or deep learning-based 
segmentation. Deep learning-based segmentations were manually reviewed and 
corrected when necessary. 3D renderings of segmented regions were converted to 
triangle meshes for visualization.
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Supplemental information

Supplemental information S1

Selection of new genomic integration sites
A previous study has described successful integration of a reporter gene into a so-
called silent intergenic locus (SIL) in P. berghei1. We extended the same concept 
to P.  falciparum and identified potentially suitable chromosomal breakpoints 
in P.  falciparum conserved between Plasmodium vivax and the rodent malaria 
parasite lineages2. By using these SIL sites, we prevent the need for additional gene 
replacements commonly used to introduce transgenes. For instance, NF54HT-GFP-
luc parasites had the GFP-luc cassette introduced in the presumed silent Pfs47 
locus3. Meanwhile, it has been demonstrated that this gene can play an important 
role in mosquito infections4,5. Another commonly used integration site is the PfRH3 
pseudogene, for instance for integration of a dimerizable Cre gene6,7. Although 
PfRH3 is transcribed and not translated in blood stages, the RH3 protein has been 
detected in sporozoites8,9. The genes flanking the SIL sites have been rearranged 
during the evolution of P. falciparum and we reasoned that there would not be any 
genetic constraints to keep these genes physically linked. We analyzed available 
data on gene expression and potential transcription start sites to target a locus that 
lacks any detectable (regulation of ) gene expression in the Plasmodium life-cycle 
stages10. In addition, UTRs of the flanking genes need to remain intact.

Applying the combined criteria, we identified three loci on P.  falciparum 
chromosomes 7, 12, and 14. The site on chromosome 12 (genomic location 
between PF3D7_121220 and PF3D7_1212100) proved very difficult to clone, 
with frequent plasmid rearrangements and very low plasmid yields. A total of  
3 transfections targeting the site on chromosome 14 (genomic location between 
PF3D7_1438100 and PF3D7_143800) did not result in any transgenic parasite lines, 
suggesting either technical challenges or some important function of this locus in 
ABS parasite viability. The third SIL, termed SIL7 as it is on chromosome 7, locates 
between PF3D7_0715900 and PF3D7_0716000 and was used for integration of 
the mitochondrial marker. We generated an integration plasmid containing 5’ and  
3’ homology regions (HRs) and the mitochondrial marker (Figure S1A).

Considerations for the use of SIL7 for stable transgene integration
Integration of the fluorescent mitochondrial marker in SIL7 did not affect parasite 
growth or development in blood and mosquito stages up until oocyst formation. 
Although we did observe several free sporozoites in our dissected mosquito 
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samples, we never observed sporozoites in the salivary glands. This suggests 
that sporozoites might have a developmental defect that prevents them from 
populating the salivary glands. One possible explanation could be the presence 
of the fluorescent mitochondrial marker, which might be toxic for this stage 
specifically. Even though we used an organelle-specific promoter, the high, HSP70-3  
(PF3D7_1134000) promoter driven mito-mScarlet expression combined with limited 
resources, and possible lack of feedback loops to control protein levels could be 
overwhelming the small sized mitochondrion. Alternatively, integration in SIL7 
might be disruptive for sporozoite development, possibly due to interference with 
genetic or epigenetic processes in this stage. Therefore, we conclude that SIL7 is an 
excellent integration site when studying blood or mosquito stages up until oocyst 
development, but it might not be well suited to study sporozoite or liver stages.
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Figure S1. Generation and verification of MitoRed parasite line. A) Schematic overview of strategy 
to generate a parasite line harboring a fluorescent mitochondrial marker. CRISPR-Cas9 is used to 
create two double-strand breaks at SIL7 (indicated by scissors). A construct containing the promotor 
and targeting sequence of the mitochondrial protein HSP70-3 (PF3D7_1134000) fused with mScarlet 
is integrated by double homologous recombination. Once integrated, the mitochondrial targeted 
mScarlet is expressed and led to fluorescent staining of the mitochondrion. B) Diagnostic PCR of 
MitoRed parasite line with WT- and integration-specific primer combinations (indicated in panel A) 
demonstrating successful 5’ and 3’ integration and the absence of WT parasites in the MitoRed line. 
C) Growth assay showing similar growth of MitoRed and WT parasites. Three independent cultures 
were set up from one tightly synchronized parasite culture for both MitoRed and WT. Samples were 
taken over a 5-day period and parasitemia (corrected for dilution factors) was determined with flow 
cytometry. Error bars (note they are quite small) indicate standard deviation.
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Figure S2. Comparison of MitoTracker and the mitochondrial marker for live fluorescence 
imaging. A) live imaging of WT parasites stained with MitoTracker Orange CMTMRos (MT orange) or 
MitoTracker Red CMXRos (MT red). B) Live imaging of MitoRed stained with MT orange, MT red, 
MitoTracker Deep Red FM (MT deep red), Rhodamin123 or without staining. Mito signal is the 
combined MitoTracker and mito-mScarlet signal that is observed in this channel. Parasites were 
stained with Hoechst 33342 to visualize DNA. All images are single slices of Z-stacks taken with 
Airyscan confocal microscope. Scale bars, 2 μm.
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Figure S3. Mitochondrial morphology in stage IV and V male and female gametocytes. 
Immunofluorescence assay on male and female MitoRed gametocytes stage IV (A) and stage V (B), 
stained with anti-β-tubulin (green) and DAPI (blue). Male (M) and female (F) gametocytes are 
distinguished based on the intensity of the tubulin signal (males high, females low). Images are 
maximum intensity projections of Z-stacks taken with an Airyscan confocal microscope. Scale bars, 2 μm.
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Figure S4. Mitochondrial association with axonemes in activated male gametocytes. A) 
Exflagellation events in MitoRed and NF54 parasites 20 min after activation in four cultures in two 
independent experiments. Unpaired t-test showed no significant difference. B) Three examples of 
activated males where the mitochondria (magenta) localize closely to the axonemal tubulin (green) in 
MitoRed parasites. Left images are single slices, right images are maximum intensity projections (MIPs). 
C) Exflagellating MitoRed male gametocyte with apposition of the mitochondria with the axonemal 
tubulin. Top images are single slices and crops from bottom image, which is a MIP. Scale bars, 2 μm.



3

97|Detailing organelle division and segregation in Plasmodium falciparum

Figure S5. Mitochondrial dynamics in oocyst development. Live imaging of MitoRed oocysts on 
day 7 (A) day 10 (B) and day 13 (C) after mosquito infection. A) Oocyst at day 7 after infection with 
left image showing a maximum intensity projection of the mito-mScarlet signal. Right image shows 
a segmentation of the mito-mScarlet fluorescent signal by thresholding in Arivis software. Scale bar,  
4 μm. C) two oocysts at day 13 after infection. Images on the right are crops of the mito-mScarlet signal 
of the image on the left, indicated by the dotted-line areas. Yellow arrowheads indicate mitochondrial 
organization centers (MOCs). D) Oocysts at day 13 showing beginning MOCs (yellow arrowheads).  
E) Oocyst at day 13 showing globular mitochondrial signal which could be a sign of unhealthy or dying 
parasites. B-E) Scale bars, 10 μm.
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Figure S7. Mitochondrial division stages in ABS schizogony. Fluorescent imaging of MitoRed 
parasites in different mitochondrial division stages (described on the left). Images are representatives 
of the 17 parasites that were analyzed in second independent experiment. Mito-mScarlet signal is 
shown in magenta and DAPI (DNA) in blue. Images are maximum intensity projections of Z-stacks taken 
with an Airyscan confocal microscope. The fifth column shows the 3D image if the fluorescent mito-
mScarlet signal, while the sixth column shows the 3D visualization of the segmented mitochondrial 
signal. The color of the mitochondrial fragment represents the size of this fragment, as is shown in the 
color bar at the bottom. Scale bars, 2 μm.
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Figure S8. Shape and volume of mitochondrial fragments during final stages of schizogony.  
A) 3D rendering of mitochondria in a late and fully segmented schizont. The number between 
brackets indicates the parasite ID number (Table S3). In the right images, each mitochondrial fragment 
is depicted in an arbitrary color to distinguish separate and connected structures. B) Bar graphs 
indicating the mitochondrial fragment volumes in μm3 and bar colors correspond to colors of the 
mitochondrial fragments in A.
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Figure S9. Interaction between mitochondrion and apicoplast in different stages of schizogony. 
A) Micrograph images of contact sites between the apicoplast (yellow) and mitochondrion (red) in early 
stage schizont, indicated by orange arrows. Nuclei are marked in teal. B) 3D rendering of mitochondrion 
(red, 50% opacity) and apicoplast (yellow), with contact sites indicated by orange arrows.  
C) Micrograph images of mid- and fully segmented schizonts showing contact sites where apicoplast 
and mitochondrion are aligned over the total apicoplast length (black arrows). Red arrow indicates 
where the basal end of the apicoplast is in contact with the bulbous part of the mitochondrion at the 
merozoite entrance. Scale bars, 1 μm. D) 3D rendering of apicoplast and mitochondrion in different 
stage schizonts. Blue arrows indicate where the basal end of an apicoplast interacts with the end of a 
mitochondrial branch. The number between brackets indicates schizont ID number (Table S3).
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Figure S10. Bulbous membrane invagination structures (bulins) in the mitochondrion.  
A) 3D rendering of the mitochondrion in a mid-segmentation schizont with a thin (blue arrow) and 
thick (red arrow) part. B) Fluorescent microscopy of mito-mScarlet showing bulbous mitochondrial 
parts at the base of a mitochondrial branch. Scale bars, 2 μm. C) Micrograph image of mid-
segmentation schizont showing four bulins. D) micrograph images of mitochondrial bulins in different 
schizont stages. E) micrograph images of apicoplast bulins (yellow arrows) in early stage schizont. F) 
3D rendering of the mitochondrion (gray, 7% opacity) and membrane invaginations (blue). Red arrows 
indicate bulins at the base of a mitochondrial branch just outside the forming merozoite entrance. 
Orange arrows indicate membrane invaginations at a branching point in the mitochondrial network. 
Green arrows indicate membrane invaginations in the middle of a continuous mitochondrial branch. 
The number between brackets indicate schizont ID number (Table S3).
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Figure S11. Different interaction between apicoplast and centriolar plaques in an early schizont 
(3). A) Two centriolar plaques (CPs, purple) from a single nucleus (teal) associating with one apicoplast 
branch (yellow). B) Two CPs from a single nucleus associating with two different apicoplast branches.

Movie legends

Movie 1. Schizont 1. Visualization of schizont 1 with parasite outline (grey), nuclei (cyan), apicoplast 
(yellow), mitochondrion (brown/red), centriolar plaques (purple).

Movie 2. Schizont 2. Visualization of schizont 2 with parasite outline (grey), nuclei (cyan), apicoplast 
(yellow), mitochondrion (brown/red), centriolar plaques (purple).

Movie 3. Schizont 3. Visualization of schizont 3 with parasite outline (grey), nuclei (cyan), apicoplast 
(yellow), mitochondrion (brown/red), centriolar plaques (purple).

Movie 4. Schizont 4. Visualization of schizont 4 with parasite outline (grey), nuclei (cyan), apicoplast 
(yellow), mitochondrion (brown/red), centriolar plaques (purple).

Movie 5. Schizont 5. Visualization of schizont 5 with parasite outline (grey), nuclei (cyan), apicoplast 
(yellow), mitochondrion (brown/red), centriolar plaques (purple).

Movie 6. Schizont 6. Visualization of schizont 6 with parasite outline (grey), nuclei (cyan), apicoplast 
(yellow), mitochondrion (brown/red), centriolar plaques (purple).

Movie 7. Schizont 7. Visualization of schizont 7 with parasite outline (grey), nuclei (cyan), apicoplast 
(yellow), mitochondrion (brown/red), centriolar plaques (purple).

Movie 8. Schizont 8. Visualization of schizont 8 with parasite outline (grey), nuclei (cyan), apicoplast 
(yellow), mitochondrion (brown/red), centriolar plaques (purple).

Movie 9. Bulins during mid-segmentation. Micrograph stacks of another mid-segmentation 
schizont showing merozoite-entrance bulins.

Movie 10. Detailed bulins. Micrograph stacks of schizont 6, showing two merozoite-entrance bulins, 
localizing at the basal end of the divided apicoplast.





Chapter 4 
The role of stomatin-like protein 
(STOML) in Plasmodium falciparum
Julie M.J. Verhoef1, Ezra T. Bekkering1, Cas Boshoven1, Megan Hannon1, Felix Evers1, 

Nicholas I. Proellochs1, Cornelia G. Spruijt2, Taco W.A. Kooij1

1�Department of Medical Microbiology, Radboudumc Center for Infectious Diseases,  

Radboud University Medical Center, Nijmegen, The Netherlands
2�Department of Molecular Biology, Faculty of Science, Radboud University Nijmegen,  

Nijmegen, The Netherlands

Manuscript under review



106 | Chapter 4

Abstract

Members of the Stomatin, Prohibitin, Flotillin and HflK/C (SPFH) protein family 
form large membrane anchored or spanning complexes and are involved in various 
functions in different organelles. The human malaria causing parasite Plasmodium 
falciparum harbors four SPFH proteins, including prohibitin 1 and 2, prohibitin-like 
protein (PHBL), and stomatin-like protein (STOML) which all localize to the parasite 
mitochondrion. In the murine Plasmodium berghei, STOML has been shown to be 
essential and to localize to puncta on mitochondrial branching points in oocyst 
stages. In this study, we investigate the function of STOML in the human malaria 
parasite, P. falciparum. We show that deletion of STOML causes a significant growth 
defect and slower asexual blood-stage (ABS) development, while sexual-stage 
development remains unaffected. Parasites lacking STOML were not more sensitive 
to respiratory chain targeting drugs, rendering a function of STOML in respiratory 
chain assembly unlikely. Epitope tagging of endogenous STOML revealed a distinct 
punctate localization on branching points and endings of the ABS mitochondrial 
network. STOML resides in a large protein complex and pulldown experiments 
identified a zinc dependent metalloprotease, FtsH, as a likely interaction partner. 
The predicted AlphaFold structure of STOML shows high similarity with the 
bacterial HflK/C, which has been shown to form a large vault like structure around 
the bacterial FtsH hexamers. Combined, our results suggest that a similar STOML-
FtsH complex localized to specific loci of P.  falciparum mitochondria facilitate the 
parasite’s asexual blood-stage development.
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Introduction

Malaria is an infectious disease caused by Plasmodium parasites, which takes 
more than 600.000, mostly young lives annually1. Plasmodium falciparum is the 
most virulent malaria causing species. Resistance to current antimalaria drugs is 
fast to emerge, emphasizing the need for the continuous development of novel 
anti-malarial compounds. Plasmodium parasites harbor a unique mitochondrion 
that differs considerably from human mitochondria, which makes it a suitable 
drug target of antimalarial compounds such as atovaquone, DSM265, ELQ300, 
and proguanil2,3.

The mitochondrion consists of an inner and outer membrane, which are both rich 
in large protein complexes. Indeed, the inner mitochondrial membrane (IMM) is 
considered one of the most protein-rich membranes in any cell-type and contains 
large multiprotein complexes, such as respiratory chain complexes, ATP synthase, 
and the mitochondrial contact site and cristae organizing system (MICOS). Similarly 
to all other biological membranes, the mitochondrial membranes are organized into 
domains of distinct protein and lipid composition4,5. These membrane microdomains 
are important for the spatial and temporal control of membrane protein complex 
assembly and regulation4. SPFH (Stomatin, Prohibitin, Flotillin and HflK/C) family 
proteins are enriched in eukaryotic and prokaryotic membrane microdomains of 
various organelles, such as plasma membrane, nucleus, endoplasmic reticulum (ER), 
and mitochondria6. The common feature of SPFH proteins is the presence of the 
highly conserved SPFH or Band-7 protein domain7. These proteins form large self-
oligomerizing membrane-spanning or membrane-anchored complexes and have 
been indicated in a diverse set of functions6. A subset of SPFH proteins, including 
prohibitins (PHBs) and stomatin-like protein 2 (SLP2), localizes to the IMM. The two 
prohibitins (PHB1 and PHB2) form a large protein complex together, which has been 
indicated to play a role in mitochondrial protein degradation, cristae formation, 
mitochondrial dynamics, cell cycle regulation, and apoptosis8–11. SLP2 localizes to 
cardiolipin enriched membrane microdomains, where it interacts with and controls 
stability of the PHB complex12,13. The PHB and SLP2 complexes are both important 
for the formation and stability of the respiratory chain complex and mitochondrial 
translation8,13–17. They reside in large supercomplexes with metalloproteases and 
assert their proteolytic function through regulation of metalloprotease activity, 
similar to their bacterial family member HflIK/C8,11,12,18–21.

Plasmodium parasites harbor three conserved SPFH proteins, including two 
prohibitins (PHB1 and PHB2) and stomatin-like protein (STOML), as well as an 
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unusual myzozoan-specific prohibitin-like protein (PHBL)22. Attempts to delete 
the four genes using both genome-wide screens in P.  falciparum and the murine 
malaria model parasite Plasmodium berghei, and targeted approaches in the latter, 
resulted in conflicting results with only PHB2 consistently surfacing as essential. 
Localization studies through fluorescent tagging of the endogenous P. berghei 
genes revealed a mitochondrial localization of three SPFH proteins throughout 
the P. berghei life cycle22. Although tagging of PHB1 was unsuccessful, PHB1/2 
heterodimerization is evolutionary well-conserved15,23 and PfPHB1 ranks 84th on the 
validated list of Plasmodium mitochondrial proteins24. Functional complementation 
of yeast PHB mutants provided further support for prohibitin heterodimerization 
in P.  falciparum25. PfPHBs were shown to be involved in stabilizing mitochondrial 
DNA, maintaining mitochondrial integrity, and rescuing yeast cell growth25. PHBL-
deficient parasites failed to colonize Anopheles mosquitos as they arrest during 
ookinete development, which is correlated with depolarization of the mitochondrial 
membrane potential22.

The role and importance of STOML remains unclear. Genetic screens in P. falciparum 
and P. berghei both suggested a dispensable role, yet targeted approaches did 
never yield a pure isogenic or clonal line free of wild-type parasites, indicating 
possible developmental issues. Interestingly, PbSTOML localizes to punctate foci at 
the parasite mitochondrion during oocyst growth, often at organellar branching 
points. This specific mitochondrial localization combined with the uncertainty 
about its importance and function drove us to further investigate the role of STOML 
in the human malaria causing P. falciparum.

In this study, we show that deletion of STOML in P.  falciparum causes a significant 
growth delay of asexual blood stages (ABS), while sexual-stage development is 
not affected. PfSTOML localizes to punctate foci at mitochondrial branch endings 
and at branching points throughout ABS development. PfSTOML resides in a large 
protein complex and pulldown experiments identified metalloprotease FtsH as a 
likely interaction partner. We also show that the predicted AlphaFold structure of 
PfSTOML is highly similar to its bacterial family member HflK/C, which has recently 
been shown to form a large, oligomerized, vault structure around FtsH hexameres, 
this way regulating their accessibility. This suggests that a similar scenario might 
apply to the STOML-FtsH complex in P.  falciparum. These results gave us novel 
insights into the function of STOML in P.  falciparum and pave the way for future 
studies into the function of SPFH proteins and their potential as anti-malarial 
drug targets.
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Results

Knockout of PfSTOML results in a significant growth defect
To study the function of PfSTOML (PF3D7_0318100) during ABS development, we 
aimed to generate PfSTOML knockout (KO) parasites using a targeted replacement 
strategy (Figure S1A). Although the first three transfection attempts were 
unsuccessful, we managed to generate two PfSTOML KO parasite lines in NF54 
(stoml-) and the MitoRed background (stoml-

mito), which harbors a fluorescent 
mitochondrial marker (mito-mScarlet)26. Correct integration and the absence of 
unaltered wild-type (WT) NF54 or MitoRed parasite contaminations were verified by 
diagnostic PCR (Figure S1B). To demonstrate if PfSTOML KO causes a growth defect, 
we set up a new competition growth assay analogous to the protocol used with 
Plasmodium berghei27. In both PfSTOML KO lines, stoml is replaced by a gfp gene 
under the constitutive P. falciparum histone 2B (PfH2B, PF3D7_1105100) promotor, 
making them green fluorescent. By mixing these with WT parasites harboring 
a constitutively expressed mScarlet, the relative abundance of red and green 
fluorescent parasites can be determined by flow cytometry and followed over time 
(Figure 1A). The average factor by which the red/green ratio changed from the first 
to the second timepoint in three independent experiments was defined as fr. We 
included a control condition in which mNeonGreen expressing WT parasites (cyto-
NG) are mixed with mScarlet expressing WT parasites (cyto-mScarlet) (Figure S2). We 
confirmed that the ratio of red and green parasites in this control culture was stable 
over time (fr = 1.0) (Figure 1B). However, when co-culturing either of our PfSTOML KO 
lines with cyto-mScarlet, we found that the red/green distributions shift significantly 
over time (fr = 20.9, p<0.0001). In one representative experiment, the ratio of cyto-
mScarlet versus stoml-

mito parasites changes from 47: 53, to 94: 6 after one week and 
99: 1 after two weeks, indicating that stoml-

mito grows approximately 12 times slower 
in a week period compared to WT in mixed culture conditions. We observed a very 
similar trend in stoml- mixed cultures. To test whether this growth defect is caused 
by lower number of viable offspring per parasite, reduced invasion, or delayed 
development throughout the ABS cycle, we quantified growth and analyzed stage 
development microscopically in two independent experiments, either every 8-16 
h over an 88-h period or daily for eight days (Figure 1C, 1D, 1E). These experiments 
showed that stoml-

mito develops slower throughout the ABS replication cycle 
compared to MitoRed WT parasites. At the end of the first replication cycle (40 h), 
MitoRed WT cultures contained mostly segmented schizonts and rings, and the 
parasitemia has increased 6.0-fold compared to the 24 h timepoint (Figure 1D). 
stoml-

mito cultures contained mostly early schizonts and very few rings at 40 h, and 
the parasitemia has only increased 1.6-fold. However, at 48 h, stoml-

mito parasitemia 
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has almost “caught up” with WT parasitemia with a 4.9-fold increase compared to 
the 24 h timepoint. This trend of delayed ABS development continues in the next 
replication cycles (Figure 1E). These results indicate that stoml-

mito has a growth 
defect that is mostly caused by slower and prolonged development throughout the 
asexual replication cycle.

PfSTOML is unlikely to be involved in assembly of the 
respiratory chain
In other eukaryotes, STOML is thought to be involved in a variety of mitochondrial 
functions13,21,28–30. To explore if PfSTOML has a similar mitochondrial function in 
P.  falciparum, we were curious to see if PfSTOML KO would alter mitochondrial 
dynamics. We compared mitochondrial morphology of stoml-

mito with MitoRed 
parasites and found no obvious differences throughout different stages of ABS 
development in two independent experiments (Figure S3). Mature stoml-

mito 
schizonts showed divided and segregated mitochondria, similarly to MitoRed 
WT parasites.

SLP2, the human STOML homolog, has been indicated to play an essential role in 
the assembly of the respiratory chain12,28. To test if STOML has a similar function 
in P.  falciparum, we investigated if stoml- parasites would have an increased 
sensitivity to drugs targeting the respiratory chain. We performed drug assays with 
different mitochondrial drugs (including DSM1, DSM265, atovaquone, ELQ300 and 
proguanil) and non-mitochondrial drugs (chloroquine, DHA, MMV183) and found no 
difference in drug sensitivity between stoml- and WT parasites in two independent 
experiments (Figure S4). Energy metabolism in P.  falciparum ABS relies heavily on 
glycolysis, and oxidative phosphorylation (OXPHOS) is only essential for ubiquinone 
recycling for pyrimidine synthesis31. However, in gametocytes, there is an increased 
TCA cycle utilization and presumably respiration32,33. We were therefore curious 
to see if stoml-

mito parasites could develop to mature gametocytes and gametes. 
We found that stoml-

mito parasites could develop to healthy-looking, mature 
gametocytes within a comparable time frame as WT parasites in three independent 
experiments. Mature male and female stoml-

mito gametocytes did not show obvious 
aberrations in mitochondrial morphology (Figure S5A). Stoml-

mito parasites were 
still able to exflagellate and had dispersed mitochondria after activation, similarly 
to what we have described for the MitoRed WT line26 (Figure S5B). Based on these 
results, it is unlikely that STOML is directly involved in respiratory chain assembly in 
P. falciparum.
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Figure 1. ABS development of stoml-
mito parasites is delayed. A) Schematic overview of the 

competition growth assay. PfSTOML knockout parasites expressing cytosolic GFP (green) are mixed 
with wild-type parasites expressing cytosolic mScarlet (red) in an approximate 1:1 ratio. Overtime, the 
distribution of red/green parasites is measured using flow cytometry. If PfSTOML knockout causes a 
growth defect, the wild-type population will grow faster, and the ratio red/green parasites will shift. B) 
Bar graph showing distribution of red/green parasites in the competition growth assay at day 0, day 7 
and day 14. The graph shows one representative example of three independent experiments. Cyto-
mScarlet parasites are mixed with green cyto-NG (control), stoml-, or stoml-

mito parasites to create 
mixed cultures. C) Giemsa-stained thin blood smears and fluorescent images showing the 
mitochondrial mScarlet marker (magenta) and DNA (blue) in MitoRed (WT) and stoml-

mito parasites 
over time. Fluorescence microcopy images are maximum intensity projections of Z-stack confocal 
Airyscan images. D-E) Growth curve of parasitemia of MitoRed and stoml-

mito over time in hours (D) and 
days (E). In order to visualize continuous growth, we corrected for the parasitemia for the dilution 
factors, resulting in corrected parasitemias above 100%. The graphs show one representative 
experiments of two independent experiments.
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PfSTOML localizes to specific foci at the mitochondrion during 
ABS development
To learn more about the function of PfSTOML, we analyzed its subcellular 
localization. To do this, we generated a transgenic parasite line, stoml-NG, in which 
STOML is fused with a 3HA-mNG-GlmS tag. We also integrated a mitochondrial 
marker cassette mito-mScarlet for protein co-localization (Figure S1A). Correct 
integration and the absence of WT parasite contaminations were verified by 
diagnostic PCR (Figure S1B). Western blot analysis of ABS parasite extract confirmed 
expression of the full length PfSTOML-3HA-NG (Figure S1C). Live fluorescent 
microscopy of stoml-NG in three independent experiments showed localization 
of PfSTOML-3HA-NG to punctate foci during ABS development (Figure 2). In ring 
stages, PfSTOML-3HA-NG localized to a single spot, close to the mitochondrion 
(Figure 2A). As the parasites progress to late rings and the mitochondrion 
elongates, PfSTOML-3HA-NG is consistently found in two foci that reside at both 
endings of the mitochondrion (Figure 2A, 2B, Movie 1). In trophozoites, the 
mitochondrion starts to form a branched structure and the number of PfSTOML-
3HA-NG foci per parasite increases (Figure 2C). PfSTOML-3HA-NG foci are found 
both at endings of mitochondrial branches, as well as branching points (Figure 2A). 
Similar localization is found in early schizont stages, were the mitochondrion forms 
a complex, branched network (Figure 2A, 2B, Movie 2). The number of foci per 
parasite increases during schizont stages. In late schizonts, when the mitochondrial 
branches orient in a radial fashion prior to division, the PfSTOML-3HA-NG foci are 
found at the endings of most mitochondrial branches, although PfSTOML-3HA-NG 
signal can also be observed along mitochondrial branches (Figure 2A, 2B, Movie 3).  
In a fully segmented parasite that seems to have egressed form the RBC, only few 
PfSTOML-3HA-NG foci were found. This unique localization pattern is different 
from the homogeneous mitochondrial localization of PbSTOML observed in  
P. berghei ABS22.

PfSTOML resides in a large protein complex with PfFtsH
PHBs and STOML are found in large hetero- and homo- oligomers at the IMM in 
other eukaryotes, such as humans and yeast15,21. P.  falciparum mitochondrial 
complexome profiling data showed that PfSTOML migrates in a large ~2 MDa 
protein complex on a native gel (Figure 4C)33. In order to identify the proteins in 
this complex, we performed two independent pulldown experiments (Figure 4A-B,  
S6). In the first experiment, late-stage stoml-NG parasites (24-40 h.p.i.) were lysed 
through saponin lysis and nitrogen cavitation, and organelle fraction was used 
as input for co-immunoprecipitation with anti-mNG coated magnetic beads. 
As a control, the same fraction was loaded on uncoated beads. 27 proteins were 
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Figure 2. Localization of STOML-3HA-NG in ABS parasites. A) Live imaging of stoml-NG with 
PfSTOML-3HA-NG (green), mito-mScarlet mitochondrial marker (magenta), Hoechst for DNA 
visualization (blue) and DIC through the asexual replication cycle. Images are maximum intensity 
projections of Z-stack confocal Airyscan images. Arrowheads indicate PfSTOML-3HA-NG signal at 
mitochondrial branching points (white) or mitochondrial branch endings (yellow). Scale bars, 2 μm.  
B) 3D visualization of Z-stack confocal Airyscan images using Arivis 4D vision software. Fluorescent 
signal is segmented by manual thresholding. Arrowheads indicate STOML-NG signal at mitochondrial 
branching points (white) or mitochondrial branch endings (yellow). Scale bars, 1 μm. C) Boxplot 
indicating number of PfSTOML-3HA-NG foci per parasite in ring (n=7), trophozoite (n=12) and schizont 
(n=9) stages with a total of 28 parasites.
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significantly enriched after pulldown with mNG beads, of which PfSTOML was 
the most significantly enriched (Figure 4A, Table S2). For the second pulldown 
experiment, we generated a transgenic parasite line in which STOML is fused with 
an 3HA-GlmS tag, which we termed stoml-HA. Correct integration and the absence 
of wild-type (WT) parasite contaminations were verified by diagnostic PCR (Figure 
S1B) and Western blot analysis confirmed expression of STOML-3HA (Figure S1C). 
Organelle fraction of late-stage stoml-HA parasites was used as input for pulldown 
with anti-HA coated magnetic beads and empty protein G beads were used as 
control. In the second experiment, 122 proteins were significantly enriched after 
HA pulldown (Figure S6, Table S3). Three proteins were significant hits in both 
pulldown experiments: STOML, an ATP-dependent zinc metalloprotease FtsH 
(PF3D7_1464900), and a conserved protein of unknown function (PF3D7_1306200) 
(Figure 4B). Although FtsH is also found in a large protein complex of ~2.5 MDa 
in the complexomics dataset33, it does not perfectly comigrate with the STOML 
complex in ABS (Figure 4C). In gametocytes, however, FtsH and STOML comigrate 
at ~2.3 MDa. In contrast, PF3D7_1306200 does not comigrate with STOML in 
either ABS or gametocyte stages. PF3D7_1306200 is predicted to be an essential 
protein and is expressed in late schizonts34,35. It contains an AB-hydrolase domain 
and is thought to localize to the apicoplast. FtsH, on the other hand, is a predicted 
mitochondrial protein (ranking 265th with a mitochondrial prediction score of 2.124) 
and phylogenetic analysis shows clustering with i-AAA proteases in the IMM36.

SPFH proteins are known to form large protein complexes with metalloproteases, 
regulating their protease activity8,18,19,21,37. The human STOML homolog, SLP2, forms 
a large proteolytic complex termed the SPY complex at the inner mitochondrial 
membrane with rhomboid protease PARL and i-AAA metalloprotease YME1L21. SLP2 
regulates the activity of YME1L, which forms homo-hexamers and is involved in 
degradation of unfolded or excess mitochondrial proteins38. In Trypanosoma brucei, 
another unicellular protozoan parasite, SLP2 can also be found in a complex with 
the Yme1L homolog, TbYme139. A BLAST search of hYME1L identified P. falciparum 
FtsH as top hit with 41% identity (Figure S7).

Cryo-electron microscopy revealed that the bacterial HflK and HflC form a large, 
hetero-oligomeric vault structure around four membrane-anchored FtsH hexamers 
(Figure 5E)19. We compared the predicted AlphaFold40 structure of PfSTOML 
with the bacterial HflK/C complex (Figure 5A-D). Although PfSTOML lacks a clear 
transmembrane domain, the overall predicted structure of the protein is highly 
similar to its bacterial family members. To further explore if PfSTOML could form 
a similar multimer barrel structure, we used AlphaFold multimer41 to predict the 
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Figure 4. Identification and characterization of STOML protein complex. A) Anti-mNG co-
immunoprecipitation of PfSTOML-3HA-mNG containing complexes. The volcano plot showing mean 
log2 fold changes (FC) and -log10 false discovery rate (FDR) for anti-mNG pulldown in comparison with 
control pulldown. Horizontal and vertical dotted lines indicate FC > 8 and FDR < 0.05 respectively. 
Dark dots represent enriched proteins. The number of proteins enriched in the anti-mNG pulldown 
compared to the control pulldown is indicated on the right. B) Overlap of enriched proteins in both 
anti-HA pulldown on STOML-HA and anti-mNG pulldown on STOML-mNG. C) Heatmap and graph 
showing migration profiles of STOML (red), FtsH (blue) and PF3D7_1306200 (green) on a blue native 
gel with a normalized relative abundance of 1 (red) represents the highest iBAQ value for a given 
protein and the molecular weight (MW) indicated on the x-axis.
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Figure 5. AlphaFold predictions of PfSTOML complex structure and comparison with the bacterial 
HflK/C supercomplex structures. A) Protein domains of EcHflK EcHflC, and PfSTOML, indicated are 
transmembrane domain (TM), SPFH1 and SPHF2 domains, long coiled-coil domain 1 (CC1), coiled-coil 
domain 2 (CC2), C-terminal region (CT). B) Protein structures of EcHflK and EcHflC determined by Ma 
et al.19. C) Predicted AlphaFold structure of PfSTOML. D) Overlay of EcHflK and EcHflC structures with 
PfSTOML AlphaFold structure. E) Cryo-EM structure of HflK/C – FtsH complex with the side view (top) and 
bottom view (bottom). Purple/blue-colored proteins are HflC, green/yellow-colored proteins are HflK, 
red/pink-colored proteins are part of the FtsH hexamers. F) Predicted AlphaFold structure of PfSTOML 
22-multimer with side view (top) and top view (bottom), coloring according to model confidence 
with very high confidence (pLDDT > 90) dark blue, high confidence (pLDDT > 70) light blue, and low 
confidence (pLDDT > 50) yellow. G) Overlay of predicted AlphaFold PfSTOML 22-multimer structure 
(green) with HflK/C – FthsH complex (light blue) with side view (top) and top view (bottom).
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PfSTOML 24-multimer structure (Figure S8A). We used the SPFH2 and long alpha 
helix domains of PfSTOML, as these are the best predicted parts of the PfSTOML 
structure (pLDDT>90). The PfSTOML 24-multimer structure was predicted to form 
a round, yet distorted barrel structure with the endings of the multimer structure 
not joining together to close the structure, which visually seemed to include too 
many PfSTOML proteins (Figure S8A). In order to estimate the correct amount of 
PfSTOML proteins in the barrel complex, we used AlphaFold multimer to predict 
the structure of PfSTOML 8-multimer structure with SPFH1, SPFH2 and long alpha 
helix domains (Figure S8B). We then measured the angle between the SPFH 
domains in the 8-multimer complex to estimate the curvature of the barrel (Figure 
8SC). We found an angle of 16.5 degrees between SPFH domains, suggesting that 
the PfSTOML complex might consist of approximately 22 PfSTOML monomers. 
Indeed, AlphaFold predicts an intact, slightly oval barrel structure for a PfSTOML 
22-multimer with SPFH2 and long alpha helix domains (Figure 5F, S8D). The 
predicted PfSTOML 22-multimer structure showed high similarity with the HflK/C-
FtsH complex, indicating that STOML might form a similar supercomplex with FtsH 
in the IMM in P. falciparum.

Discussion

The SPFH protein family is a highly conserved family involved in the formation 
of microdomains in membranes of various organelles. Prohibitins and stomatin-
like protein (STOML) are localized to the IMM and have been implicated in 
several mitochondrial functions, including cristae formation and assembly of 
the respiratory chain11,12,14,28. Plasmodium harbors four SPFH family members, 
including two prohibitins (PHB1 and PHB2), a prohibitin-like protein (PHBL), and 
STOML, which localize to the mitochondrion22. STOML is likely essential in P. berghei 
and localizes to foci on mitochondrial branching points during oocyst stages. In 
this study, we investigated the function of STOML in the human malaria causing 
parasite P. falciparum.

In contrast to the in vivo murine model parasite P. berghei in which STOML could not 
be deleted, we were able to generate two STOML KO lines in P.  falciparum. stoml- 
parasites developed slower throughout the ABS replication cycle compared to WT 
parasites, indicating an important but non-essential function for PfSTOML under in 
vitro culture conditions. In trophozoite and schizont stages, PfSTOML localizes to 
specific foci at the mitochondrial branching points and endings of mitochondrial 
branches. In late schizonts, when mitochondrial branches are oriented in a radial 
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fashion prior to division26, PfSTOML has a punctate localization at the endings 
of mitochondrial branches. While STOML appears to have a more uniform 
mitochondrial distribution in most P. berghei life cycle stages, PbSTOML localizes to 
foci on mitochondrial branching points in oocyst stages22. This specific localization 
suggests a potential function for PfSTOML in mitochondrial dynamics and/or 
segregation. This could explain why PfSTOML deletion did not affect the sexual 
stage development, during which parasites do not undergo cell division. On the 
other hand, PfSTOML knockout does not seem to affect mitochondrial division, and 
segregation (Figure S3). Therefore, the exact function of PfSTOML at this specific 
mitochondrial localization remains to be elucidated.

In human, yeast and plants, STOML has been indicated to play a role in the assembly 
of the respiratory chain12,13,28. We hypothesized that STOML might have a similar 
function in P.  falciparum and that PfSTOML knockout would lead to an increased 
sensitivity to drugs targeting the respiratory chain, such as atovaquone and ELQ300. 
However, our data show no changes in drug sensitivity upon PfSTOML knockout. 
Additionally, stoml-

mito parasites were able to form healthy gametocytes and undergo 
male gametogenesis, during which mitochondrial ATP synthesis is thought to be 
essential42. This indicates that in contrast with orthologs in other eukaryotes, PfSTOML 
is not directly involved in respiratory chain assembly in P. falciparum.

Our mitochondrial complexomics data shows that PfSTOML consistently resides 
in a large ~2 MDa protein complex33. SPFH proteins are known to form large 
homo- or heteromeric complexes, often together with proteases8,18. In order 
to further characterize the STOML complex in P.  falciparum, we performed two 
complementary STOML-pulldown experiments to identify potential interactors. 
Three proteins, including PfSTOML, PfFtsH metalloprotease, and a protein of 
unknown function (PF3D7_1306200), were identified as significantly enriched in 
both pulldown experiments. PF3D7_1306200 contains an AB-hydrolase domain and 
is predicted to be essential34. Similarly to STOML, it is mostly expressed in schizont 
stages35, yet the putative hydrolase is predicted to localize to the apicoplast43 and 
did not show comigration with STOML on a native gel in our complexomics data33. 
Based on its predicted apicoplast localization, and the lack of comigration with 
PfSTOML on a native gel, it is unlikely that PF3D7_1306200 forms a complex with 
PfSTOML at the IMM, yet, the consistent pull down with the STOML-FtsH complex 
is remarkable. Particularly in the light of a recent discovery of an AB-hydrolase, 
ABHD16A, localized to the endoplasmic reticulum in human cell lines, that appears 
to regulate the recruitment of fission and fusion machineries to mitochondria by 
altering phospholipid composition at ER-mitochondria membrane contact sites44.
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PfFtsH belongs to the AAA (ATPases Associated with various cellular Activities) 
metalloprotease family at the IMM, which play a role in protein surveillance by 
degrading non-native integral membrane proteins and membrane associated 
proteins such as unassembled units of the respiratory chain45,46. P.  falciparum 
harbors three FtsH homologs36. Two of the P.  falciparum FtsH homologs, including 
PF3D7_1464900, which we identified in our STOML pull-down, locate to the IMM, have 
a single transmembrane domain, and cluster with i-AAA FtsH homologs, which are 
exposed to the intermembrane space. The third homolog, PfFtsH1 (PF3D7_1239700), 
has two transmembrane domains and clusters with m-AAA FtsH homologs at 
the IMM that are exposed to the mitochondrial matrix. PfFtsH1 forms oligomeric 
complexes and has a punctate distribution on the mitochondrial branching points in 
late trophozoite and early schizont stages36, which is similar to STOML distribution in 
these stages. Contradictory, another study showed that actinonin, a small molecule 
inhibitor, targets PfFtsH1 and disrupts apicoplast biogenesis47 and its homolog in 
T.  gondii is also localized to the apicoplast48. Expression of PfFtsH1 in E. coli causes 
defective cytokinesis, implying a potential role in organelle division. Unfortunately, 
Amberg-Johnsen and colleagues were unable to generate endogenously tagged 
knockdown parasite lines of the two i-AAA proteases47. Therefore, the exact function 
and substrates of FtsH in P. falciparum remains to be elucidated.

The interaction between STOML and PfFtsH is well-supported by evidence. Their 
respective human homologs, SLP2 and Yme1L, form the SPY complex21, which 
is essential for the proteolytic regulation of proteins involved in mitochondrial 
dynamics and quality control. Yme1L also contributes to OPA1 cleavage, a 
mitochondrial GTPase which is involved in mitochondrial fusion and cristae 
formation49,50, however, no Plasmodium OPA1 homolog has been identified to 
date. In Trypanosoma brucei, TbSLP2 forms a large mitochondrial complex with 
TbYme1, which is involved in mitochondrial stress resistance39. Also in filamentous 
fungus Neurospora crassa, STOML2 has been found in a large complex with an i-
AAA protease (IAP1)51. Furthermore, other SPFH family members are known to form 
large complexes with AAA+ proteases, such prohibitins with Yta10/Yta12 in yeast8 
or HflK/C with FtsH in bacteria18. Characterization of the HflK/C-FtsH supercomplex 
structure showed that HflK/C forms a 24-heteromer vault structure around four 
hexameric FtsH complexes at the bacterial membrane52 (Figure 5E). Here, we show 
that the PfSTOML AlphaFold predicted structure shows high similarity with that 
of bacterial HflK/C. Our AlphaFold multimer predictions indicate it is likely that 
PfSTOML forms a 22-multimer barrel structure that is highly similar to the vault 
structure of HflK/C-FtsH supercomplex in bacteria. Although these predictions 
are based on modelling and therefore need to be interpreted with caution, the 
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high structural similarity of the PfSTOML 22-multimer complex with HflK/C-
FtsH supercomplex, combined with our co-immunoprecipitation data, suggests 
that PfSTOML might form a similar supercomplex structure with PfFtsH, possibly 
regulating PfFtsH accessibility.

Taken together, we have demonstrated that KO of PfSTOML causes a significant 
delayed ABS development, while gametocytes develop normally. PfSTOML 
has a punctate distribution to mitochondrial branching points and endings of 
mitochondrial branches, but knockout of PfSTOML does not affect mitochondrial 
morphology. Knockout of PfSTOML did not affect sensitivity to drugs targeting the 
respiratory chain, suggesting that PfSTOML is not directly involved in respiratory 
chain assembly. PfSTOML resides in a large supercomplex with PfFtsH, likely forming 
a large, multimeric barrel structure that regulates the accessibility of PfFtsH, similar 
to its bacterial family members. Although the exact function of the STOML-FtsH 
complex in P.  falciparum remains to be elucidated, these results could pave the 
way for future studies into this highly conserved protein family and their role in 
proteolytic processes and membrane organization.

Materials and Methods

P. falciparum culture and transfections
P. falciparum NF54 and mutant parasites lines were cultured in RPMI1640 medium 
supplemented with 25 mM HEPES, 10% human type A serum (Sanquin, The 
Netherlands) and 25 mM NaHCO3 (complete medium). Parasites were cultured 
in 5% human RBCs type O (Sanquin, The Netherlands) at 37°C with 3% O2 and 
4% CO2. For transfection, 60 μg of HDR plasmid was linearized by overnight 
digestion, precipitated, and transfected with 60 μg Cas9 plasmid using either RBC 
loading or ring transfection53. For RBC loading, plasmids were loaded into RBCs by 
electroporation (310 V, 950 μF) and a trophozoite parasite culture was added to the 
transfected RBCs. One day after transfection, parasites were treated with 2.5 nM  
WR99210 (Jacobus Pharmaceutical) for five days. For ring transfection, a ring-
stage sorbitol synchronized parasite culture was transfected with the plasmids 
by electroporation (310 V, 950 μF). Five hours after transfection, parasites were 
treated with 2.5 nM WR99210 for five days. Success of transfection was assessed 
by diagnostic PCR (Figure S1). Gametocyte cultures were maintained in a semi-
automatic culturing system with media changes twice a day54. Gametocytes were 
stress-induced through asexual overgrowing. A mixed asexual culture of 1% was set 
up and cultured for up to 2 weeks.
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Plasmid constructs
To generate STOML KO repair plasmid, pGK plasmid was used, which contains a pBAT 
backbone with H2B promotor, GFP and PBANKA_142660 bidirectional 3’UTR, flanked 
by multiple cloning sites. 5’ and 3’ Homology Regions (HRs) were amplified and cloned 
into pGK sequentially, using XmaI + XhoI and NcoI + EcoRI restriction sites respectively, 
generating pRF0038 STOML KO repair plasmid. CRISPR-Cas9 guide plasmids targeting 
two different sites in STOML were generated. Guide oligonucleotides were annealed 
and cloned into pMLB626 plasmid (a kind gift from Marcus Lee) using BbsI restriction 
enzyme, generating the pRF0039 and pRF0040 final guide plasmids (Table S1).

To generate STOML tagging repair plasmid, pRF0079 empty tagging plasmid was used, 
containing 3HA-NG-GlmS, PBANKA_142660 bidirectional 3’UTR, and the mito-mScarlet 
mitochondrial marker26. 5’ HR was generated by overlap PCR, harboring a shield 
mutation that prevents cutting of CRISPR-Cas9 when the construct is integrated. 5’ and 
3’ HRs were cloned into pRF0079 using KpnI + BamHI and EcoRI + NgoMIV restriction 
enzymes respectively, generating pRF0166 STOML tagging plasmid. Because this 
plasmid was unsuccessful in generating mutant parasite line after three transfection 
attempts, we decided to clone the DHFR selection marker in the repair plasmid and 
remove it from the guide plasmid. By addition of WR after transfection, we will then 
directly select for parasites with integration of the DHFR cassette, instead of selection 
on the guide plasmid. The DHFR cassette was removed from pRF0040 guide plasmid by 
digestion with EcoRI and ApaI, followed by blunt end generation with DNA polymerase 
I (klenow), following manufacturer’s instructions, and ligation. The new guide plasmid 
without DHFR was termed pRF0210. The DHFR cassette cloned from MLB626 plasmid 
into pRF0166 with SphI and EcoRI restriction enzymes, generating pRF0213 3HA-NG-
GlmS tagging plasmid with mito-mScarlet and DHFR selection marker. Since a big 
fluorescent tag might interfere with protein function, we also generated a STOML 
tagging repair plasmid by removing mNG from pRF0213, generating pRF0266 3HA-
GlmS tagging plasmid, using BamHI and NheI restriction enzymes.

For generation of the repair plasmids for cyto-mScarlet and cyto-mNG parasite 
lines (used for the competition growth assay), SIL7 reporter plasmid (pRF0057) 
was used26. mScarlet gene was amplified from p1.2RhopH3-HA-mScarlet (a kind 
gift from Prof. Alan Cowman) (Table S1) and cloned into pRF0057 using AfeI and 
NheI restriction enzymes, generating pRF0278 cyto-mScarlet repair plasmid. 
mNeonGreen was amplified from pRF0079 plasmid and cloned into pRF0278 with 
AflII and NheI restriction sites to generate pRF0290, the cyto-mNG repair plasmid. 
CRISPR-Cas9 guide plasmids targeting SIL7 were used26. All enzymes used were 
obtained via New England Biolabs.
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Competition growth assay
For the competition growth assay, parasite lines harboring a cytosolic mScarlet 
or cytosolic mNG were generated by integration of cyto-mScarlet and cyto-mNG 
constructs in SIL7 integration site26. Cyto-mScarlet, Cyto-mNG, stoml- and stoml-

mito 
were synchronized by a 63% Percoll centrifugation. Late-stage parasites were isolated 
from the Percoll gradient and added to fresh RBCs. Four hours later, 5% sorbitol 
synchronization was performed, which allowed only young rings that just invaded a 
new RBC to survive. Ring-stage parasites were counted and diluted to each have 0.4% 
final parasitemia in Cyto-mScarlet + Cyto-mNG, Cyto-mScarlet + stoml-, and Cyto-
mScarlet + stoml-

mito mixed cultures. Samples for flow cytometry analysis were taken 
directly after set-up, at day 7 and at day 14. Samples from each mixed culture were 
taken and stained with 0.5 μg/ml Hoechst 33342 (Invitrogen, H3570) for 30 min at 
37°C. Samples were directly analyzed on BD FACSAria™ III Cell Sorter and number of 
red and green parasites were counted. Data was analyzed in FlowJo (version 10.10).

Growth assay
For this growth assay, MitoRed (WT), stoml-, and stoml-

mito parasites were 
synchronized by a 63% Percoll centrifugation. Late-stage parasites were isolated 
from the Percoll gradient and added to fresh RBCs. Four hours later, 5% sorbitol 
synchronization was performed, which allowed only young rings that just invaded 
a new RBC to survive. Ring-stage parasites were counted and diluted to 0.05% 
parasitemia. Samples for flow cytometry analysis and fluorescent microscopy 
were taken directly after setup (t=0), and then every 8, 16 or 24 h over a period 
of 8 days. To prevent overgrowth, parasite cultures were cut back 1/100 on day 3,  
and 1/50 on day 6. For flow cytometry, samples were taken and fixed in 0.25% 
glutaraldehyde. All samples from different time points were processed at the same 
time, by staining with Hoechst 33342 for 30 min at 37°C and then analyzed by flow 
cytometry (Beckman Coulter Cytoflex) to determine parasitemia using the 405 nm 
laser. Data was analyzed in FlowJo (version 10.10). Final parasitemia was adjusted 
for the dilution factor, explaining why final parasitemia can reach more than 100%. 
For fluorescent microscopy, parasite samples were processed as described in “fixed 
imaging” paragraph below.

Live imaging
Stoml-NG parasites were stained with Hoechst 33342 for 30 min at 37°C and settled 
in an 8-well imaging chamber (Ibidi) in complete media without phenol red. 
Parasites were imaged on a Zeiss LSM880 or LSM900 Airyscan microscope with 63x 
oil objective and 37°C heated stage, using 405, 488, and 561 nm excitation lasers. 
Images were Airyscan processed before analysis with FIJI software.
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Fixed imaging
Fluorescent microscopy was performed on asexual and sexual blood-stage stoml-

mito  
 parasites, using the same fixation and staining protocols. Parasites were settled 
on a poly-L-lysine coated coverslip for 20 min at 37°C. Parasites were fixed (4% EM-
grade paraformaldehyde, 0.0075% EM-grade glutaraldehyde in PBS) for 20 min and 
permeabilized with 0.1% Triton X-100 for 10 min. DNA was visualized by staining 
with 1 μM DAPI in PBS for 1 h. PBS washes were performed between different steps. 
Parasites were mounted with Vectashield (Vector Laboratories). Samples were 
imaged with Zeiss LSM880 or LSM900 Airyscan microscope with 63x oil objective 
and 405, 488, and 561 nm excitation lasers. Images were Airyscan processed before 
analysis with FIJI software.

Co-immunoprecipitation assay
Stoml-HA and stoml-NG parasites were synchronized with 5% sorbitol and harvested 
22 h later to obtain late-stage parasites. Parasites were treated with 0.06% saponin, 
snap-frozen in liquid nitrogen, and stored at -80°C until further processed. Nitrogen 
cavitation was used for cell disruption as described33. On the day of the experiment, 
18 pellets of 30-ml cultures per parasite line were resuspended and pooled in 25 ml 
ice-cold MESH-buffer (250 mM sucrose, 10 mM HEPES, 1 mM EDTA, 1× cOmplete™ 
EDTA-free Protease Inhibitor Cocktail (Sigma), pH 7.4). The sample was added to the 
pre-chilled cell disruption vessel (#4639 Parr Instrument Company) and pressurized 
with nitrogen gas at 1500 psi for 45 min on ice. The parasites were then sheared 
through slow release. The organelle-enriched fraction was obtained by differential 
centrifugation as described33. Protein concentrations were determined by Pierce™ 
BCA Protein Assay Kit (Thermo Scientific). Samples were solubilized with n-dodecyl-
β-D-maltoside (DDM) (Sigma), using 3:1 detergent:protein (w/w) ratios. Solubilized 
samples were spun down at 22,000 x g at 4°C. Supernatant derived from stoml-NG 
samples were applied on ChromoTek mNeonGreen-Trap magnetic agarose beads 
(ChromoTek), or empty control agarose beads (ChromoTek). Supernatant from 
stoml-HA samples were applied on PierceTM HA-tag magnetic beads (Thermofisher) 
or empty protein G control beads (Thermofisher). Beads were incubated at 4°C 
for 30 minutes with gentle agitation and then washed twice with washing buffer 
(PBS, 1mM EDTA, 1× cOmplete™ EDTA-free Protease Inhibitor Cocktail, 0.05% 
DDM) and three times with ice-cold PBS, using a magnetic stand. After washes, 
on bead digestion was performed as follows: beads were resuspended in 50 μl 
elution buffer (2M urea, 100 mM Tris-HCl pH 8.0, 10 mM DTT) and incubated for  
20 minutes at 25°C while shaking. To alkylate cysteines, iodoacetamide was added 
to a final concentration of 50 mM. Samples were kept in the dark for 10 min at 25°C. 
Subsequently, 0.25 μg of sequencing grade tryspin (Promega) was added to digest 
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the proteins. The samples were shaken at 25°C for 2 h. The supernatants, containing 
the partially digested proteins, were collected and 50 μl of fresh elution buffer 
was added to the beads and shaken for another 5 min. Next, these supernatants 
were collected and combined with the first supernatant. Another 0.1 μg of trypsin 
was added, to stimulate overnight digestion at 25°C. The next day, samples were 
concentrated and purified on C18 stagetips55. Samples were analyzed on a Thermo 
Exploris 480 mass spectrometer, operated with an online Easy-nLC 1000. A gradient 
of buffer B (80% acetonitrile, 0.1% formic acid) was applied for 60 min. The mass 
spectrometer was ran in Top20 mode, while dynamic exclusion was enabled for  
45 sec. Raw data was analyzed using Maxquant version 1.6.6.056 with a Plasmodium 
database (strain 3D7, version August 5th 2022, obtained from plasmodb.org57). LFQ, 
iBAQ and match between runs were enabled, and deamidation (NQ) was added as 
additional variable modification. The output was filtered using Perseus 1.5.0.1558. 
Proteins marked as potential contaminants, reverse hits, and proteins with less than 
2 peptides were removed. Samples were grouped into triplicates, and proteins with 
less than 3 valid values in at least 1 group were removed, after which missing values 
were imputed using the default settings. A t-test was performed to identify specific 
outliers. Data was visualized using R.

Drug sensitivity assay
NF54 and stoml- parasites were used in a replication assay as described59 to 
determine sensitivity to anti-malarial compounds. Briefly, parasites were 
diluted to 0.83% parasitemia and 3% hematocrit. Thirty microliters of diluted 
parasites were combined with 30 μl of compound serially diluted in dimethyl 
sulfoxide (DMSO) and RPMI 1640 medium to reach a final DMSO concentration 
of 0.1% in a total assay volume of 60 μl. Parasites were incubated at 37°C for  
72 hours with mixed gas (3% O2 and 4% CO2). Then 30 μl of lysis buffer containing 
1:15,000 SYBR Green reagent (Life Technologies), 13.3 mM Tris-HCl, 3.3 mM EDTA, 
0.067% TritonX-100 and 0.0053% saponin was added and fluorescence intensity 
was quantified using BioTek Synergy 2 plate reader. GraphPad Prism was used 
for data analysis and inhibitory dose-response curves were determined with a 
variable slope model, in which the curve is generated with the following formula:  
𝑦 = 𝐵𝑜𝑡𝑡𝑜𝑚 + (𝑇𝑜𝑝 − 𝐵𝑜𝑡𝑡𝑜𝑚)/(1 + 10(𝑙𝑜𝑔𝐼𝐶50−𝑥)∗𝐻𝑖𝑙𝑙𝑠𝑙𝑜𝑝𝑒).

AlphaFold structure predictions
AlphaFold multimer41 predictions were performed using the COSMIC2 platform 
(https://cosmic-cryoem.org/tools/alphafoldmultimer/). All (predicted) protein and 
protein complex structures and alignments were visualized using PyMOL Molecular 
Graphics System (version 2.5.2. Schrödinger, LLC).
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Supplemental information

Figure S1. Generation of STOML tagging and KO parasite lines. A) Schematic overview of STOML 
tagging and KO strategy. For tagging of STOML with 3HA-NG-glmS or 3HA-glmS, CRISPR-Cas9 
(indicated by scissors) is used to introduce a double-strand break to facilitate integration of the linear 
repair constructs 3HA(-NG)-glmS tag directly after STOML before the stop codon, while at the same 
time integrating a mito-mScarlet mitochondrial marker and a DHFR drug selection cassette. For STOML 
KO, two CRISPR-Cas9 introduced DNA breaks at the 5’ and 3’ of the gene will be repaired by the 
linearized HDR plasmid. After integration, STOML will be replaced by GFP under the control of the H2B 
promotor. B) Diagnostic PCR of stoml-NG, stoml-HA and stoml-

(mito) parasite lines with integration 
specific primer combinations (indicated in panel A), demonstrating successful 5’ and 3’ integration and 
the absence of WT parasites (T=total). C) Western blot analysis showing expression of STOML-3HA-NG 
(73 kDa) and STOML-3HA (46.6 kDa) at expected sizes using anti-HA antibody and anti-HSP70 for 
loading control.
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Figure S2. Generation of cyto-mScarlet and cyto-mNG parasite lines. A) Schematic overview of 
transfection strategy. CRISPR-Cas9 and two guides were used to generate double stranded breaks in a 
silent intergenic locus (SIL7), characterized in Verhoef et al.1 (indicated by scissors). DNA breaks are 
repaired by double homologous recombination with a repair plasmid containing 5’ and 3’ homology 
regions (HRs) and mScarlet under the control of the H2B promotor and PBANKA_142660 bidirectional 
3’UTR. B) Diagnostic PCR of cyto-mScarlet and cyto-mNG parasite lines with integration-specific primer 
combinations (indicated in panel A), demonstrating successful 5’ and 3’ integration and the absence of 
WT parasites (T=total).

Figure S3. Mitochondrial morphology in stoml-
mito ABS parasites. Fluorescent microscopy of stoml-

mito 
and MitoRed (WT) parasites during ring, trophozoite, early and late schizont stages. The mito-mScarlet 
signal is preserved after fixation and can be observed without antibody staining. DNA was stained using 
DAPI. Images are maximum intensity projections of Z-stack confocal Airyscan images. Scale bars, 2 μm.
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Figure S4. Sensitivity of stoml- parasites to anti-malarial compounds. Drug sensitivity assay for 
P.  falciparum NF54 and stoml- parasites. The graphs show average values for mean parasite density 
relative to controls for asexual blood-stage replication assay and represent one of the two independent 
replicates. Error bars indicate SEM determined from two technical replicates per experiment. The data 
were analyzed using nonlinear regression in GraphPad Prism. Proguanil, DSM1, DSM265, ELQ300 and 
Atovaquone are compounds targeting the parasite mitochondrion, while DHA, chloroquine and 
MMV183 are non-mitochondrial compounds.
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Figure S5. Stoml-
mito parasites develop to healthy gametocytes that exflagellate. A) Fluorescent 

microscopy on male (M) and female (F) stoml-
mito stage V gametocytes. Parasites were stained for 

tubulin (yellow) to distinguish male (high α-tubulin signal) from female (low α-tubulin signal) 
gametocytes. B) fluorescent microscopy on exflagellating stoml-

mito male gametes at 20 minutes 
after activation. Parasites were stained with tubulin to visualize axonemes. A-B) Visualization of mito-
mScarlet mitochondrial marker (magenta), cytosolic GFP, DAPI for DNA visualization (blue) and DIC. 
Images are maximum intensity projections of Z-stack confocal Airyscan images. Scale bars, 2 μm.
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Figure S6. Identification of STOML interacting proteins with co-immunoprecipitation. 
Immunoprecipitation of STOML-HA containing complexes. The volcano plot showing mean log2 fold 
changes (FC) and -log10 false discovery rate (FDR) for anti-HA pulldown in comparison with control 
pulldown. Horizontal and vertical dotted lines indicate FC > 5.66 and FDR <0.05 respectively. Dark dots 
represent enriched proteins. The number of proteins enriched in the anti-HA pulldown compared to 
the control pulldown is indicated on the right.
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Q96TA2|YMEL1_HUMAN       MFSLSSTVQPQVTVPLSHLINAFHTPKNTSVSLSGVSVSQNQHRDVVPEHEAPSSECMFS 60 
Q8IKI9|FtsH_P.F          MLLLRNIV----------------------------ILDLKRSNKLLNINNLPKIACILN 32 
                         *: * . *                             :. :: ..::  :: *.  *::. 
 
Q96TA2|YMEL1_HUMAN       DFLTKLNIVSIGKGKIFEGYRSMFMEPAKRMKKSLDTTDNWHIRPEPFSLSIPPSLNLRD 120 
Q8IKI9|FtsH_P.F          T----------------------------------------------------------R 34 
                                                                                         
 
Q96TA2|YMEL1_HUMAN       LGLSELKIGQIDQLVEN---------LLPGFCKGKNI------SSHWHTSHVSAQS---- 161 
Q8IKI9|FtsH_P.F          KGFSVLKNERLDRLKREVRNKPNDNFLILQFYKEANVHNPNEVIKHYENANYIKDESITK 94 
                         *:* **  ::*:* .:         *:  * *  *:       .*:..::   :.     
 
Q96TA2|YMEL1_HUMAN       ------FFE--NKYGNLDIFSTLRSSCLYRHHSRALQSICSDLQYWPVFIQSRGFKTLKS 213 
Q8IKI9|FtsH_P.F          EYIKALVYTNKLKYTNLDNIKYDSDHNMYNK-----------------SMHDTTTNEMHS 137 
                               .:    ** *** :.   .  :*.:                  ::.   : ::* 
 
Q96TA2|YMEL1_HUMAN       RTRRLQSTSERLAETQNIAPSFV-KGFLLRDRGSDVESLDKLMKTKNIPEAHQDAFKTGF 272 
Q8IKI9|FtsH_P.F          NE-----RSNNIYEGNNVNSENNYNNMSSNHSTHKVEYMDKK------RNQHPEMYSLHI 186 
                         .       *:.: * :*:  .   :.:  ..   .** :**        : * : :.  : 
 
Q96TA2|YMEL1_HUMAN       AEGFLKAQALTQKTNDSLRRTRLILFVLLLFGIYGLLKNPF---------------LSVR 317 
Q8IKI9|FtsH_P.F          D----PKKPLK-----------VSVIDSNKKGLWNLLKSTIGFLILVAAGSVYMEGVSQN 231 
                                : *.           : ::     *::.***. :               :* . 
 
Q96TA2|YMEL1_HUMAN       FRTTTG-LDSAVDPVQMKNVTFEHVKGVEEAKQELQEVVEFLKNPQKFTILGGKLPKGIL 376 
Q8IKI9|FtsH_P.F          VQKGIGVSNKKIIPVENVKVTFADVKGCDEVKQELEEIIDYLKNSDKFTKIGAKLPKGIL 291 
                         .:.  *  :. : **:  :*** .*** :*.****:*::::*** :*** :*.******* 
 
Q96TA2|YMEL1_HUMAN       LVGPPGTGKTLLARAVAGEADVPFYYASGSEFDEMFVGVGASRIRNLFREAKANAPCVIF 436 
Q8IKI9|FtsH_P.F          LSGEPGTGKTLIARAIAGEANVPFLQASGSEFEEMFVGVGARRIRELFQAAKKHAPCIVF 351 
                         * * *******:***:****:***  ******:******** ***:**: ** :***::* 
 
Q96TA2|YMEL1_HUMAN       IDELDSVGGKRIESPMHPYSRQTINQLLAEMDGFKPNEGVIIIGATNFPEALDNALIRPG 496 
Q8IKI9|FtsH_P.F          IDEIDAVGSKRSSRD-NSAVRMTLNQLLVELDGFEQNEGIVVICATNFPQSLDKALVRPG 410 
                         ***:*:**.** .   :   * *:****.*:***: ***:::* *****::**:**:*** 
 
Q96TA2|YMEL1_HUMAN       RFDMQVTVPRPDVKGRTEILKWYLNKIKFDQSVDPEIIARGTVGFSGAELENLVNQAALK 556 
Q8IKI9|FtsH_P.F          RLDKTIVVPLPDIKGRYEILKMYSNKIVLSKDVDLHVLSRRTVGMTGADLNNILNIAAIK 470 
                         *:*  :.** **:*** **** * *** :.:.** .:::* ***::**:*:*::* **:* 
 
Q96TA2|YMEL1_HUMAN       AAVDGKEMVTMKELEFSKDKILMGPERRSVEIDNKNKTITAYHESGHAIIAYYTKDAMPI 616 
Q8IKI9|FtsH_P.F          CSVEGKKSVDMNSIEQAFDRVVVGLQRKS-PLNEEEKNITAYHEGGHTLVNFYTKGSDPV 529 
                         .:*:**: * *:.:* : *::::* :*:*  :::::*.******.**::: :***.: *: 
 
Q96TA2|YMEL1_HUMAN       NKATIMPRGPTLGHVSLLPENDRWNETRAQLLAQMDVSMGGRVAEELIFGTDHITTGASS 676 
Q8IKI9|FtsH_P.F          HKATIMPRGMSLGVTWKIPISDKYSQKIKDVQSEIDILMGGLVSEEIIFGKNNVTTGCSS 589 
                         :******** :** .  :* .*::.:.  :: :::*: *** *:**:***.:::***.** 
 
Q96TA2|YMEL1_HUMAN       DFDNATKIAKRMVTKFGMSEKL--GVMTYSDTGKLSPETQSAIEQEIRILLRDSYERAKH 734 
Q8IKI9|FtsH_P.F          DLQKATHIAQSLVMNYGVGINEDNISMFLHDKQNISEEMKIKIDKSIQRILLDSYNRAKN 649 
                         *:::**:**: :* ::*:. :     *   *. ::* * :  *::.*: :* ***:***: 
 
Q96TA2|YMEL1_HUMAN       ILKTHAKEHKNLAEALLTYETLDAKEIQIVLEGKKLEVR------------------ 773 
Q8IKI9|FtsH_P.F          VLNQHIDELHRIASALVEYETLTSDEIKLAMQGKCDQIRKNREIKQKEYNLKDSRIS 706 
                         :*: * .* :.:*.**: **** :.**::.::**  ::*      

 

Figure S7. Alignment of human Yme1L amino acid sequence with P.  falciparum FtsH. Amino 
acid sequence comparison of human Yme1L with P.  falciparum FtsH showing 41% identity. Identical 
residues (“*”), residues with similar properties (“:”), residues with weak similarity (“.”), and amino acid 
numbers (on the left) are indicated.
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Figure S8. AlphaFold structure prediction of PfSTOML multimers. A) AlphaFold prediction of 
PfSTOML 24-multimer with side view (top) and top view (bottom). B) AlphaFold prediction of PfSTOML 
8-multimer with side view (left) and top view (right). Coloring in A and B represent model confidence as 
indicated by the color legend in B. C) Top view of predicted PfSTOML 8-multimer structure, indicating the 
angles measured between SPFH domains of different STOML proteins in the complex. D) graphs with 
pLDDT scores representing model confidence of predicted PfSTOML 24, 8 and 22 multimer structures.
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Movie legends

Movie 1. 3D visualization of STOML-3HA-NG in late ring. 3D visualization of STOML-3HA-NG (green) 
and mito-mScarlet (magenta) in rings with live confocal Airyscan microscopy, using Arivis 4D vision 
software. Fluorescent signal is segmented by manual thresholding.

Movie 2. 3D visualization of STOML-3HA-NG in early schizont. 3D visualization of STOML-3HA-NG 
(green) and mito-mScarlet (magenta) in rings with live confocal Airyscan microscopy, using Arivis 4D 
vision software. Fluorescent signal is segmented by manual thresholding.

Movie 3. 3D visualization of STOML-3HA-NG in late schizont. 3D visualization of STOML-3HA-NG 
(green) and mito-mScarlet (magenta) in rings with live confocal Airyscan microscopy, using Arivis 4D 
vision software. Fluorescent signal is segmented by manual thresholding.
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The rapid emergence of drug resistance to current antimalarial drugs necessitates 
the continuous development of new compounds. The malaria parasite harbors two 
endosymbiotic organelles, the mitochondrion and apicoplast. Both organelles are 
established drug targets and, due to their divergence from host organelles, present 
a promising landscape for the discovery of new parasite-specific compounds. 
During the complicated cell division process, each of these organelles needs to be 
properly divided and distributed over daughter parasites. This is highly essential 
for the parasite to ensure each daughter cell has a complete set of organelles. 
However, very little is known about these processes. In this thesis, I shed new light 
on the process of organelle division in P. falciparum parasites.

Trying to understand the malaria parasite

Since the discovery of the disease-causing Plasmodium parasite in 1880, extensive 
progress has been made in our understanding of the biology and pathogenesis of 
this parasite1. However, despite more than a century of research, we still understand 
relatively little about its complex and fascinating molecular biology with more than 
50% of predicted proteins still annotated as “unknown function”. This is largely due 
to insufficient homology to proteins with a known function as well as the presence 
of Plasmodium, apicomplexan or alveolate specific genes that have not been 
studied. Another group of proteins is partially annotated (e.g. “transporter”, “kinase”) 
but they remain putative and unstudied. Technological advancements, such as 
high-throughput sequencing and CRISPR-Cas9 genome editing have provided new 
insights into the parasite’s genome and facilitated precise manipulation of genes 
to study their functions. These innovations have led to critical discoveries, such 
as the identification of novel drug targets or an understanding of drug resistance 
mechanisms. Despite these advancements, there are still several obstacles that 
complicate molecular malaria research. In vitro experiments on malaria parasites 
present practical challenges that make them significantly more difficult than 
experiments in mammalian cell systems. In the upcoming paragraphs, I will discuss 
three of these major challenges, their impact on my PhD research, and how new 
advancements could ease these issues for future studies.

A challenging life cycle
Malaria parasites have a complex life cycle, which involves multiple stages within 
the human and mosquito hosts. In each life cycle stage, the parasite presents unique 
biological characteristics to adapt to their specific and fundamentally different 
environments. Up until now, surprisingly little is known about the morphological 
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adaptations of the mitochondrion and apicoplast in each life cycle stage. There are 
only few studies that describe the morphology of these organelles in the human 
malaria parasite species P.  falciparum in asexual and sexual blood stages2–4 while 
mosquito- and liver-stage morphology has only been described in the rodent 
malaria species P. berghei5–8. In chapter 3, I visualized and described mitochondrial 
morphology from blood stage to mosquito stages, using a newly generated 
parasite line harboring a fluorescent mitochondrial marker (MitoRed). However, 
the stage-dependent requirements make it difficult to cultivate P.  falciparum in 
vitro throughout its entire life cycle. While the blood stages of P. falciparum can be 
cultured in vitro in human red blood cells (RBCs), maintaining a consistent supply 
of fresh RBCs and human serum for parasite culture can be challenging and costly. 
While many laboratory P.  falciparum strains have lost their ability to produce 
gametocytes due to long term cultivation and loss of specific chromosomal loci9, 
sexual blood-stage cultivation is possible with gametocyte producing lines, such 
as NF54 or the inducible gametocyte producing (iGP) line10. The production of 
P. falciparum gametocytes is labor intensive, as parasites require daily media changes 
during their ~12 days maturation period. However, automatic culturing systems can 
greatly ease the work load11. Mosquito-stage parasite cultivation is more difficult, as 
they can only reliably be generated in vivo in Anopheles mosquitoes. This requires a 
biosafety level 2 insectary and specialized staff for the maintenance of the mosquito 
colonies and dissections. Mosquito infection requires the strict coordination of 
mature gametocyte generation and production of ready-to-infect mosquitoes 
for feeding. It is therefore challenging to generate high and consistent mosquito 
infection rates over different experiment. Hence, we were not able to directly 
compare infection rates of MitoRed and NF54 parasites. Enhancement of gametocyte 
induction protocols using Albumax supplementation could improve consistency in 
gametocyte production and transmission12. The recent development of an in vitro 
infectious sporozoite production protocol that eliminates the need for mosquitoes 
is a big step forward13. This innovation could open up new possibilities, specifically 
for P.  falciparum liver-stage research which is often restricted by the availability of 
infectious sporozoites14. Researchers usually use fresh hepatocytes isolated from 
human livers isolated during liver surgery. However, some companies now offer 
fresh cryopreserved hepatocytes, providing many vials from a single donor, which 
is ideal for large-scale experiments and high-throughput screens. This consistency 
in donor hepatocytes also enhances experimental reproducibility. Although finding 
the most suitable hepatocyte donor for P.  falciparum infection may require careful 
selection15, availability of these resources makes it possible to study P.  falciparum 
liver stages. All these factors combined make it challenging, but possible to study 
P. falciparum parasites in vitro throughout their complicated life cycle.
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Challenges in molecular genetics
A better understanding of critical biological processes in the parasite are key for 
the identification of novel drug targets and understanding of drug resistance 
mechanisms. The ability to elucidate the functions of parasite genes and proteins 
relies heavily on the ability to genetically modify these genes. Although genetic 
modification in Plasmodium parasites presents unique challenges compared to 
well-studied model systems like Saccharomyces cerevisiae or HeLa cells, significant 
advancements have been made.

The ABS is the only life-cycle stage used to generate transgenic parasite lines, as 
parasites can be cultured in vitro, undergoing continuous asexual replication, which 
allows for the use of selectable markers to obtain the modified parasites of interest. 
The parasite’s haploid genome limits genetic redundancy, meaning knockout of 
essential genes is lethal. To overcome this, an inducible gene deletion system, such as 
dimerizable Cre (DiCre)-lox, can be used. The addition of rapamycin will dimerize two 
Cre subunits restoring its recombinase activity and excising the loxP-flanked gene 
region16. Nevertheless, genomic integration of the two loxP sites in a Cre-expressing 
parasite line can be challenging and often requires multiple sequential transfections. 
The lack of multiple good working selection markers further complicates this.

Huge progress in genetic manipulation has been made by the development of CRISPR-
Cas9, which was applied for the first time in P. falciparum by Ghorbal and colleagues 
in 201417. However, the efficiency and ease of generating stable transgenic lines is 
still lower in P.  falciparum compared to other well-studied model systems. There 
are several reasons for this lower efficiency. The extremely high AT-rich genome of 
P. falciparum with the overall AT composition of 80.6% and reaching 90% AT content in 
the non-coding regions complicates cloning of repair plasmids18. Plasmids with high 
AT-rich sequences are prone to recombination events when grown in bacteria and 
repetitive regions can cause slippage and errors during amplification or sequencing. 
Additionally, it is more difficult to find suitable guide RNA sequences since the number 
of PAM motives (NGG) in the genome is limited19. The lack of non-homologous end 
joining (NHEJ) in Plasmodium parasites complicates large-scale genetic screens, as 
parasites rely on homology-directed repair guided by a homologous template to 
repair double stranded DNA breaks20. Nevertheless, targeting vector libraries and 
non-targeted transposon mutagenesis enabled genome-wide screens for gene 
essentiality in P. berghei21 and P. falciparum, respectively22.

While Plasmodium parasites have a nuclear envelop and plasma membrane similar 
to mammalian cells, they also reside in a parasitophorous vacuole inside an RBC. 
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Therefore, there are four membranes that need to be crossed for the plasmids to 
reach the genomic DNA in the nucleus, which imminently makes it less efficient 
compared to mammalian cell transfection, where only two membranes are 
crossed. Electroporation of infected RBCs, merozoites, or uninfected RBCs to allow 
spontaneous uptake of DNA after RBC invasion are commonly used methods for 
transfection of P.  falciparum23. However, these methods require large amounts of 
plasmid DNA per transfection (60 – 150 μg per plasmid)23,24 in contrast to standard 
mammalian cell line transfections (0.1 – 2.5 μg per plasmid)25. Additionally, while 
P.  falciparum parasites lack a classical RNA interference mechanism, alternative 
transcriptional knockdown systems, such as glmS ribozyme or TetR-DOZI are being 
successfully employed to study gene function27.

All these factors make it significantly more challenging to study gene functions in 
P.  falciparum, compared to other model eukaryotes. One of the main aims of this 
PhD work was to identify and characterize potential mitochondrial division proteins 
in P. falciparum. In order to do this, I aimed to generate knockout and knockdown-
tagged parasite lines to study the role of proteins of interest in mitochondrial 
division. However, this relies completely on the generation of transgenic parasite 
lines, which, as described above, can be challenging. Dynamins play a central 
role in division of mitochondria in other model eukaryotes. Dynamins are large 
GTPase proteins that are recruited to the mitochondrion by adaptor proteins to 
form a constrictive ring around the fission site, as discussed in detail in chapter 2.  
PfDYN2 and PfDYN3 are the two main candidates thought to be involved in 
apicoplast and mitochondrial division, respectively, based on their homology in 
Toxoplasma gondii28. Despite numerous attempts, I was unable generate DYN2 and 
DYN3 knockout or knockdown-tagged parasite lines. Selection of new guide RNA 
sequences, placement of the selection marker in the repair plasmid instead of the 
guide plasmid, and the use of the Selection Linked Integration (SLI) system failed 
in generating transgenic parasites over a total of 26 transfections. This further 
demonstrates the difficulty of transgenic parasite generation in P.  falciparum. 
Interestingly, other groups have been able to generate DYN2 and DYN3 tagged 
parasite lines. Detailed comparison of construct design and transfection protocols 
could be useful to identify why we were unable to generate these lines.

New, more efficient methods to study gene functions are needed to accelerate 
progress in understanding parasite biology. Development of new and better 
selection markers could improve transfection efficiency. Additionally, Ramaprasad 
et al. recently developed a frameshift-based trackable inducible knockout 
system (SHIFTiKO)29. Barcoded repair templates are used to insert loxP sites 
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around short regions in targeted genes and DiCre-mediated excision results in a 
tracible frameshift mutation. This strategy allows collective inducible knockout 
generation and phenotyping of tens of mutants simultaneously. Furthermore, the 
recent discovery of bridge RNAs (bRNAs) by Durrant et al. represent an extremely 
promising advancement in the field of genome engineering30,31. This technique 
uses the natural ability of IS110 insertion sequences to cut and paste themselves 
throughout a genome. The reprogrammable bRNA recognizes and binds both the 
genomic target DNA and the donor DNA, bringing these in close proximity to each 
other. A recombinase enzyme then recombines and re-ligates the DNA, leaving it 
fully intact. This mechanism is distinct from CRISPR editing, which cuts the DNA and 
relies on the cell’s innate repair system to repair the break. Another advantage is 
that the bRNA system does not require a PAM motive (NGG), allowing for potential 
targeting of numerous sites in the AT-rich Plasmodium genome. Furthermore, this 
technique ensures precise genome editing with minimal off-target effects, as it does 
not tolerate mismatches. Although this technique has only been tested in E. coli and 
further studies are necessary to test its applicability in other cell systems, it holds 
great promise as a third-generation RNA-guided tool for precise genome editing.

Challenges in parasite visualization
During the pathogenic ABS, malaria parasites reside in RBCs which are the smallest 
cells of our body with a diameter of ~7 μm. Visualization of this tiny parasite and 
especially processes that happen within this parasite using standard imaging 
techniques is challenging. The resolution limit of light microscopy is primarily 
determined by the diffraction limit of light and is typically around 200-300 nm 
lateral (xy) resolution and 500-700 nm axial (z) resolution. Although this resolution 
allows visualization of general parasite morphology, such as large organelle 
structures, finer details, such as the exact localization of a protein within an 
organelle or the division of organelle branches remains difficult. One of the main 
aims of this thesis was to visualize the process of mitochondrial and apicoplast 
division in P. falciparum. The parasite mitochondrion and apicoplast have a diameter 
of 100-200 nm. The small size of the mitochondrial tubes and complexity of the 
intricate mitochondrial network make it nearly impossible to visualize organelle 
division with conventional light microscopy. Therefore, high- or super-resolution 
imaging techniques are necessary to image the organelle division process in any 
truly accurate way. Airyscan microscopy is an advanced imaging technique that 
uses an array of 32 concentric detectors which improve imaging sensitivity and 
resolution up to 1.7x compared to conventional confocal microscopy. The resolution 
advantage of this technique allowed me to visualize mitochondrial dynamics and 
division as described in chapter 3. However, with the limited Z-resolution it remains 
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challenging to distinguish separate mitochondrial fragments if they are spaced on 
top of each other in the Z dimension. Super-resolution imaging techniques such 
as Stimulated Emission Depletion (STED) microscopy, Photoactivated Localization 
Microscopy (PALM), Stochastic Optical Reconstruction Microscopy (STORM), and 
Structured Illumination Microscopy (SIM) can reach a resolution of 100 – 10 nm 
depending on the technique and have been used successfully in P. falciparum32–35. 
However, these techniques all require expensive, specialized microscopes and 
trained personnel to operate them.

Another method that overcomes the resolution limit of light microscopy is electron 
microscopy (EM). EM can achieve up to 0.1 nm resolution, primarily because the 
wavelength of electrons is much shorter than that of visible light. In 1942, EM was 
used for the first time to visualize Plasmodium parasites36. From then onwards, EM 
has had a significant impact on malaria research by providing detailed insights into 
the ultrastructure of Plasmodium parasites and their interactions with host cells. The 
further development of 3D or volume EM is a tremendous advancement, allowing 
for the visualization of complex connecting structures such as a mitochondrial 
network, which are extremely difficult to interpret from only single slice images. 
Volume EM is highlighted as one of the seven technologies to watch in 2023 by 
Nature37. Focused ion beam scanning electron microscopy (FIB-SEM) is a volume EM 
technique that uses a focused ion beam for sequential milling of a thin sample layer 
combined with scanning electron microscope for imaging of the exposed sample 
surface, allowing detailed 3D reconstructions of cellular structures. In chapter 3,  
we used FIB-SEM to verify the mitochondrial division steps during schizogony 
with nanometer resolution. One big advantage of this technique is that it does 
not require labelling and allows visualization of many different organelles and 
subcellular structures. Therefore, these data also revealed the apicoplast division 
steps, the close interaction between the apicoplast and mitochondrion, and the 
potential role of the centriolar plaque (CP) in apicoplast segregation. However, the 
downsides of this technique are the need for specialized microscope and trained 
personnel, high costs, time-consuming and labor-intensive data analysis, and it is 
low throughput.

Fortunately, the imaging field is rapidly developing. One such important 
advancement is expansion microscopy (ExM)38,39. ExM involves the isotropic 
expansion of a biological sample embedded in a swellable polymer gel. This 
allows visualization of subcellular structures beyond the diffraction limit of light 
microscopy, while using conventional light microscopes. ExM is now widely used in 
the field of molecular parasitology, and many organelles, including apicoplast and 
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mitochondrion have been visualized using this technique40. Recent developments 
such as iterative ExM41 and cryo-ExM42 further expand the boundaries and 
applicability of this technique. Cryo-ExM combines cryofixation with ExM, allowing 
significantly better preservation of membranous structures, such as the ER and 
mitochondrion, compared to chemical fixation methods. During this PhD trajectory, 
I aimed to apply cryo-ExM for the first time in P.  falciparum for visualization of 
mitochondrial and apicoplast contact sites. First attempt cryo-ExM images showed 
indeed an improved, more continuous mitochondrial signal when stained with 
MitoTracker, compared to conventional ExM in P.  falciparum schizonts (Figure 1). 
However, the NHS-Ester stain, which binds to amine groups of proteins and is often 
used to visualize general subcellular structures such as rhoptries, CPs, and basal 
bodies, showed a much more diffuse staining in the cryo-ExM images compared to 
the ExM image. Therefore, further optimalization of the protocol is needed, which 
was unfortunately not feasible within the timeframe of my PhD. Nevertheless, these 
preliminary data show a promising role for cryo-ExM in organelle visualization in 
Plasmodium parasites.

Figure 1. Mitochondrial visualization with cryo-Expansion Microscopy (cryo-ExM) in P. falciparum 
schizonts. Cryo-ExM images (top two rows) and conventional ExM images (bottom row) of P. falciparum 
schizonts stained with MitoTracker CMXRos for mitochondrial visualization, DAPI for DNA visualization, 
and NHS-Ester for protein visualization. Fourth column represents maximum intensity projection (MIP) 
of MitoTracker signal. Scale bars, 3 μm.
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Development of organelle markers

One of the main aims of this research was to capture mitochondrial and apicoplast 
division during ABS schizogony in P.  falciparum. This requires the visualization of 
these organelles for fluorescent microscopy. There are several approaches to do 
this, including the use of fluorescent dyes such as MitoTracker, tagging of proteins 
that localize to the organelle, or targeting of fluorescent proteins to the organelle. 
In chapter 3, we showed that MitoTracker dyes give a discontinuous, punctate 
staining pattern of the mitochondrion in blood-stage schizonts. We know from our 
volume EM data that the mitochondrion in these stages is one continuous intricate 
network. The punctate staining pattern is likely an artifact of the fixation process and 
limits the ability to visualize mitochondrial fission. Therefore, we developed a new 
mitochondrial marker using a similar approach as has been used successfully in P. 
berghei5. We used the promotor and targeting sequence of the gene encoding for 
the mitochondrial heat shock protein 70 (HSP70-3), fused to mScarlet. We assumed 
that by using the promotor of a known mitochondrial protein, we would prevent 
toxic “overloading” of the organelle with the targeted fluorescent protein. We aimed 
to stably integrate this marker in the P. falciparum genome. However, the previously 
used integration locus, Pfs47, has been shown to play a role in mosquito stages43–45. 
The PfRH3 pseudogene, another frequently used integration site, has been shown 
to be transcribed and not translated in blood stages, while the RH3 protein has 
been detected in sporozoites46–49. Therefore, we selected a new integration site for 
the reporter gene, using a similar strategy as was described for P. berghei50. Three 
evolutionary recent chromosome break points on chromosomes 7, 12 and 14 were 
identified in the P.  falciparum genome, using a bioinformatic approach comparing 
Plasmodium genomes as discussed in detail in chapter 3. The Silent Intergenic Locus 
(SIL) on chromosome 7 (SIL7) was used for integration of the mitochondrial marker, 
causing no developmental issues in blood-stage growth and development. However, 
MitoRed parasites failed to form salivary-gland-infecting sporozoites. This could 
be caused by the mitochondrial marker itself, which might be toxic or too highly 
expressed in this stage specifically. However, it is also possible that integration of a 
transgene, in this case the mitochondrial marker, in SIL7 might have developmental 
consequences during mosquito stages. Therefore, it is important to search for new 
SILs that allow transgenic integration and parasite development throughout the 
whole Plasmodium life cycle. Another approach to identify potential new SIL sites 
is to bioinformatically search for gene insertion or deletion sites by comparison of 
Plasmodium genomes. Our reasoning for this is that since these regions have been 
changed throughout the evolution of P. falciparum, integration into these sites would 
be harmless. Using this approach, we identified 12 new candidate loci (Table 1). Based 
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on the size of these regions, the presence of a good guide RNA targeting sequence, 
and transcriptional data, these loci were categorized as promising or possible SIL 
candidates. These candidates now need to be tested for their cloning and transfection 
efficiency, and transgenic expression. Furthermore, parasites with modified loci need 
to be tested for life cycle progression. Successful integration of a mitochondrial 
marker in Ins-32 (also known as SIL12 because of its localization on chromosome 12) 
has been verified, although its progression through mosquito and liver stages still 
needs to be confirmed. It would be ideal to have multiple SILs at our disposal that 
allow transgenic integration throughout the complete life cycle, so that double or 
triple reporter lines could be generated. This could be a useful tool for the molecular 
malaria research community to study processes that requires parasites with multiple 
fluorescent organelle markers, such as the dynamics of organelle contact sites.

Table 1. Potential new SILs based on gene insertion or deletion in the P.  falciparum genome.  

Identifier Category Upstream gene Downstream gene Size Guide* Comments

Ins-3 Promising PF3D7_0606700 PF3D7_0606800 1359 +

Ins-6 Promising PF3D7_0617300 PF3D7_0617400 1804 +

Ins-22 Promising PF3D7_1219100 PF3D7_1219300 2453 + Contains 
pseudogene

Ins-32 Promising PF3D7_1240900 PF3D7_1241000 1880 +

Ins-41 Promising PF3D7_1312600 PF3D7_1312700 1004 +

Ins-59 Promising PF3D7_1473900 PF3D7_1474000 1425 +

Del-51 Promising PF3D7_0512400 PF3D7_0512500 2753 + Contains 
pseudogene

Ins-27 Possible PF3D7_1240000 PF3D7_1240100 633 + Might be  
too small

Del-42 Possible PF3D7_0403500 PF3D7_0403600 1100 ~

Del-61 Possible PF3D7_0806700 PF3D7_0806800 863 ~

Del-70 Possible PF3D7_1460100 PF3D7_1460200 999 ~

Del-76 Possible PF3D7_1326100 PF3D7_1326200 1229 + >3 EST 
alignments

* + indicates the presence of at least one guide RNA sequence with > 0.4 on-target efficiency and 1 or 
no off-target BLAST hits51. ~ indicates the guide RNA sequences present with > 0.4 on-target efficiency 
have > 5 off-target BLAST hits.

In order to study apicoplast division in P. falciparum, we applied the same strategy 
for the generation of an apicoplast marker parasite line. We used the promotor and 
targeting sequence of the gene coding for 20kDa chaperonin (CPN20), a known 
apicoplast protein, fused with mScarlet. We successfully integrated this apicoplast 
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marker into the P. falciparum genome. Unfortunately, expression of the marker was 
low, and the fluorescent signal was insufficient to study apicoplast dynamics with 
confocal microscopy. Therefore, we used PlasmoDB to search for other apicoplast 
proteins that are higher expressed and selected 60kDa chaperonin (CPN60)52 and 
peptide deformylase (PDF)53 as potential candidates. Future studies could explore if 
these are suitable candidates for a fluorescent apicoplast marker.

Up until now, we have used the fluorescent protein, mScarlet, for our organelle 
markers, as it is the brightest fluorescent protein in the Red Fluorescent Protein 
(RFP) spectrum and therefore well suited for live imaging54. However, fluorescent 
proteins are not compatible with ExM (discussed in previous paragraph) as this 
involves a denaturation step to homogenize the gel samples. The use of a linear 
peptide tag, such as an influenza hemagglutinin (HA) or myelocytomatosis viral 
oncogene (Myc) tag, would overcome this problem, as their antibody binding does 
not depend on a secondary or tertiary structure. However, because of the small 
size of these tags (typically 8-12 amino acids) the affinity of antibodies to detect 
these tags can be low, which makes it difficult to detect weakly expressed proteins. 
To address this issue, a spaghetti monster fluorescent protein (smFP) tag could be 
used for the generation of an ExM-compatible organelle marker. SmFPs have 10-
15 copies of single epitope tags strategically inserted into a fluorescent protein 
scaffold which have either an intact or darkened chromophore55. This provides 
many antibody binding sites within a single tag that remain preserved after the 
ExM denaturation step, resulting in a much higher fluorescent signal compared 
to single or triple epitope tags. SmFPs tags recently been used successfully in 
combination with ExM in P. falciparum40. We have successfully generated parasites 
lines harboring a CPN60 apicoplast marker with smMyc and a HSP70 mitochondrial 
marker with smV5, although the visualization of these markers with ExM still 
needs to be confirmed. Further development of these ExM-compatible organelle 
markers could provide the molecular malaria research field with a valuable tool to 
study organelle biology, protein localization, and knockout/knockdown or drug 
phenotypes, with the increased effective resolution gained from ExM.

Mitochondrial and apicoplast division

The apicoplast and mitochondrion both form intricate, branched network 
structures, prior to their division in P.  falciparum. Although it has been shown that 
apicoplast fission occurs prior to mitochondrial division2, it was previously unclear 
how these seemingly disorganized network structures are divided and distributed 
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over daughter cells. Therefore, one of the main aims of this thesis was to visualize 
mitochondrial and apicoplast division in P.  falciparum to better understand these 
processes. In chapter 2, we propose three possible division scenarios: synchronous 
fission (simultaneous division of the complete organelle), outside-in fission (fission 
occurs at the ends of the organelle), and branching point fission (fission occurs in 
a stepwise process starting at the branching points of the network). Recent work 
from Liffner et al. visualized the mitochondrion and apicoplast during different 
stages of schizogony, using ExM40. This study showed that both the mitochondrion 
and apicoplast do not divide synchronously and that division occurs in a stepwise 
manner, supporting the branching point fission model. However, it is difficult to 
determine whether a break in the staining of the organelle marker that they use 
represents a complete fission of the apicoplast and mitochondrion. Therefore, further 
studies are needed to confirm the fission model of these organelles. In chapter 3, we 
describe in detail the mitochondrial dynamics during ABS schizogony, using high-
resolution confocal microscopy and a new fluorescent mitochondrial marker. We 
found that the mitochondrion organizes itself in a cartwheel structure, with branches 
pointing into the forming merozoites. This cartwheel structure is divided into smaller 
fragments in a stepwise, non-geometrical progression during the final stage of 
merozoite segmentation. These mitochondrial division steps were confirmed by FIB-
SEM image analysis. This also allowed us to visualize the apicoplast division during 
schizont development. Apicoplast division happens when IMC formation has started, 
and nuclear division is still ongoing. In contrast to the central cartwheel organization 
of the mitochondrion, the apicoplast organizes itself to the periphery of the cell prior 
to its division, while interacting with the CPs. However, similarly to mitochondrial 
division, the apicoplast divides in a stepwise, non-geometrical progression. During 
apicoplast division, each ending of an apicoplast branch interacts with a CP, as 
shown in chapter 3. This observation strongly supports the branching point fission 
model, where each individual apicoplast branch interacts with a CP and is divided 
in a stepwise manner at the branching points. Interestingly, recent work from James 
Blauwkamp and Sabrina Absalon shows that in late stage schizonts that fail to divide 
their apicoplast due to a knockdown of a protein called Anchor, the apicoplast 
orients in a very similar cartwheel orientation as the mitochondrion (unpublished 
data, personal communication). This suggests that the cartwheel structure is merely 
a consequence of merozoite segmentation, rather than active organization process.

Mitochondrial and apicoplast division in other 
apicomplexan parasites
Three distinct replication forms have been described in apicomplexan parasites: 
schizogony, endodyogeny, and endopolygeny56. While these replication forms differ 
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in timing and the extend of nuclear division before cytokinesis, they are similar in 
their fundamental organization. All apicomplexan replication forms rely on self-
assembly of daughter cells within the parental cell, coordinated by centrosomes 
or CPs (centrosome equivalent in P.  falciparum). T.  gondii parasites replicate 
through endodyogeny, where a single round of DNA replication and mitosis is 
followed by the assembly of two daughter cells. In chapter 2, we describe the 
organelle dynamics during endodyogeny in T. gondii. Similarly to our observations 
of schizogony in P.  falciparum in chapter 3, the endings of the single apicoplast 
in T.  gondii associate with the centrosome prior to its division and the apicoplast 
divides prior to completion of nuclear division57. In contrast to the mitochondrion 
in P.  falciparum, the mitochondrion in T.  gondii has a distinct lasso shape that 
associates with the IMC57,58. Branches of the mitochondrion reach into the forming 
daughter cells. Thereafter, the lasso-shape is reestablished within the daughter 
cells, but the mitochondria remain attached at their basal ends59. Similarly to 
P. falciparum schizogony, mitochondrial division in T. gondii is one of the final steps 
of daughter cell formation. Parasites such as Sarcocystis neurona replicate through 
endopolygeny, where the genome is replicated several times within one nucleus 
before the last round of mitosis and packaging of haploid nuclei into the daughter 
cells60. Although very little is known about mitochondrial division in this parasite, 
work from Vaishnava et al. shows that similarly to P.  falciparum, the apicoplast of 
S. neurona associates with the centrosomes at the periphery of the polyploid 
nucleus60. In the last round of mitosis, daughter cells are formed by budding while 
the apicoplast still associates with the centrosomes and is divided and segregated 
into the forming daughter cells.

These observations show that although there are some clear differences, there 
is also striking overlap between timing and organization of organelle division 
in Apicomplexa. Some apicomplexan parasites undergo more than one form of 
replication to adapt to their environment and the size of their host cell as they 
progress through their complex life cycles. This allows the parasites to adapt the 
timing and scale of offspring production in different life-cycle stages56. T. gondii for 
example divides through schizogony in the intestinal epithelium of the cat, while 
it divides by endodyogeny in its intermediate hosts. While Plasmodium parasites 
replicate through schizogony in blood and liver stages, FIB-SEM analysis revealed that 
they divided through endopolygeny-like mechanism in oocyst stages61. Therefore, it 
makes sense for these parasites to have overlapping organelle division mechanisms 
in different replication stages that facilitate these life-cycle transitions, adapting to 
the different host environments. In chapter 3, we show mitochondrial dynamics in 
different stages of oocyst development in P. falciparum. In late-stage oocysts (day 13 
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after infection), the parasite mitochondrion is organized in so called mitochondrial 
organization centers (MOCs). These MOCs are analogous to the cartwheel structure 
observed in asexual blood stages. Very similar mitochondrial organization was also 
found in P. berghei liver stages in sub-compartments created by large membrane 
invaginations8. In both oocyst- and liver-stage sub-compartments, the apicoplast 
localizes to the periphery of the sub-compartment prior to its division, while closely 
associating with the nuclei8,62,63. The apicoplast divides before completion of nuclear 
division during early stages of daughter cell segmentation. The mitochondrion then 
orients in a radial, cartwheel-like fashion within these sub-compartments, prior to 
its division during the final stages of oocyst- or liver-stage development8. These 
observations are strikingly similar to mitochondrial and apicoplast division in ABS 
schizogony described in chapter 3. These similarities in timing and organization 
of organelle division suggest that organelle division and segregation mechanisms 
may be shared between different life-cycle stages of P. falciparum as well as different 
apicomplexan parasites. Therefore, these could potentially provide interesting 
multi-stage or multi-parasite drug targets.

Organelle division mechanism

The division mechanism for membranous organelles relies on the recruitment 
and oligomerization of GTPases to form a constrictive ring. In chapter 2, we 
discuss both the ancestral FtsZ-based division machinery and the eukaryotic 
dynamin-based division machinery. Some early-branching eukaryotes, such as 
Amoebozoa and red algae still use the bacterial division system for fission of their 
mitochondria64. However, Plasmodium parasites lack homology to this ancestral 
division machinery (chapter 2). Plants and algae use a combination of the FtsZ- 
and dynamin-based machinery for division of the chloroplast65. A similar machinery 
is used by some heterokonts for division of their four-membrane plastids acquired 
via secondary endosymbiosis66. However, apicomplexan parasites lack homology 
to all components of this division mechanism, indicating that they developed a 
different division machinery compared to previously studied plastids67,68.

Humans and yeast also utilize a dynamin division machinery for mitochondrial 
fission. The first step of mitochondrial division in humans is the wrapping of an 
ER branch around the mitochondrial fission site69 (Figure 2). Calcium from the ER 
transfers to the mitochondrion at the ER-mitochondrial contact sites, which causes 
constriction of the inner mitochondrial membrane (IMM) in a dynamin related 
protein 1 (Drp1)-independent manner70. Drp1 is then recruited to the fission site 
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by adaptor proteins and forms an oligomeric ring around the organelle. Upon GTP 
hydrolysis a conformational change induces constriction of the Drp1 ring, leading 
to constriction of the organelle71. Although the exact mechanism of IMM fission is 
unknown, it is thought that YME1 and OMA1 mediated cleavage of OPA1 leads to 
increased levels of short OPA1, which is correlated with increased mitochondrial 
fission72. Another dynamin, dynamin 2, has been indicated to play a role in final 
scission of the mitochondrion, although this is still under debate73,74.

Figure 2. Schematic illustration of mitochondrial division mechanism of human mitochondria. 
1) mitochondrion with mitochondrial DNA (mtDNA), inner mitochondrial membrane (IMM) and 
outer mitochondrial membrane (OMM). 2) ER-mediated pre-constriction of the mitochondrion and 
replication of mtDNA. 3) Recruitment of Drp1 by adaptor proteins FIS1, MFF, Mid49 and Mid51 to the 
fission site. Recruited Drp1 forms constrictive ring around the organelle. 4) Constriction of the Drp1 
ring causing further organelle constriction. Hypothetical mechanism of IMM fission, mediated by 
short OPA1, cleaved by YME1 and OMA1 proteases. Hypothetical recruitment of dynamin 2 (DYN2) to 
mediate final step of mitochondrial division. 5) Completely divided mitochondria.

Mitochondrial-ER contact sites are crucial for lipid homeostasis and calcium 
transport75. Close apposition of the ER and mitochondrion have been reported 
in early-stage P.  falciparum schizonts and stage V gametocytes76. Complexome 
profiling experiments identified a potential mitochondrial interactor, TOM7, of 
the ER membrane complex (EMC) in P.  falciparum, which may form a tethering 
complex76. However, we did not observe mitochondrial-ER appositions in our  
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FIB-SEM images of late-stage schizonts. So far, we have not found direct evidence 
that the ER wraps around the mitochondrial division site or is directly involved in 
mitochondrial division.

Plasmodium parasites harbor three dynamin proteins (DYN1, -2, and -3), similarly 
to Toxoplasma. PfDYN1 is essential for parasite survival and is suggested to play 
a role in vesicle budding during hemoglobin uptake77,78. PfDYN2 and its homolog 
in T.  gondii TgDrpA cluster together phylogenetically with other dynamin related 
proteins, such as human Drp1 which mediates mitochondrial fission68. In T. gondii, 
TgDrpA has been indicated to be involved in apicoplast division67, while the 
non-canonical TgDrpC (PfDYN3 homolog) has been indicated to play a role in 
mitochondrial division59. TgDrpC and PfDYN3 are apicomplexan-specific and lack 
the GTPase effector domain and middle domain79,80. However, in contrast to TgDrpC, 
PfDYN3 is likely not involved in mitochondrial division (data unpublished, personal 
communication with Emma McHugh and Stuart Ralph). In chapter 3, we speculate 
about possibility of a shared division mechanism between the apicoplast and 
the mitochondrion, given their sequential division. Supporting this speculation, 
a recent preprint from Morano et al.81 shows that PfDYN2 is involved in both 
apicoplast and mitochondrial division. PfDYN2 localizes to both the mitochondrion 
and apicoplast and knockdown of PfDYN2 causes parasite death and defective 
division of both the apicoplast and mitochondrion. Another preprint from Thakur 
et al. shows an essential role of PfDYN2 in mitochondrial function and division, 
while the role of PfDYN2 in apicoplast division is not assessed82. P. falciparum is the 
first known organism in which a single dynamin facilitates division of two different 
endosymbiotic organelles, highlighting its unique biology.

Dynamins are recruited to the fission site by adaptor proteins. In contrast to 
dynamins, adaptor proteins are highly variable between different eukaryotes 
and are not preserved in terms of amino acid sequence, secondary structure, 
or domain composition83. FIS1 is the only known adaptor protein that is highly 
conserved among mitochondrial-containing eukaryotes. In yeast, FIS1 is the only 
known membrane bound adaptor protein that is essential for the recruitment of 
other fission proteins Mdv1 and Caf4, which recruit the yeast dynamin, Dnm184,85. 
In contrast, human FIS1 is redundant and its role of Drp1 recruitment can be 
facilitated by other adaptor proteins Mff, MiD49 and MiD5186,87. Knockdown or 
knockout of FIS1 T.  gondii and P.  falciparum did not result in a growth defect or 
affected mitochondrial morphology, suggesting a dispensable role in these ABS 
parasites59,88. However, mislocalization of FIS1 in T.  gondii to the cytoplasm by 
truncation of the protein caused significant mitochondrial morphology changes, 
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suggesting that FIS1 has a function in mitochondrial morphology89. During this 
PhD, I also generated a FIS1 knockout P.  falciparum parasite line and found that 
FIS1 was not essential for gametocyte development and exflagellation (data 
not shown). One preliminary experiment showed that FIS1 knockout parasites 
could transmit to mosquitoes but did not develop to sporozoites. Future studies 
could explore if FIS1 plays a role in mitochondrial fission during sporogony, e.g. 
by studying mitochondrial morphology in different stages of FIS1 knockout 
oocyst development.

Recent work from James Blauwkamp and Sabrina Absalon found a potential 
apicoplast adaptor protein, Anchor, which localizes around the apicoplast and 
is essential for parasite survival in P.  falciparum (data unpublished, personal 
communication with James Blauwkamp and Sabrina Absalon). Knockdown of 
Anchor causes impaired apicoplast division and merozoites stay attached to 
the residual body after egress, while mitochondrial division and segregation is 
unaffected. Parasite growth can be rescued by isopentenyl pyrophosphate (IPP) 
supplementation, indicating an apicoplast-specific role. A pulldown experiment 
with Anchor identified PfDYN2 as interaction partner. These results strongly 
indicate that Anchor is an apicoplast adaptor protein that recruits PfDYN2 to the 
apicoplast fission site, while the mitochondrion likely uses other adaptor proteins 
for PfDYN2-mediated fission (Figure 3). Future studies could include PfDYN2 co-
immunoprecipitation on the Anchor knockdown line to identify mitochondrial 
adaptor proteins. By removal of Anchor, you might be able to specifically find 
interactions of PfDYN2 with potential mitochondrial adaptor proteins.

T.  gondii parasites that are depleted of TgMORN1, an essential component of the 
basal complex, fail to constrict the basal complex and divide their apicoplast90. 
TgMORN1 knockout had much milder segregation defect for the mitochondrion, 
suggesting different involvement of the basal complex in division of each organelle. 
However, P.  falciparum parasites lacking the basal complex protein PfCINCH 
still divide their apicoplast and mitochondrion, despite their inability to form 
merozoites91. This suggests that in contrast to T. gondii, the basal complex does not 
seem to play a direct role in organelle division in ABS Plasmodium parasites.
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Figure 3. Hypothetical apicoplast and mitochondrial division machinery in P.  falciparum.  
1) PfDYN2 is recruited to the apicoplast fission site by Anchor, where it oligomerizes to form a 
constrictive ring around the organelle which mediates fission. 2) After apicoplast division, PfDYN2 is 
released back into the cytoplasm. 3) Thereafter, PfDYN2 is recruited to the mitochondrial fission site, 
possibly by the redundant FIS1 protein and by other, unknown, adaptor proteins, where it mediates 
mitochondrial fission by forming a constrictive ring around the organelle.
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Organelle segregation mechanisms

The segregation of organelles during cell division is crucial to ensure that daughter 
cells inherit the necessary components for survival and function. The mechanisms 
of organelle segregation vary depending on the type of organelle and the 
organism, but generally involve motor proteins and the coordinated remodeling of 
the cytoskeleton. In budding yeast, mitochondrial segregation during cell division 
is mediated by active transport of the mitochondrion by the type V myosin, Myo2, 
along actin filaments92. In mammalian cells, mitochondria are transported along 
microtubules by kinesins to the plus-end direction and by dyneins to the minus 
end direction93 (Figure 4A). The cargo-binding domain of kinesin-1 interacts with 
an adaptor protein called Milton, which binds to Mitochondrial Rho GTPase (Miro) 
that localizes to the outer mitochondrial membrane (OMM)93. During cell division, 
mitochondria are transported to the cleavage furrow and cell periphery along 
astral microtubules of the mitotic spindles mediated by kinesin-194. Mitochondria 
are released from the microtubules and anchored to actin cables by myosin 19, 
ensuring uniform distribution of mitochondria95,96. In plants, transport of the 
mitochondria and chloroplasts depends on both actin and tubulin cytoskeleton, 
although the exact molecular mechanisms of organelle transport during cell 
division remain to be elucidated97.

In chapter 3, the FIB-SEM visualization of different P.  falciparum schizont stages 
reveals new insights into apicoplast and mitochondrial segregation. In the following 
paragraphs, potential apicoplast and mitochondrial segregation mechanisms will 
be discussed in more detail.

Recruitment of apicoplast branches to the CPs
In chapter 3, FIB-SEM images show that branches of the apicoplast network are 
recruited to the CPs at the start of merozoite segmentation. Prior to apicoplast 
division, all apicoplast branch-endings associate with all the CPs in the parasite 
over the entire length of the organelle. The CP-apicoplast association continues 
after apicoplast division. These observations suggest that CPs play a central role 
in apicoplast segregation in P.  falciparum through recruitment of the apicoplast 
branches to ensure each merozoite ends up with a single apicoplast. In the 
apicomplexan parasite S. neurona, apicoplast-centrosome associations have 
likewise been observed during replication60. In T.  gondii, centrosomes have also 
been shown to play an important role in apicoplast segregation98,99. The actin-
myosin system is essential for apicoplast-centrosomes interaction and apicoplast 
segregation99,100. Myosin F (MyoF) is an Apicomplexa-specific myosin that is 
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crucial for parasite survival101. In T. gondii parasites lacking TgMyoF, the apicoplast 
fails to associate with the centrosomes, leading to asymmetric segregation of 
the apicoplast into a single daughter cell or the residual body99,101. Interestingly, 
mitochondrial morphology and inheritance were not affected by TgMyoF 
depletion101. F-actin localizes to the proximity of the apicoplast in both T. gondii and 
P.  falciparum100. Conditional knockout of actin-1 in P.  falciparum leads to defective 
apicoplast segregation, while mitochondrial segregation is unaffected100,102. In 
P.  falciparum, formin-2, an actin nucleator, localizes to the apicoplast and CPs103. 
Formin-2 is also essential for apicoplast inheritance and daughter cell formation 
in both T. gondii and P. falciparum100. Taken together, these studies show that actin 
dynamics are essential for apicoplast segregation and its interaction with CPs in 
P. falciparum. Therefore, I hypothesize that apicoplast branches might be recruited 
to the CPs by myosin-mediated transport along actin filaments (Figure 4B).  
Formin-2 is an essential actin nucleator that facilitates actin polymerization. To 
further investigate this hypothesis, super-resolution imaging approaches, such as 
SIM or STED, could be used to visualize actin filaments with the actin chromobody 
during merozoite development. Visualization of actin filaments using ExM could 
also be considered, using the actin chromobody with an ExM-compatible tag, such 
as an HA- or spaghetti monster-tag. The effect of disruption of actin dynamics (e.g. 
through formin-2 knockdown or actin-targeted compounds) on these filaments 
and actin recruitment could be studied. The role of MyoF in apicoplast segregation 
in P.  falciparum could be investigated by conditional knockout or knockdown of 
MyoF in parasites with a fluorescent apicoplast marker. To identify potential adaptor 
proteins that bind the apicoplast to the cargo domain of MyoF motor protein, a 
pulldown approach could be used.

Mitochondrial segregation mechanisms
In contrast to the apicoplast, the mitochondrion does not associate with the CPs 
during its segregation process, as shown in chapter 3. Moreover, disruption of 
actin dynamics by conditional knockout of actin-1 or formin-2 does not affect 
mitochondrial division and segregation100,102. This indicates that mitochondrial 
segregation is likely facilitated by a distinct mechanism that does not rely on the 
recruitment of the organelle to the CPs via actin-myosin motors. In chapter 3, we 
show that in schizonts that have completed apicoplast division, the mitochondrial 
branches extend towards the basal ends of the divided apicoplast. In more developed 
schizonts, each mitochondrial branch aligns with a divided apicoplast branch over 
the complete length of this organelle. This association persists during and after 
mitochondrial division. The timing and organization of these organelle interactions 
suggest a potential role of the apicoplast in mitochondrial segregation. Nevertheless, 
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doxycycline-treated apicoplast-negative parasites rescued by IPP supplementation 
are still able to grow normally, suggesting that the apicoplast is not essential for 
mitochondrial segregation104. However, recent evidence suggests that while these 
parasites do lose apicoplast DNA and normal apicoplast structure, function of several 
apicoplast enzymes is still intact, suggesting the presence of apicoplast remnants105. 
Possibly, these remnants would be sufficient to facilitate mitochondrial recruitment 
and segregation. Nevertheless, the membranous nature of the apicoplast makes it 
unlikely to facilitate the pulling force required to draw the mitochondrion into the 
merozoite. Cytoskeletal structures are likely necessary to generate these pulling 
forces. In T.  gondii, tethering between the mitochondrion and the IMC is crucial for 
mitochondrial morphology and mitochondrial distribution during cell division. The 
tethering is facilitated by the interaction between the mitochondrial membrane-
associated protein lasso maintenance factor 1 (LMF1) and inner membrane complex 
protein 10 (IMC10)58. However, this IMC-mitochondrial interaction has not been 
observed in Plasmodium parasites which lack a homolog of LMF1.

Organelle transport in human cells is facilitated by kinesin and dynein motor 
proteins along microtubules. Plasmodium parasites rely on a scaffold of 
subpellicular microtubules (SPMTs) as the main cytoskeletal structure. These SPMTs 
are anchored to the apical ring and locate below the IMC but their number and 
organization varies between different life-cycle stages106. Plasmodium merozoites 
harbor 2-3 subpellicular microtubules, a structure that is also referred to as the 
f-MAST. Depolymerization of the f-MAST by dinitroaniline induction on post-mitotic 
schizonts reduced invasion rates107. EM-studies have shown that the mitochondrion 
and apicoplast locate directly beneath the f-MAST in free merozoites108–110. A study 
from Fowler et al. has tested the effect of a tubulin depolymerization compound, 
pendimethalin, on mitochondrial segregation107. No difference was found between 
number of mitochondria per merozoite in control and pendimethalin treated 
cultures, suggesting that SPMTs do not play an essential role in mitochondrial 
segregation. However, the percentage of merozoites with mitochondria in fully 
segmented schizonts are lower (60%) than those in observed in our FIB-SEM images 
(100%). Additionally, it is not clear in the paper what the exact timing is of the 
induced tubulin depolymerization, and it would be possible that mitochondrial 
branches have already entered merozoites when tubulin depolymerization is 
induced. It would therefore be interesting to repeat these experiments, using 
better high-resolution imaging techniques, ExM or even FIB-SEM to re-test this 
hypothesis. The results from chapter 3 also give a much better understanding of 
the exact timing of mitochondrial recruitment into the forming merozoites and 
would allow more precise timing of tubulin depolymerization in this experiment. 
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This would give us a better understanding of the role of SPMTs in mitochondrial 
segregation during merozoite formation.

Plasmodium parasites harbor 9 kinesin genes but they lack genes for the three 
classical kinesins (kinesin-1, kinesin-2, kinesin-3) normally involved in intracellular 
transport111. Only one Plasmodium kinesin, kinesin-13, is essential in ABS. Kinesin-13 
localizes to both the cytoplasm and nucleus in ABS schizonts. However, it’s exact 
localization during mitochondrial segregation stages has not yet been studied. 
SPMTs in merozoites have their minus end at the apical pole and their plus end 
reaching toward the basal cell pole106. Since kinesins move cargo to the plus 
end of microtubules (anterograde transport), it is unlikely that they could pull 
mitochondrial branches into the merozoites via the SPMTs. Dynein on the other 
hand transport cargo to the minus end of the microtubules (retrograde transport). 
The cytoplasmic dynein motor complex usually consists of two heavy identical 
heavy chain subunits, which contain ATPase hydrolysis sites and is responsible 
for the “walking” movement along the microtubules112. The long N-terminal stem 
interacts with intermediate chains, light intermediate chains and light chains to 
form the carbo-binding domain of the complex113. P. falciparum encodes 17 genes, 
which include 7 dynein heavy chains, 2 dynein intermediate chains, 1 dynein 
intermediate light chain, and 7 dynein light chains114. Monoclonal antibodies 
against dynein heavy and intermediate chains purified from chicken brain, showed 
that cross-reactive dyneins are only expressed in late stage schizonts and purified 
merozoites115. However, very little is known about the function of these proteins 
in P.  falciparum. Future studies could use targeted genetic strategies, such as 
conditional knockout or knockdown, to study the role of P.  falciparum dynein. 
Nevertheless, the timing of dynein expression and their retrograde transport 
function leaves room to speculate on a role for dynein motors in transport of 
mitochondrial branches into the forming merozoites along SPMTs, perhaps guided 
by contact with the apicoplast (Figure 4C).

Figure 4. Organelle segregation mechanisms. A) Mitochondrial transport mechanisms in human 
cells. Kinesins transport mitochondria along microtubules towards the plus end, while dyneins 
transport mitochondria towards the minus end. Miro is anchored into the OMM and interacts with 
Milton, which binds to the cargo domain of kinesins or dynein. Myosin-19 anchors mitochondria to 
actin filaments. B) Hypothetical apicoplast segregation mechanism in P.  falciparum. Myosin-F and a 
potentially unidentified adaptor protein recruit the apicoplast branches along actin filaments towards 
the centriolar plaques (CPs). Actin filaments are nucleated by formin-2. C) Hypothetical mitochondrial 
segregation mechanism in P.  falciparum. Mitochondrial branches are recruited along actin filaments 
by dynein along the subpellicular microtubules (SPMTs) towards the apical minus end. Unidentified 
adaptor proteins attach the dynein to the OMM. The apicoplast might have a role in guiding the 
mitochondrion into the merozoite and their contact might be mediated by unknown proteins.

> 



5

171|General discussion



172 | Chapter 5

Organelle division and segregation as drug target

Organelle fission during cell division in Plasmodium parasites is fundamentally different 
from this process in their human host. In contrast to the binary division in human cells 
where a large number of organelles are distributed over two daughter cells during 
division, Plasmodium parasites harbor only a single copy of many of their organelles, 
which needs to be distributed over a large number of daughter cells. Although we 
have yet to learn the exact molecular mechanisms that underly this division process, 
it might present an interesting landscape for the search for new parasite-specific drug 
targets. Similar timing and organization of mitochondrial and apicoplast division 
between different life-cycle stages suggests an overlapping division and segregation 
mechanism between different life-cycle stages. Novel compounds targeting this 
process could therefore potentially target multiple life-cycle stages. In this paragraph, I 
will discuss which components of the organelle division and segregation mechanisms 
could potentially be interesting as novel anti-malarial drug targets.

Mitochondrial dysfunction during inflammatory cell stress has been shown to be 
an important driver of various diseases, such as sepsis and neurodegeneration116,117. 
Inhibition of mitochondrial fission provides a promising strategy to suppress 
inflammation and prevent diseases118,119. Recently developed peptide and small 
molecule inhibitors prevent Drp1 recruitment by FIS1 and prevents mitochondrial 
fission under pathological conditions120. Although FIS1 is not essential for 
mitochondrial division in P.  falciparum, inhibition of binding of PfDYN2 to other 
anchor proteins could provide an interesting strategy to target apicoplast and 
mitochondrial division. Dynasore is a dynamin inhibitor that prevents dynamin-
mediated endocytosis121. In P.  falciparum, dynasore has been used to prove 
involvement of PfDYN1 in hemoglobin uptake77. Another recent study shows that 
dynasore and mitochondrial division inhibitor 1 (Mdivi-1) inhibit mitochondrial 
segregation and induce ROS production, possibly through PfDYN2 inhibition82. 
Although this shows the potential for dynamin inhibitors to kill the parasite, it also 
shows that there is a chance of cross-reactivity between dynamins from different 
species and caution is required when dynamin inhibitors would be developed as 
anti-malarial compounds to prevent off-target effects.

In the previous paragraphs we discussed the important role of actin in apicoplast 
segregation. Actin is essential in all life-cycle stages and besides its central role in 
cell division, it also plays a crucial role in deformation of the host RBC and parasite 
motility during invasion102. Actin inhibitors, such as jasplakinolide, cytochalasin D,  
truncated latrunculins, and sulfonylpiperazine compounds, inhibit parasite 
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motility and host-cell invasion122–125. Disruption of actin dynamics might therefore 
present a good opportunity for multi-stage parasite drugs. The small molecule 
inhibitor SMIFH2 targets formin-2 and kills ABS parasites and results in abnormal 
gametocytes103. However, this inhibitor is not parasite-specific and also affects 
the actin cytoskeletal structures in animal and yeast cells126,127. Further studies 
are needed to test if parasite-specific inhibitors that target actin dynamics can 
be generated. Myosin inhibitors have recently been developed as treatment for 
cardiomyopathy in humans128. A recently developed compound targeting MyoA 
blocks invasion in P. falciparum129. However, compounds targeting MyoF, crucial for 
apicoplast segregation, have not yet been identified.

Microtubules play a central role in cell division and are established drug targets in 
a variety of cancers130,131. They are an important component of the cytoskeleton and 
therefore also important for invasion and parasite growth throughout the complete 
life cycle. The amino acid sequences of alpha and beta tubulin are highly conserved 
between humans and P.  falciparum. However, Plasmodium tubulin is more similar 
to plant than to mammalian tubulin. A study from Hirst et al. has identified two 
compounds that specifically target parasite tubulin, without affecting human 
microtubules132. This indicates that microtubules might present an interesting 
opportunity for the development of parasite-specific antimalarials.

The role of SPFH proteins in mitochondrial dynamics

The Stomatin/Prohibitin/Flotillin/HflKC (SPFH) protein family is a highly conserved 
family of proteins, which all contain an SPFH domain. Proteins belonging to this 
family have been indicated in a diverse set of functions, and play a role in several 
disease pathologies, such as cancer and Alzheimer’s disease133,134. Despite the large 
variety of functions of SPFH proteins, it is thought that one structural principle 
underlies their function135. All SPFH proteins are oligomeric and form ring structures 
in cholesterol-rich membranes. It is thought that these ring structures form 
membrane microdomains of specific protein and lipid content. A subset of SPFH 
proteins, including prohibitins (PHBs) and stomatin-like protein 2 (SLP2) localize to 
the IMM. These proteins have been indicated in various mitochondrial functions, 
such as cristae morphogenesis, mitochondrial dynamics, protein degradation, cell 
cycle regulation, and apoptosis136–141.

Plasmodium parasites harbor four SPFH proteins, including two canonical 
prohibitins (PHB1, PHB2), stomatin-like protein (STOML) and an unusual myzozoan-
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specific prohibitin-like protein (PHBL)5. All four Plasmodium SPFH proteins are 
thought to be mitochondrial. STOML is of particular interest, since it localizes to 
punctate foci at the parasite mitochondrion during oocyst growth, specifically at 
organelle branching points5. As this is a stage during which mitochondrial division 
is happening, we hypothesized that STOML might have a function in mitochondrial 
division or segregation. Additionally, it is shown that the STOML homolog in 
humans, SLP2, forms a complex with i-AAA protease YME1L, which is involved in 
processing of OPA1, regulating mitochondrial dynamics. In the absence of SLP2, 
the long OPA1 isoform is lost, and stress-induced mitochondrial hyper fusion is 
prevented142. Although Plasmodium lacks a clear OPA1 homolog, we were still 
curious to study if STOML has a function in mitochondrial dynamics.

Characterization of STOML in P. falciparum

In chapter 4, we explored the function of STOML in P. falciparum. Live imaging was 
used to study the localization of STOML tagged with mNeonGreen in ABS parasites. 
We found that STOML-mNG localizes to punctate foci on the mitochondria and 
the number of STOML-mNG foci per parasite increases during ABS development. 
In trophozoite and schizont stages, STOML-mNG foci localize to mitochondrial 
branching points and endings of mitochondrial branches. In a late schizont where 
the mitochondrion orients in a cartwheel structure prior to its division, STOML-mNG 
localizes to the endings of each mitochondrial branch. This specific localization 
fits well with a localization that can be expected from a protein that is involved in 
mitochondrial division or segregation. To further explore the function of STOML, 
STOML knockout parasites were generated. STOML knockout caused a significant 
growth defect, caused by slower development of the parasites throughout the life 
cycle. There were no obvious differences in mitochondrial morphology between 
stoml-

mito and wild-type parasites, and there was no evidence that mitochondrial 
division or segregation in stoml-

mito parasites was affected. Therefore, it is unlikely 
that STOML has a direct function in mitochondrial division and segregation, despite 
its suggestive localization. However, a redundant function of STOML in these 
processes cannot be completely ruled out.

The human STOML homolog SLP2, is found in cardiolipin rich mitochondrial 
membrane domains, which are important for the stability of respiratory chain 
complexes143. Decreased levels of SLP2 in T cells caused a decreased activity 
of respiratory chain complexes, probably due to deficient respiratory chain 
supercomplex formation. A recent preprint from Sparkes et al. has shown that 
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mitochondrial respiration is essential for ATP production during gametogenesis144. 
We hypothesized that if STOML would have a function in ETC chain assembly, 
stoml-

mito parasites would not be able to form gametes. However, stoml-
mito parasites 

were able to form healthy-looking gametocytes and male gametocytes were 
exflagellating. To further investigate this hypothesis, we tested if stoml- parasites 
had an increased sensitivity for drugs targeting the respiratory chain, such as 
atovaquone. However, there was no difference in drug sensitivity between stoml- 
and wild-type parasites, indicating that STOML does not have a direct function in 
respiratory chain assembly. Nevertheless, it is important to realize that this assay is 
not a direct readout of ETC protein complex assembly. A recent preprint shows that 
inducible knockdown of the complex III subunit PfRieske, which is essential in ABS, 
does cause hypersensitivity to ETC targeting drugs145, indicating that the readout 
of this assay indeed reflects if ETC is intact. Alternatively, future studies could use 
complexome profiling in stoml- parasites to test if ETC supercomplex formation 
is affected. The effect of STOML knockout on transmission to the mosquito and 
mosquito stage development could also be tested.

Complexome profiling data showed that STOML resides in a large ~2 MDa protein 
complex146. To further explore the function of STOML, two independent pulldown 
experiments were performed to identify potential interaction partners. A protein of 
unknown function (PF3D7_1306200) and FtsH ATP-dependent zinc metalloprotease 
(PF3D7_1464900) were significantly enriched in both pulldown experiments. While 
complexome profiling data showed that PF3D7_1306200 did not co-migrate 
with STOML on a native-page gel, FtsH showed co-migration on a native-page 
gel in gametocyte stages. PF3D7_1306200 contains an AB-hydrolase domain 
and is predicted to be essential22. A recently characterized AB-hydrolase domain 
containing protein, ABHD16A, has been shown to localize to the ER-mitochondrial 
contact sites and regulates the recruitment of the fission and fusion machineries, 
by altering phospholipid composition147. However, AB-hydrolase containing 
proteins belong to one of the largest superfamilies and include proteases, lipases, 
peroxidases, esterase, epoxide hydrolyses, and dehalogenases. Therefore, it is hard 
to predict the function of PF3D7_1306200 based on this domain. It’s predicted 
apicoplast targeting sequence148 and lack of comigration with STOML on a native 
gel shown by complexomics data146 make it unlikely that PF3D7_1306200 forms 
a complex with STOML at the IMM. However, the consistent pulldown could be 
explained by a potential mitochondrial localization of PF3D7_1306200, as it ranks 
at place 126 out of the 445 predicted mitochondrial proteins, with a mitochondrial 
score of 4.72149. If PF3D7_1306200 is indeed a mitochondrial protein, it would 
be possible that it interacts with STOML. To further verify interaction between 
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FtsH or PF3D7_1306200 and STOML, tagged parasites lines could be generated 
and reciprocal pulldown and co-localization experiments could be performed. 
Additionally, the roles of FtsH and PF3D7_1306200 could be investigated by 
generation of conditional knockout or knockdown parasite lines.

SPFH proteins are known to form large protein complexes with metalloproteases, 
regulating their protease activity136,150,151. The human, Arabidopsis thaliana, and 
Trypanosma brucei homologs of PfSTOML, form a large proteolytic complex with 
YME1L/FTSH4, which are FtsH homologs151–153. This indicates that FtsH is a very 
likely interaction partner of STOML, since the STOML-FtsH complex is conserved 
across different eukaryotes.

The role of FtsH/AAA metalloproteases

FtsH metalloproteases are present in bacteria, as well as organelles of bacterial 
origin, such as chloroplasts and mitochondria (in mitochondria they are often 
referred to as AAA proteases). Most bacteria harbor only a single FtsH gene, while 
yeast and humans have three genes, and higher plants can have up to 12 FtsH 
genes154–156. FtsH/AAA proteases are highly conserved and contain three functional 
domains: one or two N-terminal transmembrane domains (TMDs), an ATPase domain 
of the AAA superfamily, and a C-terminal metallopeptidase domain157 (Figure 5).  
The presence of one or two TMDs determines the topology of the protease in the 
membrane. i-AAA proteases have one TMD and have their proteolytic domain 
exposed to the intermembrane space in mitochondria, while m-AAA proteases 
have two TMDs and have their active site exposed to the mitochondrial matrix. Six 
subunits assemble into a functional m-AAA or i-AAA protease158.

Optimal functioning of mitochondria depends on the accurate composition and 
quality of the mitochondrial proteome159,160. AAA proteases have a central role in 
mitochondrial quality control, by selective degradation of damaged, unassembled, 
and excessive mitochondrial proteins157,158. One of the greatest threats in 
mitochondria that necessitates tight monitoring and regulation is the ROS-
generating oxidative phosphorylation (OXPHOS) system. Rapid removal of defective 
OXPHOS components is essential to prevent accumulation of aggregation-prone 
polypeptides that can lead to uncontrolled ROS formation and mitochondrial 
dysfunction160–162. AAA proteases play a central role in this task. In mammals, yeast, 
and plants both m-AAA and i-AAA proteases have been shown to remove aberrant 
components of the respiratory chain complexes or ATP synthase at both sides of the 
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IMM160,161,163–165. Oxidatively damaged mitochondrial proteins that arise as a result 
of imbalanced OXPHOS functioning are also degraded by AAA proteases152,161,166. 
AAA proteases also contributed to the formation and maintenance of other IMM 
complexes, such as mitochondrial calcium uniporter (MCU) and mitochondrial 
cristae organizing system (MICOS)167–171.

More and more studies have indicated a role of AAA proteases outside of protein 
quality control. AAA proteases are capable of highly specific proteolytic processing. 
The best-known example of this is m-AAA mediated processing of the nuclear-
encoded subunit of the mitochondrial ribosome, MrpL32172–174. This mechanism 
is highly conserved in yeast, mammals, and plants. The mammalian and yeast 
i-AAA protease Yme1L influences mitochondrial protein import during stress 
by removal of TIM17 subunit of TIM23 translocase175,176. This downregulation of 
the import pathway leads to a substantial reduction of unfolded polypeptides 
entering the organelle177. Additionally, yeast and mammalian i-AAA proteases 
control the turnover of Ups1, Ups2 and PRELID1 respectively, which regulate 
biogenesis of cardiolipin and phosphatidylethanolamine, two mitochondria-
specific phospholipids178,179.

Plasmodium parasites harbor three FtsH proteins, including one predicted m-AAA  
protease (PF3D7_1119600) and two i-AAA proteases (PF3D7_1464900, 
PF3D7_1239700)180. The PfFtsH identified as potential STOML interaction partner 
clusters together with i-AAA proteases at the IMM, which have their proteolytic 
domain exposed to the intermembrane space. The function of the other i-AAA 
protease FtsH1 (PF3D7_1239700) has been studied in P. falciparum. PfFtsH1 is shown 
to form higher order oligomers and exhibits zinc- and ATP-dependent protease 
activity. Expression of PfFtsH1 in E. coli causes defective cytokinesis, suggesting a 
potential role in organelle division. While one study localizes FtsH1 to foci on the 
mitochondrion180, other evidence suggests a function in apicoplast biogenesis and 
FtsH1 has been localized to the apicoplast in T. gondii181,182. Knockdown of PfFtsH1 
caused a gradual loss of the apicoplast genome and a significant growth defect, 
which could be rescued by IPP supplementation, indicating a potential role of FtsH1 
in apicoplast biogenesis or segregation181. Future studies could use a microscopy 
approach to study apicoplast division and segregation in PfFtsH1 knockdown 
parasites to confirm this role of PfFtsH1. The roles of the other two FtsH proteins 
in P.  falciparum, remain to be investigated. Unfortunately, attempts to generate 
endogenously tagged knockdown parasites to study localization and function of 
these FtsH proteins were unsuccessful181.
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Figure 5. General domain structure of FtsH/AAA proteases. A) Protein domains of i-AAA and m-AAA 
proteases with N-terminal domain (Nt), transmembrane domain (TM), ATPase domain of AAA superfamily 
(AAA), protease domain (Protease). B) General structure of AAA+ protease and substrate membrane 
protein at the inner mitochondrial membrane, with permission adapted from Puchades et al.183.

The role of the STOML-FtsH supercomplex

Cryo-electron microscopy has demonstrated that the bacterial HflK/C form a 
large oligomeric structure around membrane-anchored FtsH hexamers150,184. This 
barrel-like HflK/C complex surrounds FtsH proteases and likely serves to prevent 
other membrane proteins from approaching FtsH, thereby avoiding the unwanted 
degradation of functional membrane proteins. Additionally, the HflK/C enclosure 
facilitates the identification of defective membrane proteins. Damaged or 
misfolded proteins, which tend to have flexible, unfolded termini, can be selectively 
recognized by this complex. In chapter 4, we showed that AlphaFold multimer 
predicts STOML to form a similar oligomeric barrel structure. These results indicate 
that STOML might form an analogous supercomplex with FtsH in P.  falciparum, 
possibly regulating FtsH accessibility. Depletion of STOML would lead to more 
accessible FtsH and therefore possibly higher FtsH-mediated mitochondrial protein 
degradation. This would disturb normal mitochondrial function and could explain 
why STOML knockout caused slower parasite development throughout the ABS. 
The bacterial HflK and HflC are also not essential, but their role becomes more 
important under stress conditions when there is a higher chance of protein damage 
or misfolding185. Knockout of HflK or HflC cause hypersensitivity to aminoglycoside 
antibiotics, which induce mistranslation leading to disassembled or misfolded 
membrane proteins185,186. It would therefore be interesting to study the effect of 
stress-induced conditions on stoml- parasites. Future studies could test the effect 
of mitochondrial stress (e.g. by starvation conditions, usage of a mitochondrial-
protease inhibitor, or induction of oxidative stress by H2O2) on parasite survival and 
mitochondrial function in stoml- and wild-type parasites.
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The function of the FtsH-STOML complex could also be explored through 
characterization of FtsH function. Inducible knockout or knockdown lines could be 
generated to study the effect of FtsH depletion on parasite growth, mitochondrial 
morphology and function, and protein degradation. A proteomics approach could 
be used to investigate the changes in mitochondrial protein levels upon STOML of 
FtsH depletion. Additionally, a complexomics approach can be used to study the 
effect of FtsH depletion on mitochondrial complex formation.

Apicomplexan evolution might be able to reveal more insights into the function 
of the FtsH-STOML complex. For instance, Cryptosporidium parasites lack a 
canonical mitochondrion but instead harbor a mitochondrial remnant referred 
to as the mitosome187. Mitosomes have lost mtDNA and lack most mitochondrial 
functions. All Cryptosporidium species harbor components for iron-sulfur cluster 
biogenesis, while complex III and IV of the respiratory chain are replaced by an 
alternative oxidase188,189. However, there are also some striking differences between 
Cryptosporidium species (Table 2). While the gastric-type parasites Cryptosporidium 
muris and Cryptosporidium andersoni still harbor components of the TCA cycle, 
as well as complex II and V of the respiratory chain, the intestinal-type parasites 
Cryptosporidium parvum and Cryptosporidium hominis lack all these components 
and merely harbor an alternative complex I188. Interestingly, a BLAST search 
revealed that a STOML homolog is present in C. muris and C. andersoni, while 
it is absent in C. parvum and C. hominis (Table 2). However, all Cryptosporidium 
species lack an FtsH (i-AAA protease) homolog, while C. muris, C. andersoni, and  
C. parvum have a m-AAA protease homolog. C. hominis lacks an FtsH/AAA protease 
homolog. These findings indicate that STOML is likely not involved in iron-sulfur 
cluster biogenesis or maintenance of mtDNA. As STOML can be found in species 
that lack i-AAA proteases, it is possible that STOML has additional functions besides 
its role in protein quality control in the STOML-FtsH complex. The presence of 
STOML specifically in Cryptosporidium species that harbor TCA cycle components 
and truncated ETC indicate that the function of STOML might be linked to the 
expression or function of these pathways. Future studies could perform a more 
detailed bioinformatic analysis to study the presence of STOML and FtsH proteases 
across apicomplexan species with different mitochondrial components. This could 
give new insights into their potential function as well as the potential function of 
the STOML-FtsH complex.
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Table 2. Distribution of SPFH and mitochondrial metabolic proteins across Apicomplexa. 

species STOML Prohibitin PHBL FtsH /AAA TCA cycle I II III, IV V

Plasmodium 
falciparum

i,i,m

Toxoplasma 
gondii

i,i,m

Cryptosporidium 
muris

m

Cryptosporidium 
andersoni

m

Cryptosporidium 
parvum

m

Cryptosporidium 
hominis

-

A BLAST search was performed to identify homologs to Plasmodium SPFH proteins and FtsH/AAA 
proteases in other apicomplexan species. The presence of a homolog is indicated by a green circle and 
the absence by a red circle. The presence of and number of i-AAA proteases is indicated by “i”, while 
the presence and number of m-AAA proteases is indicated by “m”. The presence of TCA cycle proteins, 
alternative complex I (I), and other electron transport chain complexes (complex II, complex III and IV, 
and complex V) are indicated.

SPFH proteins and FtsH/AAA proteases as drug target

SPFH proteins have been shown to regulate the activity FtsH/AAA proteases in 
bacteria and eukaryotes through the formation of supercomplexes150,151,190,191. These 
complexes play a crucial role the protein quality control mechanism in bacteria 
and endosymbiotic organelles150,151,184,192. The mitochondrion and apicoplast of 
Plasmodium parasites provide attractive drug targets, as discussed in previous 
paragraphs. In the next paragraph, I will explore if mitochondrial SPFH proteins and 
AAA proteases have a potential as novel anti-malarial drug targets.

Prohibitins are overexpressed in various cancers. Several compounds, including 
fluorizoline and Rocaglamide (Roc-A), can be used as anti-cancer compound by 
targeting PHB1 and PHB2, preventing CRAF activation and sensitizing cancer 
cells to apoptosis193,194. A recent study showed that Roc-A interacts with PfPHBs 
and inhibits growth of yeast mutants that were functionally complemented 
with PfPHBs, validating them as a Roc-A target195. Roc-A treatment of parasites 
inhibited growth at nanomolar concentrations in ABS and gametocyte stages and 
significantly reduces parasite transmission. These results validated RocA as an 
efficient antimalarial compound through targeting of PfPHBs.
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The other two SPFH proteins in Plasmodium parasites, STOML and PHBL, are 
not essential for parasite survival and might therefore be less interesting drug 
targets. Nevertheless, in chapter 4, we showed that knockout of STOML causes a 
significant growth defect in P. falciparum. Inhibition of STOML by a small-molecule 
inhibitor could therefore potentially reduce parasite replication rates. Additionally, 
it is possible that the potential function of STOML in mitochondrial protein 
quality control becomes more important during stress conditions when there is 
a higher chance of protein damage and misfolding, as discussed in the previous 
paragraph. STOML impaired parasites might therefore become more sensitive to 
oxidative damage and potentially also to antimalarials that act through increased 
oxidative stress. Therefore, STOML targeting compounds could be interesting as a 
combination therapy with other compounds by increasing parasite sensitivity to 
compounds that act through via increasing of oxidative stress. Quinolones, such 
as chloroquine, increase oxidative stress in Plasmodium parasites by inhibiting the 
conversion of free heme to hemozoin196. It is thought that artemisinins, such as 
dihydroartemisinin (DHA), execute their antimalarial function through interaction 
with iron, leading to the production of free radicals and oxidative stress197. However, 
in chapter 4, we showed that stoml- parasites did not have an increased sensitivity 
to chloroquine and DHA. Therefore, it is unlikely STOML targeting compounds 
could increase drug sensitivity to oxidative stress-inducing compounds.

FtsH/AAA proteases might provide promising antimalarial drug target, given their 
likely essential role in protein quality control in the mitochondrion and apicoplast. All 
three FtsH proteins in P. falciparum are predicted to be essential22, and depletion of 
FtsH1 has been shown to significantly inhibit parasite growth181. Several unsuccessful 
attempts to generate endogenously-tagged knockdown lines of the other two FtsH 
proteins suggests their likely essential role181. Furthermore, it has been shown that 
Actinonin, a small molecule inhibitor, is able to kill parasites at low μM concentrations 
by targeting PfFtsH1 and inhibiting apicoplast biogenesis181. Future studies could 
further explore the promising potential of these proteases as drug targets.

Concluding remarks

Although great progress has been made the past century in our understanding 
of the malaria parasite, there are still many aspects of its molecular biology that 
we do not understand. Rapid rise of resistance to current antimalarials requires 
the continuous development of novel drugs. The unique parasite mitochondrion 
and apicoplast provide excellent parasite-specific drug targets. Understanding 
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the intricate mechanisms of their division and segregation could expose new 
vulnerabilities of the parasite. This thesis has provided many new mechanistic 
insights in the timing and orchestration of mitochondrial and apicoplast division 
and segregation. Our findings also highlighted the close interaction between the 
mitochondrion and apicoplast during parasite replication and revealed the role of 
the CPs in apicoplast but not mitochondrial segregation. Although the localization 
of STOML suggested a potential role in mitochondrial division or segregation, 
knockout of the protein did not seem to affect mitochondrial morphology or 
division. We showed the potential interaction of STOML with the i-AAA protease, 
FtsH. AlphaFold predictions of the STOML multimeric structure highlight 
the potential role of STOML in regulating accessibility of FtsH, and therefore 
mitochondrial protein quality control. This knowledge is not only fundamental 
to better understand the molecular biology of the parasite but paves the way for 
future exploration of these mechanisms as potential antimalarial drug targets.
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Summary

Malaria is a devastating parasitic disease causing 249 million cases and 608,000 
deaths in 2022, predominantly in children below 5 years old. Plasmodium falciparum 
is the most deadly species responsible for malaria. The rapid emergence of 
resistance to current antimalarials emphasize the urgent need for the development 
of novel antimalarial drugs.

The two so-called endosymbiotic organelles of the parasite present promising 
drug targets due to their unique biology. One of these, the mitochondrion, is best 
known as the powerhouse of the cell. The parasite mitochondrion differs greatly 
from human mitochondria on a molecular and functional level and is a validated 
drug target of several antimalarial compounds, such as atovaquone, ELQ300, and 
DSM265. The apicoplast is a plastid organelle of red algal origin that is exclusive to 
malaria parasites and a wide variety of close and distant single-cell relatives. This 
organelle houses several important metabolic pathways which are the targeted 
of various antimalarial compounds, such as fosmidomycin and thiolactomycin. 
Plasmodium parasites go through a complicated life cycle, which includes several 
stages of asexual replication in the human and mosquito hosts. During replication 
in the human red blood cell, one parasite is segmented in up to 40 daughter cells 
through a process called schizogony. Parasite replication happens on a much 
larger scale in mosquito and liver stages, where thousands or tens of thousands 
of daughter cells are formed within a single parental parasite. It is crucial for 
the parasite to properly divide and distribute the singular mitochondrion and 
apicoplast to ensure each daughter parasite receives a complete set of organelles. 
However, how these processes exactly happen, and which proteins are involved 
remained unknown.

In this thesis, the current knowledge on organelle division in malaria parasites 
and closely related species is summarized and different division mechanisms are 
proposed (chapter 2). We developed a novel mitochondrial marker in P. falciparum, 
which was used to visualize mitochondrial dynamics during blood and mosquito 
stages in great detail (chapter 3). Using high-resolution fluorescent microscopy, we 
demonstrated that the mitochondrion orients in a cartwheel structure prior to its 
division, which happens in a non-geometrical progression during the final stages 
of daughter-cell formation. Focused-Ion Beam Scanning Electron Microscopy (FIB-
SEM) imaging is a technique that allows the three-dimensional reconstruction of 
cells at nanometer resolution providing much more detail than can be achieved 
with light microscopy-based approaches. Exploiting FIB-SEM generated images, 
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we confirmed the mitochondrial division steps and revealed new details on the 
timing and progression of apicoplast division. The close interaction between the 
mitochondrion and apicoplast during parasite replication was highlighted and 
the potential role in apicoplast segregation of so-called centriolar plaques, the 
centrosome equivalent of the parasite, was revealed. These results contributed to 
a new, detailed model for apicoplast and mitochondrial division and segregation in 
P. falciparum.

Plasmodium parasites harbor four mitochondrial proteins belonging to the SPFH 
(Stomatin, Prohibitin, Flotillin and HflK/C) family. SPFH proteins form membrane-
spanning or membrane-anchored complexes and are involved in various functions. 
We characterized the role of stomatin-like protein (STOML) in P. falciparum (chapter 4).  
Although the localization of STOML to the mitochondrial branching points and 
endings of mitochondrial branches during schizogony suggests a potential role of 
this protein in mitochondrial dynamics, deletion of the STOML gene did not lead to 
obvious differences in mitochondrial morphology in asexual blood-stage parasites. 
Deletion of STOML caused slower development of the parasite throughout 
asexual blood-stage development but did not affect gametocyte development 
and exflagellation. Sensitivity to drugs targeting the electron transport chain, 
one of the central functions of mitochondria, did not change in parasites lacking 
STOML, suggesting that STOML is not directly involved in the assembly of the 
protein complexes involved in the electron transport chain. Complexome profiling 
data gives an indication about the consistency and size of protein complexes in 
the parasite and showed that STOML resides in a large protein complex. We also 
purified STOML demonstrating that it likely interacts with FtsH, a zinc-dependent 
metalloprotease. Structure predictions using the computer-based tool AlphaFold 
and comparison with the cryo-EM structure of a related bacterial protein complex 
suggested that STOML forms a vault-like structure consisting of multiple copies 
of the protein around FtsH, possibly regulating accessibility this protease, and 
therefore have a function in mitochondrial protein quality control.

In this thesis, I used cutting-edge imaging techniques to reveal novel insights 
into the division and segregation of the singular mitochondrion and apicoplast 
in Plasmodium parasites. Furthermore, we characterized the function of STOML in 
these parasites, and found a potential role in regulation of mitochondrial protein 
quality control through the FtsH metalloprotease. These new insights into the 
fundamental biology of the parasites contribute to a better understanding of these 
crucial processes and pave the way for future studies to explore their potential as 
antimalarial drug targets.
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Samenvatting

Malaria is een parasitaire ziekte die in 2022 zorgde voor 249 miljoen besmettingen 
en meer dan 600,000 doden, voornamelijk bij kinderen jonger dan 5 jaar oud. 
Plasmodium falciparum is de meest dodelijke malariaparasiet soort. De snelle 
opkomst van resistentie tegen de huidige antimalariamiddelen benadrukt de 
dringende behoefte aan de ontwikkeling van nieuwe malariamedicijnen.

De twee zogeheten endosymbiotische organellen van de parasiet vormen 
veelbelovende doelwitten voor geneesmiddelen vanwege hun unieke biologie. 
Een van deze organellen, het mitochondrion, is bekend van zijn functie in 
energieproductie. Het mitochondrion van de parasiet verschilt sterk van menselijke 
mitochondriën op moleculair en functioneel niveau. Het is een gevalideerd 
doelwit van verschillende malariamedicijnen, zoals atovaquone, ELQ300 en 
DSM265. De apicoplast is een plastide organel dat afkomstig is uit een rode alg 
en exclusief voorkomt in malariaparasieten en verwante, eencellige soorten. 
De apicoplast huist verschillende belangrijke stofwisselingsprocessen die het 
doelwit zijn van medicijnen zoals fosmidomycine en thiolactomycine. Plasmodium 
parasieten doorlopen een ingewikkelde levenscyclus, met verschillende 
momenten van aseksuele vermenigvuldiging in de mens en de mug. Tijdens 
vermenigvuldiging in de rode bloedcellen wordt één parasiet gesegmenteerd in 
maximaal 40 dochterparasieten via een proces dat schizogonie wordt genoemd. 
Parasietvermenigvuldiging vindt op veel grotere schaal plaats in muggen- en 
leverstadia, waarbij duizenden tot tienduizenden dochtercellen worden gevormd 
in een enkele ouderparasiet. Het is cruciaal voor de parasiet om de enkele 
mitochondrion en apicoplast correct te delen en te distribueren om ervoor te 
zorgen dat elke dochterparasiet een complete set organellen ontvangt. Tot voor 
kort was er weinig bekend over hoe deze processen precies plaatsvinden en welke 
eiwitten hierbij betrokken zijn.

In dit proefschrift wordt de huidige kennis over organeldeling in malaria
parasieten en nauwverwante soorten samengevat en worden verschillende 
delingsmechanismen voorgesteld (hoofdstuk 2). We hebben een nieuwe 
mitochondriële marker ontwikkeld in P.  falciparum, die werd gebruikt om de 
dynamische ontwikkeling van het mitochondrion tijdens bloed- en mugstadia 
in detail te visualiseren (hoofdstuk 3). Met behulp van fluorescentiemicroscopie 
hebben we aangetoond dat het mitochondrion zich in een wielstructuur oriënteert 
voordat het zich deelt, wat gebeurt in een niet-geometrische progressie tijdens 
de laatste stadia van parasietdeling. Focused-Ion Beam Scanning Electron 
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Microscopy (FIB-SEM) is een techniek die driedimensionale reconstructie van 
cellen op nanometerschaal mogelijk maakt, waardoor veel meer details zichtbaar 
worden dan met lichtmicroscopie. Visualisatie met behulp van FIB-SEM bevestigde 
de mitochondriële delingsstappen en onthulde nieuwe details over de timing 
en progressie van apicoplastdeling. Ook hebben we de nauwe interactie tussen 
het mitochondrion en de apicoplast tijdens parasietvermenigvuldiging laten 
zien en vonden we een mogelijke rol van centriolar plaques, het equivalent van 
de centrosomen in de parasiet, in verdeling van de gedeelde apicoplast over 
dochtercellen. Deze resultaten hebben bijgedragen aan een nieuw, gedetailleerd 
model voor apicoplast- en mitochondriële deling en verdeling in P. falciparum.

Plasmodium parasieten hebben vier mitochondriële eiwitten die behoren tot de 
SPFH (Stomatin, Prohibitin, Flotillin en HflK/C) eiwitfamilie. SPFH-eiwitten vormen 
membraangebonden complexen en zijn betrokken bij verschillende functies. We 
hebben de rol van stomatin-like eiwit (STOML) in P.  falciparum gekarakteriseerd 
(hoofdstuk 4). Hoewel de lokalisatie van STOML naar de vertakkingspunten 
en uiteinden van mitochondriële vertakkingen tijdens schizogonie een 
potentiële rol van dit eiwit in mitochondriële dynamiek suggereert, leidde het 
verwijderen van STOML niet tot duidelijke mitochondriële structuurverschillen 
in aseksuele bloedstadiumparasieten. De ontwikkeling van parasieten zonder 
STOML verliep aanmerkelijk langzamer gedurende het aseksuele bloedstadium, 
maar de ontwikkeling en activatie van de seksuele stadia werd niet beïnvloed. 
De gevoeligheid voor medicijnen die de elektronentransportketen aanvallen, 
veranderde niet in parasieten zonder STOML, wat suggereert dat STOML niet direct 
betrokken is bij de vorming van de betrokken eiwitcomplexen. Complexome 
profiling data geeft een indicatie samenstelling van de aanwezige eiwitcomplexen 
in de parasiet en liet zien dat STOML voorkomt in een groot eiwitcomplex. We 
hebben STOML gepurificeerd en lieten zien dat het een interactie heeft met FtsH, 
een zink-afhankelijke metalloprotease. We hebben de structuur van het STOML-
complex voorspeld met de computer tool AlphaFold en hebben deze vergeleken 
met de cryo-EM structuur van een gerelateerd eiwitcomplex in bacteriën. We 
vonden dat het STOML-eiwitcomplex waarschijnlijk een gewelf-achtige structuur 
vormt rondom FtsH en hiermee waarschijnlijk de toegankelijkheid van FtsH 
reguleert en een functie heeft in de kwaliteitscontrole van mitochondriële eiwitten.

In dit proefschrift heb ik vooruitstrevende microscopietechnieken gebruikt om 
nieuwe inzichten te krijgen in de deling en verdeling van het mitochondrion en de 
apicoplast in Plasmodium parasieten. Bovendien hebben we de functie van STOML 
in deze parasieten gekarakteriseerd en een potentiële rol gevonden in de regulatie 
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van mitochondriële eiwitkwaliteitscontrole via de FtsH metalloprotease. Deze 
nieuwe inzichten in de fundamentele biologie van de parasieten dragen bij aan 
een beter begrip van deze cruciale processen en banen de weg voor toekomstige 
studies om hun potentieel als malariamedicijndoelwitten te verkennen.
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Research Data Management

The research data described in this thesis have been obtained during my PhD at 
the Department of Medical Microbiology, Radboud University Medical Center 
(Radboudumc). The reuse of research data is facilitated by the guidelines to 
enhance to Findability, Accessibility, Interoperability and Reuse of research data 
(FAIR principle). Data for the experimental chapters 3 and 4 was obtained through 
laboratory experiments, which did not involve animals and human red blood cells 
and serum used for malaria parasite culture were anonymized and untraceable. All 
experiments performed during the PhD trajectory are documented in the digital 
lab book Labguru, which is backed-up daily on the Radboudumc server. Storage 
locations of plasmids, bacterial and parasite stocks that are generated during 
this PhD are documented in communal excel files on the Radboudumc MMB 
department, which is backed up monthly and accessible for other department 
members. The experimental data from chapter 3 and 4 are published in Data 
Sharing Collections in the Radboud Data Repository and openly accessible for reuse 
(https://doi.org/10.34973/1wef-re42, https://doi.org/10.34973/kknj-an72). Data 
Sharing Collections remain available for 15 years. The Focused-Ion Beam Scanning 
Electron Microscopy (FIB-SEM) data in chapter 3 was obtained from Evers et al. 2023 
(BioRxiv) and available for reuse through the EMPIAR database (EMPIAR-12160) 
once the manuscript has been published.
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