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Summary

Proliferation of the malaria-causing parasite Plasmodium falciparum in human erythro-
cytes is associated with all clinical symptoms of the disease. However, organization
and dynamics of critical cell division structures are poorly studied. The parasite
divides by an atypical division mode, called schizogony. It is characterized by several
rounds of asynchronous nuclear divisions, which lead to formation of a multinu-
cleated parasite stage before cytokinesis. Centriolar plaques, the centrosomes of
Plasmodium, are key regulators of schizogony as they organize spindle microtubules.
The detailed organization of centriolar plaques and microtubules, however, remains
elusive and their dynamics have not yet been analyzed during schizogony.

Detailed visualization of microtubules and centriolar plaques has been limited by the
small size of the parasite and slow adaptation of advanced microscopy techniques.
In my PhD project, I established RescueSTED nanoscopy as well as correlative light
and electron microscopy for Plasmodium blood-stages. Combining these technologies
with ultrastructure expansion microscopy, I revealed the bipartite organization of the
centriolar plaque consisting of an amorphous extranuclear and a DNA-free intranu-
clear compartment. The compartments are connected through a neck-like structure
within the nuclear membrane. My data demonstrates that hemispindle microtubules
are nucleated from the intranuclear region, before the centriolar plaque is further
assembled as indicated by centrin accumulation at the extranuclear compartment.
Using co-immunoprecipitations, I identified a novel centrin-interacting protein es-
sential for parasite growth. The highly dynamic hemispindles are rearranged into a
short mitotic spindle, organized by two duplicated centriolar plaques prior to spindle
extension. Segregated nuclei then undergo consecutive rounds of asynchronous
nuclear divisions at an increased pace.

By integrating state-of-the-art microscopy techniques, I provide a refined model of
nuclear division and centriolar plaque organization during the highly divergent
division of P. falciparum. Both the technological and biological progress made in this
PhD project will bring forward the cell biological understanding of malaria parasite
proliferation.
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Zusammenfassung

Die Vermehrung des Malaria-verursachenden Parasiten Plasmodium falciparum in
menschlichen Erythrozyten geht einher mit allen klinischen Symptomen der Er-
krankung. Organisation und Dynamiken der kritischen Zellteilungsstrukturen sind
jedoch nur unzureichend untersucht. Der Parasit teilt sich mit Hilfe einer untypischen
Teilungsform, die Schizogonie genannt wird. Diese ist geprägt von mehreren Runden
asynchroner Kernteilungen, die zur Ausbildung eines vielkernigen Parasitenstadi-
ums führen, bevor die Zytokinese stattfindet. Zentrioläre Plaques, die Zentrosomen
von Plasmodium, sind Hauptregulatoren der Schizogonie, da sie die Spindelmikro-
tubuli organisieren. Die detaillierte Organisation der zentriolären Plaques und der
Mikrotubuli bleibt jedoch unklar, und ihre Dynamiken während der Schizogonie
wurden bisher nicht analysiert.

Die detaillierte Visualisierung der Mikrotubuli und der zentriolären Plaques wurde
bisher durch die kleine Größe des Parasiten sowie die langsame Anpassung von
fortschrittlichen Mikroskopietechniken eingeschränkt. In meiner Doktorarbeit habe
ich RescueSTED-Nanoskopie sowie korrelative Licht- und Elektronenmikroskopie für
die Blutstadien von Plasmodium etabliert. Durch die Kombination dieser Techniken
mit Ultrastruktur-Expansionsmikroskopie konnte ich die zweiteilige Organisation der
zentriolären Plaque aufzeigen, die aus einem amorphen extranukleären und einem
DNS-freien intranukleären Kompartiment zusammengesetzt ist. Die Kompartimente
sind miteinander durch eine Hals-ähnliche Struktur in der Kernmembran verbunden.
Meine Daten zeigen, dass Hemispindel-Mikrotubuli von der intranukleären Region
aus gebildet werden, bevor die zentrioläre Plaque weiter zusammengesetzt wird, wie
die Akkumulation von Centrin im extranukleären Kompartiment nahelegt. Mithilfe
von Ko-Immunpräzipitationen habe ich ein neues Protein identifiziert, das mit Cen-
trin interagiert und unentbehrlich ist für das Parasitenwachstum. Die hochdynami-
schen Hemispindeln werden in eine kurze mitotische Spindel umgestaltet, die von
zwei duplizierten zentriolären Plaques organisiert wird, bevor sich die Spindel ver-
längert. Daraufhin unterlaufen die getrennten Kerne mit erhöhter Geschwindigkeit
aufeinander folgende Runden asynchroner Kernteilungen.

Durch Einbeziehung von hochmodernen Mikroskopietechniken stelle ich ein verbes-
sertes Modell der Kernteilung und der Organisation der zentriolären Plaque während
der ungewöhnlichen Teilung von P. falciparum auf. Sowohl die technologischen als
auch die biologischen Fortschritte dieser Doktorarbeit werden das zellbiologische
Verständnis der Vermehrung des Malariaparasiten voranbringen.
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Chapter 1

Introduction

1.1 Malaria

Malaria is caused by unicellular, eukaryotic parasites of the Plasmodium genus
which are transmitted to humans by female Anopheles mosquitoes. Malaria is a
life-threatening human infectious disease most severely affecting people in sub-
Saharan Africa, causing symptoms such as high fever, chills, vomiting, tiredness
and headaches. Severe cerebral malaria is caused by parasite sequestration in the
brain vasculature and is associated with seizures, coma and death (Idro et al., 2010).
Despite global efforts to decrease human malaria burden, the decline in deaths has
halted and recently numbers even increased (World Health Organization, 2021). For
2020, the World Health Organization (WHO) estimates 241 million cases and 627 000
deaths, the latter mainly attributed to children under the age of five (World Health
Organization, 2021).

The term malaria is derived from italian "mal aria" ("bad air") as it was assumed that
the disease is caused by the air close to swamps before Alphonse Laveran discovered
Plasmodium as causative agent in 1880 (Cox, 2010). The protozoan Plasmodium belongs
to the phylum of apicomplexan parasites, including various other unicellular parasites
such as Toxoplasma gondii. More than 200 Plasmodium species have been described to
date, causing malaria in various mammals, birds and reptiles. Five Plasmodium species
have been identified as causative agents for human malaria, including P. falciparum,
P. malariae, P. vivax, P. ovale and P. knowlesi (Sato, 2021). The latter was well-known
to cause malaria in macaques and was only recently described to infect humans
(Singh et al., 2004; Singh and Daneshvar, 2013; Ahmed and Cox-Singh, 2015; Imwong
et al., 2019). Among the five species, P. falciparum is the deadliest human pathogen,
accounting for more than 90% of all malaria deaths world-wide (Snow, 2015).

Emerging resistances of the parasite against antimalarial drugs as well as insecticide-
resistant mosquito populations hamper the combat against malaria. The only ap-
proved vaccine against Plasmodium is RTS,S. However, RTS,S shows only a modest
efficacy of 36% in children and 26% in infants after three doses and a booster (Arora
et al., 2021). As a basis for new antimalarial interventions and discovery of possible
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vaccine targets, it is critical to study the unusual biology of Plasmodium throughout
its complex life cycle.

1.2 The Plasmodium life cycle

In its life cycle, Plasmodium is alternating between the human host and female Anophe-
les spp. mosquitoes, the definitive hosts (Figure 1.1). The parasite needs to overcome
several bottlenecks during its life cycle in which a small number of Plasmodium
cells replicate massively to establish stable parasite populations in distinct tissues
of the two hosts. These proliferation steps exhibit a striking plasticity in terms of
produced numbers of progeny and the time needed for replication. An overview of
the individual proliferation steps is depicted in Figure 1.2.

FIGURE 1.1: The Plasmodium falciparum life cycle. (a) After a female Anopheles mosquito injected
sporozoites into the human skin during a blood meal, parasites are transported to the liver via
the bloodstream. (b) In the liver, parasites invade hepatocytes, multiply, and merozoites are
packed into merosomes. These rupture in the vasculature and release merozoites. (c) Merozoites
infect red blood cells and develop from ring stages into trophozoites and asexually replicate
in the schizont stage which releases around 20 merozoites into the bloodstream to infect new
erythrocytes. Intraerythrocytic stages can also perform a switch and develop into gametocytes,
the sexual stages of Plasmodium. (d) Once ingested by a mosquito during a blood meal, male and
female gametocytes develop into gametes in the mosquito midgut, a process which includes rapid
divisions in the males. After fertilization, the motile zygote (ookinete) develops into an oocyst
which settles underneath the basal lamina of the midgut epithelium and produces several 1000
sporozoites. These are transported to the salivary glands to be transmitted to a human host during
the next blood meal. For more details of the life cycle, see text. Figure from Venugopal et al. (2020).

One bottleneck is the transmission of the parasite to the mosquito. Small numbers of
gametocytes, the sexual stages of Plasmodium developing in human erythrocytes, are
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ingested by a female mosquito while taking a blood meal. In the mosquito midgut,
the environmental conditions trigger male and female gametocytes to undergo game-
togenesis (Sinden et al., 1996; Billker et al., 1997; Garcia et al., 1998). In this process,
female macrogametocytes develop into macrogametes, while male microgametocytes
complete three rounds of division in only 15 min, forming polyploid nuclei with eight
genome copies (Sinden et al., 1978). Finally, eight haploid, motile microgametes are
formed, which leave the erythrocyte in a process called exflagellation (Sinden et al.,
2010). Male and female gametes fuse in the mosquito midgut, forming a diploid
zygote. Motile zygotes, also called ookinetes, undergo meiosis, leave the midgut
lumen by migration through the midgut epithelium, and finally settle between epi-
thelium and basal lamina (Vlachou et al., 2006). Here, ookinetes develop into oocysts
(Carter et al., 2007) and perform many divisions to form several thousand uninu-
cleated sporozoites in a process called sporogony (Schrével et al., 1977; Sinden and
Strong, 1978; Rosenberg and Rungsiwongse, 1991). Motile sporozoites are released
from oocysts into the mosquito hemolymph by bursting or budding in vesicle-like
structures (Klug and Frischknecht, 2017). Sporozoites are transported to, and invade
salivary glands.

FIGURE 1.2: Schematic overview of P. falciparum proliferative stages across the entire life cycle.
In the mosquito host, divisions take place in male gametocytes and in oocysts. After transmission
to humans, parasites replicate in hepatocytes before repeated cycles of intraerythrocytic divisions
lead to exponential growth of the parasite. For each stage, the number of nuclei and therefore the
final number of produced progeny is depicted. "n" denotes the intermediate number of genome
copies per nucleus (ploidy), before every new cell is provided with a single genome copy. Please
note that proliferative stages show high plasticity in both the numbers of progeny produced and
the time required for replication. Figure adapted from Simon et al. (2021b).

When the female mosquito takes another blood meal, sporozoites are deposited in
the human skin along with mosquito saliva while the mosquito is probing for a blood
vessel (Sidjanski and Vanderberg, 1997; Vanderberg and Frevert, 2004; Amino et al.,
2006). This step represents another critical bottleneck in the parasite’s life cycle as tiny
numbers of sporozoites are transmitted, with reported numbers usually below 50 and
only sometimes exceeding 100 or more (Beier, 1998; Frischknecht et al., 2004; Medica
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and Sinnis, 2005). In addition, not all of the transmitted parasites will make it to the
human liver, where the next proliferation step occurs. Instead, some stay in the skin
or migrate to lymph nodes and will be eliminated (Amino et al., 2006). Only those
sporozoites that find a blood vessel and enter the lumen are transported to the liver
via the bloodstream (Frevert et al., 2005; Prudêncio et al., 2006). Sporozoites glide
along liver sinusoids and reach hepatocytes by transmigration through a Kupffer
or endothelial cell (Frevert et al., 2005; Tavares et al., 2013). Further, sporozoites
transmigrate through several hepatocytes before developing in one hepatocyte inside
a parasitophorous vacuole (Mota et al., 2001). Now, compensation for the low number
of parasites transmitted to the human host occurs by massive proliferation. For
P. falciparum, in 6-8 days tens of thousands of new parasites are produced in a single
hepatocyte by asexual divisions, also known as liver-stage schizogony (Shortt et al.,
1951; Vaughan and Kappe, 2017). Although parasites replicate massively, liver stages
are not associated with any clinical symptoms of malaria. The new parasite stages,
the merozoites, are packed into vesicles, so-called merosomes, and transported via
the bloodstream into small lung capillaries (Sturm et al., 2006). Upon merosome burst,
merozoites are released and actively invade human red blood cells. During invasion,
a moving junction is formed giving rise to the parasitophorous vacuole, which is
derived from the erythrocyte membrane and surrounds the parasite (Cowman et al.,
2017; Geoghegan et al., 2021).

In the parasitophorous vacuole, parasites develop from mobile ring stages into sta-
tionary, fast-growing trophozoites, with both stages profoundly remodelling the host
erythrocyte (Maier et al., 2009; Grüring et al., 2011). The parasite takes up hemoglobin
from the host cell to attain amino acids by hemoglobin digestion (Pishchany and
Skaar, 2012). However, toxic heme is a by-product of this reaction which is further
detoxified by the parasite into the non-toxic biocrystal hemozoin (Coronado et al.,
2014). Hemozoin is stored in the digestive vacuole of the parasite and starts accu-
mulating in trophozoite stages. Trophozoites further develop into schizonts which
undergo several rounds of asynchronous nuclear divisions without cytokinesis, lead-
ing to formation of multinucleated cells (Leete and Rubin, 1996). This division mode
is known as blood-stage schizogony. In the course of schizogony, 8 to 30 merozoites
are produced by a single P. falciparum parasite (Reilly et al., 2007; Dorin-Semblat
et al., 2008; Stewart et al., 2020), with an average of 22 and 20 merozoites measured
in two recent fluorescent microscopy-based studies (Garg et al., 2015; Simon et al.,
2021b). Mononuclear merozoites are released into the bloodstream upon egress
and can invade new red blood cells for further exponential growth. Blood-stage
development and egress are synchronized in the human host, releasing new invasive
merozoites after a fixed time, e.g. every 48 hours after infection with P. falciparum.
The synchronous release of massively replicated parasites into the blood is associated
with periodic fever in patients suffering from malaria (Hawking, 1970; Garcia et al.,
2001). In addition to these symptoms directly associated with Plasmodium replication,
intraerythroytic development is also involved in symptoms of severe malaria cases.
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Mediated by P. falciparum erythrocyte membrane protein-1 (PfEMP1) presentation
in membrane-protrusions, so-called knobs, late-stage infected erythrocytes can cy-
toadhere to endothelial cells in the brain vasculature, causing severe neurological
complications (MacPherson et al., 1985).

In a small proportion of human red blood cells, parasites will not replicate, but will
develop into sexual stages: male microgametocytes and female macrogametocytes via
gametocytogenesis. Five distinct stages during gametocyte development have been
characterized (Sinden and Smalley, 1979). While early development of gametocytes
mainly takes place in the bone marrow (stage I-IV gametocytes), mature gametocytes
of stage V can be found in the bloodstream (Joice et al., 2014; Aguilar et al., 2014).
Here, male and female gametocytes can again be taken up by a female mosquito
during a blood meal, closing the life cycle of Plasmodium.

1.3 Schizogony in Plasmodium blood-stages

P. falciparum blood-stage parasites divide by schizogony (Leete and Rubin, 1996)
(Figure 1.3). Schizogony is characterized by multiple DNA replications and nuclear
divisions, which are not directly followed by cytokinesis (Francia and Striepen,
2014). Thereby, parasites with multiple genome copies are formed before cytokinesis,
assembly of daughter cells and egress.

FIGURE 1.3: Schematic of Plasmodium falciparum blood-stage schizogony. Inside human ery-
throcytes, mononucleated parasites undergo several asynchronous rounds of nuclear divisions.
Thereby, multinucleated schizonts are formed with uneven numbers of nuclei, which share a
common cytoplasm. After a final synchronous division, cytokinesis occurs. Infectious daughter
parasites are assembled and released into the bloodstream upon egress. Dark red, erythrocyte
plasma membrane; red, erythrocyte cytoplasm; black, parasite plasma membrane; beige, Plasmo-
dium cytoplasm; blue, nucleus. Figure from Simon et al. (2021a).

The first DNA replication during P. falciparum blood-stage schizogony starts around
24 to 32 hours post infection (hpi) of the erythrocyte (Inselburg and Banyal, 1984;
Arnot et al., 2011; Ganter et al., 2017). Onset of DNA replication is regulated by the
cdc2-related protein kinase 4 (CRK4), as CRK4-depleted parasites show inhibited
DNA replication and a complete block in nuclear division (Ganter et al., 2017). In
the course of schizogony, replication dynamics change from faster synthesis rates
and replication origins that are widely spaced to slower synthesis rates and origins
spaced more closely (Stanojcic et al., 2017).
Two models on the cell cycle in schizonts were described in the literature: One was
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favoring nuclear division after each DNA replication (Leete and Rubin, 1996; Arnot
et al., 2011), another one multiple rounds of DNA synthesis followed by multiple
divisions (Arnot and Gull, 1998; Gupta et al., 2018). In a recent study, Klaus et al.
(2021) disentangled these events and clearly demonstrated alternating rounds of
DNA replication (S phase) and nuclear division (comparable to M phase). Therefore,
multinucleated cells (coenocytes) are formed during schizogony with a maximum of
two genome copies per nucleus (immediately before nuclear division) (Klaus et al.,
2021). This is in contrast to divisions in mosquito stages, in which polyploid nuclei
are produced in microgametocytes and oocysts (Figure 1.2).

Although schizont nuclei share a common cytoplasm, divisions are asynchronous.
Evidence of asynchrony was provided by uneven numbers of nuclei (Vickerman
and Cox, 1967; Read et al., 1993), indicating nuclei dividing at different times. In
addition, different microtubule structures associated with schizogony were observed
in individual nuclei of a single parasite, indicating nuclei being in different stages
of division (Read et al., 1993; Arnot et al., 2011). Recently it was shown that DNA
replication in separated nuclei also happens at different times, demonstrating nuclear
autonomy (Klaus et al., 2021). After several asynchronous nuclear divisions, a last
relatively synchronous division was assumed which coincides with daughter cell
assembly (Francia and Striepen, 2014; Rudlaff et al., 2020).

In contrast to Plasmodium blood-stage schizogony, in classical mitosis separation of
sister chromatids of the chromosomes into two new nuclei is typically followed by
cytokinesis. Thereby, two separate daughter cells are generated (Figure 1.4). Apart
from this, several other differences between classical mitosis and P. falciparum blood-
stage schizogony have been observed which are compared in detail in Figure 1.4.
In contrast to vertebrate cells, Plasmodium divides while keeping the nuclear enve-
lope intact, comparable to closed mitosis of budding and fission yeast (Boettcher
and Barral, 2013). Although partial leakages of the nuclear envelope during schizo-
gony cannot be excluded, transmission electron microscopy (TEM) studies show
continuous nuclear membranes during divisions (Aikawa et al., 1967; Aikawa and
Beaudoin, 1968; Ladda, 1969; Klaus et al., 2021). Connections between nucleoplasm
and cytoplasm are mediated by nuclear pore complexes. These increase in number
until late trophozoite stage (up to 60 pores per nucleus) and are redistributed to the
nuclei during schizogony (Weiner et al., 2011). Throughout divisions, no clear con-
densation of chromatin to chromosomes has been observed, neither in transmission
electron microscopy images (Canning and Sinden, 1973) nor in immunofluorescence
stainings in which DNA signals appeared diffuse during schizogony (Read et al.,
1993; Gerald et al., 2011). However, differences in electron-dense heterochromatin
and less electron-dense euchromatin can be observed in TEM (Weiner et al., 2011).
To efficiently separate replicated DNA, microtubules have to attach to kinetochores
which are associated with centromeres of the chromosomes. Plasmodium centromeres,
marked by the centromeric histone variant PfCENH3, are clustering at one position
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at the nuclear periphery in late trophozoites and throughout schizogony (Hoeij-
makers et al., 2012). In multinucleated parasites, one centromere spot is visible per
nucleus (Hoeijmakers et al., 2012). Kinetochore localization was studied in P. berghei
schizogony using the outer kinetochore marker NDC80 (Zeeshan et al., 2021a). Imag-
ing revealed the recruitment of NDC80 to a single spot at the nuclear periphery in
early trophozoites, consistent with centromere positioning. During schizogony, each
nucleus was associated with one or two NDC80 signals (Zeeshan et al., 2021a).

FIGURE 1.4: Comparison of classical open mitosis with a model of P. falciparum closed divi-
sion in blood-stages. (A) In classical open mitosis as observed in mammalian cells, the centrosome
(red) which organizes microtubules (green) in the cytoplasm is duplicated to prepare for division.
Inside the nucleus (surrounded by the inner and outer nuclear membrane, dark blue), chromosomes
(light blue) start to condense. In P. falciparum, the duplicated centrosome, also called centriolar
plaque, is embedded into the nuclear membrane and organizes intranuclear microtubules. The
DNA (light blue with dark spots) is not condensed. (B) Next in classical mitosis, the nuclear
membrane is disassembled and centrosomes, positioned at opposite ends of the cell, organize a
mitotic spindle with microtubules attaching to kinetochores (beige ovals) of the chromosomes.
Chromosomes are aligned centrally at the metaphase plate. In Plasmodium division, intranuclear
microtubules organized by the centriolar plaque connect to kinetochores while the DNA remains
uncondensed. The Plasmodium nuclear envelope stays intact. (C) In mitosis, sister chromatids are
separated to opposite poles of the cell. During divisions in schizogony, the replicated DNA also
needs to be separated into two distinct nuclear bodies. How exactly this is performed is completely
unknown. (D) Finally in classical mitosis, separated chromosomes start to decondense, nuclear
membranes are assembled around the two genome copies and the mitotic spindle is disassembled.
Typically, mitosis is directly followed by cytokinesis. In Plasmodium schizogony, separated genome
copies are surrounded by discrete nuclear membranes. The mechanism of karyofission is not
known. In the following, several rounds of DNA replication and nuclear division lead to formation
of a multinucleated cell before cytokinesis occurs. Figure adapted from Gerald et al. (2011).
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To regulate transition from nuclear divisions to cytokinesis, a counting mechanism
has been suggested that stops divisions when a certain number of nuclei is reached
(Klaus et al., 2021; Simon et al., 2021b). However, it is still under debate which factors
"count" and influence the varying numbers of progeny produced (Simon et al., 2021b).
After completion of nuclear divisions, segmentation occurs to demarcate new daugh-
ter parasites. Therefore, the parasite plasma membrane (PPM) and the inner mem-
brane complex (IMC), a structure of flattened vesicles directly underlying the PPM,
are encompassing the nascent daughter parasites (Harding and Meissner, 2014; Kono
et al., 2016; Rudlaff et al., 2019). Finally, the parasitophorous vacuole ruptures, fol-
lowed by rupture of the erythrocyte plasma membrane and release of new invasive
merozoites into the bloodstream (Wickham et al., 2003).

To coordinate progression in the cell cycle, yeast as well as mammalian cells exhibit
several checkpoints which halt progression through the cell cycle until certain criteria
are met. For example, checkpoints controlling for cell growth in G1 and G2 phase
have been described as well as a G2/M checkpoint, which checks for correct DNA
synthesis before onset of mitosis (Barnum and O’Connell, 2014). In addition, the
spindle assembly checkpoint (SAC) during mitosis controls for proper capturing of
chromosomes by microtubules before transition to anaphase (Kops et al., 2020). In the
Plasmodium cell cycle, canonical checkpoints are absent. For instance, a checkpoint
comparable to SAC is probably missing as DNA replication and nuclear divisions can
occur in presence of microtubule destabilizing agents (Fennell et al., 2006; Naughton
and Bell, 2007). However, a recent study by Van Biljon et al. (2018) showed that DL-α-
difluoromethylornithine (DFMO) can arrest Plasmodium cells in G1 phase indicating
the potential existence of a G1/ S transition checkpoint. Many typical cell cycle
regulators are absent in Plasmodium, however, cyclins, NIMA-related kinases (Nek1-
4), Aurora-related kinases (Ark1-3) and calcium-dependent kinases (CDKs) have
been described in the parasite (Doerig et al., 2002; Carvalho et al., 2013).
Regulation of Plasmodium DNA replication occurs on the level of individual nuclei,
which show unequal distributions of episomally expressed proliferating cell nuclear
antigen 1 (PCNA1) (Klaus et al., 2021). A likely regulatory hub for division of
replicated DNA is the centrosome, also called the centriolar plaque (CP) in Plasmodium,
as its duplication restricts the number of nuclear divisions (Fu et al., 2015).

1.4 The centriolar plaque

Centrosomes are microtubule-organizing centers (MTOC) that coordinate the forma-
tion of a mitotic spindle during division. In general, they are known as important
regulators of the cell cycle as they duplicate once per cycle and initiate transition
from G1 into S phase (Hinchcliffe et al., 2001). In Plasmodium, the centrosome is called
the centriolar plaque (CP) (Aikawa et al., 1967).
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1.4.1 Ultrastructural organization

The ultrastructural organization of distinct microtubule-organizing centers including
vertebrate centrosomes and yeast spindle pole bodies (SPB) has been thoroughly
described (Byers and Goetsch, 1975; De Harven, 1994; Ding et al., 1997). Exemplary
transmission electron microscopy images are depicted in Figure 1.5. Centrosomes are
characteristic cytoplasmic organelles with a pair of centrioles oriented at an angle of
90 degrees. Centrioles are cylinders composed of nine microtubule triplets arranged
around a central cartwheel structure (Conduit et al., 2015). They are surrounded
by a matrix of pericentriolar material (PCM) comprising several hundred different
proteins. These include important factors for microtubule nucleation and anchoring
such as γ-tubulin and pericentrin (Woodruff et al., 2014).
Saccharomyces cerevisiae spindle pole bodies do not contain centrioles. Instead, the SPB
is composed of several plaque layers which are integrated into the nuclear envelope
throughout closed mitosis (Figure 1.5). Six plaques have been identified, including
an outer one in the cytoplasm, an inner one in the nucleoplasm, a central one, two
intermediate layers and a layer including capped microtubules (Bullitt et al., 1997;
O’Toole et al., 1999). While the outer and inner plaque are important for astral
and intranuclear microtubule nucleation, respectively, the inner plaque mediates
anchoring of the SPB in the nuclear membrane (Cavanaugh and Jaspersen, 2017).

FIGURE 1.5: Ultrastructural comparison of microtubule-organizing centers (MTOCs) in differ-
ent cell types. Transmission electron microscopy images are shown. (A) In vertebrate centrosomes,
a central pair of centrioles, arranged at a right angle, is surrounded by pericentriolar material
(PCM). Figure from Biomedical Electron Microscopy Unit, University of Liverpool. (B) The yeast
spindle pole body (SPB) is embedded into the nuclear envelope throughout closed mitosis. Several
characteristic plaque layers are associated with the nuclear membrane. Figure from Fisk et al.
(2002). (C) Duplicated centriolar plaques (black arrows) of a P. falciparum parasite organizing a mi-
totic spindle during blood-stage schizogony. In contrast to yeast SPBs and vertebrate centrosomes,
Plasmodium centriolar plaques show no clear structural features. They appear as electron-dense
areas which are embedded into the nuclear envelope throughout closed divisions. Figure from
Bannister et al. (2000b). All scale bars, 200 nm.

In contrast to vertebrate centrosomes and yeast spindle pole bodies, data about the
ultrastructural organization of Plasmodium centriolar plaques is very limited. Our
current understanding of centriolar plaque architecture is mainly based on trans-
mission electron microscopy studies from the 1960s to 90s. In these studies, most of
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them performed in oocysts of different Plasmodium species in the mosquito midgut
(Terzakis et al., 1967; Garnham et al., 1969; Howells and Davies, 1971; Canning and
Sinden, 1973; Schrével et al., 1977; Sinden and Strong, 1978), others in blood-stage
schizonts (Aikawa et al., 1967; Aikawa and Beaudoin, 1968; Prensier and Slomianny,
1986; Sinou et al., 1998; Bannister et al., 2000b), the centriolar plaque appeared as
an amorphous, electron-dense area at the nuclear envelope (Figure 1.5). Any clear
structural features are absent from centriolar plaques in blood-stages and neither
plaque layers nor centrioles have been observed. However, during male gameto-
genesis, centrioles, also known as basal bodies, organize axonemal microtubules
(Garnham et al., 1967; Sinden et al., 1976; Zeeshan et al., 2019a). Basal bodies are
probably formed de novo in male gametocytes but their localization is directed by the
pre-existing centriolar plaque (Francia et al., 2015; Sinden et al., 2010; Rashpa and
Brochet, 2022).

Centriolar plaques seem (at least partially) embedded into the nuclear envelope.
Electron-dense areas on both sides of the nuclear membrane as well as in the nuclear
envelope itself have been associated with the centriolar plaque (Figure 1.5). Early
oocyst studies describe the connection of a cytoplasmic and a nucleoplasmic site of
the centriolar plaque via a nuclear pore (Canning and Sinden, 1973; Schrével et al.,
1977; Sinden and Strong, 1978). Interestingly, during sporogony in oocyst stages,
cup-shaped invaginations of the nuclear membrane have been observed at the sites of
centriolar plaques which are enriched with nuclear pores (Canning and Sinden, 1973;
Schrével et al., 1977). However, a detailed view on centriolar plaque morphology and
its association with the nuclear membrane and nuclear pore complexes is missing to
date. Furthermore, it remains elusive whether the electron-dense regions observed
are reminiscent of the pericentriolar material observed around centrioles in vertebrate
centrosomes.

In another apicomplexan parasite, Toxoplasma gondii, the centrosome shows a bipartite
organization into an inner and outer core (Suvorova et al., 2015). The two cores exhibit
a distinct protein composition and centrosome duplication is performed sequentially
starting with the outer core (Suvorova et al., 2015). Although similarities of T. gondii
and P. falciparum centrosomes might be observed, transmission electron microscopy
images show clear differences. For example, T. gondii centrosomes show a pair of
parallel centriole-like structures associated with a characteristic centrocone structure
(Francia and Striepen, 2014) not present in Plasmodium.

1.4.2 Composition

The composition of centriolar plaques is almost completely unknown. Only very
few of the several hundred proteins of vertebrate centrosomes are conserved in
Plasmodium (Suvorova et al., 2015; Tomasina et al., 2021). An overview of conserved
centrosomal proteins and the limited information about these in Plasmodium centriolar
plaques are summarized in Table 1.1.
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TABLE 1.1: Centrosomal proteins conserved in P. falciparum. Ark-1, Aurora-related kinase-1;
APC3, Anaphase promoting complex 3; BB, Basal body; CP, Centriolar plaque; GCP, γ-Tubulin
complex component; IP, Immunoprecipitation; MZT1, Mitotic-spindle organizing protein 1; POC1,
Proteome of the centriole 1; SAS, Spindle assembly abnormal protein, SPB, Spindle pole body.
Based on the table published by Suvorova et al. (2015).

Protein
P. falciparum

ID PF3D7_
Localization / Further Information Source

Centriole proteins

Centrin1 0107000 in co-IP with P. berghei Centrin4-GFP Roques et al. (2019)

Centrin2* 1446600 in co-IP with P. berghei Centrin4-GFP Roques et al. (2019)

Centrin3 1027700 at CP Mahajan et al. (2008)

Centrin4* 1105500 at CP in P. berghei gametogenesis Roques et al. (2019)

unknown protein** 0710000 centrin-binding motifs as in Sfi1 Suvorova et al. (2015)

SAS4 1458500 at BB in P. berghei microgametogenesis Rashpa and Brochet (2022)

SAS6 0607600 at BB in P. berghei microgametogenesis
Marques et al. (2015),

Rashpa and Brochet (2022)

SAS6-like 1316400
at apical complex in P. berghei

ookinetes and sporozoites
Wall et al. (2016)

POC1 0826700 unknown localization Tomasina et al. (2021)

Microtubule nucleation

γ-tubulin 0803700 at CP in P. berghei microgametogenesis Rashpa and Brochet (2022)

putative GCP 0933500 unknown localization

putative GCP 1443600 unknown localization

putative GCP 1453400 unknown localization

MZT1 1339800 at CP in P. knowlesi
unpublished data,

Ann-Kathrin Mehnert

Mitotic regulation

Ark-1 0605300 transiently at duplicated CPs Reininger et al. (2011)

APC3*** 0501700 at CP in P. berghei schizonts Wall et al. (2018)

Yeast SPB

SPB protein**** 0303500 at CP
unpublished data,

Marta Machado

* no sequence conservation, but alveolate-specific centrins

** no sequence conservation, but conserved centrin-binding motifs that are observed in Sfi1 proteins

*** low sequence similarity with human APC proteins; human APC/C not at centrosome

**** no sequence similarity with any S. cerevisiae or S. pombe protein

Centrins and Sfi1
Centrins are small, highly-conserved, canonical centrosome proteins with four EF-
hand domains for calcium-binding (Dantas et al., 2012). While Cdc31, the centrin-
homologue in yeast, was clearly shown to be important for spindle pole body duplica-
tion (Paoletti et al., 2003), the role of centrins in human centrosomes is not conclusive.
Mammals express four different centrins. Expression of Centrin1 and Centrin4 has
been linked to retina/testis and to ciliated cells, respectively (Wolfrum and Salisbury,
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1998; Hart et al., 1999; Gavet et al., 2003). However, Centrin2 and -3 are present in
human centrosomes. Whether these centrins are involved in centrosome duplication
is still under debate. While Salisbury et al. (2002) and Yang et al. (2010) concluded that
Centrin2 plays an important role for duplication, another study described vertebrate
centrosome duplication even in absence of three centrins (Dantas et al., 2011). Instead,
centrins were shown to be involved in nucleotide excision repair, correct centriolar
architecture and ciliogenesis (Dantas et al., 2011; Prosser and Morrison, 2015; Bouhlel
et al., 2021).
In P. falciparum, four different centrins are expressed (Mahajan et al., 2008). Two
of these, PfCentrin1 and PfCentrin3 correspond to mammalian Centrin1/2/4 and
Centrin3, respectively. However, PfCentrin2 and -4 are specific for the alveolate
phylum Plasmodium belongs to (Mahajan et al., 2008). Centrin1-3 are likely essential
for Plasmodium as disruption and endogenous tagging were not successful in P. berghei
(Roques et al., 2019). Using immunofluorescence stainings, PfCentrin3 was shown to
localize to centriolar plaques during P. falciaprum blood-stage schizogony (Mahajan
et al., 2008). Additionally, P. berghei Centrin4 is present at centriolar plaques during
schizogony (Roques et al., 2019). Interestingly, Roques et al. (2019) identified all four
P. berghei centrins in mass spectrometry analysis when co-immunoprecipitations were
performed using Centrin4-GFP-expressing schizonts. This data indicates localization
of all four centrins to the centriolar plaque and a possible interaction of those (Roques
et al., 2019). However, the function of centrins in Plasmodium remains elusive.
An important interaction partner of centrins in yeast and mammalian cells is Sfi1.
Sfi1 is a long, filamentous protein containing several centrin-binding repeats (Li
et al., 2006). In S. cerevisiae, Sfi1 and Cdc31 are part of the half-bridge of the SPB and
involved in SPB duplication (Baum et al., 1986; Spang et al., 1993; Kilmartin, 2003;
Rüthnick et al., 2021). Duplication is initiated by oligomerization of Sfi1 proteins at
their C-termini and assembly of a daughter SPB at the free, distal N-termini (Burns
et al., 2015; Cavanaugh and Jaspersen, 2017). Human Sfi1, which also contains centrin-
binding repeat motifs, localizes to centrosomes (Kilmartin, 2003; Kodani et al., 2019).
A recent study by Bouhlel et al. (2021) revealed that Sfi1 is important for recruitment
of Centrin2/3 to the distal tip of the centriole as well as for ciliogenesis and correct
centriole architecture. In Plasmodium, the Sfi1 protein is not conserved. However, a
large protein with conserved centrin-binding repeat sequences has been identified
(Suvorova et al., 2015), which might resemble the centrin-interaction partner Sfi1.

Various centriolar plaque proteins
Various kinases regulate distinct steps of mitosis in animal cells including centrosome
duplication, separation and maturation. These include polo-like kinases (Plks), aurora
kinases, cyclin-dependent kinases (CRK) and NIMA (never in mitosis gene a)-related
kinases (Neks) (Wang et al., 2014). While polo-like kinases are not conserved in
Plasmodium, three aurora-related kinases (Ark1-3) have been identified (Reininger
et al., 2011). Aurora kinases are highly conserved serine/threonine kinases, regulat-
ing several important steps during mitosis in mammalian cells such as centrosome
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maturation, chromosome alignment and separation (Goldenson and Crispino, 2015).
P. falciparum Ark-1 transiently localizes to duplicated centriolar plaques with one
focus each at the two microtubule organizing centers (Reininger et al., 2011). Ark-1
is not present simultaneously in all nuclei of a multinucleated parasite, consistent
with asynchrony of nuclear divisions (Read et al., 1993; Reininger et al., 2011). In
P. falciparum, four NIMA-related kinases (Nek1-4) are present. Albeit low expression
in intraerythrocytic stages (Otto et al., 2010), a recent study suggested epistatic in-
teractions of Nek-1 with Ark-1 in blood-stages mediating resistance to the human
Aurora kinase inhibitor Hesparadin (Morahan et al., 2020).

Human spindle assembly abnormal protein (SAS) 6 is a core component of the centri-
ole cartwheel (Marteil et al., 2017) and SAS4/CPAP is involved in several processes
including centriole duplication/elongation and PCM recruitment (Varadarajan and
Rusan, 2018). SAS4 and -6 are conserved in Plasmodium, however, their expression is
mainly restricted to male gametocytes, while expression in blood-stages is low (Otto
et al., 2010; Lasonder et al., 2016). Both proteins have been shown to localize to basal
bodies during P. berghei male gametogenesis and it has been suggested that they are
present at the centriolar plaque before basal body formation (Marques et al., 2015;
Rashpa and Brochet, 2022). Depletion of SAS6 during male gametogenesis leads to
diminished numbers of basal bodies and defects in axonemal microtubule formation
as well as malformed microgametes lacking a nucleus (Marques et al., 2015).
Data on conservation of various centrosomal proteins (CEPs) is controversial. While
Suvorova et al. (2015) included CEP 76, 97, 120 and 250 in a table of centrosomal
proteins conserved in Plasmodium, in a recent review by Tomasina et al. (2021) no
homologs were allocated to the four CEPs. Instead, homologs of CEP 72, 110, 135 and
170 were reported (Tomasina et al., 2021). Due to these inconsistencies, CEPs are not
included in Table 1.1 listing centrosomal proteins conserved in Plasmodium. In the
related apicomplexan parasite T. gondii, CEP250 localized to the outer and inner core
of the centrosome (Suvorova et al., 2015). However, whether CEP250 or other CEPs
are associated with Plasmodium centriolar plaques remains to be investigated.

γ-Tubulin
Growth of microtubules from the centrosome needs to by tightly controlled in both
space and time to coordinate the elaborate division process. Nucleation of micro-
tubules at centrosomes is mediated by complexes formed around γ-tubulin, namely
the γ-tubulin small complex (γTuSC) and γ-tubulin ring complex (γTuRC) (Kollman
et al., 2011). γ-Tubulin is conserved in the Plasmodium genome (Maessen et al., 1993)
and is mainly expressed at schizogony onset in blood-stages, 32 hpi (Otto et al., 2010).
In immunofluorescence stainings, Fowler et al. (2001) localized punctate γ-tubulin
signals to the apical ends of subpellicular microtubules in emerging and free mero-
zoites of P. falciparum. A recent study further shows association of γ-tubulin with
the centriolar plaque during microgametogenesis in P. berghei (Rashpa and Brochet,
2022). These studies indicate a conserved localization and function of γ-tubulin at
microtubule-organizing centers of Plasmodium.
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Recently a study by Wall et al. (2018) showed localization of the anaphase promot-
ing complex protein APC3 of P. berghei in punctate structures to the centrosome,
partially colocalizing with centrin and γ-tubulin. In another interesting study, co-
immunoprecipitations of P. falciparum γ-tubulin in blood-stages identified PfSec13
(Dahan-Pasternak et al., 2013), a protein previously identified as part of the nuclear
pore complex (Kehrer et al., 2018). The study by Dahan-Pasternak et al. (2013) indi-
cates association of PfSec13 with centriolar plaques.

1.5 Microtubule organization during schizogony

Microtubule composition and characteristics
Centriolar plaques serve as microtubule-organizing centers coordinating mitotic spin-
dle microtubules during schizogony. Microtubules are part of the cytoskeleton in
eukaryotic cells including Plasmodium parasites. They are hollow cylinders with an
outer diameter of about 25 nm which are typically composed of 13 protofilaments
(Janke and Magiera, 2020). Each protofilament contains stacked heterodimers of
α- and β-tubulin (Janke and Magiera, 2020). Various isotypes of these highly con-
served globular molecules are present among different species. In Plasmodium, two
α-tubulin isotypes (Holloway et al., 1989, 1990) and one β-tubulin (Delves et al., 1989)
were characterized. While α-tubulin II shows high expression in microgametocytes,
α-tubulin I is the prevalent isotype in intraerythrocytic stages (Delves et al., 1990;
Kooij et al., 2005; Fennell et al., 2008; Otto et al., 2010; Lasonder et al., 2016). Pro-
duction of tubulin in blood-stages is stage-dependent, with highest amounts present
during schizogony and segmentation (Sinou et al., 1998; Fennell et al., 2008) indi-
cating an increased requirement during divisions. In addition to tubulin isotypes,
microtubule diversity and regulation is mediated by post-translational modifications
of tubulins. While a number of modifications such as phosphorylation, acetylation,
methylation or ubiquitylation have been reported in other species (Janke and Magiera,
2020), to date polyglutamylation is the only modification identified for Plasmodium
tubulins (Fennell et al., 2008; Bertiaux et al., 2021). Polyglutamylation is seen in
microtubules associated with the inner membrane complex, however, data on tubulin
in mitotic microtubules is not conclusive (Fennell et al., 2008; Bertiaux et al., 2021).

Microtubules are polar, with a minus-end decorated with α-tubulin, and β-tubulin
exposed at the plus-end (Desai and Mitchison, 1997). Microtubules are no static
cytoskeletal elements. Instead, they switch rapidly between polymerization and
depolymerization, a process known as dynamic instability (Mitchison and Kirschner,
1984; Brouhard, 2015). Changes from growth to shrinkage (catastrophe) and shrinkage
to growth (rescue) mainly happen at the fast-growing, highly dynamic microtubule
plus-ends, while the minus-ends are more stable (Desai and Mitchison, 1997). Minus-
ends are typically anchored at microtubule-organizing centers (Akhmanova and
Steinmetz, 2019), where nucleation of microtubules from a template, the γTuSC or
γTuRC, takes place (Roostalu and Surrey, 2017). Alternatively, in vitro, nucleation
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of microtubules can also happen spontaneously when a certain amount of tubulin
molecules is reached. Recently, for the first time, Hirst et al. (2022) purified P. falci-
parum blood-stage tubulin and determined Plasmodium microtubule dynamics in vitro.
While microtubule polymerization velocity was comparable to bovine microtubules,
depolymerization velocity was significantly faster in Plasmodium microtubules (Hirst
et al., 2022). In contrast to bovine microtubules, frequencies of microtubule catastro-
phe and rescue were both significantly lower in P. falciparum (Hirst et al., 2022).

Microtubules during schizogony
Using microtubule stabilizing agents such as taxol and taxol derivatives, several stud-
ies revealed an important role of microtubules for proper blood-stage development
(Pouvelle et al., 1994; Schrével et al., 1994; Sinou et al., 1998; Naughton and Bell, 2007).
Moreover, microtubule destabilizers such as the herbicide oryzalin lead to abnormal
microtubule structures during schizogony and inhibit progression in intraerythro-
cytic development (Fennell et al., 2006). Various microtubule structures have been
described during schizogony. These include so-called hemispindles, mitotic spindles
and tubulin-rich plaques. All of these microtubule arrangements are exclusively
observed inside of nuclei as revealed by transmission electron microscopy (TEM) and
immunofluorescence assays (IFA) (Aikawa et al., 1967; Aikawa and Beaudoin, 1968;
Bannister et al., 2000b; Mahajan et al., 2008). Although one study described cytoplas-
mic microtubules in P. falciparum oocysts (Sinden and Strong, 1978), commonly no
astral microtubules comparable to those in yeast or vertebrates were detected during
divisions (Canning and Sinden, 1973).

Hemispindles are composed of microtubules radially extending from the site of a
single centriolar plaque into the nucleoplasm. They have been described in oocyst
division as well as during schizogony using TEM (Terzakis et al., 1967; Aikawa and
Beaudoin, 1968; Aikawa et al., 1967; Schrével et al., 1977; Sinou et al., 1998) and
immunofluorescence stainings (Sinou et al., 1998; Read et al., 1993; Fennell et al., 2006;
Gerald et al., 2011; Bertiaux et al., 2021).
Plasmodium mitotic spindles are bipolar with microtubules organized by two centriolar
plaques. Measuring only 0.5-1 µm in length (Prensier and Slomianny, 1986; Bannister
et al., 2000b; Gerald et al., 2011), mitotic spindles are exceptionally small when
compared to microtubule-organizing centers in other organisms. Three different types
of microtubules are present in oocyst mitotic spindles. These include microtubules
extending from a centriolar plaque, which are not connected to another centriolar
plaque (radiating microtubules); microtubules connecting two centriolar plaques
(continuous microtubules); and those that are connected to kinetochores, contacting
the chromosomes (kinetochore microtubules) (Canning and Sinden, 1973; Schrével
et al., 1977). However, analysis of distinct types of microtubules in mitotic spindles of
P. falciparum blood-stages is sparse.
Tubulin-rich plaques were exclusively observed in immunofluorescence stainings
and were often equated with the centriolar plaque (Read et al., 1993; Arnot et al.,
2011). However, centriolar plaques measured in TEM are much smaller (200-300 nm)
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than the tubulin-rich plaques observed in IFAs, which rather correspond to the size
of mitotic spindles (0.5-1 µm) (Gerald et al., 2011). To date, it remains unclear how
tubulin/microtubules are arranged in tubulin-rich plaques.

In pre-mitotic intraerythrocytic stages, diffuse tubulin signals were observed in IFAs
indicating unassociated tubulin molecules (Read et al., 1993; Sinou et al., 1998; Arnot
et al., 2011). One model of Plasmodium division describes the initial formation of
hemispindle microtubules (Schrével et al., 1977). It suggests that after hemispindle
duplication, they move to opposite sites in the nucleus and merge to form a mitotic
spindle (Schrével et al., 1977). Although this model was based on studies of division
in oocyst stages, it was also considered for blood-stage schizogony (Read et al., 1993).
Hemispindle lengths of 0.5-0.7 µm measured in TEM studies are consistent with
the small size of the full mitotic spindle (up to 1 µm) after potential hemispindle
fusion (Gerald et al., 2011). However, hemispindles measured in immunofluorescence
stainings are extensive structures of 2-4 µm, bringing fusion of hemispindles into
question (Gerald et al., 2011). Whether microtubule length and number play an
important role for the function of hemispindles and mitotic spindles as recently
described for sporozoites (Spreng et al., 2019) remains elusive. Another study of
division in oocyst stages suggests that hemispindle microtubules are present during
late anaphase (Canning and Sinden, 1973), indicating a role in late division. Recent
live-cell imaging of microtubule-associated kinesin-5 in P. berghei gave first insights
into microtubule dynamics during schizogony including mitotic spindle elongation
(Zeeshan et al., 2020). However, hemispindles were not detected. Direct visualization
of microtubule dynamics using time-lapse microscopy will be needed to clarify
function and order of appearance of various microtubule structures.

After finishing nuclear divisions, cytoplasmic microtubules have been observed dur-
ing segmentation (Read et al., 1993; Sinou et al., 1998; Gerald et al., 2011), which
are associated with the inner membrane complex (Harding and Meissner, 2014). Ar-
ranged in a radial way, these microtubules, also referred to as P. falciparum merozoite
assemblage of subpellicular microtubules (f-MAST), are reminiscent of spokes in a
cartwheel, and associated with the nuclei of nascent daughter parasites (Read et al.,
1993; Fowler et al., 1998, 2001; Gerald et al., 2011).

1.6 Advanced microscopy techniques to study Plasmodium
asexual blood-stage division

Studying Plasmodium blood-stage divisions has been hindered by the small size of the
parasite and by the slow adaptation of advanced imaging techniques. Cutting-edge
super-resolution and correlative microscopy will be required to understand the de-
tailed organization of division structures of this small parasite. Further, establishment
of long-term time-lapse microscopy will enable investigation of microtubule and
centriolar plaque dynamics during schizogony.
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Live-cell imaging
Imaging of living cells using time-lapse microscopy represents a powerful tool to
study dynamic biological processes on the level of individual cells. Cell divisions in-
clude duplication of the centrosome and substantial rearrangements of chromosomes,
microtubules, kinetochores, several organelles and (nuclear) membranes (Carlton
et al., 2020). These dynamics can by captured and studied using live-cell imaging.
To investigate divisions of P. falciparum parasites in intraerythrocytic stages, indi-
vidual cells need to be imaged over a period of more than ten hours of schizogony.
Importantly, Plasmodium divisions in blood-stages cannot be synchronized as it is
commonly done in other species (Campbell, 1957; Davis et al., 2001). In addition,
nuclear divisions during schizogony are asynchronous (Vickerman and Cox, 1967;
Read et al., 1993; Arnot and Gull, 1998). Due to nuclear autonomy, it will be key to
study dynamics of individual nuclei of a single parasite to gain insight into regulation
of schizogony (Klaus et al., 2021). However, time-lapse microscopy of Plasmodium
displays several challenges. Plasmodium parasites are highly sensitive to light and
even low light intensities lead to an acidification of the cytosol due to a selective
disruption of the acidic digestive vacuole (Wissing et al., 2002). Only recently, live-cell
imaging was used to unravel kinesin-5 dynamics during P. berghei schizogony and
microgametogenesis (Zeeshan et al., 2020). In combination with immunofluorescence
stainings, kinesin-5 association with microtubules including the dynamic mitotic
spindle was shown (Zeeshan et al., 2020). Although this study displayed the possi-
bility of live-cell imaging of Plasmodium parasites during schizogony, no individual
parasites were followed over time, but different exemplary cells shown for distinct
time points or stages. However, in another study, Grüring et al. (2011) performed real
time-lapse microscopy of individual P. falciparum parasites throughout intraerythro-
cytic development in four dimensions, mainly using differential interference contrast
(DIC) at 30-60 min time intervals. However, time-lapse microscopy of Plasmodium
blood-stages with two or even three fluorogenic probes remains sparse (Klaus et al.,
2021).

In Plasmodium, genetic modifications and therefore tagging of proteins with fluo-
rescent proteins is a time-consuming step. Hence, fluorogenic dyes such as the
membrane marker BODIPY have been used for Plasmodium live-cell imaging (El-
mendorf and Haldar, 1994; Hanssen et al., 2008; Grüring et al., 2011) and display an
important tool for microscopy studies (Grüring and Spielmann, 2012; Broichhagen
and Kilian, 2021). Recent development of sophisticated fluorogenic dyes such as
silicon rhodamine (SiR)-tubulin (Lukinavičius et al., 2014), SiR-Hoechst (Lukinav-
ičius et al., 2015) or MaP555-actin (Wang et al., 2020) will open new possibilities
for Plasmodium blood-stage time-lapse microscopy. These dyes exhibit outstanding
signal-to-noise ratios which allow reduction of excitation light intensity. Furthermore,
silicon rhodamine dyes are excited with far-red light of low intensity (Lukinavičius
et al., 2013). Therefore, phototoxicity can be reduced which will be essential to in-
crease viability of Plasmodium blood-stages for time-lapse microscopy of divisions
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using several fluorogenic probes.

Imaging of living Plasmodium cells might be revolutionized by lattice light-sheet mi-
croscopy (De Niz et al., 2017), which was recently adapted for time-lapse microscopy
of blood-stage parasites (Geoghegan et al., 2021). Lattice light-sheet microscopy is
characterized by excitation with a structured, ultrathin light sheet used to succes-
sively excite fluorophores and acquire images of the sample in 3D. Thereby, high
spatiotemporal resolution with low photobleaching and phototoxicity is achieved
(Chen et al., 2014). In the study by Geoghegan et al. (2021), they used 4D lattice light-
sheet microscopy to unravel that the Plasmodium parasitophorous vacuole membrane
(PVM) is formed mainly from the erythrocytic plasma membrane.

Super-resolution imaging
Another challenge for microscopy of both living and fixed Plasmodium cells is the
small size of the parasite during intraerythrocytic development. Parasite growth is
restricted to the size of human erythrocytes. While the late-stage parasite occupies
the entire erythrocyte, merozoites as well as early ring stages measure around 1-2 µm
(Bannister et al., 2000a), which is comparable to the size of a Plasmodium nucleus.
As a consequence, intranuclear structures such as microtubules are restricted to
approximately 2 µm in length, which is significantly shorter than mitotic spindle
microtubules in other species (Goshima and Scholey, 2010). Thus, classical widefield
and confocal microscopy, in which resolution is restricted to the diffraction limit of
light, are unable to resolve details of these structures. Super-resolution microscopy
techniques can overcome this limitation and enable a lateral resolution of less than
200 nm (Sahl et al., 2017).
Several diffraction-limited techniques are used to increase resolution. These include
deconvolution, Airyscan microscopy and 3D structured illumination microscopy
(SIM) (Sahl et al., 2017). During image acquisition, each optical system adds optical
blur to the signals, an effect known as convolution. (Adaptive) deconvolution uses an
algorithm to reverse convolution and to reassign the signals to their origins based on
the point spread function (PSF) (Sahl et al., 2017). Therefore, acquired signals appear
sharper and better resolved. Deconvolution can be applied to both time-resolved
images of living parasites and fixed cells.
Airyscan microscopy and 3D SIM improve lateral resolution around 1.6- and 2-fold,
respectively, and reach an axial resolution of around 250 nm (3D SIM) and 350 nm
(Airyscan) (Sahl et al., 2017; Huff et al., 2017). Airyscan microscopy is based on a
confocal system using an airyscan detector with 32 detection elements, each associ-
ated with a pinhole (Huff, 2015). For instance, Airyscan microscopy has been used
to investigate daughter cell segmentation in blood stages (Rudlaff et al., 2019) or
interaction of mitochondria and nuclei of parasites persisting treatment with the
antimalarial artemisinin (Connelly et al., 2021). In contrast to Airyscan microscopy,
3D SIM uses a widefield system in which many images are acquired using shifted,
structured illumination patterns (Heintzmann and Huser, 2017). To analyse images,
they need to be reconstructed by computation. Applications for SIM in Plasmodium
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research include studies on erythrocyte invasion by merozoites (Riglar et al., 2011),
IMC reorganization during asexual development and merozoite formation (Yeoman
et al., 2011) as well as investigations of cytokinesis (Absalon et al., 2016). Although
both Airyscan and 3D SIM are compatible with live-cell imaging, to my knowledge
they have never been used for time-lapse microscopy of blood-stage Plasmodium
parasites.

In contrast to diffraction-limited microscopy techniques, the resolution limit is com-
pletely broken in diffraction unlimited concepts (Sahl et al., 2017). These include
stimulated emission depletion (STED) and single-molecule localization microscopy
(SMLM) techniques such as stochastic optical reconstruction microscopy (STORM)
and photo-activated localization microscopy (PALM) (Lelek et al., 2021). In Plasmo-
dium, single-molecule localization microscopy was used to study knob architecture in
blood-stages (Looker et al., 2019; Sanchez et al., 2019). However, due to the required
extensive image processing, SMLM approaches are far from regular usage in Plasmo-
dium research .
In STED super-resolution microscopy, excited fluorophores are hit by photons of
the depletion (STED) laser arranged in a donut-shape fashion. These fluorophores
are transferred to their ground states emitting light shifted to the far-red end of the
spectrum which is not detected. Thus, classical emission of fluorescence is restricted
to a diffraction-unlimited spot in the center of the donut (Klar et al., 2000; Hell, 2003).
In contrast to SMLM, STED super-resolution microscopy was applied in several
Plasmodium studies on liver stages (Prado et al., 2015; Burda et al., 2017) and on blood-
stages investigating invasion of human erythrocytes by merozoites (Volz et al., 2016).
However, in late trophozoites and in schizonts, hemozoin crystals in the digestive
vacuole prevent regular STED microscopy: When hemozoin crystals are hit by the
high-intensity STED laser, they absorb the energy and heat up leading to an immedi-
ate destruction of the entire infected red blood cell (Schloetel et al., 2019). At the onset
of this study, it was impossible to image an entire z-plane of a hemozoin-containing
blood-stage parasite, limiting STED nanoscopy to small, selected regions with some
distance to hemozoin crystals.

In an innovative super-resolution development known as expansion microscopy
(Ex-M), cells are immunostained and embedded into a hydrogel in which they are
physically expanded in an isotropic way (Chen et al., 2015). With an expansion
factor of 4.5-fold, 3D super-resolution images with multiple colors can be taken
on a conventional confocal microscope with a resolution comparable to STED. In a
recent publication by Gambarotto et al. (2019), the concept of ultrastructure expansion
microscopy (U-ExM) was introduced, in which antibody-labeling is performed after
a first expansion step. Therefore, the relative distance of the fluorophore to the
epitope is shorter, leading to a more precise signal (Gambarotto et al., 2019). Over the
course of this PhD thesis, Bertiaux et al. (2021) readily applied U-ExM to Plasmodium
parasites, visualizing microtubule structures in gametocytes and schizont stages.
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Electron microscopy
Although recent progress in super-resolution microscopy has been made and some
techniques are already adapted for Plasmodium (De Niz et al., 2017), highest resolu-
tion is still reached using electron microscopy (EM) techniques. Most structural data
on blood-stage schizogony is based on classical transmission electron microscopy
(Aikawa et al., 1967; Aikawa and Beaudoin, 1968; Prensier and Slomianny, 1986; Sinou
et al., 1998; Bannister et al., 2000b). For three-dimensional ultrastructural analysis of
Plasmodium parasites, focused ion beam scanning electron microscope (FIB-SEM) and
electron tomography are powerful tools (Eshar et al., 2011). Resolution is lower in
FIB-SEM than in electron tomography, however, reconstruction of entire erythrocytes
is possible. FIB-SEM has been used to analyze the 3D architecture of P. falciparum chro-
matin and nuclear pore distribution during intraerythrocytic development (Weiner
et al., 2011) as well as cytokinesis events in 3D (Rudlaff et al., 2020). Further, cryo-
electron tomography of Plasmodium blood-stages revealed a connection of Maurer’s
clefts, which are membranous structures found in Plasmodium-infected erythrocytes,
with the erythrocyte membrane via actin (Cyrklaff et al., 2011) or stalk-like tethers
(Hanssen et al., 2008).
Sophisticated correlative light and electron microscopy (CLEM) combines the strengths
of fluorescence and transmission electron microscopy to correlate fluorescent signals
to the ultrastructural context of the cell (De Boer et al., 2015). CLEM approaches can be
divided into 1.) protocols in which fluorescent imaging (e.g. time-lapse microscopy)
precedes sample fixation, preparation and TEM imaging and 2.) on-section CLEM, in
which sample preparation for electron microscopy is followed by fluorescence and
TEM microscopy, both performed on sections (Kukulski et al., 2011, 2012; De Boer
et al., 2015). However, as both approaches are challenging and time-intensive, they
are still in the initial phase of adaptation for Plasmodium research (Matz et al., 2015;
Birnbaum et al., 2020; Klaus et al., 2021).
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1.7 Thesis objectives

To understand the unconventional division of the malaria-causing parasite Plasmo-
dium falciparum in human red blood cells, investigation of critical division structures
is required. In my PhD project I aimed to elucidate centriolar plaque and microtubule
organization using advanced microscopy techniques.

In detail, the aims of my work included:

1) Establishment of STED super-resolution microscopy for Plasmodium parasites
undergoing schizogony to present a detailed visualization of P. falciparum division
structures.

2) Characterization of microtubule reorganization during blood-stage schizogony
and elucidation of their dynamics. Thereby, I intended to clarify controversial data
about various microtubule arrangements described in early electron and fluorescence
microscopy studies. Integrating centriolar plaque dynamics, I aimed to provide a
model of the different steps of nuclear division during schizogony.

3) Shed light on the detailed organization of centriolar plaques during schizogony. Us-
ing advanced microscopy techniques, I aimed to increase our current understanding
of this critical organelle beyond the present view as an unstructured electron-dense
region associated with the nuclear membrane. In particular, I wanted to clarify the
exact position of the centriolar plaque in respect to the nuclear envelope during the
closed divisions of the parasite.

4) Identification and validation of novel centriolar plaque proteins. Very few centro-
somal proteins are conserved in Plasmodium centriolar plaques and to date mainly
centrins have been used as markers. Identification of new centriolar plaque proteins
will lay a foundation for functional analyses and will provide a first step towards
understanding the role of the centriolar plaque in coordinating schizogony.
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Chapter 2

Results

2.1 Dynamics of centriolar plaques and microtubules during
schizogony

Dynamics of microtubules and the duplicaton of microtubule organizing centers have
been extensively studied in vertebrate cells and model organisms such as S. cerevisiae.
However, dynamics of these fundamental structures during blood-stage schizogony
of Plasmodium parasites have to date never been visualized at the single-cell level over
time. To elucidate how Plasmodium organizes its chromosome segregation machinery
and clarify inconsistencies in the literature on function and appearance of different
microtubule structures, I analyzed dynamics of centriolar plaques and microtubules
during schizogony.

2.1.1 Dynamic reorganization of microtubules during schizogony

To elucidate centriolar plaque and microtubule dynamics, I established confocal
time-lapse microscopy of P. falciparum blood-stage parasites. To visualize centri-
olar plaques, we aimed to tag PfCentrin1 with GFP. As endogenous tagging of
Centrins1-3 in P. berghei has recently been unsuccessful (Roques et al., 2019), Nicolas
Lichti C-terminally tagged PfCentrin1 with GFP expressed from an episomal con-
struct (subsection 4.1.6, subsection 4.2.3) in addition to endogenous Centrin1. To
visualize microtubules and nuclei, I labeled PfCentrin1-GFP expressing parasites
with the live-cell microtubule dye SPY555-Tubulin (published as Map555-Tubulin,
Wang et al. (2020)) and the infrared live DNA dye 5-SiR-Hoechst (Bucevičius et al.,
2019) before time-lapse microscopy (Figure 2.1).
First microtubule signals could be detected in late mononucleated parasites. From
that time point onward, each nucleus was consistently associated with a single mi-
crotubule structure (Figure 2.1). Microtubule structures of multinucleated parasites
always showed one or two PfCentrin1-GFP signals attached (Figure 2.1). Unfortu-
nately, parasites labeled even with minor amounts of 5-SiR-Hoechst (22 nM) were
usually not able to complete a single nuclear division. Instead, nuclei were stuck
in the mitotic spindle stage, which I identified by one bright microtubule signal
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accompanied with duplicated PfCentrin1-GFP signals. Any other live DNA dye I
tested also showed defects in mitotic progression.

FIGURE 2.1: During blood-stage schizogony each nucleus of Plasmodium falciparum is asso-
ciated with a single microtubule structure. Confocal deconvolved live-cell still images of two
individual human red blood cells infected with NF54 P. falciparum parasites with one and two
nuclei expressing PfCentrin1-GFP (green) from an episomal vector. Cells were labeled with SPY555-
Tubulin (magenta) and 5-SiR-Hoechst (blue). Images show maximum intensity projections of the
fluorescent signals. Time points are normalized to hemispindle collapse (start of mitotic spindle
formation). Scale bars indicate 1 µm.

To enable unperturbed completion of nuclear divisions, I omitted labeling of the cells
with 5-SiR-Hoechst and applied gentle imaging conditions to reduce phototoxicity.
To enhance the contrast of the very weak signals, the Lightning module for adaptive
deconvolution was used (subsection 4.2.9). Combined, this allowed detection of
microtubule and centriolar plaque dynamics of individual parasites over the course
of schizogony with a time resolution of 5 min on a confocal microscope. Time-lapse
microscopy was either started before any microtubule or PfCentrin1-GFP signal was
detected or in cells with a single microtubule arrangement indicating a mononucle-
ated cell. Figure 2.2 shows an example of the first nuclear division during schizogony
in a PfCentrin1-GFP expressing parasite labeled with SPY555-Tubulin.
First microtubule signals were detected in late trophozoite stages (mononucleated,
with hemozoin). These long, radial microtubules were dynamically polymerizing and
depolymerizing and have previously been described as hemispindle microtubules
(Schrével et al., 1977; Sinou et al., 1998; Read et al., 1993). Next, a PfCentrin1-GFP sig-
nal was detected at the pole where hemispindle microtubules originated (Figure 2.2).
The phase of dynamic hemispindle microtubules was followed by collapse of the
hemispindle and an increase of SPY555-Tubulin signal close to the PfCentrin1-GFP
signal. Next, a second Centrin1-GFP signal could be detected, indicating centriolar
plaque duplication (Figure 2.2, time point = 0) and formation of a mitotic spindle.
Mitotic spindle microtubules elongated and formed an extended spindle, separating
the two PfCentrin1-GFP signals (Figure 2.2). Next, the extended spindle ruptured and
left two hemispindle structures which collapsed again to prepare for mitotic spindle
formation and consecutive rounds of nuclear division (Figure 2.2). Already from
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the second and third nuclear division onward, microtubule signals and therefore
divisions were asynchronous. Frequently in live-cell imaging, the first PfCentrin1-
GFP signal was not detected before accumulation of the microtubule signal, which is
associated with mitotic spindle formation.

FIGURE 2.2: Microtubules are rearranged from dynamic hemispindles into mitotic spindles
and extended spindles during schizogony. Deconvolved confocal still images of a human ery-
throcyte infected with a PfCentrin1-GFP (green) expressing NF54 parasite imaged by time-lapse
microscopy show the first division during schizogony. Cells are labeled with SPY555-Tubulin
(magenta) to visualize microtubule dynamics. Images are maximum intensity projections. Scale
bars are 1 µm.

2.1.2 Durations of microtubule stages in the first division are significantly
longer than in subsequent divisions

To compare the timespan of different microtubule stages, I manually determined
durations of hemispindle, mitotic spindle and extended spindle stages for the first
three nuclear divisions of P. falciparum blood-stage schizogony (Figure 2.3). Average
durations were determined and normalized to the start of mitotic spindle formation
(Figure 2.3A). Note that for the hemispindle microtubule stage of the first division
a minimum average duration is depicted as most of the analyzed cells (n = 32/36)
already showed a hemispindle when time-lapse microscopy was started. In the
second and third nuclear division, average durations of mitotic spindle stages out-
reached hemispindle and extended spindle phases (Figure 2.3A). In comparison, in
the first division parasites stayed much longer in hemispindle stage before a mitotic
spindle was formed (Figure 2.3). This is consistent with my observation that all three
microtubule stages of the first nuclear division last significantly longer than in the
second and third division (Figure 2.3B).
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FIGURE 2.3: Microtubule stages of the first division last significantly longer than in the second
and third division of schizogony. Quantification of hemispindle, mitotic spindle and extended
spindle microtubule stages during the first three divisions of schizogony in P. falciparum NF54
blood stages expressing PfCentrin1-GFP imaged by time-lapse microscopy (Figure 2.2). In total, 36
cells were analyzed in three experiments. Note that for the hemispindle stage in the first division
a minimum duration was quantified as most of the analyzed cells (n= 32/36) already showed
a hemispindle when time-lapse microscopy was started. (A) Average durations of microtubule
stages normalized to the start of first mitotic spindle formation. Duration of the hemispindle in
the first division is the minimal average duration. (B) Quantification of individual microtubule
stage durations. To test for significant differences, a Welch One-Way ANOVA test was performed
followed by pairwise comparisons using Games-Howell test.

2.1.3 Centrin signal appearance and duplication during schizogony

I manually determined stable appearance of a first and a second (duplicated) PfCen-
trin1-GFP signal (Figure 2.4) from time-lapse microscopy data (Figure 2.2). Fluo-
rescence intensities of PfCentrin1-GFP signals varied between cells due to different
expression levels (likely different numbers of episomal constructs). Therefore, it was
sometimes difficult to precisely determine the initial appearance of PfCentrin1-GFP
signals in parasites with a low signal compared to background. Often, the first clear
centrin focus appeared at the transition from hemispindle into mitotic spindle stage
(Figure 2.4A). Rarely, the first PfCentrin1-GFP fluorescent signal of a cell was already
observed in hemispindle stage, often it appeared later in mitotic spindle stage (Fig-
ure 2.4A). Very rarely, a parasite was not expressing PfCentrin1-GFP or in such low
amounts that I could not detect any clear centrin foci with my imaging settings. I
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observed the second Centrin1-GFP signal (duplicated centrin) during mitotic spindle
microtubule stage, on average 65 min after the first centrin focus (Figure 2.4B).

FIGURE 2.4: Variations in detection of initial and duplicated centrin signals during the first
division of schizogony. (A) Quantification of time points of the first (n = 20, three replicates)
and second (n = 18, three replicates) clearly detectable PfCentrin1-GFP signals in blood-stages of
NF54 P. falciparum parasites imaged by time-lapse microscopy (Figure 2.2). Times were normalized
to start of mitotic spindle formation (accumulated tubulin signal). (B) As in (A), but times of
PfCentrin1-GFP signal appearance were normalized to start of the respective time-lapse microscopy
movie. First PfCentrin1-GFP signal, n = 21; second PfCentrin1-GFP signal, n = 19; three replicates
each.

2.2 Establishing an immunofluorescence staining protocol for
RescueSTED nanoscopy of Plasmodium schizonts

Confocal time-lapse microscopy revealed separate microtubule stages and their order
of appearance during blood-stage schizogony of P. falciparum. However, I could
neither resolve individual microtubules e.g. of hemispindles nor analyze the exact
localization of centriolar plaques in relation to microtubules and microtubule nucle-
ation sites. To overcome the diffraction limit of light and visualize these structures
with higher resolution, I established stimulated emission depletion (STED) super-
resolution microscopy for fixed P. falciparum blood-stages during schizogony. In the
following, I will describe the establishment of the protocol in detail before focusing
on the insights gained by the technique in terms of centriolar plaque and microtubule
organization.

2.2.1 Fixation of infected red blood cells solely with paraformaldehyde
(PFA) results in altered erythrocyte morphology

Reliable immunolabeling is crucial to perform STED nanoscopy. Therefore, my
colleague Ann-Kathrin Mehnert and I aimed to improve the widely-used immu-
nofluorescence staining protocol by Tonkin et al. (2004) for STED microscopy of
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infected red blood cells (iRBCs). Immunofluorescence labeling can either be per-
formed in suspension or on a RBC monolayer seeded on a glass surface coated e.g.
with Concanavalin-A as described by Grüring et al. (2011). The first step before
immunofluorescence staining is fixation of cells. In general, cells can either be fixed
by protein precipitation using organic solvents such as methanol or acetone or by
protein crosslinking with PFA or glutaraldehyde (GA). To fix Plasmodium blood-stage
parasites via crosslinking, cells are typically incubated with 4% PFA and 0.0075%
GA. While fixation with higher GA concentrations hinders antibody binding, fix-
ation solely with PFA induces RBC lysis (Tonkin et al., 2004). Tonkin et al. (2004)
determined the minimally required amount of 0.0075% GA which provides a good
compromise of RBC cellular fixation and antibody binding when staining is done
in suspension. However, GA is well-known to have detrimental effects on immune
epitopes, to increase background fluorescence and quench fluorescent proteins. There-
fore, fixation of eukaryotic cells is commonly performed with PFA only. As we are
not interested in structures of the RBC itself but in optimal visualization of parasitic
proteins, lysis of the RBC by PFA fixation is not harmful per se. In solution, staining of
lysed cells is not feasible as infected RBCs can no longer be pelleted by centrifugation,
which is, however, necessary for each washing step in the protocol. Therefore, we
focused on immunofluorescence staining of iRBCs seeded on Concanavalin-A coated
glass surfaces. To improve the protocol, we started with a comparison of erythrocyte
morphology and immunolabeling of parasites fixed with 0.0075% GA/4% PFA/PBS
with cells fixed with 4% PFA/PBS for 20 min at 37 ◦C (Figure 2.5, subsection 2.2.2).

FIGURE 2.5: Human erythrocytes partly infected with P. falciparum appear more translucent
and show improved Phalloidin staining intensity when fixed with PFA only. Confocal overview
images of human erythrocytes, some infected with P. falciparum NF54 wt parasites. Cells were
fixed with 4% PFA with or without addition of 0.0075% glutaraldehyde, immunolabeled with
Phalloidin-Alexa Fluor 488 (green) to visualize erythrocytic F-actin and stained with Hoechst
(blue) to label Plasmodium DNA. Identical acquisition and contrast settings were applied for both
conditions, the images show maximum intensity projections. Scale bar is 10 µm.
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After fixation of RBCs without GA, the erythrocyte monolayer lost its faint red-brown
color and remained translucent, indicating hemoglobin-containing cytoplasm was
(at least partially) washed out from RBCs. This loss of hemoglobin was observed in
the washing steps after fixation, latest during permeabilization with Triton-X-100,
indicating RBC lysis occurs only after completion of cellular fixation. Consistent with
this observation, cells fixed in absence of GA appeared more translucent in brightfield
(BF) images, facilitating identification of infected RBCs (Figure 2.5). Moreover, Ann-
Kathrin Mehnert and I observed slight changes in erythrocyte shape and morphology
when cells were fixed in absence of GA (Figure 2.5). Immunolabeling of red blood
cell filamentous actin via Phalloidin-Alexa Fluor 488 appeared in the periphery as
well as in the cytoplasm when cells were fixed with GA. In contrast, without GA,
filamentous actin labeling was more concentrated at the periphery of the erythrocytes
and showed a much higher signal intensity, while cytoplasmic actin signals were very
weak or not detectable (Figure 2.5). From a practical perspective, in both conditions
we reliably achieved continuous red blood cell monolayers without loss of parasites
during fixation and high numbers of infected parasites.

2.2.2 Fixation of parasites with PFA increases immunofluorescence label-
ing density and signal intensity of parasitic structures

Next, we tested the effect of glutaraldehyde addition during iRBC fixation on im-
munofluorescence labeling of parasitic structures. Therefore, Ann-Kathrin and I
immunolabeled different structures and compartments of the parasite after fixation
in presence or absence of 0.0075% GA. We imaged parasites at similar stages using
the same microscopy settings, and compared localization and intensities of the ac-
quired signals at identical contrast settings (Figure 2.6). Our observations can be
differentiated into three categories: antibodies that showed comparable signals with
and without GA, antibodies that showed clearer signals or higher signal intensities in
absence of GA, and finally antibodies that did not show specific signals with GA, but
in the absence of GA (Figure 2.6).

Labeling of nuclear pores using antibodies directed against the nucleoporin 116 (anti-
Nup116) (Guizetti et al., 2013) did not show obvious differences between fixation
in the presence or absence of GA (Figure 2.6C). In both conditions, trophozoites
showed irregular signals associated with the nucleus and signal intensities were
comparable. Antibodies against skeleton-binding protein 1 (anti-SBP1, Figure 2.6D)
which is present at Maurer’s clefts (Blisnick et al., 2000) and against exported protein
1 (anti-Exp1, Figure 2.6A), a marker for the parasitophorous vacuole (PV) (Gün-
ther et al., 1991; Simmons et al., 1987), both fall in the category of antibodies with
clearer/higher signals when cells were fixed without GA. In presence of GA, the PV
was only incompletely labeled with anti-Exp1 antibodies. In contrast, without GA we
observed a continuous labeling of the PV with higher signal intensities (Figure 2.6A).
Using anti-SBP1 antibodies to visualize Maurer’s clefts, we detected a comparable
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labeling pattern in the host erythrocyte in presence and absence of GA during fixa-
tion of the parasites. However, signal intensities for most of the detected foci were
greatly increased without GA (Figure 2.6D). Similar results were obtained with an
anti-α-tubulin antibody (Figure 2.6B), which enabled detection of hemispindle and
mitotic spindle microtubules in schizonts that were fixed in the presence of GA. How-
ever, signal intensities were greatly increased when GA was not added to the fixing
solution. Similar results were obtained with an anti-α-tubulin antibody (Figure 2.6B),
which enabled detection of bright hemispindle and mitotic spindle microtubules in
schizonts fixed in absence of GA. When parasites were fixed in presence of 0.0075%
GA, signal intensities were decreased and microtubules could only be detected after
massive contrast adjustments, saturating the signal in parasites fixed without GA
(Figure 2.6B).
Finally, two antibodies that we tested showed no detectable fluorescent signals when
cells were fixed with addition of GA, but showed a specific staining in absence of GA.
These antibodies included one directed against P. berghei heat shock protein 70 (anti-
PbHSP70, Figure 2.6E) (Tsuji et al., 1994) located in the parasite cytoplasm, and an
anti-centrin antibody (Figure 2.6F) as a marker for centriolar plaques (Mahajan et al.,
2008; Roques et al., 2019). In absence of GA, HSP70 was almost evenly distributed in
the cytoplasm, while for the anti-centrin antibody, one or two distinct centrin foci per
nucleus were detected during schizogony.
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FIGURE 2.6: Increased immunofluorescence labeling signal intensity in P. falciparum blood
stage parasites when fixed with PFA only. Confocal images of NF54 wt-infected human erythro-
cytes fixed with 4% PFA either with or without addition of 0.0075% glutaraldehyde (GA). Cells
were stained with Hoechst (blue) and immunolabeled using antibodies against parasitic structures
(green), including (A) the parasitophorous vacuole (anti-Exp1), (B) microtubules (anti-α-tubulin),
(C) nuclear pores (anti-Nup116), (D) Maurer’s clefts (anti-SBP1), (E) cytoplasm (anti-PbHSP70) and
(F) centriolar plaques (anti-centrin). Image acquisition and contrast adjustments were identical
for +/- GA conditions, except where indicated (contr. adj.). All images are maximum intensity
projections, except brightfield. Scale bars are 1 µm.

Moreover, Ann-Kathrin compared the labeling density (percentage of parasites with
a detectable fluorescent signal) of immunostained parasites fixed with PFA in pres-
ence or absence of GA. As this part of the protocol establishment was exclusively
performed by Ann-Kathrin Mehnert (Mehnert et al., 2019), I will not show the fig-
ures in this work but briefly summarize her results as they are important for the
following establishment of RescueSTED imaging. Using anti-Exp1, anti-PbHSP70
and anti-SPB1 antibodies, Ann-Kathrin observed a much higher labeling density for
all of the stainings when parasites were fixed without GA in contrast to fixation with
GA (Mehnert et al., 2019). However, Hoechst labeling density did not show any
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differences between the two conditions (Mehnert et al., 2019).
In conclusion, fixation of seeded P. falciparum-infected RBCs with 4% PFA in absence
of GA consistently improves immunolabeling efficiency and density and in addition
increases signal intensities. Hence, our improved immunofluorescence staining pro-
tocol might be preferable for visualization of intraparasitic proteins and in particular
for super-resolution microscopy techniques such as STED nanoscopy which require
high signal-to-noise ratios and high, stable signal intensities.

2.2.3 Hemispindle microtubules are sensitive to PBS treatment

In immunofluorescence stainings using anti-α-tubulin antibodies, Ann-Kathrin was
initially unable to visualize hemispindle microtubules when P. falciparum-infected
erythrocytes were fixed immediately after seeding (Figure 2.7). However, when
seeded parasites were allowed to recover for several hours to overnight in complete
culture medium, hemispindle microtubules were consistently detected in parasites
undergoing schizogony (Figure 2.7). To test whether incubation of blood-stage
parasites in PBS during the seeding process destructs hemispindle microtubules,
I washed and seeded parasites in incomplete culture medium (complete medium
containing Albumax prevents binding of red blood cells to Concanavalin-A coated
surfaces) and fixed them directly using 4% PFA in PBS. After immunolabeling, these
parasites regularily showed hemispindle microtubules (data not shown). I concluded
that hemispindle microtubules are sensitive to incubation of cells in PBS but can
be restored in culture medium. For all following immunofluorescence stainings in
this study, parasites were either seeded in PBS and allowed to recover in complete
medium for at least several hours before fixation or seeded in incomplete medium
with flexible time of fixation with 4% PFA (subsection 4.2.5).

FIGURE 2.7: Overnight incubation of P. falciparum parasites after seeding in PBS enables he-
mispindle microtubule detection. Confocal images of NF54 wt-infected erythrocytes dissolved
in PBS while seeding, fixed immediately or on the next day. Cells were immunolabeled with anti-
α-tubulin antibody (magenta) and stained with Hoechst (blue). For acquisition, laser intensities
were adjusted to enable detection of signals despite fixation with glutaraldehyde addition. Images
show maximum intensity projections, except for brightfield. Scale bar is 1 µm.
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2.2.4 RescueSTED enables super-resolution microscopy of parasites con-
taining hemozoin

After having established a significantly improved immunofluorescence staining pro-
tocol for P. falciparum-infected red blood cells, I aimed to test whether the protocol is
suitable for STED super-resolution microscopy of immunofluorescently labeled para-
site structures. However, classical STED nanoscopy is not applicable for Plasmodium
blood-stages containing hemozoin. When the STED depletion laser hits the highly
absorbing hemozoin crystals (Cai et al., 2016) in the digestive vacuole, the parasite is
disrupted immediately. Therefore, so far only small areas of Plasmodium schizonts
in good distance to hemozoin could by imaged via STED microscopy without cell
damage. To image entire schizonts and simultaneously avoid parasite destruction, I
tested the Rescue (Reduction of State transition Cycles) adaptive illumination module
from Abberior Instruments. Using RescueSTED, a confocal probing step is applied
before the STED laser is used to acquire super-resolution images. Therefore, a signal
threshold is defined which needs to be reached in the confocal image, before the
STED depletion laser is automatically turned on. Thereby, areas with low fluorescent
signals are not imaged in STED mode, massively reducing the light dose and therefore
bleaching of the sample. The adaptive illumination is applied individually on the
level of every single pixel of the image and allows acquisition of z-stacks as well
as 3D STED imaging. As hemozoin crystals show very low fluorescent signals, the
STED depletion laser is not turned on in these areas and parasite cells stay intact.

I applied our improved immunofluorescence staining protocol on seeded P. falciparum
NF54 wt-infected red blood cells, which I stained with Hoechst and anti-α-tubulin
antibodies (Figure 2.8). Hoechst signals were acquired in confocal mode, while
α-tubulin signals were imaged using RescueSTED. Confocal signal thresholds often
had to be adapted for each parasite imaged. Destruction of parasites still occurred in
some cases, especially when high tubulin signals were in close proximity to hemozoin.
I successfully imaged tubulin signals throughout intraerythrocytic development of
entire z-planes of P. falciparum parasite cells using RescueSTED (Figure 2.8).
In ring stages I never detected any tubulin signals (Figure 2.8A). Also in most of the
trophozoites (one nucleus, with hemozoin) no tubulin signal (72%, Figure 2.8A,C)
was detected. Trophozoites with a signal either showed a single tubulin cluster or
hemispindle microtubules (Figure 2.8A, C) in the nucleus. Clustered tubulin signals
are likely mitotic spindle microtubules that were identified before using confocal
time-lapse microscopy (Figure 2.2). In multinucleated parasites (early schizonts and
late schizonts, Figure 2.8B), almost each nucleus was associated with an intranuclear
microtubule structure, either with a clustered tubulin signal (60% of the nuclei) or
with hemispindle microtubules (30% of the nuclei, Figure 2.8C). This is consistent
with nuclei constantly dividing during schizogony and hemispindles and mitotic
spindles being intermediate stages during these divisions (section 2.1). RescueSTED
revealed individual nucleation sites of hemispindle microtubules, which could not be
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distinguished before via confocal microscopy (Figure 2.8B).
After completion of schizogony in segmented parasites, microtubules are associated
with the inner membrane complex of newly forming merozoites (Figure 2.8B). With
RescueSTED I could resolve that two microtubules are usually aligned together. These
two microtubules could not be distinguished in confocal images and hence appeared
as a single microtubule structure (Figure 2.8B, zoom-in).

FIGURE 2.8: RescueSTED enables super-resolution microscopy of microtubule structures
throughout intraerythrocytic development. (A) RescueSTED deconvolved images of fixed
mononucleated NF54 wt parasites labeled with anti-α-tubulin antibody (magenta) and stained with
Hoechst (blue). Tubulin signals were acquired using RescueSTED and overlayed with confocal
Hoechst images. Single image slices are shown. (B) As in (A) for multinucleated parasite stages.
Insets show the corresponding confocal images and zoom-ins. (C) Quantification of trophozoite
and schizont nuclei with no tubulin signal, clustered tubulin signals and spindle structures, includ-
ing hemispindles and extended spindles. Note that I never detected more than one microtubule
structure per nucleus. In total, microtubule structures were analyzed in 131 trophozoites and 46
schizonts (129 nuclei) using confocal microscopy. All scale bars are 1 µm.

All in all our improved immunofluorescence staining protocol is well-suited for
STED super-resolution microscopy of hemozoin-containing Plasmodium parasites
undergoing schizogony and revealed details about microtubule organization in blood-
stages.
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2.3 Organization of centriolar plaques and microtubules dur-
ing schizogony

Time-lapse microscopy revealed that mitotic microtubules are organized into hemispin-
dles, mitotic spindles and extended spindles during blood-stage schizogony of
P. falciparum (section 2.1). However, the precise localization of centriolar plaques
in respect to microtubules could not be resolved via confocal microscopy as well
as the exact appearance and duplication of the centrin signal. Therefore I aimed to
overcome the resolution limit of classical confocal microscopy using our improved
immunofluorescence staining protocol for RescueSTED as well as an adapted ultra-
structure expansion microscopy (U-ExM) protocol to analyze centriolar plaque and
mitotic microtubule organization with super-resolution.

2.3.1 Centriolar plaques organize hemispindles, mitotic spindles and ex-
tended spindles during schizogony

To first elucidate details of Plasmodium centriolar plaque and microtubule arrange-
ments throughout intraerythrocytic development, I performed dual-color STED na-
noscopy of anti-centrin and anti-α-tubulin antibody-labeled cells combined with
confocal microscopy of Hoechst signals. Figure 2.9 shows distinct microtubule orga-
nization states during blood-stage development arranged in accordance with their
order of appearance during live-cell imaging (section 2.1).

In early trophozoites (mononucleated, with hemozoin) neither a centrin nor a tubulin
signal was detected (Figure 2.9). Later mononucleated stages showed intranuclear
microtubules, arranged as hemispindle or mitotic spindle. Hemispindles either
showed no specific centrin signal or were associated with a single centrin focus
from which hemispindle microtubules of different length were branching out in
various directions within the nucleus (Figure 2.9). The fact that only 46% of all
hemispindle-stage mononucleated cells were associated with centrin is consistent
with late appearance of the PfCentrin1-GFP signal during time-lapse microscopy
(Figure 2.2, Figure 2.4). This indicates that hemispindle microtubules are nucleated
before centrin is recruited to the centriolar plaque. In contrast to hemispindles in
mononucleated cells, all hemispindles observed after the first nuclear division in
multinucleated parasites were associated with a centrin signal.
After collapse of the hemispindle, trophozoites showed mitotic spindle microtubules
(clustered tubulin) which always displayed two distinct centrin signals. In contrast,
live-cell imaging data often showed clustered tubulin structures with a single centrin
signal. This is most likely due to the limited sensitivity during confocal time-lapse
microscopy. The two centrin signals of the mitotic spindle were arranged either next to
each other, likely in an early state of mitotic spindle formation, or on opposite sites of
the microtubules, corresponding to a late or mature mitotic spindle (Figure 2.9). Using
RescueSTED, individual microtubules were still difficult to resolve. Therefore, a clear



36 Chapter 2. Results

transition state from hemispindle into mitotic spindle arrangement of microtubules
alongside duplication of the centrin signal was never identified. However, sometimes
all hemispindle branches were exceptionally short. This stage might be associated
with the transitioning from hemispindle into a mitotic spindle. Interestingly, late
mitotic spindles showed a central gap in the tubulin signal separating microtubules
organized by the two centriolar plaques. Furthermore, the tubulin-free zone in the
center of the mitotic spindle showed a Hoechst signal. Therefore, the central gap is
likely indicating the site of kinetochore attachment for chromosome separation.

FIGURE 2.9: RescueSTED reveals structural details of hemispindles, mitotic spindles and ex-
tended spindles during schizogony. Deconvolved dual-color RescueSTED images of fixed mono-
and multinucleated 3D7 P. falciparum parasite cells expressing tagged nuclear pore protein Nup313
via the integrated pSLI-Nup313-3xHA_glmS construct. Cells were labeled with anti-PfCentrin3
(green) and anti-α-tubulin (magenta) antibodies and stained with Hoechst (blue). While PfCentrin3
and tubulin signals were acquired with RescueSTED, Hoechst images were taken in confocal mode.
All images are single slices, except for the extended spindle. Early trophozoite stages neither show
a tubulin nor a centrin signal. Later mononucleated cells in the hemispindle microtubule stage ei-
ther showed no centrin signal (54%) or were associated with a centrin signal (46%). Centrin signals
were quantified in 3D7 wt cells using confocal microscopy (n = 52 cells, one immunofluorescence
staining). Scale bars are 1 µm.

In parasites with two nuclei, I occasionally detected an extended spindle with micro-
tubules reaching from the centriolar plaque of one nucleus to the centriolar plaque
of the other nucleus (Figure 2.9). In addition to these long microtubules likely push-
ing apart the two nuclei, I sometimes observed additional, shorter intranuclear
microtubules. In multinucleated parasites, each nucleus displays one of the three
microtubule arrangements described and therefore showed one or two centrin sig-
nals (Figure 2.9). Regularly, individual nuclei of the same parasite were associated
with different microtubule structures (in Figure 2.9: two with a hemispindle, one
with a mitotic spindle) stressing the asynchrony of nuclear divisions. Throughout
schizogony, I never detected any cytoplasmic or astral microtubules. Interestingly,
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with RescueSTED I consistently detected a gap between the centrin signal and the
start of microtubule signals in all three microtubule organizational states.
After finishing schizogony, in segmented parasites centrin signals could no longer
be detected. Segmented parasites further lack intranuclear microtubules but instead
display doublet microtubules in the cytosol, underlying the inner membrane complex
of the parasite (Figure 2.8, Figure 2.9).

2.3.2 Mitotic spindle microtubules are much shorter and denser than he-
mispindle microtubules

RescueSTED nanoscopy revealed the detailed organization of microtubules and cen-
triolar plaques during schizogony. However, triple-color STED microscopy is in
general very challenging and on our system we are limited to two colors. Further-
more, imaging of several z-slices and therefore three-dimensional (3D) analyses are
challenging due to bleaching and sometimes destruction of parasites in one of the
z-slices even with RescueSTED.
Therefore, Johanna Bauer, under my supervision, adapted an ultrastructure expan-
sion microscopy (U-ExM) protocol (Gambarotto et al., 2019) for detailed visualization
of microtubules and centriolar plaques during P. falciparum blood-stage schizogony in
3D. For U-ExM, we seeded and PFA-fixed infected red blood cells and incorporated
them into a hydrogel. This was followed by immunolabeling, physical expansion
and imaging of entire cells in 3D on a confocal microscope. We typically achieved
a 4.5-fold isotropic expansion of the cells resulting in the same increase in axial and
lateral resolution. The resolution gained with U-ExM was comparable to RescueSTED
or slightly higher with the advantage of reliable 3D imaging and the use of four
colors.

Using U-ExM, we confirmed the detailed organization of centrin and microtubules
in hemispindle and mitotic spindle stages (Figure 2.10) observed with RescueSTED.
Hemispindles showed variable numbers of intranuclear microtubule branches, with
a minimum of 2 and a maximum of 11 branches and an average of 5.7 branches per
hemispindle (Figure 2.10C). Hemispindle microtubules were branching out in several
different directions of the nucleus while microtubule length varied substantially from
120 nm to more than 3 µm (measured in 3D, Figure 2.10B), the latter clearly exceeding
the nuclear diameter. In contrast, mitotic spindle microtubules were much more
densely packed and significantly shorter than in hemispindle stage (Figure 2.10A, B).
Mitotic spindle microtubules were on average 535 nm long and showed less variation
in size than hemispindle microtubules (Figure 2.10B).
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FIGURE 2.10: Ultrastructure expansion microscopy (U-ExM) facilitates super-resolution mi-
croscopy of hemispindles and mitotic spindles in 3D on a conventional confocal microscope.
(A) Deconvolved confocal images of hemispindle and mitotic spindle microtubule structures in two
3D7 parasites expressing Nup313-3xHA_glmS physically expanded in a hydrogel using U-ExM.
Tubulin (magenta) was visualized using two anti-α-tubulin and one anti-β-tubulin antibody. Cells
were additionally labeled with anti-PfCentrin3 (green) antibody and stained with Hoechst (blue).
Images are maximum intensity projections, scale bars are 1 µm (size after expansion). (B) Quan-
tification of hemispindle branches length (n = 217, corrected by a measured expansion factor of
4.5) and mitotic spindle length (n = 38) in 3D based on tubulin signals in expanded 3D7 Nup313-
3xHA_glmS cells (2 replicates). A significant difference in hemispindle and mitotic spindle length
was determined using Welch’s t-test. (C) Quantification of number of branches per hemispindle
(n = 38 cells, 2 replicates) in 3D7 Nup313-3xHA_glmS cells.

2.4 The function of hemispindle microtubules remains elu-
sive

In the literature different interpretations of hemispindle microtubules are discussed.
One model, based on sporogony in P. berghei, hypothesizes duplication of the hemi-
spindle before fusion of two hemispindles to form a mitotic spindle (Schrével et al.,
1977; Gerald et al., 2011). In another interpretation, hemispindles were described
as post-anaphase spindles (Canning and Sinden, 1973). However, as I never saw
hemispindle fusion and hemispindles were also detected before the first division,
both explanations are in contradiction to our time-lapse microscopy data. Therefore, I
aimed to understand whether hemispindles fulfill a specific function and if so, which
one.
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2.4.1 Hemispindles sometimes extend the nuclear body

Towards understanding of hemispindle function during schizogony, I, interestingly,
detected that individual hemispindle branches are sometimes extending the Hoechst-
labeled nuclear body (Figure 2.11). These microtubules were either accompanied
with a protrusion of Hoechst signal (Figure 2.11, lower panel) or no Hoechst signal
was detectable at the tip of the microtubule branch (Figure 2.11, upper panel). Micro-
tubules extending the nuclear body were detected in both multi- and mononucleated
cells, indicating that they are not or not exclusively leftovers from extended spindle
microtubules which just ruptured. In absence of a nuclear envelope marker for Plas-
modium, I was unable to determine whether these microtubule tips are exceeding the
nuclear membrane or are positioned within the nucleus.

FIGURE 2.11: Hemispindle microtubules can extend the nuclear body, sometimes associated
with a Hoechst signal. Deconvolved RescueSTED images of two mononucleated 3D7 Nup313-
3xHA_glmS parasites with hemispindle microtubules extending the nuclear body. Cells were
immunolabeled using anti-α-tubulin (magenta) antibody and stained with Hoechst (blue). Hoechst
was taken in confocal mode, while tubulin signals were acquired with RescueSTED. Arrowheads
indicate hemispindle branches extending the nuclear body, either without (upper panel) or with
an accompanied Hoechst signal (lower panel). Images are single z-slices, scale bar is 1 µm.

2.4.2 Hemispindle microtubules are not directly interacting with centro-
meres

During vertebrate mitosis, microtubules undergo dynamic instability to "search" for a
kinetochore. Once found, the kinetochore connects to the microtubule plus end and
chromosomes are recruited to the metaphase plate of the bipolar spindle (Heald and
Khodjakov, 2015). This mechanism, known as "search and capture" was first hypothe-
sized by Kirschner and Mitchison (1986) and later experimentally demonstrated in
living newt epithelial lung cells (Hayden et al., 1990; Rieder and Alexander, 1990).
As hemispindle microtubules in P. falciparum blood-stages during schizogony re-
peatedly polymerize into various directions and depolymerize again, I speculated
that hemispindles might play a role in searching for kinetochores and directing
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them toward the centriolar plaque. In favor of this hypothesis, a recent publica-
tion showed that Plasmodium kinetochores are clustered at the nuclear periphery
before and throughout schizogony (Hoeijmakers et al., 2012), suggesting controlled
kinetochore localization.

To test whether hemispindles are involved in a "search and capture" mechanism, I an-
alyzed the precise localization of centromeres in respect to hemispindle microtubules
in P. falciparum schizont nuclei using RescueSTED. Therefore, I stained parasites with
an anti-α-tubulin and an anti-CenH3 antibody (Figure 2.12). The latter is directed
against the histone variant H3, which is specific for centromeres and shows their
exact positioning (Hoeijmakers et al., 2012). Centromeric histone H3 signals were
detected at the nuclear periphery close to the site where radial hemispindles orig-
inate. While former studies identified a single CenH3 signal per schizont nucleus
(Hoeijmakers et al., 2012; Verma and Surolia, 2013), I observed several distinct signals
which is most likely due to the increased resolution with RescueSTED. However, no
co-localization of CenH3 and microtubules was observed, instead centromeres were
usually located directly next to hemispindle microtubules (Figure 2.12). In addition, I
never found centromeres at the tips or along hemispindle microtubules (Figure 2.12).
In conclusion, hemispindle microtubules are not directly interacting with centromeres.
Therefore, I could preclude the hypothesis of hemispindles being directly involved in
searching for kinetochores and their clustering at the nuclear periphery.

FIGURE 2.12: No direct interaction of hemispindle microtubule branches with centromeres.
Deconvolved dual-color RescueSTED image of a 3D7 schizont expressing Nup313-3xHA_glmS.
Cells were labeled with anti-CenH3 (yellow) antibody to visualize centromere localization, anti-
α-tubulin (magenta) antibody and stained with Hoechst (blue). CenH3 and tubulin signals were
acquired using RescueSTED, Hoechst signals in confocal mode. Zoom-ins show two individual
nuclei in hemispindle stage, tubulin signals are not co-localizing with centromere signals. The
images show a single z-slice of the cell. Scale bars, 1 µm.

2.4.3 Actively replicating nuclei are devoid of hemispindles

To figure out when hemispindle microtubules are present during the cell cycle and
whether they are involved in DNA replication during S phase, Julien Guizetti stained
microtubules in parasites episomally expressing proliferating cell nuclear antigen
1 tagged with GFP (PCNA1-GFP). The strain was kindly provided by the group of
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Markus Ganter. PCNA forms a sliding clamp around the DNA at the replication fork,
serves as a co-factor for DNA polymerases and recruits further proteins involved in
DNA replication (Choe and Moldovan, 2017). Recently, Klaus et al. (2021) demon-
strated that PCNA is transiently accumulating in changing subsets of nuclei during
blood-stage schizogony of P. falciparum indicating only some nuclei are actively repli-
cating their DNA at a given time.
Immunofluorescence stainings revealed that schizont nuclei without PCNA1-GFP
signal were often associated with hemispindle microtubules (Figure 2.13A). In con-
trast, hemispindles were absent from PCNA1-positive, replicating nuclei of the same
parasite cells. Instead, replicating nuclei were accompanied with clustered tubulin
signals (mitotic spindles) (Figure 2.13A). Quantifications showed that 56% of all
nuclei were PCNA1-positive and 97% of these showed mitotic spindle microtubules.
PCNA1-negative nuclei were mostly associated with hemispindle microtubules (73%)
(Figure 2.13B). This data indicates that hemispindle microtubules are not necessary
for DNA replication, but, on the contrary, hemispindle microtubule polymerization
might be actively prohibited during S phase.

FIGURE 2.13: Actively replicating nuclei are devoid of hemispindles. (A) Confocal image of a
3D7 schizont expressing 3xNLS-mCherry and, to mark actively replicating cells, the proliferating
cell nuclear antigen 1 tagged with GFP (PCNA1-GFP). The cell was labeled with anti-α-tubulin (ma-
genta), anti-GFP (cyan) antibodies and stained with Hoechst (blue). The images show maximum
intensity projections of the fluorescent signals. Scale bar, 1 µm. (B) Quantification of percentage of
tubulin clusters and hemispindle microtubules in nuclei with and without PCNA1-GFP signal. For
quantification, 71 PCNA1-GFP-positive nuclei (20 cells, one replicate) and 56 PCNA1-GFP-negative
nuclei (18 cells, one replicate) were analyzed and the respective numbers normalized to 100%.

2.5 Bipartite organization of centriolar plaques

Next, I aimed to analyze the organization of P. falciparum centriolar plaques in more
detail. In particular, I wanted to understand whether the centriolar plaque is inserted
into the nuclear membrane as a study by Schrével et al. (1977) in P. berghei sporogony
suggested.
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2.5.1 Centriolar plaques are organized into an intra- and extranuclear com-
partment

Using U-ExM and RescueSTED super-resolution techniques, I consistently detected a
substantial gap between the centrin signal and the origin of microtubule structures at
the centriolar plaque (Figure 2.9, Figure 2.10) which had previously been described
by Roques et al. (2019) and Bertiaux et al. (2021). I observed this gap in all three
microtubule stages including hemispindles, mitotic and extended spindles (Figure 2.9,
Figure 2.10). To analyze the detailed localization of centrin and microtubule start
sites and test whether the centriolar plaque is embedded into the nuclear membrane,
I needed a nuclear envelope marker. As such a marker does not exist for Plasmodium
blood-stages, I used the nucleoporin Nup313, which was recently identified as a
nuclear pore protein in P. berghei (Kehrer et al., 2018), to partially visualize the nuclear
envelope. Marta Machado endogenously tagged Nup313 in P. falciparum with 3xHA
as described in Simon et al. (2021a) and subsection 4.2.3.
RescueSTED microscopy of Nup313-3xHA expressing schizonts labeled with anti-HA,
anti-centrin and anti-α-tubulin antibodies revealed that centrin signals consistently lo-
calize outside of the nucleus in hemispindles and mitotic spindle stages (Figure 2.14).
While centrin is extranuclear, hemispindle and mitotic spindle microtubules were
located on the intranuclear site of the nuclear pores throughout schizogony (Fig-
ure 2.14). My data indicates a bipartite organization of the centriolar plaque with the
nuclear membrane separating an extranuclear, centrin-positive compartment from an
intranuclear, microtubule-containing compartment.

FIGURE 2.14: Bipartite organization of the centriolar plaque with extranuclear centrin and in-
tranuclear microtubules. Deconvolved dual-color RescueSTED images of a 3D7 schizont express-
ing Nup313-3xHA_glmS. The cell was immunolabeled with anti-PfCentrin3 (green), anti-α-tubulin
(magenta), anti-HA (yellow) antibodies and stained with Hoechst (blue). Tubulin and Nup313-
signals were acquired using RescueSTED, PfCentrin3 and Hoechst signals using the confocal mode.
Zoom-ins show nuclei with a mitotic spindle and a hemispindle, respectively. Images show a
single z-slice, scale bars are 1 µm.

Interestingly, I always observed a region underlying the centrin and nuclear pore
signals which was devoid of Hoechst signal and had not been described before.
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2.5.2 The intranuclear compartment is free of DNA and RNA

The Hoechst-free region underlying centrin foci can not only be observed with super-
resolution techniques, but was already clearly detectable using conventional confocal
microscopy (Figure 2.15A).

FIGURE 2.15: The intranuclear compartment of the centriolar plaque is free of DNA. (A) Confo-
cal images of a 3D7 schizont episomally expressing 3xNLS-mCherry. mCherry signal was enhanced
using RFP-Booster-Atto594 (magenta) and cells were labeled with anti-centrin (green) antibody. To
stain DNA, the minor-groove intercalators Hoechst (blue) and DRAQ5 (cyan) were used. Lower
panels show zoom-ins of an exemplary intranuclear DNA-free compartment (arrowheads) under-
lying the centrin signal. Images are single slices, scale bars are 1 µm. (B) Quantification of width
and depth of DNA-free intranuclear centriolar plaque compartments in 3D7 wt hemispindle (n =
36, one replicate) and mitotic spindle (n = 23, one replicate) microtubule stages. Dimensions of
the DNA-free region were determined in single z-slices as indicated in the schematic: Depth was
measured from underneath the centrin signal to the deepest point of the DNA-free region, width at
the widest diameter where the nuclear envelope is expected to be. To test for significant differences
in width and depth of DNA-free regions between different tubulin stages, t-tests were performed.

To confirm that the region without Hoechst signal is indeed devoid of DNA and
not resulting from inefficient labeling of chromatin with the minor-groove binder
Hoechst, I co-stained parasites with DRAQ5, a DNA intercalator and minor-groove
binder (Wang et al., 2017). DRAQ5 staining approved the DNA-free region associated
with centrin signals (Figure 2.15A). Nuclear pore labeling already suggested that the
DNA-free region underlying centrin foci is inside the nucleus (Figure 2.14). However,
as nuclear pores are not continuously visualizing the outline of the nuclear envelope,
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I additionally tested whether the DNA-free region is inside or outside the nucleus.
Therefore, I used a cell line generated by Darius Klaschka and Marta Machado as
described in Klaus et al. (2021), Simon et al. (2021a) and subsection 4.2.3, which
episomally expresses mCherry tagged with three nuclear localization signals (NLS)
to visualize the entire nucleoplasm (Figure 2.15A). In contrast to Hoechst and DRAQ5
labeling, no signal-free region beneath the centrin foci was detected (Figure 2.15A),
supporting the notion that the DNA-free compartment associated with the centriolar
plaque is indeed inside the nucleus. The size of the DNA-free intranuclear com-
partment was comparable between centriolar plaques organizing hemispindle or
mitotic spindle microtubules (Figure 2.15B). The width of the DNA-free region was
on average 580 nm in hemispindle stages (595 nm in mitotic spindles), the average
depth, from underneath the centrin signal to the deepest point of the compartment,
measured around 300 nm (335 nm in mitotic spindle stages, 300 nm in hemispindles,
Figure 2.15B).

To further analyze whether RNA is present in the DNA-free compartment, I la-
beled schizonts with SytoRNASelect, which is selectively staining RNA over DNA.
SytoRNASelect signals were excluded from a region right beneath the centrin foci,
which was comparable to the DNA-free region. My data shows that the intranuclear
compartment of the centriolar plaque is free of both DNA and RNA.

FIGURE 2.16: The DNA-free intranuclear compartment of the centriolar plaque is devoid of
RNA. Confocal images of a 3D7 schizont episomally expressing Nup313-3xHA_glmS. Cells were
immunolabeled with anti-PfCentrin3 (green) antibody and additionally stained with Hoechst
(blue) and the RNA dye SYTO RNASelect (magenta). Bottom panels are zoom-ins of a single
nucleus with a centriolar plaque. Images show a single z-slice of the cell, scale bars are 1 µm.

2.5.3 Intra- and extranuclear compartment are enriched with proteins

As the intranuclear compartment of the centriolar plaque in P. falciparum blood-stages
is both free of DNA and RNA, Johanna Bauer, under my supervision, tested whether
proteins are enriched in this area. To visualize regions with high protein density, we
labeled cells with NHS esters coupled to Atto 594. NHS esters react with primary
amines at the N-terminus of each polypeptide chain and with side-chains of lysine
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residues, labeling proteins of any kind. While NHS ester labeling of non-expanded
cells was not conclusive (data not shown), NHS ester staining of cells expanded via
U-ExM was shown recently for P. berghei ookinetes (Bertiaux et al., 2021). Therefore,
Johanna Bauer, under my supervision, performed U-ExM and stained P. falciparum
schizonts with the NHS ester Atto 594 dye conjugate as well as Hoechst and co-
labeled the cells either with anti-α-tubulin (Figure 2.17A) or anti-centrin antibodies
(Figure 2.17B).

FIGURE 2.17: Centriolar plaque intra- and extranuclear compartments are protein-rich. (A)
Deconvolved confocal U-ExM images of two individual 3D7 Nup313-3xHA_glmS schizont nuclei
in hemispindle and mitotic spindle microtubule stage. Cells were labeled with anti-α-tubulin
(magenta) antibody, stained with Hoechst (blue) and NHS ester Atto 594 dye conjugate (grey) to
visualize proteins in bulk. Brighter staining indicates higher protein density. Scale bars, 1 µm
(after expansion). (B) As in (A), but nuclei were labeled with anti-PfCentrin3 (green) instead of
anti-α-tubulin antibody. (C) Quantification of width and depth of the complete NHS ester-stained
intranuclear region of the centriolar plaque and the smaller highly protein-dense region within
(see example images and schematic). Significant differences in width and depth of the two NHS-
ester-stained regions were determined using Mann–Whitney U tests. For quantification, NHS-ester
stained regions of 14 schizonts (one replicate) were analyzed.

NHS ester labeling indicated a high protein density in the intranuclear as well as
in the extranuclear compartment of the centiolar plaque (Figure 2.17A,B). The two
compartments were connected via a neck, which showed highest protein density
and likely indicates where both regions are connected through the nuclear envelope.
Often, the protein-dense area at the centriolar plaque reminded of an hourglass
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shape. This data indicates that the protein-dense centriolar plaque region stretches
from the cytosol to the nucleoplasm. While parts of the extranuclear protein-dense
area were overlapping with centrin (Figure 2.17B), the intranuclear protein-enriched
region partially co-localized with microtubule signals, especially with mitotic spindles
(Figure 2.17A). Within the intranuclear compartment, we further identified two
regions with graded protein-density: A smaller, very protein-dense, inner region
and a wider region with slightly lower protein-density. While the smaller region
on average measured 370 nm in width and 290 nm in depth, the wider region was
significantly larger (width: 630 nm, depth: 380 nm, Figure 2.17C). The dimensions of
the wider protein-dense region were comparable to the size of the DNA-free regions
analyzed in Hoechst-labeled, non-expanded cells (Figure 2.15B).
In summary, the data indicates a bipartite organization of the centriolar plaque
with an extranuclear centrin-containing compartment and a DNA- and RNA-free
intranuclear compartment which are on both sides embedded into protein-dense
material connecting the two compartments via a single, highly protein-enriched neck.

2.6 Ultrastructural organization of mitotic microtubules and
the bipartite centriolar plaque

Although super-resolution microscopy techniques such as STED and U-ExM visual-
ized centrin and microtubule signals at unprecedented resolution, we are still missing
ultrastructural details in particular of structures that we are missing fluorescent
markers for, such as the nuclear membrane. To analyze the in-depth organization
of centriolar plaques and associated microtubules, I established different protocols
for transmission electron microscopy (TEM) and correlative light and electron mi-
croscopy (CLEM) combined with tomography of high-pressure frozen P. falciparum
cells during schizogony.

2.6.1 Electron microscopy confirms a continuous nuclear membrane at
centriolar plaques

To visualize the nuclear membrane and analyze detailed features around the centriolar
plaque, I imaged P. falciparum schizonts using TEM. Therefore, I performed high-
pressure freezing of multinucleated parasites, followed by freeze-substitution in a
mixture of osmium tetroxide and uranyl acetate and embedding of the sample pellet
in Spurr’s resin as described in subsection 4.2.12. After trimming and sectioning of
the sample, I imaged 70 nm thin sections using TEM. Figure 2.18 shows a TEM image
of a schizont nucleus, likely in hemispindle stage. The nuclear membrane at the
likely position of the centriolar plaque was continuous: I observed no invagination of
the nuclear membrane, which is consistent with my fluorescence microscopy data
(Figure 2.14, Figure 2.15). Hemispindle microtubules were originating in the area
underlying the nuclear membrane. This area was delineated by a non-membranous
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boundary-like structure and might be associated with the intranuclear compartment
of the centriolar plaque. However, the area was slightly smaller in width (circa
450 nm) and depth (circa 190 nm) than the average DNA-free region and full NHS
ester-stained region (Figure 2.15, Figure 2.17). An electron-dense region at the nuclear
membrane is probably associated with the centriolar plaque. However, due to the
absence of any clear structural elements, identification of the centriolar plaque was
challenging especially when microtubules were also difficult to detect (Figure 2.18).

FIGURE 2.18: Transmission electron microscopy confirms that the nuclear membrane is not
invaginated at the centriolar plaque. Transmission electron microscopy (TEM) image of a high-
pressure frozen NF54 wt schizont nucleus with a centriolar plaque organizing hemispindle mi-
crotubules. The annotated copy on the right highlights the continuous nuclear membrane (blue),
an electron-dense region likely associated with the centriolar plaque (green arrowhead) and a
boundary-like structure possibly confining the intranuclear compartment of the centriolar plaque
from which microtubules (magenta) are nucleated. Scale bars, 100 µm.

2.6.2 Establishing correlative light and electron microscopy (CLEM) for
Plasmodium blood stages

To unambiguously identify centriolar plaque localization in transmission electron mi-
croscopy images, I established an on-section correlative light and electron microscopy
(CLEM) protocol for Plasmodium schizonts expressing PfCentrin1-GFP based on the
approach by Kukulski et al. (2011) and Kukulski et al. (2012). Protocols including
treatment of high-pressure frozen Plasmodium schizonts with osmium tetroxide and
embedding in Epon or Spurr’s resin provide good contrast and ultrastructural preser-
vation (Figure 2.18). However, these approaches are not suitable for CLEM as osmium
and Epon/Spurr are well-known to eliminate fluorescence of conventional fluorescent
proteins such as GFP.

To preserve PfCentrin1-GFP signals in high-pressure frozen schizont pellets, I per-
formed the freeze-substitution in 0.3% uranyl acetate in absence of osmium tetroxide.
Next, I embedded cells in the Lowicryl HM20, which is polymerized by UV light,
before I performed on-section widefield fluorescence and transmission electron mi-
croscopy (subsection 4.2.14, Figure 2.19A). Using UV-polymerized HM20 samples,
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only thin layers and regions of the sample pellet showed sufficient polymerization
and therefore embedding of infected red blood cells. In regions with poor embed-
ding, cells showed inadequate ultrastructural preservation, but bright fluorescence
signals. However, these were mostly unspecific. In contrast, in iRBCs which showed
good embedding and ultrastructural features I detected no or very low fluorescent
signals (Figure 2.19A). In the rare cases in which a PfCentrin1-GFP signal was re-
tained in well-embedded parasites, it was often unclear whether the fluorescence
signal was specific and associated with a centriolar plaque (Figure 2.19A, zoom-ins).
Anti-correlation of good embedding/ultrastructural preservation and fluorescent
signals preserved in the samples made it virtually impossible to correlate specific
PfCentrin1-GFP fluorescent signals with TEM images of sufficient quality.

FIGURE 2.19: For CLEM, embedding of P. falciparum-infected erythrocytes in LRGold with
chemical polymerization is superior to UV-polymerized HM20 Lowicryl embedding. (A) TEM
image (left) and overlay with widefield fluorescence image (on-section CLEM, middle) of high-
pressure frozen NF54 parasites episomally expressing PfCentrin1-GFP (green). Samples were
embedded in the Lowicryl HM20, which was polymerized with UV light, trimmed and sectioned
(250 nm). Zoom-ins show a well-preserved schizont which shows a dim, probably unspecific
PfCentrin1-GFP signal. (B) As for (A), but cells were embedded in LRGold resin which was
chemically polymerized by addition of benzoyl peroxide and sections were cut to 300 nm thickness.
Zoom-ins show a schizont with sufficient ultrastructural preservation and two PfCentrin1-GFP
signals associated with parasite nuclei. Scale bars, 10 µm.
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A likely reason for inhomogeneous polymerization with UV light and embedding of
Plasmodium-infected red blood cells is the parasite-specific hemozoin which highly
absorbs light in the visible and UV range (Cai et al., 2016; Menyaev et al., 2016;
Balasubramanian et al., 1984). Dense sample pellets of hemozoin-containing schizonts
might therefore hinder penetration of UV light into the sample pellet leading to
polymerization of only a thin sample layer at the surface.

As an alternative, I tested embedding of PfCentrin1-GFP expressing schizonts into
LRGold resin, which can be polymerized at room temperature by addition of the
chemical initiator benzoyl peroxide. In contrast to HM20-embedding, ultrastructural
preservation and fluorescence signal conservation were not anti-correlated in LRGold-
embedded samples: Schizonts with specific, nuclei-associated PfCentrin1-GFP foci
showed a reasonably good preservation of ultrastructural features (Figure 2.19B)
although TEM quality was slightly reduced in comparison to HM20 embedding. It
should be noted that cell density during high-pressure freezing is difficult to control
and highly varied between cell pellets used for HM20- and LRGold embedding
(Figure 2.19). Therefore, the influence of cell density on fluorescent signal retention
and ultrastructural preservation still needs to be investigated.

CLEM approaches are always a compromise between quality of fluorescent and trans-
mission electron microscopy images. For PfCentrin1-GFP expressing P. falciparum
schizonts, LRGold embedding with polymerization upon addition of a chemical
initiator was clearly superior to HM20 embedding and I therefore used it in the
following for CLEM combined with tomography.

2.6.3 CLEM allows unambiguous identification of centriolar plaque posi-
tion and confirms its bipartite organization

To combine a correlative light and electron microscopy (CLEM) approach for iden-
tification of centriolar plaques with electron tomography, I used my established
on-section CLEM protocol (subsection 2.6.2). I incubated P. falciparum schizonts epi-
somally expressing PfCentrin1-GFP with the live-cell-compatible fluorescent DNA
dye 5-SiR-Hoechst (Bucevičius et al., 2019) before high-pressure freezing. Briefly,
frozen sample pellets were freeze-substituted in uranyl acetate, embedded in LRGold
by chemical polymerization, trimmed, and 300 nm sections were collected on grids
before widefield fluorescence microscopy and electron tomography of the same cell
were performed (subsection 4.2.14). With the help of overview images and finder
grids, I relocated individual fluorescent cells in TEM images. The fluorescent image
was correlated with a single section of the reconstructed tomogram via alignment of
characteristic cellular features detected in both, fluorescence microscopy and TEM
(Figure 2.20). All steps were performed by myself, except for acquisition of tilted
series and reconstruction of the tomogram, which were performed by Juyeop Kim
and Marek Cyrklaff.
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FIGURE 2.20: CLEM combined with tomography reveals unambiguous localization of cen-
triolar plaques and confirms their bipartite organization. (A) Correlative light and electron
microscopy (CLEM) combined with tomography of a NF54 schizont episomally expressing
PfCentrin1-GFP (green). Cells were incubated with the live-cell DNA dye 5-SiR-Hoechst (blue),
followed by high-pressure freezing of the cells, freeze-substitution, resin embedding, trimming
and sectioning (300 nm) of the sample. After on-section widefield fluorescence microscopy, tilted
TEM series were acquired, reconstructed, and the corresponding areas overlayed (CLEM). Zoom-in
shows a single nucleus of the schizont with an extranuclear PfCentrin1-GFP signal clearly showing
the position of the centriolar plaque. Scale bars, 1 µm. (B) Zoom-ins from the tomogram in (A).
In slice 71 of the tomogram, a microtubule (magenta arrowhead) was detected emanating from
the intranuclear compartment. In slice 56, black arrowheads indicate a boundary-like structure
possibly indicating the edge of the intranuclear compartment. Scale bars are 1 µm, except where
indicated.

PfCentrin1-GFP and 5-SiR-Hoechst fluorescent signals were both retained in the
samples (Figure 2.20A) and centrin foci allowed the unambiguous localization of
centriolar plaques in TEM images and reconstructed tomograms. PfCentrin1-GFP
signals were detected in the cytoplasm closely associated with schizont nuclei (Fig-
ure 2.20A) which showed no invagination at the centriolar plaque. These observations
are consistent with my immunofluorescence images displaying centrin localization
in the extranuclear compartment of the centriolar plaque (Figure 2.14, Figure 2.15,
Figure 2.17). 5-SiR-Hoechst fluorescent signals were usually absent in the region
directly underlying the nuclear membrane at the centriolar plaque (Figure 2.20A),
confirming a DNA-free intranuclear compartment of the centriolar plaque. However,
5-SiR-Hoechst signals were mainly associated with dense heterochromatin regions in
the nuclei, which have a higher electron-density in TEM images than euchromatin
(Figure 2.20). Restriction of the DNA signal to heterochromatin might be due to the
limited material and binding of the DNA dye to a 300 nm thin section.
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In one tomogram slice depicted in Figure 2.20B I could clearly identify a micro-
tubule structure emanating from the intranuclear compartment. In another slice, a
boundary-like structure can be surmised separating a region with a slightly different
electron-density and the detected microtubule from the residual nucleus (Figure 2.20B,
right image). This region measured circa 490 nm in width and 320 nm in depth and
therefore corresponded well to the size of the DNA-free region and the full NHS ester-
stained region measured in fluorescent images (Figure 2.15, Figure 2.17). This data
indicates that the boundary might indeed delineate the intranuclear compartment of
the centriolar plaque. To summarize, CLEM combined with tomography confirmed
the organization of P. falciparum centriolar plaques into an extranuclear compartment
with centrin and an intranuclear compartment associated with microtubules.

2.6.4 Individual microtubule minus-ends emanate from underneath the
nuclear membrane

CLEM confirmed the bipartite centriolar plaque organization by correlating fluores-
cent images with reconstructed tomograms (subsection 2.6.3). However, microtubules
were often difficult to identify in tomograms of cells embedded in LRGold which
was polymerized chemically. In addition, quality of ultrastructural details was
slightly lower than in samples embedded in the Lowicryl HM20, preventing iden-
tification of microtubule minus-ends. To resolve more microtubules and especially
their minus-ends to analyze the exact position of microtubule nucleation complexes
around γ-tubulin, Charlotta Funaya performed tomography of high-pressure frozen
schizonts that I prepared and embedded in HM20 as described in subsection 2.6.2.
In addition, Charlotta Funaya annotated the nuclear membrane, microtubules and
microtubule minus-ends in reconstructed tomograms for 3D models (Figure 2.21).

Reconstructed tomograms of hemispindle stages revealed individual, long, intranu-
clear microtubules branching radially into the nucleoplasm (Figure 2.21A). Occa-
sionally, microtubules were detected in protrusions of the nuclear membrane, an
observation in line with immunofluorescence data showing hemispindle microtubules
extending the nuclear body (subsection 2.4.1). This data indicates that hemispindle
microtubules can deform the nuclear membrane, but do not penetrate it. Micro-
tubule minus-ends were annotated by the ultrastructural appearance of microtubule
tips. Previous studies have shown that microtubule minus-ends typically show a
capped or closed structure while microtubule plus-ends are open (O’Toole et al., 2003;
Höög et al., 2007). An example of microtubule minus-end annotation is depicted
in Figure 2.22. Minus-ends of hemispindle microtubules were located at individual
positions, closely underlying the nuclear membrane and a membrane-associated
electron-dense area, likely accompanying the centriolar plaque (Figure 2.21A).



52 Chapter 2. Results

FIGURE 2.21: Distinct microtubule nucleation sites emanate from underneath the nuclear
membrane in hemispindle and mitotic spindle microtubules. (A) Electron tomogram of a schi-
zont nucleus 3D-reconstructed from tilted series of three 200 nm serial sections. For tomography,
NF54 schizonts expressing PfCentrin1-GFP were high-pressure frozen, freeze-substituted, resin-
embedded and the samples trimmed and sectioned before tilt-series were acquired. The left image
shows a single slice of the tomogram with indicated microtubule structures (magenta arrowheads)
and an electron-dense region in the nuclear envelope (green arrowhead) likely associated with
the centriolar plaque. 3D models show annotations of the nuclear membrane (blue), microtubules
(magenta) and microtubule minus-ends (white). (B) As in (A), but for a nucleus showing a mitotic
spindle. For the reconstruction of the tomogram, tilted series of a single 200 nm section were
used. Note that minus-ends of mitotic spindle microtubules localize at a significant distance to the
nuclear membrane. Scale bars, 1 µm.

FIGURE 2.22: Identification of microtubule nucleating complexes in electron tomograms via
capped microtubule minus-end structures. Zoom-in from one slice of the 3D-reconstructed elec-
tron tomogram of the mitotic spindle in Figure 2.21B. For electron tomography, NF54 schizonts
expressing PfCentrin1-GFP were high-pressure frozen, freeze-substituted and resin-embedded.
The sample was trimmed and 200 nm sections were cut. Yellow arrowheads indicate capped
structures identifying microtubule minus-ends. The right image shows the same, annotated slice
with tracking of microtubules (magenta) and microtubule minus-ends (white). Scale bars, 50 nm.

The reconstructed, annotated tomogram of a mitotic spindle stage (Figure 2.21B)
shows two opposing electron-densities associated with the nuclear membrane, in-
dicating centriolar plaque position. Although the mitotic spindle tomogram was
reconstructed from a single 200 nm section while in the hemispindle tomogram
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three consecutive sections were used, many more microtubules could be detected
(Figure 2.21). These were in general shorter and denser than in hemispindles and
positioned between the two potential centriolar plaques. While some microtubules
were associated with a single centriolar plaque, others were spanning the complete
region between the two microtubule-organizing centers (Figure 2.21B). In contrast
to hemispindle stages, microtubule minus-ends of mitotic spindles were located
at a substantial distance to the nuclear membrane (Figure 2.21, Figure 2.23). The
shortest distance of minus ends to the nuclear envelope measured on average 58 nm
for hemispindle microtubules, while the distance with an average of 148 nm was
significantly larger for microtubule minus-ends of mitotic spindle stage (Figure 2.23).

FIGURE 2.23: Microtubule minus-ends in mitotic spindles localize at a significantly greater
distance to the nuclear membrane than in hemispindles. Quantification of the shortest distance
from microtubule minus-ends to the nuclear membrane in mitotic spindle and hemispindle 3D-
reconstructed electron tomograms of NF54 schizonts expressing PfCentrin1-GFP. In total, 18 minus-
ends of mitotic spindle microtubules (one cell, Figure 2.21B) and 16 minus-ends of hemispindle
microtubules (4 cells; Figure 2.21B, Figure 2.24) were analyzed. To test for significant differences,
an unpaired t-test was performed.

A boundary-like non-membranous structure that was sometimes surmised in TEM
(Figure 2.18) and CLEM images (Figure 2.20) likely delineating the intranuclear cen-
triolar plaque compartment was not observed in the tomograms shown in Figure 2.21.
Only occasionally, such a boundary was vaguely perceptible in some slices of re-
constructed tomograms and might separate regions with slightly different electron
density (Figure 2.24).
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FIGURE 2.24: Intranuclear regions of centriolar plaques might be surmised in some sections
of electron tomograms. Single slices and zoom-ins of a 3D-reconstructed electron tomogram
of a high-pressure frozen NF54 schizont expressing PfCentrin1-GFP shows a single nucleus in
hemispindle microtubule stage. The electron-dense region (green arrowhead) is likely associated
with the centriolar plaque. On the right, annotated slices are shown: nuclear membrane (blue),
microtubules (magenta) and microtubule minus-ends (white). Slight differences in electron density
and boundary-like structures might indicate the intranuclear region of the centriolar plaque. Scale
bars are as indicated.

All of the above results were published in peer-reviewed journals with me as first
author. In the following I will proceed with outlining unpublished data of my PhD
project.
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2.7 Co-immunoprecipitations reveal a novel outer centriolar
plaque protein

My study provides a novel view on the (ultra-)structural organization of the Plas-
modium centriolar plaque during blood-stage schizogony. However, composition
of the intra- and extranuclear compartment remains largely unknown. The only
proteins shown to localize at centriolar plaques are Centrins1-4 (Mahajan et al. (2008);
unpublished data, Yannik Voß) in the extranuclear compartment and Aurora-related
kinase 1 (Ark1) (Reininger et al., 2011). To get a functional understanding of centriolar
plaques, it is crucial to elucidate further components. Therefore, I aimed to identify
novel centriolar plaque proteins, starting with the outer compartment represented by
centrins.

2.7.1 Eleven centriolar plaque outer compartment candidates identified
by co-immunoprecipitations

To identify novel outer centriolar plaque proteins, I used an in vivo proximity-labeling
approach based on the engineered peroxidase APEX2 (Lam et al., 2015). Therefore, I
treated living parasites episomally expressing PfCentrin3 tagged with APEX2 and
3xHA or Spot tag with biotin-phenol and hydrogen peroxide. APEX2 catalyzes the
oxidation of biotin-phenol into a biotin-phenoxyl radical (Lam et al., 2015). This very
short-lived radical reacts with proteins in close vicinity to the APEX2-tagged Centrin3
and covalently tags them with biotin. Biotinylated proteins can then be identified
using streptavidin-based immunoprecipitations combined with mass spectrometry
analysis (Lam et al., 2015).
IFAs using fluorophore-coupled streptavidin showed partial colocalization of bi-
otinylated proteins with centrin foci (data not shown). In a western blot, I de-
tected enrichment of biotinylated proteins in samples treated with biotin-phenol
when compared to non-treated cells or to 3D7 wt parasites in absence/presence of
biotin-phenol (data not shown). However, using mass spectrometry, I identified
peptides of almost one third of all P. falciparum proteins (data not shown). Recently,
co-immunoprecipitations of P. berghei Centrin4-GFP expressing parasites identified
Centrins1-4 in mass spectrometry analysis, indicating their interaction (Roques et al.,
2019). Although P. falciparum centrins are all localizing to the extranuclear com-
partment of the centriolar plaque (unpublished data, Yannik Voß), solely the bait,
PfCentrin3 was identified in my APEX2-approach. Further, I detected only few of
the centrosomal proteins conserved in Plasmodium (Suvorova et al., 2015), including
putative centrosomal protein CEP76 (PF3D7_0603800) and spindle assembly abnor-
mal protein 4 (Sas4, PF3D7_1458500). In summary, the identified peptides appeared
rather unspecific.

As an alternative approach, I aimed to identify outer centriolar plaque proteins by
co-immunoprecipitations using NF54 parasites episomally expressing PfCentrin1-,
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2-, 3- or PfCentrin4-GFP. As western blotting suggested cleavage of the GFP-tag
from PfCentrin4 proteins (data not shown), I, in collaboration with the lab of Math-
ieu Brochet in Geneva, performed co-immunoprecipitations of PfCentrin1-GFP (no
cleavage), PfCentrin2-GFP (mild cleavage) and PfCentrin3-GFP (mild cleavage) ex-
pressing NF54 parasites. Exemplary western blots for co-immunoprecipitations of
NF54 PfCentrin1- and 2-GFP after protein crosslinking are depicted in Figure 2.25. In
total, I performed eight co-immunoprecipitations: 3x PfCentrin1-GFP (2x with, 1x
without crosslinking), 3x PfCentrin2-GFP (2x with, 1x without crosslinking) and 2x
PfCentrin3-GFP (1x with, 1x without crosslinking). However, as IPs of PfCentrin3-
GFP mainly identified PfCentrin3 and PfCentrin1 by mass spectrometry, they were
not included for analysis.

FIGURE 2.25: Co-immunoprecipitations of PfCentrin1- and PfCentrin2-GFP expressing NF54
cells show purification of GFP-tagged centrins. Large-scale co-immunoprecipitations were per-
formed following crosslinking of saponin-lysed parasites with 1% formaldehyde. The "whole-cell
lysate" corresponds to parasites additionally lysed via RIPA buffer. After sonication and cen-
trifugation, the supernatant was taken as "input". Following incubation with anti-GFP antibody
coupled magnetic dynabeads, the supernatant was taken as the "flow-through". After washing, the
"eluate" sample with beads was collected, boiled in reducing SDS-PAGE sample buffer and beads
removed before loading of the sample. 1× 107 iRBCs were loaded per lane (cells counted before
saponin-lysis). (A) Western blot, incubated with mouse anti-GFP antibody. The size of the band
seen in all lanes fits to the molecular weight of circa 46 kDa expected for PfCentrin1 (19.6 kDa)
or PfCentrin2 (19.3 kDa) added to the molecular weight of GFP (26.9 kDa). (B) Corresponding
Ponceau-staining of the blot shown in (A).

Importantly, PfCentrin1-3 were detected in immunoprecipitations of both PfCentrin1-
and PfCentrin2-GFP expressing cells. This is consistent with the study by Roques et al.
(2019) indicating interaction of centrins in P. berghei. However, in contrast to Roques
et al. (2019), I did not identify Centrin4 immunoprecipitated with the other centrins
in P. falciparum. To narrow down the proteins identified by mass spectrometry, I
first removed all obvious contaminants. To eliminate unspecific hits, I calculated
peptide fold-changes using data from the previous PfCentrin3-APEX2 proximity
labeling approach (3D7 wt +/- biotin-phenol; 3D7 PfCentrin3-APEX2-3xHA + biotin-
phenol; 3D7 PfCentrin3-APEX2-Spot + biotin-phenol) as controls. All proteins with
peptide counts enriched less than two-fold were discarded. After further removal
of proteins with a clearly defined role in other cellular processes than division, I
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compiled a list of eleven potential centriolar plaque outer compartment proteins
for further analyses (Table 2.1). A number was assigned to each candidate/gene of
interest (GOI) which is used in Table 2.1 and Table 2.2 as well as in subsection 4.1.5,
subsection 4.1.6 and subsection 4.1.7. Please be aware that more replicates (minimum
of three for crosslinked cells as well as for non-crosslinking) are needed to perform
appropriate statistical analyses of the peptide hits. Additionally, controls such as a
line expressing a centrosomal protein tagged with GFP are needed for proper analysis.
These analyses might identify further centriolar plaque candidates that can easily be
overlooked without statistical analysis.

TABLE 2.1: P. falciparum centriolar plaque candidates identified by co-immunoprecipitations
and subsequent mass spectrometry analysis. The piggyBac mutagenesis index score predicts
essentiality of genes for parasite growth - 1 means dispensible; the closer to 0, the more essential.
hpi, hours post infection.

#
ID

PF3D7_
Protein

piggyBac

mutagenesis

index score

transcription

profile

(hpi / percentile)

01 0308200 T-complex protein 1 subunit eta 0.134 24-32 hpi / 90%

02 0207100 conserved Plasmodium protein, unknown function 1 40-48; 0-8 hpi / 45-80%

03 1455200 methyltransferase, putative, unspecified product 0.763 peak 32 hpi / 80%

04 0203000 repetitive organellar protein, putative 1 32-48; 0 hpi / 25%

05 1135400 conserved Plasmodium protein, unknown function 0.456 40-48 hpi / 100%

06 1427900 leucine-rich repeat protein 0.132 peak 32 hpi / 90%

07 1312800 Uncharacterized protein 1 40-48; 0-8 hpi / 25-50%

08 0710000 conserved Plasmodium protein, unknown function 0.119 40-48 hpi / 40%

09 0619400 Cell division cycle protein 48 homologue, putative 0.425 40-48; 23-48 hpi / 90%

10 1419600 conserved Plasmodium protein, unknown function 0.149 peak 0 hpi / 70%

11 0406100 Vacuolar proton pump subunit B 0.350 16-32 hpi / 90%

The centriolar plaque candidate list includes six proteins with an assigned name
and/or a potential function and five proteins of unknown function (Table 2.1). A
recent piggyBac transposon mutagenesis screening predicts essentiality of Plasmodium
genes for parasite growth (Zhang et al., 2018). Genes with a score of 1 are predicted
to be dispensible, the closer the number gets to 0, the more likely these genes are
essential. Table 2.1 shows that I identified proteins predicted to be essential as well as
non-essential ones. Further, Table 2.1 gives an overview of the transcription profiles
of the identified genes based on the study by Otto et al. (2010). Except for candidate
PF3D7_1419600, all candidates showed a transcription peak in trophozoites and/or
schizonts. This data indicates that the proteins might play a role during divisions,
taking place from 32 to 48 hours post infection (hpi). The percentile gives the ranking
of expression for the respective gene compared to all other transcripts, indicating
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transcript abundance. A wide range of transcript abundancy was observed, from
very low abundant ones (e.g. PF3D7_0203000) to very high abundant ones as for
PF3D7_1135400 (Table 2.1). All in all, this data indicates that there is no obvious
bias towards essential or non-essential genes as well as towards only high abundant
transcripts.

2.7.2 Tagging and knockdown strategy to analyze centriolar plaque can-
didates

After identification of eleven centriolar plaque candidates (subsection 2.7.1), I aimed
to verify and characterize the candidates. For endogenous GFP-tagging and condi-
tional knockdown of the respective genes, I combined selection-linked integration
(SLI) (Birnbaum et al., 2017) with the inducible glmS ribozyme system for conditional
knockdown of gene transcripts (Prommana et al., 2013) (Figure 2.26A).

FIGURE 2.26: Endogenous GFP-tagging and conditional glmS-knockdown strategy of cen-
triolar plaque candidates using selection-linked integration (SLI). (A) Schematic showing
C-terminal endogenous tagging of centriolar plaque candidate genes (gene of interest, GOI) with
GFP and, separated by a T2A skipping peptide, a neomycin-resistance cassette (Neo-R) coupled to
the glmS ribozyme sequence using the SLI system. Plasmid-uptake by the parasites is selected
via hDHFR expression, providing resistance to WR. After single-crossover integration into the
target region, parasites start expressing the neomycin-resistance cassette, enabling selection for
integration, in addition to the C-terminal, GFP-tagged gene of interest (GOI). Knockdown of the
GOI can be induced by addition of glucosamine, which binds to the glmS transcript and induces
self-cleavage on mRNA level. (B) Examplary PCRs for correct 5’ and 3’ integration of the pSLI
plasmids for PF3D7_1427900 (GOI 06) and PF3D7_0710000 (GOI 08) into the respective genomic
target regions. For 3D7 PF3D7_1427900, unmodified wt locus is still detectable. White arrowheads
indicate additional bands which might be due to contaminations.

The SLI system is based on genomic integration of the complete pSLI plasmid via
single-crossover which is controlled by a two-step selection process (Birnbaum et al.,
2017). Transfected parasites containing pSLI will express human dihydrofolate re-
ductase (hDHFR) mediating resistance to the drug WR99210. In addition, the pSLI
plasmid contains a promoterless neomycin resistance cassette. Only upon single-
crossover integration of the plasmid into the genomic target region, the neomycin
resistance cassette will be expressed under control of the endogenous promoter
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(Birnbaum et al., 2017). Neomycin is used to select for parasites with the integrated
construct. The specific target sequence is separated from the neomycin resistance
sequence by a picornavirus T2A peptide sequence which mediates ribosomal skip-
ping during translation (Birnbaum et al., 2017; Szymczak et al., 2004). Therefore, the
selectable marker is not attached to the target protein.
Conditional gene knockdown can be mediated by insertion of the glmS ribozyme
sequence into the 3’-UTR of the target gene coding region (Prommana et al., 2013).
Therefore, the glmS sequence will be present in the mRNA. Upon addition of glu-
cosamine, which binds to the transcript of the glmS ribozyme, the ribozyme will
induce self-cleavage. As a consequence, the mRNA will be degraded and a knock-
down of the gene of interest is induced (Prommana et al., 2013).

In my approach, the target region of the pSLI plasmid contains the C-terminal se-
quence of the gene of interest (GOI) and a GFP sequence (Figure 2.26A). GOI and
GFP are separated from the Neomycin resistance cassette and the glmS ribozyme
sequence via a T2A skipping peptide (Figure 2.26A). In contrast to Birnbaum et al.
(2017), I omitted the stop codon before the C-terminus of the GOI in the pSLI plasmid.
Due to the lack of a promoter, the downstream C-terminus should not be expressed
and even if, the short C-terminal part of the protein would be non-functional.
For all eleven centriolar plaque candidates, Tatiany Romão, under my supervision,
performed cloning and transfection of the respective pSLI plasmids into 3D7 wt para-
sites. Correct 5’ and 3’ integration of the constructs were observed for six out of eleven
candidates using PCRs (Figure 2.26B, Table 2.2). Example PCR results for the two cen-
triolar plaque candidate genes PF3D7_1427900 (GOI 06) and PF3D7_0710000 (GOI 08)
are shown in Figure 2.26B. In the 3D7 strain expressing PF3D7_1427900-GFP_glmS,
unmodified wt locus was still detectable (Figure 2.26B). A limiting dilution cloning
will be needed to eliminate residual 3D7 wt parasites. Additional bands detected
in the PCRs might be due to a contamination (Figure 2.26B, white arrowheads). To
unambiguously confirm correct integration, PCRs should be repeated and control
PCRs on 3D7 wt genomic DNA with primers used to confirm 5’ and 3’ integration in
the modified strains should be added. For five centriolar plaque candidates, PCRs
were completely inconclusive and have to be repeated, too.

Preliminary localization data of GFP-tagged centriolar plaque candidates deter-
mined in fixed parasites with endogenous or enhanced GFP signal, is shown in
Figure A.1 and summarized in Table 2.2. The cell division cycle protein 48 homologue
PF3D7_0619400 is dispersed in the cytoplasm and in the nucleus, showing no associa-
tion with the centriolar plaque (Figure A.1D). PF3D7_1455200-GFP signals were cyto-
plasmic, with foci sometimes localizing in close proximity to centrin (Figure A.1A).
Interestingly, I detected that two candidates, PF3D7_1312800 and PF3D7_0203000,
were associated with the parasite plasma membrane (PPM), sometimes with foci
close to centrin (Figure A.1B,C), which might indicate a connection of the centriolar
plaque to the plasma membrane. In the next two chapters, localization of the nu-
clear leucine-rich repeat protein PF3D7_1427900, and the uncharacterized Plasmodium
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protein PF3D7_0710000 as well as their role for parasite growth in intraerythrocytic
stages will be analyzed in more detail (subsection 2.7.3, subsection 2.7.4).

TABLE 2.2: Confirmation of endogenous tagging of centriolar plaque candidates via PCR and
localization in Plasmodium blood stages determined in preliminary immunofluorescence stain-
ings. +, 5’ and 3’ integration confirmed; -, PCRs not conclusive and integration not yet confirmed;
PPM, Parasite plasma membrane.

#
ID

PF3D7_
Protein PCR

Localization

(Preliminary data)

01 0308200 T-complex protein 1 subunit eta - ?

02 0207100 conserved Plasmodium protein, unknown function - ?

03 1455200 methyltransferase, putative, unspecified product + cytoplasm; close to centrin?

04 0203000 repetitive organellar protein, putative + PPM, some foci close to centrin

05 1135400 conserved Plasmodium protein, unknown function - ?

06 1427900 leucine-rich repeat protein + nucleus

07 1312800 Uncharacterized protein + PPM, some foci close to centrin

08 0710000 conserved Plasmodium protein, unknown function + outer centriolar plaque

09 0619400 Cell division cycle protein 48 homologue, putative + nucleus and cytoplasm

10 1419600 conserved Plasmodium protein, unknown function - ?

11 0406100 Vacuolar proton pump subunit B - ?

2.7.3 The essential leucine-rich repeat protein PF3D7_1427900 is directed
towards the centriolar plaque during schizogony

In co-immunoprecipitations of NF54 schizonts expressing PfCentrin1- and PfCentrin2-
GFP followed by mass spectrometry analysis I identified the leucine-rich repeat
protein PF3D7_1427900 as a novel centriolar plaque candidate (candidate 06) (subsec-
tion 2.7.1). During intraerythrocytic development, transcripts of PF3D7_1427900 are
mainly present in trophozoites and schizonts with a peak 32 hours post infection (hpi)
(Otto et al., 2010). Using 3D7 parasites expressing PF3D7_1427900-GFP_glmS, Tatiany
Romão and I detected bright fluorescent signals in both living (data not shown) and
fixed cells, the latter with GFP signals enhanced by GFP booster coupled to Atto
594 (Figure 2.27A). High fluorescent signals are in congruence with the overall high
abundancy of PF3D7_1427900 transcripts during schizogony in comparison to other
mRNA (Otto et al., 2010) hinting at high protein abundancy.
In early and mid-schizonts, PF3D7_1427900 was dispersed in nuclei, showing a distri-
bution in patches (Figure 2.27A). Interestingly, the localization changed in the course
of schizogony and PF3D7_1427900 was redirected towards centriolar plaques, being
closest to centrin signals in segmented parasites, while still remaining intranuclear
(Figure 2.27A). However, localization patterns varied between cells and performed
IFAs.
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To analyze the role of PF3D7_1427900 for intraerythrocytic parasite growth, Marta
Machado and Tatiany Romão performed growth assays of 3D7 PF3D7_1427900-
GFP_glmS parasites cultured in absence or presence of 3.5 mM glucosamine (GlcN)
for inducible knockdown of PF3D7_1427900 mRNA (Figure 2.27B). Therefore, par-
asitemia was determined over three consecutive cycles (144 hours) in cells stained
with SYBR Green I using flow cytometry (subsection 4.2.18). 3D7 PF3D7_1427900-
GFP_glmS parasites cultured in absence of GlcN showed similar growth to 3D7 wt
control cells (Figure 2.27B). In presence of 3.5 mM GlcN, 3D7 wt parasite growth was
reduced, indicating negative side effects of GlcN. However, when 3D7 PF3D7_1427900-
GFP_glmS parasites were incubated with 3.5 mM GlcN, all parasites were dead from
the second cycle onwards (Figure 2.27B). This is consistent with a previous piggyBac
transposon mutagenesis screening which predicted PF3D7_1427900 to be essential
for parasite growth (mutagenesis index score: 0.132) (Zhang et al., 2018).

In summary, the essential leucine-rich repeat protein PF3D7_1427900 is an intranu-
clear protein which might be associated with centriolar plaques in late schizonts or
segmenter stages during intraerythrocytic development.

FIGURE 2.27: The leucine-rich repeat protein PF3D7_1427900 is essential for parasite growth
and re-locates from dispersed nuclear localization towards centriolar plaques in segmenters.
(A) Confocal images after automated adaptive deconvolution (LNG) of 3D7 multinucleated para-
sites endogenously expressing PF3D7_1427900-GFP_glmS. GFP signal was enhanced using GFP
booster coupled to Atto 594 (magenta) and cells were labeled with anti-centrin (green) antibody
and stained with Hoechst (blue). Right images show zoom-ins of representative localization
of PF3D7_1427900 in nuclei of schizont and segmenter stages. Images are maximum intensity
projections; scale bars, 1 µm. (B) Parasite growth assays of 3D7 PF3D7_1427900-GFP_glmS cells in
absence or presence of 3.5 mM Glucosamine (GlcN) for inducible knockdown of PF3D7_1427900.
3D7 wt cells were used as controls. Parasitemia was determined over six days (3 cycles) via flow
cytometry after SYBR Green I DNA-staining of infected red blood cells (n = 3 growth assays).
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2.7.4 PF3D7_0710000 is an Sfi1-like protein in the extranuclear compart-
ment of the centriolar plaque important for parasite growth

Another centriolar plaque candidate I identified in co-immunoprecipitations of NF54
PfCentrin1- and PfCentrin2-GFP parasites and subsequent mass spectrometry analy-
sis is PF3D7_0710000 (candidate 08) (subsection 2.7.1), described on the PlasmoDB
website as a conserved Plasmodium protein of unknown function. A well-known
centrin-binding protein in diverse species such as Saccharomyces cerevisiae, Homo sapi-
ens or Toxoplasma gondii, is Sfi1. In the context of Sfi1 conservation among different
species, a recent study by Suvorova et al. (2015) described PF3D7_0710000 as a protein
with no Sfi sequence similarity but presence of centrin-binding motifs. Comparing the
centrin-binding motiv 6xxxxxxxx6xxx6xxWx (6 = hydrophobic amino acid; x = any
amino acid) used by Suvorova et al. (2015) with PF3D7_0710000 protein sequence, I
found 16 repeats of the motif (while in other proteins, a maximum of nine are present).
In addition, I used the conserved Sfi1 repeat motif recently identified by comparison
of S. cerevisiae, S. pombe and human Sfi1 (Kilmartin, 2003) to find centrin-binding
sequences. As the complete motif AxxxxxxxLLxxxF/LxxWK/R is not present in any
P. falciparum protein, I used only the more conserved end, F/LxxWK/R. This motif
was present in 413 3D7 proteins, however, with seven in total, most repeats were
found in PF3D7_0710000. Six of the seven motif repeats were present in the first
half of the protein sequence. Due to presence of Sfi1 repeat domains but absence of
general protein sequence conservation, I called PF3D7_0710000 Sfi1-like protein (Slp).

Another similarity between Sfi1 and Slp is their large size. Slp contains 3267 amino
acids and has a molecular weight of 407 kDa. In the intraerythrocytic stages, Slp
is mainly expressed between 40 and 48 hpi, but overall transcript abundancy is
very low (Otto et al., 2010). In living 3D7 parasites endogenously expressing Slp-
GFP_glmS, no GFP signal could be detected, which is reflecting low expression
levels of the gene. Fixed 3D7 Slp-GFP_glmS parasites in which the GFP signal was
enhanced using GFP booster-Atto 594, showed single foci closely associated with
centrin signals throughout schizogony (Figure 2.28A). However, initially Tatiany
Romão and I detected no colocalization of Slp and centrin. Slp, although clearly
localizing to the extranuclear compartment of the centriolar plaque, was often directed
closer towards the nucleus than centrin signals (Figure 2.28A, zoom-in).

To elucidate the role of Slp for parasite growth in blood-stages, Marta Machado
and Tatiany Romão performed growth assays of 3D7 Slp-GFP_glmS cells culti-
vated in absence or in presence of 3.5 mM GlcN for conditional knockdown of
Slp mRNA (Figure 2.28B). The growth assay for Slp was done analogous to the assay
for PF3D7_1427900 (subsection 2.7.3): parasitemia was assessed by flow cytometry
for three replicative cycles (144 h) using SYBR Green I-stained parasites (subsec-
tion 4.2.18). In comparison to 3D7 wt control cells, parasitemia was reduced to the
same amount in Slp-GFP_glmS expressing cells (no GlcN) and 3D7 wt cells cultured
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with GlcN (Figure 2.28B). The growth defect was even more pronounced in 3D7 Slp-
GFP_glmS parasites treated with GlcN. However, although Slp is predicted to be
essential for intraerythrocytic parasite growth based on a piggyBac transposon muta-
genesis screening (Zhang et al., 2018), parasite growth was not completely prevented
upon knockdown (Figure 2.28B).

FIGURE 2.28: Sfi1-like protein (Slp) localizes to the outer compartment of the centriolar plaque
and is important for parasite growth. (A) Confocal images after automated adaptive deconvolu-
tion (LNG) of a 3D7 schizont endogenously expressing Slp-GFP_glmS. GFP signal was enhanced
using an anti-GFP antibody (magenta) and cells were additionally labeled with anti-centrin anti-
body (green) and stained with Hoechst (blue). Right image shows zoom-in of Slp signal closely
associated with a centrin focus. Images are maximum intensity projections of some slices of the
z-stack; scale bars, 1 µm. (B) Parasite growth assays of 3D7 Slp-GFP_glmS cells in absence or
presence of 3.5 mM Glucosamine (GlcN) for inducible knockdown of Slp. 3D7 wt cells were used
as controls. Parasitemia was determined over six days (3 cycles) via flow cytometry after SYBR
Green I DNA-staining of infected red blood cells (n = 3 growth assays).

To sum up, PF3D7_0710000 is an Sfi1-like protein (Slp) closely associated with centrin
in the extranuclear compartment of the centriolar plaque and is important for parasite
growth during intraerythrocytic development. Future characterizations will shed
light on the role of Slp during schizogony.
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Chapter 3

Discussion

3.1 Establishment of advanced microscopy techniques for
Plasmodium blood-stages

Microscopy is widely used to visualize organization and dynamics of mitotic struc-
tures in living and fixed cells. However, data about fundamental structures involved
in Plasmodium cell divisions such as microtubules and centriolar plaques is mainly
based on few, old transmission electron microscopy studies and detailed fluorescence
microscopy analyses are rare. A prerequisite to study dynamic cell divisions during
schizogony is the adaptation of advanced microscopy techniques for P. falciparum
blood-stages. These adaptations are usually laborious and are complicated by specific
challenges such as the small size of the parasite. In this study, I provide a novel
immunofluorescence staining protocol which enables RescueSTED super-resolution
microscopy of Plasmodium schizonts and I adapted an on-section CLEM approach
(Kukulski et al., 2011, 2012) combined with tomography. In addition, I established
recently developed imaging techniques such as U-ExM (Gambarotto et al., 2019) and
time-lapse microscopy of blood-stage parasites (Grüring et al., 2011) in our lab and
adapted them to investigate Plasmodium microtubules and centriolar plaques.

3.1.1 Time-lapse microscopy

Time-lapse microscopy of Plasmodium blood-stages over several hours was estab-
lished by Grüring et al. (2011). They mainly focused on long-term imaging using DIC
exclusively or together with the photoconvertible protein Dendra2 with a low tempo-
ral resolution of 20 min or 1 h. In contrast, other time-lapse microscopy studies on
Plasmodium blood-stages applied short time intervals of 1-2 sec to investigate the fast
process of red blood cell invasion by merozoites using DIC only (Gilson and Crabb,
2009; Yahata et al., 2021). An important achievement of this work and a simultaneous
study by Klaus et al. (2021) is the combination of long-term fluorescent dual-color
time-lapse microscopy of blood-stage development with high spatial and temporal
resolution (z-stacks every 5 min). A Plasmodium-specific challenge for time-lapse
microscopy is the dependency on host cell quality as blood from different donors is
used for cultivating Plasmodium cells. Potential variations between host red blood
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cells concerning age and overall quality/health add another layer of complexity and
variation to sensitive experiments such as time-lapse microscopy. A major challenge
for multi-color live-cell imaging is that the parasite is exceptionally light-sensitive.
This might be due to the highly absorbing hemozoin crystals that induce acidification
of the cytosol (Wissing et al., 2002). In addition, phototoxicity, mainly caused by
generation of reactive oxygen species (ROS), is a general major issue during live-cell
imaging (Icha et al., 2017). Although Plasmodium blood-stage parasites are culti-
vated/imaged at a low oxygen concentration of 5%, phototoxicity is still a problem.
To further reduce phototoxicity, oxygen scavengers, also used for super-resolution
microscopy, could be tested for Plasmodium imaging to reduce ROS generation from
oxygen (Tosheva et al., 2020). However, it needs to be carefully assessed whether
the reduction of oxygen has an impact on parasite viability. In addition, phototoxic-
ity can be reduced by using far-red fluorogenic probes as longer wavelengths have
less energy (Icha et al., 2017). Moreover, to minimize phototoxicity a compromise
between light intensity and exposure time is required which still provides sufficient
signal-to-noise ratios. To improve the ratio, image processing such as deconvolution
used in this study will be helpful for interpretation of low signals detected.

Advanced microscopy techniques for time-lapse imaging
Time-lapse microscopy of Plasmodium might be revolutionized by lattice light sheet
microscopy, which increases spatial and temporal resolution and, importantly, re-
duces phototoxicity (Chen et al., 2014). Lattice light-sheet microscopy was already
used to study erythrocyte invasion by Plasmodium merozoites (Geoghegan et al.,
2021; Ganter and Frischknecht, 2021), an extremely fast process of tens of seconds
to minutes. The high temporal resolution of lattice light-sheet microscopy provides
an auspicious opportunity to quantify dynamics of hemispindle microtubules and
analyze their reorganization into a mitotic spindle during schizogony. In addition,
reduced phototoxicity might allow live-cell imaging of more than two fluorescent
probes at a time throughout schizogony.
Due to the small size of Plasmodium parasites, super-resolution microscopy tech-
niques will be required to study dynamics of microtubules and centriolar plaques
in more detail. Airyscan microscopy and 3D SIM, which can increase lateral and
axial resolution around 1.6 and 2-fold, respectively (Sahl et al., 2017), have to date
exclusively been used for fixed Plasmodium parasites (Riglar et al., 2011; Yeoman et al.,
2011; Absalon et al., 2016; Rudlaff et al., 2019; Connelly et al., 2021). Adaptation of
these super-resolution techniques for living Plasmodium parasites will provide new
opportunities for studying dynamics during schizogony.

Fluorescent dyes for live-cell imaging
In this study, for the first time in Plasmodium research, I performed time-lapse mi-
croscopy of microtubules during schizogony (Figure 2.2). This was achieved using
the cell-permeable fluorogenic dye SPY555-Tubulin (published as Map555-Tubulin,
Wang et al. (2020)). SPY555-Tubulin belongs to an ever-growing family of dyes in-
cluding e.g. SPY-DNA and SPY-actin which are constantly refined and enable bright
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labeling of the respective structures with high specificity and low background signal
(Wang et al., 2020). The dye SPY555-Tubulin is based on a fluorescent taxol derivative
and was the only dye tested that labeled all microtubule stages observed also in
fixed, immunostained parasites. In contrast, other taxol-derived tubulin dyes, such as
SiR-tubulin were unable to stain hemispindle microtubules in living parasites (data
not shown). The reason why microtubules in hemispindle stages were not labeled
with other tubulin live dyes remains elusive and I cannot ensure that all hemispindle
microtubule branches were visualized with SPY555-Tubulin. To stain chromatin, I
tested the infrared Silicon rhodamine (SiR) dye 5-SiR-Hoechst (Bucevičius et al., 2019),
which efficiently labeled parasite nuclei (Figure 2.1). However, divisions were not
completed in presence of this dye even with minute concentrations of 22 nM. Instead,
microtubules persisted in mitotic spindle stages and chromatin was not separated
into distinct nuclei. This is consistent with recent observations that SiR-Hoechst
induces cell cycle arrests in G2 in human cells (Sen et al., 2018) and Hoechst 33342
blocks transition of P. falciparum trophozoites into schizonts (Naughton and Bell,
2007). Therefore, extreme caution is required when using fluorescent Hoechst dyes
for time-lapse microscopy of Plasmodium blood-stages. In general, fluorescent dyes
should be tested for their influence on cell survival and changes in morphology of
parasite blood-stages before application for time-lapse microscopy.

Protein labeling for live-cell imaging
To label the centriolar plaque in time-lapse microscopy, PfCentrin1 was episomally
tagged with GFP (subsection 4.2.3). Although genetic tagging of genes remains
time-intensive in P. falciparum, it is still the method of choice for proteins/cellular
structures that cannot be labeled by fluorogenic dyes. However, fluorescent proteins
show much lower brightness and photostability than organic dyes and are therefore
not suitable for super-resolution live-cell imaging. Recently developed Halo-tag (Los
et al., 2008) and SNAP-tag (Sun et al., 2011) are self-labeling protein tags which can
irreversibly react with chloroalkanes and O6-benzylguanine derivatives, respectively
(Xue et al., 2015), functionalized with an organic fluorophore for live-cell imaging
(Urh and Rosenberg, 2012). Due to brightness and photostability, both Halo- and
SNAP-tag can be applied to STED live-cell imaging (Erdmann et al., 2019). Tagging
of Plasmodium centrins with Halo-tag already enabled STED live-cell imaging of the
centriolar plaque for short periods of time (unpublished data, Yannik Voß). In the
future, Halo- and SNAP-tag will provide new opportunities for long-term 3D SIM,
Airyscan and lattice light-sheet microscopy of Plasmodium schizogony.

3.1.2 Super-resolution microscopy: RescueSTED and U-ExM

An immunofluorescence staining protocol for RescueSTED nanoscopy
As a requirement for STED nanoscopy of Plasmodium blood-stage parasites, I, to-
gether with Ann-Kathrin Mehnert, developed a reliable immunofluorescence staining
protocol based on the widely-used protocol by Tonkin et al. (2004) and a cell seeding
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protocol used e.g. by Spielmann et al. (2003). Major advancements of our protocol are
the increased signal intensity and labeling density of parasite structures (Figure 2.6,
Mehnert et al. (2019)). These are achieved by fixation exclusively with PFA, omit-
ting even minor amounts of 0.0075% GA used by Tonkin et al. (2004). This enabled
RescueSTED nanoscopy of blood-stage parasites (Figure 2.8). In addition, avoiding
GA during fixation excludes well-known issues of GA such as deleterious effects on
epitopes or high autofluorescence (Lee et al., 2013). This might be helpful as even
fixation with low amounts of GA was for example not suitable to stain ring-exported
protein 2 (REX2) (Spielmann et al., 2006).
In Plasmodium research, immunofluorescence stainings are frequently performed on
air-dried blood smears after methanol fixation or after saponin-lysis of the RBCs.
These methods, however, lead to poor preservation of parasitic structures. While
our protocol induced slight changes in erythrocyte morphology, no alterations in
parasite structures including their appearance in three dimensions could be observed
(Mehnert et al., 2019). Therefore it is clearly superior to commonly applied proto-
cols. In contrast to immunofluorescence stainings in suspension (Tonkin et al., 2004),
antibody staining of seeded cells does not require centrifugation of cells which is
not only convenient but also avoids loss of cells during washing steps. Furthermore,
the seeding protocol enables generation of very consistent cell monolayers and is
compatible with live-cell imaging (Grüring et al., 2011).
A limitation of this protocol is the red blood cell lysis induced by omitting GA during
fixation (Tonkin et al., 2004), indicating that the cytosol is at least partially washed
out. Therefore, our protocol might not be suitable to stain proteins located in the
erythrocyte cytosol. Consistently, in a recent study by Diehl et al. (2021) using our
staining protocol, phalloidin did not label cytosolic actin in the host red blood cell as
it was previously detected in uninfected erythrocytes (Pan et al., 2018). However, the
actin cytoskeleton underlying the host plasma membrane as well as the glycocalyx
and KAHRP-proteins associated with knobs could be visualized (Diehl et al., 2021).
In summary, our user-friendly immunofluorescence staining protocol efficiently la-
bels parasitic structures of seeded Plasmodium blood-stages with increased labeling
densities and signal intensities. Thereby, it is not only superior for STED nanoscopy,
but also for regular widefield/confocal microscopy techniques and will hopefully
become a widely-used standard for immunofluorescence staining of Plasmodium
structures in blood-stages.

STED nanoscopy
To enable STED microscopy of blood-stage parasites, I established RescueSTED
(Staudt et al., 2011) for Plasmodium to overcome cell disruption by the high-intensity
depletion laser. In this approach, the STED laser is only switched on when a signal
threshold is reached in a confocal probing step. This enabled me to visualize micro-
tubules during blood-stage development with unprecedented resolution (Figure 2.8).
A major limitation of this technique is that confocal thresholds need to be adjusted
carefully for every staining and sometimes for every imaged cell. Even if this is done
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with care, destruction of cells can still occur, for example when a bright fluorescent
signal is in close proximity to a hemozoin crystal.
In the future, another adaptive illumination development, called DyMIN STED, could
be tested for Plasmodium. DyMIN adds another probing step by using minor STED
laser powers which are successively increased when a signal is detected (Heine et al.,
2017). Thereby, bleaching can be massively reduced which might be helpful for live-
cell STED of Plasmodium. Simultaneously to my project, guided STED was developed
to enable Plasmodium STED imaging on the basis of the DynMIN principle (Schloe-
tel et al., 2019). In guided STED, the position of hemozoin crystals is determined
and visualized by their high reflection of light. When the reflected light reaches
a specific threshold, the adaptive illumination automatically deactivates the STED
laser in this region of the cell to prevent destruction. While guided STED requires
modification of commercial STED microscopes by addition of several filters (Schloetel
et al., 2019), RescueSTED can be easily applied as the Rescue adaptive illumination
is integrated into the STED microscope from Abberior instruments. This presents a
major advantage of RescueSTED compared to guided STED. Another approach to
enable STED imaging of Plasmodium blood-stages is the treatment of parasites with a
hemozoin clearing agent which induces destruction of hemozoin crystals (personal
communication, Jessica Kehrer). This is especially interesting when no STED mi-
croscope is available and for Plasmodium species with dispersed hemozoin crystals,
which complicate guided and RescueSTED. However, concerns about interference
with cellular structures and changes in morphology need to be addressed before the
clearing agent can be applied regularily.

Ultrastructure expansion microscopy (U-ExM)
Ultrastructure expansion microscopy (U-ExM) is a technique to physically expand
cells in a hydrogel to gain super-resolution images on a confocal microscope (Gam-
barotto et al., 2019). It was first adapted to various stages of the Plasmodium life cycle
by Bertiaux et al. (2021), including P. falciparum schizonts, and, together with Johanna
Bauer, I could easily establish the protocol in our lab (Figure 2.10, Figure 2.17). We
discovered that quality and solubility of the purchased sodium acrylate, needed for
gelation, is very critical for successful expansion and should be checked carefully
in advance. In this study, we used PFA for fixation of parasites which was slightly
superior to no fixation and methanol-fixation (data not shown). However, hemi-
spindle microtubules sometimes showed "dotted" signals (Figure 2.17) especially
when we tried to combine U-ExM with STED (data not shown), which might be
due to epitope masking or partial disruption of microtubules. Recent experiments
indicate that microtubule structures are better preserved by fixation with PFA in
presence of GA (Laporte et al., 2022). Although GA was adverse for classical im-
munofluorescence stainings in Plasmodium, it might still be worth trying for U-ExM
as cells are automatically permeabilized during the expansion process, facilitating
antibody penetration. Further, cryo-fixation is a promising new development for
U-ExM (Laporte et al., 2022), which shows even better preservation of microtubules
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than after fixation with PFA and GA. Therefore, cryo-fixation U-ExM needs to be
tested for Plasmodium blood-stages. Recently, pan-ExM was developed, which enables
expansion of immunostained human cells up to 21-fold and allows immunolabeling
(M’Saad and Bewersdorf, 2020). Although pan-ExM was successfully adapted to
Plasmodium gametocytes, expansion was limited to 10-fold and antibody-labeling
was not working (Rashpa and Brochet, 2022). However, NHS ester conjugate labeling
revealed ultrastructural details almost comparable to TEM (Rashpa and Brochet,
2022). This makes it an attractive tool to further analyze the protein-dense region
of the intra- and extranuclear compartment of the centriolar plaque detected in this
project.

Comparison of RescueSTED and U-ExM for Plasmodium blood-stages
RescueSTED and U-ExM are two very distinct, attractive new techniques for super-
resolution microscopy of Plasmodium blood-stages which are comparable concerning
their lateral resolution. Sample preparation is very time-intense in U-ExM when
compared to RescueSTED. For RescueSTED, a classical immunofluorescence staining,
using STED-compatible secondary antibodies, is sufficient, while U-ExM requires
an additional workday for gelation, denaturation and first expansion of the sample
(subsection 4.2.8). In addition, antibody incubation times are much increased in
U-ExM. Concerning the equipment U-ExM is clearly superior to STED as super-
resolution images can be acquired on a conventional confocal microscope. This makes
the technique available also for laboratories with no access to an expensive STED
microscope. However, the stage of the microscope and the overall system should be
very stable to avoid drift during imaging of expanded cells.
Importantly, isotropic U-ExM increases both lateral and axial resolution around
4.5-fold. In contrast, to increase axial resolution with STED, 3D STED imaging is
required which inevitably comes at the expense of lateral resolution (Harke et al.,
2008). Imaging several z-planes with RescueSTED is challenging in Plasmodium.
Although z-stacks can in principle be acquired, with increased planes, the probability
of cell destruction by the depletion laser rises, even with RescueSTED. In addition,
with increased bleaching, fluorescent signals might be below the threshold for turning
on the STED laser, which further complicates imaging of z-stacks with RescueSTED.
At worst, important signals will not be detected, leading to misinterpretation of the
data. Although imaging expanded cells in 3D takes a long time and requires a very
stable sample, it is still easier than acquisition of 3D RescueSTED z-stacks.
With RescueSTED, super-resolution imaging is usually restricted to two to three
colors, while the others are imaged in confocal mode. Although four-color STED was
already demonstrated, it is extremely challenging and cannot be performed on every
commercially available STED microscope (Ronnlund et al., 2014). Here, U-ExM is
advantageous as all structures are expanded around 4.5-fold in every direction and
therefore imaged with super-resolution.
In general, U-ExM casts several doubts, for example on whether all cellular structures
indeed expanded isotropically and how the expansion factor can be tested and
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controlled (Faulkner et al., 2020). This is especially important for measurements
and quantifications done on expanded cells. Further, as proteins are denatured
during U-ExM, a valid concern is the preservation of cellular structures. To sum up,
when all doubts are kept in mind, I think U-ExM is superior for super-resolution
microscopy of Plasmodium schizonts due to increased resolution in all dimensions and
more convenient 3D, multi-color imaging on a conventional confocal microscope. To
further increase the resolution, U-ExM can also be combined with STED microscopy
(Gambarotto et al., 2019).

3.1.3 Correlative light and electron microscopy (CLEM) combined with
tomography

In this study, I adapted an on-section CLEM approach (Kukulski et al., 2011, 2012)
for Plasmodium schizont stages expressing PfCentrin1-GFP, labeled with the live dye
5-SiR-Hoechst and (subsection 2.6.2, Figure 2.20) and combined with tomography.
To my knowledge, this is the first time, together with a study by Klaus et al. (2021),
on-section CLEM was applied to Plasmodium blood-stages. In total, three differ-
ent electron microscopy protocols were established, demonstrating the adaptations
needed for specific applications. Best contrast was achieved with treatment of sam-
ples with osmium tetroxide and embedding in Spurr’s resin (Figure 2.18). However,
this protocol is not applicable to CLEM as osmium tetroxide and Epon/Spurr’s resin
eliminate fluorescence of conventional fluorescent proteins such as GFP. Only recently,
Fu et al. (2020) developed a variant of the fluorescent protein mEos, called mEosEM,
which can withstand osmium treatment as well as Epon embedding. To test this
new tool for CLEM in Plasmodium research, Johanna Bauer tagged PfCentrin1 with
mEosEM. In live-cell imaging, the signal showed fast bleaching. However, it remains
to be tested whether the strain is suitable for CLEM after osmium treatment and
embedding in Epon or Spurr’s resin.
A serious technical challenge for TEM and CLEM of Plasmodium-infected RBCs is the
poor embedding and therefore structural preservation of cells. This is due to poor
polymerization of resins when UV light was used, while chemical polymerization
lead to good embedding (Figure 2.19). I hypothesize that hemozoin crystals of the
parasites, which highly absorb light in the visible and UV range (Cai et al., 2016;
Menyaev et al., 2016; Balasubramanian et al., 1984), hinder penetration of UV light
into dense sample pellets and thereby restrict polymerization to a thin sample layer
at the surface. As it was virtually impossible to identify fluorescent cells with a good
ultrastructural preservation in UV-polymerized samples, I made use of chemical
polymerization. This allowed correlation of PfCentrin1-GFP signals with tomogram
slices of reasonably good quality (Figure 2.20). However, to achieve optimal ultra-
structures in tilted series for tomography, we used again UV-polymerized sample
pellets (Figure 2.21). In general, sample embedding might be improved by mixing
Plasmodium-infected RBCs with budding yeast before high-pressure freezing as done
previously (Hale et al., 2017). Yeast is known to provide good sample pellets and
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indeed improved iRBC sample embedding when I tested the protocol. However, as it
is challenging to control the ratio of iRBCs to yeast, in the end only very few RBCs
were present in the sample. Further tests are needed to see whether this technique is
viable.
All in all, CLEM approaches always require compromises between the optimal con-
ditions for fluorescence and for electron microscopy, especially when additionally
combined with tomography.

3.2 Microtubule organization and dynamics during schizo-
gony

In this study, I unraveled dynamics and ultrastructural organization of the distinct
microtubule stages during Plasmodium schizogony. My current model of centrin and
microtubule reorganization during the first division based on time-lapse and super-
resolution microscopy is depicted in Figure 3.1 and discussed in the following section
in more detail. Further, I will compare my observations with former models and
discuss the detailed organization of the individual microtubule stages analyzed by
super-resolution microscopy, CLEM, and tomography. Finally, I will discuss potential
roles of hemispindle microtubules.
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FIGURE 3.1: Working model of centrin and microtubule reorganization before and during the
first nuclear division of P. falciparum blood-stage schizogony. It is unknown how hemispindle
microtubules are rearranged into an early mitotic spindle and how microtubules are positioned
in this early stage before the late (mature) mitotic spindle is established (indicated with question
marks). Further, it remains to be tested whether in extended spindles microtubules connecting the
two nuclei are indeed not accompanied by DNA as observed in RescueSTED microscopy.

3.2.1 Detailed explanation of microtubule organization and dynamics by
taking the example of the first division

Before onset of schizogony in mononucleated Plasmodium blood-stages, no micro-
tubule structures could be detected, neither in living cells (data not shown) nor fixed
cells (Figure 2.8, Figure 2.9). This is consistent with previous studies, which reported
only a diffuse cytosolic signal of anti-tubulin antibody-labeled parasites before start
of schizogony (Read et al., 1993; Sinou et al., 1998) which might be due to soluble
tubulin. Contrary to division in other species, at no point prior to segmentation I
could detect cytoplasmic microtubules during Plasmodium blood-stage development.
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Hemispindle microtubules
The first microtubule structures detected with time-lapse microscopy are radially
extending hemispindle microtubules (Figure 2.2, Figure 2.9) which were already
described previously (Terzakis et al., 1967; Aikawa et al., 1967; Aikawa and Beaudoin,
1968; Schrével et al., 1977; Read et al., 1993; Sinou et al., 1998; Fennell et al., 2006;
Gerald et al., 2011). However, my study clarified that hemispindle microtubules
are highly dynamic, which might facilitate later reorganization as discussed below.
Hemispindle microtubules are present in mononucleated cells before the first division.
Therefore, they are not exclusively present during late anaphase, as speculated previ-
ously (Canning and Sinden, 1973). All microtubule branches of the hemispindle are
intranuclear, which is in line with previous observations (Aikawa et al., 1967; Aikawa
and Beaudoin, 1968; Canning and Sinden, 1973; Bannister et al., 2000b; Mahajan et al.,
2008), and originate from the site of a single centriolar plaque. However, microtubule
minus-ends of hemispindles had individual nucleation sites at the centriolar plaque
as observed by the capped-end structures in tomography (Figure 2.21) which were
on average 58 nm distant to the nuclear membrane (Figure 2.23). This organization
is reminiscent of budding yeast microtubules organized by the spindle pole body,
which exhibit individual capped-ends in close proximity to the central plaque (Knop
et al., 1999). Interestingly, in yeast these capped-ends are directly attached to the
central plaque by electron-dense filaments, a structure not detected in Plasmodium
hemispindles.
In this study, 5.7 microtubule branches were detected per hemispindle (Figure 2.10),
while 4 were identified previously (Bertiaux et al., 2021). The observed difference
might be explained by the use of 2D projections by Bertiaux et al. (2021), whereas in
this study microtubules were counted in 3D. Hemispindle microtubule lengths were
comparable to recent measurements (Bertiaux et al., 2021) and varied from 120 nm to
3 µm (Figure 2.10). To sum up, hemispindle microtubule number and length probably
do not need to be tightly controlled to fulfill their specific function, in contrast to
microtubules in sporozoite stages (Spreng et al., 2019). Interestingly, hemispindle
microtubules are polymerized before centrin is present at the centriolar plaque (Fig-
ure 2.2, Figure 2.9). This might either be explained by spontaneous polymerization
or by a later recruitment of centrin to the centriolar plaque while γ-tubulin might
already be present as a template for microtubule nucleation. Unfortunately, attempts
to tag Plasmodium γ-tubulin were unsuccessful and all tested antibodies were not
giving a specific staining which might allow conclusions concerning the presence of
γ-tubulin in early hemispindles. Later hemispindle microtubules showed a single
centrin signal attached (Figure 2.2, Figure 2.9).
Time-lapse microscopy revealed highly dynamic growth and shrinkage of hemispin-
dle microtubules (Figure 2.2). However, a recent study showed that polymerization
velocity of Plasmodium microtubules in vitro is comparable to bovine microtubules and
frequencies of microtubule catastrophe and rescue were even lower in Plasmodium
than in bovine microtubules (Hirst et al., 2022). This data indicates that microtubule
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polymerization in Plasmodium is not exceptionally fast. However, depolymerization
velocity was significantly higher in Plasmodium, which might be important for tran-
sitioning from hemispindle microtubules to the on average much shorter mitotic
spindle microtubules (Figure 2.10). Super-resolution time-lapse microscopy of mi-
crotubules with short time intervals of several seconds will be needed to quantify
polymerization and depolymerization of hemispindle microtubules in vivo.

Reorganization of hemispindles into mitotic spindles
Next, hemispindle microtubules collapse and are reorganized into a mitotic spindle
which is accompanied with the duplication of the centrin signal and therefore the
centriolar plaque (Figure 2.2, Figure 2.9). I never detected a nucleus with more than
one hemispindle. Based on this data, I can clearly discard the model of hemispindle
duplication and fusion to form a mitotic spindle, which was proposed by Schrével
et al. (1977) for oocyst division and also discussed for blood-stage schizogony (Read
et al., 1993). Instead, I observed a fast transition from hemispindle to mitotic spindle
organization which was difficult to define with the temporal resolution of 5 min and
spatial resolution of the confocal microscope. To better resolve the reorganization of
hemispindle microtubules into a mitotic spindle, images should be acquired every
30 s or faster using microscopy techniques with high resolution such as Airyscan
or lattice light-sheet microscopy. Nevertheless it will be challenging to catch the
microtubule reorganization which might take several minutes while the hemispindle
is present for 140 min or longer (Figure 2.3) before the first mitotic spindle is formed.
Hence, phototoxicity needs to be reduced as much as possible to increase parasite
survival. Another limitation of this study is that the time of centrin (and centriolar
plaque) duplication cannot be determined precisely, which complicates definition of
rearrangement into the mitotic spindle. Dynamics and duplication of the centriolar
plaque are discussed in more detail in subsection 3.3.4.

Mitotic spindle microtubules
Plasmodium mitotic spindle microtubules are detected as bright signal accumulations
using confocal microscopy (Figure 2.2). Due to the small size of mitotic spindles and
the compact arrangement of microtubules (Figure 2.21), no individual microtubules
could be resolved, not even with super-resolution microscopy techniques (Figure 2.8,
Figure 2.9, Figure 2.10, Figure 2.17). These accumulated signals have before been
described as "tubulin-rich plaques" and were often equated with the centriolar plaque
(Read et al., 1993; Arnot et al., 2011). However, using STED and U-ExM, I detected
that accumulated fluorescent tubulin signals are always accompanied by two centrin
signals, which are spatially separated from the microtubules (Figure 2.9, Figure 2.10).
This data demonstrates that "tubulin-rich plaques" are not equal to centriolar plaques,
but are bipolar mitotic spindle arrangements. Furthermore, the size of the "tubulin-
rich plaques" or accumulations are in line with the average size of the P. falciparum
mitotic spindle measured with U-ExM (Figure 2.10) and TEM (Prensier and Slomi-
anny, 1986; Bannister et al., 2000b; Gerald et al., 2011). I detected late or mature mitotic
spindles with opposing centrin signals as well as mitotic spindles with two centrin
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signals in close proximity (Figure 2.9). The latter might be early mitotic spindles
concluding the reorganization of the hemispindle into a mitotic spindle.

While tagging of P. falciparum γ-tubulin to identify microtubule orientation was
in general not successful, tomography revealed microtubule minus-ends by their
capped-end structure (Figure 2.22). To confirm microtubule orientation, the micro-
tubule plus-end binding protein end binding 1 (EB1) (Morrison et al., 1998) could
be tagged or labeled by immunofluorescence stainings. Tomography showed that
minus-ends of mitotic spindle microtubules are positioned significantly further away
from the nuclear membrane when compared to minus-ends of hemispindle micro-
tubules (Figure 2.23). In contrast, in yeast mitotic spindles microtubule capped-ends
are positioned in a specific layer of the spindle pole body and are directly tethered to
the SPB inner plaque (Bullitt et al., 1997; O’Toole et al., 1999). Although most of the
minus-ends of Plasmodium were aligned in a row (Figure 2.21), I could neither identify
a structural connection to the intranuclear compartment of the centriolar plaque nor
to the nuclear membrane. The increased distance of mitotic spindle microtubule
minus-ends to the nuclear membrane compared to hemispindle microtubules might
be due to forces generated during chromosome separation. In line with a possible
loose connection of the microtubule minus-ends with the intranuclear compartment,
the size of the intranuclear compartment is not altered in mitotic spindle stages
(Figure 2.15, Figure 2.17). The nucleation of microtubules from an amorphous com-
partment in Plasmodium is reminiscent of the organization of meiotic microtubules
in Schizosaccharomyces pombe (Funaya et al., 2012). Here, microtubules are nucleated
with some distance to the nuclear membrane from an amorphous region which is
associated with the cytoplasmic site of the SPB.

With an average length of 535 nm (Figure 2.10), Plasmodium mitotic spindles are
exceptionally small when compared to mitotic spindles in other species (Goshima
and Scholey, 2010). A conserved feature of mitotic spindle length is to scale with
cell size (Krüger and Tran, 2020). Due to the small size of the parasite, which is
restricted to the size of human erythrocytes (6-8 µm in length), an overall small size
of the Plasmodium mitotic spindle is expected. In addition, the mitotic spindle size
is limited to nuclear size during divisions. However, compared to similar-sized
cells undergoing closed divisions such as budding and fission yeast, which establish
2 µm and 2.5 µm long metaphase spindles, respectively, (Goshima and Scholey, 2010)
Plasmodium mitotic spindles are still particularly small. Interestingly, an upper limit
of mitotic spindle length was observed in large cells (Wühr et al., 2008), raising the
question whether there is also a minimal length and how this would be regulated.
Many different studies have investigated the mechanisms behind mitotic spindle
length scaling to cell size. For instance, several limiting components such as different
kinesins, dynein or tubulin itself have been discussed (Goshima and Scholey, 2010;
Krüger and Tran, 2020), but whether they might restrict Plasmodium mitotic spindle
length remains to be investigated. In addition, it was shown that microtubule growth
rates scale with cell size and therefore direct spindle length, meaning small cells have
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slower polymerization rates (Lacroix et al., 2018). In vitro, polymerization speed of
Plasmodium microtubules is comparable to bovine microtubules (Hirst et al., 2022).
It will be interesting to compare in vivo microtubule growth rate and spindle length
of Plasmodium with other cell types of comparable cell/nucleus size to investigate
whether there might be a correlation.
Furthermore, it was proposed that spindle size of small cells not only depends on
dynamics and length of the individual microtubules, but also on microtubule nu-
cleation and therefore the number of microtubules in the mitotic spindle (Rieckhoff
et al., 2020; Mitchison, 2020). Using tomography, we could visualize individual mi-
crotubules in Plasmodium mitotic spindles. As the tomogram was reconstructed from
tilted series of a single 200 nm section which is not including the complete spindle,
we could not determine the total amount of microtubules. To count microtubule
numbers, tomograms of entire mitotic spindles have to be reconstructed. Although
the exact number of microtubules per Plasmodium mitotic spindle remains unknown,
numbers are likely more comparable to yeast mitotic spindles than to those of higher
animals and plants which harbor maybe several thousands of microtubules (King
and Hyams, 1982). Detailed analyses by Winey et al. (1995) showed that S. cerevisiae
mitotic spindles are more minimalistic with around 32 microtubules connecting to
the kinetochores of the 16 chromosomes and a few interpolar microtubules.

Early TEM studies on Plasmodium mitotic spindles suggested three different types of
microtubules including kinetochore microtubules, continuous microtubules and radi-
ating microtubules (Canning and Sinden, 1973; Schrével et al., 1977). Our tomogram
of the mitotic spindle suggests the presence of continuous microtubules which are
building a bridge between the two centriolar plaques (Figure 2.21). They might be
involved in extension of the mitotic spindle, comparable to interpolar microtubules
in other species (Gadde and Heald, 2004). However, interpolar microtubules are
nucleated from the two different poles and overlap at the center of the spindle, while
Plasmodium continuous microtubules seem to be polymerized from one pole. This
would have consequences for the mechanism of spindle elongation and further stud-
ies will be needed to clearly confirm continuous microtubules in Plasmodium mitotic
spindles before investigating their function. As I could not identify kinetochores
with tomography (Figure 2.21), I could not distinguish between microtubules con-
nected to kinetochores and radiating microtubules with free plus-ends. To visualize
kinetochores, better contrast is needed which might be achieved in tomograms of
osmium tetroxide-treated and Epon-embedded Plasmodium samples. In a highly
sophisticated approach, kinetochores, e.g. marked by the kinetochore protein NDC80,
and microtubules could be visualized using advanced super-resolution techniques
such as the combination of U-ExM with STED, or Minflux, which increases resolution
up to 1 nm in all dimensions (Sahl et al., 2017). These techniques will help to i)
test whether radiating microtubules are present and if so to ii) count the number of
radiating microtubules and kinetochore microtubules. In addition, mitotic spindles in
eukaryotes typically contain astral microtubules (Gadde and Heald, 2004). However,
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I could never detect astral microtubules in Plasmodium (neither in mitotic spindles
nor in hemispindles), which is consistent with previous observations (Canning and
Sinden, 1973).

Extended/anaphase spindle formation and rupture
The next step during Plasmodium divisions is the fast elongation of the mitotic spindle
and formation of the extended spindle (Figure 2.2, Figure 2.9) which corresponds to
the anaphase spindle in classical mitosis. At the maximum length of the extended
spindle, I detected circa one to three microtubules or microtubule bundles connecting
the two nuclei, which, based on Hoechst-staining, appear completely separated at
this stage (Figure 2.9). These "connecting" microtubules might have emerged from
the continuous microtubules detected in the mitotic spindle by elongation via a thus
far unknown mechanism. Plasmodium spindle elongation might be mediated by
kinesins, microtubule motor proteins that are well-known to transport large cargo to
microtubule plus-ends, which in other species are also involved in several aspects
of mitotic spindle function (Wordeman, 2010). Kinesin-5 has been shown to con-
nect two adjacent microtubules of antiparallel orientation and mediate microtubule
sliding, which elongates the mitotic spindle (Mann and Wadsworth, 2019). Plasmo-
dium kinesin-5 localizes to the centriolar plaque, to mitotic spindles and partially
to kinetochores during schizogony (Zeeshan et al., 2020). Further investigations of
kinesin-5 localization in extended spindles might give a hint whether kinesin-5 is
involved in Plasmodium spindle elongation. Another kinesin expressed in Plasmodium
is kinesin-13, which has been shown to localize to kinetochores during schizogony.
All other kinesins identified in Plasmodium were not present in blood-stages (Zeeshan
et al., 2021b).

After having reached the maximum length, the extended spindle often lingers and
length is slightly reduced without rupturing. This might be associated with relaxation
after the maximum force for spindle elongation was reached. However, at which
time the connecting microtubules of the extended spindle break and how this is
mediated remains completely elusive. Interestingly, I observed several microtubules
or microtubule bundles in extended spindles. Further studies will be needed to
investigate whether nuclear fission occurs at a single position comparable to the thin
internuclear bridge in fission yeast (Salas-Pino and Daga, 2019) or whether there is
a wide bridge or even several fission sites, indicating an unusual way of nuclear
fission. After rupture, extended spindle leftovers are detected which might also be
interpreted as new hemispindle microtubules. Thus, hemispindle microtubules are
present not only before formation of the first mitotic spindle, but also after extended
spindle rupture before organization of new mitotic spindles.
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Asynchrony of microtubule structures
Regularly, asynchrony of divisions can already be detected immediately after the first
division is completed: While one nucleus is still associated with extended spindle
remnants (hemispindle microtubules), a mitotic spindle is already present in the other
one (Figure 2.1). This data is supported by a recent study, showing asynchronous
DNA replication already from the two-nuclei stage onwards (Klaus et al., 2021). I
detected that all microtubule stages were significantly longer in the first division than
in the second and third (Figure 2.3). This is in line with markedly longer durations of
the first DNA replication and the time between end of first S-phase to nuclear division
(Klaus et al., 2021) in comparison to durations in the next divisions. This data indicates
that the first nuclear division is an exception concerning duration. Interestingly,
computer simulations suggest a gradual increase of nuclear cycle duration from
the second division onwards which might be due to a limited resource required
simultaneously by the individual nuclei during divisions (Klaus et al., 2021).

3.2.2 Function of the hemispindle

The function of hemispindle microtubules during schizogony remains elusive. Al-
though co-stainings identified microtubules in close proximity to centromere-specific
histone CenH3, no co-localization was detected (Figure 2.12). Therefore, I can ex-
clude that hemispindles are directly involved in a mechanism in which microtubules
"search" for chromosomes and are captured by kinetochores to direct chromosome
orientation for segregation (Heald and Khodjakov, 2015). Instead, consistent with
former studies on Plasmodium centromere and kinetochore localization (Hoeijmakers
et al., 2012; Zeeshan et al., 2021a), centromeres clustered at the nuclear periphery
and are likely positioned at the outer rim of the intranuclear compartment of the
centriolar plaque (Figure 2.12). Thus, Plasmodium kinetochore clustering at the nuclear
periphery is likely microtubule-independent as recently shown for budding yeast
(Richmond et al., 2013).
Immunofluorescence stainings show that hemispindle microtubules are not present
in PCNA1-positive (replicating) nuclei (Figure 2.13). This is in line with recent time-
lapse microscopy experiments showing PCNA1-GFP accumulation and hemispindle
collapse happen simultaneously in a nucleus (unpublished data, Marta Machado).
This data indicates that upon S phase onset hemispindle microtubules immediately
start to rearrange into a mitotic spindle.
A pure structural role of the hemispindle is unlikely as microtubule branches are
very short-lived and usually branching into various different directions without a
discernible order. However, they might still be involved in pulling or pushing cellular
structures or organelles to organize the cell interior (Tolić-Nørrelykke, 2008) and
prepare for divisons. Microtubule tips were sometimes causing nuclear membrane
protrusions which were accompanied with or without Hoechst signals (Figure 2.11,
Figure 2.21). As these protrusions were also present in mononucleated cells they
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cannot solely be leftovers from ruptured extended spindles. Further, no other ultra-
structural features were associated with these membrane protrusions and no specific
order was observed, indicating that hemispindles might be randomly pushing the
nuclear envelope.
I hypothesize that hemispindle microtubules might be akin to a "microtubule default
stage" in Plasmodium which are polymerized spontaneously when a critical concentra-
tion of tubulin is reached in a nucleus (Walker et al., 1988). Similar to fission yeast that
can undergo nuclear divisions without spindle microtubules (Castagnetti et al., 2010),
hemispindles might not fulfill a critical function for Plasmodium divisions. However,
they likely need to be depolymerized at onset of S phase for formation of mitotic
spindles and controlled progression of schizogony.

3.3 The bipartite centriolar plaque

Centrosomes are highly diverse organelles playing a critical role in orchestrating
eukaryotic cell divisions. Since early transmission electron microscopy studies, the
Plasmodium centrosome, called centriolar plaque, is understood as an amorphous,
electron-dense area embedded into the nuclear envelope. In this PhD study, I provide
an entirely new view on the organization of the centriolar plaque and how it is
associated with the nuclear membrane. In the following I will summarize my findings
in a new working model of the centriolar plaque, compare its organization with
centrosomes of other species and the yeast spindles pole body and discuss formation
of the second centriolar plaque during division.

3.3.1 The centriolar plaque is organized into an extranuclear and an in-
tranuclear compartment

In this study, I revealed a bipartite organization of the Plasmodium centriolar plaque
into a protein-dense intra- and extranuclear compartment connected via a highly
protein-dense neck likely spanning the nuclear envelope. I could never detect nuclear
envelope invaginations associated with the centriolar plaque as previously observed
in oocyst divisions (Canning and Sinden, 1973; Schrével et al., 1977). However,
comparable to oocyst stages, the centriolar plaque is accompanied by nuclear pores
(Figure 2.14). In contrast to the previous suggestion that centrin is located in the
nuclear membrane (Mahajan et al., 2008), I consistently detected centrin outside of
the nucleus (Figure 2.14, Figure 2.20). Underlying the centrin signal, an intranuclear
extended compartment is associated with the centriolar plaque, which is free of DNA
and RNA and functions as the site of microtubule nucleation (Figure 2.18, Figure 2.20,
Figure 2.21). Based on these observations, I propose a novel working model of the
centriolar plaque during blood-stage schizogony (Figure 3.2).
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FIGURE 3.2: Working model of the P. falciparum centriolar plaque during blood-stage schizo-
gony. Schematic of the centriolar plaque organization in hemispindle (left) and in mitotic spindle
stage (right). The centriolar plaque has a bipartite organization with a cytosolic part and an
extended intranuclear compartment. The mature mitotic spindle is organized by two opposing
centriolar plaques. Whether the intra- and extranuclear compartment of the centriolar plaque are
connected by a classical nuclear pore still needs to be investigated.

The bipartite organization of the P. falciparum centriolar plaque was recently con-
firmed by Liffner and Absalon (2021) via U-ExM of centrin, microtubules, NHS ester
staining and BODIPY TRc to visualize membranes. Furthermore, a similar bipartite
organization of the centriolar plaque was observed during Plasmodium male gameto-
genesis (Rashpa and Brochet, 2022). Comparable to blood-stages, microgametocyte
centriolar plaques span the nuclear membrane and are composed of an extended
intranuclear and an extranuclear compartment containing centrin. However, in ac-
tivated male gametocytes the extranuclear compartment is associated with basal
bodies which organize axonemal microtubules. While centrin is always present
in the cytosol, γ-tubulin is mostly relocated from the cytosol into the intranuclear
compartment upon gametocyte activation (Rashpa and Brochet, 2022) to nucleate
intranuclear spindle microtubules. Unfortunately, several attempts during this PhD
study to clearly visualize the position of γ-tubulin in P. falciparum blood-stages were
unsuccessful. However, as nucleation of microtubules during schizogony is restricted
to inside the nuclei, it is unlikely that a similiar relocation of γ-tubulin takes place at
schizogony onset. Only after completion of schizogony, γ-tubulin is required in the
cytosol for nucleation of subpellicular microtubules (Fowler et al., 2001). It will be
interesting to investigate whether γ-tubulin relocation between cytosol and nucleus
is mediated via the connection of the intra- and extranuclear compartment of the
centriolar plaque.

The physical connection of the intranuclear compartment organizing mitotic spindles
with the extranuclear basal bodies nucleating axonemal microtubules in microgame-
tocytes indicates a timely and functional coordination of both processes (Rashpa and
Brochet, 2022). In compliance with this model, the two compartments of blood-stage
centriolar plaques might provide two regulatory hubs to coordinate chromosome
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segregation of the respective nucleus with the mitotic state of other nuclei which all
share one cytoplasm during asynchronous divisions. Akin to Plasmodium centriolar
plaques, the Toxoplasma centrosome shows a bipartite organization with an inner
and an outer core (Suvorova et al., 2015) which I will discuss in more detail in the
next subsection. While the inner core of the Toxoplasma centrosome was suggested
to regulate nuclear events, the outer core was proposed to regulate daughter cell
formation (Suvorova et al., 2015; Tomasina et al., 2022). Likewise, the Plasmodium
centriolar plaque outer compartment might play a role in switching from continuous
rounds of nuclear divisions during schizogony to initiation of merozoite budding.
The extranuclear compartment could also play an important structural role as it might
tether the centriolar plaque to the plasma membrane or, in late stages, to rhoptries.
This hypothesis is supported by several observations. First, in multinucleated para-
sites, centriolar plaques of the individual nuclei were typically directed towards the
plasma membrane and only rarely oriented towards the center of the parasite (Fig-
ure 2.15, Figure 2.16). Second, I detected an extended funnel-like shape of the NHS
ester-labeled extranuclear compartment directed away from the nucleus towards
the plasma membrane (Figure 2.17). Third, co-IPs of PfCentrin-GFP in blood-stages
identified several proteins that localize to the parasite plasma membrane (Figure A.1).
Lastly, centriolar plaques might be connected to rhoptry development as electron
tomography showed electron-dense, round structures in close proximity to centriolar
plaques (personal communication, Juyeop Kim), which might be early rhoptries. This
hypothesis is in line with a recent study showing close association of rhoptries with
nuclei (Rudlaff et al., 2020). To investigate whether the extranuclear compartment
develops over time, it will be interesting to quantify its shape and dimensions in
different microtubule stages and throughout schizogony. The results can then be com-
pared to the intranuclear compartment, which showed no difference in size between
hemispindle and mitotic spindle stages (Figure 2.15, Figure 2.17).

3.3.2 Comparison of centriolar plaque architecture to centrosomes and
the spindle pole body

Comparison to the Toxoplasma gondii centrosome
In contrast to Plasmodium centriolar plaques in blood-stages, the Toxoplasma centro-
some contains centrioles (Francia and Striepen, 2014). Beyond that obvious difference,
several similarities can be observed between the two MTOCs of these apicomplexan
parasites during divisions. Both MTOCs are bipartite with two distinct compart-
ments/cores. While the two compartments of the P. falciparum centriolar plaque
are separated by the nuclear membrane, both cores of the T. gondii centrosome are
presumably outside of the nucleus (Suvorova et al., 2015). However, since CLEM
has never been applied to analyze the Toxoplasma centrosome, the position of the
nuclear envelope in relation to the described cores and their components is not finally
clarified. In the Toxoplasma centrosome, a distinct composition has been observed with
Centrin1, Sfi1, SAS-6, CEP250 and γ-tubulin in the outer, and CEP250 and CEP250L
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in the inner core (Suvorova et al., 2015). In both species, centrin is a marker for the
outer compartment, however, as it co-localizes with the cartwheel-protein SAS6 in
T. gondii, it is likely part of centrioles. Apart from centrins, the localization of the other
centrosomal proteins studied in Toxoplasma have not yet been analyzed in Plasmodium
blood-stages. The Toxoplasma inner core protein CEP250L might reside within the
centrocone (Tomasina et al., 2022), a sub-compartment of the nucleus defined by the
surrounding nuclear membrane, not present in Plasmodium (Striepen et al., 2007). In
the centrocone, which likely also contains γ-tubulin in metaphase (Tomasina et al.,
2022), microtubules are polymerized. These need to traverse the nuclear membrane
to connect to the chromosomes (Striepen et al., 2007). As the site of microtubule
nucleation, the centrocone resembles the inner compartment of the Plasmodium centri-
olar plaque, even though Plasmodium microtubules do not need to cross the nuclear
membrane. A common marker for the centrocone is MORN1 (membrane occupation
and recognition nexus 1) (Gubbels et al., 2006). To date, MORN1 localization in
Plasmodium blood-stages has solely been investigated during segmentation and in
merozoites (Ferguson et al., 2008; Rudlaff et al., 2019) and it will be worthwhile to test
whether MORN1 localizes to the inner centriolar plaque compartment. To compare
the two cores of T. gondii and P. falciparum MTOCs in detail, more centriolar plaque
proteins need to be detected and their dynamics analyzed.

Comparison to yeast spindle pole bodies (SPBs)
Plasmodium and budding yeast undergo closed divisions without breakdown of the
nuclear envelope. Yeast and Plasmodium evolved a microtubule-organizing struc-
ture that is associated with the nuclear membrane to coordinate intranuclear micro-
tubules. In addition, budding yeast SPBs nucleate astral microtubules (Cavanaugh
and Jaspersen, 2017), while I never detected any cytoplasmic microtubules in Plasmo-
dium schizogony. The main parts of the Plasmodium centriolar plaque are positioned
in extended compartments inside and outside of the nucleus and the "neck" region in
the nuclear membrane is currently mainly understood as a connection. In contrast,
the budding yeast SPB occupies the space directly in and around the nuclear enve-
lope (Cavanaugh and Jaspersen, 2017). Consistently, microtubule nucleation sites are
closely associated with the well-defined inner and outer plaque structures of the SPB
(Bullitt et al., 1997; O’Toole et al., 1999), while a significant gap between nucleation
sites and the nuclear membrane is observed especially in Plasmodium mitotic spindle
stages (Figure 2.21, Figure 2.23). The amorphous microtubule-nucleating inner com-
partment is reminiscent of the extended, amorphous MTOC during meiosis of fission
yeast (Funaya et al., 2012). In comparison to Plasmodium, this amorphous MTOC is
positioned in the cytoplasm.

Comparison to vertebrate centrosomes
In comparison to Plasmodium, vertebrate cells undergo open mitosis and their cen-
trosomes typically contain a central pair of centrioles (Conduit et al., 2015). The
pericentriolar material/matrix (PCM) is the site of microtubule nucleation which is
structured around the centrioles in clearly defined concentric toroids (Lawo et al.,
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2012; Mennella et al., 2012). In Plasmodium, microtubule nucleation takes place in the
intranuclear compartment of centriolar plaques which, similar to the PCM in early
TEM studies (Woodruff et al., 2014), appears as an electron-dense, amorphous mass.
However, it remains unclear whether the intranuclear compartment is reminiscent
of the vertebrate PCM. Apart from γ-tubulin, no classical PCM proteins such as
pericentrin, CEP192, or NEDD1 (Woodruff et al., 2014) are conserved in Plasmodium.
Furthermore, no proteins have been identified in the Plasmodium intranuclear centrio-
lar plaque which might provide a matrix-like, structural function.
Interestingly, mammalian centrins do not only localize to centrioles, but also to centri-
olar satellites that surround mammalian centrioles (Quarantotti et al., 2019). In the
future, it will be interesting to see whether these extra-centriolar satellites might be
similar to the pool of centrin detected in Plasmodium.

Comparison to the Dictyostelium centrosome
While budding and fission yeast as well as vertebrates belong to the eukaryotic
supergroup of the opisthokonts, Plasmodium is not part of it. Therefore, it is of interest
to compare the organization of centriolar plaques to the acentriolar centrosome of
the amoeba Dictyostelium, which also does not belong to the opisthokonts. The
Dictyostelium centrosome consists of a box-like core with three concentrical layers,
surrounded by a corona with nodules, the sites of microtubule nucleation (Gräf et al.,
2021). While the centrosome is present in the cytosol during interphase, it is inserted
into an opening, also called fenestra, of the nuclear envelope at onset of mitosis before
semi-conservative duplication (Ueda et al., 1999; Gräf et al., 2021). Whether the part
of the Plasmodium centriolar plaque that spans the nuclear membrane is inserted into
a comparable "fenestra"-like opening of the envelope or into a classical nuclear pore
remains unclear and is discussed in further detail in the next subsection. Interestingly,
Dictyostelium undergoes so-called semi-closed or semi-open mitosis in which there is
no breakdown of the nuclear envelope, but it becomes leaky and allows transport of
tubulin dimers and spindle assembly factors (Gräf et al., 2021). A breakdown of the
Plasmodium nuclear envelope during schizogony has never been observed (Prensier
and Slomianny, 1986; Sinou et al., 1998; Bannister et al., 2000b). However, it will be
interesting to see whether schizogony is semi-closed, for instance to mediate transfer
of γ-tubulin into the nuclei for intranuclear microtubule nucleation and back into
the cytosol for nucleating subpellicular microtubules. To test the permeability of the
nuclear membrane, erythrocytes could be pre-loaded with fluorophore-conjugated
dextran, infected with P. falciparum, and nuclear versus cytosolic dextran signals
compared between pre-division stages and dividing schizonts.

In summary, the Plasmodium centriolar plaque exhibits a unique organization as
it is neither exclusively associated with the cytoplasm as observed in vertebrate
centrosomes, nor mainly occupying the space in the nuclear membrane as e.g. the
yeast SPB. Instead, extended compartments on the cytoplasmic (centrin-containing)
and nuclear (microtubule nucleating) site are established in the centriolar plaque
which build a continuum across the nuclear membrane.
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3.3.3 Connection of the intra- and extranuclear compartment

In this study, I found a highly protein-dense connection, linking the intra- and ex-
tranuclear compartment of the centriolar plaque, observed via NHS ester labeling of
expanded cells (Figure 2.17). This observation was recently confirmed both for Plas-
modium blood-stages (Liffner and Absalon, 2021) and for male gametocytes (Rashpa
and Brochet, 2022). It is plausible that the connection at the nuclear envelope might
be mediated by a nuclear pore. This is supported by the presence of the nuclear pore
protein Nup313 at the centriolar plaque (Figure 2.14) as well as by early electron
microscopy studies in oocysts suggesting the integration of the centriolar plaque into
a nuclear pore (Canning and Sinden, 1973; Schrével et al., 1977; Sinden and Strong,
1978). Transmission electron microscopy and tomography in this study further sup-
port the presence of nuclear pores at the centriolar plaque (Figure 2.18, Figure 2.20,
Figure 2.21). However, immunostainings of Nup313 combined with NHS ester label-
ing will be required to confirm the presence of a nuclear pore at the protein-dense
neck region. In addition, it is not entirely clear how many nuclear pores are directly
associated with each centriolar plaque. Using NHS ester staining, I detected exclu-
sively one protein-dense neck region per centriolar plaque, which is in line with
the observations by Rashpa and Brochet (2022) in microgametocytes and suggests a
single nuclear pore at the centriolar plaque. To make a final conclusion, the number
of nuclear pores at the centriolar plaque needs to be counted, which can be done
by electron tomography. It remains completely elusive whether the opening at the
centriolar plaque is a "classical" nuclear pore or if it resembles the fenestra in the nu-
clear membrane in which the Dictyostelium centrosome or the yeast SPB are inserted.
To test whether nuclear pores are remodeled into fenestra, the size of the nuclear
envelope opening at the centriolar plaque needs to be quantified. It will be interesting
to see whether the size extends the diameter of dilated and contracted nuclear pores
(Zimmerli et al., 2021). Furthermore, analysis of the localization of additional nuclear
pore proteins identified in Plasmodium (Kehrer et al., 2018) will provide an indication
whether the composition of nuclear envelope openings is analogous to nuclear pore
complexes.

3.3.4 Centriolar plaque dynamics and duplication

In this study, PfCentrin1 served as a marker for the extranuclear compartment to in-
vestigate dynamics and duplication of the centriolar plaque via time-lapse microscopy
(section 2.1). A first centrin signal was observed when hemispindle microtubules
were already nucleated (Figure 2.2, Figure 2.4). After the first nuclear division, each
nucleus showed one or two centrin foci during schizogony, before centrin was no
longer detectable in segmented cells (Figure 2.9). The appearance of hemispindle
microtubules before the first centrin signal is detected points towards a gradual as-
sembly of the centriolar plaque. The intranuclear compartment containing γ-tubulin
for microtubule nucleation might be established before the extranuclear compartment.
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More markers for the intra- and extranuclear compartment of the centriolar plaque
will be needed to test whether intranuclear proteins are recruited first.
A second centrin signal was detected in mitotic spindles when bright accumulated
microtubule signals were detected in time-lapse microscopy (Figure 2.2, Figure 2.4)
followed by separation of the centriolar plaques during expanded spindle formation.
However, due to imaging at the sensitivity limit it was challenging to define the
exact time point of second centrin signal appearance and therefore duplication of
the centriolar plaque. Using super-resolution microscopy, I occasionally detected
hemispindles with two centrin signals indicating that centriolar plaque duplication
might already occur in hemispindle stage. However, it remains elusive whether a
second centrin signal was solely detected due to the increased resolution or because
of an early stage of centriolar plaque duplication.
In light of the current model of an amorphous centriolar plaque, an important open
question is how the centriolar plaque is duplicated to form a bipolar mitotic spindle.
Various different strategies of MTOC duplication have evolved in different species.
For example, in animal centrosomes the mother and daughter centriole establish
procentrioles before they are separated (Nigg and Holland, 2018), while formation
of a second yeast SPB is initiated by assembly of a satellite structure connected to
the SPB via an elongated half-bridge. The satellite develops into a new SPB that will
be integrated into the nuclear envelope (Fu et al., 2015). In Plasmodium it remains
unknown whether centriolar plaque duplication is more comparable to animal cen-
trosome separation or de novo formation as in yeast SPBs. The bipartite T. gondii
centrosome duplicates stepwise from the outside to the inside. First, the centrin-
containing outer core is duplicated, followed by the inner core and the centrocone
(Suvorova et al., 2015). It will be interesting to see whether duplication of the Plas-
modium centriolar plaque shows a similar stepwise duplication starting with the
extranuclear compartment. However, in contrast to T. gondii, the two compartments
of the Plasmodium centriolar plaque are connected via a neck in the nuclear envelope,
which would complicate coordination of a stepwise extra- and intranuclear compart-
ment duplication. Furthermore, the connecting part in the nuclear membrane also
needs to be duplicated. For this, a second fenestra or nuclear pore has to be recruited
to the centriolar plaque. Novel formation of a nuclear pore during each duplication
is unlikely as it was shown recently that the maximum number of pores is reached in
trophozoites, indicating that they are solely redistributed during schizogony (Weiner
et al., 2011).
To gain insight into both assembly and duplication of the Plasmodium centriolar
plaque it will be critical to identify novel components of the intra- and extranuclear
compartment.
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3.4 Identification of novel centriolar plaque proteins

The S. cerevisiae spindle pole body consists of 18 proteins (Cavanaugh and Jaspersen,
2017) and in human cells, more than 500 centrosomal proteins have been identified
(Andersen et al., 2003) providing a complex picture of these microtubule-organizing
centers. However, research on the Plasmodium centriolar plaque is currently limited
to very few markers including centrins, Ark1 and γ-tubulin. To analyze organization
and function of the centriolar plaque, more components of the intra- and extranuclear
compartment need to be elucidated and characterized. In this study, I identified
eleven novel centriolar plaque candidate proteins using co-immunoprecipitations.
Two of those candidates, PF3D7_1427900 and PF3D7_0710000, were analyzed in more
detail.

The leucine-rich repeat protein PF3D7_1427900 is essential for blood-stage growth
of the parasite (Figure 2.27B). Despite the cytoplasmic localization of centrins used
for IPs, PF3D7_1427900 was detected inside the nucleus, possibly associated with the
intranuclear compartment at the end of schizogony (Figure 2.27A). The nuclear local-
ization might be explained by the fact that peptides of the protein were exclusively
found in a crosslinked sample, indicating that the extranuclear part of the centriolar
plaque might form a complex with the intranuclear compartment. However, associa-
tion of PF3D7_1427900 with the intranuclear compartment at the end of schizogony
still needs to be confirmed e.g. via co-labeling with NHS ester using U-ExM. If
PF3D7_1427900 is not directly associated with the intranuclear compartment, it might
still be tethered to the intranuclear compartment of the centriolar plaque towards the
end of schizogony.

Sfi1-like protein (Slp) is a novel extranuclear centriolar plaque component
PF3D7_0710000 is a novel protein of the centriolar plaque, which closely associates
with centrin (Figure 2.28A). Despite lacking sequence conservation of Sfi1, the iden-
tified protein contains repeats of centrin-binding domains, which are characteristic
for Sfi1 (Suvorova et al., 2015) (Figure A.2). Therefore, it was called Sfi1-like pro-
tein (Slp). In budding yeast, Sfi1 is a well-known interaction partner of Cdc31, the
homolog of mammalian centrin. Recently, an interaction of Sfi1 with centrins was
also suggested for human cells as they localize to a common distal pool of the cen-
triole and depletion of Sfi1 prevented recruitment of centrin (Bouhlel et al., 2021).
In Plasmodium, I detected Slp in close proximity to centrin, but no co-localization
was observed (Figure 2.28A). However, preliminary RescueSTED images suggest a
co-localization of centrin with Slp (personal communication, Christoph Wenz). In
co-immunoprecipitations, Slp peptides were identified both in samples with and
without crosslinking of PfCentrin1-GFP expressing cells, indicating that Slp might
be a direct interaction partner of Plasmodium Centrin1. This data is in favor of a
co-localization of Plasmodium Slp with centrins. However, more immunofluorescence
images need to be analyzed to definitely determine Slp localization with respect to
centrin.
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For interpretation of immunofluorescence images using the 3D7 Slp-GFP_glmS strain,
it needs to be taken into account that only the C-terminus of the protein is visualized
with the GFP-tag while the N-terminus might localize at a slightly different position.
This is important to consider as Slp is a large protein of more than 3200 amino acids
and as it might have a long, filamentous structure similar to yeast Sfi1 (Li et al., 2006).
In yeast, centrin-binding motifs were found central in the amino acid sequence of
Sfi1 (Kilmartin, 2003; Li et al., 2006). In contrast, six out of seven centrin-binding
motifs (F/LxxWK/R) in Plasmodium Slp are positioned in the first (N-terminal) half
of the protein (Figure A.2), indicating that Plasmodium centrins might be preferably
associated with the N-terminus. For yeast SPB duplication, Sfi1 proteins oligomerize
at their C-termini with the N-termini connected to the SPB and the newly forming
satellite, respectively (Li et al., 2006; Rüthnick et al., 2021). Therefore, in C-terminally
GFP-tagged yeast Sfi1 one fluorescent signal was detected at the SPB, while two sig-
nals were observed with N-terminal tagging (Burns et al., 2015). It will be interesting
to test whether Plasmodium Slp is also able to oligomerize in an antiparallel fashion.
Therefore, generation of an additional cell line expressing N-terminally tagged Slp
will be useful. Thereby, the number of signals and the localization with respect to
centrins can be compared between N- and C-terminally tagged Slp and potential
similarities to the yeast Cdc31/Sfi1 pair can be identified.

Knockdown of Slp massively reduced parasite growth in blood-stages (Figure 2.28B).
Preliminary immunofluorescence stainings on schizonts with induced Slp knockdown
did neither reveal an obvious knockdown phenotype concerning the microtubule
structures during schizogony, the number of centrin signals per nucleus nor in
the numbers of progeny produced per parasite when Slp was knocked down for
two intraerythrocytic cycles (personal communication, Christoph Wenz). However,
after one cycle of Slp knockdown merozoite numbers per segmented parasite were
significantly reduced. In addition, a delay in parasite development was observed
upon Slp knockdown (personal communication, Christoph Wenz). More analyses
and quantifications will be needed to characterize the observed differences in detail.
To confirm an efficient knockdown of Slp mRNA upon glucosamine addition, qPCRs
will be needed. Verification of Slp knockdown on the protein level via western
blotting will likely be impossible due to the large size of the protein (407 kDa).
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3.5 Conclusion and outlook

In this study, I established U-ExM and RescueSTED super-resolution microscopy
techniques as well as CLEM to study schizogony of P. falciparum during blood-stage
development. In the future, these advanced imaging techniques will reveal structural
details of the parasite at unprecedented resolution and facilitate investigation of
Plasmodium’s unusual biology.
This study unraveled centrin and microtubule dynamics during schizogony and I
clarified the chronology of different microtubule structures and their detailed orga-
nization. A key open question arising from this project is how hemispindle micro-
tubules are reorganized into a mitotic spindle and how this is regulated. Time-lapse
microscopy at higher temporal and spatial resolution will be required to answer this
question. In addition, it remains unclear how exactly chromosomes are separated dur-
ing schizogony, which is critical as they remain uncondensed throughout divisions
(Canning and Sinden, 1973; Read et al., 1993; Gerald et al., 2011). Super-resolution
and time-lapse microscopy of fluorescently labeled kinetochores/centromeres in
combination with microtubule labeling will provide first insights into chromosome
separation. Another open question is whether the parasite divides by closed mitosis
or by semi-closed divisions with partial openings or leakages of the nuclear envelope,
potentially including local breakdowns of the nuclear envelope as observed in fission
yeast (Dey et al., 2020). In addition, the mechanism of karyofission during schizogony
is entirely elusive. To answer these questions, it is critical to discover/develop a
reliable nuclear envelope marker for Plasmodium blood-stages.

This study provides an entirely new perspective on the organization of the Plasmodium
centriolar plaque during blood-stage schizogony into an extranuclear compartment
containing centrin, and an intranuclear, DNA- and RNA-free compartment involved
in microtubule nucleation. These two compartments are protein-rich and connected
via a thin neck-region in the nuclear envelope. The function and composition of the
intra- and extranuclear compartment remain largely unknown. I identified a novel ex-
tranuclear component of the centriolar plaque, an Sfi-like protein (Slp), which might
be an interaction partner of Plasmodium centrins. Co-immunoprecipitations of Slp
will indicate whether the protein is directly interacting with centrins and will identify
further candidates of the extranuclear compartment. In addition, Ann-Kathrin Mehn-
ert identified mitotic-spindle organizing protein 1 (MZT1) as a novel intranuclear
component of the centriolar plaque in P. knowlesi (unpublished data). Tagging of
P. falciparum MZT1 will reveal whether it likewise localizes to the intranuclear centri-
olar plaque. If it does, it will be a good candidate to identify novel proteins of the
intranuclear compartment via co-IPs as I was unsuccessful with tagging intranuclear
Plasmodium γ-tubulin. These new markers will be helpful to answer another key
question arising from my PhD project which is the assembly and duplication of
the amorphous Plasmodium centriolar plaque. In addition, it will be interesting to
investigate how centriolar plaques are involved in regulating the varying numbers
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of progeny produced per parasite during schizogony. Analysis of mutant parasite
lines with reduced or increased merozoite numbers per parasite (Dorin-Semblat et al.,
2008; Mancio-Silva et al., 2013) will be helpful to pursue this question.

While I focused on blood-stage divisions in this study, it will be intriguing to inves-
tigate centriolar plaque and microtubule dynamics as well as organization in other
replicative life cycle stages of Plasmodium in future projects. Initial studies on male
gametogenesis visualized microtubule structures (Zeeshan et al., 2019b, 2020) and
very recently a bipartite organization of the centriolar plaque similar to blood-stage
schizonts (Rashpa and Brochet, 2022). However, a detailed investigation of oocyst
centriolar plaques beyond early transmission electron studies are missing and liver-
stage centriolar plaques have, to my knowledge, never been investigated. From an
evolutionary perspective, this study broadens the current understanding of MTOC
organization during divisions. In contrast to most eukaryotes, Plasmodium is not
part of the ophistokonts, but belongs to the apicomplexan phylum which is located
in substantial distance to all classical biological model organisms in the eukaryotic
tree of life. This makes it an interesting candidate to explore and highlight MTOC
diversity among eukaryotes.

To discover novel antimalarial agents, it is important to get a deeper understanding
of the biology of Plasmodium to identify targets specific for the parasite. Therefore,
the unusual division of the parasite which leads to massive proliferation and is
associated with all clinical symptoms of malaria provides a promising starting point.
Plasmodium-specific microtubule inhibitors have been identified in previous studies
(Sinou et al., 1998; Fennell et al., 2006; Kappes and Rohrbach, 2007; Naughton and Bell,
2007) and it will be interesting to further investigate their exact mode of action and
their potential as antimalarial drugs. The unusual organization and composition of
Plasmodium centriolar plaques might also provide novel targets for malaria treatment
which are required considering the fast emergence of resistances against currently
used antimalarial agents.
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Chapter 4

Materials and Methods

4.1 Materials

4.1.1 Key devices and instruments

Device/Instrument Supplier
Leica TCS SP8 scanning confocal microscope Leica Microsystems
STED/RESOLFT super resolution microscope Abberior Instruments
Zeiss Axio Observer.Z1 Zeiss
Leica EM ICE Leica Microsystems
Leica EM AFS2 Leica Microsystems
Leica EM UC7 ultramicrotome Leica Microsystems
Attofluor™ Cell Chamber Invitrogen
Jeol JEM-1400 80 kV Jeol
Tecnai F20 TEM FEI
Tecnai F30 TEM FEI
QuadroMACS™ Separator with LS columns Miltenyi Biotec
VarioMACS™ Separator with CS column Miltenyi Biotec
Gene Pulser II with cuvettes BioRad
BD FACSCelesta™ Cell Analyzer BD Biosciences
Bioruptor®Pico sonication system, B01060003 Diagenode
Mini Trans-Blot®Cell, 1703930 Bio-Rad
ChemiDoc XRS+ Gel Imaging System Bio-Rad
Lab-Tek II Chambered Coverglass Thermo Fisher Scientific
µ-Dish 35 mm, high Glass Bottom ibidi
µ-slide 8 Well Glass Bottom ibidi
slot grids / mesh grids / finder grids Plano
high-tilt holder, Model 2040 Fischione Instruments
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4.1.2 Key chemicals and reagents

Chemicals/Reagents Supplier Usage
RPMI 1640 GlutaMAX, phenol-red
(61870010)

gibco - Thermo Fisher
Scientific

cell culture

Albumax II (11021045) gibco - Thermo Fisher
Scientific

cell culture

Hypoxanthine (Z-41-M) c.c.pro GmbH cell culture
Gentamycin sulphate solution (HN09.1) Carl Roth GmbH cell culture
HEPES (H4034) Sigma-Aldrich cell culture
Geneticin G-418 Sulphate (11811-031) Thermo Fisher

Scientific
cell culture

RPMI 1640, stable Glutamine, w/o
phenol-red, 2 g/l NaHCO3 (P04-16520)

PAN Biotech cell culture

WR99210 Jacobus
Pharmaceuticals

cell culture

Blasticidin, solution (ant-bl-1) InVivoGen cell culture
Geneticin™ Selective Antibiotic (G418
Sulfate)

Thermo Fisher
Scientific

cell culture

Hemacolor® Rapid staining of blood
smear Solution 2 (1.11956.2500)

VWR cell culture

Hemacolor® Rapid staining of blood
smear Solution 3 (1.11957.2500)

VWR cell culture

D-Sorbitol (S1876-500G) Sigma-Aldrich cell culture
Concentrated erythrocytes (O+) Blutbank Mannheim cell culture
D-(+)-Glucosamine hydrochloride (GlcN) Sigma-Aldrich cell culture
Sodium acetate Merck DNA preci-

pitation
EDTA Sigma-Aldrich DNA preci-

pitation
Tris Roth various
Tris-HCl AppliChem GmbH various
Concanavalin A C2010 Sigma-Aldrich cell seeding
Paraformaldehyde (PFA) EM-grade Electron Microscopy

Sciences
cell fixation

Phosphate-buffered saline (PBS) gibco various
Sodium borohydrate (NaBH4) Sigma-Aldrich IFA
Glutaraldehyde solution, grade I, 25% in
H2O

Sigma-Aldrich IFA

Triton-X-100 Sigma-Aldrich IFA
Albumin (BSA) Roth IFA
Tween-20 Roth IFA
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Nuclease-free water (AM9937) Ambion - Thermo
Fisher Scientific

U-ExM

PolyDLysine (A3890401) gibco U-ExM
Ammonium persulfate (APS, 17874) Thermo Fisher

Scientific
U-ExM

Tetramethylethylendiamine Thermo Fisher U-ExM
(TEMED, 17919) Scientific
Formaldehyde (FA, 36.5-38%, F8775) SIGMA U-ExM
Acrylamide (AA, 40%, A4058) SIGMA U-ExM
N,N’-methylenbisacrylamide
(BIS, 2%, M1533)

SIGMA U-ExM

Sodium Acrylate (SA, 7446-81-3) SantaCruz
Biotechnology

U-ExM

SDS OLS OMNI Life Science various
NaCl Sigma-Aldrich various
Saponin Sigma-Aldrich Cell lysis
Halt™Protease Inhibitor Cocktail, 78430 Thermo Fisher

Scientific
RIPA buffer

4-12% Tris-glycine Gel
(Novex™WedgeWell™, XP04122BOX)

Thermo Fisher
Scientific

SDS-PAGE

Ponceau S solution, P7170 Sigma-Aldrich WB
Dynabeads™ Protein G, magnetic,
10003D

Invitrogen IP

PageRuler™ Plus Prestained Protein
Ladder, 10 to 250 kDa, 26619

Thermo Fisher
Scientific

SDS-PAGE

Amersham Protran Premium 0.45 NC
nitrocellulose Western blotting
membranes, 1060000

Cytiva Wet
transfer

CL Prime Western Blotting Detection
Reagent, RPN2232

Amersham WB

Pierce™16% Formaldehyde (w/v),
Methanol-free, 28906

Thermo Fisher
Scientific

Crosslinking

NuPAGE™LDS Sample Buffer Invitrogen WB
Spurr’s resin Serva TEM
Formvar Science Services TEM
Lowicryl HM20 Polysciences Tomography

and CLEM
tri-Sodium citrate dihydrate Sigma Tomography

and CLEM
Lead(II) nitrate Merck Tomography

and CLEM
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LRGold London Resin
Company

CLEM

benzoyl peroxide Polysciences CLEM

4.1.3 Buffers, media and solutions

Buffers/Media/
Solutions

Composition Usage

Complete Cell RPMI 1640, phenol-red (500 ml bottle) cell culture
Culture Medium 25 mM HEPES
(cRPMI) 12.5 µg/ml Gentamycin sulphate solution

0.2 mM Hypoxanthine
0.5% Albumax

Incomplete Cell RPMI 1640, phenol-red (500 ml bottle) cell culture
Culture Medium 25 mM HEPES
(iRPMI) 12.5 µg/ml Gentamycin sulphate solution
Imaging medium RPMI 1640, w/o phenol-red (500 ml bottle) cell culture

25 mM HEPES
12.5 µg/ml Gentamycin sulphate solution
0.2 mM Hypoxanthine
0.5% Albumax

Freezing solution 28% glycerol cell culture
3% sorbitol
0.65% NaCl

TE buffer, pH 7.5 10 mM Tris-HCl, pH 7.5 transfection
1 mM EDTA

Cytomix, pH 7.6 120 mM KCl transfection
0.15 mM CaCl2
2 mM EGTA
5 mM MgCl2
10 mM K2HPO4/KH2PO4

25 mM HEPES
Monomer 19% w/v Sodium acrylate (SA) U-ExM
solution 10% w/v Acrylamide (AA)

0.1% w/v N,N’-methylenbisacrylamide
1x PBS (from 10x stock)
0.5% w/v APS*
0.5% w/v TEMED*

Denaturation 200 mM SDS U-ExM
buffer, pH 9.0 200 mM NaCl

50 mM Tris in ddH20, pH 9.0
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Formaldehyde/ 1.4% formaldehyde U-ExM
Acrylamide mix 2% acrylamide
Sodium acrylate 38% w/v SA in Milli-Q water U-ExM
solution
TEMED solution 10% v/v TEMED in nuclease-free water U-ExM
APS solution 10% w/v APS in nuclease-free water U-ExM
RIPA buffer 50 mM Tris-HCl, pH 8.0 cell lysis

150 mM NaCl
1% NP-40
0.5% sodium deoxycholate
0.1% SDS
1x protease inhibitor cocktail
if necessary: 1 mM DTT

Laemmli buffer 0.1 M Tris-HCl, pH 7.2 SDS gel
4% SDS
20% glycerol
0.8 M β-mercaptoethanol
a pipette tip of bromophenol blue

Tris-glycine 25 mM Tris SDS gel
running buffer 250 mM glycine

0.1% SDS
Tris-glycine 25 mM Tris WB
transfer buffer 192 mM glycine

0.02% SDS
0-25% Methanol

Blocking solution 5% milk powder WB
0.05% Tween-20
in PBS

Wash solution 0.05% Tween-20 in PBS WB
Quenching solution 0.125 M glycine in 10 ml PBS Quenching
Freeze-substitution 0.2% Osmium tetroxide (in H2O) TEM
solution (TEM) 0.1% uranyl acetate (UA)

5% H2O
in dry acetone

Freeze-substitution 0.3% uranyl acetate (UA) CLEM and
solution (CLEM and
Tomography)

in dry acetone Tomography

* added immediately before usage
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4.1.4 Software and databases

Software/
Database

Supplier Usage

3DMOD University of Colorado tomographic
reconstruction/visualization

EM-Menu TVIPS GmbH TEM image acquisition
eTomo University of Colorado tomographic

reconstruction/visualization
Fiji Schindelin et al. (2012) Image analysis
FlowJo Tree Star flow cytometry data analysis
GIMP The GIMP Development Team CLEM - Image overlay
GraphPad Prism Data analysis and

visualization
Huygens
professional

Scientific Volume Imaging Deconvolution

Image Lab 4.1 Bio-Rad WB image acquisition
Imaris Oxford Instruments 3D data analysis
IMOD Kremer et al. (1996) tomographic

reconstruction/visualization
Imspector Abberior Instruments STED image acquisition
Inkscape Inkscape Project Figure design
Overleaf Overleaf Write thesis
PlasmoDB amo Informatics resource
R R Core Team (2021) Data analysis and

visualization
SerialEM Mastronarde (2005) Tilt series acquisition for

tomography

4.1.5 Primers

For Plasmid Name Orientation Sequence
pArl-PfCen-
trin1-GFP

- forward CGACCCGGGATGGTACCATGAGCAG
AAAAAATCAAACTATG

pArl-PfCen-
trin1-GFP

- reverse TTCTTCTCCTTTACTCCTAGGAAATAA
GTTGGTCTTTTTCATAATTC

pArl-PfCen-
trin2-GFP

- forward CGACCCGGGATGGTACCATGACCGAT
AACACAGCTG

pArl-PfCen-
trin2-GFP

- reverse TTCTTCTCCTTTACTCCTAGGTAAGAA
GCTTTTTTTGGTCATTATTG

pArl-PfCen-
trin4-GFP

- forward CGACCCGGGATGGTACCATGAACACA
ATGTTAATTAAGG
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pArl-PfCen-
trin4-GFP

- reverse TTCTTCTCCTTTACTCCTAGGTGAATC
TGAATCAACATCAC

pSLI-Nup313-
3xHA_glmS

0079 forward CGCAGCGCATCGCCTTCTATCGCCTT
CTTGACGAGTTCTTCTAACTCGAGTA
ATTATAGCGCCCGAACTAAGCG

pSLI-Nup313-
3xHA_glmS

0080 reverse GGTATAAATATATAAATAAGAAAAAC
GAACATTAAGCTGCCATATCCC

pSLI-Nup313-
3xHA_glmS

0126 forward CCTTAGCTCATTCAGGTTTTTGTTTCG
AAAAAATTATTACACCTGTGACGCG
TTATCCATACGATGTTCCTGATTATGC

pSLI-Nup313-
3xHA_glmS

0127 reverse GGATTTTCTTCTACATCTCCACATGTT
AATAAACTTCCTCTTCCTTCTCCGTC
GACAGCGTAATCAGGTACATCGTAT
GGATAAGAACC

pSLI-Nup313-
3xHA_glmS

0163for forward ATAAGAATGCGGCCGCTAATGGATGT
AATAAAAGTGATGATAGC

pSLI-Nup313-
3xHA_glmS

0164rev reverse CGACGCGTATTTATCATATTTTGATTC
ATAAATTTATGCC

pSLI-Nup313-
3xHA_glmS

P22 reverse CGCTTCAGTGACAACGTCGAGCACA
GC

pSLI-Nup313-
3xHA_glmS

P91 forward CACACAGGAAACAGCTATGACC

pSLI-Nup313-
3xHA_glmS

P248 forward AGATCTGATTCCATTTCTGG

pSLI-Nup313-
3xHA_glmS

P249 reverse GAGATAAGTAAGGATATACTTTTGC

pSLI-GOI-01-
3xHA_glmS

- forward TGACACTATAGAATACTCGCGGCCGC
GCTGGGAGAGTTGAAGATGCC

pSLI-GOI-01-
3xHA_glmS

- reverse CAGCAGCAGCACCTCTAGCACGCGT
TGAGTAAGGACTTCTCTGTGTTCC

pSLI-GOI-02-
3xHA_glmS

- forward TGACACTATAGAATACTCGCGGCCGC
CAAATTTGTTCATGTCCTGG

pSLI-GOI-02-
3xHA_glmS

- reverse CAGCAGCAGCACCTCTAGCACGCGT
TAAATCAACATTGCTCATTTTG

pSLI-GOI-03-
3xHA_glmS

- forward TGACACTATAGAATACTCGCGGCCGC
GTTGAAGAAATGTTATCAGAAGTG

pSLI-GOI-03-
3xHA_glmS

- reverse CAGCAGCAGCACCTCTAGCACGCGT
TTTGCTTGTATGTTTCTTTTTAC

pSLI-GOI-04-
3xHA_glmS

- forward TGACACTATAGAATACTCGCGGCCGC
TCGAGTGATGTAAGAAAAGAGATG
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pSLI-GOI-04-
3xHA_glmS

- reverse CAGCAGCAGCACCTCTAGCACGCGTA
AAAAATACACTTTTATGAACAAACG

pSLI-GOI-05-
3xHA_glmS

- forward TGACACTATAGAATACTCGCGGCCGC
GATTGATTTAGATGATAAAAGG

pSLI-GOI-05-
3xHA_glmS

- reverse CAGCAGCAGCACCTCTAGCACGCGT
GCAAAATAAATTAATTAACTCTTT

pSLI-GOI-06-
GFP_glmS

- forward TGACACTATAGAATACTCGCGGCCG
CAATATCCCATCAATTGCTACC

pSLI-GOI-06-
GFP_glmS

- reverse CAGCAGCAGCACCTCTAGCACGCGT
TTCAAGTTTGGTTTTTTTTAGGTC

pSLI-GOI-07-
3xHA_glmS

- forward TGACACTATAGAATACTCGCGGCCG
CCCAGAAGCTCATCAAATTCATC

pSLI-GOI-07-
3xHA_glmS

- reverse CAGCAGCAGCACCTCTAGCACGCGT
TGTTTTCTCGTCTTCCTTTATGC

pSLI-GOI-08-
GFP_glmS

- forward TGACACTATAGAATACTCGCGGCCG
CAGTGAAAAGACTGATGAAGG

pSLI-GOI-08-
GFP_glmS

- reverse CAGCAGCAGCACCTCTAGCACGCGT
TTTTATCATGATAAGATTGTTAAGG

pSLI-GOI-09-
3xHA_glmS

- forward TGACACTATAGAATACTCGCGGCCG
CGCAGGAGATCGTGTTATGAATC

pSLI-GOI-09-
3xHA_glmS

- reverse CAGCAGCAGCACCTCTAGCACGCGT
TGAATACAAATCTTCATCTACAAC

pSLI-GOI-10-
3xHA_glmS

- forward TGACACTATAGAATACTCGCGGCCG
CAATGAAGAATTGTCTAAGCAG

pSLI-GOI-10-
3xHA_glmS

- reverse CAGCAGCAGCACCTCTAGCACGCGT
AGCCTTGTTTTGTACATTG

pSLI-GOI-11-
3xHA_glmS

- forward TGACACTATAGAATACTCGCGGCCG
CGCAAGAGAAGAAGTACCAGGT

pSLI-GOI-11-
3xHA_glmS

- reverse CAGCAGCAGCACCTCTAGCACGCGT
GTTGGCATGGTGACGTGG

4.1.6 Plasmids

Plasmid Source
pArl-PfCentrin1-GFP Simon et al. (2021a)
pArl-PfCentrin2-GFP Nicolas Lichti, Yannik Voß
pArl-PfCentrin3-GFP Tim Gilberger
pArl-PfCentrin4-GFP Nicolas Lichti, Yannik Voß
p3-NLS-L3-mCherry Simon et al. (2021a)
pSLI-Nup313-3xHA_glmS Simon et al. (2021a)
pSLI-GOI-01-GFP_glmS Tatiany Romão
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pSLI-GOI-02-GFP_glmS Tatiany Romão
pSLI-GOI-03-GFP_glmS Tatiany Romão
pSLI-GOI-04-GFP_glmS Tatiany Romão
pSLI-GOI-05-GFP_glmS Tatiany Romão
pSLI-GOI-06-GFP_glmS Tatiany Romão
pSLI-GOI-07-GFP_glmS Tatiany Romão
pSLI-GOI-08-GFP_glmS Tatiany Romão
pSLI-GOI-09-GFP_glmS Tatiany Romão
pSLI-GOI-10-GFP_glmS Tatiany Romão
pSLI-GOI-11-GFP_glmS Tatiany Romão

4.1.7 Parasite cell lines

Strain Parasite cell line Source Usage
NF54 wild type Ponnudurai et al.

(1981)
IFAs, TEM

NF54 PfCentrin1-GFP Simon et al. (2021a) Time-lapse microscopy
NF54 PfCentrin2-GFP Nicolas Lichti,

Yannik Voß
IPs

NF54 PfCentrin3-GFP this study IPs
NF54 PfCentrin4-GFP Nicolas Lichti,

Yannik Voß
IPs

3D7 wild type Walliker et al. (1987) IFAs, Quantifications
3D7 Nup313-

3xHA_glmS
Simon et al. (2021a) Mark nuclear membrane

3D7 3xNLS-mCherry Simon et al. (2021a) Identify nucleoplasm

3D7
PCNA1-GFP,
3xNLS-mCherry

Klaus et al. (2021) Identify replicating cells

3D7 GOI-01-GFP_glmS Tatiany Romão CP candidate
3D7 GOI-02-GFP_glmS Tatiany Romão CP candidate
3D7 GOI-03-GFP_glmS Tatiany Romão CP candidate
3D7 GOI-04-GFP_glmS Tatiany Romão CP candidate
3D7 GOI-05-GFP_glmS Tatiany Romão CP candidate
3D7 GOI-06-GFP_glmS Tatiany Romão CP candidate
3D7 GOI-07-GFP_glmS Tatiany Romão CP candidate
3D7 GOI-08-GFP_glmS Tatiany Romão CP candidate
3D7 GOI-09-GFP_glmS Tatiany Romão CP candidate
3D7 GOI-10-GFP_glmS Tatiany Romão CP candidate
3D7 GOI-11-GFP_glmS Tatiany Romão CP candidate



100 Chapter 4. Materials and Methods

4.1.8 Antibodies

Antibody Species
Dilution*/
Conc.

Source

anti-α-tubulin B-5-1-2
T5168, monoclonal

mouse 1:500 Sigma-Aldrich

anti-α-tubulin TAT-1,
monoclonal (00020911)**

mouse 1:250 Sigma

anti-β-tubulin KMX-1,
monoclonal (MAB3408)**

mouse 1:250 Sigma

anti-TgCentrin1, polyclonal rabbit 1:2000 Marc-Jan Gubbels

anti-PfCentrin3, polyclonal rabbit 1:500
Yannik Voß,
(Simon et al., 2021a)

anti-Centrin, clone 20H5 mouse 1:500-1000 Merck
anti-HA 3F10, monoclonal rat 1:500 Sigma

anti-CenH3, polyclonal rabbit 1:200
Alan Cowman,
(Volz et al., 2010)

anti-GFP, monoclonal rabbit 1:50 Thermo Fisher Scientific
anti-GFP, monoclonal,
1181446000

mouse 7 µg/100 µl
beads;
1:2000 (WB)

Roche

anti-Exp1 rabbit 1:500 Jude Przyborski
anti-PfNup116 rabbit 1:50 Julien Guizetti
anti-SBP1 rabbit 1:500 Jude Przyborski
anti-PbHSP70 mouse 1:100 Ann-Kristin Mueller
anti-mouse-STAR580 goat 1:200 Abberior
anti-rabbit-Atto647 goat 1:200 Sigma
anti-rabbit-Atto594 goat 1:200 Sigma
anti-mouse-Atto647 goat 1:200 Sigma
anti-mouse-Atto594 goat 1:200 Sigma
anti-mouse IgG-HRP goat 1:3000 (WB) Sigma-Aldrich
anti-rat-Atto594 goat 1:200 Biomol
anti-rat-Alexa488** goat 1:500 Thermo Fisher Scientific
anti-rabbit Alexa Fluor Plus
488

goat 1:1000 Thermo Fisher Scientific

anti-rabbit Alexa Fluor Plus
555

goat 1:1000 Thermo Fisher Scientific

anti-rabbit Alexa488 goat 1:1000 Thermo Fisher Scientific
RFP booster_Atto 594 - 1:200 ChromoTek
GFP booster_Atto 594 - 1:200 ChromoTek



4.1. Materials 101

* dilutions for regular IFAs; for U-ExM, antibodies were usually used two times more
concentrated, see also subsection 4.2.8
** exclusively used for U-ExM; respective dilution of the antibody corresponds to
dilution for U-ExM

4.1.9 Fluorescent dyes

Dye
Dilution*/
Concentration

Source

NHS ester-Atto 594
(AD 594-31)**

10 µg/ml ATTO-TEC

SPY555-Tubulin (SC203) 1:2000 Spirochrome
SYTO RNASelect 500 nM Thermo Fisher Scientific
DRAQ5 1:1000 Biostatus

5-SiR-Hoechst
1 µM for CLEM,
22 nM for live-cell

Jonas Bucevičius,
(Bucevičius et al., 2019)

Hoechst33342 1:1000 Thermo Fisher Scientific
SYBR™ Green I Nucleic Acid
Gel Stain

1:2000 Invitrogen

* dilutions for regular IFAs; for U-ExM, dyes were usually used two times more
concentrated, see also subsection 4.2.8
** exclusively used for U-ExM; respective concentration of the dye corresponds to
usage for U-ExM
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4.2 Methods

4.2.1 Parasite culture

Plasmodium cell lines were cultured in human 0+ erythrocytes in RPMI 1640 medium
supplemented with 0.2 mM hypoxanthine, 25 mM HEPES at pH 7.3, 0.5% Albumax
and 12.5 µg/ml gentamicin. The hematocrit was kept at 2.5% for routine culturing,
and was increased up to 5% following transfections. Cells were grown in an incu-
bator at 37◦C, 5% O2, 3% CO2 and 90% humidity. Percentage of infected red blood
cells (parasitemia) was monitored by thin blood smears after methanol-fixation and
Hemacolor rapid staining of blood smears (Merck). Cultures were maintained at a
parasitemia of about 1-5%. Synchronization of parasite cultures was performed by
lysis of late-stage parasites via 5% sorbitol treatment for 10 min at 37 ◦C, followed by
a washing step with incomplete culture medium (iRPMI), supplemented only with
25 mM HEPES and 12.5 µg/ml gentamicin (lacking hypoxanthine and Albumax).

4.2.2 Magnetic enrichment of late-stage parasites

Red blood cells infected with late-stage parasites were purified from ring stages and
uninfected cells using magnetic-activated cell sorting (MACS). The enrichment is
based on the paramagnetic properties of hemozoin present in late-stage parasites.
For U-ExM (subsection 4.2.8), a QuadroMACS™ Separator (Miltenyi Biotec) with
LS Columns (Miltenyi Biotec) was used to purify schizonts before seeding of cells
(several columns were used in parallel). For higher yields and bigger cultures (up
to 120 ml) often needed for transmission electron microscopy approaches, parasites
were enriched with a VarioMACS™ Separator (Miltenyi Biotec), using a CS column
(Miltenyi Biotec). The protocol for both separator systems is the same, volumes were
adjusted to the size of the respective columns. A needle (G20, 0.9 mm diameter for
VarioMACS™ Separator; or G23, 0.6 mm diameter for QuadroMACS™ Separator)
was added to the column to reduce flow rate. Briefly, columns were inserted into the
magnetic field and equilibrated with prewarmed complete (cRPMI) or incomplete
(iRPMI) culture medium. Parasite culture with a parasitemia of 3-6% was centrifuged
(2 min, 800 g), the pellet resuspended in a minimum of 8 ml of prewarmed cRPMI or
iRPMI and loaded onto the column(s). After several washing steps with prewarmed
iRPMI (3 times or until the flow-through was clear), columns were taken out of the
magnetic field and late-stage parasites were eluted using prewarmed cRPMI.

4.2.3 Cloning strategies

As all plasmids used in this study were generated not by myself but various other
people in the lab, I will not list in detail the slightly different protocols (with volumes)
for enzymatic digestions, PCRs, gel electrophoreses, etc., but, instead, solely explain
the cloning strategies used to generate the respective plasmids.
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pArl-PfCentrin1-4-GFP plasmids
The plasmids pArl-PfCentrin1-4-GFP were generated for episomal over-expression of
PfCentrins under the constitutive chloroquine resistance transporter (CRT) promoter
in the NF54 background. The pArl-PfCentrin3-GFP plasmid was a kind gift from
Tim Gilberger. Cloning of pArl-PfCentrin1-GFP, pArl-PfCentrin2-GFP and pArl-
PfCentrin4-GFP was performed by Nicolas Lichti with the help of Yannik Voß (Simon
et al., 2021a). The pArl-PfCentrin3-GFP plasmid, which contains a DHFR resistance
cassette, was digested with the enzymes KpnI-HF and AvRII to cut out PfCentrin3.
PfCentrin sequences were amplified from P. falciparum cDNA via PCR using respective
forward and reverse primers (subsection 4.1.5). The pArl-backbone and the respective
PfCentrin insert were ligated using Gibson assembly (Gibson et al., 2009). Correct
assembly of the constructs was confirmed using Sanger sequencing.

p3-NLS-L3-mCherry plasmid
The plasmid p3×NLS-mCherry was generated for expression of mCherry under the
constitutive hsp86 promoter in the nucleoplasm, which was mediated by coupling
three nuclear localization sequences (NLS) to mCherry (Klaus et al., 2021; Simon
et al., 2021a). Briefly, the p3xNLS-FRB-mCherry plasmid kindly provided by Tobias
Spielmann (Birnbaum et al., 2017) was digested with the enzymes NheI and KpnI
to cut out the FKBP-rapamycin binding domain (FRB) sequence. The backbone was
ligated and the resulting construct, p3×NLS-mCherry, containing a blasticidin (BSD)
resistance cassette, was checked for correct assembly via Sanger sequencing. Cloning
of p3×NLS-mCherry was performed by Darius Klaschka; Marta Machado generated
transgenic 3D7 parasites expressing the construct.

pSLI-Nup313-3xHA_glmS plasmid
To at least partially visualize the nuclear membrane of P. falciparum during schizogony,
the nucleoporin Nup313 identified in P. berghei by Kehrer et al. (2018) was tagged
with a hemagglutinin (HA) tag using selection-linked integration (SLI) (Birnbaum
et al., 2017) as described in Simon et al. (2021a). Further, the construct contains a glmS
ribozyme sequence for knockdown of Nup313 mRNA upon glucosamine (GlcN) addi-
tion (Prommana et al., 2013), which was, however, not induced in this study. Cloning
of the construct pSLI-Nup313-3xHA_glmS and generation of transgenic 3D7 parasites
was performed by Marta Machado; limiting dilution to obtain a clonal parasite line
was done by Alexander Penning (subsection 4.2.4). To generate the construct, the
glmS ribozyme sequence was amplified from the pArl_glmS plasmid (a kind gift from
Jude Przyborski) via PCR using the primers 0079 and 0080 listed in subsection 4.1.5.
The amplified glmS sequence was ligated into the GFP-containing plasmid pSLI-TGD
(downstream of the NeoR/KanR resistance cassette) which was kindly provided
by Tobias Spielmann (Birnbaum et al., 2017) using Gibson assembly (Gibson et al.,
2009). This resulted in the plasmid pSLI-TGD_glmS. Next, the 3xHA sequence was
amplified from the plasmid pDC2-cam-coCas9-U6.2-hDHFR, gifted from Marcus
Lee (Lim et al., 2016), by PCR using the primers 0126 and 0127 (subsection 4.1.5).
The amplified 3xHA sequence was ligated into pSLI-TGD_glmS digested with the
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enzymes MluI and SalI (thereby excluding the GFP sequence from the plasmid). The
sequence for targeted gene disruption (TGD) was removed via restriction digest with
NotI and MluI and exchanged for the genomic sequence of Nup313 (without stop
codon) amplified via PCR using primers 0163for and 0164rev (subsection 4.1.5). The
plasmid sequence was verified by Sanger sequencing before transfection.

pSLI-GOI-GFP_glmS plasmids
To examine the localization of eleven outer centrosomal candidate proteins identified
in this study via co-immunoprecipitations (subsection 4.2.16) followed by mass
spectrometry analysis (subsection 4.2.17), each candidate gene of interest (GOI) was
endogenously tagged with GFP using the selection-linked integration (SLI) system
(Birnbaum et al., 2017). In addition, a glmS ribozyme sequence was coupled to the
construct for inducible knockdown of candidate mRNA (Prommana et al., 2013)
upon addition of glucosamine (GlcN). Constructs were generated by Tatiany Romão
with the help of Yannik Voß. Generation of transgenic 3D7 parasites expressing the
respective constructs was performed by Tatiany Romão under my supervision. To
generate pSLI-GOI-GFP_glmS constructs, the pSLI-CRK4-GFP_glmS plasmid kindly
provided by Marta Machado was digested with the enzymes NotI-HF and MluI-HF
to cut out the CRK4 sequence. Genomic sequences of all eleven candidate genes
were amplified by PCR from P. falciparum NF54 gDNA using the respective primers
listed in subsection 4.1.5. Digested backbone and amplified candidate gene sequences
(inserts) were ligated using Gibson assembly (Gibson et al., 2009). Verification of
the constructs was performed by analytical restriction digests followed by Sanger
sequencing.

4.2.4 Generation of transgenic parasites

DNA precipitation
Prior to transfection, 50-100 µg plasmid DNA were precipitated with 1/10 volume
3 M sodium acetate and two volumes of 100% cold ethanol for 1 h or over night at
-20 ◦C. After centrifugation at 16000 g for 30 min at 4 ◦C, the pellet was washed with
1 ml of ice-cold 70% ethanol and centrifuged again at 16000 g for 15 min at 4 ◦C. The
pellet was air-dried for 30 min in a laminar flow hood and dissolved in 30 µl sterile
TE buffer at pH 7.5 (10 mM Tris-HCl pH 7.5, 1 mM EDTA). Plasmids were frozen
until transfection of parasites.

Electroporation
Transgenic parasites were generated by electroporation using the Gene Pulser II
(Bio-Rad) as described in Simon et al. (2021a). For transfection, parasites were syn-
chronized by sorbitol-treatment and ring-stages with a parasitemia of around 4%
or higher were transfected with 50-100 µg of purified DNA in TE buffer. Therefore,
parasite culture was centrifuged at 800 g for 5 min. For each transfection, 150 µl of
iRBC pellet were mixed carefully with the thawed plasmid solution and 300 µl sterile,
prewarmed Cytomix (120 mM KCl, 0.15 mM CaCl2, 2 mM EGTA, 5 mM MgCl2,
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10 mM K2HPO4/KH2PO4 pH 7.6, 25 mM HEPES pH 7.6). The mixture of iRBCs,
DNA and Cytomix was transferred to a precooled cuvette (Bio-Rad), without creating
air bubbles, and electroporated at "high capacity", 310 V and 950 µF. Electroporated
cells were immediately transferred to a falcon containing 5 ml prewarmed complete
medium and stored at 37 ◦C while the other transfections were performed. After-
wards, all transfections were centrifuged at 800 g for 5 min, pellets resuspended in
7 ml prewarmed complete medium supplemented with 120-240 µl uninfected RBCs,
and cultured in 6-well culture dishes.

Selection for transgenic parasites
To select for parasites containing the pArl_PfCentrin1-GFP and p3xNLS-mCherry
plasmids, from day one after transfection cultures were supplemented with 2.5 nM
WR99210 (Jacobus Pharmaceuticals) or 5 µg/ml blasticidin S (InVivoGen), respec-
tively. The first two days after transfection, medium was replaced by fresh medium
supplemented with respective drugs, on day three the culture was split 1:5. Until
day 10 after transfection, medium was changed every day. From day 10 onwards,
medium was changed twice a week and once a week a 2/3 split of the culture was
performed. Cultures were regularily checked for growth of transfected parasites. In
case of the SLI-system using Nup313-3xHA_glmS and GOI-GFP_glmS constructs,
selection for episomal plasmids was performed using 2.5 nM WR99210, while select-
ing for integration was performed using 800 µg/ml Geneticin-G418 (Thermo Fisher
Scientific) as described recently by Birnbaum et al. (2017). Selection for integration
was performed in duplicates or triplicates. Briefly, medium was changed daily for
the first 10 days or, if needed, cultures were split to prevent overgrowth. Afterwards
medium was changed every second day until parasites reappeared. To check for
correct integration and potential leftover of unmodified locus, gDNA was extracted
and PCRs performed across the integration sites. Limiting dilution was performed to
exclude cells with wild type locus and obtain a clonal Nup313-3xHA_glmS parasite
line.

4.2.5 Seeding of infected red blood cells on imaging dishes

Seeding of red blood cells for immunofluorescence assays or live-cell imaging was
performed as described previously (Grüring et al., 2011; Mehnert et al., 2019; Simon
et al., 2021a). For immunofluorescence stainings, 8-well chambered glass slides (µ-
Slide 8 Well, ibidi, or Lab-Tek II 8 well chambered slides, Thermo Fisher) were used;
seeding of cultures for live-cell imaging was performed on round dishes (µ-Dish 35
mm, ibidi). All dishes had glass bottoms for better optical properties during imaging.
Briefly, glass bottoms were coated with Concanavalin A (Sigma-Aldrich, 5 mg/ml
in water), 90 µl for each well of 8-well glass slides and 300 µl for round dishes, for
20-30 min in an incubator at 37◦C. Concanavalin A was removed and surfaces washed
twice with prewarmed PBS or incomplete RPMI 1640 (iRPMI) supplemented only
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with 25 mM HEPES and 12.5 µg/ml gentamicin (lacking hypoxanthine and Albu-
max). The desired volume of parasite culture (150 µl/well, 500 µl per round dish)
was washed two times with prewarmed PBS or iRPMI by centrifugation (1000 g,
30 sec). PBS/iRPMI on the coated glass surfaces was replaced by cell suspension
and erythrocytes were allowed to settle for 10 min at 37 ◦C. Unbound cells were
removed by gently shaking the dishes and washing several times with prewarmed
PBS or iRPMI until a monolayer of red blood cells remained on the glass surface.
PBS/iRPMI was exchanged for complete culture medium (200 µl/well, 4 ml per
round dish). When seeding was performed with washing steps in PBS, cells were
allowed to recover for several hours or over night before fixation or live-cell imaging,
unless specified otherwise. As analyzed in this study, PBS incubation induces re-
versible hemispindle microtubule destruction (Mehnert et al., 2019) (subsection 2.2.3).
However, cells washed exclusively with iRMPI could immediately be fixed or used
for live-cell imaging of microtubules.

4.2.6 Immunofluorescence assay (IFA)

Immunofluorescence stainings were performed as described previously by Mehnert
et al. (2019) and Simon et al. (2021a). Briefly, cells seeded in 8-well dishes were quickly
washed with PBS and immediately fixed with 200 µl prewarmed 4% PFA/PBS per
well for 20 min at 37 ◦C, unless specified otherwise. After rinsing twice with PBS, cells
were either stored in PBS at 4 ◦C for later immunofluorescence staining, or stained
immediately. All following steps were performed at room temperature. Cells were
permeabilized with 0.1% Triton X-100/PBS for 15 min, followed by three washing
steps with PBS. To quench free aldehyde groups, cells were incubated with minor
amounts of freshly prepared NaBH4 (circa 0.1 mg/ml) in PBS for 10 min and washed
thrice with PBS. Blocking of unspecific binding sites was performed by incubating
cells with 3% BSA/PBS for 30 min to 1 h. While blocking, primary antibodies were
diluted in 3% BSA/PBS and centrifuged at 21’100 g for 10 min at 4 ◦C to remove
potential aggregates. After incubation with primary antibodies (subsection 4.1.8) for
1-2 h, cells were washed thrice with 0.5% Tween-20/PBS. Incubation with secondary
antibodies (subsection 4.1.8) and Hoechst in 3% BSA/PBS was performed for 30-
60 min preceding removal of aggregates as described for primary antibodies. Cells
were washed two times with 0.5% Tween-20/PBS and once with PBS only. Imaging
was either performed directly, or cells were stored in PBS at 4 ◦C in the dark until
imaging. Occasionally, cells were additionally fixed with 4% PFA/PBS for 10-15 min
at room temperature (RT), to retain antibodies at their positions. After washing thrice
with PBS, cells were likewise stored in PBS at 4°C in the dark. This second fixation
increased storage time from roughly two weeks to several weeks or even months.
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4.2.7 Preparation of infected red blood cells for live-cell imaging

For time-lapse microscopy, NF54_PfCentrin1-GFP cells were prepared as described
previously (Simon et al., 2021a). After seeding of parasites on a 35 mm round glass-
bottom dish (ibidi) as described in subsection 4.2.5, cells were allowed to recover
in 4 ml complete medium under standard culture conditions for several hours. For
time-lapse microscopy, phenol-red free RPMI 1640 imaging medium with stable
glutamine and 2 g/l NaHCO3 (PAN Biotech) containing all supplements used for
complete culture medium (subsection 4.2.1) was prepared freshly and equilibrated
to the gas conditions of the incubator for several hours. Before imaging, 9 ml of
equilibrated imaging medium were supplemented with 4.5 µl (1:2000 dilution) of the
live dye SPY555-Tubulin (Spirochrome) to visualize microtubules. Culture medium
was removed from the seeded parasites and the dish completely filled with 8 ml of
prepared imaging medium. The dish was closed with a lid preventing any air bubbles,
tightly sealed with parafilm, and immediately taken to the incubation chamber of the
microscope, prewarmed to 37 ◦C.

4.2.8 Ultrastructure expansion microscopy (U-ExM)

Ultrastructure expansion microscopy (U-ExM) was performed as described previ-
ously by Gambarotto et al. (2019, 2021) with minor modifications (Simon et al., 2021a).
Coated coverslips used for expansion microscopy were prepared by incubation with
poly-D-Lysine (gibco) for 1 h at 37 ◦C, followed by three washing steps with ddH20.
Coated coverslips were dried completely and stored at 4 ◦C before usage.

Crosslinking, gelation, denaturation and first expansion of cells
For U-ExM, hemozoin-containing late-stage parasites were magnetically enriched
from a culture with a parasitemia of 2-5% using QuadroMACS™ Separator (Miltenyi
Biotec) as described in subsection 4.2.2. Eluted parasites were centrifuged at 800 g for
2 min and the pellet was resuspended in 300 µl prewarmed iRPMI. 80 µl suspension
were added on a 12 mm poly-D-Lysine-coated coverslip and cells were allowed to
settle for 10 min at 37 ◦C. Excess suspension was removed and parasites fixed with
prewarmed 4% PFA/PBS for 20 min at 37 ◦C. Coverslips were washed thrice with
prewarmed PBS and placed in a 12-well plate. To prevent further protein crosslinking,
cells were incubated with freshly prepared 1.4% formaldehyde (Sigma)/2% acry-
lamide (Sigma) in PBS (1 ml/well) for 5 h at 37 ◦C.
For gelation, 10% TEMED (Thermo Fisher Scientific) and 10% APS (Thermo Fisher
Scientific) solution were thawed on ice 30 min before usage and a humid chamber
was precooled for 10-15 min at -20 ◦C. Before gelation, the humid chamber was placed
on ice. Coverslips with parasites were taken out of the 12-well plate (maximum two
at once), shortly dipped in PBS and excess PBS removed by leaning the coverslips
to the well plate. 5 µl 10% TEMED and 5 µl 10% APS solution thawed on ice were
added to 90 µl ice-cold monomer solution, mixed, and two 35 µl drops were placed
on parafilm in the humid chamber on 4 ◦C. The drops were rapidly covered with
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coverslips, cells facing the solution, to allow for incorporation of cells into the gel.
For better gel penetration, cells were incubated for 5 min on ice before incubation for
1 h at 37 ◦C.
Next, coverslips with gels were transferred to a 6-well plate and incubated with
1-2 ml denaturation buffer (200 mM SDS, 200 mM NaCl, 50 mM Tris in ddH20, pH 9.0)
for 15 min at RT with 120 rpm agitation to allow the gel to detach from the coverslip
while already slightly expanding. For denaturation, the wavy gel was transferred
carefully to an 1.5 ml reaction tube filled with denaturation buffer and incubated for
1.5 h at 95 ◦C. For a first expansion, denaturation buffer was removed and the gel
transferred to a petri dish with Milli-Q water. After incubation for 30 min at RT, water
was replaced by fresh Milli-Q water and incubated over night at RT.

Immunofluorescence staining
The next day, an immunofluorescence staining was performed as described in subsec-
tion 4.2.6 with slight adaptations for expansion microscopy. First, gels were shrunken
for antibody incubation by replacing water with PBS and incubation of gels for 2x
15 min at RT. Gels were transferred to a 6-well plate, followed by blocking of cells with
3% BSA/PBS for 30 min at RT with agitation. During that time primary antibodies
were diluted in 3% BSA/PBS and centrifuged at 21’100 g for 10 min at 4 ◦C to remove
potential aggregates. Antibodies used for expansion microscopy were usually used
two times more concentrated in comparison to regular IFAs (subsection 4.1.8). Pri-
mary antibodies used for U-ExM are the mouse anti-α-tubulin B-5-1-2 (Sigma, T5168),
mouse anti-α-tubulin TAT-1 (Sigma, 00020911), mouse anti-β-tubulin KMX-1 (Sigma,
MAB3408), rabbit anti-PfCentrin3 and rat anti-HA 3F10 (Sigma) (subsection 4.1.8), all
used at a dilution of 1:250. Gels were incubated in 1 ml primary antibody solution for
2.5-3 h at 37 ◦C with agitation. Afterwards, cells were washed 5x 10 min with 2 ml
0.5% Tween-20/PBS at RT with agitation.
Parasites were incubated with secondary antibodies and Hoechst33342 (Thermo
Fisher Scientific; 1:100) in 3% BSA/PBS for 2.5 h at 37 ◦C with agitation, after removal
of potential aggregates as described for primary antibodies. Secondary antibodies
used for U-ExM are the anti-mouse-STAR580 (Abberior) and anti-rabbit-Atto647
(Sigma) at a dilution of 1:100, and anti-rat-Alexa488 (Thermo Fisher Scientific) (sub-
section 4.1.8) at 1:500. Gels were washed 5x 10 min with 0.5% Tween-20/PBS with
agitation, before gels were transferred again to petri dishes for a second expansion.
Cells were expanded in Milli-Q water for 2x 30 min at RT, followed by another ex-
change for fresh Milli-Q water and expansion over night at RT. Stained gels were
stored for several days in petri dishes filled with Milli-Q water and sealed with
parafilm until imaging.

Imaging of expanded cells
To image expanded cells on a Leica TCS SP8 scanning confocal microscope (subsec-
tion 4.2.9), a piece of the gel was cut, carefully put on a tissue to remove excess water,
and placed on an uncoated 24 mm coverslip in a metal holder. By microscopy, the
side of the gel which contains the cells was determined and the gel with cells facing
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the bottom was placed on a 24 mm poly-D-Lysine-coated coverslip, and placed into
the metal holder. The holder was closed and an uncoated coverslip loosely placed
on top to reduce evaporation during microscopy (subsection 4.2.9). To calculate the
expansion factor, the gel diameter was measured and compared with the size of the
initial gel (12 mm, as restricted to the size of the cover slip used for seeding of cells).
The expansion factor usually measured around 4.5.

4.2.9 Confocal microscopy

Live-cell imaging and imaging of fixed and immunofluorescently labeled parasites
were routinely performed on a Leica TCS SP8 point laser scanning confocal micro-
scope (Leica Microsystems) equipped with a lightning (LNG) module for automated
adaptive deconvolution after image acquisition. LNG enables super-resolution mi-
croscopy down to 120 nm. Parasites were imaged using an HC PL APO CS2 63x oil
immersion objective with a numerical aperture (NA) of 1.4. Laser powers (405, 488,
561, 633 nm) were individually adjusted to the respective combinations of fluorescent
tags, dyes and antibodies used. Channels were acquired sequentially using GaAsP
hybrid detectors (HyD) and spectral emission filters. Brightfield images were taken
with a transmitted light PMT detector.

Live-cell imaging
Live-cell imaging of PfCentrin1-GFP expressing parasites was performed using an
automated stage for acquisition of cells at multiple positions and the adaptive focus
control (AFC) to stabilize the focal plane. For live-cell imaging, the LNG module was
used in the adaptive acquisition mode and the pinhole opened to 1.2 airy units. This
resulted in a pixel size of 53.8 nm and, using 344 x 344 pixels, in a total image size
of 18.45 x 18.45 µm. The pixel dwell time was 488 ns. Z-stacks with a total size of
6 µm and z-intervals of 0.5 µm were acquired every 5 min for up to 13 h (over night
imaging). Centrin1-GFP was excited with a 488 nm laser at a laser power of 0.5%,
SPY555-Tubulin was excited with a 561 nm laser at a laser power of 2%.

Immunofluorescently labeled parasites
Fixed, immunostained parasites were either imaged with or without LNG. For ac-
quisition without LNG, the pinhole was set to 1 airy unit, resulting in a pixel size of
72.6 nm and a total image size of 9.3 x 9.3 µm (128 x 128 pixels). The pixel dwell time
was 488 ns. Z-stacks were acquired with a total size of up to 6.27 µm and z-intervals
of 0.3 µm. For overview images, a pixel size of 92 nm with a total image size of 188 x
188 µm (2048 x 2048 pixels) and a z-stack size of 8-10 µm was used. For cells expanded
with U-ExM (subsection 4.2.8), the total image size was increased to 46.13 x 46.13 µm
(512 x 512 pixels) and z-stacks increased up to 24 µm with a z-interval of 0.3 µm. The
pixel size was 72.6 nm.
Non-expanded immunostained cells were often imaged with LNG. Therefore, adap-
tive acquisition was used. Images were acquired in full resolution mode, resulting in
a pinhole of 0.5 airy units and a pixel size of 28.92 nm in an image with a total size
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of 9.3 x 9.3 µm (320 x 320 pixels). Z-stacks of 6.23 µm were taken with z-intervals of
0.13 µm.

4.2.10 RescueSTED microscopy

RescueSTED images were acquired on a single-point scanning STED/RESOLFT super
resolution microscope (Abberior Instruments GmbH) equipped with a pulsed 775 nm
STED depletion laser. For signal detection, three avalanche photodiodes were used.
Parasites were imaged with a 100x oil immersion objective (Olympus), 1.4 NA, a pixel
size of 20 nm and a pixel dwell time of 10 µs. The STED laser power was ranging
between 10-40%, all other lasers (488, 594 and 640 nm) were adjusted to the respective
antibody combinations of the immunofluorescence staining. To prevent destruction
of hemozoin-containing late-stage parasites by the high-intensity STED laser, we
applied RescueSTED adaptive illumination based on CONF levels. The CONF level
defines the threshold of the minimum fluorescent signal which needed to be reached
in the respective confocal image before automatic activation of the STED laser at
this pixel. The CONF levels were adjusted for the staining and on the level of each
individual cell, ranging from 10-110. To acquire z-stacks, a total size of 3.9 µm was
acquired using z-intervals of 300 nm.

4.2.11 Image analysis and quantifications

Images were analyzed and quantified using Fiji software (Schindelin et al., 2012).

Deconvolution
Adaptive deconvolution of time-lapse microscopy images acquired on the Leica
TCS SP8 point laser scanning confocal microscope (subsection 4.2.9) was done auto-
matically by the LNG software, before tubulin structures and centrin signals were
analyzed. All deconvolved images shown in this study were either deconvolved using
Imspector (Abberior instruments GmbH) or Huygens professional (Scientific Volume
Imaging B.V.). Deconvolution with Imspector was based on the Richardson-Lucy
algorithm using default settings (regularization parameter of 1x105). Deconvolution
with Huygens professional (Scientific Volume Imaging B.V.) was performed after
incorporation of all microscopic parameters using deconvolution express with the
standard settings.

Quantifications
To quantify durations of individual tubulin stages in the first three divisions during
schizogony, I manually assessed maximum intensity projections of live-cell images
after LNG adaptive deconvolution (Figure 2.2, Figure 2.3). I determined the first and
last time point (frame) of the respective tubulin stages (hemispindle, mitotic spindle,
anaphase spindle) and calculated their durations. In addition, 5 min time were added
to each duration as images were acquired in 5 min intervals and the time between
the last frame of a tubulin stage and the first frame of the subsequent stage was split
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between the two stages. In addition, times of a first, stable PfCentrin1-GFP signal
and duplicated centrin foci were determined (Figure 2.2, Figure 2.4). I considered a
first centrin signal as stable when the signal was associated with tubulin and stayed
for more than one time point.
Quantification of the number of microtubule branches per hemispindle (Figure 2.10C)
as well as measurement of microtubule length in hemispindles and mitotic spindles
(Figure 2.10B) was performed by Johanna Bauer. Therefore, parasites were imaged
with U-ExM and the required parameters measured in 3D using Imaris (Oxford
Instruments). Microtubule length was corrected by the expansion factor of 4.5-fold.
Percentages of PCNA1-GFP positive and negative schizont nuclei in hemispindle and
mitotic spindle stages were determined manually by Julien Guizetti (Figure 2.13).
Width and depth of DNA-free regions in hemispindle and mitotic spindle-stage
schizont nuclei were measured in a single focal plane of confocal images after LNG
adaptive deconvolution. Only DNA-free regions in lateral view were analyzed. Width
of the DNA-free region was measured at the widest diameter where the nuclear
envelope was expected to be. Depth of the DNA-free region was determined at a 90°
angle to the width and measured from underneath the centrin signal (in direction
of the nucleus) to the deepest point of the DNA-free region. A schematic of the
measurement is depicted in Figure 2.15.
Dimensions of the NHS-ester-stained intranuclear regions of the centriolar plaque
detected in cells imaged by U-ExM were analyzed by Johanna Bauer using Fiji. Width
and depth of the full NHS-ester stained region and a smaller, more protein-dense
region were measured in single slices after deconvolution of confocal images, as
depicted in Figure 2.17C. Measurements were corrected by the expansion factor of
4.5.
Quantification of the shortest distance of microtubule minus-ends to the nuclear
membrane in annotated, segmented tomograms of schizont nuclei in hemispindle and
mitotic spindle stage, were performed by Charlotta Funaya using the mtk program
in the IMOD software package (Figure 2.23).

Data analyses and visualization of plots and figures were performed using Excel, R
and the vector-based software Inkscape. Analysis and visualization of flow cytometry
data is described in subsection 4.2.18.

4.2.12 Transmission electron microscopy of Spurr-embedded infected red
blood cells (iRBCs)

Transmission electron microscopy (TEM) of Spurr-embedded NF54 wt parasites was
performed as described previously (Simon et al., 2021a). Briefly, NF54 wt cells were
synchronized and grown to a parasitemia of 6% schizonts with a total volume of
500 µl packed red blood cells (in 18 ml culture medium). Infected red blood cells
were magnetically separated from non-infected cells and early parasite stages using
the QuadroMACS™ Separator system as described in subsection 4.2.2. The eluate
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was supplemented with 30 µl uninfected red blood cells and parasites were cultured
for 4 h to let them recover from magnetic purification. In later TEM experiments
(subsection 4.2.14, subsection 4.2.13), addition of uninfected RBCs and recovery
were omitted as they had proven not to be relevant for structural preservation of
the parasites. However, importantly, in all TEM experiments parasites were not
in contact with PBS before high-pressure freezing, as it was shown in this study
that PBS incubation disrupts hemispindle microtubules in P. falciparum blood stages
(subsection 2.2.3) (Mehnert et al., 2019).

High-pressure freezing (HPF)
For high-pressure freezing (HPF) of parasites, gold or aluminium carriers (3 mm
diameter, 100 µm or 200 µm depth; Leica Microsystems) with respective lids were
placed on hexadecene-soaked filter paper to exclude air during the freezing process.
Parasite culture was centrifuged and the pellet(s) temporarily stored at 37 ◦C until
HPF. For each sample, supernatant was removed. 1-2 µl of concentrated schizont
pellet were transferred to the carrier which was carefully closed with the flat side
of the lid while preventing inclusion of air. Parasites were high-pressure frozen
for 400 ms at 2200 bar in liquid nitrogen using Leica EM ICE (Leica Microsystems).
Vitrified samples were stored in a liquid nitrogen tank until freeze-substitution was
performed.

Freeze-substitution (FS) and resin-embedding
Freeze-substitution was performed in an automatic freeze substitution system (Leica
EM AFS2, Leica Microsystems) for temperature control, while pipetting steps were
performed manually. Carriers with high-pressure frozen pellets were transferred to
the AFS machine in liquid nitrogen and lids were removed carefully. Red blood cell
pellets were transferred into freeze-substitution solution (0.2% Osmium tetroxide (in
H2O), 0.1% uranyl acetate (UA, in methanol), 5% H2O, in dry acetone) precooled
to -90 ◦C. Samples were freeze-substituted for 1 h at -90 ◦C, before increasing the
temperature from -90 ◦C to +20 ◦C in 22 h (slope of 5 ◦C/h). Samples stayed at
20 ◦C for circa 1 h until further processing. Next, freeze-substitution solution was
removed and samples washed thrice with dry acetone. While inverting the tubes
during washing steps, the pellets detached from the carriers and were combined in a
1.5 ml reaction tube for the next steps (carriers were removed). Cells were pelleted for
2 min at 325 g, acetone was removed and the pellet incubated with a 1:1 mixture of
Spurr’s resin (Serva) and dry acetone for 1-2 h at RT. The mixture was removed and
parasites were incubated in 100% Spurr’s resin over night at RT. The next day, Spurr’s
resin was removed, replaced by fresh 100% Spurr’s resin and samples embedded by
resin polymerization for 1-2 days at 60 ◦C.

Sample trimming, sectioning and imaging
Embedded samples were trimmed and sectioned on a Leica EM UC7 ultramicrotome
(Leica Microsystems). 70 nm ultrathin sections were collected on formvar-coated
mesh or slot grids and sections were dried completely. Imaging was performed on a
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Jeol JEM-1400 80 kV transmission electron microscope (Jeol) equipped with a 4k by
4k pixel TemCam F416 digital camera (TVIPS). The EM-Menu (TVIPS) software was
used for image acquisition.

4.2.13 Preparation of infected RBCs for electron tomography

Electron tomography of infected red blood cells was performed as described by Simon
et al. (2021a). Briefly, NF54 schizonts expressing PfCentrin1-GFP were synchronized
and grown to a parasitemia of 3-5% with a total volume of 2-4 ml packed red blood
cells (cultured in 70-140 ml cRPMI). Red blood cells infected with schizont-stage
parasites were purified via magnetic-activated cell sorting using the VarioMACS™
Separator (Miltenyi Biotec, subsection 4.2.2). Purified cells were high-pressure frozen
using a Leica EM ICE (Leica Microsystems) as described in subsection 4.2.12.

Freeze-substitution (FS) and resin-embedding
Freeze-substitution and resin-embedding of high-pressure frozen infected red blood
cell pellets were performed in an automated Leica EM AFS2 (Leica Microsystems)
using a pipetting robot. The indvidual steps are listed in detail in Table 4.1. Be-
fore usage, solutions were precooled in the AFS2 machine. Briefly, carriers with
high-pressure frozen samples were transferred to the AFS2 in liquid nitrogen, lids
were removed carefully and the samples placed into respective plastic holders for FS.
Freeze-substitution was performed in 0.3% uranyl acetate (UA) in anhydrous acetone
while increasing the temperature from -90 to -45 ◦C. Cells were resin-embedded
in increasing concentrations of the Lowicryl HM20, which was polymerized with
UV light. Therefore, HM20 solution was prepared freshly by mixing of monomer
E, crosslinker D and initiator C according to the manufacturer’s instructions (Poly-
sciences). Embedding of schizonts in HM20 via UV polymerization led to insufficient
polymerization of the resin and therefore embedding of the cells, probably due to the
hemozoin crystals (pigmentation) of schizonts. Hemozoin absorbs light of 400 nm
wavelength (Brémard et al., 1993) (close to the wavelength of UV ligth used for poly-
merization), which might prevent penetration of UV light deeper into the sample
pellet. Indeed, only a thin layer of cells on one side of the pellet in the carrier was
adequately infiltrated for further processing.

TABLE 4.1

Temperature (◦C) Time Solution UV
-90 24 h 0.3% UA/anhydrous acetone -
-90 to -45 9 h (5◦C/h) 0.3% UA/anhydrous acetone -
-45 5 h 0.3% UA/anhydrous acetone -
-45 3x 10 min anhydrous acetone rinses -
-45 2 h 25% HM20/anhydrous acetone -
-45 2 h 50% HM20/anhydrous acetone -
-45 2 h 75% HM20/anhydrous acetone -
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-45 12 h 100% HM20 -
-45 2 h 100% HM20 -
-45 48 h 100% HM20 +
-45 to +20 13 h (5◦C/h) 100% HM20 +
+20 48 h 100% HM20 +

Sample trimming, sectioning, postcontrasting and electron tomography
Areas with properly embedded schizonts were selected, trimmed and sectioned using
a Leica EM UC7 ultramicrotome (Leica Microsystems). Thick sections of 200 nm were
collected on formvar-coated copper slot grids and and post-contrasted. Therefore,
grids were incubated with 3% UA in H2O for 5 min at RT in the dark and washed
3x 1 min with filtered H2O. After incubation with Reynold‘s lead citrate (which is
a mixture of tri-Sodium citrate dihydrate and Lead(II) nitrate) for 2 min at RT, 3x
1 min washing steps with filtered H2O were performed and the sections were dried
completely.

Electron tomography
Preservation of ultrastructures was checked on a Jeol JEM-1400 80 kV transmission
electron microscope (Jeol) (subsection 4.2.12), before tilt series were acquired. For
tomography, grids were placed in a high-tilt holder (Model 2040; Fischione Instru-
ments; Corporate Circle, PA) and schizonts were imaged on a Tecnai F20 EM (FEI,
Eindhoven, The Netherlands) operating at 200 kV. Images were acquired every degree
over a ±60◦ range with a magnification of 19’000x and a binning of 2x (1.13 nm pixel
size) using an FEI Eagle 4K x 4K CCD camera and the SerialEM software package
(Mastronarde, 2005). To reconstruct tomograms, tilt series were aligned via patch
tracking in the eTomo graphical user interphase of the IMOD software package (Kre-
mer et al., 1996) and tomograms were generated using R-weighted back-projection
algorithm (eTomo). For reconstruction of the complete hemispindle, tilt series of
three adjacent sections were collected, aligned and joined with eTomo (Höög et al.,
2007). Tomograms were displayed as one voxel-thick slices, modeled, and analyzed
using IMOD (Kremer et al., 1996). Capped-ends of hemispindle and mitotic spindle
microtubules were classified as minus-ends, as done in previous microtubule studies
using similar preservation methods (Gibeaux et al., 2012; Höög et al., 2007; O’Toole
et al., 2003).

4.2.14 On-section correlative light and electron microscopy (CLEM) com-
bined with tomography

Correlative light and electron microscopy which was combined with electron tomo-
graphy was performed as described recently (Simon et al., 2021a). Briefly, schizonts of
the NF54 PfCentrin1-GFP strain were magnetically purified using the VarioMACS™
Separator (Miltenyi Biotec) as described in subsection 4.2.2 and subsection 4.2.13.
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Purified cells were incubated with 1 µM of the live dye 5-SiR-Hoechst for circa 1 h at
37 ◦C. After DNA labeling, schizonts were high-pressure frozen using Leica EM ICE
(Leica Microsystems) as described in subsection 4.2.12.

Freeze-substitution (FS) and resin-embedding
Freeze-substitution of high-pressure frozen concentrated schizont pellets was per-
formed in an automatic freeze substitution system (AFS2, Leica Microsystems), while
all pipetting steps were performed manually. Table 4.2 gives a detailed list of the
individual steps of the freeze-substitution and resin-embedding. Freeze-substitution
was performed in 0.3% uranyl acetate (UA) in anhydrous acetone while increasing
the temperature from -90 to -45 ◦C. Due to difficulties to UV-polymerize the Lowicryl
HM20 in hemozoin-rich schizont pellets (subsection 4.2.13), schizonts were embedded
in the resin LRGold (London Resin Company), which can be polymerized by addition
of a chemical initiator. The sample was incubated with increasing concentrations of
LRGold until 100% were reached. To initiate polymerization, LRGold was freshly
supplemented with 1.5% benzoyl peroxide on ice. The solution was carefully mixed
by inverting the tube, while oxygen incorporation was avoided. Immediately after,
the solution was placed at -20 ◦C to prevent polymerization of the resin at RT.

TABLE 4.2

Temperature (◦C) Time Solution
-90 29 h 0.3% UA/anhydrous acetone
-90 to -45 9 h (5◦C/h) 0.3% UA/anhydrous acetone
-45 5 h 0.3% UA/anhydrous acetone
-45 to -25 1 h (20◦C/h) anhydrous ethanol
-25 2 h 25% LRGold/anhydrous ethanol
-25 2 h 50% LRGold/anhydrous ethanol
-25 2 h 75% LRGold/anhydrous ethanol
-25 1 min 100% LRGold (washing step)
-25 over night 100% LRGold
-25 26 h 1.5% benzoyl peroxide/LRGold
-25 to +20 9 h (5◦C/h) 1.5% benzoyl peroxide/LRGold
+20 24 h 1.5% benzoyl peroxide/LRGold

On-section widefield fluorescence microscopy
After trimming and sectioning of the embedded samples on a Leica EM UC7 ultra-
microtome (Leica Microsystems), 300 nm-thick sections were collected on formvar-
coated finder grids to enable identification of the same cell for fluorescence and
electron microscopy. Immediately after sectioning, the grid was slightly dried with a
paper to hinder sections from moving and directly placed in a drop of PBS, pH 8.4
(Ader and Kukulski, 2017) on a 24 mm glass coverslip with the sections facing the
bottom. To cover the grid, a second 24 mm glass coverslip was placed on top and the
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sandwich was mounted in a metal ring holder (Kukulski et al., 2012). Immediately
after mounting, fluorescent signals of the sample were imaged using a widefield Zeiss
Axio Observer.Z1 microscope equipped with an AxioCam MR R3 camera. Cells were
imaged with a 63x oil objective, 1.4 NA. To visualize PfCentrin1-GFP localization,
cells were excited with a 488 nm laser (95% laser power, 900 ms exposure time); 5-SiR-
Hoechst signals were excited with a 587 nm laser (same laser power and exposure
time than with 488 nm laser). Images were acquired with a pixel size of 102 nm and
a total image size of 1388 x 1040 pixels. Immediately after imaging, samples were
washed 3x 1 min with filtered H2O and post-contrasted with 3% UA in H2O and
Reynold‘s lead citrate as described in subsection 4.2.13.

Electron tomography
Air-dried sections were imaged on a Jeol JEM-1400 80 kV transmission electron micro-
scope (Jeol) to monitor good ultrastructural preservation of the imaged fluorescent
cells, before tomography was performed. Tilt-series were acquired on a FEI TECNAI
F30 300kV (EMBL Heidelberg) transmission electron microscope at a range of ±60◦

with 2◦ intervals using a 4x4k CCD camera (OneView Camera, Gatan). For image
acquisition, the Serial-EM software package was used. Reconstruction of tomograms
from tilt-series was conducted using the eTomo Image Processing Package (Boulders,
Colorado).
Correlation of fluorescence and electron tomography images was performed manu-
ally using Fiji, GIMP 2.10.20. and Inkscape.

4.2.15 SDS-PAGE and western blot

Cell harvesting and lysis
NF54 parasites expressing PfCentrin1-, 2-, 3- or 4-GFP were washed once with pre-
warmed PBS by centrifugation (800 g, 5 min) and were subsequently lysed with
0.15% Saponin/PBS for a few minutes at RT. Isolated parasites were centrifuged
(3000 g, 6 min) and the pellet washed once in 1 ml PBS. Next, parasites were dis-
solved in 1 µl RIPA buffer (50 mM Tris-HCl, pH 8, 150 mM NaCl, 1% NP-40, 0.5%
sodium deoxycholate, 0.1% SDS) supplemented with 1x protease inhibitor (Halt™
Protease Inhibitor Cocktail, 78430, Thermo Fisher Scientific) per 2x106 parasites and
incubated for 30 min on ice, with vortexing from time to time. The sample was
pelleted at full speed for 15 min at 4 ◦C in a table-top centrifuge. Meanwhile, 2-fold
concentrated Laemmli buffer (0.1 M Tris-HCl, pH 7.2, 4% SDS, 20% glycerol, 0.8 M β-
mercaptoethanol, a pipette tip of bromophenol blue) was preheated to 95 ◦C. Sample
supernatant was incubated with boiling Laemmli buffer (1:2 dilution) for 5 min at
95 ◦C, vortexed at maximum speed for 1 min and loaded onto an SDS gel. To load
the sample pellet, it was first sonicated using the Bioruptor® Pico sonication system
(B01060003, diagenode) with 30 sec sonication, 30 sec break, (10 cycles) followed by
5 min incubation in boiling Laemmli buffer, as done for the supernatant, and a short
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centrifugation step (1 min, maximum speed). Residual volumes not loaded onto the
SDS gel were frozen at -20 ◦C or -80 ◦C until usage.

SDS-PAGE
For SDS-PAGE, a 4-12% tris-glycine Gel (Novex™ WedgeWell™, XP04122BOX, Thermo
Fisher Scientific) was rinsed with deionized water, put into the respective holder and
the holder filled with freshly prepared 1x tris-glycine running buffer (25 mM Tris,
250 mM glycine, 0.1% SDS in deionized water). Samples, usually 1-2x107 cells per
lane, were loaded onto the gel. As a marker, 4 µl of PageRuler™ Plus Prestained
Protein Ladder, 10 to 250 kDa (26619, Thermo Fisher Scientific) were used. Gels were
run at 120 V for the first 10 min until switching to 160-200 V.

Wet transfer of proteins
Transfer of proteins from the SDS-Gel to a nitrocellulose membrane was performed
using the wet transfer system Mini Trans-Blot® Cell (1703930, Bio-Rad). Therefore, a
stack was assembled in freshly prepared tris-glycine-based transfer buffer (25 mM
Tris, 192 mM glycine, 0.02% SDS, 0-25% methanol in deionized water) and put into
the gel holder cassette. The individual layers of the stack from bottom (cathode) to
top (anode) included: sponge, whatman filter paper, the SDS-gel (in mirror image
orientation), nitrocellulose membrane (Amersham Protran Premium 0.45 NC nitrocel-
lulose Western blotting membranes, 10600003, Cytiva), whatman filter paper, sponge.
The wet transfer was performed in transfer buffer for 14 h at 40 mA on ice.

Ponceau staining and western blotting
To confirm the transfer of proteins, the nitrocellulose membrane was briefly washed
with deionized water before incubation with Ponceau solution (0.1% (w/v) in 5%
acetic acid, Ponceau S solution, P7170, Sigma-Aldrich) for 3-5 min at RT with agitation.
The membrane was very briefly destained with deionized water and immediately
imaged using ChemiDoc XRS+ Gel Imaging System (Bio-Rad) equipped with the
Image Lab 4.1 software. After imaging, the membrane was completely destained in
deionized water, followed by a short rinse in 0.05% Tween-20/PBS.
For western blotting, the membrane was blocked with 5% milk powder in 0.05%
Tween-20/PBS for 30 min at RT with slight agitation. The blocking solution was
removed and fresh blocking solution added for another 15 min (agitating). Next, the
membrane was stained with a 1:2000 dilution of primary antibody mouse anti-GFP
(11814460001, Roche) in 5% milk powder/0.05% Tween-20/PBS for 1 h at RT, slightly
shaking. The membrane was once rinsed in 0.05% Tween-20/PBS and washed
3x 10 min at RT, slightly shaking. The secondary antibody goat anti-Mouse IgG-
HRP (A5278, Sigma-Aldrich) was diluted 1:3000 in 5% milk powder/0.05% Tween-
20/PBS and the membrane was incubated for 1 h at RT with slight agitation. The
membrane was rinsed in 0.05% Tween-20/PBS and washed 3x 10 min at RT, followed
by incubation with 1:1 Amersham ECL Prime Western Blotting Detection Reagent
(RPN2232, Amersham) for 5 min at RT. The antibody signals were detected using
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the ChemiDoc XRS+ Gel Imaging System and corresponding Image Lab 4.1 software
(both Bio-Rad).

4.2.16 Co-immunoprecipitations (IPs)

Co-immunoprecipitations, preceded by harvesting of parasites with or without
crosslinking of proteins, was done based on the protocol described by Balestra et al.
(2020) and Fang et al. (2017).

Harvesting and crosslinking of proteins
NF54 schizont cultures (total of 4-6 ml packed blood cell pellet) expressing PfCentrin1-
and PfCentrin2-GFP were harvested at a parasitemia of 4-8%. Therefore, parasites
were pelleted (340 g, 5 min) and red blood cells lysed in 0.1% saponin in cRPMI for
1 min at RT. After centrifugation (3000 g, 6 min), cells were washed again with 0.1%
Saponin in iRPMI by centrifugation (3000 g, 6 min). For crosslinking of proteins,
the pellet was dissolved in 1% formaldehyde (Pierce™ 16% Formaldehyde (w/v),
methanol-free, 28906, Thermo Fisher Scientific) in 500 µl iRPMI and incubated for
10 min at RT with gentle agitation. Next, cells were centrifuged (1000 g, 3 min) at
RT and formaldehyde solution removed carefully. The crosslinking reaction was
quenched by incubation of the sample with 10 ml 0.125 M glycine solution in PBS for
5 min at RT with gentle agitation. After centrifugation of the cells at 1000 g for 10 min
at RT and removal of the supernatant, the pellet was frozen at -80 ◦C until usage.

Co-immunoprecipitation
Crosslinked or non-crosslinked sample pellets were thawed on ice. Parasites were
lysed in 1-4 ml RIPA buffer (50 mM Tris-HCl, pH 8, 150 mM NaCl, 1% NP-40, 0.5%
sodium deoxycholate, 0.1% SDS) freshly supplemented with 1 mM DTT (Dithiothre-
itol) and 1x protease inhibitor (Halt™ Protease Inhibitor Cocktail, 78430, Thermo
Fisher Scientific) for a minimum of 30 min on ice. Parasites were mechanically ho-
mogenized on ice by passing the lysate 10 times through a needle (0.3 mm diameter)
attached to a syringe. 60 µl of the lysed sample ("whole-cell lysate") were saved for
Western blot analysis. Therefore, 20 µl NuPAGE™ LDS Sample Buffer (4X) (NP0007,
invitrogen) supplemented with 200 mM DTT and 20% β-mercaptoethanol were added
(final concentrations are 50 mM and 5%, respectively) and the sample stored at -20 ◦C.
Afterwards, crosslinked samples were sonicated using the Bioruptor® Pico sonication
system (B01060003, diagenode) with 30 sec sonication, 30 sec break, 20 cycles in
total. The samples were centrifuged at maximum speed (21130 rcf) for 15-30 min at
4 ◦C. After centrifugation, 60 µl of the supernatant ("input") were supplemented with
NuPAGE™ LDS Sample Buffer and frozen for later Western blot analysis as described
before.
Per sample, 100 µl Dynabeads™ Protein G for Immunoprecipitation (magnetic,
10003D, invitrogen) were washed twice in 1 ml 0.01% Tween-20/PBS in a magnetic
rack and resuspended in 500 µl 0.01% Tween-20/PBS. Beads were incubated with 7 µg
mouse anti-GFP antibody (11814460001, Roche) (per 100 µl beads) for at least 10 min
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on RT, rotating, to allow binding of antibodies to protein G on the Dynabead surface.
Afterwards, beads were washed twice with 1 ml 0.1% Tween-20/PBS, followed by
washing the beads once in 1 ml RIPA buffer and resuspending in 100 µl RIPA buffer
per 100 µl beads. Dynabeads were transferred into sample supernatants. PfCentrin1-
and PfCentrin2-GFP were allowed to bind to GFP-antibody-coupled Dynabeads over
night at 4 ◦C, rotating.

On the next day, 60 µl of the supernatant ("flow-through") were saved for Western blot
analysis, as described before. Afterwards, the bead pellets were washed 3-5 times on
ice with 1 ml RIPA buffer freshly supplemented with protease inhibitors, but without
addition of DTT, followed by another two washes on ice in 1 ml PBS supplemented
with protease inhibitors. Again, 60 µl of the sample with beads ("eluate") were
saved, prepared for Western blot analysis as described above, followed by removal
of the beads. SDS-PAGE and Western blot analysis were performed as described in
subsection 4.2.15. Samples on magnetic beads were stored at 4 ◦C and were soon
passed to the proteomics facility for mass spectrometry analysis (subsection 4.2.17).

4.2.17 Mass spectrometry analysis

After immunoprecipitation (subsection 4.2.16), all following steps for protein iden-
tification via mass spectrometry analysis were performed by the Proteomics Core
Facility, Faculty of Medicine, University of Geneva, Switzerland.

Sample preparation
Samples with beads were resuspended in 100 µl 6 M Urea in 50 mM ammonium
bicarbonate (AB) and incubated with 2 µl of 50 mM reducing agent dithioerythritol
(DTE) in destilled water for 1 h at 37 ◦C. Next, the sample was incubated with 2 µl of
400 mM alkylating agent iodoacetamide (in destilled water) for 1 h at RT in the dark.
To reduce the urea concentration to 1 M, 500 µl of 50 mM AB were added and protein
digestion was performed with 7 µl of freshly prepared 0.1 µg/µl trypsin (Promega) in
50 mM AB over night at 37 ◦C. Supernatants were collected, dried completely under
speed-vacuum and desalted using a C18 microspin column (Harvard Apparatus,
Holliston, MA, USA) according to manufacturer’s instructions. The samples were
dried completely using speed-vacuum and stored at -20 ◦C until mass spectrometry.

Liquid chromatography-electrospray ionization-tandem mass spectrometry
(LC-ESI-MS/MS)
Samples were redissolved in 20 µl loading buffer (5% acetonitrile, 0.1% formic acid)
and 2 µl were injected on column. LC-ESI-MS/MS was performed on a Q-Exactive
HF Hybrid Quadrupole-Orbitrap Mass Spectrometer (Thermo Scientific) equipped
with an Easy nLC 1000 liquid chromatography system (Thermo Scientific). Peptides
were trapped on a Acclaim pepmap100, C18, 3 µm, 75 µm x 20 mm nano trap-column
(Thermo Scientific) and subsequently separated on a 75 µm x 250 mm, C18, 2 µm,
100 Å Easy-Spray column (Thermo Scientific). The analytical separation was run at a
constant flow rate of 250 nl/min for a total time of 90 min. Therefore, a gradient of
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99.9% H2O/ 0.1% formic acid (solvent A) and 99.9% acetonitrile/0.1% formic acid
(solvent B) was used, with 0-5 min 95% solvent A and 5% solvent B; 65% solvent
A and 35% solvent B for 60 min; 10% solvent A and 90% solvent B for 10 min. The
separation finished with a 15 min stay in 10% solvent A and 90% solvent B. The
full scan resolution was set to 60’000 full width at half maximum (FWHM) at a
mass/charge (m/z) ratio of 200 with an automatic gain control (AGC) target of 3x106

(number of ions) and a maximum injection time of 60 ms. Mass range window was
set to 400-2000 m/z. For MS2 data-dependent acquisition, up to twenty precursor
ions were isolated and fragmented by higher-energy collisional dissociation (HCD)
at 27% Normalized Collision Energy (NCE). Resolution for MS2 scans was set to a
FWHM of 15’000 at 200 m/z and an AGC target of 1x105 with a maximum injection
time of 60 ms and an isolation window set to 1.6 m/z. Full MS scans were acquired
in profile mode, MS2 scans in centroid mode. Dynamic exclusion was set to 20 sec.

Database search
Using the MS Convert conversion tool (ProteoWizard), peak lists were generated
from the raw data. Subsequently, the peak lists were searched against the Plasmodium
falciparum 3D7 database (PlasmoDB.org, release 46, 5548 entries) as well as an in-
house database with common contaminants using Mascot (Matrix Science, London,
UK; version 2.5.1). For the database search, one potential missed cleavage of the
trypsin enzyme was allowed. The precursor ion tolerance was set to 10 ppm and
fragment ion tolerance to 0.02 Da. Carbamidomethyl cysteine was set as fixed amino
acid modification. Variable amino acid modifications included oxidized methion-
ine and deamination as well as phosphorylated serine, threonine and tyrosine. To
validate the Mascot search, Scaffold 4.10.0 (Proteome Software) was used. Peptide
identifications were accepted if they could be established at greater than 13.0% (44.0%
for replicate) probability to achieve an FDR less than 0.1% using the Peptide Prophet
algorithm (Keller et al., 2002) with Scaffold delta-mass correction. To accept protein
identifications, they had to be established at greater than 87.0% (99.0% for replicate)
probability to achieve an FDR less than 1.0% and they had to contain at least two
identified peptides. Protein probabilities were assigned by the Protein Prophet algo-
rithm (Nesvizhskii et al., 2003). Proteins that contained similar peptides and could
not be differentiated based on MS/MS analysis alone were grouped to satisfy the
principles of parsimony.

4.2.18 Growth assays

To test whether there is a growth defect in asexual blood stages in the cell lines
3D7 Slp-GFP_glmS (GOI 08) and 3D7 PF3D7_1427900-GFP_glmS (GOI 06) upon
induced knockdown of the glmS-tagged centrosomal candidate genes via addition of
3.5 mM GlcN, parasitemia was assessed over six days (3 cycles) using flow cytometry.
Growth assays were performed by Marta Machado and Tatiany Romão. Therefore,
3D7 Slp-GFP_glmS and 3D7 PF3D7_1427900-GFP_glmS parasite cultures as well
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as a 3D7 wt control line were synchronized using sorbitol treatment. The growth
assay was started with a parasitemia of 0.025% early ring stages. Each cell line was
cultured at a hematocrit of 4.2% in two wells of a 6-well plate without (control) and
with addition of 3.5 mM GlcN, respectively. For optimal growth conditions, culture
medium was changed in the cultures after 48 h, 96 h and 120 h. To determine the
parasitemia via flow cytometry, 100 µl samples were taken in triplicates every 24 h
after start of drug treatment for three asexual blood-stage cycles (0 h, 24 h, 48 h, 72 h,
96 h, 120 h and 144 h). Samples were collected and centrifuged in a 96-well U-bottom
plate (1500 g, 2 min), the pellets washed once with 200 µl PBS each, and the cells were
fixed with 100 µl 0.0075% glutaraldehyde (GA) in 4% PFA/PBS either 45 min at room
temperature or over night at 4 ◦C. Next, cells were washed twice with 200 µl PBS (per
well) and stored at 4 ◦C until all samples at the different time points were collected.
100 µl of each well were transferred into a new 96-well plate, and centrifuged at
1500 g for 2 min. Cells were permeabilized with 0.1% Triton-X-100/PBS for 8 min
at room temperature, followed by centrifugation at 1500 g for 2 min. Pellets were
washed once with 200 µl PBS, pelleted again by centrifugation (1500 g, 2 min) and
DNA was stained with 100 µl of a 1:2000 dilution of SYBR™ Green I Nucleic Acid
Gel Stain (S7567, Invitrogen) in PBS for 20 min at room temperature, in the dark.
Samples were again pelleted (1500 g, 2 min), washed once with 200 µl PBS/well and
resuspended in 200 µl PBS.
Flow cytometry analysis was performed on a BD FACSCelesta™ Cell Analyzer (BD
Biosciences). Gating of the acquired cells was performed using FlowJo (Tree Star).
Therefore, all RBCs were selected, all doublets excluded, and finally infected RBCs
were selected by green fluorescence of the nucleic acid staining using a 525 nm laser.
In total, 500-1000 events (infected RBCs) were acquired per sample. Visualization and
statistical analyses were performed using GraphPad PRISM (GraphPad).
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FIGURE A.1: Preliminary localization data of four centriolar plaque candidates during P. falci-
parum blood-stage schizogony. Confocal images show the localization of four centriolar plaque
candidates identified by co-immunoprecipitations using PfCentrin1- and 2-GFP expressing NF54
cells and subsequent mass spectrometry analysis. All four candidates were endogenously tagged
with GFP and a glmS ribozyme sequence (3D7 GOI-GFP_glmS) and integration confirmed by
PCRs. Confocal images show endogenous GFP signal (A) or GFP signal enhanced via an anti-GFP
antibody (B, C, D) (grey). Cells were immunolabeled with anti-centrin antibody (green) and DNA
stained with Hoechst (blue). Contrast settings were set individually for each cell and stained
structure. For each candidate, GFP signals are shown with two different contrast settings; first
image with background, second image with adjusted background. Centriolar plaque candidates
include the putative methyltransferase PF3D7_1455200 (A), the putative repetitive organellar
protein PF3D7_0203000 (B), the uncharacterized protein PF3D7_1312800 (C) and the putative cell
division cycle protein 48 homologue PF3D7_061940 (D). Please note that images in (A, B) were
acquired on a STED/Resolft microscope (Abberior) in confocal mode, while (C, D) were acquired
on an Sp8 (Leica). Images in (A) and (C) show double-infected erythrocytes. All images are single
slices; scale bars, 1 µm.
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FIGURE A.2: Predicted centrin-binding repeat sequences in P. falciparum Sfi-like protein (Slp).
Centrin-binding sequences were based on previous studies by Suvorova et al. (2015) and Kilmartin
(2003), identifying 16 and 7 repeat regions in Plasmodium Slp, respectively. Please note that the
complete repeat region determined by Kilmartin (2003) does not exist in any Plasmodium protein.
Therefore, only the part of the sequence which is more conserved was used.
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