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Summary 

Most of the studies in cell biology primarily focus on models from the opisthokont 

group of eukaryotes. However, opisthokonts do not encompass the full diversity of 

eukaryotes. Thus, it is necessary to broaden the research focus to other organisms to gain 

a comprehensive understanding of basic cellular processes shared across the tree of life. 

In this sense, Trypanosoma brucei, a unicellular eukaryote, emerges as a viable alternative. 

The collaborative efforts in genome sequencing and protein tagging over the past two 

decades have significantly expanded our knowledge on this organism and have provided 

valuable tools to facilitate a more detailed analysis of this parasite. Nevertheless, numerous 

questions still remain.  

The survival of T. brucei within the mammalian host is intricately linked to the endo-

lysosomal system, which plays a critical role in surface glycoprotein recycling, antibody 

clearance, and plasma membrane homeostasis. However, the dynamics of the duplication 

of the endo-lysosomal system during T. brucei proliferation and its potential relationship 

with plasma membrane growth remain poorly understood. Thus, as the primary objective, 

this thesis explores the endo-lysosomal system of T. brucei in the context of the cell cycle, 

providing insights on cell surface growth, endosome duplication, and clathrin recruitment. 

In addition, the study revisits ferritin endocytosis to provide quantitative data on the 

involvement of TbRab proteins (TbRab5A, TbRab7, and TbRab11) and the different 

endosomal subpopulations (early, late, and recycling endosomes, respectively) in the 

transport of this fluid-phase marker. Notably, while these subpopulations function as distinct 

compartments, different TbRabs can be found within the same region or structure, 

suggesting a potential physical connection between the endosomal subpopulations. The 

potential physical connection of endosomes is further explored within the context of the cell 

cycle and, finally, the duplication and morphological plasticity of the lysosome are also 

investigated. Overall, these findings provide insights into the dynamics of plasma 

membrane growth and the coordinated duplication of the endo-lysosomal system during T. 
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brucei proliferation. The early duplication of endosomes suggests their potential 

involvement in plasma membrane growth, while the late duplication of the lysosome 

indicates a reduced role in this process. The recruitment of clathrin and TbRab GTPases 

to the site of endosome formation supports the assumption that the newly formed 

endosomal system is active during cell division and, consequently, indicates its potential 

role in plasma membrane homeostasis.  

Furthermore, considering the vast diversity within the Trypanosoma genus, which 

includes ~500 described species, the macroevolution of the group was investigated using 

the combined information of the 18S rRNA gene sequence and structure. The sequence-

structure analysis of T. brucei and other 42 trypanosome species was conducted in the 

context of the diversity of Trypanosomatida, the order in which trypanosomes are placed. 

An additional analysis focused on Trypanosoma highlighted key aspects of the group’s 

macroevolution. To explore these aspects further, additional trypanosome species were 

included, and the changes in the Trypanosoma tree topology were analyzed. The 

sequence-structure phylogeny confirmed the independent evolutionary history of the 

human pathogens T. brucei and Trypanosoma cruzi, while also providing insights into the 

evolution of the Aquatic clade, paraphyly of groups, and species classification into 

subgenera.  
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Zusammenfassung 

Die meisten Studien in der Zellbiologie konzentrieren sich in erster Linie auf Modelle 

aus der Opisthokont-Gruppe der Eukaryonten. Die Opisthokonten umfassen jedoch nicht 

die gesamte Vielfalt der Eukaryonten. Daher ist es notwendig, den Forschungsschwerpunkt 

auf andere Organismen auszuweiten, um ein umfassendes Verständnis grundlegender 

zellulärer Prozesse zu erlangen, die im gesamten Lebensbaum vorkommen. In diesem 

Sinne stellt Trypanosoma brucei, ein einzelliger Eukaryote, eine brauchbare Alternative dar. 

Die gemeinsamen Anstrengungen bei der Genomsequenzierung und der Markierung von 

Proteinen in den letzten zwei Jahrzehnten haben unser Wissen über diesen Organismus 

erheblich erweitert und wertvolle Instrumente für eine detailliertere Analyse dieses 

Parasiten bereitgestellt. Dennoch bleiben noch zahlreiche Fragen offen. 

Das Überleben von T. brucei im Säugetierwirt ist eng mit dem endo-lysosomalen 

System verknüpft, das eine entscheidende Rolle beim Recycling von 

Oberflächenglykoproteinen, der Antikörper-Clearance und der Homöostase der 

Plasmamembran spielt. Die Dynamik der Verdoppelung des endo-lysosomalen Systems 

während der Vermehrung von T. brucei und seine mögliche Beziehung zum Wachstum der 

Plasmamembran sind jedoch noch wenig bekannt. In dieser Arbeit wird daher das endo-

lysosomale System von T. brucei im Kontext des Zellzyklus untersucht, um Erkenntnisse 

über das Wachstum der Zelloberfläche, die Verdopplung der Endosomen und die Clathrin-

Rekrutierung zu gewinnen. Darüber hinaus wird in der Studie die Ferritin-Endozytose 

erneut untersucht, um quantitative Daten über die Beteiligung der TbRab-Proteine 

(TbRab5A, TbRab7 und TbRab11) und der verschiedenen endosomalen Subpopulationen 

(frühe, späte bzw. Recycling-Endosomen) am Transport dieses Flüssigphasenmarkers zu 

erhalten. Bemerkenswert ist, dass diese Subpopulationen zwar als unterschiedliche 

Kompartimente fungieren, aber verschiedene TbRabs in derselben Region oder Struktur 

gefunden werden können, was auf eine mögliche physische Verbindung zwischen den 

endosomalen Subpopulationen hindeutet. Die potenzielle physikalische Verbindung von 



vii 

Endosomen wird im Zusammenhang mit dem Zellzyklus weiter erforscht, und schließlich 

werden auch die Verdopplung und die morphologische Plastizität des Lysosoms 

untersucht. Insgesamt bieten diese Ergebnisse Einblicke in die Dynamik des 

Plasmamembranwachstums und die koordinierte Verdopplung des endo-lysosomalen 

Systems während der Proliferation von T. brucei. Die frühe Verdoppelung der Endosomen 

deutet auf ihre mögliche Beteiligung am Plasmamembranwachstum hin, während die späte 

Verdoppelung der Lysosomen auf eine geringere Rolle in diesem Prozess hindeutet. Die 

Rekrutierung von Clathrin- und TbRab-GTPasen an der Stelle der Endosomenbildung 

unterstützt die Annahme, dass das neu gebildete endosomale System während der 

Zellteilung aktiv ist, und deutet folglich auf seine potenzielle Rolle bei der Homöostase der 

Plasmamembran hin. 

In Anbetracht der enormen Vielfalt innerhalb der Gattung Trypanosoma, die etwa 

500 beschriebene Arten umfasst, wurde die Makroevolution der Gruppe anhand der 

kombinierten Informationen der 18S rRNA-Gensequenz und Struktur untersucht. Die 

Sequenz-Struktur-Analyse von T. brucei und anderen 42 Trypanosomen-Arten wurde im 

Zusammenhang mit der Vielfalt der Trypanosomatida, der Ordnung, in die Trypanosomen 

eingeordnet werden, durchgeführt. Eine zusätzliche Analyse, die sich auf Trypanosoma 

konzentrierte, hob Schlüsselaspekte der Makroevolution dieser Gruppe hervor. Um diese 

Aspekte weiter zu erforschen, wurden zusätzliche Trypanosomenarten einbezogen und die 

Veränderungen in der Topologie des Trypanosoma-Baums analysiert. Die Sequenz-

Struktur-Phylogenie bestätigte die unabhängige Evolutionsgeschichte der humanen 

Krankheitserreger T. brucei und Trypanosoma cruzi, während sie gleichzeitig Einblicke in 

die Evolution der aquatischen Klade, die Paraphylie von Gruppen und die Klassifizierung 

der Arten in Untergattungen lieferte. 

[Translated with DeepL] 
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General Introduction 

Cell biology research in eukaryotic cells is extensively focused on models belonging 

to a group named Opisthokonta, which harbors a variety of organisms, such as mammals, 

yeast, and Drosophila (Burki et al., 2020). Because our understanding of essential cellular 

processes is more detailed in opisthokonts than in trypanosomes, this thesis will commence 

by presenting an overview of the main aspects of the endo-lysosomal system and the cell 

cycle progression in opisthokonts before focusing on T. brucei, the specific organism of 

interest. 

 

The endo-lysosomal system of opisthokonts1 

The endo-lysosomal system is a key component for cellular homeostasis acting in 

various physiological processes, such as nutrient uptake, membrane remodeling, and cell 

signaling (Ballabio and Bonifacino, 2020; Barral et al., 2022). Endosomes serve as 

platforms for sorting of endocytosed cargo that can be either recycled (Gruenberg et al., 

1989; Kok et al., 1992; Mao et al., 2021; Steinman et al., 1976) or ultimately degraded in 

the lysosome (Geuze et al., 1983; Pantazopoulou et al., 2023; Straus, 1964). In addition, 

endosomes have an essential role in lysosomal maintenance by delivering newly 

synthesized lysosomal membrane proteins and enzymes (Geuze et al., 1988, 1985; 

Puertollano et al., 2001).  

  The endocytic pathways in opisthokonts can be clathrin-independent, such as 

caveolae-mediated (Palade, 1955; Song et al., 2021; Yamada, 1955) and raft-dependent 

endocytosis (Wan et al., 2020), or mediated by clathrin (Roth and Porter, 1964). In fact, the 

latter is considered the major and the best understood endocytic pathway (Figure 1) 

(reviewed in Kaksonen and Roux, 2018; Prichard et al., 2022; Rennick et al., 2021). The 

recruitment of clathrin to the plasma membrane is orchestrated by several proteins, such 

 
1 This subsection contains text fragments of Link et al. (2021) – published review in which I share 
the first authorship. 
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as F-BAR domain only protein 1 and 2 complex (FCHO1/2), adaptor protein 2 (AP-2), and 

epidermal growth factor receptor substrate 15 (EPS15) (Cocucci et al., 2012; Ma et al., 

2016; Matsui and Kirchhausen, 1990; Shih et al., 1995). After recruitment, clathrin-coated 

pits (CCPs) are formed, which bud as clathrin-coated vesicles (CCVs) (Roth and Porter, 

1964). Membrane scission requires the polymerization of an actin cytoskeleton (Fujimoto 

et al., 2000; Gottlieb et al., 1993; Lamaze et al., 1997; Li et al., 2015), which involves several 

other molecules such as dynamin, type I myosins, actin-related protein 2/3 complex 

(Arp2/3), Las17, Sla1, Sla2, and Ent1 (Cheng et al., 2012; Feliciano and Di Pietro, 2012; 

Galletta et al., 2008; Lizarrondo et al., 2021; Mettlen et al., 2009). Once the CCVs have 

pinched off from the plasma membrane they are uncoated in a process involving 

dephosphorylation and ATP hydrolysis with the help of auxilin and heat shock protein Hsc70 

(Prasad et al., 1993; Ungewickell et al., 1995). Uncoated vesicles can fuse with endosomes, 

which are subdivided into populations named early, late, and recycling endosomes (Geuze 

et al., 1983; Kamentseva et al., 2020; Roth and Porter, 1964; Straus, 1964; Wall et al., 

1980). These subpopulations are decorated with small Rab GTPases, among which Rab5, 

Rab7, and Rab11 are major players and widely used as markers for the early, late, and 

recycling compartments, respectively. The Rab GTPases regulate intracellular membrane 

trafficking based on their GTP/GDP cycle. When in their inactive state (GDP-bound), Rabs 

are localized in the cytosol, but upon activation (GTP-bound conformation) they bind to 

specific membrane compartments (reviewed in Cullen and Steinberg, 2018; Jin et al., 2021; 

Wandinger-Ness and Zerial, 2014). 

The first endosomal subpopulation that endocytosed cargo reaches is the early 

endosome, a compartment with documented homotypic fusion capacity (Gruenberg et al., 

1989). Inside this organelle, cargo is sorted for recycling or degradation. The fate of the 

cargo is proposed to be determined by the endosomal sorting complex required for 

transport (ESCRT), which is a group of protein complexes that selects ubiquitinated cargo 

for the degradation pathway (Katzmann et al., 2001; Raiborg et al., 2002). Cargo not 
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selected for degradation has been proposed to move directly to recycling, following a sort 

of negative selection inside the early endosome (Klumperman and Raposo, 2014). 

When destined for recycling, cargo moves to the recycling endosome. Vesicles that 

bud from this compartment are directed to the plasma membrane through interaction with 

motor proteins (Ji et al., 2019). Early endosomes have contact sites with the recycling 

compartment allowing a fast route back to the cell surface (Klumperman and Raposo, 

2014). In addition, cargo recycling from late endosomes has been proposed to happen 

either via direct delivery of exosomes to the plasma membrane (Edgar, 2016; Harding et 

al., 1983; Johnstone et al., 1987; Pan et al., 1985) or via cargo retrieval in the trans-Golgi 

network (Seaman et al., 1997).  

Cargo destined for degradation is accumulated by the ESCRT into luminal 

invaginations of the early endosome membrane, which pinch off into its luminal space 

forming intraluminal vesicles (ILVs) (Klumperman and Raposo, 2014). The ILVs accumulate 

in vacuolar regions, which ultimately detach and become free multivesicular bodies (MVBs), 

also called endosomal carrier vesicles (ECVs). The MVBs have been proposed to be 

transported on microtubules to deliver the cargo to late endosomes (Saito et al., 1997). 

However, other studies have suggested a maturation process in which the MVBs 

progressively differentiate from early to late endosomes (Poteryaev et al., 2010; Rink et al., 

2005; Stoorvogel et al., 1991).  

From late endosomes, cargo is finally delivered to the lysosome (Bucci et al., 2000; 

Karim et al., 2018). In mammalian cells, lysosomes were observed juxtaposed to the 

nuclear region or close to the plasma membrane (Encarnação et al., 2016; Korolchuk et al., 

2011). Along with the diverse positioning, the lysosomes can vary in size, pH, and enzyme 

composition (Barral et al., 2022). Cargo delivery from late endosomes to the lysosome is 

proposed to happen either via fusion, during which a hybrid organelle is formed, named the 

endolysosome (Bucci et al., 2000; Futter et al., 1996; Karim et al., 2018), or via a process 

known as kiss-and-run, which is a temporary fusion used to release cargo from the late 

endosomes to the lysosome (Bright et al., 2005). The hybrid endolysosome matures into 
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the classical lysosome, in which hydrolases break down the enclosed material 

(Podinovskaia et al., 2021; van der Beek et al., 2021).  

 

 
Figure 1. Overview of clathrin-mediated endocytosis pathways in opisthokonts. Cargo binds to the 
plasma membrane and clathrin is recruited by accessory molecules, such as AP-2, to the location. A local 
deformation of the membrane forms a clathrin-coated pit (CCP). The CCP invaginates further and pinches 
off with the help of dynamin and actin, yielding clathrin-coated vesicles that are transported with the help 
of motor proteins (myosin and actin). After vesicle uncoating, cargo is moved to the early endosome from 
which it is sorted to the late or the recycling endosome. From late endosomes, cargo can be degraded or 
sent for recycling in the trans-Golgi network (TGN). From the recycling endosome, cargo returns to the 
plasma membrane. Image adapted from Schubert et al. (2012). 

 

The cell cycle in opisthokonts 

The cell cycle comprises a series of events that take place in a cell as it grows and 

divides to produce two daughter cells. It is a highly coordinated and controlled process that 

ensures accurate duplication and segregation of genetic material and cellular components 

(Alberts et al., 2002; Carlton et al., 2020; Moore et al., 2021). Traditionally, these events 
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are grouped into four sequential phases named G1, S, G2, and M, of which the first three 

are collectively named interphase. The G stands for “gap”, in which cell growth and 

monitoring of internal and external environments occurs (Alberts et al., 2002). The gap 

phases are essential for the cell to ensure proper conditions before committing to the critical 

phases of DNA replication (S phase) and then segregation (M phase; mitosis). When there 

is a lack of favorable conditions, a cell can delay its progress through G1 and even enter a 

specialized resting state (G0), which is of variable duration. From G0, cells may re-enter 

G1 or remain permanently in this stage until they die (Alberts et al., 2002; Granot and 

Snyder, 1991; Small and Osley, 2023). However, the arrest/delay of G1 is only possible 

before cells reach a “commitment point”, named “start” in yeast and “restriction point” in 

mammals. After this point, cells will enter the S phase independently of the conditions 

(Adikes et al., 2020; Alberts et al., 2002; Moser et al., 2018). 

Both chromosome segregation and cell division occur during mitosis (M phase), 

which can be further subdivided into a series of steps according to the alignment of 

chromosomes and the cytoskeleton, named prophase, prometaphase, metaphase, 

anaphase, and telophase (Alberts et al., 2002; Carlton et al., 2020; Walczak et al., 2010). 

In prophase, the duplicated chromosomes are condensed, the centrosomes begin to 

separate, and the nuclear envelope starts disassembling. During prometaphase, the 

chromosomes connect to the microtubules of the mitotic spindle and can proceed for 

alignment at the spindle equator, marking the metaphase state. In anaphase, the 

chromosomes progressively move toward the poles of the spindle. In this way, each sister 

chromatid is placed on opposite sides of the division plane. During telophase, the nuclear 

envelope begins to reassemble, and the chromosomes start to decondense – reforming 

two intact nuclei (Figure 2). Some opisthokont cells, such as the yeast 

Schizosaccharomyces pombe, undergo closed mitosis, in which the nuclear envelope is 

not entirely disassembled (Dey et al., 2020). 
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Figure 2. Schematic overview of the sequential mitotic stages of a mammalian cell. Cells progress 
from interphase (1) to the mitotic phase of the cell cycle. Prophase (2): microtubules rearrange in 
centrosomes to form a bipolar spindle, and DNA condenses in chromosomes. Prometaphase (3): 
chromosomes connect with microtubules of the mitotic spindle. Metaphase (4): chromosomes align at the 
spindle equator. Anaphase/early telophase (5): chromosomes are pulled to the opposite poles of the 
mitotic spindle, separating the sister chromatids, and the cleavage furrow starts its ingression. Late 
telophase (6): reassembly of the nuclear envelope, decondensation of DNA, and cytokinesis. After 
cytokinesis, cells initially remain connected through the midbody, which is disassembled by the endosomal 
sorting complex required for transport (ESCRT). Image taken from Carlton et al. (2020). 

 

At the end of mitosis, the cytoplasm of the two daughter cells is divided in a process 

called cytokinesis (Esau and Gill, 1965; Rappaport, 1986). The cytoplasm partitioning is 

governed by the cleavage furrow, which consists of a contractile actomyosin ring connected 
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to the plasma membrane (Bi et al., 1998; Lippincott and Li, 1998). The ring formation 

involves the participation of several molecules, such as Rho proteins and their regulators, 

and the kinases Aurora B and Polo. The ingression of the cleavage furrow is carried out by 

the actomyosin cytoskeleton, decreasing the volume of the contractile ring, and pinching 

the plasma membrane inwards (reviewed in Frappaolo et al., 2022; Fraschini, 2020). After 

cytokinesis, the two daughters may remain connected by a thin bridge named the midbody. 

This structure seems to be a key regulator of cytokinesis and appears to play a role in cell 

polarization after division (Halcrow et al., 2022; Presle et al., 2021; Terada et al., 1998). 

The midbody abscission involves the ESCRT (Bajorek et al., 2009; Gulluni et al., 2021). 

According to the characteristics of the daughter cells, cytokinesis can be symmetric or 

asymmetric. The first generates two equal daughter cells and is important for tissue 

homeostasis. The latter gives rise to daughter cells with different morphology and function 

generating cellular diversity that is important, for example, for stem cells (Karim et al., 2018; 

Wheeler, 1891; Whitman, 1878). 

It has been suggested that the cleavage furrow ingression, and consequently cell 

division, must be coordinated with local membrane deposition (reviewed in Carlton et al., 

2020; Fraschini, 2020). In addition, the cell volume grows exponentially during interphase 

and displays a rapid and pronounced (10-30 %) increase during mitosis (Boucrot and 

Kirchhausen, 2008; Zlotek-Zlotkiewicz et al., 2015). Thus, to sustain all these volumetric 

changes, plasma membrane growth is of paramount importance. The incorporation of new 

membrane can happen via plasma membrane remodeling or vesicle trafficking (Albertson 

et al., 2008; Boucrot and Kirchhausen, 2007; Wang et al., 2016), but the internal sources 

of the new membrane are still a matter of debate (reviewed in Carlton et al., 2020).  

Evidence has suggested that membrane recycling is essential for plasma 

membrane growth during mitosis and that impairments in clathrin-mediated endocytosis 

decrease the cell surface area (Boucrot and Kirchhausen, 2007). However, other studies 

indicated a temporary shutdown of endocytosis during mitosis (Fielding et al., 2012; Warren 

et al., 1984). Thus, the “emerging consensus is that some degree of endocytosis persists 
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throughout division, and specific endocytic cargoes that are important to the cell [cycle 

progression], such as growth factor receptors, may be prioritized to allow their partitioning 

during division” (Carlton et al., 2020, p. 5). Lysosome activity during mitosis is still 

controversial, with some findings suggesting that lysosome autophagic functions must be 

repressed (Odle et al., 2020), while others argue the need for lysosomal activity to ensure 

correct chromosome inheritance (Almacellas et al., 2021). In this sense, it is interesting to 

note that a potential “additional layer of complexity is added [for organelle inheritance] if the 

function of an organelle must be maintained for division to occur” (Carlton et al., 2020, p. 

1).  

Compared to mitotic events, knowledge of organelle partitioning is still evolving. It 

has been proposed that some organelles pass through a coordinated 

segregation/inheritance, such as the Golgi apparatus and the vacuoles of yeast, which may 

be influenced by kinases (e.g., Aurora B), phosphatases, myosin, and phospholipids 

(Carlton et al., 2020; Chung et al., 2016; Ouellet and Barral, 2012; Weisman, 2006). Some 

organelles, such as the endo-lysosomal system, have been associated with a stochastic 

distribution into the daughter cells. However, clusters of Rab5 and Rab11 were spotted 

around the mitotic spindle and have been suggested to contribute to chromosome 

segregation (Capalbo et al., 2011; Hehnly and Doxsey, 2014; Serio et al., 2011). Because 

of this, the distribution of endosomes into the daughter cells has been suggested to be 

influenced/coordinated by the mitotic spindle instead of being merely stochastic (Carlton et 

al., 2020). Regarding the lysosome, data from mammalian neural stem cells show an 

asymmetric inheritance of the lysosome (Bohl et al., 2022; Loeffler et al., 2019), which could 

result from coordinated events (Loeffler et al., 2022; Moore et al., 2021). 

 

Trypanosoma brucei as a cell biology model 

Although opisthokonts are the most studied organisms in cell biology, this group is 

far from representative of the vast diversity of eukaryotic cells (Figure 3). The precise 
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positioning of the root in the eukaryote tree of life is still a matter of debate (Burki et al., 

2020), but a comprehensive phylogenomic analysis recently proposed the tree root 

between Opisthokonta and all other eukaryotes (Cerón-Romero et al., 2022). Such a root 

positioning is controversial for suggesting an independent evolutionary history of 

opisthokonts. However, it highlights that these organisms may harbor deep divergences 

from other eukaryotic cells. Thus, our comprehension of the evolution of the eukaryotic cell, 

cellular organization/organelle complexity, and the key aspects that govern a cell’s life, such 

as the cell cycle, are still incomplete. To overcome this, it is important to expand our focus 

to include other eukaryotic taxa. In this context, trypanosomes present an interesting group 

due to the existence of established laboratory cell lines and the availability of molecular 

tools that enable cell engineering. 

Trypanosoma is a monophyletic genus (Kostygov et al., 2021) placed in the 

eukaryote group Discoba (Burki et al., 2020) (Figure 3). This genus comprises ~500 species 

of parasites found in all vertebrate classes (Kostygov et al., 2021). Such a species richness 

is usually studied within an evolutionary context, by employing the widely used genetic 

markers glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and 18S rRNA, more 

specifically the v7/v8 hypervariable region (Fermino et al., 2019, 2015; Hamilton and 

Stevens, 2017; Lemos et al., 2015; Maia da Silva et al., 2004). Recently, the v7/v8 region 

of trypanosomes was shown to be a synonym of the v4 region according to the European 

Database on small ribosomal RNA (see Rackevei et al., 2022). 
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Figure 3. Eukaryote tree of life. The tree is a representation of the consensus on eukaryote supergroups 
based on phylogenomics. The inclusion of new data (represented by circles) changed the original 
configuration of eukaryote supergroups (indicated by stars), which are currently superseded by the 
monophyletic supergroups TSAR, Haptista, Cryptista, Archaeplastida, Amorphea, CruMs, and 
Hemimastigophora (indicated by the different colors). The former supergroup known as Excavata is now 
considered artificial and it is subdivided into three clades (Discoba, Metamonoda, and Malawimonadida). 
Ancoracysta, Picozoa, malawimonads, and ancyromonads have low number of species, so they are 
considered “orphan taxa”. The root of the eukaryote tree is still uncertain. Image taken from Burki et al. 
(2020). 

 

In the context of cell biology, the human pathogens T. brucei and T. cruzi are the 

most studied trypanosome species. In fact, the availability of genomes and the launch of 

initiatives such as TriTrypDB (Aslett et al., 2010) and TrypTag (Dean et al., 2017) have 

made important contributions to consolidate T. brucei as a viable model organism. In this 

way, this parasite can be used to investigate a plethora of cellular processes, such as cell 

motility (Alizadehrad et al., 2015), mitochondrial genome replication (Hoffmann et al., 2018), 

and phospholipid biosynthesis (reviewed in Borges et al., 2021; Serricchio and Bütikofer, 

2011). The complex polarized cell architecture of T. brucei along with unique features, such 

as the presence of a single mitochondria and the concentration of all endo- and exocytic 

processes in one portion of the plasma membrane (Figure 4), make them an interesting 

organism to be explored.  
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Figure 4. The architecture of the bloodstream form of Trypanosoma brucei. Schematic 
representation of the T. brucei cell and its major organelles. Image adapted from Overath and Engstler 
(2004). 

 

The life cycle of T. brucei2 

Trypanosoma brucei is an extracellular pathogen that causes chronic and eventually 

fatal infections in humans and livestock (WHO, 2023). In 1985, David Bruce reported the 

discovery of the parasite and proved that the disease was transmitted by the tsetse fly and 

not caused by it, as believed at that time (Bruce, 1895). As a dixenous parasite, T. brucei 

alternates between mammalian hosts and tsetse flies during its life cycle (Schuster et al., 

2021, 2017; Szöőr et al., 2020; Vickerman, 1985). The switch between such distinct 

microenvironments challenges the parasite with different temperatures, pH, nutrient 

availability, and host defense mechanisms (Schuster et al., 2017; Seed and Sechelski, 

1989; Seed and Wenck, 2003). As a way to overcome these bottlenecks, T. brucei 

differentiates into distinct life cycle stages, which are adapted for survival inside each host’s 

environment. An example of such adaptation is the versatile composition of the cell surface, 

which is the interface for interactions with the host and differs from one life cycle stage to 

another (Figure 5) (reviewed in Borges et al., 2021). 

 

 
2 This subsection contains fragments of Borges et al. (2021) – published review in which I share the 
first authorship 
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Figure 5. Schematic overview of the life cycle of Trypanosoma brucei. The replicative stages are 
highlighted by a circular arrow (orange), and the cell surface composition is indicated: variant surface 
glycoprotein (VSG), transferrin receptor (TfR), GP63, procyclin, trans-sialidase (TS), and brucei alanine 
rich protein (BARP). The predominant cell surface molecule of each stage is written in bold. Image 
adapted from Borges et al. (2021). 

 

Infection of the tsetse starts when the fly ingests blood from an infected mammalian 

host containing the bloodstream forms of T. brucei (Nolan et al., 2000; Robertson, 1912; 

Robertson and Bradford, 1912; Schuster et al., 2021). Once inside the fly, trypanosomes 

pass through the crop to the tsetse midgut and differentiate into procyclic forms (Vickerman, 

1969). Procyclic trypanosomes cross the peritrophic matrix at the site of its synthesis 

(proventriculus) (Lehane et al., 1996; Rogerson et al., 2018; Rose et al., 2020, 2014). Inside 

the endotrophic space, procyclic trypanosomes can differentiate into mesocyclic 

trypanosomes, which then invade the proventriculus (Vickerman, 1985) and develop into 

long epimastigotes (Rose et al., 2020; Sharma et al., 2008; Van Den Abbeele et al., 1999; 

Vickerman, 1985). Epimastigotes undergo an asymmetric division to create a long and a 

short daughter cell and migrate to the salivary glands. In the salivary gland, the long 

daughter cell is assumed to die and the short daughter cell attaches to the gland epithelium 

via its flagellum (Vickerman, 1969). Attached epimastigotes divide symmetrically, 

increasing the number of attached epimastigote cells. Alternatively, attached epimastigotes 

can also undergo an asymmetric division resulting in the formation of the free-swimming 

metacyclic stage, which is the mammalian infective form (Schuster et al., 2017; Szöőr et 

al., 2020; Vickerman, 1985).  
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During feeding, infected tsetse flies transmit the metacyclic T. brucei to the 

mammalian host. Inside this host, T. brucei differentiates into the bloodstream form of the 

parasite and lives exclusively in extracellular fluids where it exhibits a glycocalyx 

predominantly composed of variant surface glycoproteins (VSGs) (Cross, 1975; Jackson et 

al., 1985; Vickerman, 1985). The bloodstream forms can be classified into two 

morphologically distinct forms: the long slender and the short stumpy trypomastigotes 

(Robertson, 1912; Schuster et al., 2021; Seed and Sechelski, 1989; Seed and Wenck, 

2003). The slender trypomastigotes are proliferative, while the stumpy form is cell cycle 

arrested. The differentiation into stumpy forms can be either stimulated in a quorum sensing 

fashion via accumulation of the stumpy induction factor (SIF) (Rojas and Matthews, 2019; 

Vassella et al., 1997) or in a SIF-independent pathway controlled by the transcriptional 

status of the VSG expression site (Batram et al., 2014; Zimmermann et al., 2017). Stumpy 

forms are proposed to be an adaptation that limits parasite burden and increases host 

survival, as these cells have a lifespan of only 48-72 hours (Seed and Sechelski, 1989; 

Seed and Wenck, 2003). Interestingly, the stumpy trypomastigotes were seen as the only 

life cycle stage capable of infecting tsetse flies (reviewed in Rico et al., 2013; Szöőr et al., 

2020). However, recent findings have shown that slender trypomastigotes can also infect 

and complete the life cycle in flies (Schuster et al., 2021).  

 

Survival inside the vertebrate host3 

The mammalian host reacts to T. brucei infections by activating both cellular and 

humoral immunity (reviewed in Onyilagha and Uzonna, 2019), of which the latter represents 

the main line of defense against the parasite due to its extracellular lifestyle (Machado et 

al., 2021; Magez et al., 2020; Stijlemans et al., 2017). By employing a sophisticated 

 
3 This subsection contains fragments of Borges et al. (2021) – published review in which I share the 
first authorship 
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mechanism of antigenic variation and antibody clearance, T. brucei evades the host’s 

immune system, leading to a long-term infection. 

The antigenic variation is promoted by the VSG coat formed by 1 x 107 VSG 

monomers anchored to the cell surface via glycosylphosphatidylinositol (GPI) anchors 

(Bartossek et al., 2017; Cross, 1975; Ferguson, 1997; Ferguson et al., 1988; Jackson et 

al., 1985). VSG molecules are distributed on the cell surface by lateral diffusion (Bülow et 

al., 1988; Hartel et al., 2016), and full coverage is aided by conformational changes in VSG 

molecules (Bartossek et al., 2017). In this way, the flexible and dense VSG coat shields 

invariant surface proteins of the parasite from immune recognition while presenting itself as 

a target for the immune response. From a large repertoire (>1000) of VSG coding genes 

(Cross et al., 2014), the parasite expresses only one VSG isoform at a time on its cell 

surface. The periodic switches in VSG expression, which form the basis for antigenic 

variation (Mugnier et al., 2016), help the parasite population evade clearance, leading to 

fluctuations in parasitemia over the course of infection. These parasitemia waves are 

considered a hallmark of T. brucei infection in mammals (Faria, 2021).  

In addition to the population survival strategy, single cells can use their directional 

swimming and the high mobility of the GPI anchor in their favor when opsonized by the 

host’s antibodies. The directional movement of trypomastigotes generates hydrodynamic 

flow forces on the cell surface that drag VSG-antibody complexes to the posterior region of 

the cell, where they can be internalized and transported to the lysosome for degradation in 

about 2 minutes (Engstler et al., 2007). Thus, the endo-lysosomal system of T. brucei 

bloodstream forms, which is vital for nutrient uptake and immune evasion, plays a central 

role in the parasites’ survival in its vertebrate host. 
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The endo-lysosomal system of T. brucei4 

The endo-lysosomal system of T. brucei is found in the posterior part of the cell 

(Figure 6), extending from the vicinities of the flagellar pocket, the exclusive site for endo- 

and exocytosis, to the nucleus (Engstler et al., 2004; Gull, 2003; Overath et al., 1997; 

Vickerman, 1969).  

 

 
Figure 6. Schematic representation of the endo-lysosomal system of Trypanosoma brucei. The 
endocytic pathways are shown (arrows), and the organelles indicated: class I clathrin-coated vesicles 
(CCV I), class II clathrin-coated vesicles (CCV II), early endosomes (EE), endoplasmic reticulum (ER), 
exocytic carrier (EXC), flagellar pocket (FP), Golgi apparatus (G), lysosome (L), late endosomes (LE), 
nucleus (N), and recycling endosomes (RE). The endocytic compartment is marked by the presence of 
small GTPases of the Rab family: Rab5 (EE), Rab7 (LE), and Rab11 (RE). Figure modified from Link et 
al. (2021). 

 

In T. brucei, all endocytosis is clathrin-mediated. Clathrin can be recruited to any 

part of the flagellar pocket membrane except for the microtubule quartet region (Gadelha 

et al., 2009). Clathrin recruitment involves TbEpsinR and TbCALM (Gabernet-Castello et 

 
4 This subsection contains fragments of Link et al. (2021) – published review in which I share the 
first authorship 
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al., 2009; Manna et al., 2015). Although AP-2, one of the major clathrin recruiters in 

opisthokonts, has not been identified in the genome of T. brucei (Manna et al., 2013; 

Morgan et al., 2002), the parasite possesses several other clathrin-associating proteins 

(TbCAP). Of these, eight seem exclusive to trypanosomatids (TbCAP116, TbCAP118, 

TbCAP125, TbCAP161, TbCAP186, TbCAP292, TbCAP334, and TbTOR-like 1), and four 

(TbCAP100, TbCAP116, TbCAP161, and TbCAP334) are associated with clathrin 

recruitment/assembly (Adung’a et al., 2013). Upon clathrin recruitment, the flagellar pocket 

membrane forms clathrin-coated pits (Allen et al., 2003; Engstler et al., 2004; Grünfelder et 

al., 2003; Morgan et al., 2001). These pits rapidly pinch off as class I CCVs, which have a 

diameter of 135 nm (Grünfelder et al., 2003; Overath and Engstler, 2004). The cytoskeleton 

component TbMyo1 is distributed in the posterior part of the cell and it was suggested to 

be involved in the trafficking of clathrin-coated vesicles (Spitznagel et al., 2010). The 

polarization of this mechanoenzyme is related to actin, and its depletion leads to 

endocytosis impairment (García-Salcedo et al., 2004; Spitznagel et al., 2010).    

From CCVs, cargo passes to the endosomes, which have been described as 

compartments of elongated, circular, and irregular shape (Engstler et al., 2004; Grünfelder 

et al., 2003, 2002). These compartments are decorated with homologs of the main 

endosome markers TbRab5A (early endosome), TbRab7 (late endosome), and TbRab11 

(recycling endosome) (Engstler et al., 2004; Field et al., 1998; Jeffries et al., 2001; Pal et 

al., 2002). All endocytosed cargo, membrane-bound and fluid-phase, enter the early 

endosomes (Engstler et al., 2004; Grünfelder et al., 2003). Studies focused on VSG showed 

that endocytosed VSG starts to colocalize with early endosomes after 2.2 seconds and 

finally fills up to 85 % of the compartment volume (Engstler et al., 2004). From this 

compartment, 53 % of the VSG pool moves to recycling endosomes and returns to the 

surface, a route known as the fast route, which is completed within approximately 

10 seconds (Engstler et al., 2004). Alternatively, 47 % of VSGs are recycled through the 

slow route, which takes approximately 50 seconds to complete (Engstler et al., 2004). Here, 

VSG passes first from the early endosomes to the late endosomes and then returns to the 
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surface via the recycling endosome. VSG was never detected inside the lysosome (Engstler 

et al., 2004). 

Fluid-phase cargo moves from early endosomes to late endosomes and, then, 

arrives in the lysosome (Engstler et al., 2004). This transport was proposed to occur via 

class II CCVs, which bud from the endosomes and are always depleted in VSG but filled 

with fluid-phase cargo (Engstler et al., 2004), and seem to be influenced by TbRab7, of 

which depletion impairs endocytosed cargo delivery to the lysosome (Silverman et al., 

2013, 2011). A detailed study of the kinetics of endocytosis in T. brucei showed that the 

fluid-phase marker dextran and biotinylated VSG (VSGbiotin) were endocytosed at the same 

time but gradually segregated, reaching a maximum of spatial separation after 

approximately 1 minute. At steady state, 37 % of the intracellular VSGbiotin did not lie on the 

endocytic route of internalized dextran, suggesting that the separation of VSG from the 

fluid-phase marker occurred concurrently with the biphasic filling of the recycling endosome 

(Engstler et al., 2004). Bovine serum albumin (BSA), a physiological cargo, was reported 

to overlap with dextran inside T. brucei bloodstream forms (Schichler et al., 2022, preprint), 

suggesting a similar endocytic pathway. The use of electron microscopy to visualize the 

pathway of ferritin, another physiological cargo, never spotted it inside structures with 

morphological resemblance of recycling endosomes (Engstler et al., 2004; Langreth and 

Balber, 1975). Considering all these observations, recycling endosomes seem not involved 

in the fluid-phase cargo pathway. However, electron microscopy evidence showed 

horseradish peroxidase inside exocytic carriers (Engstler et al., 2004). Thus, TbRab11 has 

been proposed to be involved in both fluid-phase and receptor-mediated cargo recycling to 

the cell surface. Consistent with these results, depletion of TbRab11 was shown to reduce 

~80 % of transferrin recycling (Hall et al., 2005). Nevertheless, it is important to note that 

endosomal compartments marked by TbRab11 seem to have, to a certain extent, an 

interface with early endosomes (Chung et al., 2004; Engstler et al., 2004; Jeffries et al., 

2001), which could influence the distribution of fluid-phase cargo inside TbRab11-positive 

structures. 
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Orthologs of the ESCRT machinery (TbVps4, TbVps23, TbVps24, and TbVps28) 

were found in T. brucei late endosomes (Gilden et al., 2017; Leung et al., 2008; Silverman 

et al., 2013; Umaer and Bangs, 2020). Although the ESCRT is connected to cargo sorting 

inside ILVs, leading to the formation of MVBs in mammalian cells (see General Introduction 

“The endo-lysosomal system of opisthokonts”), T. brucei lacks a well-defined MVB 

(Silverman et al., 2013). Considering that fluid-phase cargo was shown to be sorted into 

class II CCVs from endosomal compartments (Engstler et al., 2004; Grünfelder et al., 2003), 

it is possible to envisage a distinct mechanism for the ESCRT-like machinery of T. brucei. 

The ESCRT components TbVps4, TbVps23, and TbVps24 were shown to be involved in 

the transport of the lysosomal markers p67 and TbCathepsin L (TbCatL) (Silverman et al., 

2013, 2011; Umaer and Bangs, 2020). In addition, TbVps23 and TbVps4 were also involved 

in endocytosed cargo delivery to the lysosome (Silverman et al., 2013, 2011).  

 

The cell cycle of T. brucei 

The proliferation of T. brucei bloodstream form cells involves remodeling and 

extension of the microtubule cytoskeleton (Robinson, 1995; Wheeler et al., 2013), volume 

growth, and organelle replication (Gluenz et al., 2011; Hughes, et al., 2017; Siegel et al., 

2008). At the end of the process, the duplicated content is divided by cytokinesis into two 

non-equivalent daughter cells (reviewed in Wheeler et al., 2019). 

Trypanosomes possess one kinetoplast (K), which is “a large mass of mitochondrial 

DNA” (Adl et al., 2019, p. 85), and one nucleus (N), a morphology commonly referred to as 

1K1N. As one of the first events of the cell cycle, the basal body is duplicated and the new 

flagellum emerges. The new flagellum grows continuously, tracking the old flagellum 

throughout the cell cycle (Hughes et al., 2013; Lacomble et al., 2010; Sherwin and Gull, 

1989). Thus, the 1K1N morphology defines either cells that have not started the proliferation 

or cells in the very early stages of the cell cycle. Following these events, the kinetoplast 

starts its replication by progressively elongating, curving, and forming a bilobe (1Kd1N). 
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During these initial events, the nucleus enters its S phase and shows a slight volume 

increase (Hughes et al., 2017). Other modifications are: Golgi and endoplasmic reticulum 

exit site (ERES) replication, replication of the flagellar pocket and its associated structures 

(collar, centrin arm, hook complex), and flagellum outgrowth (reviewed in Morriswood and 

Engstler, 2018). After duplication, the kinetoplasts eventually segregate, forming cells with 

two kinetoplasts and one nucleus (2K1N) (Gluenz et al., 2011). During kinetoplast 

segregation, the new flagellum migrates toward the posterior pole of the cell (Absalon et 

al., 2007; Hughes et al., 2017). The next event is the nuclear segregation which yields 2K2N 

cells. These cells will be divided (cytokinesis) with the ingression of the cleavage furrow, 

typically starting from the anterior pole of the division fold (Hughes et al., 2017; Sherwin 

and Gull, 1989; Wheeler et al., 2013). An overview of the cell cycle is depicted in Figure 7. 

The low conservation between the molecules orchestrating the cell cycle in T. brucei 

and opisthokont models makes characterizing the signaling networks challenging (Wheeler 

et al., 2019). However, substantial progress in this regard was made in the past decade 

with the characterization of the trypanosome-specific interactors, such as the cytokinesis 

initiation factors CIF1/TOEFAZ1, CIF2, CIF3, and CIF4 (Hilton et al., 2018; Hu et al., 2019; 

Sinclair-Davis et al., 2017; Zhou et al., 2016, 2014). Another important aspect to be aware 

of is that some signaling cascades can be stage-specific, as observed for FRW1, a 

cleavage furrow localizing protein required for furrow initiation in the bloodstream form but 

not in procyclic cells (Zhang et al., 2019). 
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Figure 7. Overview of the cell cycle of Trypanosoma brucei emphasizing the morphology of the 
nucleus (N) and the kinetoplast (K). T. brucei cells with one nucleus and one kinetoplast (1K1N) start 
the cell cycle with the duplication of the kinetoplast (1Kd1N) that will curve (1Kv1N) and form a bilobe 
(1Kb1N) prior to segregation. Cells with two kinetoplasts (2K1N) undergo nuclear segregation, yielding 
cells with two nuclei and two kinetoplasts (2K2N). These cells enter cytokinesis following a directional 
segregation along the long-axis of the cell. During the late stages of cytokinesis, cells are connected by a 
cytoplasmic bridge (dashed circle). The arrows indicate the direction of the cell cycle. The cell surface 
was stained with Atto-NHS dye (shown in gray) and the nucleus and the kinetoplast with DAPI (shown in 
red). 
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1. Introduction 

Cell division in eukaryotes can be proliferative, named mitosis, and non-proliferative, 

called meiosis (Paweletz, 2001; Sato et al., 2021; Schulz-Schaeffer, 1980). Cells 

undergoing mitosis can pass through symmetric division, generating two identical daughter 

cells with the same function, or asymmetric division, resulting in daughters with different 

functions and/or morphology (Majumdar and Liu, 2020; Ruijtenberg and van den Heuvel, 

2016; Wheeler et al., 2019). During symmetric division, cells must duplicate the genetic 

material and the cellular organelles in order to ensure their proper inheritance by the 

daughter cells (Champion et al., 2017; Jongsma et al., 2015; Mascanzoni et al., 2019). 

Organelle inheritance is believed to be either coordinated or stochastic, depending on the 

organelle number, size, and function in the cell. Single-copy organelles must be duplicated 

to ensure equal inheritance, while smaller organelles are believed to be inherited via 

stochastic distribution (Carlton et al., 2020). To accommodate all of the changes during 

mitosis, the cell volume grows and is sustained by plasma membrane remodeling and 

reshaping (Boucrot and Kirchhausen, 2007; Carlton et al., 2020). To keep cell surface 

homeostasis, eukaryotic cells, especially when unprotected by a cell wall, round up and 

unfold membrane projections to maintain the surface area-to-volume ratio (Boucrot and 

Kirchhausen, 2007; de França et al., 1993; Figard and Sokac, 2014). Despite the obvious 

role of the Golgi apparatus in the biosynthesis of the plasma membrane (Agliarulo and 

Parashuraman, 2022), evidence suggests that this organelle is not the leading actor 

enabling plasma membrane growth (Boucrot and Kirchhausen, 2007). In fact, homeostasis 

of the cell surface is associated with the endosomal system, which acts in membrane 

shaping, delivery, and removal. The endosomes can promote the incorporation of new 

membranes in the cell surface via exocytosis or endocytic recycling (Carlton et al., 2020; 

Morris and Homann, 2001; Sabharanjak et al., 2002). However, whether endocytosis 

continues during cell division has been a matter of debate. Evidence from African green 

monkey kidney cells suggests that clathrin-mediated endocytosis happens throughout the 
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entire cell cycle (Boucrot and Kirchhausen, 2007), while observations in HeLa cells show 

endocytosis impairment during early mitosis (Fielding et al., 2012). Nevertheless, it is 

believed that some degree of endocytosis persists throughout the cell division (Carlton et 

al., 2020).  

Trypanosoma brucei is a unicellular eukaryotic pathogen found in the blood and 

fluids of infected humans, livestock, and game animals (Crilly and Mugnier, 2021; WHO, 

2023). Inside the host, T. brucei slender trypomastigotes proliferate and can differentiate 

(Matthews and Gull, 1994; Robertson, 1912; Schuster et al., 2021). The parasite 

proliferation happens via non-equivalent mitosis, resulting in two similar daughters that are 

remodeled after mitosis (reviewed in R. J. Wheeler et al., 2019). During the cell cycle, T. 

brucei organelles, such as the kinetoplast, nucleus, Golgi apparatus, mitochondria, and 

glycosomes, grow in volume and/or number. Organelle inheritance is believed to be 

associated with the flagellum attachment zone, but a stochastic segregation has also been 

suggested for smaller and numerous cellular components, such as glycosomes and 

acidocalcisomes. All of these changes are accompanied by the progressive increase in cell 

volume (Hughes et al., 2017; Wheeler et al., 2019). 

The cell volume growth implies an enlargement in the cell surface area, which must 

be carefully balanced by the parasite. The cell surface of T. brucei is decorated with VSG 

molecules anchored to the plasma membrane via glycosylphosphatidylinositol (GPI) 

anchors (Bartossek et al., 2017; Cross, 1975; Ferguson, 1997; Ferguson et al., 1988; 

Jackson et al., 1985).  The antigenic variation promoted by the VSGs protects the parasite 

population against clearance by the host’s immune system (Cross, 1975; Magez et al., 

2020; Mugnier et al., 2016, 2015; Stijlemans et al., 2017). In addition, the mobility of the 

GPI anchor allows the parasite to internalize VSGs opsonized by the host’s antibodies and 

degrade them in about 2 minutes (Engstler et al., 2007). Thus, T. brucei endurance inside 

the host is intrinsically connected to its endo-lysosomal system that influences the 

homeostasis of the parasite’s cell surface. 
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All endocytosis in T. brucei is clathrin-mediated (Allen et al., 2003; Engstler et al., 

2004; Grünfelder et al., 2003; Morgan et al., 2002, 2001) and involves cargo transport into 

distinct endosomal subpopulations. These subpopulations are named early, late, and 

recycling endosomes and are identified with Rab GTPases, TbRab5A, TbRab7, and 

TbRab11, respectively (Engstler et al., 2004; Grünfelder et al., 2003; Overath and Engstler, 

2004). The first endosome to receive endocytosed cargo is the early endosome, which sorts 

the cargo for recycling or degradation. Recycling cargo then passes into late endosomes 

or goes directly to the recycling compartment, from where it will return to the cell surface 

via exocytic carriers that deliver the cargo to the flagellar pocket. On the other hand, cargo 

intended for degradation is proposed to pass to late endosomes and, from there, to the 

lysosome. Class II CCVs that bud from endosomal cisternae filled with fluid-phase cargo 

have been proposed to be responsible for this transport (Engstler et al., 2004; Grünfelder 

et al., 2003). 

Despite the importance of the endo-lysosomal system for T. brucei survival, the 

dynamics of its duplication during T. brucei proliferation remains poorly understood. In 

addition, the relationship between this system and membrane homeostasis during the 

parasite cell cycle remains enigmatic. To contribute to such an overlooked topic of T. brucei 

cell biology, this chapter investigates the duplication of the endo-lysosomal system during 

the T. brucei cell cycle as a basis to understand membrane homeostasis during the 

proliferation of the parasite. 

 



CHAPTER 1 – MATERIAL AND METHODS 

36 
 

2. Material and Methods 

2.1 Materials 

2.1.1 Trypanosome cell lines 

Table 1. Cell lines of Trypanosoma brucei brucei used in this study. 

Cell line* Description Selection antibiotics Reference 

MITat1.2 1390 

(referred in this 
thesis as T. 
brucei 1390) 

Monomorphic wild-type cell line 
(expressing VSG221) transfected 
with pLew13 & pLew90 plasmids. 

5 µg/mL Hygromycin 
2.5 µg/mL G418 

Wirtz et al. (1999) 

EP1::GFP MITat1.2 1390 transfected with a 
pKD4 based plasmid containing 
the procyclin isoform EP1 tagged 
with GFP that integrates upstream 
of the VSG in the active 
expression site. Used to visualize 
the endosomes. 

5 µg/mL Hygromycin 
30 µg/mL G418 

Günzel (2010) 

YFP::CLC MITat1.2 1390 transfected with 
p2627(p) plasmid. The cell line 
expresses an eYFP N-terminus 
tagged clathrin light chain. Used to 
visualize clathrin. 

5 µg/mL Hygromycin 
30 µg/mL G418 
0.3 µg/mL Puromycin 

Heddergott (2006) 

*The cell lines were not generated in this study. For more information on the plasmids and transfection 
check the references. 

 

2.1.2 Fluorescent dyes 

Table 2. Sulfo-NHS dyes used for the surface staining of trypanosomes.  

Sulfo-NHS dye Fabricant Working concentration Excitation Emission 

Atto 488 Atto-Tec GmbH, 
Germany 

200 µM 488 nm 520 nm 

Atto 542 Atto-Tec GmbH, 
Germany 

100 µM 542 nm 562 nm 
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2.1.3 Mounting Media 

Table 3. Mounting media used for microscopy specimen preparations.  

Mounting Media Fabricant 

VECTASHIELD® Antifade Mounting Medium with DAPI Vector Laboratories (USA) 

ProLongTM Diamond Antifade Mountant with DAPI  Thermo Fisher Scientific (USA) 

ProLongTM Diamond Antifade Mountant Thermo Fisher Scientific (USA) 

 

2.1.4 Antibodies 

Table 4. Pairwise list of primary and secondary antibodies used for immunofluorescence assays. 
Distinct dilutions were tested for each combination; only the optimal dilutions are presented. 

Primary antibody Dilution Secondary antibodyc Dilution 

Rabbit anti-p67a 1:500 Goat anti-rabbit conjugated with Alexa Fluor 488 or 
Alexa Fluor Plus 488 

1:3000 

Mouse anti-p67a 1:500 Goat anti-mouse conjugated with Alexa Fluor 488 1:3000 

Rabbit anti-TbCatLa 1:500 Goat anti-rabbit conjugated with Alexa Fluor 488 1:3000 

Rabbit anti-TbRab11b 1:500 Goat anti-rabbit conjugated with Alexa Fluor 488 1:1000 

Rabbit anti-TbRab11b 1:500 Goat anti-rabbit conjugated with Alexa Fluor 594 1:1000 

Guinea pig anti-TbRab7b 1:250 Goat anti-guinea pig conjugated with Alexa Fluor 488 1:1000 

Rat anti-TbRab5A (crude 
serum)b 

1:250 Goat anti-rat conjugated with Alexa Fluor 488 1:500 

aCourtesy of J. Bangs; bAvailable in AG Engstler (F. Link) (for more information see Link et al., 2023, 
preprint); cInvitrogen (Thermo Fisher Scientific). 

 

Table 5. Pairwise list of primary and secondary antibodies used for immunofluorescence assays 
on electron microscopy sections. Distinct dilutions were tested for each combination; only the optimal 
dilutions are presented. 

Primary antibody Dilution Secondary antibodyd Dilution 

Rabbit anti-TbCatLa 1:250 Goat anti-rabbit conjugated with Alexa Fluor 488 1:150 

Rabbit anti-VSG 221b 1:100 Goat anti-rabbit conjugated with Alexa Fluor 594 1:150 

Chicken anti-GFPc 1:250 Donkey anti-chicken conjugated with Alexa Fluor 488 1:150 

Chicken anti-GFPc 1:250 Goat anti-chicken conjugated with Alexa Fluor Plus 
488 

1:250 

aCourtesy of J. Bangs; bAvailable in AG Engstler (N. Jones); cAbcam; dInvitrogen (Thermo Fisher 
Scientific, USA). 
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Table 6. Pairwise list of primary and secondary antibodies used for immunogold assays on 
electron microscopy sections. Distinct dilutions were tested for each combination; only the optimal 
dilutions are presented. 

Primary antibody Dilution Secondary antibody Dilution 

Rabbit anti-TbCatLa 1:250 Goat anti-rabbit conjugated with colloidal gold: 
12 nmd or 6 nme 

1:10 

Rabbit anti-VSG 221b 1:250 Goat anti-rabbit conjugated with colloidal gold: 
12 nmd or 6 nme 

1:10 

Rabbit anti-Rab11c 1:250 Goat anti-rabbit conjugated with colloidal gold: 
12 nmd or 6 nme 

1:10 

Rabbit anti-p67a 1:250 Goat anti-rabbit conjugated with colloidal gold: 
12 nmd or 6 nme 

1:10 

aCourtesy of J. Bangs; bAvailable in AG Engstler (N. Jones); cAvailable in AG Engstler (F. Link) (for more 
information see Link et al., 2023, preprint); dDianova (DE); eJackson ImmunoResearch (USA). 

 

2.1.5 Equipment and devices 

Table 7. List of equipment and devices used in this study.  

Equipment/Device Manufacturer 

Neubauer chamber Marienfeld (DE) 

CO2 Incubators Binder (DE) 

Centrifuge SpectrafugeTM Mini Labnet International Inc. (USA) 

Centrifuge Z 216 MK Hermle Labortechnik GmbH (DE) 

Centrifuge Z 383 K Hermle Labortechnik GmbH (DE) 

EM AFS2 automated freeze substitution machine Leica Microsytems (DE) 

EM HPF100 high-pressure freezing system Leica Microsytems (DE) 

UC7 ultramicrotome Leica Microsytems (DE) 

Diamond knives Ultra and Jumbo DIATOME (Switzerland) 

DMI6000B widefield microscope Leica (DE) 

EL6000 Mercury short-arc reflector lamp  OSRAM (DE) 

CCD sensor ICX285 A Sony (Japan) 

Elyra S.1 structured illumination microscope Carl Zeiss Microscopy (DE) 

sCMOS camera pco.edge 5.5 Excelitas PCO (DE) 

JSM-7500F electron microscope JEOL (Japan) 

JEOL JEM-1400 Flash electron microscope JEOL (Japan) 

JEOL JEM-2100 electron microscope JEOL (Japan) 
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2.1.6 Buffers and solutions 

The chemicals used to prepare buffers and solutions were obtained from Sigma-

Aldrich (St. Louis, USA), AppliChem (Darmstadt, DE) or Carl Roth (Karlsruhe, DE). 

 

HMI-9 medium: For 1 L of HMI-9 medium, 17.66 g Iscove’s modified Dulbecco’s medium 

(IMDM), 3 g sodium bicarbonate, 136 mg hypoxanthine, 28.2 mg bathocuproine sulfonate, 

14 μL β-mercaptoethanol, 39 mg thymidine, 100,000 U penicillin, 100 mg streptomycin, 

182 mg cysteine and 10 % (v/v) fetal calf serum (FCS) were used. Components of the 

medium were dissolved in filtered ddH2O and the pH adjusted to 7.5. The medium was then 

sterilized by filtration (pore size 0.2 μm), followed by addition of 10 % of heat-inactivated 

FCS.  

 

Trypanosome dilution buffer (TDB), pH 7.6: 20 mM Na2HPO4, 2 mM NaH2PO4 (pH 7.7), 

5 mM KCl, 80 mM NaCl, 1 mM MgSO4 (pH 7.7), and 20 mM glucose in ddH2O (filter 

sterilized). 

 

2x Trypanosome freezing mix (for bloodstream forms): mix 20 % (v/v) glycerol in HMI-9 

medium (filter sterilized). 

 

Phosphate buffered saline (PBS): 10 mM Na2HPO4, 1.7 mM KH2PO4, 137 mM NaCl, 

2.7 mM KCl, pH 7.4. 

 

1 % Bovine serum albumin (BSA) diluted in PBS (1 % BSA/PBS): 1 % (w/v) BSA freshly 

diluted in PBS (filtered with pore size 0.2 μm).  

 

8 % Formaldehyde (FA): 16 % (v/v) FA (EM grade) diluted in PBS.   

 

Freezing substitution mix: 0.1 % KMnO4 diluted in anhydrous acetone. 

 

LB1: 1 % (w/v) BSA diluted in 0.1 % Tween 20/PBS. 
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LB2: 0.1 % (v/v) BSA diluted in 0.1 % Tween 20/PBS, starting from LB1. 

 

2.2 Methods 

2.2.1 In vitro culture of trypanosomes 

Cultures of monomorphic bloodstream forms of T. brucei 1390 (Wirtz et al., 1999) 

were maintained in a humidified environment at 37 °C with 5 % CO2. The density was kept 

at a maximum of 1 x 106 cells/mL with regular passages in fresh HMI-9 medium with the 

selection antibiotics (Table 1). Genetically engineered cell lines derived from this one had 

similar maintenance, with changes in the selection antibiotics (Table 1). 

For cryopreservation of trypanosomes, ~4 x106 cells were harvested by 

centrifugation (1400 x g, 10 min, 4 °C), resuspended in 500 µL ice-cold HMI-9 medium, and 

mixed with 500 µL of ice-cold 2x freezing mix. Stabilates were kept at -80 °C for at least 

24 h and transferred to -150 °C for long-term storage. 

For the establishment of a new culture, stabilates were thawed in a water bath at 

37 °C, washed with 10 mL of HMI-9 medium, and pelleted (1400 x g, 10 min, 37 °C). After 

discarding the supernatant, cells were resuspended in 10 mL of fresh pre-warmed HMI-9 

medium and kept in a humidified environment at 37 °C with 5 % CO2 for 1 h. After this time, 

10 µL of culture was added to a Neubauer counting chamber to determine cell density. 

Then, the culture was diluted to a density of ~5 x 104 cells/mL in fresh HMI-9 containing the 

necessary antibiotics and maintained as previously described. 

 

2.2.2 Staining trypanosomes with sulfo-NHS dyes 

For surface staining, a minimum of 2 x 107 cells cultivated in suspension were 

harvested (1400 x g, 10 min, 37 °C), washed once in warm TDB (37 °C), and stained with 

sulfo-NHS dyes (Table 2) (15 min, 37 °C, in the dark). After this time, cells were washed 



CHAPTER 1 – MATERIAL AND METHODS 

41 
 

twice in warm TDB and fixed in 2 % FA/0.05 % glutaraldehyde (GA) overnight (4 °C). After 

fixation, cells were washed twice in PBS, attached to coverslips treated with poly-L-lysine, 

and mounted on glass slides with VECTASHIELD® Antifade Mounting Medium with DAPI 

(Table 3). Coverslips were sealed with nail polish and stored at 4 °C until imaging. 

 

2.2.3 Immunofluorescence assays 

For immunofluorescence, 1 x 107 trypanosomes were harvested (1400 x g, 10 min, 

37 °C) and washed once in 1 mL of ice-cold TDB (2000 x g, 90 s). After aspiration of the 

supernatant (leaving ~100 µL), cells were resuspended in 400 µL of ice-cold TDB, and fixed 

with 4 % FA (overnight at 4 °C, or 1 h at room temperature – RT). 

Fixed cells were used for immunofluorescence assays performed either in 

suspension or attached to Ø 12 mm coverslips coated with poly-L-lysine. Cells were washed 

two times in PBS and blocked in 1 % BSA/PBS for a minimum of 10 min at RT. A 

permeabilization step with 0.25 % Triton X-100 diluted in PBS (5 min, RT) was necessary 

only for cells attached to coverslips. Samples were incubated for 1 h at RT with primary 

antibody diluted in 1 % BSA/PBS, followed by three washing steps of 5 min using either 

PBS or 1 % BSA/PBS. The incubation with the secondary antibody diluted in 1 % BSA/PBS 

was performed in the dark, proceeded by three washing steps of 5 min using either PBS or 

1 % BSA/PBS also in the dark. Cells were mounted on microscope glass slides using the 

commercial mounting media ProLongTM Diamond Antifade Mountant with or without DAPI, 

and VECTASHIELD® Antifade Mounting Medium with DAPI (Table 3). Specimens for 

structured illumination microscopy (SIM) were prepared on #1.5 coverslips (~170 µm 

thickness). The samples mounted with ProLongTM Diamond Antifade Mountant were left at 

RT overnight and subsequently stored at 4 °C until imaging, while the samples prepared 

with VECTASHIELD® Antifade Mounting Medium were sealed with nail polish and stored at 

4 °C. A list of the antibodies used in this study can be found in Table 4. Negative and 
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secondary-only controls were prepared by substituting both or only primary antibodies by 

1 % BSA/PBS. 

 

2.2.4 Preparing microscopy specimens: trypanosomes with a fluorescent tag 

For the visualization of endosomal membranes and clathrin-coated vesicles, two 

cell lines derived from T. brucei 1390 were used: EP1::GFP and YFP::CLC (Table 1). These 

cell lines were generated by M. Günzel and N. Heddergott and are available in the collection 

of the Engstler group.  

For microscopy, 1 x 107 trypanosomes were harvested (1400 x g, 10 min, 37 °C), 

washed once in 1 mL of ice-cold TDB (2000 x g, 90 s), and the supernatant was discarded 

(leaving ~100 µL). Cells were resuspended in 400 µL of ice-cold TDB, fixed with 4 % FA 

(overnight at 4 °C, or 1 h at room temperature – RT), attached to poly-L-lysine coverslips 

and mounted on microscope glass slides using commercial mounting media (Table 3). 

Samples mounted with ProLongTM Diamond Antifade Mountant were kept at RT overnight 

and then moved to 4 °C until imaging. Samples prepared with VECTASHIELD® Antifade 

Mounting Medium were sealed with nail polish and stored at 4 °C. 

 

2.2.5 Cargo uptake assays 

Bloodstream forms of T. brucei growing in culture were harvested (1400 x g, 10 min, 

37 °C) and incubated with ~250 µg/mL of ferritin conjugated with the NHS-dye Atto 647 (15 

min, 37 °C, in the dark). Negative controls were incubated with TDB. Endocytosis was 

stopped with the addition of ice-cold TDB to the cells. Samples were centrifuged (2000 x g, 

90 s), washed in 1 mL ice-cold TDB, and fixed with 4 % FA overnight (4 °C). Fixed cells 

were attached to coverslips and used for immunofluorescence assays with anti-TbRab5A, 

anti-TbRab7, and anti-TbRab11 (as previously described). Coverslips were mounted on 

slides with a drop of ProLong™ Diamond Antifade Mountant.  

 



CHAPTER 1 – MATERIAL AND METHODS 

43 
 

2.2.6 Cell cycle analysis 

To analyze the cell cycle of bloodstream forms of T. brucei 1390, 2 x 107 cells were 

harvested, stained with sulfo-NHS-dyes, fixed with 2 % FA/0.05 % GA, and placed onto 

coverslips treated with poly-L-lysine (see Material and Methods 2.2.3). Coverslips were 

mounted on slides with ~2 µL of VECTASHIELD® Antifade Mounting Medium with DAPI, 

sealed with nail polish, and imaged using a DMI6000 B widefield microscope (100x 

Objective, NA = 1.4). Three technical replicates were prepared, and 400 cells were 

classified according to the cell cycle stage per replicate. 

 

2.2.7 Influence of centrifugal forces on the cell cycle analysis  

Cells in late cytokinesis are linked by a cytoplasmic bridge that could be potentially 

broken by centrifugal forces. Thus, a set of three experiments were performed to analyze 

the impacts of the centrifugation steps in the cell cycle analysis. Each experiment was 

designed to analyze the impacts of harvesting, washing, and fixation steps in the encounter 

of late cytokinesis stages. To do this, each set of experiments comprised three groups, the 

control and the two tested conditions, with a minimum of 10 technical replicates. A 

differential counting of "late cytokinesis" and “single cells” was performed using Neubauer 

chambers. A total of 150 "stages" per replicate were analyzed (meaning that each stage, 

either single cells or late cytokinesis, summed up as 1 for the total number).  

For harvesting experiments, the control group consisted of cells directly counted 

from the culture. One testing group was centrifuged at 1400 x g for 10 min, and the other 

at 750 x g for 10 min, both using a swing-out rotor centrifuge. The total volume of 

centrifugation was 10 mL, consisting of 1 mL of culture plus 9 mL of warm TDB. For 

washing experiments, cells were harvested (10 mL of total volume centrifuged at 1400 x g, 

10 min, consisting of 2 mL of culture and 8 mL of warm TDB), and the supernatant was 

discarded (leaving ~500 µL). Cells were resuspended in 500 µL of TDB and transferred to 

a 1.5 mL microcentrifuge tube. The control group was counted directly after resuspension. 
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In contrast, the testing groups were centrifuged: in a picofuge (2000 x g, 90 s) or in a 

microcentrifuge (750 x g, 2 min). After centrifugation, the supernatant was discarded 

(leaving ~100 µL), and cells were resuspended in 1 mL of TDB and counted. For the fixation 

experiment, 2 x 107 cells were harvested (1400 x g, 10 min) and washed (2000 x g, 90 s) 

as previously described. After washing, cells were resuspended in 500 µL and fixed with 

4 % formaldehyde overnight at 4 °C. Following this step, 250 µL of fixed cells were placed 

in 1.5 mL microfuge tubes (to have about 1 x 106 cells per tube), the volume was completed 

with 750 µL of PBS, and the content was mixed by inversion. For the control group, cells 

were loaded in the Neubauer chamber and counted. The other two groups followed a 

washing step with centrifugation performed either with a picofuge (2000 x g, 90 s) or a 

microcentrifuge (500 x g, 5 min). After centrifugation, the supernatant was discarded 

(leaving ~100 µL), and cells were resuspended with 1 mL of PBS and counted.  

 

2.2.8 Fixing samples for electron microscopy: high-pressure freezing 

For high-pressure freezing of T. brucei bloodstream forms, 3 x 107 cells cultivated 

in suspension were harvested in a swing-out rotor centrifuge (750 x g, 3 min, RT). After 

pelleting the cells, the supernatant was aspirated (leaving 4 mL in the tube), 4 mL of warm 

FCS was added to the tube, and cells were resuspended by gentle pipetting up-and-down. 

Cells were once again pelleted (750 x g, 3 min, RT), the supernatant was discarded (leaving 

up to 200 µL), and cells were resuspended in the remaining volume by swirling the tube 

and pipetting up-and-down twice. The entire content was transferred into a 200-µL PCR 

tube, spun down (2000 x g, 10 s), and the supernatant was quickly discarded. Finally, 

1.5 µL of the cell pellet was carefully added to the specimen carrier (avoiding bubbles), the 

lid of the carrier was closed, and the specimen sandwich was immediately submitted to 

high-pressure freezing using a Leica EM HPF100. Samples were transferred to liquid 

nitrogen until freeze substitution. 
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2.2.9 Freeze substitution and embedding 

For freeze substitution, samples were transferred from liquid nitrogen into an 

automated freeze substitution machine EM AFS2 containing the freezing substitution mix 

cooled down to -90 °C. The samples were incubated at these conditions for 65 h in total, 

with one change with fresh freezing substitution mix happening during the first 24 h of 

incubation. The temperature was gradually increased to -45 °C over the course of 11 h 

before the samples were washed with acetone until the solution became clear. To exchange 

the acetone with ethanol, the samples were subjected to ethanol/acetone gradient washes: 

once with 1/3 ethanol (30 min incubation at -45 °C), once with 2/3 ethanol (30 min 

incubation at -45 °C), and twice with 100 % ethanol (1 h incubation at -45 °C per wash). 

Then, the temperature was increased to 4 °C over the course of 16 h and the samples were 

washed twice with 100 % ethanol (1 h incubation at 4 °C per wash) and transferred to 50 % 

LR-White resin in ethanol (3-4 h incubation at 4 °C). The 50 % LR-White resin was changed 

once, and the samples were removed from the freezing platelets, collected in small glass 

vials (sealed to avoid evaporation), and incubated overnight at 4 °C. Samples were washed 

three times with 100 % LR-White at 4 °C with progressive incubation times: first 1h, then 3-

4 h, and finally overnight. A final incubation with 100 % LR-White at 4 °C (3-4 h) was done, 

and the samples were transferred to gelatin capsules which were tightly locked to avoid the 

presence of oxygen. Samples were polymerized by heat (52 °C) for at least 72 h. 

 

2.2.10 Ultramicrotomy 

Before sectioning, the gelatin capsule was removed from one of the tips with a razor 

blade. To localize the samples and check for integrity, initial sections were obtained and 

stained with methylene blue. After finding the region of interest, the block was trimmed into 

a trapezoid block and sectioned using a Leica UC7 ultramicrotome with diamond knives 

Ultra and Jumbo. For studies using correlative light and electron microscopy (CLEM), 100 
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nm thick sections were collected onto a glass slide, while for transmission electron 

microscopy (TEM), 60 nm sections were placed on nickel TEM grids. 

 

2.2.11 Immunofluorescence on sections 

The glass slides containing the sections were incubated in PBS for 15 min (RT). In 

a humidity chamber, the sections were covered with 0.02 M glycine (diluted in PBS) and 

incubated for 15 min (RT). After discarding the solution, the sections were covered with 1 % 

(w/v) BSA (diluted in PBS) and incubated for 15 min (RT). After blocking, sections were 

covered with the primary antibody diluted in 0.1 % BSA/PBS and incubated at RT for 2 h. 

The glass slides were washed four times in PBS; each wash had a 5 min incubation time. 

Then, the sections were covered with the secondary antibody diluted in 0.1 % BSA/PBS 

and incubated for 30 min in the dark (RT). The samples were washed four times in PBS 

(each wash had a 5 min incubation time in the dark), dried, and mounted with ProLongTM 

Diamond Antifade Mountant with DAPI. For imaging by SIM, #1.5 coverslips (~170 µm 

thickness) were used. Slides were kept at RT overnight for curation of the mounting medium 

and then transferred to 4 °C until imaging. For antibody dilutions, see Table 5. 

 

2.2.12 Contrasting sections for scanning electron microscopy 

After the completion of fluorescence microscopy image acquisition, the samples 

were immersed in ddH2O to loosen the coverslip. Following that, the sections were covered 

with 2 % uranyl acetate in ddH2O, incubated for 10 min, and washed in ddH2O. Then, the 

sections were covered with 50 % Reynold’s lead citrate in ddH2O, incubated for 5 min, and 

washed once more in ddH2O. After drying, the sections had the glass slide cut around them 

using a diamond pen. The glass pieces containing the sections were mounted to SEM 

specimen holders containing a carbon sticker on top. Then, the glass pieces were 

surrounded with silver paint and were carbon coated (5 nm). The specimens were kept at 

RT in a vacuum-sealed stub box until imaging. 
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2.2.13 Immunogold labeling 

Grids containing 60 nm sections were placed in PBS for 10 min (RT), followed by a 

10 min incubation in LB1. Then, grids were placed onto the primary antibody (1:250, diluted 

in PBS) and incubated for 1 h (RT) in a humidity chamber. This step was followed by 4 

washes (10 min incubation each) with LB2. Then, grids were incubated with the secondary 

antibody (1:10, diluted in LB2) for 2 h (RT) in the humidified chamber. After this, grids were 

washed twice in LB2 (10 min incubation each), twice in PBS (5 min incubation each), and 

were then placed in 1.25 % GA (freshly diluted in PBS) and incubated for 2 min. Finally, 

grids were washed three times with ddH2O (5 min incubation each), dried, and stored in a 

grid box (RT) until contrasting. The following primary antibodies were used: rabbit anti-

Rab11, rabbit anti-VSG 221, rabbit anti-TbCatL, and rabbit anti-p67. The secondary 

antibodies were conjugated with 6 nm and 12 nm gold (Table 6). 

 

2.2.14 Contrasting sections for transmission electron microscopy 

Grids were placed onto 2 % uranyl acetate in ddH2O, incubated for 5 min (RT), and 

washed in ddH2O. Then, grids were incubated with 50 % Reynold’s lead citrate in ddH2O 

for 90 seconds (RT), washed in ddH2O, dried, and stored in a grid box (RT) until imaging. 

 

2.2.15 Widefield fluorescence microscopy  

Samples were screened using a DMI6000B widefield microscope equipped with an 

HCX PL APO CS objective (100x, NA = 1.4) and Type F Immersion Oil (refractive index = 

1.518). The illumination of an EL6000 Mercury short-arc reflector lamp was selected by 

bandpass filter cubes for the proper excitation light. Differential interference contrast (DIC) 

was used to visualize cell morphology and choose fields of view for image acquisition. 3D 

recording of each field of view was obtained using 40 to 120 Z-slices (step size = 0.21 µm) 

using a black-and-white CCD sensor ICX285 A (pixel size = 6.45 µm). Information on the 



CHAPTER 1 – MATERIAL AND METHODS 

48 
 

nominal power density at the objective focal plane, excitation, and emitted light for each 

filter cube is listed in Table 8. 

 

Table 8. Light source parameters used for image acquisition of immunofluorescence assays.  

Filter cube Power density (W/cm2)a Excitation (nm) Emission (nm) 

Y5 0.651 ± 0.080 590-650 662-738 

Y3 0.749 ± 0.086 530-560 572-648 

GFP 0.557 ± 0.069 450-490 500-550 

A4 0.278 ± 0.076 340-380 450-490 
aThe power densities were measured at the objective focal plane by Timothy Krüger using an HCX PL 
APO CS objective (100x, NA = 1.4, Leica Microsystems, DE) on 19.10.2021.  

 

2.2.16 Structured illumination microscopy 

Samples were screened using a Zeiss Elyra S.1 SIM equipped with a Plan-

Apochromat objective (63x, NA = 1.4) and immersion oil ImmersolTM 518 F (refractive index 

= 1.518). The laser lines 405 nm, 488 nm, 561 nm, and 642 nm were used for specimen 

illumination with bandpass and long pass emission filters. 3D recording of each field of view 

was obtained using 5-13 Z-slices using a sCMOS camera pco.edge 5.5 (pixel size = 6.5 

µm).  

 

2.2.17 Scanning electron microscopy 

To investigate the ultrastructure of samples destined to correlative light and electron 

microscopy (CLEM), specimens mounted on glass slides and attached to stubs were 

analyzed via scanning electron microscopy (SEM) using a JSM-7500F electron microscope 

(JEOL, Japan) equipped with a detector for backscattered electrons at low acceleration 

voltages (LABE). The acceleration voltage used was 5 kV. The areas of interest were 

chosen based on the fluorescence microscopy results, and a few overview pictures were 

taken (6k magnification) before proceeding to imaging with higher magnifications (25k, 30k, 
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or 35k). The images were collected in overlapping regions to enable the preparation of the 

SEM mosaic (see Material and Methods 2.2.22). 

 

2.2.18 Transmission electron microscopy 

Samples destined for transmission electron microscopy (TEM) were analyzed with 

JEOL JEM-1400 Flash (JEOL, Japan) and JEOL JEM-2100 (JEOL, Japan) microscopes 

operating at 120 kV and 200 kV, respectively. The obtained images varied from 15k to 40k 

magnification. 

 

2.2.19 Image deconvolution 

The hyperstacks were deconvolved using the software Huygens Essential version 

21.04.0p6 (Scientific Volume Imaging B.V., Hilversum, Netherlands). The sampling 

intervals (X = 92.143 nm, Y = 92.143 nm, Z = 205.128 nm), the optical parameters (NA = 

1.4), and refractive indices were defined according to the microscopic parameters and 

embedding medium used (immersion oil = 1.515, embedding medium = 1.45 for 

VECTASHIELD® Antifade Mounting Medium with DAPI and 1.47 for ProLongTM Diamond 

Antifade Mountant with DAPI or without DAPI). The advanced microscopic configurations 

were also set accordingly (objective quality = good, coverslip position = 3.077, imaging 

direction = upward). The wavelengths for fluorescence channels were defined for each 

experiment according to the fluorophores used (Table 9), and the multiphoton excitation 

was kept as default. The deconvolution algorithm of choice was classic maximum likelihood 

estimation (CMLE), and the point spread function (PSF) was calculated by the software 

(theoretical). The maximum number of iterations was set to 50, and the system-optimized 

iteration mode was used. The signal-to-noise ratio (SNR) was estimated by the software, 

probed for possible distortions, and set for the channel accordingly. All other deconvolution 

parameters were kept as default. Deconvolved images were saved as 16-bit .tif files. 
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Table 9. Fluorophore wavelengths defined during setup of deconvolution analysis.  

Fluorophores Excitation (nm) Emission (nm) 

Alexa Fluor 647 650 665 

Alexa Fluor 568 578 603 

Alexa Fluor 488/Alexa Fluor Plus 488 496 519 

Atto 647 647 667 

Atto 390 390 476 

DAPI 350 470 

eYFP 500 535 

GFP 488 510 

 

2.2.20 Quantitative colocalization analysis 

On images obtained with widefield fluorescence microscopy, single cells were 

selected based on DAPI and DIC channels (blind for the signal of interest). Deconvoluted 

images were inspected, and the slices containing in-focus information were kept. After the 

preparations of projections (Sum Slices), the posterior region of the cell was selected as 

the region of interest (ROI), and a convoluted background subtraction (method = median) 

was applied to the projections whenever necessary (Brocher, 2023). The intensity-based 

correlation analysis of two channels was performed based on Zhang and Cordelières 

(2016). The cytofluorograms were used to determine the adequate correlation coefficients 

to be estimated (Pearson correlation or Spearman’s rank correlation). On super-resolved 

images obtained with SIM, single cells were selected according to the presence of the signal 

of interest. After the initial cell selection, the ROI was used to prepare projections (Sum 

Slices) of each channel that had the background subtracted. The signal overlap was 

measured with Mander’s colocalization coefficient using a manual threshold (Zhang and 

Cordelières, 2016). 

The open-source software Fiji/ImageJ (National Institutes of Health, USA) was used 

for image analysis (Schindelin et al., 2012). The coefficients obtained with 

Pearson/Spearman correlation and Mander’s overlap were analyzed with R version 4.1.2 
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(R Core Team, 2021) in the environment RStudio 2021.09.1.372 (RStudio Team, 2020). 

The packages used were ggplot2 (Wickham et al., 2023a), ggVennDiagram (Gao et al., 

2021), openxlsx (Schauberger et al., 2023), psych (Revelle, 2022), and RColorBrewer 

(Neuwirth, 2022). All ImageJ macros and R scripts are available at 

https://github.com/alyssaborges/PhD-Thesis_2023. 

 

2.2.21 Area measurements and statistical analysis 

For area measurements, cells were fluorescently labeled and imaged in widefield 

microscopy. For the analysis of the area of the cell, contrast enhancement was applied in 

individually selected cells, followed by thresholding using the method Li (Li and Lee, 1993). 

For area measurements of the endosomes (using EP1::GFP cell line) and clathrin vesicles 

(using YFP::CLC cell line), single cells were selected after deconvolution and inspected for 

the signal of interest. Slices containing in-focus information were kept, and maximum 

intensity projections were prepared. The method Otsu was used to obtain binary masks of 

these projections (Otsu, 1979). For all measurements, the scale was calibrated (1 µm = 

10.8527 pixels), and the area was obtained with the particle analyzer. 

The information on the total area grouped by the cell cycle stage was checked for 

normality via visual inspection of QQ plots, and a comparison of the mean was performed 

using one-way ANOVA and Tukey's range test as a post hoc.  

The open-source software Fiji/ImageJ (National Institutes of Health, USA) was used 

for image analysis (Schindelin et al., 2012), and statistics were performed using R version 

4.1.2 (R Core Team, 2021) in the environment RStudio 2021.09.1.372 (RStudio Team, 

2020). The packages used were ggplot2 (Wickham et al., 2023a), ggpubr (Kassambara, 

2023a), openxlsx (Schauberger et al., 2023), psych (Revelle, 2022), rstatix (Kassambara, 

2023b), and tidyr (Wickham et al., 2023b). All ImageJ macros and R scripts are available 

at https://github.com/alyssaborges/PhD-Thesis_2023. 
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2.2.22 Correlation of light and electron microscopy 

The imaging of sections with the SIM microscope was done by obtaining z-stacks 

for proper processing and generation of the super-resolved images. For the correlation, the 

brightest z-layer of each channel was chosen and saved as portable network graphics 

(PNG). The SEM mosaic of the region of interest in high magnification (≥ 25k) was prepared 

via manual alignment of the overlapping images and exported as PNG. The open-source 

software Fiji/ImageJ (Schindelin et al., 2012) and the plug-in TrakEM2 (Cardona et al., 

2012) were used for these steps. 

The correlation was performed with the open-source vector graphics editor Inkscape 

(version 1.0; http://www.inkscape.org). For one section, the SEM mosaic image and one 

SIM image per color channel were placed onto the Inkscape canvas. For an unbiased 

correlation, all the channels were perfectly aligned, and the channel(s) containing the 

fiducials (DNA staining for nucleus and kinetoplast, and VSG for cell surface) were placed 

on top. In this way, the channel of interest was hidden underneath the fiducials. Then, the 

opacity was also reduced so that the SEM image and the fiducials were easily visible but 

not the signal of interest. All SIM images were grouped into one object, and the aspect ratio 

was locked before starting the image registration (i.e., rotating and resizing the SIM images 

to align accurately with the corresponding regions in the SEM mosaic). Once the correlation 

result was considered optimal, the grouping was released, the opacity was returned to 

100 %, and all correlated images were exported as PNG, and overlaid using Fiji/ImageJ 

(Schindelin et al., 2012).  
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3. Results 

3.1 Centrifugal forces affect the ratios of T. brucei cell cycle stages 

The cell surface homeostasis during the proliferation of T. brucei is poorly studied. 

Considering the high rates of VSG endocytosis and recycling showed by the parasite, this 

work investigates whether the duplication of the endo-lysosomal system could be related 

to plasma membrane homeostasis. For a detailed analysis of events related to the T. brucei 

cell cycle, single cells must be grouped into sequential cell cycle stages according to their 

organelle morphology. One of the most straightforward ways of achieving this consists in 

observing the division stage of the nucleus and the kinetoplast of fixed cells (Gluenz et al., 

2011; Hughes et al., 2017; Lacomble et al., 2010; Wheeler et al., 2013). Thus, as a first 

step of this work, fluorescence microscopy was used to analyze and classify T. brucei 

bloodstream forms into their different cell cycle stages.   

Generally, T. brucei cell cycle stages are named 1K1N (one kinetoplast and one 

nucleus), 1Kd1N (one kinetoplast in the process of division and one nucleus), 2K1N (two 

kinetoplasts and one nucleus), and 2K2N (two kinetoplasts and two nuclei) (Gluenz et al., 

2011; Siegel et al., 2008; Woodward and Gull, 1990). The 1Kd1N stage can be further 

subdivided into 1Kv1N (one dividing kinetoplast with a V-shape form and one nucleus) and 

1Kb1N (one dividing kinetoplast with a bone-shape morphology and one nucleus), 

representing two sequential stages of the kinetoplast division (Gluenz et al., 2011). 

Similarly, 2K2N cells can also be subdivided into three successive phases: 2K2N (when the 

cleavage furrow has not started), 2K2N in cytokinesis, and 2K2N in late cytokinesis (a pre-

abscission stage in which the cells are linked by a cytoplasmic bridge) (Hughes et al., 2017).  

For the cell cycle analysis of bloodstream forms of T. brucei 1390, cells were stained 

with sulfo-NHS dyes, fixed, and imaged using a widefield fluorescence microscope. A total 

of 400 cells of each replicate were examined and manually categorized according to their 

respective cell cycle stage.  
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In an exponentially growing population in vitro, 50 % of cells observed were 1K1N, 

30 % 1Kd1N, 12 % 2K1N, and 8 % 2K2N. Interestingly, virtually no cells were found in the 

2K2N late cytokinesis stage (Figure 1 A). Due to this, further experiments were conducted 

to investigate whether the fixation protocol could interfere with the cell cycle analysis by 

breaking the cytoplasmic bridges linking the 2K2N cells in late cytokinesis. In support of this 

hypothesis, the highest number of cells in late cytokinesis was observed in samples 

examined directly from culture (Figure 1 B; Figure S1.1). In these samples, on average, 

13.8 % of the cells were in late cytokinesis. After harvesting, this proportion dropped to 

1.2 % (when centrifuging at 1400 x g, 10 min) and 1.5 % (when centrifuging at 750 x g, 10 

min). After harvesting (1400 x g, 10 min), the subsequent washing procedures only slightly 

affected the late cytokinesis stage, with the incidence falling to 1 % (2000 x g, 90 s) and 

1.1 % (750 x g, 2 min). Harvested (1400 x g, 10 min) and washed (2000 x g, 90 s) cells 

were fixed, and washed once more, and the occurrence of the late cytokinesis stages 

decreased to 0.5 % (2000 x g, 90 s) and 0.2 % (500 x g, 5 min) (Figure 1 B). Thus, the 

centrifugal forces imposed on trypanosomes, especially during harvesting from culture, 

affected the accuracy of cell cycle analysis. The breakage of the cytoplasmic bridges 

potentially caused a decrease in the number of 2K2N cells while inflating the number of 

1K1N cells. Because cell harvesting via centrifugation is a common and necessary step for 

any cell biology method, it is essential to acknowledge that cell cycle analyses of 

trypanosomes grown in vitro are subjected to this potential bias. This becomes particularly 

important when applying the ergodic analysis to estimate the time of progression through 

the cell cycle (Wheeler, 2015). 
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Figure 1. The cell cycle analysis of fixed Trypanosoma brucei bloodstream forms is impacted by 
centrifugal forces. (A) The cell cycle analysis of fixed T. brucei bloodstream forms. Half of the population 
were in the 1K1N stage, while virtually no cells were observed in late cytokinesis. Trypanosomes were 
harvested from culture, stained with a sulfo-NHS dye, and mounted on coverslips with mounting media 
containing DAPI for visualization of the nucleus (N) and the kinetoplast (K). The bar plot is presented in 
the same order of the cell cycle progression, and the percentage of cells in each cell cycle stage is 
displayed (N = 400, 3 replicates). Exemplary images of each one of the seven cell cycle stages named in 
the bar plot are presented underneath in the same order. (B) The centrifugal forces imposed on 
trypanosomes during harvesting, washing, and fixation decrease the number of cells in late cytokinesis in 
the population. Venn diagrams illustrate the ratio of cells in late cytokinesis (in comparison to the total 
number of cells) found for each tested condition. The circle size is proportional to the average percentage 
of late cytokinesis stages. The differential counting of cell stages (single cells vs. late cytokinesis stages) 
was performed using a Neubauer chamber, and a total of 150 stages were counted per assay. A minimum 
of 10 replicates were performed. The control groups of harvesting, washing, and fixation represent, 
respectively: cells counted directly from culture; cells harvested (1400 x g) and counted; cells harvested 
(1400 x g, 10 min), washed (2000 x g, 90 s), fixed and counted without washing to remove the fixative. 
The tested accelerations are presented below the control for each group. 



CHAPTER 1 – RESULTS 

56 
 

3.2  The cell surface area of replicating T. brucei cells continuously grows during 

the cell cycle 

Having established the proportions of the different cell cycle stages in cultures of T. 

brucei bloodstream forms, the next step was to investigate the changes in the parasite’s 

cell surface area while the cell prepares to divide into two daughter cells. To achieve this, 

surface area measurements were taken from 322 fixed cells lying perfectly aligned with the 

x-y plane (i.e., with the complete cell body in focus using one z slice).  

The cell surface area of bloodstream forms increased according to the progression 

of the cell cycle (Figure 2 A), showing significant differences between all cell cycle stages 

(Figure 2 B). On average, 1K1N cells (N = 129) had 49.8 ± 4.8 µm2, which increased to 

57.0 ± 4.3 µm2 in 1Kd1N (N = 89), to 65.9 ± 6.3 µm2 in 2K1N (N = 61), and achieved the 

maximum of 71.1 ± 8.0 µm2 during 2K2N phase (N = 43) (Figure 2 B). This suggests a 

continuous increase in the cell surface throughout the cell cycle, which agrees with 

volumetric measurements obtained via FIB-SEM (Hughes et al., 2017). 
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Figure 2. The cell surface area of replicating Trypanosoma brucei cells continuously grows during 
the cell cycle. (A) The cell surface area of T. brucei bloodstream forms increases according to the 
progression of the cell cycle. Trypanosomes were harvested from in vitro culture, stained with a sulfo-
NHS dye, chemically fixed, and mounted on coverslips with mounting medium containing DAPI. The 
scatter plot shows the cell surface area measurements (µm2) of single cells classified according to their 
cell cycle stage (1K1N = pink; 1Kd1N = green; 2K1N = blue; 2K2N = lilac). Each dot represents 
measurements from one cell. Data is randomly distributed inside each progressive cell cycle stage. (B) 
The cell surface area of T. brucei significantly increases at each stage of the cell cycle. The dot plot shows 
the area (µm2) of T. brucei cells grouped according to distinct cell cycle stages (1K1N = pink, 1Kd1N = 
green, 2K1N = blue, 2K2N = lilac). Each dot represents measurements from one cell, and dark blue bars 
represent the median (1K1N = 49.7 µm2; 1Kd1N = 56.8 µm2; 2K1N = 66.1 µm2; 2K2N = 70.3 µm2). 
Differences in the cell surface area among the cell cycle stages were evaluated using a one-way ANOVA 
with Tukey’s range test as the post hoc analysis. Groups with different letters (a/b/c/d) are significantly 
different from each other. The area measurements were taken from 322 cells in 3 independent 
experiments. 
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3.3 The endosomes duplicate early during the T. brucei cell cycle 

During the cell cycle, the surface area of T. brucei increases, achieving its maximum 

in the 2K2N stage (see Figure 2 B). For such an enlargement, it is necessary to increase 

the plasma membrane area and, consequently, the number of VSG molecules covering the 

cell surface. Such increased demand for VSG likely has two impacts: a boost in VSG 

production and a higher load on the endosomal system. The effect on the endosomes, not 

classically part of the biosynthetic/secretory pathway, can be assumed due to the high rates 

of VSG endocytosis and recycling observed in trypanosomes (Engstler et al., 2004; 

Grünfelder et al., 2003; Link et al., 2021). In addition, plasma membrane growth is impacted 

by the relative rates of endo- and exocytosis (Boucrot and Kirchhausen, 2007; Haucke and 

Kozlov, 2018; McCusker and Kellogg, 2012). Thus, to probe whether changes in the cell 

surface area are connected to the endosomes, the duplication of these organelles was 

investigated. 

Bloodstream forms of T. brucei expressing the procyclin isoform EP1 tagged with 

GFP (EP1::GFP) (Günzel, 2010) were used for the visualization of the endosomes. 

Because EP1 is a procyclin, it is not trafficked to the cell surface of bloodstream forms 

(reviewed in Borges et al., 2021) making this a suitable marker of the parasite’s endosomes 

(Engstler and Boshart, 2004). EP1::GFP was previously shown to overlap with biotinylated 

VSG, and the fluid-phase marker dextran in the bloodstream forms of T. brucei (Engstler 

and Boshart, 2004; Günzel, 2010). A total of 212 fixed cells were measured and manually 

grouped according to the cell cycle stage they were in. 

The endosomal compartments were localized in the posterior region of the cell in all 

cell cycle stages analyzed and extended from the kinetoplast to the nucleus (Figure 3 A). 

During kinetoplast division (1Kd1N), and especially in cells with marked bilobed 

kinetoplasts, it was possible to see a new punctate signal appearing close to the kinetoplast 

disk positioned nearer to the posterior pole of the cell (Figure 3 A, arrowhead). 

Progressively, this point-like signal increased in size and extended toward the nucleus. 
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After the nuclear division (2K2N cells), the two endosomal systems occupied two distinct 

cytoplasmic regions: one belonging to the old-flagellum daughter and another 

corresponding to the new-flagellum daughter (Figure 3 A). On average, the endosomal area 

of 1K1N cells (N = 87) was 1.20 ± 0.48 µm2 and slightly bigger in 1Kd1N cells (N = 71) 1.37 

± 0.53 µm2. After kinetoplast duplication, the area of the endosomes increased to 1.90 ± 

0.65 µm2 in 2K1N (N = 28) and 2.08 ± 0.66 µm2  in 2K2N cells (N = 26) (Figure 3 B). 

Although the endosome started growing in 1Kd1N (with the appearance of the new dot-like 

signal), a pronounced growth (~58 % increase) was observed only in 2K1N cells. The latter 

showed an endosomal area significantly different from 1K1N and 1Kd1N cells but not from 

the 2K2N stage (Figure 3 C). Thus, the results indicate that the new endosome of T. brucei 

is formed early during the cell cycle. Although the appearance of a dot-like signal close to 

one of the kinetoplast disks suggests a de novo formation, additional experiments using 

different methods would be required to corroborate this, such as time-lapse microscopy. Of 

note, the new endosome was formed close to the posterior extremity of the cell, which 

corresponds to the cytoplasmic region of the new-flagellum daughter.  

The majority of endosomal growth is observed after the kinetoplast division. After its 

formation in the 1Kd1N stage, the endosome significantly increases in size (2K1N), and 

continues expanding to nearly double its initial size in the last stage of the cell division cycle 

(2K2N). The endosomal expansion accompanies the growth of the cell surface area, 

starting in 1Kd1N and continuing to the last stage of the cell cycle. However, the dynamics 

underlying their expansion differ. While the endosome undergoes a pronounced increase 

in 2K1N, the cell surface area shows a progressive increase at each cell cycle stage. Thus, 

the duplication of the endosomal system seems to be a crucial step related to plasma 

membrane growth. 
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Figure 3. The endosomes duplicate early during the Trypanosoma brucei cell cycle. (A) The 
endosomes, marked by EP1::GFP (cyan), span from the kinetoplast to the nucleus in all cell cycle stages. 
In 1Kd1N cells, a new punctate signal (arrowhead) appears close to the kinetoplast disk nearer to the cell's 
posterior end, suggesting a de novo formation during kinetoplast division. The newly formed endosomal 
system continues to increase, extending toward the nucleus. During cytokinesis (indicated by the division 
fold: arrow, DF), both endosomal systems are arranged in the cytoplasmic regions of the old-flagellum 
daughter and the new-flagellum daughter. (B) The area of T. brucei endosomes enlarges after kinetoplast 
duplication. The scatter plot depicts the area (µm2) of EP1::GFP signal used as the endosomal marker. 
Data were obtained from single cells and classified according to their cell cycle stage (1K1N = pink; 1Kd1N 
= green; 2K1N = blue; 2K2N = lilac). Each dot represents measurements from one cell. Data is randomly 
distributed inside each progressive cell cycle stage. (C) The area of the endosomes significantly increases 
after kinetoplast division. The dot plot shows the area (µm2) of EP1::GFP signal used as the endosomal 
marker. Data were classified according to the cell cycle stage. Each dot represents measurements from 
one cell, and pink bars represent the median (1K1N = 1.16 µm2; 1Kd1N = 1.32 µm2; 2K1N = 2.03 µm2; 
2K2N = 2.09 µm2). Differences in the area of the endosome-associated signal (EP1::GFP) among the cell 
cycle stages were evaluated using a one-way ANOVA with Tukey’s range test as the post hoc analysis. 
Groups with different letters (a/b) are significantly different from each other. The total area measurements 
were obtained from 212 cells (1K1N = 87; 1Kd1N = 71; 2K1N = 28; 2K2N = 26) in 2 independent 
experiments.  
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3.4 Clathrin vesicles are recruited to both flagellar pockets during the cell cycle 

The early duplication of the endosomes in the cytoplasmic region of the new-

flagellum daughter during the kinetoplast division and its expansion in 2K1N cells seemed 

to coincide with alterations in the cell surface area. It is possible that the plasma membrane 

increase results from an imbalance between endo- and exocytosis. By maintaining the 

endocytosis rate while increasing exocytosis, the cell enables plasma membrane growth 

via the “excess” of fused membrane. Considering that all endocytosis of T. brucei is clathrin-

mediated (Engstler et al., 2004; Grünfelder et al., 2003; Link et al., 2021; Morgan et al., 

2001), the recruitment of clathrin molecules was investigated to check for endocytic activity 

during the division of T. brucei. To assess this, the area of the clathrin-associated signal 

was measured in 92 fixed cells expressing a YFP tagged clathrin light chain. After the 

analysis, cells were manually grouped according to the cell cycle stage. 

 Clathrin was found between the nucleus and the kinetoplast of all cell cycle stages 

(Figure 4 A). Clathrin recruitment showed a marginal increase during the cell cycle, going 

from 1.1 ± 0.3 µm2 in 1K1N cells (N = 51) to 1.2 ± 0.4 µm2 in 1Kd1N (N = 26) and 1.5 ± 0.4 

µm2 in 2K1N (N = 9). Intriguingly, 2K2N cells (N = 6) showed a smaller clathrin area of 1.3 

± 0.4 µm2 (Figure 4 B). The largest clathrin-associated signal area was observed in 2K1N 

cells, which exhibited a significant difference to the area found in 1K1N cells (Figure 4 C).  
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Figure 4. Clathrin recruitment increases after kinetoplast duplication. (A) Clathrin (YFP::CLC) was 
observed in the posterior region of T. brucei cells – between the nucleus and the kinetoplast – in all cell 
cycle stages. In 1Kd1N cells, clathrin was also observed in proximity to the kinetoplast disks close to the 
posterior end of the body (arrowhead). This signal persisted in 2K1N and 2K2N cells. (B) The area of 
clathrin marginally increased during the cell cycle. The scatter plot depicts the area (µm2) of the clathrin-
associated signal (YFP::CLC) obtained from single cells and classified according to the cell cycle stage 
of the respective cell (1K1N = pink; 1Kd1N = green; 2K1N = blue; 2K2N = lilac). Each dot represents 
measurements from one cell. Data is randomly distributed inside each progressive cell cycle stage. (C) 
The highest clathrin recruitment is observed in 2K1N cells. The dot plot shows the area (µm2) of the 
clathrin-associated signal (YFP::CLC) classified according to each cell cycle stage. Each dot represents 
measurements from one cell, and pink bars represent the median (1K1N = 1.03 µm2; 1Kd1N = 1.30 µm2; 
2K1N = 1.46 µm2; 2K2N = 1.28 µm2). Differences in the area of the clathrin-associated signal (YFP::CLC) 
among the cell cycle stages were evaluated using a one-way ANOVA with Tukey’s range test as the post 
hoc analysis. Groups with different letters (a/b) are significantly different from each other. The total area 
measurements were obtained from 92 cells (1K1N = 51; 1Kd1N = 26; 2K1N = 9; 2K2N = 6) in 2 
independent experiments.  
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Fluorescence microscopy showed the clathrin signal spanning from the kinetoplast 

to the nucleus in all cell cycle stages. To visualize clathrin recruitment in more detail, 

transmission electron microscopy was performed in high-pressure frozen cells. The 

recruitment of clathrin to the flagellar pocket was evidenced by the formation of membrane 

invaginations (CCPs) (Figure 5 A). The pits eventually pinch off yielding CCVs (Grünfelder 

et al., 2003; Link et al., 2021; Morgan et al., 2001), which were observed in the vicinities of 

the flagellar pocket (Figure 5 A-C) and endosomes (Figure 5 A, D). The CCVs pinching 

from the flagellar pocket are known as class I CCVs, while those budding from the 

endosomes are named class II CCVs (Engstler et al., 2004). 

In 1Kd1N cells, especially the ones showing an advanced stage of kinetoplast 

duplication (1Kb1N), the presence of clathrin molecules next to both kinetoplast disks was 

noted (see Figure 4 A). This observation suggested that both flagellar pockets carry out 

endocytosis in dividing T. brucei cells. To examine this possible activity, correlative light 

and electron microscopy of high-pressure frozen cells was performed. The method allowed 

the visualization of CCPs and CCVs in the proximity of the flagellar pockets (Figure 6 A, Ai, 

B, Bi). In cells with two flagellar pockets, CCVs could be observed in the proximity of both 

(Figure 6 B, Bi), suggesting endocytic activity in both pockets during T. brucei division. 
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Figure 5. Transmission electron microscopy displaying clathrin recruitment. (A) Clathrin is recruited 
to the flagellar pocket leading to the formation of clathrin-coated pits and vesicles. Arrowheads point to a 
region with clathrin recruitment in the flagellar pocket membrane. In the vicinities, a clathrin-coated vesicle 
is also observed, as well as an elongated endosomal cisterna. (B) Clathrin-coated vesicles surrounding a 
flagellar pocket. (C) Clathrin-coated vesicles close to the flagellar pocket transporting non-VSG cargo. 
Immunogold labeled VSG (6-nm gold), which is observed in the flagellar pocket membrane but not inside 
the clathrin-coated vesicles nearby, suggesting that these vesicles are actively transporting other types of 
cargo. (D) A clathrin-coated vesicle is observed in the vicinity of elongated and circular endosomal 
cisternae. CCP: clathrin-coated pit; CCV: clathrin-coated vesicle; cE: circular endosome; eE: elongated 
endosome; FP: flagellar pocket. 
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Figure 6. Correlative light and electron microscopy shows the formation of clathrin-coated pits 
and vesicles. High-pressure frozen T. brucei cells were embedded in LR-White and sectioned (100 nm). 
Sections were used for immunofluorescence assays and imaged via structured illumination microscopy. 
After imaging, sections were contrasted for electron microscopy and imaged in a scanning electron 
microscope. The fluorescence images and electron microscopy mosaics were manually correlated, using 
DAPI (nucleic acids) and VSG (cell surface) as fiducials. (A, Ai) Clathrin-coated vesicles (arrowheads) in 
the proximity of the flagellar pocket. (B, Bi) Cell with endocytic activities in both flagellar pockets during 
division. The formation of a clathrin-coated pit and the presence of clathrin-coated vesicles (arrowheads) 
in the proximity of both flagellar pockets are evidenced. CCP: clathrin-coated pit; FP: flagellar pocket. 

 

Overall, clathrin recruitment showed a marginal increase during the cell cycle with 

evidence of recruitment to both flagellar pockets. The moderate increase in clathrin 

recruitment seemed to coincide with the duplication of the flagellar pocket and the 

endosomes, starting in the 1Kd1N stage and achieving its highest value in 2K1N cells. This 

suggests the endocytic activity of the newly formed endosomal system, which could be 

necessary for the maintenance of VSG coat integrity during growth of the cell surface. 
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Nevertheless, it is important to note that the changes in clathrin recruitment were discrete, 

pointing to a balanced ratio of endocytosis during the cell cycle. This supports the idea of 

plasma membrane growth via imbalance in endo- and exocytosis. 

 

3.5 The subpopulations of T. brucei endosomes function as distinct 

compartments 

The duplication and expansion of the endosomes, the marginal increase in clathrin 

recruitment, and the suggested endocytic activity of both flagellar pockets during T. brucei 

division, advocate coordination between endocytosis and cell surface expansion. Because 

VSG recycling is critical for trypanosomes and its endosomal transport is well-described 

(Engstler et al., 2004; Grünfelder et al., 2003; Link et al., 2021), immunogold assays on 

ultrathin sections of high-pressure frozen cells were used to visualize the VSG and the 

endosomal system components. Besides the plasma membrane and the flagellar pocket, 

VSG-gold (6 and 12 nm) was visualized inside vesicles near the flagellar pocket and 

endosomal cisternae (Figure 7 A-C). These cisternae showed diverse morphologies, 

including circular, elongated, and irregular shapes (Figure 7 B-E). In addition, exocytic 

carriers filled with VSG were also observed (Figure 7 D). 
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Figure 7. Transmission electron microscopy emphasizing VSG recycling pathway. (A) VSG inside 
clathrin-coated vesicles near the flagellar pocket. (B) Elongated endosomal compartment surrounded with 
vesicles filled with VSG. (C) VSG on the trypanosome cell surface, and in the flagellar pocket, endocytic 
vesicles, and elongated endosomal cisternae. (D) VSG inside an irregularly shaped endosome and an 
exocytic carrier. (E) VSG in the flagellar pocket and circular endosomal compartment. (A-B): VSG labeled 
with 6 nm gold; (C-E): VSG labeled with 12 nm gold. CCV: clathrin-coated vesicle; cE: circular endosomal 
cisternae; eE: elongated endosomal cisternae; iE: irregular-shaped endosomal cisternae; ExC: exocytic 
carrier; FP: flagellar pocket; V: vesicle. 

 

Such a morphological variety of the endosomes has been recorded in the literature 

and is generally attributed to distinct endosomal subpopulations. These subpopulations are 

known to be decorated with Rab GTPases named TbRab5A (early endosomes), TbRab7 

(late endosomes), and TbRab11 (recycling endosomes) (Engstler et al., 2004; Hall et al., 

2005, 2004a; Link et al., 2021; Silverman et al., 2011). The marker TbRab5A was primarily 

observed on circular and elongated endosomal cisternae, TbRab7 on irregular structures 

(Engstler et al., 2004), and TbRab11 on elongated cisternae and disk-shaped carriers 

(Grünfelder et al., 2003). All three TbRab markers have been reported on vesicular 

structures (Engstler et al., 2004; Grünfelder et al., 2003). Although the role of the different 
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endosomal subpopulations in VSG recycling is well-documented (Engstler et al., 2004), in-

depth colocalization studies with other physiological cargo are still sparse.  

Ferritin is not synthesized by trypanosomes (Carbajo et al., 2021) but is internalized 

and likely digested in the lysosome (Engstler et al., 2004; Langreth and Balber, 1975). 

Therefore, uptake of ferritin can serve as a fluid-phase marker. The ferritin pathway in T. 

brucei has been described based on the morphological analysis of the endosomal system 

components using electron microscopy. In these studies, ferritin was observed in CCVs and 

in the lumen of endosome cisternae (Engstler et al., 2004; Langreth and Balber, 1975). 

Based on the morphology of these cisternae, the pathway was postulated as passage 

through early and late endosomes followed by degradation in the lysosome. Because 

ferritin was assumed to be degraded in the lysosome, it was not expected to be found in 

the recycling compartments. In fact, ferritin was never observed in the lumen of exocytic 

carriers (Engstler et al., 2004). Although well-documented through electron microscopy 

studies, the colocalization of ferritin and endosomal markers is still missing. Thus, in order 

to explore the role of the endosomal subpopulations in the transport of fluid-phase cargo, 

the ferritin pathway was revisited.  

Bloodstream forms of T. brucei 1390 were incubated with ferritin labeled with Atto 

647 for 15 min. Then, cells were fixed and used in triple-labeling immunofluorescence 

experiments with antibodies against TbRab5A, TbRab7, and TbRab11. A total of 100 cells 

were analyzed, and the intensity-based colocalization was determined. All internalized 

ferritin was in the posterior region of the cell, showing a strong correlation with TbRab5A 

(r = 0.89), moderate with TbRab7 (r = 0.41), and weak with TbRab11 (r = 0.20) (Figure 8 

A-C). The weak colocalization with TbRab11 points to ferritin degradation by the parasite, 

while the overlap with TbRab5A and TbRab7 demonstrates their involvement in ferritin 

transport. The highest overlap observed with TbRab5A can either suggest a slower 

passage through the early endosomes or a possible cargo overload. The overload would 

impose challenges for lysosomal degradation and could lead to the accumulation of cargo 
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in the early endosomes. However, an investigation of the kinetics of ferritin endocytosis 

would be necessary to test the above mentioned hypotheses.  

 

 
Figure 8. The TbRab markers define endosomal regions with distinct functions. (A) Ferritin and 
TbRab markers localize in the posterior region of fixed bloodstream forms of T. brucei. The subcellular 
localization of ferritin (white), TbRab5A (yellow), TbRab7 (cyan), and TbRab11 (magenta) is shown in an 
exemplary cell. The cell surface is marked with dashed lines. (B) The endosomal markers TbRab5A, 
TbRab7, and TbRab11 overlap with ferritin. The superimposed images suggest colocalization of the cargo 
and the distinct endosomal subpopulations. A small overlap between the TbRab markers can also be 
visualized. (C) Ferritin presents distinct spatial overlap with endosomal subpopulations. The dot plot 
shows the colocalization of ferritin and TbRab markers. Each dot represents data from one cell, and pink 
bars and numbers represent median values. The correlation coefficients indicate a strong colocalization 
between ferritin and TbRab5A, medium with TbRab7, and weak with TbRab11. The Pearson correlation 
coefficient was obtained from 100 cells analyzed in 3 independent experiments. 

 

The weak colocalization of ferritin and the recycling compartment marked by 

TbRab11 was intriguing. Therefore, one additional test was performed to verify that the 

antibody against TbRab11 was indeed labeling an endosomal compartment. For this, T. 

brucei expressing the endosomal marker EP1::GFP were fixed and used in 

immunofluorescence experiments with TbRab11 labeling. The colocalization was checked 

in 221 fixed cells grouped according to their cell cycle stage (Figure 9 A). In all of them, the 

TbRab11 signal overlayed with the EP1::GFP signal which labels the endosome, whereas 
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not all EP1::GFP was coincident with TbRab11. Because the endosome is proposed to be 

subdivided into the subpopulations mentioned previously, this result was expected. A strong 

correlation (ρ > 0.7) between TbRab11 and EP1::GFP was observed across all cell cycle 

stages (Figure 9 B). 

In conclusion, T. brucei endosome subpopulations labeled by TbRab5A, TbRab7, 

and TbRab11 function as distinct compartments during fluid-phase cargo uptake. 
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Figure 9. TbRab11 is localized in Trypanosoma brucei endosomes. (A) The GTPase TbRab11 
(magenta) overlaps with the endosomal marker EP1::GFP (cyan) in fixed cells. The subcellular localization 
of both markers is shown in different cell cycle stages. Not all endosomal signal (EP1::GFP) coincides 
with TbRab11, which serves as a marker for the recycling compartment of the endosome. (B) TbRab11 
and EP1::GFP strongly colocalize during division. The dot plot depicts the colocalization of EP1::GFP and 
TbRab11 grouped according to cell cycle stage of the analyzed cells. Each dot represents data from one 
cell, and pink bars and numbers represent median values. The Spearman's rank correlation was obtained 
from 221 cells (1K1N = 88; 1Kd1N = 76; 2K1N = 29; 2K2N = 28) analyzed in 3 independent experiments.  
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3.6 The markers of the endosomal subpopulations TbRab5A, TbRab7, and 

TbRab11 show spatial overlap 

The colocalization between ferritin and the endosomal markers TbRab5A, TbRab7, 

and TbRab11 indicated that the endosomal subpopulations work as distinct functional 

compartments. This agrees with previous studies showing their subcellular localization and 

their different roles in endocytosis (Engstler et al., 2004; Hall et al., 2005, 2004a; Morgan 

et al., 2002, 2001; Silverman et al., 2011). However, it is important to note that the 

superimposition of fluorescence images also suggested the spatial colocalization of TbRab 

markers (see Figure 8 B). In addition, a certain co-distribution between ferritin and the 

recycling compartment was indicated. Thus, to explore this overlap and verify whether it 

means a possible recycling of ferritin, or the spatial overlap of different endosomal 

compartments, colocalization analyses between TbRab markers were performed.  

Bloodstream forms of T. brucei growing in culture were harvested, fixed, and used 

in immunofluorescence assays. Only 1K1N cells were considered for the quantification to 

ensure that organelle duplication was not biasing the analysis. A total of 100 cells were 

analyzed. 

All three Rab proteins were found in the posterior region of the cell (Figure 10 A) 

and seemed to overlap (Figure 10 B). The correlation analysis indicated colocalization 

between these markers. The strongest correlation was observed between TbRab5A and 

TbRab7 (r = 0.77), followed by TbRab5A and TbRab11 (r = 0.65), and TbRab7 and 

TbRab11 (r = 0.60) (Figure 10 C). 
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Figure 10. The endosomal subpopulations marked by TbRab5A, TbRab7, and TbRab11 colocalize 
in the posterior region of the Trypanosoma brucei cell. (A) Subcellular localization of TbRab markers 
in fixed bloodstream forms of T. brucei. 1K1N cells were observed with differential interference contrast 
(DIC) with nucleus and kinetoplast stained with DAPI (green). The endosomal markers TbRab5A (yellow), 
TbRab7 (cyan), and TbRab11 (magenta) localized between the nucleus and the kinetoplast (white). (B) 
The superposition of fluorescence images indicates spatial overlap of TbRab markers. The images 
represent the posterior region of the exemplary cell. (C) Colocalization analysis indicates a strong overlap 
between TbRab markers. The dot plot shows the correlation coefficient of TbRab markers obtained from 
single cells. Each dot represents data from one cell, and pink bars and numbers represent the median 
value. The Pearson correlation coefficient was obtained from a total of 100 cells analyzed in 3 independent 
experiments.  

 

The high correlation coefficients obtained for all TbRab markers indicate their spatial 

overlap and proportional co-distribution. However, to measure the extent of this overlap, 

Manders' colocalization coefficients were measured in images obtained via structural 

illumination microscopy. All three Rabs were present in the posterior part of the cell (Figure 

11 A) and presented overlapping regions with one another (Figure 11 B-C). The TbRab5A 

signal showed a virtually equal overlap with TbRab11 (27 %) and TbRab7 (26.2 %). On the 

other hand, approximately half of the TbRab7 signal overlapped with TbRab5A (47.6 %), 

while a smaller portion colocalized with TbRab11 (30.7 %). Similarly, TbRab11 showed 

higher colocalization with TbRab5A (19.5 %) when compared to its overlap ratio with 
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TbRab7 (9.1 %) (Figure 11 D). Overall, the lowest overlap was observed between TbRab11 

and TbRab7 and the highest between TbRab7 and TbRab5A (Figure 11 D). Altogether, the 

colocalization results from super-resolved images suggest the simultaneous presence of 

the three Rab markers in the same structures. The overlap ratios are variable in the 

population (Supplementary Figure S1.2). In order to visualize these structures, attempts to 

employ immunogold labeling in ultrathin sections and correlative light and electron 

microscopy were performed. However, the results were not satisfactory due to inefficient 

antibody binding in immunogold labeling and the presence of potential artifacts in 

immunofluorescence experiments (Supplementary Figure S1.3).  

Altogether, both high- and super-resolution microscopy suggest that T. brucei 

endosome subpopulations may have a physical connection instead of being composed of 

isolated and distinct vesicular/tubular compartments. 
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Figure 11. Structured illumination microscopy supports the presence of TbRab markers in the 
same structure (A) Subcellular localization of TbRab5A (yellow), TbRab7 (cyan), and TbRab11 
(magenta) in the posterior region of a fixed cell. The dotted square indicates the region of interest (ROI) 
used in the colocalization analysis. (B) Enlarged image of the ROI showing the superposition of 
fluorescence channels. (C) Binary masks were generated for the colocalization analysis. Exemplary 
images show superimposed binary masks to emphasize the regions of overlap. (D) Venn diagram 
illustrating the overlap between the different TbRab markers. The fraction of co-occurrence was estimated 
using Manders' colocalization coefficients. The percentages are the median values of the colocalization 
coefficients (N = 31, 2 replicates).  
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3.7 The distribution of the endosomal TbRab markers changes during the T. 

brucei cell cycle 

Having demonstrated that the endosomal subpopulations of T. brucei (defined by 

Rab proteins) seem to have a physical connection in 1K1N cells, it was unclear how this fit 

with the duplication and re-organization of the new endosomal system. Thus, to investigate 

whether changes in the endosomes during the cell cycle affect the distribution of the three 

TbRab markers, the colocalization analysis was applied to other T. brucei cell cycle stages. 

Immunofluorescence assays were conducted, and a total of 242 cells were 

analyzed. All markers showed a sharp signal, and labeled structures with diverse 

morphologies, including punctate, round, or horseshoe-like shapes in 1K1N cells (N = 100). 

In 1Kd1N cells (N = 50), all markers exhibited a scattered pattern with signals around both 

kinetoplast disks. As the cell cycle progressed, differences in the signals of the different 

TbRabs were noticed. In 2K1N stages (N = 50), it was possible to distinguish two "groups" 

of signal: a smaller one close to the kinetoplast disk of the new-flagellum daughter and a 

bigger one between the kinetoplast disk of the old-flagellum daughter and the nucleus. In 

2K2N cells (N = 42), some distribution patterns could be distinguished. TbRab5A was 

present in two main regions: between both kinetoplasts and both nuclei, corresponding to 

the cytoplasmic regions of the new and old-flagellum daughter, respectively. The signal of 

TbRab7 had a punctate morphology and scattered distribution located close to both nuclei 

and kinetoplast disks. The bulk of the TbRab11 signal was present between both kinetoplast 

disks (Figure 12 A). Because TbRab5A and TbRab7 have a similar distribution pattern in 

all cell cycle stages, their correlation remained high during cell division (1N1N = 0.77; 

1Kd1N = 0.79; 2K1N = 0.71; 2K2N = 0.71). However, TbRab11 tended to remain close to 

the kinetoplast disks and not to the nucleus/nuclei, which explains the progressively 

decrease in the correlation of this marker with both TbRab5A (1K1N = 0.65; 1Kd1N = 0.51; 

2K1N = 0.45; 2K2N = 0.45) and TbRab7 (1K1N = 0.60; 1Kd1N = 0.47; 2K1N = 0.35; 

2K2N = 0.37) throughout the cell cycle (Figure 12 B).  
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Figure 12. The distribution of the endosomal TbRab markers changes throughout the 
Trypanosoma brucei cell cycle (A) The localization of TbRab5A (yellow), TbRab7 (cyan), and TbRab11 
(magenta) changes throughout the cell cycle. In 1K1N cells, all markers had sharp signals with punctate, 
round, or horseshoe-like morphology. In 1Kd1N, all markers had a scattered signal spread between the 
nucleus and kinetoplast. They were also found in proximity to the kinetoplast disk close to the posterior 
end of the cell (arrowhead). In the 2K1N stage, all markers kept the scattered distribution with an increase 
in the signal area in the vicinity of the kinetoplast disk of the new-flagellum daughter. In the 2K2N stages, 
the signal of TbRab5A was divided into two main regions: between both kinetoplast disks and both nuclei. 
The signal of TbRab7 had a punctate morphology and a scattered distribution located close to the nuclei 
and kinetoplast disks. The bulk of the TbRab11 signal extended between both kinetoplast disks, with some 
signal appearing in the cytoplasmic region of the old-flagellum daughter. Nucleus and kinetoplast were 
stained with DAPI (shown in green in the DIC images). The nucleus and kinetoplast are depicted in the 
fluorescent images with dashed white lines. (B) Violin plot showing the changes in colocalization of TbRab 
markers throughout the cell cycle. While the correlation between TbRab5A and TbRab7 remained high in 
all stages, the correlation of both with TbRab11 progressively decreased. The Pearson correlation was 
obtained from 242 cells (1K1N = 100; 1Kd1N = 50; 2K1N = 50; 2K2N = 42) in 3 independent experiments. 
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3.8 The lysosome of T. brucei shows morphological plasticity with indications of 

late duplication during the cell cycle 

The lysosome is the final station for the endocytic pathway. Inside this organelle, 

endocytosed cargo can be broken down and used by the cell. However, the lysosome is 

not part of the VSG recycling pathway (Engstler et al., 2004). Thus, its duplication during 

the cell cycle may not be critical for the maintenance of the plasma membrane while the 

cell surface expands. To explore the duplication of the lysosome during the cell cycle, the 

morphological changes of this organelle were investigated.  

Immunofluorescence assays using monoclonal and polyclonal antibodies against 

the lysosomal membrane protein p67 were conducted, and a total of 336 cells from three 

independent experiments were analyzed. The morphology of the lysosome was highly 

variable in 1K1N, 1Kd1N, or 2K1N cells. Among the different morphological patterns 

observed, it was possible to subdivide the lysosomes into three main groups: i) spherical, 

ii) extended (spherical or elongated signal presenting one or more protrusions), and iii) 

scattered (two or more punctate signals sometimes containing protrusions spreading in the 

posterior region of the cell) (Figure 13 A). In 2K2N cells, the p67 signal had migrated toward 

both nuclei (Figure 13 B). The rarely observed late cytokinesis cells showed a spherical p67 

signal close to the nucleus (Figure 13 B). Such a morphological variety was also observed 

in images obtained after labeling the lysosome lumen with anti-cathepsin L, a lysosomal 

cysteine protease (Supplementary Figure S1.4). The area of the lysosome-associated 

signal (p67) was similar in 1K1N (1.20 ± 0.50 µm2; N = 164) and 1Kd1N cells 

(1.29 ± 0.49 µm2; N = 101). However, the organelle started growing in 2K1N cells 

(1.61 ± 0.58 µm2; N = 41), achieving the maximum area in 2K2N cells (2.26 ± 0.78 µm2; 

N = 30) (Figure 13 C). No significant changes in the lysosome area were noticed until the 

2K1N stage (Figure 13 D). This indicates that the lysosome starts its duplication after 

kinetoplast division (2K1N) when the new endosomal system is already expanded. The 

most dramatic increase in the lysosomal area occurred during the 2K2N stage, in which the 
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organelle nearly doubled in size. Altogether, these results indicate that lysosome 

duplication starts after the duplication of the endosomes and finishes after nuclear 

duplication – in the last stage of the cell cycle.   
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Figure 13. Trypanosoma brucei lysosome shows morphological plasticity with indications of late 
duplication during the cell cycle. (A) T. brucei lysosomes (p67) show three morphological patterns 
before nucleus duplication (1K1N, 1Kd1N, and 2K1N cells): spherical, extended (spherical or elongated 
signal presenting one or more protrusions), and scattered (two or more punctate signals with or without 
protrusions spreading in the posterior region of the cell). (B) Lysosomes show scattered morphology after 
nucleus duplication. The lysosome in 2K2N cells spreads into two cytoplasmic regions: one of the new-
flagellum daughter and the other of the old-flagellum daughter. Observations of cells with a clear division 
fold (DF, arrow), the pathway for the cleavage furrow ingression, reveal a non-equivalent distribution of 
the signal.  Cells in late cytokinesis presented a spherical lysosome. The white boxes in the DIC images 
represent the region of interest shown in the fluorescence images. (C) Lysosome duplication starts after 
kinetoplast division. The scatter plot depicts the area (µm2) of the lysosome-associated signal (p67) 
obtained from single cells and classified according to their cell cycle stage (1K1N = pink; 1Kd1N = green; 
2K1N = blue; 2K2N = lilac). Each dot represents measurements from one cell. Data is randomly distributed 
inside each progressive cell cycle stage. (D) The lysosome significantly increases after kinetoplast 
duplication. The dot plot shows the area (µm2) of the lysosome-associated signal (p67) classified 
according to each cell cycle stage. Each dot represents measurements from one cell, and pink bars 
represent the median (1K1N = 1.1 µm2; 1Kd1N = 1.2 µm2; 2K1N = 1. 6 µm2; 2K2N = 2.2 µm2). Differences 
in the area of the lysosome-associated signal (p67) among the cell cycle stages were evaluated using a 
one-way ANOVA with Tukey’s range test as the post hoc analysis. Groups with different letters (a/b/c) are 
significantly different from each other. The total area measurements were obtained from 336 cells 
(1K1N = 164; 1Kd1N = 101; 2K1N = 41; 2K2N = 30) in 3 independent experiments.  
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The morphological plasticity of the lysosome is a feature that has been observed in 

other eukaryotes (Bohnert and Johnson, 2022; Knapp and Swanson, 1990). In 

trypanosomes, however, the lysosome is usually referred to as a round structure (Engstler 

et al., 2004; Hall et al., 2004b; Peck et al., 2008). Thus, to check the morphological diversity 

of the lysosomes without the interference of chemical fixation, high-pressure frozen cells 

were used for correlative light and electron microscopy, using anti-cathepsin L as a 

lysosome marker. The cathepsin L-rich regions appeared as electron-lucent cytoplasmic 

areas with shapes varying from round to elongated (Figure 14 A-C).  

To explore the structural flexibility of the lysosome in more detail, transmission 

electron microscopy of high-pressure frozen cells was performed. To this end, ultrathin 

sections were used in immunogold assays with antibodies against p67 and cathepsin L. 

The lysosome-associated membrane protein p67 was found in vesicular, circular, and 

irregular-shaped structures (Figure 15 A-D). Interestingly, cathepsin L evidenced the 

electron-dense lumen of irregular structures. These structures showed elongated regions 

with sheet-like morphology decorated with round/vesicular-like structures (Figure 15 E). 

Overall, the duplication of the lysosome starts during the 2K1N stage and ends after 

the nucleus is divided. Such a late duplication is not surprising since the lysosome is 

assumed to have no participation in VSG recycling and, consequently, it is not essential for 

cell surface expansion. Another interesting finding of this study is the morphological 

plasticity of the lysosome, which does not seem to be related to the cell cycle. This is the 

first time that the structural flexibility of the lysosome has been described in T. brucei. 
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Figure 14. Correlative light and electron microscopy reveals diverse morphological shapes of the 
Trypanosoma brucei lysosome. High-pressure frozen T. brucei cells were embedded in LR-White and 
sectioned (100 nm). Sections were used for immunofluorescence assays and imaged via structured 
illumination microscopy. After imaging, sections were contrasted for electron microscopy and imaged in a 
scanning electron microscope. The fluorescence images and electron microscopy mosaics were manually 
correlated, using DAPI (nucleic acids) as a fiducial. The white box in the correlated images (A, B, C) 
represent the region of interest magnified for visualization of structures (Ai, Bi, Ci). (A/Ai) Cell with three 
regions rich in cathepsin L (arrowheads). The largest of these regions is observed close to the nucleus. 
(B/Bi) Cell with four regions rich in cathepsin L (arrowheads). One of these is placed close to the flagellar 
pocket. (C/Ci) Cell with long tubular-like structure rich in cathepsin L (arrowheads) close to vesicle-like 
shapes.  
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Figure 15. Transmission electron microscopy highlights the structural plasticity of the lysosomes. 
(A-D) p67 (arrows) is found in the membrane of structures with different shapes: vesicular-like (A), circular 
(B), irregular (C), and tubular (D). (E) Cathepsin L in the lumen of an irregular structure. The electron-
dense region labeled with cathepsin L evidences an elongated sheet-like structure with vesicle-like shapes 
around it. A, B, E: 6 nm gold; C, D: 12 nm gold. 

 

3.9 Summary of main findings 

The results presented here suggest that in replicating T. brucei cells, the cell surface 

area underwent continuous growth. In contrast, endosomes initiated their duplication during 

kinetoplast division (1Kd1N) and showed a significant increase in the 2K1N stage. 

Additionally, clathrin recruitment experienced only a marginal increase in proliferating T. 

brucei cells. The duplication of the lysosome, however, occurred after the expansion of the 

endosomes (2K1N cells) and was completed during the 2K2N stage (Figure 16). These 

findings point to a potential relationship between plasma membrane growth and 

endocytosis, as well as coordination in the duplication of the endo-lysosomal system. 

Regarding the endosomal subpopulations marked by TbRab5A (early endosomes), 

TbRab7 (late endosomes), and TbRab11 (recycling endosomes), they were shown to 

function as distinct compartments during fluid-phase cargo uptake. Interestingly, 

colocalization analyses suggested the presence of TbRabs in the same region/structure. 
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The different migration patterns observed between these markers during parasite division 

affected the colocalization between TbRab11 and both TbRab5A and TbRab7, while the 

overlap between TbRab5A and TbRab7 remained stable. 

Furthermore, the lysosome exhibited high morphological plasticity, independent of 

the cell cycle, as explored through light and electron microscopy, making it the first 

examination of its structural flexibility in T. brucei. These results provide valuable insights 

into the dynamic processes within replicating T. brucei cells and the interplay between 

plasma membrane growth, endosomal behavior, and lysosome duplication. 
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Figure 16. Area growth of Trypanosoma brucei cell surface, endosome, clathrin, and lysosome. 
The figure presents area measurements of the cell surface, endosome, clathrin-related signal, and the 
lysosome collected from fixed T. brucei cells. The findings indicate that cell surface area undergoes 
continuous growth in replicating T. brucei cells, while the endosomes demonstrate a pronounced increase 
in the 2K1N stage. Clathrin experiences a slight, yet stable, increase in proliferating T. brucei cells. As for 
the duplication of the lysosome, it occurs after the division of the kinetoplast (2K1N and 2K2N cells), 
subsequent to the expansion of the endosomes. Each dot represents one cell, and the data distribution 
within each cell cycle stage (1K1N, 1Kd1N, 2K1N, 2K2N) is randomized. The trend curve illustrates the 
overall pattern in the collected data. 



 CHAPTER 1 – DISCUSSION 
 

86 
 

4. Discussion 

This study aimed to contribute to the understanding of plasma membrane growth 

dynamics and its potential relationship with the endo-lysosomal system during T. brucei 

proliferation. Despite the presence of artificial changes in the proportion of cell cycle stages 

caused by centrifugation, the analyses of fixed cells suggested a coordination between 

plasma membrane growth and the duplication of T. brucei endosomes. Additionally, this 

study provided evidence of morphological plasticity in the T. brucei lysosome, indicating its 

coordinated duplication with the T. brucei endosomes. 

The discussion will be subdivided into four parts, focusing on the impacts of 

centrifugation in cell cycle analysis, plasma membrane growth dynamics, the potential 

physical connection of the endosomes, and the duplication of the lysosome and its 

morphological plasticity. 

 

4.1 The impacts of centrifugation in the cell cycle analysis of T. brucei 

As the central question of this study was related to the cell cycle, the first step was 

choosing a method that would allow the investigation of the different cell cycle stages. 

Trypanosoma brucei grows in asynchronous cultures and attempts at synchronization have 

proven inefficient or difficult (reviewed in Morriswood and Engstler, 2018). On the other 

hand, the events of both nuclear and kinetoplast division are well-documented in literature 

(Gluenz et al., 2011; Sherwin and Gull, 1989), and several studies used the morphology of 

these organelles to classify the cells when analyzing events related to the cell cycle 

(Hughes et al., 2017, 2013; Kurasawa et al., 2022; Matthews and Gull, 1994; Robinson, 

1995; Wheeler et al., 2013). As this has proven to be a widely used and efficient method, it 

was decided that the same approach would be used in this study. Surprisingly, during the 
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investigation, it was noticed that the centrifugation of the parasites would interfere with an 

accurate cell cycle analysis by diminishing the number of cells in late cytokinesis. This fact 

becomes particularly relevant when applying an ergodic analysis to estimate the time of 

progression of the cell cycle. The ergodic principles are centered on the assumption that 

“the proportion of cells in any cycle stage observed in the population at a single time point 

is the same as the proportion of time spent in cycle stage as a single cell progresses through 

the cycle” (Wheeler, 2015, p. 3899). However, when the proportion of cells at a specific cell 

cycle stage is artificially changed, as demonstrated here, this proposition becomes weak.  

Furthermore, the fact that T. brucei cells may re-enter the cell cycle before 

abscission adds an extra layer of complexity to this matter. Because the population of cells 

in late cytokinesis is composed of two connected cells with both 1K1N or 2K2N 

morphologies (Wheeler et al., 2013), the effects of the artificial breakage of the cytoplasmic 

bridges is not limited to the 1K1N stage. Consequently, applying a mathematical correction 

to the proportions of 1K1N/2K2N cells based on the results of the centrifugation 

experiments (which showed 13.8 % of cells in late cytokinesis) is not the ideal solution. 

Thus, the real impacts caused by the artificial breakage of the cytoplasmic bridges in the T. 

brucei population are, at this point, difficult to estimate. A more precise way to determine 

the duration of each cell cycle stage would be through live-cell microscopy. However, a 

potential challenge in live-cell imaging of trypanosomes is their constant motile behavior, 

which is essential for the parasite's virulence and viability (Engstler et al., 2007; Glogger et 

al., 2017; Saenz-Garcia et al., 2022; Shimogawa et al., 2018). To overcome this challenge, 

it is possible to use transient immobilization approaches using either agarose or hydrogels. 

However, a potential issue arises when using agarose, as it becomes challenging to 

maintain bloodstream forms of the parasite at 20 °C (Hartel et al., 2015), which is below 

their optimal temperature. Although the use of hydrogel offers a viable alternative for 

imaging the parasite at higher temperatures, effectively preserving the parasites' viability 
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for at least 60 minutes (Glogger et al., 2017), this time is still short when considering the 

entire cell cycle of T. brucei. Recently, Muniz and collaborators (2022) introduced an 

imaging approach for procyclic trypanosomes confined to microwells. Their strategy 

enabled the parasites to retain free mobility while limiting their movement to the imaging 

focal plane. With this approach, they showed that T. brucei procyclic forms are viable for 

cell cycle imaging for up to 24 hours (Muniz et al., 2022). Although the application of this 

strategy to bloodstream forms would require adaptations, such as precise temperature and 

CO2 control, it holds great promise for enabling continuous imaging of cells undergoing an 

approximately 6-hour cell cycle. 

 

4.2 Plasma membrane growth during T. brucei proliferation 

After choosing the method for grouping cells into the successive cell cycle stages, 

this study investigated the changes in the cell surface and the endosomes during T. brucei 

proliferation. A previous study of Hughes and collaborators (2017) showed that the cell 

volume grows during the replication of T. brucei cells. To be sustainable, and keep cellular 

homeostasis, the increase in cell volume would demand expansion in the cell surface area, 

which was demonstrated by the present study. Because the plasma membrane area does 

not grow by stretching (Gauthier et al., 2009; Morris and Homann, 2001), its expansion is 

enabled by the insertion of new membrane components. In mammalian cells, the deposition 

of new plasma membrane can happen either via exocytosis, as seen in neurons (Craig et 

al., 1995; Urbina and Gupton, 2020), or via unfolding of plasma membrane prolongations, 

such as the microvilli present in epithelial cells (Figard and Sokac, 2014; Follett and 

Goldman, 1970). Trypanosoma brucei has a tight sub-pellicular microtubule cytoskeleton 

that defines the cell shape (Robinson, 1995) and no extensions of the cell surface are 

observed under normal conditions (Hempelmann et al., 2021). Thus, it seems unlikely that 
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plasma membrane growth would occur via unfolding leaving exocytosis as a possibility to 

be explored. It is known that T. brucei endosomes have an intimate connection with plasma 

membrane homeostasis – as demonstrated by the impressive rates of VSG recycling 

(Engstler et al., 2004). Thus, the main hypothesis of this study was that plasma membrane 

growth in proliferative T. brucei cells is sustained by the endosomes. 

The results showed that both cell surface and endosomes started growing during 

the division of the kinetoplast (1Kd1N) and continued their expansion until the last stage of 

the cell cycle (2K2N). However, their growth dynamics differed. While the cell surface 

progressively increased from one cell cycle stage to another, the endosomes showed a 

marked expansion after the division of the kinetoplast (2K1N). Broadening the scope of this 

investigation to clathrin, it was possible to suggest a moderate increase in clathrin 

recruitment. In addition, the visualization of CCPs and CCVs close to each duplicated 

flagellar pocket, and the presence of clathrin and TbRabs (TbRab5A, TbRab7, and 

TbRab11) in the region where the new endosome is formed (close to the kinetoplast disk 

in the cytoplasmic region of the new-flagellum daughter in 1Kd1N stages) suggests the 

activity of the newly formed endosomal system. In fact, the highest recruitment of clathrin 

coincided with the expansion of the new endosome (2K1N). This result agrees with higher 

levels of YFP::CLC and VSG mRNA detected in T. brucei cells after the kinetoplast division 

obtained by Jamin Jung in his PhD thesis (Jung, 2015). Placed together, these results 

suggest that the duplication of the endosomes at an early stage of the cell cycle enables 

plasma membrane growth and cell surface homeostasis. 

Nevertheless, two intriguing observations of this study remain to be explored. Why 

did the cell surface area not double its initial size in 2K2N cells? Why was the highest 

recruitment of clathrin not twice as large as was measured in 1K1N cells? To these, a few 

explanations are possible. 



 CHAPTER 1 – DISCUSSION 
 

90 
 

The first explanation lies in the method chosen to identify the cell cycle stages. Cells 

with 1K1N morphology represent a mixed population with cells that have either not started 

to proliferate and early division stages (with duplicated basal bodies and flagellum) (Hughes 

et al., 2017; Sherwin and Gull, 1989). Thus, it is possible that the average value presented 

for 1K1N cells is artificially inflated by the presence of early dividing cells. If this is true, the 

cell surface area and clathrin recruitment would have ultimately doubled but might have 

gone unrecognized as such due to the overestimate of the 1K1N value. This explanation 

agrees with the measurements obtained by Hughes and collaborators (2017) that show cell 

volume increase in the early division stages of 1K1N morphology. Another aspect that could 

have influenced the measurements of cell surface area presented here would be the 

division fold. The division fold is an inward projection of the plasma membrane formed along 

the long axis of 2K2N cells (Wheeler et al., 2013). Because the area measurements were 

taken in the x-y plane, the “in-fold” of plasma membrane was neglected when measuring 

the cell surface area of 2K2N cells. Nevertheless, the limitations of the method may have 

impacted the measurements but probably would not fully explain the lack of the twofold 

increase in cell surface area and clathrin recruitment. 

Regarding the cell surface area, observations in Caenorhabditis elegans and sea 

urchins showed that membrane deposition is a necessary step during cytokinesis (Shuster 

and Burgess, 2002; Skop et al., 2001). In this way, the second explanation for not having 

observed a twofold increase in cell surface area is that the lack of measurements in cells in 

late cytokinesis did not allow this study to capture the plasma membrane growth in the very 

late stages of the cell cycle. Finally, a third explanation could be related to the surface-to-

volume ratio of the cells. When contrasted with the volume measurements of Hughes and 

collaborators (2017), it appears that the volume of the cell doubles in 2K2N while the cell 

surface area does not. By increasing volume and area in different proportions, the surface-

to-volume ratio would be diminished increasing membrane tension and reducing cell 
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resistance to deformation (Lipowsky, 2022; Mao et al., 2021). The longitudinal membrane 

invagination of 2K2N cells, named division fold, marks the path for the cleavage furrow, 

which begins at the anterior end of the fold (close to the flagellum), and progresses toward 

the posterior (Robinson, 1995; Sherwin and Gull, 1989; Wheeler et al., 2013). Although the 

dynamics of the cleavage furrow are well-documented, the understanding of the 

mechanisms that command it are still evolving. An Aurora B kinase ortholog (TbAUK1), 

polo-like kinase, and two other proteins, TbCPC1 and TbCPC2, were reported to localize 

in the division fold of T. brucei and be involved with the cleavage furrow ingression 

(Kurasawa et al., 2022; Li et al., 2008). The recruitment of TbAUK1 is influenced by the 

cytokinesis initiation factor 1 (CIF1; also known as TOEFAZ1), which also recruits several 

other molecules (Hilton et al., 2018; Kurasawa et al., 2022; Sinclair-Davis et al., 2017; Zhou 

et al., 2018a). It was previously suggested that the destabilization of CIF1 would enable an 

alternative furrow ingression from the posterior pole of the division fold (Zhou et al., 2016). 

However, cells entering this “alternative cytokinesis pathway” seem not to complete cell 

division (Muniz et al., 2022). It was proposed that the flagellar motility is an important 

element contributing to cytokinesis (Ralston et al., 2006), which could be related to the 

deformation forces caused by the incessant beating (Alizadehrad et al., 2015). In addition, 

it is known that increased membrane tension enables the fission of membranous organelles 

in mammalian cells (Mahecic et al., 2021) and that areas of membrane strangulation, such 

as the division fold, can facilitate fission in the presence of a force (Lipowsky, 2022). 

Considering that the involvement of a contractile actomyosin ring or similar mechanism in 

T. brucei fission has not been reported, it is possible to suggest that an increased 

membrane tension is a necessary stressor that facilitates the ingression of the cleavage 

furrow in T. brucei.  

Studies in opisthokonts showed that clathrin triskelions form a cage-like structure 

surrounding vesicles that pinch off from the plasma membrane (Crowther and Pearse, 
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1981; Kirchhausen and Harrison, 1981; Sochacki and Taraska, 2019; Ungewickell and 

Branton, 1981). To fuse with the endosomes, CCVs must be uncoated, freeing the clathrin 

triskelions that become available for new recruitment (Prasad et al., 1993; Rothnie et al., 

2011; Ungewickell et al., 1995). Since clathrin triskelions can be re-used multiple times by 

the cell, an increase in endocytosis might not directly or dramatically affect clathrin levels. 

Kinetics on endocytosis showed that after 15 seconds, clathrin levels achieved a steady-

state (Engstler et al., 2004). Thus, it is plausible that clathrin levels would respond to the 

endocytic capacity of the cell. If this is true, and considering that the new endosomal system 

appears to be active during the cell cycle, then the discrete increase in clathrin recruitment 

could indicate that the new endosomal system is not functioning at its full capacity. 

Nevertheless, it is important to consider that complementary in-depth analyses on clathrin 

recruitment are necessary to sustain this hypothesis, such as fluorescence in situ 

hybridization (FISH) to analyze the level of clathrin transcripts or live-cell imaging. 

 

4.3 The physical connection between endosomal subpopulations 

The endosome markers TbRab5A, TbRab7, and TbRab11 play a key role in 

membrane recycling (Engstler et al., 2004; Grünfelder et al., 2003; Link et al., 2021; Overath 

and Engstler, 2004). Their involvement in the transport of membrane-bound cargo, such as 

LDL, transferrin, and VSG (Engstler et al., 2004; Field et al., 1998; Jeffries et al., 2001; Pal 

et al., 2002), as well as fluid-phase cargo, such as dextran and lucifer yellow (Engstler et 

al., 2004; Field et al., 1998; Hall et al., 2005), was previously demonstrated via fluorescence 

microscopy. Interestingly, although membrane-bound (VSGbiotin) and fluid-phase cargo 

(dextran) were shown to overlap at the beginning of endocytosis, a separation of both 

markers was observed after 20 seconds following uptake into the cell. A comparison 

between this cargo segregation and the kinetics of VSGbiotin endocytosis suggests that this 
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separation happened after VSGs had entered TbRab11-positive structures. In addition, 

both markers achieved maximum separation after ~1 minute, when dextran was localized 

to the lysosome (Engstler et al., 2004). Placed together, these studies indicate that 

TbRab11-positive structures would not be involved in fluid-phase cargo transport (Field et 

al., 1998; Hall et al., 2005). Electron microscopy studies using ferritin supported this idea, 

since ferritin was never observed inside narrow endosomal cisternae or exocytic carriers 

(Engstler et al., 2004; Langreth and Balber, 1975), which are TbRab11-positive structures 

(Grünfelder et al., 2003). However, horseradish peroxidase was observed inside narrow 

cisternal structures and exocytic carriers (Engstler et al., 2004), disagreeing with the 

exclusion of fluid-phase cargo from TbRab11-positive compartments. Trying to 

accommodate all of these observations, Engstler and collaborators (2004) proposed that 

fluid-phase cargo was transported in TbRab5A, TbRab7, and TbRab11 compartments and 

sorted into class II CCVs to be transported to the lysosome. However, the same authors 

also suggested that a possible interface between the early and the recycling compartments 

should be further investigated. 

To contribute to the understanding of the possible interface of endosomal 

subpopulations, and the endocytic pathways for fluid-phase cargo, this study presented the 

first quantitative colocalization analysis of T. brucei endosomes and ferritin. Ferritin strongly 

overlapped with TbRab5A while showing a moderate colocalization with TbRab7 and a 

weak overlap with TbRab11. These results confirm the involvement of both TbRab5A and 

TbRab7 in the ferritin endocytic pathway. This is not surprising, since the early endosome 

(TbRab5A) was shown to be the first station of endocytosed cargo in T. brucei cells 

(Engstler et al., 2004), and that the depletion of TbRab7 impaired the delivery of 

endocytosed cargo to the lysosome (Silverman et al., 2011). As ferritin was never observed 

in recycling compartments (Engstler et al., 2004) and the structures marked by TbRab11 

and TbRab5A were considered juxtaposed (Jeffries et al., 2001; Pal et al., 2002), the weak 
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colocalization between TbRab11 and ferritin observed here could be considered an artifact. 

However, the quantitative colocalization analysis of T. brucei endosomal markers indicated 

the simultaneous presence of the three TbRab markers in the same structures. Although 

this could be interpreted as a transitory double binding, similar to what would happen during 

a maturation process (Rink et al., 2005; Scott et al., 2014; Trivedi et al., 2020), data from 

our group suggest a non-stochastic distribution of TbRabs in specific regions of a complex 

endosomal network (Link et al., 2023, preprint). 

Finally, the colocalization of TbRabs was explored during the duplication of T. 

brucei. During kinetoplast division (1Kd1N) all TbRab markers appeared around the 

kinetoplast disk in the cytoplasmic region of the new-flagellum daughter. Such a distribution 

suggests that all three markers are recruited early in the formation of the new endosomal 

system. After the kinetoplast division, the signal of all markers progressively enlarges, 

spreading within the posterior region, which is consistent with the observations of the 

endosomes reported here. These observations suggest a de novo formation of the 

endosomal system in T. brucei.  Evidences for the de novo formation of endosomes were 

shown in mammalian cells, in which the maturation of early endosomes into late endosomes 

stimulates the de novo formation of early endosomes (Skjeldal et al., 2021). To confirm a 

de novo biogenesis of T. brucei endosomes further experiments would be necessary, such 

as live-cell imaging. 

The distribution of the TbRab markers changed during the course of the cell cycle, 

with the bulk of TbRab11 signal concentrating close to the kinetoplasts while TbRab5A and 

TbRab7 appeared close to the kinetoplasts and also in proximity with the nucleus/nuclei as 

the cell cycle progressed. These differences in the migration patterns explain the changes 

in the colocalization of the markers during the cell cycle. The observed migration of TbRab 

signals seemed to accompany the expansion of the new endosomal system, as evidenced 

by the strong colocalization of TbRab11 and EP1::GFP in all cell cycle stages. In 
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mammalian cells, clusters of Rab5 and Rab11 were recorded around mitotic spindle poles 

(Carlton et al., 2020; Hehnly and Doxsey, 2014; Serio et al., 2011) while in Drosophila only 

Rab5 was observed in this region (Capalbo et al., 2011). Knockout of Rab5 revealed its 

requirement for proper chromosome alignment and nuclear envelope breakdown in 

mammalian and Drosophila cells (Capalbo et al., 2011; Serio et al., 2011). Because 

trypanosomes undergo a closed mitosis (Zhou et al., 2018b, 2014) such an activity of 

TbRab5 would not be expected. However, evidence collected in the yeast S. pombe 

suggest that a local disassembly of the nuclear envelope is necessary for spindle pole 

formation even in cells undergoing closed mitosis (Dey et al., 2020). While carrying out the 

present study, a few trypanosome cells showed TbRab11 and TbRab5A in proximity with 

the nucleus. However, these signals did not prevail in the population and were weaker than 

the signal in the posterior region of the cell – coinciding with the endosomes. Because this 

study focused on the endosomes, the possible involvement of TbRabs and chromosome 

segregation was not explored. Nevertheless, it is important to highlight that, to this point, 

the study of small Rab GTPases in trypanosomes was solely focused on the intracellular 

transport (Engstler et al., 2004; Field et al., 1998; Hall et al., 2005; Jeffries et al., 2001; Pal 

et al., 2002; Silverman et al., 2011; Umaer et al., 2018). Consequently, no other role for 

TbRabs is known for this organism, representing an open field to be explored.   

 

4.4 Lysosome duplication and morphological plasticity 

As the main organelle responsible for intracellular digestion, the lysosome is 

essential for cellular homeostasis acting in nutrient sensing, intracellular signaling, and 

metabolism (Ballabio and Bonifacino, 2020; Barral et al., 2022). It has a close relationship 

with endosomes, which secure delivery of endogenous or exogenous cargo to the lysosome 

(Barral et al., 2022). In T. brucei, the lysosome is usually studied in a context of 
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therapeutics, exploring its potential as a target for drug development (Caffrey et al., 2001; 

Koeller et al., 2021; Koeller and Bangs, 2019; Peck et al., 2008). Therefore, very little 

attention has been dedicated to the lysosome regarding its morphology, duplication, and 

inheritance. 

This study shows that the lysosome started increasing in size after the endosomes 

had completed their duplication, during the 2K1N stage. In 2K2N cells it achieved double 

its area, indicating the completion of the duplication. This late replication has been reported 

previously for other small degradative organelles named acidocalcisomes, which also 

increase in number in 2K1N cells. It was suggested that the late duplication of 

acidocalcisomes indicates that they are not essential for cell volume growth (Hughes et al., 

2017), which also could be the case for the lysosome. In addition, endocytosed VSG was 

never spotted in the lysosome (Engstler et al., 2004; Grünfelder et al., 2003; Overath and 

Engstler, 2004). Thus, it is possible to assume that the lysosome is not essential for plasma 

membrane homeostasis during T. brucei replication.  

The morphology of the lysosome was highly heterogeneous even within the 

individual cell cycle stages, showing either a spherical shape or protrusions that varied in 

number and form. When studying the mechanisms of trypanosome resistance to the 

trypanolytic factor, Hager and Hajduk (1997) spotted distinct morphologies of the lysosome 

marked with dextran. In his PhD thesis, Jamin Jung reported that the lysosome protrusions 

“appeared and disappeared at different sites” (Jung, 2015, p. 53). However, the lysosome 

is still commonly referred to as a round structure (Engstler et al., 2004; Hall et al., 2004b; 

Koeller and Bangs, 2019; Peck et al., 2008), a shape that is usually used to emphasize 

differences to the tubular lysosome of Leishmania (Halliday et al., 2019; Wang et al., 2020). 

Here, electron microscopy was used to investigate the structure of the lysosome in more 

detail, revealing the membrane protein p67 to be associated with vesicular, circular, and 

irregular structures. With cathepsin L the lumen of the lysosome was visualized and the 
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irregular structures appeared to be formed by an elongated structure surrounded with 

vesicle-like regions.  

The morphological heterogeneity of the lysosome has been previously documented 

in phagocytic cells, in which extended tubular projections were observed in lysosomal 

membranes. In these cells, the perinuclear lysosome showed a vesicular morphology until 

phagocytosis was stimulated and tubule-like protrusions started radiating from the vesicular 

endosome. These protrusions progressively diminished in concert with the digestion of the 

particles taken up and the lysosome returned to the vesicle-like morphology (Barois et al., 

2002; Bohnert and Johnson, 2022; Knapp and Swanson, 1990; Swanson et al., 1987). 

Thus, it was proposed that the protrusions may accelerate particle digestion by increasing 

the internal holding capacity of lysosomes (Bohnert and Johnson, 2022). The function of 

the lysosomal plasticity in T. brucei remains to be elucidated but it is tempting to speculate 

that there is a similar physiological role. 
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5. Conclusions 

This study showed that the cell surface area of proliferating T. brucei cells 

progressively grows during the cell cycle. In contrast, the endosomes exhibit pronounced 

growth after kinetoplast duplication (2K1N), which is followed by the duplication of the 

lysosome (2K2N). This points to a coordinated duplication of these organelles with 

complementary roles in trypanosome metabolism. In addition, the early duplication of the 

endosomes suggests a potential relationship with plasma membrane growth, which is 

different from what was observed for the lysosome. The duplication of the endosome 

happens in the cytoplasmic region of the new-flagellum daughter with recruitment of clathrin 

and TbRab GTPases to the same location suggesting the activity of the newly formed 

endosomal system. The recruitment of clathrin to both flagellar pockets reinforces this idea. 

The marginal increase in clathrin recruitment, allowed the proposition that endosomes 

sustain plasma membrane growth via imbalance in endo- and exocytosis. To confirm this, 

future studies could explore the endocytosis ratios during the different stages of the cell 

cycle using, for example, flow cytometry to measure the internalization of biotinylated VSG.  

The in-depth colocalization analyses of TbRab markers indicated their presence in 

the same region/structure, demonstrating, for the first time, the potential physical 

connection of T. brucei endosome subpopulations. This finding was further investigated via 

electron tomography and immunoelectron microscopy and the results are available in the 

preprint of Link and collaborators (2023).  
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1. Introduction 

Kinetoplastids (Kinetoplastea HONIGBERG, 1963) are a remarkable group of 

unicellular organisms. They include free-living and parasite protists of invertebrates, 

vertebrates, and plants (Adl et al., 2019; Cavalier-Smith, 2016; Lukeš et al., 2018). Among 

them, we find the obligatory parasites of the order Trypanosomatida KENT, 1880 (Adl et al., 

2019; Moreira et al., 2004), including the human pathogens T. brucei, which causes African 

sleeping sickness, T. cruzi, the causative agent of Chagas disease in South America, and 

Leishmania ROSS, 1903 species which infect and harm hundreds of thousands of people 

each year (Akhoundi et al., 2016; Lukeš et al., 2018, 2014; WHO, 2012). African 

trypanosomes are likely the most well-known trypanosomatids. Due to their dixenic life 

cycle and the extracellular lifestyle in the vertebrate blood, they have evolved interesting, 

and sometimes unusual, mechanisms to deal with such different environments and 

challenges imposed by the immune system. Thus, it does not come as a surprise that major 

discoveries in cell biology have been made in trypanosomes, such as antigenic variation 

(Vickerman, 1978), glycolysis compartmented in unique organelles (Hart et al., 1987), GPI-

anchoring of membrane proteins (Menon et al., 1988), and unprecedented nucleotide 

modifications (Gommers-Ampt et al., 1993). 

For harboring such a diverse group of organisms, it is unsurprising that the evolution 

of parasitism inside Kinetoplastea has been intriguing scientists for decades. Given that 

each parasitic group has closely affiliated free-living relatives and reversion to a free-living 

state did not occur, it is probable that at least four independent adoptions of obligate 

parasitism or commensalism have occurred (Lukeš et al., 2018, 2014; Yazaki et al., 2017). 

Currently, the earliest diverging lineage inside Trypanosomatida is the genus 

Paratrypanosoma VOTÝPKA AND LUKEŠ, 2013, represented by one species found in 

mosquitoes, Paratrypanosoma confusum VOTÝPKA AND LUKEŠ, 2013 (Flegontov et al., 
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2013; Skalický et al., 2017). The vast majority of trypanosomatids are monoxenic parasites 

of insects with few dixenic genera due to the capacity of infect vertebrates, such as 

Leishmania and Trypanosoma GRUBY, 1843 (Lukeš et al., 2018). Thus, the most likely origin 

of Leishmania and Trypanosoma is from within monoxenic trypanosomatids, implicating 

that their origins were no earlier than 370 million years ago, when the invasion of land by 

vertebrates occurred (Hamilton and Stevens, 2017; Lukeš et al., 2014; Stevens et al., 

1999). The transmission of an insect-living trypanosomatid into a warm-blooded host has 

most likely occurred many times with rare successful cases (Flegontov et al., 2013; 

Hamilton and Stevens, 2017; Lukeš et al., 2014). So far, only Trypanosoma, Leishmania, 

Endotrypanum, and Porcisia have left surviving descendants in vertebrates. 

Having passed the vertebrate colonization bottleneck, Trypanosoma radiation and 

adaptation to diverse vertebrate species became an unprecedented evolutionary success 

story. Today, these parasites prosper in essentially all vertebrate Classes, from fish to 

mammals (Fermino et al., 2019; Hamilton and Stevens, 2017; Lemos et al., 2015). The 18S 

rDNA marker has been extensively used to analyze the phylogenetic relationship inside this 

group (Hamilton et al., 2004, 2005, 2007; Lukeš et al., 2014; Maslov et al., 2001; Stevens 

et al., 1999). The incorporation of glycosomal glyceraldehyde phosphate dehydrogenase 

(gGAPDH) into the analysis allowed the generation of more resolved trees, consolidating, 

for example, the long-lasting question about the monophyly inside Trypanosoma (Fermino 

et al., 2019; Hamilton et al., 2009, 2007, 2005, 2004; Hamilton and Stevens, 2017; Lima et 

al., 2015). 

The advent of modern sequencing technologies has greatly advanced our 

understanding of trypanosomatid phylogeny, with more new genera described in the last 

decade than within the past century (Adl et al., 2019; Lukeš et al., 2018, 2014). These days, 

trypanosomatid phylogeny has sufficiently advanced to provide a solid framework for 

comparative studies, with genomic data available for more than just the medically relevant 
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kinetoplastids. Interestingly, the basic layout of trypanosomatid genomes appears to be 

strikingly similar, with high overall synteny, within and between monoxenic and dixenic 

species (Lukeš et al., 2018). The constantly growing genome data might become a powerful 

tool for evolutionary inference. In the future, trypanosomatids will be studied not only as 

infective agents of devastating neglected tropical diseases, or powerful genetic and cellular 

model systems, but also to unravel basic principles of the evolution of unicellular 

eukaryotes. What we know today is just the tip of an iceberg. The origin of Trypanosoma, 

for example, remains enigmatic. Further, the presence of prokaryotic endosymbionts and 

viruses in trypanosomatids, or the full biodiversity and ecological role of insect 

trypanosomatids remain superficially explored (Lukeš et al., 2018; Teixeira et al., 2011). 

Here, we present the first large scale case study in which trypanosomatid RNA 

secondary structure is used as an additional source of phylogenetic information. We use 

18S rRNA sequence-structure data simultaneously in inferring alignments and trees. This 

approach was recently reviewed and shown to increase robustness and accuracy of 

reconstructed phylogenies (Keller et al., 2010; Wolf et al., 2014). So far, all conclusions 

have been made with multigene trees. In our study, there are only a few places in our 

robustly supported trees where branching does not match with multigene phylogenomic 

trees. In our discussion, we explore both the synergetic and the discrepant aspects of our 

trees and the literature, as they are potentially critical branches that are ambiguous and 

require more attention. 
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2. Material and Methods 

2.1 Taxon sampling, secondary structure prediction, sequence–structure 

alignment, and phylogenetic tree reconstruction 

For this study, 240 SSU 18S ribosomal RNA gene sequences from 

Trypanosomatida with a sequence length > 1500 nucleotides and a full taxonomic lineage, 

down to a complete species name, were retrieved from NCBI (GenBank) using a search 

string (Supplementary List S1). Of these sequences, 195 are from the Trypanosoma genus. 

For a closer look into the Trypanosoma phylogeny, a subset of 43 sequences of the 

automated search were used for analysis, which was further complemented with manually 

retrieved sequences from NCBI (Supplementary List S2). Secondary structures of the 18S 

rRNA gene sequences were obtained via homology modeling (Wolf et al., 2005) using T. 

cruzi (AF245382) and T. brucei (M12676) as templates (Supplementary Figure S1) in the 

ITS2 database (Ankenbrand et al., 2015). The two template-secondary structures (without 

pseudoknots) were obtained from the Comparative RNA Web (CRW) (Cannone et al., 

2002). For sequence-structure alignments, the four RNA nucleotides, which were multiplied 

by three states (unpaired, paired left and paired right), are encoded by a 12-letter alphabet 

(Wolf et al., 2014). Using a specific 12 x 12 sequence-structure scoring matrix (Seibel et 

al., 2006), global multiple sequence-structure alignments were automatically generated in 

ClustalW2 1.83 (Larkin et al., 2007) as implemented in 4SALE 1.7.1 (Seibel et al., 2008, 

2006). After alignment, the sequences were trimmed at start and end. The final alignments 

are available as supplementary data S1-S5. Based on Keller et al. (2010), using 12-letter 

encoded sequences, sequence-structure neighbor-joining (NJ) trees were determined 

using ProfDistS (Keller et al., 2010; Wolf et al., 2008). For further analysis of Trypanosoma 

using the 12-letter encoded sequences, sequence-structure maximum likelihood (ML) trees 

(Felsenstein, 1981) were calculated using phangorn (Schliep, 2011), as implemented in the 
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statistical framework R (R Core Team, 2014). The R script is available from the 4SALE 

homepage at http://4sale.bioapps.biozentrum.uniwuerzburg.de (Wolf et al., 2014). 

Bootstrap support for all sequence-structure trees was estimated (due to the complexity of 

the 12x12 approach) based on 100 pseudo-replicates. Trees were rooted with non-

Trypanosoma sequences from Trypanosomatida. 

http://4sale.bioapps.biozentrum.uni-wuerzburg.de/
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3. Results and Discussion 

3.1 Phylogeny of Trypanosomatida and trypanosomes based on the automated 

search 

The analysis of 240 18S rRNA gene sequence-structure pairs (Figure 1) and 

selection of 43 different species (Figure 2) resulted in trees supported by high bootstraps 

values (>75) on sister groups displaying the following Trypanosoma clades: the 

Trypanosoma pestanai BETTENCOURT AND FRANÇA, 1905 clade, represented in our tree by 

this species found in the Eurasian badger (Hamilton and Stevens, 2017); the T. brucei 

clade, consisting of trypanosome species naturally transmitted by tsetse flies, such as 

Trypanosoma vivax ZIEMANN, 1905, Trypanosoma congolense BRODEN, 1904, and T. 

brucei (Hamilton et al., 2007, 2004; Hamilton and Stevens, 2017; Lima et al., 2015); the T. 

cruzi clade, comprising mammalian trypanosomes with worldwide distribution, such as T. 

cruzi, Trypanosoma rangeli TEJERA, 1920, and Trypanosoma wauwau TEIXEIRA AND 

CAMARGO, 2016, endemic of Latin America, Trypanosoma conorhini (DONOVAN, 1909) 

found in Europe, South America and Africa, and Trypanosoma dionisii BETTENCOURT AND 

FRANÇA, 1905 distributed in Latin America, Africa, Asia and Europe (Clément et al., 2020; 

Hamilton et al., 2009, 2007; Lima et al., 2015); the Trypanosoma lewisi (KENT, 1880) clade, 

including parasites of the subgenus Herpetosoma found majorly in rodents (Ortiz et al., 

2018); the Crocodilian clade, harboring trypanosomes of terrestrial lineage found in 

crocodilians in Africa and alligators in South America (Fermino et al., 2019, 2013); the Avian 

clade, with Trypanosoma corvi STEPHENS AND CHRISTOPHERS, 1908, Trypanosoma avium 

DANILEWSKY, 1885 and Trypanosoma thomasbancrofti SLAPETA, 2016 (Šlapeta et al., 

2016); the Trypanosoma theileri LAVERAN, 1902 clade, with T. theileri, a worldwide 

distributted cattle parasite, and the subclade representant Trypanosoma cyclops WEINMAN, 

1972 (Hamilton and Stevens, 2017; Lima et al., 2015); and the Aquatic clade, harboring 

trypanosomes from fish, anurans and platypus (Attias et al., 2016; Lemos et al., 2015; 

Spodareva et al., 2018). Interestingly, the lizard/snake clade is also represented in our tree 



CHAPTER 2 – RESULTS AND DISCUSSION 
  

106 
 

with Trypanosoma varani WENYON, 1908, a snake trypanosome, branching together with 

the mammal parasite Trypanosoma freitasi REGO ET AL., 1957. The branching of marsupial 

and rodent trypanosomes inside this clade has been previously observed (Dobigny et al., 

2011; Ortiz et al., 2018). Thus, our analysis corroborates the existence of the lizard-

snake/marsupial-rodent clade composed by trypanosomes transmitted by sandflies (Ortiz 

et al., 2018). 

The phylogenetic analyses using sequence-structure data of 18S rRNA genes 

(Figure 2) supports the monophyly of Trypanosoma as previously observed in trees 

constructed with partial/complete sequences of 18S rDNA and/or gGAPDH sequences 

(Fermino et al., 2019; Hamilton et al., 2007, 2005, 2004). Intriguingly, in the tree obtained 

using a greater number of sequences (Figure 1) Strigomonas culicis (WALLACE AND 

JOHNSON, 1961) (U05679.1 and HQ659564.1) appear as a basal group of African 

trypanosomes. To date, studies on Trypanosomatida showed a basal position of 

Trypanosoma in relation to Strigomonas LWOFF AND LWOFF, 1931 (Du et al., 1994; Lukeš 

et al., 2018; Teixeira et al., 2011). To confirm/refute this positioning it would be necessary 

to increase the analysis with other representants of Strigomonadinae subfamily. It is 

important to note that the inclusion of representants of T. brucei clade in extensive 

phylogenetic analysis of Kinetoplastea potentially generate artifacts, such as the suggestion 

of paraphyly inside Trypanosoma due to the clustering with other trypanosomatid genera 

(Hughes and Piontkivska, 2003). This could be related not only to the positioning observed 

for Strigomonas, but would also explain the clustering of one sequence of the bat parasite 

T. dionisii within the T. brucei clade (Figure 1). This species is distributed worldwide, with 

its origin in Africa, and presents a high phyletic diversity (Clément et al., 2020). However, 

its branching inside T. cruzi clade is strongly supported (Hamilton et al., 2007, 2005, 2004; 

Hamilton and Stevens, 2017; Lima et al., 2015). 

The first branching of Trypanosoma (Figure 2) forms two major groups: one lineage 

composed by T. brucei and T. pestanai clades, and another with trypanosomes from 

Terrestrial (T. cruzi, T. lewisi, T. theileri, snake-lizard/marsupial-rodent, avian and 
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crocodilian clades) and Aquatic lineages. Thus, this tree corroborates the hypothesis of the 

independent evolutionary history of both human pathogens, T. brucei and T. cruzi (Hamilton 

and Stevens, 2017). The topology of our tree shows the Aquatic clade as a solid lineage, 

in accordance with previous observations (Fermino et al., 2019; Hamilton et al., 2007, 2005; 

Lima et al., 2015). However, the origin of this clade is still under debate. Many studies using 

different DNA markers, such as long (>1.4 kb) 18S rDNA sequences, v7v8 hypervariable 

region of 18S rDNA and/or partial sequences of gGAPDH, showed either an early division 

between Aquatic and Terrestrial lineages as a single event (Fermino et al., 2019; Hamilton 

et al., 2007, 2005; Lima et al., 2015) or in subsequent events with amphibian trypanosomes 

and Trypanosoma therezieni BRYGOO, 1963 at the basis of Trypanosoma (Botero et al., 

2016, 2013; Hamilton et al., 2004). Interestingly, our tree suggests a later evolution of the 

Aquatic clade from Terrestrial trypanosomes (Figure 2), which agrees with the insect first 

hypothesis (Hamilton and Stevens, 2017; Ortiz et al., 2018). This hypothesis assumes that 

trypanosomes were originated from a monogenetic insect parasite that adapted to live 

inside terrestrial vertebrates and later spread to leeches and other aquatic animals, most 

likely through amphibians (Hamilton and Stevens, 2017). 

Trypanosomes of the T. brucei clade are virtually restricted to Africa, with one 

exception being T. vivax (Rodrigues et al., 2008; Silva Pereira et al., 2020). The early 

divergence of T. vivax inside the T. brucei clade (Figures 1, 2) is in accordance to previous 

results showing a higher evolutionary rate of this species among the salivarian 

trypanosomes (Hamilton et al., 2007; Lima et al., 2015; Stevens and Rambaut, 2001). It is 

interesting to consider that a previous analysis of 18S rDNA sequences revealed that 

members of the T. brucei clade show an evolutionary rate higher than other trypanosomes 

(Stevens and Rambaut, 2001). However, this high divergence has proven not to alter the 

topology of sequence-based trees (Hamilton et al., 2004). Inside this clade, T. brucei, 

Trypanosoma evansi STEEL, 1885 and Trypanosoma equiperdum DOFLEIN, 1901 branched 

together (Figure 2). In fact, the relationship between these species has been a topic of 

discussion for many years. Although a high genetic variation among T. evansi strains has 
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been recorded, phylogenetic studies support their similarities with T. equiperdum and T. 

brucei (Carnes et al., 2015; Kamidi et al., 2017; Lai et al., 2008). Thus, the reclassification 

of T. equiperdum and T. evansi as a subspecies of T. brucei was suggested, but would be 

against the Principle of Priority of the International Code of Zoological Nomenclature due 

to the seniority of the name T. evansi (Molinari and Moreno, 2018). 

 

Figure 1. 18S rDNA sequence-structure neighbor-joining (NJ) tree obtained by ProfDistS (Wolf 
et al., 2008). All 240 18S rDNA sequences from Trypanosomatida (Kinetoplastea, Euglenozoa) 
available at NCBI (GenBank) with a sequence length > 1500 nucleotides and with a full taxonomic 
lineage down to a complete species name have been used for the analysis. For tree reconstruction 
the global multiple sequence-structure alignment (.xfasta format) as derived by 4SALE (Seibel et al., 
2008, 2006) was automatically encoded by a 12-letter alphabet (Wolf et al., 2014). GenBank accession 
numbers accompany each taxon name. Key taxa are off and on marked in gray and additionally named 
alongside the tree. Non-monophyletic taxa are indicated by quotation marks. Singletons are 
highlighted red and polyphyletic taxa are highlighted blue. The scale bar indicates evolutionary 
distances. The tree is rooted at non-Trypanosoma sequences.  
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Figure 2. 18S rDNA sequence-structure maximum likelihood (ML) tree, representative subset of 43 
sequences from Figure 1, obtained by phangorn as implemented in R (Schliep, 2011). Bootstrap 
values from 100 pseudo-replicates, mapped at the appropriate internodes, are from maximum likelihood- 
(ML) and neighbor-joining- (NJ, obtained by ProfDistS (Wolf et al., 2008)) analyses. For NJ tree 
reconstruction the global multiple sequence-structure alignment (.xfasta format) as derived by 4SALE 
(Seibel et al., 2008, 2006) was automatically encoded by a 12-letter alphabet (Wolf et al., 2014). For ML 
tree reconstruction the “one letter encoded” fasta format (12letter alphabet) as derived by 4SALE (Seibel 
et al., 2008, 2006) was used. GenBank identifiers accompany each taxon name. The scale bar indicates 
evolutionary distances. Highly supported branches are indicated by thicker lines. The tree is rooted at 
Crithridia mellificae (KM980182) and Leishmania amazonensis (JX030087). Clades discussed in the text 
are highlighted. 
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Regarding the other major group of our analysis (Terrestrial/Aquatic lineages), the 

first branching inside this group suggests the differentiation of the snake-lizard/marsupial-

rodent clade as a basal group of other trypanosomes (Figure 2). However, other studies 

have suggested avian trypanosomes as a basal group among terrestrial lineages (Hamilton 

et al., 2004). This can be associated with the low bootstrap values of our tree in either three 

events: the snake-lizard/marsupial-rodent clade (ML = 54) differentiation, the divergence of 

crocodilian trypanosomes (ML = 55), and the internal branch of avian trypanosomes 

(ML = 61), which will be further explored in our discussion. 

The T. cruzi and T. lewisi clades appear as sister groups in our analysis (Figure 2), 

as has been previously demonstrated (Hamilton et al., 2007, 2005, 2004; Lima et al., 2015). 

The T. cruzi clade can be subdivided into three subclades: Schizotrypanum, T. wauwau 

(and other Neotropical bat trypanosomes), and T. rangeli/T. conorhini (Clément et al., 2020; 

Lima et al., 2015). The specific sequences of Trypanosoma minasense CHAGAS, 1908 and 

Trypanosoma leeuwenhoeki SHAW, 1969 (AJ012413.1 and AJ012412.1, respectively) 

grouped with T. rangeli in our tree were previously considered synonyms of this species by 

18S rDNA sequence analysis, explaining their positioning (Hamilton and Stevens, 2017; 

Sato et al., 2008). Regarding the T. lewisi clade, our results suggest the existence of two 

subclades inside the group (ML = 100), one harboring Trypanosoma microti LAVERAN AND 

PETIT, 1910, and the other with T. lewisi and Trypanosoma grosi LAVERAN AND PETIT, 1909. 

This finding is in accordance with a recent analysis of long fragments of 18S rDNA which 

demonstrated this subdivision despite the similarities in the v7v8 hypervariable region 

(Egan et al., 2020). 

Concerning avian trypanosomes, our tree reflects previous findings in both the 

divergence between T. avium and T. corvi and the maximum supported (ML = 100) 

proximity between T. avium and T. thomasbancrofti (Sato et al., 2008; Šlapeta et al., 2016). 

A low bootstrap value (ML = 61) is observed in the divergence of T. corvi and T. avium/T. 

thomasbancrofti. It is interesting to note that we currently have two topologies known in 

literature, with the possibility of paraphyly demonstrated by analysis of long sequences of 
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18S rDNA (Hamilton et al., 2007; Šlapeta et al., 2016; Votýpka et al., 2004). This, however, 

was not observed in trees constructed with v7v8 hypervariable region of 18S rDNA, 

gGAPDH sequences, or concatenated trees using both (Fermino et al., 2019, 2015, 2013). 

Thus, our tree corroborates the data of phylogenies using only the long sequences of 18S 

rDNA. This controversy indicates the need for a better resolution on avian trypanosome 

positioning. 

In our analysis we see the crocodilian/alligator trypanosomes (T. grayi and T. ralphi) 

branching together with the maximum support value (ML = 100) (Figure 2). Although T. 

grayi is found in Africa and T. ralphi in South America (Fermino et al., 2019, 2015, 2013), 

in a tree with distant external groups like ours, this topology is expected due to their 

proximity inside the Crocodilian clade (Fermino et al., 2019, 2013). Our tree reflects the 

proximity of the crocodilian trypanosomes with T. cruzi clade, as previously observed 

through full genome analysis (Kelly et al., 2014). Interestingly, crocodilian trypanosomes, 

such as T. grayi and Trypanosoma kaiowa TEIXEIRA AND CAMARGO, 2019 are tsetse-

transmitted species that are not restricted to the sub-Saharan belt (Fermino et al., 2019, 

2013; Kelly et al., 2014), suggesting higher adaptive plasticity of crocodilian trypanosomes. 

The trypanosomes of the Aquatic lineage branched together (Figure 2). The 

subgroups observed are anuran trypanosomes (Trypanosoma rotatorium (MAYER, 1843), 

Trypanosoma mega DUTTON AND TODD, 1903, Trypanosoma fallisi MARTIN AND DESSER, 

1990, Trypanosoma ranarum (LANKESTER, 1871), and Trypanosoma neveulemairei 

BRUMPT, 1928) and fish trypanosomes (Trypanosoma siniperca CHANG, 1964, 

Trypanosoma ophiocephali CHEN, 1964, Trypanosoma cobitis MITROPHANOW, 1884, 

Trypanosoma granulosum LAVERAN AND MESNIL, 1902, Trypanosoma pleuronectidium 

ROBERTSON, 1906) along with the platypus parasite Trypanosoma binneyi MACKERRAS, 

1959, which is in accordance to the literature (Attias et al., 2016; Fermino et al., 2019; 

Lemos et al., 2015; Spodareva et al., 2018). Interestingly, the anuran parasite, 

Trypanosoma chattoni MATHIS AND LEGER, 1911, appears in our analysis more related to 

fish and platypus trypanosomes than to the anuran clade. This positioning of T. chattoni 
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was shown in a previous study using complete 18S rDNA sequences and non-

trypanosomes as the outgroup (Martin et al., 2002). Recent trees using complete 18S rDNA 

sequences and concatenated analysis of v7v8 hypervariable region and gGAPDH rooted 

by other trypanosomes sustained either a monophyletic anuran clade (Attias et al., 2016) 

or the paraphyly of the group (Spodareva et al., 2018). 

 

3.2 Expanding the analysis of Trypanosoma 

To expand our discussion and gain insights into the questions opened by our first 

analysis of Trypanosoma, we manually included sequences of 24 species to generate a 

new tree. This new assembly contained representatives from all Trypanosoma clades and 

was rendered in a slightly different topology. We comparatively present the new subgenera 

classification, proposed to unify phylogeny and the traditional morphological descriptions 

(Kostygov et al., 2021), along with the former, and extensively used, clades classification 

(Hamilton and Stevens, 2017) (Figure 3). 

In this new tree, the T. brucei clade (subdivided in Duttonella, Nannomonas, and 

Trypanozoon) occupies a basal position within Trypanosoma. Despite this change, the 

internal branches were not altered, confirming the solid cluster of salivarian trypanosomes 

(Hamilton and Stevens, 2017), which have an evolutionary origin confined to Africa, with 

differentiation likely occurring after continental separation in the mid-Cretaceous (Stevens 

et al., 1999). 

The positioning of the T. pestanai clade changed, now resulting from a 

differentiation event posterior to the Salivaria. The low bootstrap value (ML = 60) highlights 

its unresolved positioning. While some analysis place T. pestanai as a sister group of the 

T. brucei clade (Hamilton et al., 2007, 2005; Yazaki et al., 2017), others present the 

relationship closer to trypanosomes of the Terrestrial lineage, such as snake and lizard 

trypanosomes (Hamilton et al., 2007) and the T. theileri clade (Herpetosoma) (McInnes et 

al., 2011; Stevens et al., 1999). The elucidation of the positioning of this clade would require 
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a detailed analysis with the inclusion of other representants, such as Trypanosoma 

copemani AUSTEN ET AL., 2009 and Trypanosoma giletti MCINNES ET AL., 2010. However, 

the inclusion of these sequences was not possible using our method. Of notice, the 

subgenera of T. pestanai in the new classification remains undetermined while T. copemani 

and T. giletti were placed in the subgenera Australotrypanum (Kostygov et al., 2021). 

One of the contradictory points resulting from our first analysis was the derived 

position of the Avian clade. The expansion of the tree confirmed the ancestrality of 

Crocodilian and T. theileri clades (Crocotrypanum and Herpetosoma, respectively) to the 

T. irwini clade, consisting of the avian trypanosome Trypanosoma bennetti VALKIUNAS ET 

AL., 2011 and the koala parasite Trypanosoma irwini MCINNES ET AL., 2009. This clade is 

the closest ancestor of the Avian clade and the positioning of T. bennetti within T. irwini 

corroborates the paraphyly of avian trypanosomes (Hamilton et al., 2007; Šlapeta et al., 

2016; Votýpka et al., 2004). Considering the use of only five species of avian and three 

species of crocodilian trypanosomes in our reconstruction, our approach represents an 

interesting method to be applied in further studies. In the most recent classification, the 

former paraphyletic Avian clade is divided into three monophyletic subgenera Avitrypanum, 

Trypanomorpha, and Ornithotrypanum while the parasite of koalas T. irwini has still an 

uncertain placement (Kostygov et al., 2021). 

The inclusion of sequences from Trypanosoma lainsoni NAIFF AND BARRET, 2013, a 

mammalian parasite, and Trypanosoma scelopori AYALA, 1970 and Trypanosoma 

cascavelli PESSOA AND DE BIASI, 1972, reptilian parasites, increased the bootstrap support 

for the earlier differentiation of the snake-lizard/marsupial-rodent clade (Squamatrypanum), 

placing it as an ancestor of the Aquatic clade. The increased number of representatives in 

the Aquatic clade confirmed the paraphyly of anuran trypanosomes (placed in the subgenus 

Trypanosoma). This paraphyly was previously proposed based on positioning of 

Trypanosoma loricatum (MAYER, 1843) (Spodareva et al., 2018). In our analysis, T. 

loricatum, T. chattoni, and Trypanosoma herthameyeri DE SOUZA AND CAMARGO, 2015 

branched as ancestors of fish, platypus, and tortoise trypanosomes (subgenus 
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Haematomonas). Despite the proposition of the origin of the Terrestrial lineage from 

amphibian trypanosomes (Spodareva et al., 2018), our data advocates the ancestrality of 

Terrestrial trypanosomes. Dipterans are vectors of trypanosomes from the snake-

lizard/marsupial-rodent clade and were also suggested as vectors of frog trypanosomes, 

such as T. rotatorium, which are potentially transmitted by Culex territans WALKER, 1856 

(Desser et al., 1973). Thus, it seems likely that the Aquatic clade differentiated from a 

successful infection of an anuran by a terrestrial trypanosome. The proximity of anurans 

and leeches in the aquatic environment could have engendered the perfect opportunity for 

the transition to this invertebrate and the further spread to other aquatic animals. 

Expanding the number of representatives in the T. lewisi clade (Herpetosoma), as 

well as including Trypanosoma sapaensis MAFIE ET AL., 2019 and Trypanosoma 

anourosoricis MAFIE ET AL., 2019 in the analysis reveals two major subclades: one 

composed by T. sapaensis and T. anourosoricis and another formed by T. microti, T. grosi, 

T. lewisi, Trypanosoma niviventerae MAFIE ET AL., 2019, Trypanosoma blanchardi HOMMEL 

AND ROBERTSON, 1976, and Trypanosoma musculi (THIROUX, 1905). Based on 

morphological analysis, T. sapaensis and T. anourosoricis were proposed to belong to the 

Megatrypanum subgenus (Mafie et al., 2019). However, the same study placed both as a 

sister group of T. lewisi (Mafie et al., 2019). The taxonomical inconsistencies generated by 

morphological analysis of trypanosomes are well known. In fact, due to the polyphyly 

observed in the subgenera of stercorarian trypanosomes, it was proposed to use the 

subgenus Herpetosoma for species closely related to T. lewisi while Megatrypanum should 

be used for species related to T. theileri (Hamilton and Stevens, 2017). Thus, our tree 

places T. sapaensis and T. anourosoricis within the T. lewisi clade with a maximal support 

value (ML = 100), suggesting their classification as Herpetosoma.  
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Figure 3. 18S rDNA sequence-structure maximum likelihood (ML) tree (cf. Fig. 2), with additional taxa 
included (cf. List S2). The previous, and extensively studied, clades (Hamilton and Stevens, 2017; Ortiz et 
al., 2018) and the new system based in monophyletic subgenera (Kostygov et al., 2021) are comparatively 
depicted. 
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4. Conclusions 

18S rDNA is one of the most used markers in inferring phylogenies at higher 

taxonomic levels. However, this molecule has often been claimed to be inadequate for 

reconstructing phylogenetic relationships at lower taxonomic levels, in particular, because 

of its conservative rate of evolution. Thus, the use of the v7v8 hypervariable region has 

become popular inside the trypanosome community as a barcode suitable to describe new 

species along with gGAPDH (Hamilton and Stevens, 2017). However, some questions 

regarding the positioning of the groups still need to be answered. To this, evaluating bigger 

sequences and using different genetic markers can bring more information to the analysis 

improving resolution of the trees (Hamilton and Stevens, 2017). The inclusion of RNA 

secondary structures was shown to improve accuracy and robustness in reconstruction of 

phylogenetic trees through simulation studies for ITS2 rRNA gene sequence-structure data 

(Keller et al., 2010). Then, this approach was applied in a large number of biological case 

studies for ITS2 as well as exemplary for 18S rRNA gene sequence-structure data 

(Buchheim et al., 2017; Czech and Wolf, 2020; Heeg and Wolf, 2015; Lim et al., 2016). 

In this work, we demonstrate that the simultaneous use of trypanosome 18S rRNA 

gene sequence and secondary structure data (i.e., the consideration of the individual 

secondary structures of the rRNA genes) results in reliable and robustly supported trees, 

which are generally in accordance with the current knowledge in the field. Our topology 

highlights the need for further exploration of some groups, such as the T. pestanai, avian 

and snake-lizard/marsupial-rodent clades, which are less explored in trypanosome 

phylogenies. Thus, the analysis of 18S rRNA gene sequence-structure data generates 

consistent trees, encouraging its use as an additional tool for upcoming phylogenetic 

reconstructions. 
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Summarizing discussion 

A complex task of this thesis was to integrate information from the different research 

lines presented here – the classical cell biology and phylogenetics. While it is true that an 

overview of the macroevolution of the different Trypanosoma subgenera can provide 

insights into the conservation of cellular processes and/or structures, a detailed description 

of the endo-lysosomal system in other trypanosome species is currently lacking. Details 

such as the description of cargo uptake pathways, the GTPases involved in the transport, 

modifications in endocytosis and the endo-lysosomal system throughout the cell cycle, and 

plasma membrane homeostasis are still missing. Therefore, tracing a parallel between the 

main results of this thesis with the evolutionary history of Trypanosoma is remarkably 

difficult. Nevertheless, considering T. brucei as a less extensively studied organism in 

eukaryotic cell biology, which is deeply focused on opisthokonts (e.g., Drosophila, 

mammalian, and yeast cells), this brief discussion will be used to highlight areas of 

investigation for modern comparative cell biology. Whenever pertinent for the comparison, 

available information on other trypanosomatids will be presented. 

In T. brucei, the cell surface constantly grows during the cell cycle (see Figure 2 – 

Chapter 1) but it does not double in size. This could lead to an increased cell surface tension 

in 2K2N cells, which may be necessary to trigger and facilitate the ingression of the 

cleavage furrow in the region of the division fold (see Discussion 4.2 – Chapter 1). It is 

tempting to speculate that the division fold acts as cytokinesis precursor, similarly to 

cytokinesis nodes of fission yeast (Laplante et al., 2016; Sayyad and Pollard, 2022), since 

molecules involved in cytokinesis (e.g., TbAUK1, TbCPC1 and TbCPC2), were recorded in 

this region (Kurasawa et al., 2022; Li et al., 2008). These molecules relocate from the mitotic 

spindle to the anterior pole of the fold in 2K2N cells (Li et al., 2008), showing a similar 

behavior to the chromosomal passenger complex (CPC). The CPC is found in opisthokonts 

and is composed of four subunits named Aurora B kinase, INCENP, Borealin, and 

Survivin/BORI. The last two are missing in T. brucei and orthologues have not been 
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reported (Komaki et al., 2022). In spite of the similar behavior found in the CPC-like 

machinery of T. brucei, TbCPC1 and TbCPC2 did not show sequence similarities with any 

CPC component of opisthokonts but conserved homologs were detected in T. cruzi and 

Leishmania major (Li et al., 2008), suggesting conservation among trypanosomatids and 

the presence of a CPC-like machinery in their common ancestor (see Figure 1 – Chapter 

2).  

The results presented here point to the coordinated duplication and segregation of 

endosomes and lysosome into the two non-equivalent daughter cells (see Figures 3 and 

13 – Chapter 1). In opisthokonts, the endo-lysosomal system is believed to be inherited via 

stochastic segregation (Bergeland et al., 2001; Carlton et al., 2020). However, observations 

in Drosophila have suggested a coordinated inheritance of the endosomes during 

asymmetric cell division (Derivery et al., 2015). In Leishmania, the lysosome (multivesicular 

tubule) was shown to extend and disassemble prior to division, being reassembled in the 

daughter cells. This lysosomal disassembly was connected to decreased endocytosis rates 

(Wang et al., 2020). In T. brucei, endocytosis seemed not impaired during the cell cycle, as 

indicated by clathrin recruitment (see Figure 4 – Chapter 1). Clathrin is recruited to the 

flagellar pocket forming pits and vesicles (see Figures 5 and 6 – Chapter 1). Analyses in 

clathrin evolution showed that its heavy chain is conserved within T. brucei and 

opisthokonts while the light chain is more variable (Santos et al., 2022). AP-2, one of the 

primary agents involved in clathrin recruitment within opisthokonts has not been identified 

in T. brucei or any other African trypanosome. However, it is present in the genome of other 

trypanosomes, such as T. cruzi, T. theileri, T. grayi, and T. carassii (Kostygov et al., 2021; 

Link et al., 2021; Manna et al., 2013; Morgan et al., 2002). These trypanosome species are 

placed in subgenera with independent evolutionary history from African trypanosomes, as 

was shown by the phylogenetic reconstructions presented here (see Figures 2 and 3 – 

Chapter 2), which suggests the loss of AP-2 in the common ancestor of African 

trypanosomes. To move the endocytosed cargo to early endosomes, clathrin vesicles are 

uncoated (reviewed in Link et al., 2021). Interestingly, in T. brucei only one uncoating 
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accessory molecule was found so far, the ATPase TbHsc70, but several trypanosomatid-

exclusive clathrin-associating proteins were reported (Adung’a et al., 2013). Considering 

that the clathrin uncoating motif “QLMLT” appears to be only present in opisthokonts 

(Santos et al., 2022), there is a possibility that clathrin uncoating follows a different 

mechanism in trypanosomes. 

The colocalization analyses indicated that the endosomal subpopulations work as 

functionally distinct compartments (see Figure 8 – Chapter 1) but may have a physical 

connection (see Figures 10 and 11 – Chapter 1). Previous studies in T. brucei treated 

endosomal subpopulations as distinct compartments (reviewed in Link et al., 2021). 

However, the visualization of fluid-phase cargo inside Rab11 structures had already pointed 

to the need of further investigation of possible connections between the early and the 

recycling endosomes (Engstler et al., 2004). In mammals, connections between early 

endosomes with Rab11-positive structures have been shown (reviewed in Goldenring, 

2015; Hsu and Prekeris, 2010; Scott et al., 2014). In addition, live-cell microscopy studies 

have suggested that Rab5-positive endosomal carrier vesicles mature into late endosomes 

showing a gradual substitution of Rab5 by Rab7 (Langemeyer et al., 2018; Rink et al., 2005; 

Scott et al., 2014). This was corroborated by colocalization analyses using CLEM showing 

both markers in the same structures with variable ratios within the population (van der Beek 

et al., 2021). In the same study, Rab7 was shown to colocalize with the lysosome (van der 

Beek et al., 2021), which is consistent with the proposed mechanism of fusion between late 

endosomes and lysosomes to form a hybrid organelle that matures into the classical 

lysosome (Rink et al., 2005; Scott et al., 2014). The potential physical connection of the 

endosomal compartments presented in this study was further investigated via electron 

microscopy and 3D reconstruction of electron tomograms and shows the presence of 

TbRab markers in regions of a long endosomal network (Link et al., 2023, preprint). The 

presence of cargo in continuous tubule-vesicular structures has also been recorded in T. 

cruzi (Alcantara et al., 2018). It would be tempting to suggest that the endosomal 

architecture is a conserved feature of the trypanosome cell. However, data on other 
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trypanosome species and non-opisthokont models are still insufficient, making such a 

proposition a mere speculation. 

 Finally, the morphological plasticity of the lysosome observed here (see Figures 

13, 14, and 15 – Chapter 1) has been documented in mammalian cells where it was 

associated with a temporary boost in endocytosis (see Discussion 4.4 – Chapter 1). It is 

tempting to connect the structural flexibility of the T. brucei lysosome to the high endocytosis 

rates of the parasite (Engstler et al., 2007, 2004). However, the observations made here 

are just the tip of the iceberg in an open investigation field. 

Although major progress has been made in the past years regarding the events and 

mechanisms underlying the cell cycle of T. brucei, many topics remain to be elucidated, 

such as how changes to organelle structure and function relate with the cell division 

machinery. Despite the evolutionary distance between trypanosomes (placed in the group 

Discoba) and Opisthokonta (Burki et al., 2020), similarities in some cellular processes can 

be observed between them, such as clathrin-mediated endocytosis and the presence of a 

CPC-like apparatus, which highlight the importance of these processes for the eukaryotic 

cell. At the same time, T. brucei and other African trypanosomes also show unique 

characteristics even within Trypanosoma, such as the absence of AP-2. Because eukaryote 

cell biology has been overwhelmingly focused on opisthokonts, our whole comprehension 

of cell biology is still limited. Thus, extending the focus to other models, as demonstrated in 

this thesis with T. brucei, would not only enhance our understanding of the evolution of 

eukaryotic cells but also unveil crucial biological processes of this parasite. Ultimately, such 

insights could significantly contribute to drug development and therapeutics. 
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Appendices 

Supplementary material – Chapter 1 

Figure S1.1. The centrifugal forces imposed on trypanosomes during harvesting, washing, and fixation 
protocols decrease the number of cells in late cytokinesis. The dot plot shows the number of cells in late 
cytokinesis. Each dot represents the counts of one assay, yellow bars represent the median, and yellow 
numbers are the median value of the counts. The differential counting of cell stages (single cells vs. late 
cytokinesis stages) was performed using a Neubauer chamber, and a total of 150 stages were counted 
per assay. A minimum of 10 replicates were performed. 

Figure S1.2. Dot plot showing Manders' colocalization coefficients (overlap) between the different TbRab 
markers. Gray bars represent the median (N = 31, 2 replicates). 
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Figure S1.3. Attempts of super-resolution microscopy methods using TbRab11. (A) Transmission 
electron microscopy showing the best result of immunogold assays performed in ultrathin sections (60 
nm) of high-pressure frozen cells. In the exemplary image, it is possible to identify four gold particles (12 
nm) marking elongated endosomes (eE), an irregular-shaped endosome (iE), and a vesicular-like 
endosome (V). Other known TbRab11-positive structures, as exocytic carriers (ExC), are seen in the 
picture but are not labeled. It is also possible to identify other structures: the flagellar pocket (FP), clathrin-
coated vesicles (CCV), and mitochondria (Mt). (B) TbRab11 signal (arrowheads) is observed in the 
nucleus of T. brucei cells. The exemplary image is the result of immunofluorescence attempts performed 
on thin sections (100 nm) of high-pressure frozen cells embedded in LR-White. The signal localization 
was considered ectopic and the correlation between light and electron microscopy (CLEM) was not 
performed. 
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Figure S1.4. Cathepsin L-labeled cells show the morphological plasticity of the lysosomes. T. brucei 
lysosomes are grouped according to their morphology into: spherical, extended (spherical or elongated 
signal presenting one or more protrusions), and scattered (two or more punctate signals with our without 
protrusions spreading in the posterior region of the cell). All exemplary images presented have the same 
magnification. 

Supplementary material – Chapter 2 

Supplementary data to the published paper can be found online at 

https://doi.org/10.1016/j.ejop.2021.125824. 

https://doi.org/10.1016/j.ejop.2021.125824
https://doi.org/10.1016/j.ejop.2021.125824
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Abbreviations 

°C Celsius degrees 

µg Micrograms 

µL Microliters 

µM Micromolar 

Ø Diameter 

AP-2 Adaptor protein 2 

Arp2/3 Actin-related protein 2/3 complex 

ATPase Adenosine triphosphatase 

BARP brucei alanine rich protein 

BORI Borealin related interactor 

BSA Bovine serum albumin 

CCD Charge-coupled device sensor 

CIF1 Cytokinesis initiation factor 1 (also known as TOEFAZ1) 

CCP/CCPs Clathrin-coated pit/Clathrin-coated pits 

CCV/CCVs Clathrin-coated vesicle/Clathrin-coated vesicles 

CCV I Class I clathrin-coated vesicle 

CCV II Class II clathrin-coated vesicle 

cE Circular endosomal cisternae 

CLC Clathrin light chain 

CLEM Correlative light and electron microscopy 

CMLE Classic maximum likelihood estimation 

CPC Chromosomal passenger complex 

CRW Comparative RNA web 

ddH2O Double-distilled water 

DIC Differential interference contrast 

DNA Deoxyribonucleic acid 

ECVs Endosomal carrier vesicles 

eE Elongated endosomal cisternae 

EE Early Endosomes 

Ent1 Epsin-1 

EPS15 Epidermal growth factor receptor substrate 15 

EP1 Isoform of EP procyclin 

EP1::GFP Trypanosoma brucei brucei MITat1.2 1390 with EP1 tagged with GFP 
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ER Endoplasmic reticulum 

ERES Endoplasmic reticulum exit site 

ESCRT Endosomal sorting complex required for transport 

ExC/EXC Exocytic carrier 

FA Formaldehyde 

F-BAR Fes/CIP4 Homology-Bin-Amphiphysin-Rvs 

FCHO 1/2 F-BAR  domain only protein 1 and 2 complex 

FCS Fetal calf serum 

FP Flagellar pocket 

g Relative centrifugal force (expressed in units of gravity) 

g Grams 

G Golgi apparatus 

G0 Quiescent phase of the cell cycle 

G1 Gap 1 phase of the cell cycle 

G2 Gap 2 phase of the cell cycle 

GA Glutaraldehyde 
GAPDH/gGAPDH Glycosomal glyceraldehyde phosphate dehydrogenase/Glycosomal 

glyceraldehyde phosphate dehydrogenase gene 
GDP Guanosine diphosphate 

GFP Green fluorescent protein 

GPI Glycosylphosphatidylinositol 

GP63 GP63 metalloprotease 

GTP Guanosine triphosphate 

GTPase Guanosine triphosphatase 

h Hour 

Hsc70 Heat shock cognate 70 protein 

iE Endosomal cisternae with irregular shape 

ILVs Intraluminal vesicles 

ITS2 Internal transcribed spacer 2 

IMDM Iscove’s modified Dulbecco’s medium 

INCENP Inner centromere protein 

K Kinetoplast 

L Lysosome 

Las17 Proline-rich protein LAS17 (WASp-interacting protein) 

LB1/LB2 Labeling buffers (used to dilute antibodies during immunogold protocols) 
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LE Late endosome 
M Molarity of a solution (expresses the concentration in number of moles of 

solute per liter of solution) 
M Mitotic phase of the cell cycle (used with this meaning on page 16) 

mM Millimolar 

min Minutes 

mL Milliliters 

ML Maximum likelihood 

mm Millimeters 

MVBs Multivesicular bodies 

N Nucleus 

NJ Neighbor joining 

nm Nanometers 

PBS Phosphate-buffered saline 

PSF Point spread function 

Rab5 Ras-related protein Rab5 

Rab7 Ras-related protein Rab7 

Rab11 Ras-related protein Rab11 

rDNA Ribosomal DNA sequences coding for rRNA 

RE Recycling endosome 

RNA Ribonucleic acid 

RNAi RNA interference 

rRNA Ribosomal RNA 

ROI Region of interest 

RT Room temperature 

s Seconds 

S Synthesis phase of the cell cycle in which DNA replication takes place 

sCMOS Scientific complementary metal-oxide-semiconductor sensor 

SEM Scanning electron microscopy 

SIF Stumpy induction factor 

SIM Structured illumination microscopy 

Sla1 Actin cytoskeleton-regulatory complex protein SLA1 

Sla2 Actin assembly protein SLA2 

SNR Signal-to-noise ratio 

TbAUK1 T. brucei aurora kinase 1 
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TbCALM T. brucei clathrin assembly lymphoid myeloid leukemia protein 

TbCAP T. brucei clathrin-associating proteins 

TbCatL T. brucei  cathepsin L 

TbCPC1 T. brucei centromere protein C 1 

TbCPC2 T. brucei centromere protein C 2 

TbEpsinR T. brucei epsin-related protein 

TbHsc70 T. brucei heat-shock protein 70 

TbMyo1 T. brucei  myosin class 1 

TbPLK T. brucei polo-like kinase 

TbRab5A T. brucei Ras-related protein Rab5A 

TbRab7 T. brucei Ras-related protein Rab7 

TbRab11 T. brucei Ras-related protein Rab11 

TbTOR T. brucei target of rapamycin kinase 

TbVps T. brucei vacuolar protein sorting 

TDB Trypanosome dilution buffer 

TEM Transmission electron microscopy 

TfR Transferrin receptor 

TGN Trans-Golgi network 

TOEFAZ1 Tip of the extending FAZ 1 (also known as CIF1) 

TS Trans-sialidase 

U Units 

VSG/VSGs Variant surface glycoprotein/Variant surface glycoproteins 

VSGbiotin Biotinylated VSG 

YFP/eYFP Yellow fluorescent protein/Enhanced yellow fluorescent protein 
YFP::CLC Trypanosoma brucei brucei MITat1.2 1390 with clathrin light chain tagged 

with eYFP 
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