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Summary 

Endosymbiosis has been a key process in the evolution of eukaryotic cells, as mitochondria and 
plastids, the organelles responsible for energy supply in most eukaryotic cells, were acquired via 
endosymbiotic events. Both events occurred more than 1.5 billion years ago, which makes it 
difficult to study the early steps of endosymbiosis and organelle evolution. 

During my doctoral research, I used a recent endosymbiotic system, the trypanosomatid 
Angomonas deanei with a single bacterial endosymbiont (ES). To understand the level of 
integration of the ES in A. deanei, the lab had previously characterized the proteome of isolated 
endosymbionts by protein mass spectrometry and found seven host-encoded proteins targeted 
to the ES, which were termed ‘endosymbiont-targeted proteins’ (ETPs). It was postulated that 
these proteins provide the host with control over its ES. 

Overexpression of fluorescent protein fusions of ETPs showed differential subcellular localization 
of various ETPs. Recombinant ETP9, ETP2, and ETP7 formed a ring-like structure around the 
ES division site (ESDS). ETP5 was detected at the periphery of the ES. Additionally, it showed a 
fluorescence signal at the upper flagellar pocket of the host cell as well as associated with the 
nucleus, kinetoplast, and possibly cytoskeletal structures. ETP1 showed a fluorescence signal at 
the ES envelope. Lastly, ETP3 and ETP8 appeared to localize in the ES cytosol and the Golgi 
apparatus, based on confocal microscopy data. This observation led to the hypothesis that their 
import is mediated by vesicular transport. Vesicle fusions with specific target membranes are 
usually mediated by specific SNARE proteins, and interestingly, three nucleus-encoded SNARE 
proteins were identified in the ES fractions. 

The overarching goal of this thesis was to elucidate molecular mechanisms underlying the host-
symbiont interaction and the role of ETPs in A. deanei. To this end, I specifically aimed at (I) 
studying the localization of ETP9, ETP2, and ETP7 throughout cell cycle stages, (II) investigating 
cellular functions of ETP9, ETP2, ETP7, ETP1, and ETP5, and (III) exploring the question if 
SNARE proteins may mediate vesicle fusion to the ES and likely the import of ETP3 and ETP8. 

To study the localization of ETP9, ETP2, and ETP7 over the cell cycle stages, I performed IFA 
and found that all three ETPs showed a cell cycle-dependent localization where ETP7 appeared 
to be always detectable over the ES, however, it enriched at the ESDS during bacterial elongation. 
This is followed by the arrival at the ESDS of ETP2, the ES-encoded FtsZ, and finally ETP9. 

To investigate the cellular functions of ETP9 and ETP2, I performed a complementation analysis 
and found that ETP9 and ETP2 fused to the green fluorescent protein eGFP expressed from their 
respective endogenous loci, showed the same fluorescence pattern as the overexpressed 
versions. However, the function of the recombinant ETP9, but not ETP2, appeared to be partially 
impaired as cells showed division phenotypes, for example, with the ES forming long tubular 
chains. This problem was largely solved by using the smaller V5 tag instead of eGFP. Further, 
we found by comparative genomics that the ES has lost most of the essential division components 
and the autonomy to divide. ETP9, ETP2, and ETP7 compensate for the loss of bacterial division 
proteins. The generation of heterozygous deletion mutants revealed that etp9 mutants showed 
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weak division phenotypes, but not etp2 mutants. Importantly, homozygous mutants could not be 
generated for etp9 but was possible for etp2 which interestingly showed severe division 
phenotypes such as long filamentous endosymbionts. Since the generation of homozygous 
mutants of etp9 was not possible, I developed a protocol for specific gene knockdowns using 
morpholino antisense oligos (MAOs) and used it to knockdown protein synthesis from etp9 as 
well as etp2 and etp7 mRNA. This resulted in similar division phenotypes as described above 
suggesting their roles in ES division. 

To find the cellular function of ETP1, a heterozygous etp1 mutant was previously generated. 
Further, I observed by microscopy that endosymbionts in this mutant appeared roundish 
compared to the regular peanut-shape of the ES in Wt cells, suggesting a role in structural 
maintenance of the ES. 

To explore the cellular function(s) of ETP5, I performed knockout studies and found that reduced 
gene dosage of etp5 resulted in a slower growth rate with division phenotypes, for instance, the 
elongated ES. Based on all observations, it appears that ETP5 mainly plays a role in segregation 
of the ES and other cellular structures to the daughter cells and contributes to ES division. 

To explore the question if ETP3 and ETP8 could be imported into the ES via vesicle fusion 
mediated by SNARE proteins, I studied the subcellular localization of SNARE proteins. I observed 
that two of the SNAREs showed a fluorescence signal mainly at the flagellar pocket. Additionally, 
a weak dot-like fluorescence signal in close vicinity of the ES was detected in many cells. To test 
if these signals close to the ES result from ETP-carrying vesicles that eventually fuse with the ES 
outer membrane (OM), further analyses by transmission electron microscopy (TEM) of SNARE-
containing vesicles and their possible co-localization with ETP3 and ETP8 by double labelling is 
planned. 

In conclusion, the studies of this thesis show that the ES co-evolved with its host and both partners 
show coordinated cell cycle stages, protein import from the host, and importantly the evolution of 
a host-derived ES division and segregation machineries controlling the ES has occurred. The 
data suggests that the bacterium has evolved far beyond an ES and already fulfils some of the 
criteria of being an early-stage organelle that provides essential metabolites to its host. This work 
lays the basis for further studies to understand key events involved in the organelle evolution.
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Zusammenfassung 
Die Endosymbiose war ein Schlüsselprozess in der Evolution eukaryontischer Zellen, da 
Mitochondrien und Plastiden, die Organellen, die in den meisten eukaryontischen Zellen für die 
Bereitstellung von Energie verantwortlich sind, durch endosymbiontische Ereignisse erworben 
wurden. Beide Ereignisse fanden vor mehr als 1,5 Milliarden Jahren statt, was es schwierig 
macht, die frühen Schritte der Endosymbiose und der Organellenentwicklung zu untersuchen. 

Während meiner Doktorarbeit habe ich ein verhältnismäßig junges Endosymbiosesystem 
verwendet, den Trypanosomatiden Angomonas deanei mit einem einzelnen bakteriellen 
Endosymbiont (ES). Um den Grad der Integration des ES in A. deanei zu verstehen, hatte das 
Labor zuvor das Proteom isolierter Endosymbionten mit Hilfe der Protein-Massenspektrometrie 
charakterisiert und sieben vom Wirt kodierte Proteine gefunden, die am ES lokalisieren und als 
„endosymbiont-targeted proteins“ (ETPs) bezeichnet werden. Es wurde postuliert, dass diese 
Proteine dem Wirt Kontrolle über seinen ES ermöglichen. 

Die Überexpression von Fluoreszenzproteinfusionen der ETPs zeigte eine unterschiedliche 
subzelluläre Lokalisierung der verschiedenen ETPs am ES. Die rekombinanten Proteine ETP9, 
ETP2 und ETP7 bildeten eine ringförmige Struktur um die ES-Teilungsstelle (ESDS). ETP5 wurde 
an der Peripherie des ES nachgewiesen. Außerdem zeigte es ein Fluoreszenzsignal in der 
Flagellentasche der Wirtszelle sowie eine Verbindung mit dem Zellkern, dem Kinetoplasten und 
möglicherweise mit Zytoskelettstrukturen. ETP1 zeigte ein Fluoreszenzsignal an der ES-Hülle. 
ETP3 und ETP8 schließlich scheinen im Cytosol des ES und im Golgi-Apparat zu lokalisieren, 
wie konfokale Mikroskopiedaten zeigen. Ihr Import wird möglicherweise durch vesikulären 
Transport bewerkstelligt. Vesikelfusionen mit spezifischen Zielmembranen werden üblicherweise 
durch spezifische SNARE-Proteine vermittelt, und interessanterweise wurden in den ES-
Fraktionen per Massenspektrometrie drei im Nucleus kodierte SNARE Proteine identifiziert. 

Das übergeordnete Ziel dieser Arbeit war die Aufklärung der molekularen Mechanismen, die der 
Wirt-Symbionten-Interaktion und der Rolle der ETPs in A. deanei zugrunde liegen. Zu diesem 
Zweck wollte ich insbesondere (I) die Lokalisierung von ETP9, ETP2 und ETP7 während der 
verschiedenen Stadien des Zellzyklus untersuchen, (II) die zellulären Funktionen von ETP9, 
ETP2, ETP7, ETP1, und ETP5 analysieren und (III) erste Hinweise darauf finden, ob SNARE-
Proteine möglicherweise die Vesikelfusion mit dem ES und wahrscheinlich den Import von ETP3 
und ETP8 vermitteln. 

Um die Lokalisierung von ETP9, ETP2 und ETP7 während der Stadien des Zellzyklus zu 
untersuchen, führte ich IFA durch und stellte fest, dass alle drei ETPs eine zellzyklusabhängige 
Lokalisierung aufwiesen, wobei ETP7 immer am gesamten ES nachweisbar zu sein schien, sich 
jedoch während der bakteriellen Elongation an der ESDS anreicherte. Im Anschluss an diesen 
Prozess folgt die schrittweise Anreicherung von ETP2, dem vom Bakterium kodierten FtsZ und 
schließlich ETP9 an der ESDS. 

Um die zellulären Funktionen von ETP9 und ETP2 zu untersuchen, führte ich zunächst eine 
Komplementationsanalyse durch und stellte fest, dass ETP9 und ETP2 fusioniert mit eGFP, die 
von ihren endogenen Loci exprimiert wurden, das gleiche Fluoreszenzmuster zeigten wie die 
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überexprimierten Versionen. Allerdings schien die Funktion von ETP9, nicht aber von ETP2, 
teilweise beeinträchtigt zu sein, da die Zellen Teilungsphänotypen zeigten, bei denen die ES 
beispielsweise lange röhrenförmige Ketten bildeten. Dieses Problem konnte durch die 
Verwendung eines kleineren V5-Tags anstelle von eGFP weitgehend gelöst werden. 

Durch vergleichende Genomik haben wir festgestellt, dass der ES die meisten wesentlichen 
Teilungskomponenten und die Autonomie zur Teilung verloren hat. Interessanterweise stellten 
wir fest, dass ETP9, ETP2 und ETP7 den Verlust der bakteriellen Teilungsproteine kompensieren. 
Die Erzeugung heterozygoter Deletionsmutanten zeigte, dass etp9-Mutanten einen schwachen 
Teilungsphänotyp aufwiesen, nicht aber etp2-Mutanten. Wichtig ist, dass homozygote Mutanten 
für etp9 nicht erzeugt werden konnten, wohl aber für etp2, die interessanterweise schwere 
Teilungsphänotypen wie lange filamentöse Endosymbionten zeigten. Da die Erzeugung 
homozygoter Mutanten von etp9 nicht möglich war, verwendete ich Morpholino-Antisense-Oligos 
(MAOs), um die Proteinsynthese ausgehend von etp9- sowie von etp2- und etp7-mRNA 
spezifisch auszuschalten. Dies führte zu ähnlichen Teilungsphänotypen wie oben beschrieben, 
was auf ihre Rolle bei der ES-Teilung schließen lässt. 

Um die zelluläre Funktion von ETP1 zu ermitteln, wurde zuvor eine heterozygote etp1-Mutante 
erzeugt. Außerdem beobachtete ich mit Hilfe von Mikroskopie, dass die Endosymbionten im 
Vergleich zur Erdnussform in Wt-Zellen rundlich erschienen, was auf eine Rolle bei der 
strukturellen Aufrechterhaltung des ES hindeutet. 

Um die zelluläre(n) Funktion(en) von ETP5 zu erforschen, habe ich Knockout-Studien 
durchgeführt und festgestellt, dass eine reduzierte Gendosierung von etp5 zu einer langsameren 
Wachstumsrate mit Teilungsphänotypen, z. B. verlängerten ES, führt. Aus allen Beobachtungen 
geht hervor, dass ETP5 hauptsächlich eine Rolle bei der Verteilung der ES und anderer zellulärer 
Strukturen auf die Tochterzellen spielt und zur Teilung der ES beiträgt. 

Um zu verstehen, ob ETP3 und ETP8 in den ES importiert werden, wahrscheinlich durch die von 
SNARE-Proteinen vermittelte Fusion von Wirtsvesikeln mit dem ES, habe ich zunächst die 
subzelluläre Lokalisierung der SNARE-Proteine untersucht. Ich beobachtete, dass zwei der 
SNAREs ein Fluoreszenzsignal hauptsächlich in der Flagellentasche zeigten. Zusätzlich wurde 
in vielen Zellen ein schwaches, punktförmiges Signal in unmittelbarer Nähe zum ES entdeckt. 
Eine weitere Untersuchung, ob diese SNARE-positiven Vesikel tatsächlich ETPs durch Fusion 
mit der äußeren ES-Membran in den ES transportieren, soll später durch 
Transmissionselektronenmikroskopie (TEM) und Ko-Lokalisationsanalysen von ETP3 und ETP8 
und den SNAREs durch Doppelmarkierung durchgeführt werden. 

Zusammenfassend zeigen die Studien dieser Arbeit, dass sich der ES gemeinsam mit seinem 
Wirt entwickelt hat und dass beide Partner koordinierte Zellzyklusphasen und den Import von 
Proteinen aus dem Wirt aufweisen, und, was besonders wichtig ist, dass sich eine vom Wirt 
abgeleitete ES-Teilungs- und -Segregationsmaschinerie entwickelt hat, die den ES kontrolliert. 
Die Daten deuten darauf hin, dass sich das Bakterium weit über einen ES hinaus entwickelt hat 
und bereits einige der Kriterien eines Organells im Frühstadium erfüllt, das seinen Wirt mit 
wichtigen Stoffwechselprodukten versorgt. Diese Arbeit bildet die Grundlage für weitere Studien 
zum Verständnis der Schlüsselereignisse, die an der Organellevolution beteiligt sind.
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chloroplast  

ATCC, American type culture collection 
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BSE, Bundle signaling element 

Caf4, CCR4-associated factor 4 

DRP/DLP, Dynamin-related/like protein 

DS, Division site  

DSP, Dynamin superfamily protein 

EGT, Endosymbiotic gene transfer 

ETP, Endosymbiont-targeted protein 

F, Flagellum 

Fis, Fission 1 (mitochondrial) 

FISH, Fluorescence in situ hybridization 
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G domain, GTPase domain 

HB, Helical bundle 
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IEM/IM, Inner (envelope) membrane 

IFA, Immunofluorescence assay 

InsB, Insert B 

IR, Intergenic region 

K, Kinetoplast 

KMP, Kinetoplastid membrane protein 

L, Linker 

LOPIT, Localization of organelle proteins by 
isotope tagging 

MAO, Morpholino antisense oligo 

MD/MDR, Mitochondria dividing (ring) 

Mdv1, Mitochondrial division 1 

MiD, Mitochondrial dynamics  

MIEF, Mitochondrial elongation factor  

N, Nucleus 

Neor, Neomycin/G418 resistance  

OEM/OM, Outer (envelope) membrane 

Ox, Overexpression 

PARC6, Paralog of ARC6 

PBP, Penicillin-binding protein 

PD/PDR, Plastid dividing (ring) 

PG, Peptidoglycan 

PH(D), Pleckstrin homology (domain) 

POI, Protein of interest 

PRD, Proline-rich domain 

S/ES, Symbiont/endosymbiont 

SNARE, Soluble N-ethylmaleimide-
sensitive factor attachment protein receptor 

TEM, Transmission electron microscopy 

TM(H), Transmembrane (helix) 

UCYN-A, Endosymbiont, Candidatus 
Atelocynobacterium thalassa 

VD, Variable domain
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1. Introduction 
1.1. General introduction to symbiosis 

Bacteria are genetically and physiologically highly diverse and they are found in nearly every 
habitat of this planet. Their ubiquitous nature and diverse physiology has led to interesting 
associations with other phylogenetically unrelated organisms (Moya et al., 2008). Such 
interactions have been referred to as symbiosis. It is defined as a close association between two 
or more organisms from different species (Moya et al., 2008). This interaction can either be of an 
obligative or facultative nature based on the level of dependence. 

In addition, based on the fitness effects on the interacting organisms, symbiosis can generally be 
categorized into three groups- parasitism, commensalism, and mutualism. In parasitism, one 
organism benefits while the other is harmed during the interaction, for example, Mycobacterium 
tuberculosis and Salmonella spp., are well-known human pathogens causing tuberculosis and 
salmonellosis, respectively. In commensalism, one organism benefits while the other remains 
unaffected, for example, Nitromonas spp. and Nitrobacter spp., the latter obtains energy for its 
growth from oxidation of nitrite that is produced by the former one. In mutualism, both interacting 
partners provide benefits to each other, for example, Candidatus Kinetoplastibacterial 
endosymbionts in members of the trypanosomatid subfamily Strigomonadinae (e.g., 
Angomonas). 

Symbiosis can further be classified into ectosymbiosis and endosymbiosis depending on the 
location of one organism (the symbiont) with respect to the other (the host). Ectosymbiosis is 
when one organism lives on the external and or internal body surfaces of another organism, for 
example, the movement of the protozoan flagellate Mixotricha paradoxa is supported by its 
bacterial ectosymbiont Spirochetae (Rosati, 2004). Endosymbiosis is defined as an association 
where the symbiont lives inside the host cell, for example, nitrogen-fixing bacteria that reside in 
the plant root nodules (Maróti & Kondorosi, 2014). Another interesting example of endosymbiosis 
is the trypanosomatid A. deanei which harbors a single β-proteobacterial ES that lives inside the 
host cytosol (Fig. 1.2 and Morales et al., 2023). 

Endosymbioses can be further categorized as primary, secondary, and tertiary, see below. 

1.2. Primary, secondary, and tertiary endosymbiosis 

Initially, the eukaryotic cells were simple and less diverse in their metabolic capacity, though some 
researchers believe that eukaryotic cells did not exist until the acquisition of mitochondria. In 
contrast, bacteria are genetically and metabolically very diverse. Likely, to increase the complexity 
of cellular structures and functional diversity, archaeal cells acquired bacteria via primary 
endosymbiosis (Margulis, 1993). Over time, this led to the generation of modern eukaryotic cells 
with additional organelles adding several metabolic functions such as energy supply and 
metabolite synthesis (Margulis, 1993 and Moya et al., 2008). 
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The endosymbiotic origin of organelles such as mitochondria and plastids and the evolution of 
eukaryotes have been proposed previously by many scientists during the end of 19th and the 
beginning of 20th century; however, these theories were rejected until the discovery of DNA in 
these organelles in 1960s (Bodył & Mackiewicz, 2013). Later, Lynn Margulis, in 1967, proposed 
not only models for the endosymbiotic origin of eukaryotes, but also mitochondria and plastids. It 
has been suggested that mitochondria and plastids independently evolved from Gram-negative 
bacteria, an α-proteobacterium and a cyanobacterium, respectively, more than 1.5 billion years 
ago (via two independent primary endosymbiosis events) where the acquisition of the former 
organelle occurred first (Bodył & Mackiewicz, 2013). 

Once the ES entered from free-living to intracellular phase, many genes became unnecessary or 
redundant, and were later lost (Moya et al., 2008). In the endosymbionts and pathogenic 
intracellular bacteria, the smaller genome became AT-rich likely due to the loss of DNA repair 
genes allowing to increase GC to AT mutations as compared to free-living bacteria (Wernegreen, 
2002). The level of genome reduction and higher AT contents help figuring out the age of an 
endosymbiotic associations. Once the ES was established, there as an accumulation of mobile 
genetic elements that were also later found deleterious and removed (Moran & Plague, 2004; 
Moya et al., 2008 and Plague et al., 2008). The genes that were retained in the ES involve mainly 
DNA replication, transcription, translation, and other accessory components (Pérez-Brocal et al., 
2006). In contrast, gene losses mainly involved genes from metabolism (Moya et al., 2008). 

One of the most peculiar features of establishment of an organelle is protein import from the host 
to the ES/organelle, which have been considered the strongest evidence of organellogenesis 
(Jarvis, 2008; Carrie et al., 2009; Chacinska et al., 2009; Nowack & Grossman, 2012; Zimorski et 
al., 2014; Singer et al., 2017; Coale et al., 2024 and Sørensen et al., 2024). Secondly, there was 
an involvement of gene transfers from the ES to the host nucleus, termed endosymbiotic gene 
transfer (EGT) resulting in the expansion of the host genome and reduction of the ES genome 
(Timmis et al., 2004; Zimorski et al., 2014; Nowack et al., 2016; Lhee et al., 2021 and Suzuki et 
al., 2021). Lastly, the ES/organelle cell cycle is synchronized with that of its host cells 
(Hoogenraad, 1927; Pyke, 1999; Melkonian & Mollenhauer, 2005; Arakaki et al., 2006 and Coale 
et al., 2024). Importantly, the order and timing of events in which an ES was transformed into a 
genetically integrated organelle yet remains to be fully understood.  

Secondary endosymbiosis occurred when a unicellular protist cell engulfed a eukaryotic cell with 
an existing primary plastid (Gibbs, 1993 and Bhattacharya et al., 2004), for example, the alga 
Euglena, belonging to the phylum Euglenozoa, harbors a green plastid originated from secondary 
endosymbiosis (Bhattacharya et al., 2004).  

Tertiary endosymbiosis occurred when a protist cell acquired an algal cell with a secondary plastid 
and can be observed in most dinoflagellates. In dinoflagellates, even quaternary endosymbiosis 
has been observed (Bhattacharya et al., 2004). 
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1.3. Recent organellogenesis events 

1.3.1. Paulinella chromatophora 

The third independent primary endosymbiosis and second plastid primary endosymbiosis 
occurred very recently when a heterotrophic ancestor of P. chromatophora (a cercozoan amoeba 
belonging to the supergroup Rhizaria) engulfed an α-cyanobacterium around 90-140 million years 
ago (Delaye et al., 2016). The cyanobacterial ES evolved over time into a photosynthetic 
organelle named as the ‘chromatophore’ (Lauterborn, 1895; Melkonian & Mollenhauer, 2005 and 
Lhee et al., 2021). The chromatophore has a reduced genome size of ~1 Mb compared to its free-
living close relative Synechococcus sp. (~3 Mb) (Lhee et al., 2019). Only approximately 50 genes 
out of two-third missing from the chromatophore genome have been identified that are transferred 
from the chromatophore to the host nucleus by EGT (Nowack et al., 2016 and Lhee et al., 2021). 
Moreover, the chromatophore shows synchronized cell division with its host cell (Hoogenraad, 
1927 and Melkonian & Mollenhauer, 2005) and massive protein import from the host cytosol 
(Nowack & Grossman, 2012 and Singer et al., 2017). This recently evolved system is currently 
being used to better understand early stages in the integration of a photosynthetic organelle by 
primary endosymbiosis; however, it poses a couple of major challenges. First, it has an around 
one week of doubling time in culture and secondly, it cannot be genetically modified. 

1.3.2. Braarudosphaera bigelowii 

A marine unicellular alga B. bigelowii, initially known to harbor a single ES Candidatus 
Atelocynobacterium thalassa (UCYN-A) derived from a nitrogen-fixing cyanobacterium (Zehr et 
al., 2016), is another example of recently evolved organelle. In a recent study, it was found that 
UCYN-A evolved beyond an endosymbiont and shows many features of an early-stage N2-fixing 
organelle termed as ‘nitroplast’ (Coale et al., 2024). Using soft X-ray tomography and proteomic 
approaches, it has been shown that the UCYN-A is tightly integrated into the host cell and divides 
synchronously. Additionally, protein import from the host to the UCYN-A but no gene transfer from 
the UCYN-A to the host nucleus has been reported (Suzuki et al., 2021). Genome reduction of 
UCYN-A has been previously reported (Tripp et a., 2010), however, it has a complete set of nif 
genes required for N2-fixation (Zehr et al., 2008). B. bigelowii is a good model system to study 
organelle evolution, however, also for this symbiotic system genetic tools are yet to be established 
for better understanding its biology. 

Lastly, some trypanosomatids are also currently being used to study endosymbiosis and 
organellogenesis events as described below. 

1.4. Trypanosomatids 
Trypanosomatids are uniflagellate protists and include clinically relevant human pathogens such 
as Leishmania spp. and Trypanosoma spp. as well as the plant pathogen Phytomonas spp. 
Trypanosoma brucei, Trypanosoma cruzi, and Leishmania spp. are the causative agents of 
sleeping sickness, Chagas disease, and leishmaniasis, respectively (Barrett et al., 2003 and Ivens 
et al., 2005). These pathogens have a dixenous lifestyle and complete their life cycle in two distinct 
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host species, for example, in humans and insects. The pathogen Phytomonas infects plant 
species worldwide (Dollet, 1984). 

The family Trypanosomatidae (aka Trypanosomatids) belongs to the order Trypanosomatida (Fig. 
1.1 B, Maslov et al., 2019), class Kinetoplastea (Fig. 1.1 A, Faktorová et al., 2016), and phylum 
Euglenozoa. The members of Kinetoplastea (aka Kinetoplastids) are flagellated protists with a 
specialized structure, the ‘kinetoplast’, that contains all the mitochondrial DNA in these organisms.  

 

Figure 1.1: Phylogenetic mapping of symbiont-harboring trypanosomatids under Kinetoplastea.  
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A: The tree shows members of three classes- Euglenida, Diplonemea, and Kinetoplastea of the phylum 
Euglenozoa (taken from Faktorová et al., 2016). B: Members of the order Trypanosomatida (taken from 
Maslov et al., 2019). C: Members of the subfamily Strigomonadinae (taken from Králová et al., 2019). 
Highlighted in the blue rectangles are members of Strigomonadinae. 

Trypanosomatids have another unique organelle, a specialized peroxisome, called glycosome 
where glycolysis partially occurs (Parsons, 2004). Some more peculiar biological features found 
in Trypanosomatids involve: the lack of introns in the majority of genes, arrangements of genes 
as polycistronic gene clusters which are functionally unrelated and transcribed as long pre-
mRNAs, trans-splicing resulting in individual mRNA, post-transcriptional gene regulation, 
presence of a capped 39 nucleotides long spliced leader sequence at the 5’ end of mRNAs, 
presence of spliced leader acceptor site upstream that allows trans-splicing and a polyadenylation 
site downstream of a gene (De Gaudenzi et al., 2011). 

Interestingly, the family Trypanosomatidae also includes symbiont-harboring trypanosomatids, 
belonging to the subfamily Strigomonadinae (Fig. 1.1 B and C, Králová et al., 2019 and Maslov 
et al., 2019). This subfamily contains the genera Angomonas, Strigomonas, and Kentomonas. 
These organisms are non-pathogenic and monoxenous, meaning that they have a single host, 
which are insects. All members harbor a single β-proteobacterial ES named Candidatus 
Kinetoplastibacterium belonging to the family Alcaligenaceae that originated in the common 
ancestor of Strigomonadinae (Borghesan et al., 2018). 

Another symbiont-harboring trypanosomatid is Novymonas esmeraldas. It belongs to the 
subfamily Leishmaniinae and harbors a different β-proteobacterial ES Candidatus Pandorea 
novymonadis from the family Burkholderiaceae and originated from a different endosymbiotic 
event (Kostygov et al., 2016). The host harbors many endosymbionts suggesting that the cell 
cycle is not synchronized. Additionally, the ES has undergone less genome reduction, indicating 
more recent association between the host and the ES (Zakharova et al., 2021). 

1.4.1. Angomonas deanei 

In my thesis, I used A. deanei strain ATCC PRA-265 (Strigomonadinae) as a model to study the 
molecular mechanisms underlying the cellular integration of its ES Candidatus 
Kinetoplastibacterium crithidii (Fig. 1.2). A. deanei, previously known as Crithidia deanei, was first 
isolated in Brazil from a bug Zelus leucogrammus (Carvalho & Deane, 1974). Interestingly, the 
ES genome is highly reduced (0.8 Mb) compared to its free-living counterparts. The genome of 
the ES as well as the host has been sequenced (Alves et al., 2013b; Motta et al., 2013; Morales 
et al., 2016 and Davey et al., 2021). The ES maintains a peanut shape in the host cytosol and is 
located at the posterior end of the cell. The ES possesses one inner membrane (IM) and one OM 
with a reduced peptidoglycan (PG) layer in the middle (Motta et al., 1997). It has previously been 
shown that the host and the ES have a tightly synchronized cell cycle where the ES divides first 
followed by the basal body (BB), kinetoplast, nucleus, and finally the host cell (Motta et al., 2010). 
Lastly, it has been shown that the ES provides essential nutrients to the host such as aromatic 
amino acids, heme, and riboflavin, and in return obtains energy and other metabolites from the 
host such as proline, cysteine, and biotin (Mundim & Roitman, 1977; Alves et al., 2013a; Alves et 
al., 2013b and Klein et al., 2013). 
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Previously, several efforts were made to generate an aposymbiotic strain (without the ES) from 
A. deanei ATCC PRA-265 (Kokkori, 2018, PhD thesis and Morales et al, 2023), however, all 
attempts remaind without success suggesting the essentiality of the ES in the host. However, A. 
deanei ATCC 30969, an aposymbiotic strain, has previously been generated from another 
parental A. deanei strain by chloramphenicol treatment (Mundim & Roitman, 1977) and was 
obtained from the American Type Culture Collection. This aposymbiotic strain could be 
maintained in our laboratory by providing horse serum (10% v/v) in addition to BHI supplemented 
with hemin. 

 

 

Figure 1.2: Structure of A. deanei 
highlighted with its ES and other host 
cellular organelles. 

A: Schematic representation of an A. deanei 
cell. B: Transmission electron micrograph of 
A. deanei (Maurya et al., 2025). Scale bar: 1 
µm. Abbreviations: F, flagellum; BB, basal 
body; K, kinetoplast; N, nucleus; S, symbiont 
and DS, division site. 

 

 

The fast growth rate, sequenced nuclear and endosymbiont genomes, availability of genetic tools 
(Morales et al., 2016), and synchronized cell cycles make A. deanei a suitable model system for 
the study of endosymbiosis and organelle evolution. 

The elongasome and divisome, two complex machineries responsible for the bacterial cell 
elongation and division, respectively are described later together with the bacterial ES of A. 
deanei (Maurya et al., 2025). Therefore, both machineries are briefly discussed below. 

1.5. Elongasome: the bacterial cell elongation machinery 

Bacterial cells proliferate by repetitive cell elongation and division. The bacterial elongation in rod-
shaped bacteria is regulated by a Rod complex or elongasome. The Rod complex mainly consists 
of MreB, RodZ, penicillin-binding protein 2 (PBP2), MreC, MreD, RodA, and PBP1a. 

MreB, conserved in rod-shaped bacteria, is an actin homolog in prokaryotes and scaffold protein 
of elongasome. It is assembled into helical polymers at cytoplasmic side of the inner/cytoplasmic 
membrane (Van den Ent et al., 2001) and mainly localized to areas with curved geometries 
(Bratton et al., 2018). It is an essential cell shape determinant (Bendezú & de Boer, 2008). 

RodZ is a morphogenic protein, conserved in most bacteria (Daniel & Errington, 2003). In rod-
shaped bacteria, it has been shown to contribute to cell shape, for example, in Escherichia coli, 
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Caulobacter crescentus, Bacillus subtilis, and Deinococcus grandis (Shiomi et al., 2008; Alyahya 
et al., 2009; Bendezú et al., 2009; Muchová et al., 2013 and Morita et al., 2019). In cocci-shaped 
bacteria such as Staphylococcus spp. and Streptococcus spp., which lack MreB, have conserved 
RodZ suggesting its universal role in cell morphogenesis, for example, in regulation of PG 
synthesis (Alyahya et al., 2009 and Philippe et al., 2014). In sum, MreB and RodZ are necessary 
for each other’s assembly and localization (Ago & Shiomi, 2019). 

RodA is a glycosyltransferase and synthesizes the glucan backbone whereas PBP2 is a 
transpeptidase that cross-links the peptide chains. MreC and MreD have been shown to regulate 
the function of RodA and PBP2 complex during PG synthesis (Liu et al., 2020). Lastly, class A 
PBP1a has been shown to regulate elongasome and is likely involved in peripheral PG synthesis 
in S. pneumoniae (Lamanna et al., 2022). 

1.6. Divisome: the bacterial cell division machinery 

Divisome, a supramolecular protein complex, is responsible for bacterial cell division. 
Elongasome and divisome are two independent protein complexes. However, in the recent years, 
it has been shown that components of the Rod complex and divisome interact with each other, 
for example, elongation-specific protein MreB has been shown to directly interact with divisome-
specific protein FtsZ (Fenton & Gerdes, 2013). In addition, an elongasome-specific PG synthesis 
enzyme PBP2 co-localizes and directly interacts at the division site (DS) with a divisome-specific 
PG synthesis enzyme PBP3 (Van der Ploeg et al., 2013). 

The bacterial division machinery mainly consists of FtsZ, a tubulin homolog in prokaryotes, FtsA, 
ZipA, FtsE, FtsX, FtsK, FtsQ, FtsL, FtsB, FtsW, FtsI, FtsN, and other accessary proteins, for 
instance, amidases and regulatory proteins (Cameron & Margolin, 2024). 

FtsZ, a conserved self-assembling polymer-forming GTPase, forms a ‘Z-ring’ at the inner phase 
of the IM (Bi & Lutkenhaus, 1991) by interacting with membrane-associated proteins such as FtsA 
and ZipA (Van den Ent & Löwe, 2000). FtsA (a conserved actin homolog) and ZipA (a less 
conserved protein), both form a so called ‘proto-ring’ together with FtsZ (Hale & de Boer, 1997; 
Pichoff & Lutkenhaus, 2002; Pichoff & Lutkenhaus, 2005 and Rico et al., 2013). FtsE and FtsX 
interact with FtsA to arrive at the DS playing a dispensable role in cell division (Du et al., 2019). 
FtsK, FtsQ, FtsL, FtsB, FtsW, FtsI, FtsN reach the DS in the same order (Margolin, 2005 and 
Attaibi & den Blaauwen, 2022). FtsK (DNA translocase) contributes to the nucleoid segregation 
and cell division (Liu et al., 1998 and Aussel et al., 2002). FtsQ, FtsL and FtsB form a conserved 
subcomplex and act as a positive regulator of the subcomplex FtsWI (Marmont & Bernhardt, 
2020). FtsW and FtsI (aka PBP3) are cell division-specific glycosyltransferase and 
transpeptidase, respectively that play an indispensable role in septal wall synthesis (Taguchi et 
al., 2019). Furthermore, FtsA and other divisome proteins such as FtsI recruit FtsN at the DS 
(Wissel & Weiss, 2004; Busiek et al., 2012 and Pichoff et al., 2015). Once recruited, FtsN 
stimulates septal wall synthesis by FtsWI (Gerding et al., 2009). Additionally, FtsN-like proteins, 
homologs of FtsN, are conserved among proteobacteria such as C. crescentus and play an 
essential role in division (Möll & Thanbichler, 2009). Lastly, murein hydrolases, for instance, 
amidases AmiA, AmiB, and AmiC cleave the cell septum (Heidrich et al., 2002).  
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1.7. Role of host-encoded effectors in division of endosymbionts/organelles 

In the evolution of endosymbiosis, formerly free-living bacteria capable of autonomous cell 
division co-evolve with eukaryotic host cells, become tightly integrated and live as vertically 
transmitted endosymbionts. Depending on the level of integration, host-encoded effector proteins 
play a crucial role in controlling division of endosymbionts/organelles. The most extensively 
studied host-encoded proteins are dynamin superfamily proteins (DSPs) such as dynamins and 
dynamin-related proteins (DRPs). 

1.7.1. Dynamins and DRPs 

Dynamins and DRPs are self-assembling, polymer-forming GTPases, distributed from bacteria to 
humans, and play diverse roles. They mainly function in membrane remodeling events 
(endocytosis, exocytosis, organelle fission, and cytokinesis) and regulation of actin and 
microtubule organization (Chiang et al., 2014 and Jimah & Hinshaw, 2019). For organelle division, 
DRPs such as DRP1 (aka DLP1) in mammals, Dnm1 in yeast, CmDnm1 in the red alga 
Cyanidioschyzon merolae, and DRP3A/3B/5B in Arabidopsis thaliana play an indispensable role 
in mitochondria as well as peroxisome fission (Otsuga et al., 1998; Smirnova et al., 1998; Bleazard 
et al., 1999; Koch et al., 2003; Li & Gould, 2003; Miyagishima et al., 2003; Kuravi et al., 2006; 
Twig et al., 2008; Pan & Hu, 2011; Imoto et al., 2013 and Ramachandran & Schmid, 2018). 
Similarly, plastid dynamins Dnm2/DRP5B/ARC5 are involved in plastid division in different 
eukaryotes (Gao et al., 2003; Ramachandran & Schmid, 2018 and Yoshida, 2018). 
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Figure 1.3: Organelle division rings, domain architecture, and mechanism of action of fission DSPs. 

A: Various division rings in plastids and mitochondria involved in fission (taken from Yoshida, 2018). B: 
Linear domain organization of classical dynamins and mitochondrial DRP1/Dnm1 involved in fission. C: 
Arrangement of dynamin proteins in dimers. D: Arrangement of dynamin proteins in tetramers and 
oligomers. E: Mechanism of GTPase domain dimerization and GTP hydrolysis (B-E, modified from Bui & 
Shaw, 2013). Abbreviations: DSP, dynamin superfamily protein; IEM, inner envelope membrane; OEM, 
outer envelope membrane; IM, inner membrane; OM, outer membrane; PD, plastid dividing; PDR, plastid 
dividing ring; MD, mitochondria dividing; MDR, mitochondria dividing ring; Mda1, mitochondrial division 
apparatus 1 in outer MD, Drp, dynamin-related protein; Dyn, dynamin; BSE, bundle signaling element; InsB, 
insert B; PH, pleckstrin homology domain; GED, GTPase effector domain and PRD, proline-rich domain. 
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1.7.2. Structure of dynamins and DRPs 

Both dynamins and DRPs interact reversibly with membranes by their respective membrane-
interacting domains, exceptionally, Dyn2 and DRP1 can perform membrane-independent 
functions such as actin bundling (Ramachandran & Schmid, 2018). 

They have a highly conserved GTPase domain (G domain) at the N-terminus (Fig. 1.3 B), the 
most conserved domain in DSPs (Jimah & Hinshaw, 2019). The G domain is responsible for GTP 
binding and hydrolysis. For this, four conserved motifs have been identified. First, a P-loop or G1 
motif, important for nucleotide binding. Second, a G2 motif, interacts with Mg2+ and supports GTP 
hydrolysis. Third, a G3 motif, interacts with Mg2+. Fourth, a G4 motif that binds the base of the 
nucleotide (Niemann et al., 2001; Ramachandran & Schmid, 2018 and Jimah & Hinshaw, 2019). 
Lastly, a fifth motif (G5) has been found conserved in dynamin and DRP1, that binds to the 
nucleotide base or sugar and regulates binding affinity (Ramachandran & Schmid, 2018). 

The second most conserved structure in DSPs is the elongated α-helical bundle (HB) domain. In 
dynamin and DRP1, there are two HBs referred as bundle signaling elements (BSEs) and stalk 
domain (Fig. 1.3 B). In addition, there are three to four conserved hydrophobic interfaces identified 
in HBs that play an indispensable role in polymerization. First, interface 2 (Fig. 3 D) is present in 
the middle of the stalk domain and used for dimerization of two dynamin monomers (Fig. 1.3 C). 
Second, interface 1 and interface 3 are present at the membrane-distal and proximal ends of the 
stalk domain, respectively and used for dimer-dimer interaction and self-assembly (Fig. 1.3 D) 
(Jimah & Hinshaw, 2019 and Kraus et al., 2021). Lastly, a fourth interface has also been reported 
in DRP1 that plays a role in dimer-dimer interaction (Ramachandran & Schmid, 2018). 

Finally, the most divergent region in DSPs is a membrane-interacting domain. It has been termed 
pleckstrin homology (PH) domain in dynamins (Fig. 1.3 B) and variable domain (VD) or insert B 
(InsB) in DRPs (Ferguson et al., 1994; Timm et al., 1994; Clinton et al., 2016 and Jimah & 
Hinshaw, 2019). The PH domain is a ~ 100 amino acid residues long structured region and the 
best characterized lipid-binding domain in DSPs whereas the VD/InsB domain is unstructured 
(Mears et al., 2011). Both domains PH and VD interact with negatively charged lipids, for example, 
cardiolipin and phosphatidic acid, and can inhibit premature self-assembly likely by interacting 
with interface 3 in the stalk (Bustillo-Zabalbeitia et al., 2014; Adachi et al., 2016; Francy et al., 
2017; Lu et al., 2018; Ramachandran & Schmid, 2018 and Kraus et al., 2021). 

Moreover, in dynamins, an additional domain is present at the C-terminal end of the protein named 
proline-rich domain (PRD) (Fig. 1.3 B). This unstructured domain is important for the interaction 
with SH3 and BAR domain-containing proteins in the membranes (for example, endophilin, 
intersectin, and amphiphysin), helping dynamin recruitment to the target membrane (Evergren et 
al., 2007; Cowling et al., 2017 and Hohendahl, et al., 2017). 

1.7.3. Mechanism of action of dynamins and DRPs 

In fission DSPs, the polypeptide chain folds on itself and gives rise to a monomer. It has been 
suggested based on structural studies and in vitro assays that dynamins adopt three 
conformations. In conformation 1, the protein is not bound to GTP and remains in the solution 
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(Faelber et al., 2011 and Ford et al., 2011). In conformation 2, it binds GTP and assembles on 
the membrane (Fig. 1.3 C and Zhang & Hinshaw, 2001). Lastly, conformation 3 represents the 
oligomerized protein in the transition state during GTP hydrolysis (Fig. 1.3 D and Chappie et al., 
2010). The final constriction involves dimerization of G domains from two adjacent strands on the 
membrane via interface 4 followed by GTP hydrolysis (Fig. 1.3 E) resulting in conformational 
changes, like in DRP1 (Chappie et al., 2010; Bui & Shaw, 2013 and Fröhlich et al., 2013). 

In mitochondria, there is an FtsZ ring (in some organisms), an inner mitochondrial dividing (MD) 
ring, an outer MD ring, and a dynamin ring (Fig. 1.3 A, on the right). The outer MD ring is 
composed of mitochondrial dividing ring 1 (MDR1, a glycosyltransferase) (Kuroiwa et al., 2006; 
Yoshida et al., 2017 and Yoshida, 2018). For the recruitment on the membrane, dynamins use 
their PH domain and directly interact with the membrane. In contrast, Dnm1 and likely DRP1 need 
additional proteins for membrane interaction (Mears et al., 2011). One of these is a mitochondrial 
fission 1 (Fis1), a conserved OM-associated protein in yeast and mammals. Fis1 plays an 
indispensable role in yeast for the recruitment of Dnm1 by interacting with two adaptor proteins, 
mitochondrial division 1 (Mdv1) and CCR4-associated factor 4 (Caf4) (Mozdy et al., 2000; Tieu et 
al., 2002 and Griffin et al., 2005). In mammals, there are no orthologs of Mdv1 or Caf4, however, 
Fis1 and three OM-associated adaptors mitochondrial dynamics 49 (aka mitochondrial elongation 
factor 2 (MIEF2)), MiD51 (MIEF1), and a mitochondrial fission factor fulfil this requirement, even 
in yeast when heterologously expressed (Gandre-Babbe & van der Bliek, 2008; Palmer et al., 
2011; Zhao et al., 2011; Koirala et al., 2013 and Losón et al., 2013). 

In plastids, the division machinery involves two inner rings (Fig. 1.3 A, on the left) at the stromal 
side of the IM, an FtsZ ring and the inner plastid-dividing (PD) ring (Kuroiwa et al., 1998 and 
Yoshida et al., 2012). It also involves two outer rings at the cytosolic side of the OM, an outer 
plastid-dividing (PD) ring that is composed of a glycosyltransferase plastid-dividing ring 1 (PDR1) 
(a homolog of MDR1) (Yoshida et al., 2010), and a plastid dynamin ring (Gao et al., 2003 and 
Miyagishima et al., 2003). Moreover, a third (middle) PD ring has also been observed in the 
intermembrane space of plastids of C. merolae (Miyagishima et al., 1998). For co-ordination, FtsZ 
interacts with two IM proteins, accumulation and replication of chloroplast 6 (ARC6) and a paralog 
of ARC6 (PARC6) (Glynn et al., 2009; Zhang et al., 2016 and Sun et al., 2023). Further, ARC6 
and PARC6 interact with the OM proteins PDV2 and PDV1, respectively (Glynn et al., 2008; 
Zhang et al., 2016 and Wang et al., 2017). Lastly, plastid dynamins ARC5/Dnm2/DRP5B interact 
with both OM proteins PDV2 and PDV1 (Yoshida, 2018 and Sun et al., 2023). 

1.7.4. Additional factors contributing to the organelle division 

Interestingly, a host-encoded PG hydrolase DipM has been reported to play an essential role in 
chloroplast fission in Glaucophyte algae and some Viridiplantae (Miyagishima et al., 2014). 

In addition, the actin cytoskeleton together with the ER has been shown to contribute to 
mitochondrial fission (Li et al., 2015a). Lastly, contacts of mitochondria with lysosomes and the 
Golgi have also been reported to be crucial for ultimate fission (Wong et al., 2018 and Nagashima 
et al., 2020). 
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1.8. Organelle/ES segregation components 

In eukaryotes such as Saccharomyces cerevisiae, Chlamydomonas reinhardtii, and mammals, 
Centrin (a calcium-binding protein associated with microtubules) is involved in spindle pole body, 
BB, and centrosome duplication and segregation, respectively as well as in cell division (Salisbury 
et al., 1988; Spang et al., 1993; Errabolu et al., 1994; Satisbury, 1995 and Wolfrum & 
Salisbury,1998). 

In the trypanosomatid T. brucei, five Centrins (TbCen1-5) have been identified (Berriman et al., 
2005 and He et al., 2005). The knockdown of TbCen1, TbCen2, and TbCen3 using RNAi showed 
their role in segregation of the duplicated organelles such as the kinetoplast, BB, nucleus, and/or 
the Golgi as well as in cytokinesis (Selvapandiyan et al., 2007 and Selvapandiyan et al., 2012). 
Interestingly, the BB movement in T. brucei has also been shown to organize organelle division 
and cell morphogenesis (Lacomble et al., 2010). 

In kinetoplastids, the kinetoplastid membrane protein 11 (KMP11) is a small (11 kDa), abundant, 
and conserved membrane-associated surface protein with no homologs in mammals (Stebeck et 
al., 1995 and Lim et al., 2017). It has been shown to mainly localize in the flagellum and flagellar 
pocket in L. infantum; however, it has been found as a microtubule-associated protein localizing 
in the flagellum and BB in T. brucei (Berberich et al., 1998 and Li et al., 2008). Furthermore, 
depletion of KMP11 using RNAi has been shown to inhibit segregation of the BB and cytokinesis 
(Li and Wang, 2008). Interestingly, it has been previously shown that polarity and dynamics of 
microtubules in trypanosomes control the positioning, segregation, and cytokinesis of organelles 
(Robinson et al., 1995). 

1.9. Vesicle trafficking and protein imports 

In eukaryotic cells, most of the proteins are secreted via a conventional pathway in which proteins 
enter the ER lumen first, then the Golgi apparatus, and finally cross the plasma membrane. 
Consequently, a huge amount of vesicle transport happens constantly across the cell carrying 
proteins to be delivered to their target sites. For this, vesicle budding from the donor membrane 
and subsequent vesicle fusion to the target membrane occur (Rothman, 2013). There are several 
proteins involved in these processes. One of the key proteins involved in the membrane fusion is 
a soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) (Söllner et al., 
1993a and Hanson et al., 1997). There are two types of SNAREs: t-SNARE, associated with the 
target membrane and v-SNARE, on the vesicle membrane (Söllner et al., 1993a and Söllner et 
al., 1993b). Further, depending on which amino acid residue is involved in interaction, they have 
been named as R-SNARE (for arginine) and Q-SNARE (for glutamine) (Bas et al., 2018 and 
Bruinsma et al., 2018). For a membrane fusion to occur, two membranes come close and form a 
zip-like structure. For this, one R-SNARE interacts with three Q-SNAREs via their α-helical 
structures bringing two membranes in close contact, forming a trans-SNARE complex named 
‘SNAREpin’. This is followed by hemifusion and fusion, and finally the membrane relaxes (Söllner 
et al., 1993a; Söllner et al., 1993b; Chen & Scheller, 2001; Jahn & Scheller, 2006 and Jahn et al., 
2024). In eukaryotes, Sec22 is an important example of R-SNARE present on vesicles (acts here 
as a v-SNARE) during anterograde transport (vesicle movement from the ER to the Golgi) and 
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retrograde transport (from the Golgi to the ER) (Flanagan et al., 2015; Li et al., 2015b and Zhao 
et al., 2015). 

In trypanosomatids, a plethora of SNARE proteins have also been identified by phylogenetic 
analysis, for example, in Trypanosoma spp. and Leishmania sp. For some trypanosome SNAREs 
such as TbSyn5, TbSyn16B, and TbVAMP7C differential subcellular localizations have been 
shown. Overall, trypanosomatid SNAREs show a high level of conservation in their number and 
identity and some show conservation across the whole eukaryotic lineage (Murungi et al., 2014 
and Venkatesh et al., 2017). 

Moreover, some SNARE-like proteins have also been identified in intravacuolar bacterial 
pathogens (Chatterjee et al., 2024), for example, SipA in Salmonella (Singh et al., 2018), LegCs 
and IcmG/DotF in Legionella (Paumet et a., 2009 and Shi et al., 2016), and IncA in Chlamydia 
(Delevoye et al., 2008). These proteins are localized on the membrane of the bacterial pathogen-
containing host vacuoles. These proteins have SNARE inhibitory function and thus hijack the host 
intracellular trafficking and promote their own survival in the vacuole. 

1.10. Aims of this thesis 

As described above, A. deanei has recently been established as a model system for studying 
endosymbiosis, aided by its fast-doubling time in culture, sequenced host and ES genomes, and 
available genetic tools. The highly reduced ES genome size and synchronization of the host and 
the ES cell cycles suggested an unusually advanced level of the ES integration. To gain first 
insights into the molecular mechanisms that may guide host-symbiont interactions, initially, I 
participated in a team effort aiming at determining the extent of protein targeting from the host to 
the ES. In this study, seven host-encoded ETPs were identified (see publication I, result section). 

The primary goal of my thesis was next to illuminate the role of ETPs in the molecular mechanisms 
of host-symbiont interaction. To this end, I specifically aimed at the following objectives: 

Aim I: to study the subcellular localization of the host-encoded ETP9, ETP2, and ETP7 throughout 
cell cycle stages together with the ES-encoded FtsZ. 

Aim II: to investigate cellular functions of ETP9, ETP2, ETP7, ETP1, and ETP5 in A. deanei using 
different approaches such as knockout and knockdown studies. 

Aim III: to gain first insights into the question if SNARE proteins may be involved in mediating 
vesicle fusions to the ES in the context of ETP3 and ETP8 import.
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2. Results 

2.1. Results: Publications and manuscripts 

2.1.1. Publication I 
Morales, J.*, Ehret, G.*, Poschmann, G., Reinicke, T., Maurya, A.K., Kröninger, L., Zanini, D., 
Wolters, R., Kalyanaraman, D., Krakovka, M., Bäumers, M., Stühler, K., and Nowack, E.C.M. 
(2023). Host-symbiont interactions in Angomonas deanei include the evolution of a host-derived 
dynamin ring around the endosymbiont division site. Current Biology, 33(1), 28-40. 

To explore the intricate molecular interactions between A. deanei and its ES, the level of 
integration of the ES in the host, and the extent of protein import from the host to the ES, Morales 
et al. performed proteome analyses of whole cell lysates and isolated ES fractions using protein 
mass spectrometry. Nucleus-encoded proteins that appeared enriched in ES fractions were 
considered as ETP candidates. Candidates were fused to fluorescent marker proteins and their 
subcellular localization established by microscopy. Using this approach, the team found seven 
ETPs that are transported to the ES and are likely involved in the host-endosymbiont interaction. 

My contribution to Morales* and Ehret* et al., 2023, Current Biology. [* Equal authorship] 

• To show more representative confocal images of ETP5 subcellular localization, Georg Ehret 
and I performed confocal microscopy leading to Fig. S2 B. The resulting data showed that 
ETP5 exhibited a similar localization pattern in all images. 

• To show if the dot-like fluorescent signal of ETP5 next to the kinetoplast is the BB, I performed 
an immunofluorescence assay (IFA) for co-localization studies of eGFP-ETP5 and alpha 
tubulin of the BB resulting in Fig. S2 C. The outcome suggested a clear co-localization of 
ETP5 (dot-like signal next to the kinetoplast) and the BB. 

• To investigate that an additional fluorescence signal of ETP8 as a dot-like structure positioned 
next to the nucleus is a Golgi structure, I together with Georg Ehret supervised Lucie Hansen’s 
B.Sc. project (2022) for a co-localization study of ETP8-eGFP and a trans-Golgi marker ARL1 
tagged with V5 at the C-terminus of the protein (detected with an α-V5 antibody) yielding Fig. 
S2 D. The data confirmed a partial co-localization of ETP8 and ARL1 suggesting that ETP8 
is also localized in the Golgi apparatus and likely transported to the ES via the Golgi network. 

• To verify the correct genomic insertion of pAdea303 (generated by me) leading to the 
generation of heterozygous etp9 mutant in the symbiotic A. deanei strain (Adea341, 
generated by me), I performed a Southern blot analysis resulting in Fig. S3 D. The data 
showed a correct insertion and successful generation of the mutant. 
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2.1.2. Publication II 
Maurya, A.K., Kröninger, L., Ehret, G., Bäumers, M., Marson, M., Scheu, S., Nowack, E.C.M. 
(2025). A nucleus-encoded dynamin-like protein controls endosymbiont division in the 
trypanosomatid Angomonas deanei. Science Advances, 11(12), eadp8518. 

To explore the subcellular localization throughout the cell cycle stages (aim I) and cellular function 
of ETP9 (aim II), We performed IFA, comparative genomic analysis, gene knockouts as well as 
knockdown of ETP9 using MAOs. Subsequently, we observed that the ES lost most of the 
essential division genes and thus the autonomy to divide. Interestingly, nucleus-encoded ETP9 
that showed a cell cycle-dependent localization together with the bacterium-encoded division 
protein FtsZ at the ESDS, was found to compensate for the lost ES division genes. Importantly, 
ETP9 showed an indispensable role in ES division in A. deanei. In sum, the data revealed that a 
host-derived ES division machinery which is of dual genetic nature evolved in A. deanei (and in 
other members of Strigomonadinae) to gain a tight control by the host over its bacterial ES.  

My contribution to Maurya et al., 2025, Science Advances. 

Most of the research (~ 90%) presented in this publication was performed by me (see author 
contributions in the publication II below). The contributions of others were the following. Eva 
Nowack performed the comparative genomic analysis leading to Fig. 1 and Table S1, and also 
generated Fig. S3 A. Lena Kröninger performed the Western blot analysis leading to Fig. S1 A-B 
and Fig. S2 A-B. She also generated plasmid pAdea301. Georg Ehret performed confocal 
microscopy leading to Fig. 2B and generated Adea363 (∆etp9hyg/etp9, in aposymbiotic A. deanei 
strain). Miriam Bäumers helped with TEM analysis leading to Fig. 4D and Fig. S4. Marcel Marson 
and Stefanie Scheu designed the RT-qPCR strategy and helped performing the experiments 
leading to Fig. 4E. 
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2.1.3. Manuscript I 
Maurya, A.K., Cadena, L.R., Ehret, G., Nowack, E.C.M. (2025). A novel host-encoded protein, 
ETP2, plays an important role in endosymbiont division in the trypanosomatid Angomonas deanei. 
(Under review in mBio). 

To explore the subcellular localization throughout the cell cycle stages of ETP2 (aim I) and its 
cellular function (aim II), Maurya et al., performed IFA, and gene knockouts and knockdown using 
MAOs. Subsequently, they observed that ETP2 showed a cell cycle-dependent localization. 
Importantly, it plays an important role in division and segregation of the ES in A. deanei. Lastly, 
in silico data suggested that ETP2 evolved specifically in symbiont-harboring trypanosomatids. In 
sum, ETP2 is an important component of the ES division machinery and represents a host-derived 
molecular mechanism controlling ES division. 

My contribution to Maurya et al., (Under review in mBio). 

The majority of the research (~ 80%) presented in this manuscript was performed by me (see 
author contributions in the manuscript I below). The contributions of others were the following. 
Lawrence Rudy Cadena performed the etp2 knockouts (in the symbiotic A. deanei strain) and in 
silico studies leading to Fig. 3 and Fig. 6, respectively. He helped with etp2 knockdown studies 
leading to Fig. 4 and Fig. S3 as well as contributed to generate pAdea457. Georg Ehret generated 
plasmid pAdea115 and the symbiotic A. deanei cell line Adea120 (∆etp2egfp-etp2/etp2) and the 
aposymbiotic A. deanei cell line Adea361 (∆etp2neo /etp2).  
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Abstract 

A single β-proteobacterial endosymbiont, Candidatus Kinetoplastibacterium crithidii, resides in 
the cytosol of the trypanosomatid Angomonas deanei, and divides at a defined stage of its host’s 
cell cycle. This endosymbiont has a highly reduced genome of 0.8 Mb and, notably, has lost most 
essential genes involved in bacterial cell division, resulting in a loss of division autonomy. It has 
been previously demonstrated that a host-encoded dynamin-like protein, ETP9, plays an 
indispensable role in the division of the endosymbiont. In this study, we identified a second 
nucleus-encoded component of the endosymbiont division machinery, termed ETP2, currently 
annotated as a ‘hypothetical protein’. We observed that ETP2 localizes in a cell cycle-dependent 
manner at the bacterial division site, alongside the bacterium-encoded FtsZ. Furthermore, we 
demonstrated that ETP2 plays an important role for timely endosymbiont division and 
segregation, as a large fraction of cells in an etp2 deletion mutant cell line exhibited either long, 
filamentous endosymbionts accompanied by severely distorted host cells or host daughter cells 
lacking endosymbionts. In silico analyses revealed that ETP2 is found exclusively in 
endosymbiont-harboring trypanosomatids and is most likely an intrinsically disordered protein. 
Collectively, our data suggests that ETP2, alongside the previously described ETP9, is an integral 
component of the endosymbiont division machinery. This finding highlights the evolution of a 
complex host-derived molecular mechanism that exerts tight control over its endosymbiont 
without requiring gene transfers from the bacterium. 
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Introduction 

The transformation of a free-living bacterium into a fully integrated organelle involves extensive 
structural, physiological, and genetic changes (Bhattacharya et al., 2007; Roger et al., 2017). 
Although mitochondria and plastids originated from bacteria, over a billion years of co-evolution 
with their host have led to a situation where the organelles and the surrounding cell can no longer 
be viewed as independent entities. Instead, the organelles' proteome composition, metabolic 
activity, division timing, positioning within the cell, and other factors are predominantly regulated 
by the genetic instructions of the nucleus. More recently established endosymbiotic relationships 
offer a unique opportunity to observe intermediate stages in the process by which a prokaryote 
becomes genetically integrated into a eukaryotic cell (Sørensen et al., 2024). As a result, studying 
the molecular mechanisms that govern these host-endosymbiont interactions holds significant 
potential for uncovering the scenarios and molecular processes behind organelle formation. 

Interestingly, some protists that have developed vertical endosymbiont transmission from one 
host generation to the next, exhibit strict control over the number of endosymbionts per host cell. 
Examples include the cercozoan Paulinella chromatophora, which houses two cyanobacterium-
derived photosynthetic "chromatophores" (Nowack, 2014), the haptophyte Braarudosphaera 
bigelowii, which contains a single cyanobacterium-derived nitrogen-fixing "nitroplast" (Coale et 
al., 2024), and the trypanosomatid Angomonas deanei, which contains a single β-proteobacterial 
endosymbiont that supplies its host with diverse metabolites and co-factors (Mundim and 
Roitman, 1977; Alves et al., 2011; Alves et al., 2013; Harmer et al., 2018). Intriguingly, this 
endosymbiont, Ca. Kinetoplastibacterium crithidii, consistently divides at a specific time point in 
the host cell cycle (Motta et al., 2010). Presence of Ca. K. crithidii seems to be obligate in some 
A. deanei strains including A. deanei ATCC-PRA 265, the strain investigated in this study (Maurya 
et al., 2025). However, in other A. deanei strains, artificially aposymbiotic cells that lost the 
endosymbiont can be generated through antibiotic treatment when metabolites normally provided 
by the endosymbiont are externally provided (Mundim and Roitman, 1977). 

The Ca. Kinetoplastibacterium endosymbiont was apparently acquired approximately 40-120 
million years ago (MYA) by a common ancestor of the trypanosomatid subfamily 
Strigomonadinae, to which A. deanei belongs (Du et al., 1994). Thus, it is also present in species 
of the other genera in this subfamily, Strigomonas and Kentomonas (Teixeira et al., 2011; Votýpka 
et al., 2014). All Ca. Kinetoplastibacterium endosymbionts have highly reduced genomes (~0.8 
Mbp) (Alves et al., 2013; Silva et al., 2018). Notably, this reductive genome evolution included the 
loss of most genes encoding essential components of the bacterial division machinery (Motta et 
al., 2013; Maurya et al., 2025). However, the gene encoding the central cell division protein FtsZ 
has been retained. FtsZ is a polymer-forming GTPase that forms in free-living bacteria as well as 
plastids and some mitochondria the so-called Z-ring at mid cell at the inner face of the inner 
membrane (Margolin, 2005; Leger et al., 2015). In bacteria, the Z-ring serves as a scaffold for the 
assembly of the machinery that synthesizes the division septum. In plastids, the Z-ring forms a 
complex with proteins in the inner and outer envelope membrane that confers topological 
information to the outer face of the outer envelope membrane and recruits a soluble dynamin-like 
protein (DLP) that forms a contractile ring structure around the plastid. Reciprocal interactions 
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between the Z-ring inside and the DLP ring outside result in a concerted constriction of the division 
machinery responsible for plastid fission (Wang et al., 2017). 

Trypanosomatids that thrive in their natural habitat as parasites, mostly in the digestive tract of 
insects, are capable of growing axenically in culture to high densities, can be cryopreserved, and 
are particularly well-suited for genetic manipulation (Clayton, 1999; Lukeš et al., 2018; Yagoubat 
et al., 2020; Kostygov et al., 2021). Hence, the Strigomonadinae represent an optimal model to 
investigate the molecular mechanisms establishing nuclear control over endosymbiont division. 
The development of genetic tools for A. deanei together with the mass spectrometric 
characterization of the endosymbiont proteome recently enabled the identification of seven 
endosymbiont-targeted host proteins (ETPs) (Morales et al., 2016; Morales et al., 2023). One of 
these proteins is the DLP ETP9 that apparently forms a contractile ring around the endosymbiont-
division site (ESDS) -likely on the outer face of the endosymbiont’s outer membrane- and takes 
part in endosymbiont division in a manner analogous to the division of mitochondria and plastids 
(Morales et al., 2023; Maurya et al., 2025). A. deanei is a diploid organism, haploid stages are 
not known. Attempts to generate homozygous ETP9 knockouts in which both etp9 alleles are 
replaced by a resistance marker gene, proved unsuccessful, suggesting that this nucleus-
encoded protein is essential for the organism's survival. ETP9 knockdown (KD) experiments 
demonstrated that despite the formation of Z-ring structures in ETP9-depleted cells, 
endosymbionts are division-impaired, forming long, filamentous structures, within significantly 
distorted host cells (Maurya et al., 2025). How ETP9 is recruited to the ESDS, if it acts alone or 
is part of a more complex division machinery, and if nucleus-encoded endosymbiont division 
factors are physically linked to the bacterial Z-ring is currently unknown. 

Notably, ETP9 is not the sole ETP that was found to localize at the ESDS, as ETP2 (annotated 
as a ‘hypothetical protein’) and ETP7 (containing a predicted phage-tail lysozyme domain) 
exhibited similar localizations (Morales et al., 2023). Here, we investigated the role of ETP2 in A. 
deanei. By using a combination of microscopy and knockout/KD approaches, we observed that 
ETP2 shows a cell cycle-dependent localization at the ESDS and fulfills an important role in 
endosymbiont division and segregation into host daughter cells. In silico analyses found ETP2 
restricted to the Strigomonadinae and is likely an intrinsically disordered protein. Together our 
data suggests that ETP2 evolved as a component of the endosymbiont division machinery in A. 
deanei, exhibiting a tight control of the host over its bacterial endosymbiont. 

 

Results 

Recombinant eGFP-ETP2 is functional and consistently localizes at the ESDS 

Previously, we observed that ETP2 (GenBank accession CAD2221027.1) fused at its N-terminus 
to the green fluorescent protein eGFP, overexpressed from the δ-amastin locus (∆δ-amaegfp-etp2) 
localizes at the ESDS (Fig. 1A and (Morales et al., 2023)). To verify that recombinant ETP2 
expressed from its endogenous locus showed the same subcellular localization, we tagged ETP2 
endogenously (∆etp2egfp-etp2/etp2) in a parental strain expressing the endosymbiont marker 
mScarlet-ETP1 (∆γ-amamS-etp1; see (Morales et al., 2023)) or in the wildtype (Wt) background. 
Epifluorescence microscopy revealed that in both cell lines, the endogenously tagged ETP2 
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showed the same localization as when overexpressed, although the eGFP fluorescence signal 
was weaker (Fig. 1B, micrographs 1 and 2). Cells in which both alleles of etp2 were replaced with 
the recombinant version (∆etp2egfp-etp2/∆etp2egfp-etp2) showed an enhanced eGFP fluorescence 
signal at the ESDS (Fig. 1C; for confirmation of the cell line by PCR and Southern blot see Fig. 
S1). Furthermore, no unusual phenotype was observed in these cells, suggesting that its N-
terminal fusion to eGFP neither affects ETP2 function nor subcellular localization. 

In optical transects of the ESDS by confocal microscopy, (overexpressed) eGFP-ETP2 forms two 
patches at both sides of the endosymbiont envelope (Fig. 1D, cell cycle stage 1). These patches 
appear to be part of a ring-shaped structure surrounding the ESDS as observed when moving 
through the Z-stacks (Movie S1). As the bacterium elongates and constricts in the middle, during 
bacterial division, the two eGFP-ETP2 patches seen in the optical transects meet in the middle of 
the ESDS, slightly cupping the newly forming bacterial cell poles, resulting in an x-like structure 
(Fig. 1D, cell cycle stage 2 and Movie S2). 

 
Figure 1: Subcellular localization of recombinant ETP2 in A. deanei. A-C: Epifluorescence microscopic 
analysis of subcellular localization of (A) eGFP-ETP2 overexpressed (oxETP2) from the δ-amastin locus in 
a cell co-expressing the endosymbiont marker mScarlet-ETP1; (B) eGFP-ETP2 expressed from its 
endogenous locus in the background of a cell expressing mScarlet-ETP1 (micrograph 1) or the Wt 
background (micrograph 2); and (C) eGFP-ETP2 expressed from both endogenous loci. For each image 
set, the eGFP channel alone (left) and the overlay of channels (right) for Hoechst 33342-stained DNA, 
eGFP, and (where relevant) mScarlet fluorescence are shown (A-C). As illustrated in panel A, the broken 
grey lines show cell outlines as seen by differential interference contrast (DIC) light microscopy. Scale bar 
is 5 µm. D: Deconvoluted fluorescence signals from confocal microscopy of eGFP-ETP2 overexpressing 
cells (same cell line as in A). Individual channels as well as the overlay of signals from channels for Hoechst 
33342, mScarlet, and eGFP are shown. Upper row, early stage in endosymbiont division; lower row, later 
stage. Scale bar is 2 µm. Abbreviations: K, kinetoplast (= network of concatenated mitochondrial DNA); N, 
nucleus; S, endosymbiont. 
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Endosymbiont-encoded FtsZ and host-encoded ETP2 show a cell cycle-dependent 
localization at the ESDS 

Previously, reconstruction of cell cycle stages of A. deanei had shown that the bacterium-encoded 
FtsZ and nucleus-encoded ETP9 exhibited a cell cycle-dependent localization at the ESDS 
(Maurya et al., 2025). To test whether ETP2 displayed a similar localization dynamic, we 
visualized FtsZ by immunofluorescence assay (IFA), and eGFP-ETP2 and the endosymbiont 
marker mScarlet-ETP1 by their autofluorescence. Since neither protocol for live-cell imaging nor 
synchronization of A. deanei cultures are available, we reconstructed division stages based on 
cell morphologies from images of >1000 fixed cells (Fig. 2). 

For the eGFP-ETP2 overexpressing cell line (∆δ-amaegfp-etp2; Fig. 2A), initially neither FtsZ nor 
eGFP-ETP2 fluorescence signals were observed (stage 0). Then, eGFP-ETP2 appears at the 
ESDS (stage 1a) followed by FtsZ, where they colocalize (stage 1b). During stage 2, the 
endosymbiont elongates with both FtsZ and ETP2 remaining co-localized at the ESDS. At later 
stages, the signal disappears in most cells, and only few cells show diffuse or inconsistent 
fluorescence signals for FtsZ and/or eGFP-ETP2. For the endogenously tagged ETP2 (∆etp2egfp-

etp2/∆etp2egfp-etp2; Fig. 2B), the localization patterns appear similar, however, it seems that both 
proteins, eGFP-ETP2 and FtsZ, reach the ESDS at a similar time point. Hence, the apparently 
early arrival of the overexpressed eGFP-ETP2 before FtsZ (stage 1a) might rather reflect its better 
detectability than actual early arrival and a clear order of arrival cannot be unambiguously 
established. 
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Figure 2: Subcellular localization of endosymbiont-encoded FtsZ and host-encoded recombinant 
ETP2 throughout early cell cycle stages. Subcellular localization of eGFP-ETP2 and FtsZ in mid-log 
phase cells co-expressing mScarlet-ETP1 (∆γ-amamS-etp1) and eGFP-ETP2 [overexpressed (∆δ-amaegfp-etp2) 
in A; and endogenously tagged (∆etp2egfp-etp2/∆etp2egfp-etp2) in B] throughout early cell cycle stages as 
analyzed by epifluorescence microscopy. eGFP-ETP2 (green) and mScarlet-ETP1 (magenta) were 
detected by their autofluorescence, FtsZ (white) by IFA, and DNA (cyan) by Hoechst 33342 staining. Scale 
bars are 5 µm. Merges in A: Merge1, overlay of eGFP and FtsZ signals; Merge2, mScarlet and FtsZ; 
Merge3, mScarlet and eGFP; Merge4, all four channels. Merges in B: Merge1, overlay of eGFP and FtsZ 
signals; Merge2, FtsZ and Hoechst33342; Merge3, eGFP and Hoechst33342; Merge4, all three channels. 
Abbreviations are the same as in Fig. 1. Numbers on images show cell cycle stages compared to Maurya 
et al., 2025. White boxes in the left panels indicate areas of detailed images in the right panels. 
 

Generation of a homozygous etp2 deletion mutant is viable and results in severe division 
phenotypes 

To study the cellular function of ETP2, we initially generated a heterozygous etp2 deletion mutant 
cell line in which one allele of etp2 was replaced by the neomycin phosphotransferase gene, neoR, 
(∆etp2neo/etp2; Fig. 1S). This mutant showed no noticeable phenotype. Several attempts to 
replace the remaining allele of etp2 by a hygromycin phosphotransferase gene, hygR, failed. 
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However, we obtained a homozygous deletion mutant cell line, in which the second allele was 
disrupted by insertion of a hygR-containing cassette into the etp2 open reading frame (ORF) 
resulting in a heavily truncated ETP2 protein (∆etp2neo/∆etp2246-491

hyg; Fig. S1). Both, 
heterozygous and homozygous etp2 deletion mutants were generated not only in the symbiotic 
but also an aposymbiotic A. deanei strain (strains ATCC PRA-265 and ATCC 30969, 
respectively). All cell lines generated were verified by PCRs and Southern blot analysis (Fig. S1). 
Interestingly, in the symbiotic homozygous etp2 deletion mutant cell line, >50% of the cells 
displayed either long, filamentous endosymbionts accompanied by severely distorted host cells 
or loss of the endosymbiont (Fig. 3A-C). This distortion was not witnessed in the aposymbiotic 
homozygous etp2 deletion mutant cell line where cells did not differ morphologically from Wt cells 
(Fig. S2), suggesting that the function of ETP2 is confined towards the endosymbiont, with the 
resulting distorted host morphology caused by downstream effects of impaired endosymbiont 
division. This distortion of host cells was accompanied by the occurrence of multiple kinetoplasts 
and flagella, and notably, a singular and enlarged nucleus in most cases, suggesting that both 
kinetoplast and nuclear DNA replication remain active yet only segregation of the kinetoplast is 
fulfilled. However, ~48% of the cells appeared ‘normal’ retaining a singular, morphotypical 
endosymbiont (Fig. 3B-C). Upon closer examination, a number of morphologically ‘normal’ host 
cells appear in the final stages of cytokinesis, attached only by an apparently undivided 
endosymbiont localized at the posterior end of the cells (Fig. 3B, white arrowhead). Additionally, 
some cells lacking endosymbionts are noted in the final stages of cytokinesis (Fig. 3B, black 
arrowhead), and possibly completing it without fulfilling complete segregation of the 
endosymbiont, explaining the high population of aposymbiotic cells in the homozygous mutant. 
Hence, the disruption of the second etp2 allele is not entirely lethal, suggesting that although now 
error prone, successful endosymbiont division is still possible. This is reflected also by the slower 
growth of the etp2 deletion mutant compared to Wt cells (Fig. 3D). 
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Figure 3: Characterization of homozygous etp2 deletion mutants in symbiotic A. deanei. A: 
Fluorescence in situ hybridization (FISH) micrographs of homozygous etp2 mutant cells. Wt A. deanei cells 
are shown as a control. Merge1, superposition of signals from Hoechst 33342-stained DNA (cyan) and the 
Cy3-Eub338 FISH probe directed against the bacterial 16S rRNA (magenta). Merge2, superposition of 
Hoechst 33342 and Cy3 signals on cell outlines as seen by DIC (broken grey lines). Abbreviations: K, 
kinetoplast; N, nucleus; F, flagellum. Scale bar is 5 µm. B: Overview micrographs of Cy3-Eub338 FISH-
stained homozygous etp2 mutant cells showing the occurrence of cells with abnormal, normal, or lacking 
endosymbionts. White arrowheads indicate host cells during the final stages of cytokinesis, however, 
attached by an undivided endosymbiont at the posterior end. Black arrowhead indicates a host cell in the 
final stage of cytokinesis lacking an endosymbiont. Scale bar is 10 µm. Note the multiple occurrences of 
cells lacking an endosymbiont. C: Quantification of division phenotypes in the etp2 mutant compared to Wt 
cells. D: Cell counts of symbiotic Wt and etp2 deletion mutant cells at 24 h and 48 h after inoculation (0 h). 
Plotted are mean and standard deviation from three biological and for each three technical replicates. 
 

KD of ETP2 results in elongated endosymbionts in severely distorted host cells 
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To confirm by an independent method that the observed division phenotype in homozygous etp2 
deletion mutants is caused by the lack of ETP2, we used a KD approach based on morpholino 
antisense oligos (MAOs). 

 

Figure 4: KD of ETP2 in symbiotic and aposymbiotic A. deanei strains. A: Schematic representation 
of MAO binding sites on the target mRNA of etp2 and α-tubulin. B: Cell densities of cultures of the symbiotic 
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and aposymbiotic A. deanei strains 6 h, 12 h, and 24 h post-transfection with water, MAOetp2 or MAOtub. 
Plotted are mean and standard deviation from three technical replicates. C: Micrographs of the symbiotic 
cells 24 h post-transfection for each treatment. A detail micrograph (merge of DIC and Hoechst 33342, 
upper panel) and overview micrograph (DIC, lower panel) are shown. D: Micrographs of symbiotic cells 
expressing the endosymbiont marker mScarlet-ETP1 24 h post-transfection with MAOetp2. The mScarlet 
channel alone (upper panel) and merge of DIC, Hoechst 33342, and mScarlet channels (lower panel) are 
shown. (For overview images, see Fig. S3). E: Micrographs of aposymbiotic cells 24 h post-transfection for 
each treatment. A detail micrograph (merge of DIC and Hoechst 33342, upper panel) and overview 
micrograph (DIC, lower panel) are shown. F: Micrographs of symbiotic cells expressing the endosymbiont 
marker 24 h post-transfection with MAOtub. The mScarlet channel alone (left panel) and merge of DIC, 
Hoechst 33342, and mScarlet channels (right panel) are shown. Abbreviations: K, kinetoplast; N, nucleus; 
S, symbiont; SL: splice leader, and UTR: untranslated region. Arrowhead highlights the symbiont. Scale 
bars are 5 µm (for detail) and 25 µm (for overview micrographs). 
 
For this, we transfected symbiotic and aposymbiotic A. deanei Wt cells with MAOs designed 
against etp2 mRNA (MAOetp2) (Fig. 4A). Hybridization of MAOs with the 5’ UTR of a specific 
mRNA results in the repression of its translation (Summerton and Weller, 1997). Consistent with 
the phenotype observed in the etp2 deletion mutants (Fig. 3), 24 h post-transfection, we observed 
a clear reduction in growth and the formation of long, filamentous endosymbionts in distorted host 
cells in the symbiotic strain (Fig. 4B-C), whereas in the aposymbiotic strain no noticeable changes 
in cell morphology were observed (Fig. 4E). However, a slight reduction in growth was observed 
in the aposymbiotic strain following transfection with MAOetp2 compared to the water control, which 
might reflect off-target effects (Fig. 4B). For better visualization of the endosymbionts, cells 
expressing the endosymbiont marker mScarlet-ETP1 were also transfected with MAOetp2 resulting 
the same filamentous endosymbionts (Fig. 4D; for overview images see Fig. S3). 

Importantly, symbiotic as well as aposymbiotic cells mock treated with water showed the highest 
cell numbers and no aberrant cell morphologies 24 h post-transfection (Fig. 4B-C, E); while cells 
transfected with MAOtub against α-tubulin, as a positive control, exhibited the expected effects 
(Fig. 4B-C; E), with a markedly reduced growth and formation of roundish cell morphologies 
comparable to the “Fat Cells” phenotype described in Trypanosoma brucei following RNAi against 
α-tubulin (Ngô et al., 1998) and our previous results in A. deanei (Maurya et al., 2025). 
Furthermore, a massive accumulation of DNA-containing compartments was observed following 
α-tubulin KD. This phenomenon was more pronounced in the symbiotic strain, probably due to its 
generally larger cell and organelle sizes in addition to the presence of the endosymbiont (see Fig. 
S4). The red fluorescence signal of mScarlet-ETP1-expressing cells shows that although clumps 
of endosymbionts appear in the roundish, division-impaired host cells with reduced α-tubulin, the 
endosymbionts appeared to be fully divided and not filamentous, suggesting that endosymbiont 
division itself was not impaired (Fig. 4F). 

 

Formation of the Z-ring at the ESDS is independent of ETP2 

To assess the effects of ETP2 depletion on the localization of the bacterium-encoded FtsZ, we 
repeated the ETP2 KD (in cells expressing mScarlet-ETP1) followed by IFA using an antibody 
raised against Ca. K. crithidii FtsZ (Maurya et al., 2025). 24 h post-transfection, FtsZ was 



Results: Manuscript I 

P a g e  90 | 179 

 

observed to form several foci along the filamentous endosymbionts (Fig. 5), suggesting that 
formation of the Z-ring is independent of ETP2. 

 

Figure 5: Localization of FtsZ in symbiotic A. deanei cells following etp2 KD. Subcellular localization 
of the bacterium-encoded FtsZ in symbiotic cells expressing the endosymbiont marker mScarlet-ETP1 24 
h post-transfection with MAOetp2. Shown are the fluorescence signals of Hoechst 33342-stained DNA 
(cyan), mScarlet-ETP1 autofluorescence (magenta), and the IFA signal for FtsZ (white). Merge1, overlay 
of fluorescence signals of mScarlet-ETP1 and FtsZ; Merge2, DNA, mScarlet-ETP1, and FtsZ; Merge3, 
DNA, mScarlet-ETP1, FtsZ, and the DIC picture. White arrowheads show long, filamentous endosymbionts 
(S). Scale bar is 5 µm. 
 
ETP2 is likely an intrinsically disordered protein and is exclusively found within the 
Strigomonadinae 

To gain a deeper understanding of the origin and function of ETP2, we conducted BLAST 
searches (E-value threshold 1E-1) against both the NCBI and EukProt (Richter et al., 2022) 
databases. These searches yielded hits exclusively to A. deanei and Strigomonas culicis 
(Strigomonadinae), where the protein is annotated as ‘hypothetical protein’. To gain insights into 
its potential cellular function, we analyzed the ETP2 sequence for the presence of specific 
domains using HHPred (Söding et al., 2005) and SMART domain (Letunic et al., 2021); however, 
no significant hits were identified. Additionally, we employed a series of secondary structure 
prediction tools, including JPred4 (Drozdetskiy et al., 2015) and SPIDER3 (Heffernan et al., 2017), 
which predicted the presence of alpha helices and beta sheets exclusively within the C-terminal 
region of the sequence, beyond amino acid position 343 (Fig. 6A). Given the absence of predicted 
structural motifs in the N-terminal region, we analyzed the sequence using intrinsic disorder 
domain (IDD) prediction software, namely IUPred (Dosztányi et al., 2005) and SPOTD (Hanson 
et al., 2017). These analyses indicated a high probability of intrinsic disorder throughout the entire 
N-terminus, up to amino acid position 341 (Fig. 6A). 

Consistent with these sequence-based analyses, AlphaFold3 (Abramson et al., 2024) predicted 
for ETP2 a generally structured C-terminus and unstructured N-terminus (Fig. 6B). However, the 
predicted tertiary structure exhibited low to very low predicted local distance difference test 
(pLDDT) scores across the entire protein, in line with the expected confidence scores for IDDs 
(Ruff and Pappu, 2021). To further substantiate the prediction that the N-terminus of the protein 
is an IDD, we performed a more detailed analysis using AIUPred (Erdős and Dosztányi, 2024), 
which returned values consistent with an IDD in the N-terminal region (Fig. 6C). 



Results: Manuscript I 

P a g e  91 | 179 

 

The observed localization pattern of recombinant ETP2 suggests that the protein interacts at the 
ESDS with the (outer or inner) endosymbiont membrane (Fig. 1). Therefore, we investigated the 
presence of potential lipid-binding domains within the sequence by DisoLipPred (Katuwawala et 
al., 2022). This analysis identified a region (amino acids 333–342) with a high probability of 
harboring a disordered lipid-binding motif (Fig. 6D). The potential membrane-binding capability of 
this motif was further supported by PMI-Pred (van Hilten et al., 2024) analysis, which predicted a 
free energy of -64.453 kJ/mol for binding of this specific sequence to a negatively charged 
membrane, well below the required threshold of -28 kJ/mol, supporting membrane binding (van 
Hilten et al., 2024) (Fig. 6D). 

 

 

Figure 6: In silico analyses predict ETP2 as an intrinsically disordered protein with putative lipid 
binding capability. A: Overview of secondary structure elements and IDDs of ETP2 predicted by JPred4, 
SPIDER3, IUPred, SPOTD, and AlphaFold3 (as indicated). Consensus of the start of the structured domain 
of ETP2 at amino acid position 343 is indicated. B: AlphaFold3-predicted tertiary structure of ETP2. The N-
terminus of the protein is marked with ‘N’. Confidence scores are indicated on the right. C: Results of 
AIUPred analysis of ETP2 using the default options (AIUPred – only disorder, Default smoothing). 
Prediction scores >0.5 (above grey line) indicate disordered regions. D: Results of DisoLipPred analysis of 
ETP2. Larger scores denote higher likelihood of a disordered lipid binding region. The region containing 
the highest likelihood (amino acids 333–342) is highlighted. Predicted free energy for membrane-binding 
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of the highlighted sequence by PMI-Pred using the ‘negatively charged membrane’ option is shown on the 
right. Free energy values (ΔFsm) of <-28 kJ mol-1 indicate high likelihood for membrane binding. 

 

Discussion 

In some associations between protists and their bacterial endosymbionts a precise coordination 
between host and endosymbiont cell division has evolved, ensuring a defined number of 
endosymbionts per host daughter cell. The molecular mechanisms underlying this cell cycle 
coordination are largely unknown. A. deanei has been recently reported to manifest nuclear 
control over its endosymbiont’s division by means of the DLP ETP9 that apparently forms a 
contractile ring structure around the ESDS and functionally compensates for the loss of essential 
division genes from the endosymbiont genome (Maurya et al., 2025). Here, we functionally 
characterized a second nucleus-encoded protein, ETP2, previously reported to localize at the 
ESDS in A. deanei (Morales et al., 2023). 

Through analysis of >1000 cells expressing eGFP-tagged ETP2 (endogenously or 
overexpression), we found that ETP2 localizes at the ESDS specifically at cell cycle stages in 
which the endosymbiont divides (Figs. 1 and 2). Replacement of both etp2 alleles with the 
recombinant copy without a resulting phenotype (Fig. 1C) demonstrated that its N-terminal fusion 
to eGFP did not affect the localization or function of ETP2. The accumulation of ETP2 at the ESDS 
appears to precede the emergence of ETP9, which arrives at the ESDS after the formation of the 
Z-ring (compare Fig. 2 and (Maurya et al., 2025)). The functional involvement of ETP2 in 
endosymbiont division is demonstrated by the striking division phenotype exhibited by 
homozygous etp2 deletion mutants and by Wt cells following ETP2 KD, with filamentous 
endosymbionts in highly distorted host cells (Fig. 3A-C and Fig. 4). However, in both experiments 
numerous non-distorted host cells were also present that display Wt morphology and either harbor 
a single endosymbiont or lost the endosymbiont and are, hence, bound to die (Fig. 3B-C and Fig. 
S3). We witnessed cases where non-distorted host cells undergoing cytokinesis appeared to 
remain attached through their posterior ends by an undivided endosymbiont (Fig. 3B, white 
arrowhead), and apparently successfully detaching host cells not inheriting an endosymbiont (Fig. 
3B, black arrowhead). The fact that the etp2 deletion cell line remains alive, yet exhibits slower 
growth compared to the Wt (Fig. 3D), lends to the conclusion that despite of the disruption of the 
last remaining etp2 allele, a subset of the population is still capable of undergoing cytokinesis and 
inheriting a morphotypical endosymbiont. Whether this outcome depends on the presence of the 
truncated ETP21-245 that remains in the homozygous deletion mutant (Fig. S1D) is currently 
unclear. 

In aposymbiotic ETP2 deletion mutants and Wt cells following ETP2 KD, no division phenotype 
was observed (Figs. S2 and 4E), demonstrating that the ETP2 function is specific for 
endosymbiont division and the observed distorted host morphology is a secondary effect resulting 
from impaired endosymbiont division. The reduced growth of aposymbiotic cells following ETP2 
KD (Fig. 4B) may represent an off-target effect. However, in the short 5’ UTR of etp2 no suitable 
binding site for a non-overlapping MAO was found that would help to verify this interpretation. 
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Intriguingly, in most symbiotic ETP2 deletion mutant cells, where the host is highly distorted, we 
observed the development of multiple kinetoplasts with an attached flagellum alongside a singular 
enlarged nucleus (Fig. 3A). Hence, inhibition of endosymbiont division, which precedes 
kinetoplast division (Maurya et al., 2025), does not appear to affect kinetoplast and nucleus 
replication or kinetoplast segregation. In T. brucei and other trypanosomatids, the division furrow 
originates by the segregation of the flagella through separation of kinetoplasts via the basal bodies 
and tripartite attachment complex (TAC; a structure linking the kinetoplast and basal body), thus, 
making kinetoplast segregation a key initiator of cytokinesis (Kohl et al., 2003; Gluenz et al., 2011; 
Wheeler et al., 2013; Schneider and Ochsenreiter, 2018). Interestingly, while numerous proteins 
have been identified and functionally characterized that mediate this process in T. brucei 
(Schneider and Ochsenreiter, 2018), comparative genomics has indicated a potential loss of 
some of these regulatory genes in A. deanei (Cadena et al., 2024). Moreover, an additional 
nucleus-encoded protein that has been reported to associate with the endosymbiont, ETP5 
(Morales et al., 2023), is orthologous to the KMP-11 protein, a known mediator in cytokinesis and 
localized to the basal bodies and flagella of T. brucei (Li and Wang, 2008). Whether the loss of 
proteins involved in kinetoplast, TAC, and basal body segregation is caused by the precedence 
of the endosymbiont dividing first in the Strigomonadinae cell cycle remains an open question. 

Our BLAST, Hidden Markov Modeling, and SMART analysis results demonstrated that neither 
proteins similar to ETP2 nor potential domains therein are found in organisms outside of the 
Strigomonadinae. Secondary and tertiary structure predictions for ETP2 suggested an 
unstructured N-terminal domain (amino acid positions 1 – 346) ending in a potential membrane-
binding motif and a structured C-terminus, however, with low confidence scores for tertiary 
structure prediction throughout the entire protein (Fig. 6). Collectively, these findings point to an 
origin of ETP2 as a result of de novo innovation within the Strigomonadinae (McLysaght and 
Guerzoni, 2015) and possibly its intrinsically disordered nature (Ruff and Pappu, 2021). The 
genesis of intrinsically disordered proteins resulting primarily from de novo gene innovation has 
been repeatedly suggested (Wilson et al., 2017; Bornberg-Bauer et al., 2021; Heames et al., 
2023; Chen et al., 2024). Interestingly, due to their unstructured nature, intrinsically disordered 
proteins may transiently interact with multiple binding partners and, thus, act in form of signaling 
hubs or scaffolds as temporal organizers (Haynes et al., 2006; Patil and Nakamura, 2006; Cortese 
et al., 2008; Uversky, 2015; Cornish et al., 2020). Whether ETP2 is capable of acting as either a 
scaffold or signaling hub, recruiting other proteins involved in endosymbiont division to the ESDS, 
remains an exciting possibility to be explored. Since FtsZ localizes in distinct foci along the 
filamentous endosymbionts following etp2 KD (Fig. 5), recruitment of FtsZ to the prospective 
ESDS, which is likely controlled by the endosymbiont-encoded Min system (Maurya et al., 2025), 
is apparently not affected by ETP2 depletion. Whether the recruitment of nucleus-encoded 
proteins such as ETP9 towards the ESDS is affected remains to be explored. 

In sum, our work demonstrates that ETP2 plays a major role in the division of the endosymbiont. 
Additionally, we showed that disruption of endosymbiont division ultimately affects host cell 
division. With A. deanei cells containing a single, elongated endosymbiont displaying complete 
cytokinetic arrest alongside multiple kinetoplasts and flagella in a single host cell. Given the 
presence of ETP2 solely within Strigomonadinae, and lack of in silico identifiable homologous 
regions or domains, we hypothesize that ETP2 is a largely intrinsically disordered proteins 
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resulting from de novo origin and may function as a scaffold or signaling hub given its early 
recruitment to the EDSD. Although our findings lend further credence that the endosymbiont 
division machinery in A. deanei is of dual genetic origin, the full characterization of this fascinating 
structure remains at its infancy. 

 

Methods 

Microbial strains, media, and growth conditions. Both, symbiotic Angomonas deanei (ATCC 
PRA-265) and aposymbiotic A. deanei (ATCC 30969) strains were grown in brain heart infusion 
(BHI, Sigma Aldrich) medium supplemented with 10 µg/ml hemin (Sigma Aldrich). Medium for the 
aposymbiotic strain was additionally supplemented with 10% v/v horse serum (Sigma Aldrich). A. 
deanei cultures were grown at 28 °C under static conditions and sub-cultured twice a week, once 
they reached cell densities of ~1.0 x 107 cells/ml (for the aposymbiotic strain) and ~1.0 x 108 
cells/ml (for the symbiotic strain). Cell counting was performed using a Multisizer 4e cell counter 
(Beckman Coulter). 

Escherichia coli TOP10 cells, used for plasmid preparation, were grown in lysogeny broth (LB) 
medium supplemented with 100 µg/ml ampicillin at 37 °C for 16-18 h under aerobic conditions. 

Plasmid generation. All primers used in this study are listed in Table S1, schematic maps of 
plasmids and strains used or generated in this study are displayed in Fig. S5. 

For the generation of homozygous etp2 deletion mutants, plasmid pAdea457 was generated. For 
this, the pUMA1467 backbone (Terfrüchte et al., 2014) was amplified from plasmid pAdea369 
using the primer pair 3237/3244. The first half and second half of the etp2 gene were used as 5’ 
and 3’ flanking region (fr) and were amplified from A. deanei genomic DNA (gDNA) using primer 
pairs 3238/3239 and 3242/3243, respectively. A fragment containing the γ-amastin 5’ fr with its 
spliced leader (SL) donor sequence, hygr, and the intergenic region between the gapdh1 and 
gapdh2 genes, gapdh ir, was amplified from pAdea368 using primer pair 3240/3241. All the 
amplified fragments were assembled by Gibson cloning (Gibson et al., 2009). 

For the generation of pAdea115 (used for endogenous tagging of the first etp2 allele), the 
fragment etp2 fr 3’-pUMA1467-etp2 fr 5’ was amplified from plasmid pAdea092 using primer pair 
1015/1016 and the fragment neor-gapdh ir-egfp-etp2 was amplified from pAdea035 using primer 
pair 1022/1023. Both fragments were ligated by Golden Gate cloning (Engler et al., 2008). 

For the generation of pAdea477 (used for endogenous tagging of the second etp2 allele), primer 
pair 3322/3323 was used for the amplification of the entire pAdea115 template except the neor 
gene and primer pair 3320/3321 was used to amplify hygr from pAdea260. Both fragments were 
ligated by Gibson cloning. 

All plasmids were amplified in E. coli TOP10 and isolated by NucleoSpin Plasmid kit (Macherey-
Nagel). Correct assembly was verified by sequencing (Microsynth AG, Balgach, Switzerland). 

Transfection of A. deanei. For efficient integration of a prepared DNA cassette into the A. deanei 
nuclear genome, ~40 µg of plasmid DNA was digested with restriction enzyme(s) cutting at the 5’ 
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and 3’ ends of the insertion cassette (see maps in Fig. S5). The linearized cassette was 
transfected into A. deanei cells as described earlier (Morales et al., 2023). In brief, 1.0 x 107 cells 
were harvested and resuspended in 18 µl of P3 primary cell solution. 2 µl of the digested plasmid 
(2-4 µg DNA) were mixed with the cells and pulsed with the program FP158 using Nucleofector 
4D (Lonza). Cells were immediately transferred to 5 ml growth medium without antibiotics. Cells 
were allowed to recover for 6 h at 28 °C. After this incubation, cells were diluted 10-fold in the 
same medium with the respective selection antibiotic(s) added at final concentrations of 500 µg/ml 
for both G418 (Sigma Aldrich) and hygromycin B gold (InvivoGen). Diluted cells were distributed 
in 200 µl aliquots on a 96-well plate and incubated at 28 °C until single wells showed turbidity 
indicating the growth of clonal cell lines (typically 5-6 days). Clones were isolated and used further 
for verifications by PCR. 

Verification of transgenic cell lines by PCR. To verify selected clones by PCR, gDNA was 
isolated from cells using 200 µl of DNAzol (Thermo Fisher) according to the manufacturer’s 
instructions and dissolved in 20 µl of sterile dH2O. Primers that were used (see Table S1), either 
binding in the genomic region outside of the inserted cassette or one primer binding outside and 
the other inside the cassette. Only verified strains were used for further analysis. 

Southern blot analysis. For the replacement of the second etp2 allele (that caused a phenotype 
in the context of etp2 disruption, but not for egfp tagging), insertion of a single cassette was 
verified by Southern blot analysis as described before (Morales et al., 2023). Briefly, ~7.5 µg of 
gDNA was isolated by the DNeasy Blood & Tissue kit (Qiagen), digested overnight using 
appropriate restriction enzymes, and resolved on 0.8% w/v agarose gel. Next, DNA was 
transferred to a nylon membrane (Nytran N Nylon Blotting Membrane, 0.45 μm; GE Healthcare 
Life Sciences) overnight by capillary method and fixed on the membrane using 0.120 Joules with 
a UV-strato-Crosslinker (Analytik Jena). A digoxigenin (DIG)-labelled probe against hygr (α-hygr; 
see Fig. S1) was generated using the primers indicated in Table S1 and hybridized to the DNA 
immobilized on the membrane at a hybridization temperature of 53 °C. Lastly, the membrane was 
developed as per the protocol supplied with the DIG-High Prime DNA Labeling and Detection 
Starter kit II (Roche Applied Science). The resulting chemiluminescence signal was detected by 
a Chemidoc MP (Bio-Rad).  

Epifluorescence microscopy. For visualizing cells, epifluorescence microscopy was performed 
as described before (Morales et al., 2023). In brief, cells in the mid-log phase were mixed with 
formaldehyde (FA) to a final concentration of 4% w/v and incubated in dark at room temperature 
(RT) for 10-15 min. Next, cells were washed twice and resuspended in phosphate buffered saline 
(PBS). Then, cells were spotted onto a glass slide coated with 0.01% poly-L-lysine (Specialty 
Media), mixed with 30 µg/ml Hoechst 33342 in PBS, and incubated at RT in the dark for 10-15 
min. After incubation, cells were washed three times with PBS and coated with antifade reagent 
SlowFade Diamond (Thermo Fisher Scientific). Images were acquired with an Axio Imager M.1 
(Zeiss, Oberkochen, Germany) using an EC Plan-Neofluar 40x/1.3 oil Ph3 or 100x/1.30 Oil 
Ph3M27 objective (Zeiss). Images were analyzed with Zen Blue v2.5 and processed with ImageJ 
v2.0 software. 

Immunofluorescence assay (IFA). For visualizing FtsZ, IFA was performed as described before 
(Maurya et al., 2025). All steps were performed at RT in the dark. In brief, cells in the mid-log 
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phase were mixed with FA to a final concentration of 4% w/v and incubated for 15 min. Cells were 
collected, washed with PBS, and resuspended in an appropriate volume of PBS. Then, 20 µl cell 
suspension was spotted onto 0.01% poly-L-lysine-coated glass slides and incubated for 20 min. 
After incubation, unbound cells were removed and attached cells permeabilized with 10 µl 0.2% 
v/v Triton-X100 in PBS for 20 min. Then, cells were washed in PBS and incubated with 1% w/v 
blocking solution (BS; albumin bovine fraction V, pH-7.0, Serva) in PBS for 45 min. Next, 15 µl of 
1:80 diluted anti-FtsZpepC primary antibody (raised in rabbit against Ca. K. crithidii FtsZ, see 
(Maurya et al., 2025)) in 1% BS was applied and incubated for 1.5 h followed by three washes in 
1% BS. The 1:500 diluted anti-rabbit IgG (goat, polyclonal, Abberior Star-red, Ex: 638 nm) 
secondary antibody in 1% BS was applied and incubated for 1 h followed by three washes in 1% 
BS. After antibody staining, DNA was stained with Hoechst 33342. Finally, cells were coated with 
7 µl antifade reagent SlowFade Diamond (Thermo Fisher Scientific) and imaged with an Axio 
Imager M.1 as described before. mScarlet-ETP1 and eGFP-ETP2 were detected based on their 
autofluorescence. For reconstruction of cell cycle stages, more than 1,000 cells were analyzed 
with Zen Blue v2.5 software. 

Fluorescence in situ hybridization (FISH). For visualizing the endosymbionts by FISH, cells 
from mid-log phase were mixed with FA to a final concentration of 4% w/v and incubated for 30 
min. Cells were harvested thereafter, washed 3 times with PBS, and resuspended in an 
appropriate volume of PBS. Then, 20 µl cell suspension was spotted onto 0.01% poly-L-lysine-
coated glass slides and air-dried for 30 min. The slides were consecutively placed in 50%, 80%, 
and 100% ethanol for 3 min each to dehydrate the cells. Then, 5 µl of a 5’ Cy3-labeled Eub338 
probe (50 ng DNA µl-1) directed against the bacterial 16S rRNA (Amann et al., 1991; Fuchs et al., 
2007) was mixed with 45 µl of hybridization buffer (900 mM NaCl, 20 mM Tris-HCl pH 7.2, 35% 
formamide, 10% SDS in dH2O) and spotted onto the dry slides. The slides were incubated at 46 
°C for 2 h in a humid chamber. Afterwards, the slides were washed in FISH-wash buffer (80 mM 
NaCl, 20 mM Tris-HCl pH 7.2, 10% SDS in dH2O) and incubated at 48 °C for 25 min. The slides 
were rinsed twice with dH2O and mixed with 30 µg/ml Hoechst 33342 in PBS, and incubated at 
RT in the dark for 10-15 min. After incubation, cells were washed three times with PBS and coated 
with SlowFade Diamond (Thermo Fisher Scientific). Images were acquired and analyzed as 
described before. 

Confocal microscopy. Slides were prepared as described earlier (Maurya et al., 2025). The 
protocol was the same as for epifluorescence microscopy slide preparation except that a high 
precision coverslip (LxW-22x22 mm, No. 1.5H, thickness-170 µm, Marienfeld, VWR) was used to 
spot 0.01% poly-L-lysine. All steps were performed on this coverslip. Later, the coverslip was put 
upside down on a glass slide. Imaging was performed at an inverted confocal microscope, Leica 
TCS SP8 (STED 3X), with standard settings as described before (Morales et al., 2023) except 
that the laser line was set at 35% for eGFP and 15% for mScarlet. For deconvolution of the raw 
data, Huygens Professional v.23.10.0p7 64b was used with default settings except that in manual 
mode a threshold for background extraction was set based on background fluorescence signals. 
Generation of supplementary movies was performed as described earlier (Maurya et al., 2025). 

KD assays using MAOs. For KDs, A. deanei cells were transfected with MAOs as described 
earlier (Maurya et al., 2025) using MAOetp2 (5’-CGTAGTCCATTTTGGTGTGTATGAT-3’) or 
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MAOtub (5’- TGAATGCAGATAGCCTCACGCATGG -3’, as a positive control), all synthesized by 
Gene Tools, LLC, Philomath, OR, USA. After transfection, cells were transferred into BHI medium 
supplemented with hemin and horse serum without antibiotics for all strains and incubated at 28 
°C. Samples were collected at 6 h, 12 h, and 24 h post-transfection and used for Hoechst 33342 
staining and epifluorescence microscopy as described before. 

Growth measurements. For the homozygous etp2 mutant cell line, growth analysis was 
performed as described before (Maurya et al., 2025). Briefly, 4 x 105 cells/ml were inoculated in 
triplicates in 5 ml BHI medium supplemented with hemin without antibiotics and incubated at 28 
°C. Cells were counted in triplicates at 24 h and 48 h using a cell counter (Multisizer 4e, Beckman 
Coulter). For MAO-treated cells, counting was performed in triplicates at 6 h, 12 h, and 24 h post-
transfection. 

A. deanei cell and organelle measurements. For measuring the width (W) and length (L) of 
symbiotic and aposymbiotic A. deanei strains, cell line Adea126 expressing mScarlet-ETP1 and 
Wt aposymbiotic strains were used, respectively. For W and L measurements of the cell, DIC 
images were used. For kinetoplast (K) and nucleus (N), Hoechst 33342 staining was used. For 
measuring the endosymbiont (ES), mScarlet-ETP1, localized at the bacterial envelope, was used. 
Measurements were performed manually with Zen v.2.5 on cells that were categorized into 
different cell cycle stages. Mean values were calculated and plotted using GraphPad Prism v5.0. 
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Supplementary Materials 

 

Figure S1: Verification of recombinant A. deanei cell lines by PCR and Southern blot analysis. A: 
Verification of the symbiotic strain with both alleles of etp2 replaced by an egfp-etp2-containing cassette. 
B: Verification of symbiotic etp2 heterozygous and homozygous deletion mutant cell lines. C: Verification 
of aposymbiotic heterozygous and homozygous etp2 deletion mutant cell lines. D: Maps of Wt and modified 
etp2 loci with expected band sizes detected by PCR (for A-C). Black arrowhead marks the amino acid 
position. E: PCR analysis of presence/absence of an intact etp2 copy in symbiotic and aposymbiotic A. 
deanei Wt and etp2 deletion mutant cell lines. F: Maps of Wt and modified etp2 locus with expected band 
sizes detected by PCR in E. Black text shows symbiotic and grey aposymbiotic strains. Dotted lines show 
expected PCR band sizes. Curved arrows show primer binding sites. Vertical black lines on the maps show 
borders of inserted DNA fragments in the genome. Broken pink/green boxes on the maps show first and 
second halves of the etp2 ORF used as fr 5’ and fr 3’ for homologous recombination, respectively (in D, F, 
H). G: Southern blot verification of A. deanei strains with Wt and modified etp2 loci using a probe against 
hygr. M, DIG-labelled DNA marker. H: Maps of Wt and recombinant etp2 loci analyzed by Southern blot. 
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Black arrowheads on the maps indicate the cutting site for the indicated restriction enzymes. The grey 
dotted lines indicate the expected size of the digested fragment. Binding sites of the α-hyg probe are marked 
by a blue bar. Abbreviations: fr, flanking region; hygr, hygromycin resistance gene, and neor, neomycin 
resistance gene. 

 

 

Figure S2: Effects of deletion of both alleles of etp2 in the aposymbiotic A. deanei strain. A: The 
figure shows representative images of Wt and the homozygous etp2 deletion mutant cell line in the 
aposymbiotic A. deanei strain. Images show an overlay of DIC and Hoechst 33342 fluorescence (cyan). 
Scale bar is 5 µm. B: Overview DIC images of cells of the same cultures. Scale bar: 10 µm. Grey text/bars 
indicate aposymbiotic strains. 
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Figure S3: Effects of KD of ETP2. A. deanei cells expressing the endosymbiont marker mScarlet-ETP1 
24 h post-transfection with MAOetp2. Shown are the mScarlet channel alone (on the left) and a merge of the 
mScarlet and Hoechst 33342 channels with the DIC image (on the right). Arrows show filamentous 
endosymbionts. Scale bars are 10 µm. 
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Figure S4: Measurements of cell and organelle sizes for symbiotic and aposymbiotic strains. A: 
Measurements for aposymbiotic Wt cells at different cell cycle stages- 1K1N, 2K1N, and 2K2N (see below). 
B: Measurements for symbiotic cells expressing the endosymbiont marker mScarlet-ETP1 at different cell 
cycle stages- 1K1N1S, 1K1N2S, 2K1N2S, and 2K2N2S (see below). Mean values are represented on each 
plot for each measurement by a horizontal line. DIC images were used to measure cell size, Hoechst 33342-
stained DNA for kinetoplast (K) and nucleus (N), and mScarlet-ETP1-labelled endosymbiont (ES) for 
bacterium measurements, respectively. K1-2 represents two kinetoplasts that are still not completely 
separated. C: Quantification of approximately 500 aposymbiotic Wt cells categorized into different cell cycle 
stages. D: Quantification of approximately 500 symbiotic cells expressing mScarlet-ETP1 categorized into 
different cell cycle stages. Cell cycle stages are described by the number of kinetoplasts (K), nuclei (N), 
and endosymbionts (S) per cell.  
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Figure S5: Schematic maps of all plasmids and A. deanei strains used in this study. Previously 
generated plasmids such as pAdea092 and pAdea119 were used in this study to generate new Adea strains 
or as templates to generate new plasmids in this study (pAdea260, pAdea368, and pAdea369). All other 
plasmids were generated in this study. Abbreviations: fr, flanking region (~0.7 - ~1.0 Kbp used for 
homologous recombination); ir, intergenic region between gapdh I and gapdh II genes; δ/γ-ama, δ- and γ-
amastin gene (for nomenclature see Morales et al. 2016); etp2 fr 5’, upstream flanking region of etp2 gene; 
etp2 fr 3’, downstream flanking region of etp2 gene; etp2/9 as fr 5’, first half of the respective etp ORF used 
as 5’ flaking region; etp2/9 as fr 3’, second half of the ORF used as 3’ flaking region; δ/γ-SL, 5’ flanking 
region of the δ/γ-amastin genes, respectively including the spliced leader acceptor sequence; Neor/Hygr, 
neomycin and hygromycin resistance markers encoded by neor/hygr genes, respectively. Arrowheads show 
approximate cutting sites of restriction enzymes on the plasmid used for linearization before transfection. 
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Table S1: All primers used in this study. Primers for the generation of plasmids, plasmid sequencing, 
verification of genomic insertions, and generation of Southern blot probes are described below. 

Primer 
No. 

Primer sequence (5’-3’) 
Used for amplification of DNA fragment 

Fragment 
amplified 

Final 
plasmid 

1015 GGTCTCCCTAATAATATATATTTATCTCGTTCGGTGTT etp2 fr 3’-
pUMA1467-etp2 fr 

5’ pAdea115 1016 GGTCTCCTCATTTTGGTGTGTATGATTGTATTTTTC 

1022 GGTCTCCATGATTGAACAAGATGGATTGC neor-gapdh ir-egfp-
etp2 1023 GGTCTCCTTAGTTCGCCGAAAGCAC 

3237 TCATCCTCGTCGTAGTCCATCAGGTGAGCTCGAATTCACT pUMA1467 

pAdea457 

3244 TTGTGCTTTCGGCGAACTAAGCAGGTCTAGATATCGGATCC 
3238 AGTGAATTCGAGCTCACCTGATGGACTACGACGAGGATGAATACTTTGA First half of etp2 

gene as fr 5’ 3239 CTAGGTGAGTTTTTACTTTTCAGTGCCTCTGGTGGGGGT 
3242 CAAAAAACACAGTTATCCAACAGGTGCATCGTACGCCGG Second half of etp2 

gene as fr 3’ 3243 GATCCGATATCTAGACCTGCTTAGTTCGCCGAAAGCACAAAATAGGGT 
3240 CACCCCCACCAGAGGCACTGAAAAGTAAAAACTCACCTAGTTTGC γ-ama SL-hygr-

gapdh ir 3241 ACCGGCGTACGATGCACCTGTTGGATAACTGTGTTTTTTGATGAAA 
3320 ATACAATCATACACACCAAAATGAAAAAGCCTGAACTCACC hygr 

pAdea477 
3321 TCAAACTCTCACTAGCACTTTTATTTCTTTGCCCTCGGAC 
3322 GTCCGAGGGCAAAGAAATAAAAGTGCTAGTGAGAGTTTGACT pAdea115 

excluding neor 3323 GTGAGTTCAGGCTTTTTCATTTTGGTGTGTATGATTGTATTTTTCTATATA
TATAA 

Primer 
No. 

Primer sequence (5’-3’) 
Used for plasmid sequencing Binding position - 

55 ATCTTAGCCAGACGAGCG hygr - 
56 CACTATCGGCGAGTACTTCTACA - 

117 TGCCGTCTCCTTCGTGAGCAAGGGCGAGGAG egfp - 
118 TGCCGTCTCCTCTTACTTGTACAGCTCGTCCA - 
131 AAGTGCTAGTGAGAGTTTGACT gapdh ir - 
132 TTGGATAACTGTGTTTTTTGATG - 
310 CGAAACATCGCATCGAGCG neor - 
311 ATCGACAAGACCGGCTTCC - 
326 ACACGGCGACGGTGCCACCCCCACC etp2 - 
761 TGTAAAACGACGGCCAGT pUMA1467 - 
762 CAGGAAACAGCTATGACCAT - 
1066 GCGGTCCACCGATAACGTAAAGT etp2 - 
1440 CGCCGAGGTGAAGTTCGAGGGC egfp - 
2873 CAGATTGTACTGAGAGTGCA pUMA1467 - 

Primer 
No. 

Primer sequence (5’-3’) 
Used for PCR verification of genomic insertion Locus/Gene - 

80 CTTTCTGCCATCTGCCTCAT 
γ-amastin 

(Bind in genome, 
outside of insertion 

cassette) 

- 

81 CATCCTTACGATCTTCTTATTTTTTGG 

- 
- 
- 
- 

55 ATCTTAGCCAGACGAGCG hygr - 
1942 GCCCATTGTCTTCTTCTGCATT mscarlet - 
1058 CTACACGTATTCCGTAGAGAG etp2 - 
1059 TAGAAGGAGAACACATTCCG - 

Primer 
No. 

Primer sequence (5’-3’) 
Used for amplification of etp2 gene Gene - 

3238 AGTGAATTCGAGCTCACCTGATGGACTACGACGAGGATGAATACTTTGA etp2 - 
3243 GATCCGATATCTAGACCTGCTTAGTTCGCCGAAAGCACAAAATAGGGT - 

Primer 
No. 

Primer sequence (5’-3’) 
Used for Southern blot probe generation by nested PCR Gene - 

55 ATCTTAGCCAGACGAGCG 

hygr 

- 
56 CACTATCGGCGAGTACTTCTACA - 

1302 GGTCTCAATGAAAAAGCCTGAACTCACC - 
1303 GGTCTCATTATTTCTTTGCCCTCGGACG - 
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Supplementary movies 

Movie S1: 

Cell co-expressing eGFP-ETP2 (∆δ-amaegfp-etp2) and mScarlet-ETP1 (∆γ-amamS-etp1) that is at an 
early stage of endosymbiont division showing a ring-shaped fluorescence signal around the ESDS 
when scrolling through confocal Z-stacks. Shown are individual channels for Hoechst 33342, 
mScarlet, and eGFP fluorescence, as well as a merge of all channels. Scale bar: 2 µm.  

Movie S2: 

Cell co-expressing eGFP-ETP2 and mScarlet-ETP1 that is at a later stage of endosymbiont 
division showing an x-like fluorescence signal at the ESDS when scrolling through confocal Z-
stacks. Shown are individual channels for Hoechst 33342, mScarlet, and eGFP fluorescence, as 
well as a merge of all channels. Scale bar: 2 µm. 
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2.1.4. Manuscript II 
Kröninger, L., Maurya, A.K., Stiebeling C., Stirba F.P., Kim, Z., and Nowack, E.C.M. (2025). T7 
RNA polymerase-based gene expression from a transcriptionally silent rDNA spacer in the 
endosymbiont-harboring trypanosomatid Angomonas deanei. PloS One (Accepted). 

As described earlier, trypanosomatids have an unusual gene expression system that is yet not 
fully understood. Though genetic tools for studying protein function in some trypanosomatids, for 
instance, Trypanosoma spp. and Leishmania spp. are available, there are yet no conditional gene 
expression systems developed in A. deanei. The available tools often poses several challenges, 
for example, gene knockouts is very difficult for many genes and use of MAOs is not only very 
expensive but also difficult to design a suitable one. Therefore, Lena et al. aimed to establish a 
conditional gene expression system in A. deanei. For this purpose, Lena et al. established a 
couple of new resistance markers and importantly identified a transcriptionally silent locus in A. 
deanei. Subsequently, a method to express genes from the silent locus using T7 RNA polymerase 
was developed. The study certainly provides a freedom to integrate multiple recombinant 
fragments in the genome, functional study of essential proteins and study of artificial symbiosis. 

My contribution to Lena et al., 2025, PloS One (Accepted). 

• To express T7 RNA polymerase heterologously in A. deanei, I contributed to the cloning of 
pAdea302 and Adea319 (∆δ-amaT7 RNAP/δ-ama). 

• To compare the strength of gene expression driven by T7 RNA polymerase and RNA 
polymerase II, I performed epifluorescence microscopy leading to Fig. 5D and Fig. S2. The 
data showed comparable expression in both cases. 

• To verify the correct genomic insertion of desired DNA fragments, I provided technical support 
during Southern blot analyses. 

  



Results: Manuscript II 
 

P a g e  110 | 179 

 

Title: T7 RNA polymerase-based gene expression from a transcriptionally silent rDNA 
spacer in the endosymbiont-harboring trypanosomatid Angomonas deanei 

Short title: T7 RNA polymerase-based gene expression from silent locus in Angomonas deanei 

Authors: Lena Kröninger1, Anay K. Maurya1, Christian Stiebeling1, Florian P. Stirba1, Zio Kim1, 
and Eva C. M. Nowack1,* 

 

Affiliations: 

1Department of Biology, Heinrich Heine University Düsseldorf, 40225 Düsseldorf, Germany 

*Corresponding author 

E-mail: e.nowack@hhu.de 

 

Key words: 

Endosymbiosis, organellogenesis, host/symbiont interaction, ectopic expression system, T7 RNA 

polymerase, silent genomic locus, rDNA spacer 

  

mailto:e.nowack@hhu.de


Results: Manuscript II 
 

P a g e  111 | 179 

 

Abstract 
Eukaryotic life has been shaped fundamentally by the integration of bacterial endosymbionts. The 

trypanosomatid Angomonas deanei that contains a β-proteobacterial endosymbiont, represents 

an emerging model to elucidate initial steps in symbiont integration. Although the repertoire of 

genetic tools for A. deanei is growing, no conditional gene expression system is available yet, 

which would be key for the functional characterization of essential or expression of toxic proteins. 

Development of a conditional expression system based on endogenous RNA polymerase II 

(POLII) is hampered by the absence of information on transcription signals in A. deanei as well 

as the unusual genetic system used in the Trypanosomatidae that relies on read-through 

transcription. This mode of transcription can result in polar effects when manipulating expression 

of genes in their endogenous loci. Finally, only a few resistance markers are available for 

A. deanei yet, restricting the number of genetic modifications that can be introduced into one 

strain. To increase the range of possible genetic manipulations in A. deanei, and in particular, 

build the base for a conditional expression system that does not interfere with the endogenous 

gene expression machinery, here we (i) implemented two new drug resistance markers, (ii) 

identified the spacer upstream of the rDNA array on chromosome 13 as transcriptionally silent 

genomic locus, and (iii) used this locus for engineering an ectopic expression system that 

depends on the T7 RNA polymerase expressed from the δ-amastin locus. We show that 

transgene expression in this system is independent of the activity of endogenous RNA 

polymerases, reaches expression levels similar to the previously described POLII-dependent 

expression from the γ-amastin locus, and can be applied for studying endosymbiosis. In sum, the 

new tools expand the possibilities for genetic manipulations of A. deanei and provide a solid base 

for the development of an ectopic conditional expression system. 

 

 

Introduction 
The trypanosomatid Angomonas deanei is an emerging model system for endosymbiosis [1,2]. It 

harbors a β-proteobacterial endosymbiont of the Alcaligenaceae, which co-evolved with its host 

for 40-120 million years [3]. The endosymbiont supplies its host with essential metabolites and 

co-factors, underwent pronounced genome reduction [4], and divides strictly synchronously with 
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its host cell [5], indicating an advanced level of endosymbiont integration. However, information 

on the exact molecular mechanisms of host-symbiont communication and control is scarce. 

A few genetic tools have been developed for the asexual diploid A. deanei. Protocols 

available allow to efficiently generate heterozygous and homozygous knock-out mutants by one 

or two rounds of homologous recombination, respectively [6,7], or by CRISPR/Cas-based 

technology [8]. Furthermore, two amastin loci that have been called the δ-amastin and γ-amastin 

locus, coding for highly expressed surface glycoproteins (GenBank accessions CAD2222965.1 

and CAD2215701.1, respectively) that are dispensable for the organism under standard growth 

conditions in the laboratory, were successfully hijacked for high level transgene expression [6]. 

Expression of fluorescent fusion proteins from these loci has been instrumental for the 

identification of a number of endosymbiont targeted host proteins (short ETPs) that are assumed 

to be involved in host/symbiont interaction [6,7]. However, inducible gene expression systems 

that would be important for the expression of toxic gene products and the development of 

conditional gene knock-outs of essential genes are not available yet, and although a protocol for 

RNA interference-based gene knock-downs has been published [9], it appears to be difficult to 

reproduce in our hands. Recently, morpholino antisense oligonucleotides (MAOs) have been 

successfully employed in A. deanei to knock-down ETP9 and characterize it as a nucleus-

encoded dynamin-like protein essential for endosymbiont division [10]. However, MAO production 

is relatively expensive and their applicability depends on the availability of suitable binding sites 

in the 5’ untranslated region (5’ UTR) of the target gene. These limitations call for the development 

of further genetic tools. 

Trypanosomatids use an uncommon gene expression system. They produce long 

polycistronic mRNA strands from unidirectional gene clusters containing dozens of genes [11–

14]. During mRNA maturation, polycistronic mRNAs are processed by coupled trans-splicing and 

polyadenylation reactions resulting in mature monocistronic mRNAs that carry at their 5’ ends a 

common spliced leader (a capped 39-nt RNA molecule) [13,15]. Regulation of gene expression 

occurs on the mRNA level by stabilizing elements in the 5’ and 3’ UTRs directly influencing gene 

expression [13]. Consequently, transgenes that are inserted into any expressed genomic locus 

are transcribed by read-through, but their expression cannot be conditionally modulated or 

interrupted, e.g. using operator/repressor pairs, without affecting expression of downstream 

genes. This makes the development of inducible gene expression systems challenging. 
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Due to their medical relevance, other trypanosomatids such as Trypanosoma spp. and 

Leishmania spp. that do not carry an endosymbiont, are far better studied and advanced genetic 

tools are available for them [16–20]. These tools include conditional gene expression systems, 

that make use of transcriptional regulators, such as the tetracycline-inducible repressor (TetR) 

[21] or the cumate repressor (CymR) [22]. A common strategy to prevent interference with the 

endogenous gene expression machinery in these systems, is ectopic expression from 

transcriptionally silent genomic loci. Such silent loci have been found, for example, in 

transcriptionally inactive mini-chromosomes in Trypanosoma brucei [23] (which do not exist in 

A. deanei) or upstream of the promoter for the 18S rRNA gene (hereafter referred to as the rDNA 

spacer) [24,25]. In the latter insertion site, the inducible gene is inserted oriented in the opposite 

direction to that of the 18S rDNA [26]. 

In T. brucei, some promoter sequences such as the procyclic acidic repetitive protein 

(PARP) promoter have been described and used to establish conditional expression systems 

based on the endogenous POLII [24,26]. In A. deanei, however, virtually nothing is known about 

transcription initiation. Other expression systems in trypanosomatids make use of the exogenous 

bacteriophage T7 RNA polymerase (T7RNAP) [21,27–31]. Advantages of the T7RNAP are not 

only that it is a single subunit enzyme that can be produced heterologously in a wide variety of 

organisms but also that promoter and terminator sequences are well-characterized and 

comparably short [32]. Moreover, the enzyme shows an extraordinarily high activity, beyond the 

activity of endogenous RNA polymerases, in some bacteria such as Escherichia coli [33]. In 

T. brucei, T7 RNAP-dependent gene expression exceeded POLII-dependent expression with a 

PARP promoter by 5-fold [27]. 

To increase the experimental versatility of A. deanei as an endosymbiosis model, here we 

describe a transcriptionally silent locus in its nuclear genome. We demonstrate that this locus can 

be used for T7RNAP-driven expression of transgenes. We compare the expression level of this 

newly introduced system to the previously described expression system from the amastin loci and 

implement blasticidin and nourseothricin resistance genes as new selectable markers in 

A. deanei. Together the new protocols contribute to the growing genetic toolbox that supports the 

establishment of A. deanei as a versatile endosymbiosis model. 
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Results 

Identification of potentially silent genetic loci as integration 
site for transgenes in A. deanei 

To identify potentially silent genomic loci in A. deanei that could be used for transgene expression 

by an exogenous transcription machinery, we searched the A. deanei nuclear genome for 

ribosomal repeats and found seven copies on different chromosomes (Fig 1). Putative protein-

coding sequences upstream of the ribosomal arrays were identified using the auto-annotation tool 

of Benchling (https://www.benchling.com) and comparisons to the curated annotations in the 

TriTryp Database (https://tritrypdb.org) [34]. The first coding sequence upstream of the ribosomal 

arrays was found 3.2 kbp away from the 18S rDNA (on chromosome 25) suggesting that these 

intergenic spacers are indeed non-coding. All seven rDNA spacers show high sequence similarity 

in the first 1.5-2 kbp upstream of the ribosomal arrays, but then diverge with increasing distance 

from the ribosomal arrays (see alignment of the first 4000 bp upstream of the ribosomal array in 

S1 Appendix). 

 

Fig 1. Potentially silent loci upstream of the ribosomal repeats in A. deanei. 
The highly conserved ribosomal repeats were found on seven different chromosomes (chrom.) and are marked in 
orange. Putative protein-coding sequences upstream of the ribosomal repeats are shown in blue. Open reading frames 
marked in grey did not show homologs in other trypanosomatids (using BLASTp against the NCBI non-redundant 
database) and are unlikely to represent true protein-coding genes. The targeted insertion site on chromosome 13 is 
marked in red and transgene orientation is indicated by the broken red arrow. 
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Heterologous expression of the T7RNAP in A. deanei 

To implement an RNA polymerase in A. deanei that works independently of the endogenous 

expression machinery, we inserted the T7RNAP coding sequence into the δ-amastin locus. For 

selection, the T7RNAP coding sequence was linked upstream via the intergenic region between 

GAPDH-I and II genes (GAPDH-IR, that contains signals for mRNA maturation and stabilization 

[6]) to the neomycin phosphotransferase gene (neoR) (Fig 2A). Transfectants were selected on 

neomycin and the clonal strain obtained (Adea319) was verified by PCR with primers binding 

outside of the integration site (Fig 2B). Production of the T7RNAP was verified by Western blot 

analysis (Fig 2C). 

 

Fig 2. Construction and verification of the T7RNAP-producing strain Adea319. 
(A) Genomic map of Adea319 and the A. deanei wildtype (WT) in the δ-amastin (δ-ama) locus. Primers 49+545, that 
were used for the verification of the insertion of the T7RNAP gene-containing construct, are marked in orange. (B) 
Verification of the integration of the T7RNAP expression cassette in Adea319 by PCR. The WT served as a control and 
showed only the δ-amastin WT locus (3.3 kbp, grey arrowhead) plus a weak unspecific band at 6.0 kbp. The 
recombinant locus in Adea319 additionally yielded the predicted product at 6.2 kbp (black arrowhead). (C) Verification 
of production of the ~100 kDa T7RNAP (black arrowhead) by Western blot using an α-T7RNAP primary antibody (right 
picture). Trichloroethanol (TCE) staining of the SDS-polyacrylamid gel electrophoresis (PAGE) before blotting 
confirmed equal loading of the WT and Adea319 raw extract samples (left picture).  

 

Implementation of new antibiotic resistance markers for A. 
deanei 

So far, only a limited set of antibiotic resistance markers has been established for A. deanei strain 

ATCC PRA-265 [6,7], namely neoR, the hygromycin phosphotransferase (hygR), and the 

phleomycin-binding protein (phleoR). To increase the number of resistance markers, we tested 

blasticidin and nourseothricin and their resistance genes, blasticidin deaminase (blastR) and 

nourseothricin acetyltransferase (noursR), respectively, as potential selection markers in 

A. deanei. To this end, we generated two strains, Adea373 and Adea384, expressing blastR 

(alone) and noursR (in combination with neoR) from the δ-amastin locus and compared their 
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growth with the WT on various concentrations of the respective antibiotics. Whereas growth of 

the WT was heavily affected at blasticidin concentrations ≥75 µg/ml and nourseothricin 

concentrations ≥200 µg/ml, Adea373 and Adea384 were resistant to the respective antibiotics, 

and grew up to concentrations of 200 µg/ml blasticidin or 400 µg/ml nourseothricin, respectively, 

without noticeable growth defects (Fig 3). Subsequently, 75 µg/ml blasticidin or 200 µg/ml 

nourseothricin were used for mutant selection. 

 

Fig 3. Susceptibility of A. deanei WT to blasticidin (blast) and nourseothricin (nours) compared to susceptibility 
of Adea373 to blasticidin and Adea384 to nourseothricin, respectively. 
(A) Genomic map of Adea373 and growth of A. deanei WT and Adea373 on increasing blasticidin concentrations over 
4 days. (B) Genomic map of Adea384 and growth of A. deanei WT and Adea384 on increasing nourseothricin 
concentrations over 4 days. Blasticidin (A) and nourseothricin (B) concentrations are color coded as indicated in the 
graphs. The graphs display mean values and standard deviations from 3 biological replicates. 

 

T7RNAP-driven expression from the rDNA spacer 

Next, we aimed for the insertion of a transgene with T7 transcription signals into the rDNA spacer 

on chromosome 13 (chr13 rDNA spacer, see Fig 1) to test functionality of the T7RNAP. As 

selection marker and reporter cassette we made use of blastR flanked by sections of intergenic 

regions that trigger trans-splicing and polyadenylation during mRNA maturation, namely a 252 nt-

long fragment of the intergenic region upstream of the δ-amastin gene (“spliced leader donor”, 

SLD) as 5’ flank and the complete GAPDH-IR as 3’ flank (Fig 4A). The T7 promoter and the T7 

terminator were added at the 5’ and 3’ ends of this cassette, respectively. Finally, 600 bp-long 

sequences flanking the genomic target locus (see S1 Appendix) were added upstream and 

downstream of the T7 transcription signals for homologous recombination. Next, the T7RNAP-

producing strain, Adea319, was transfected with this blastR integration cassette and blasticidin 

was added to the transfectants 6 h post transfection. 
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Fig 4. T7RNAP drives blastR expression from the rDNA spacer. 
(A) Genomic map of the chr13 rDNA spacer of Adea400. Primer pairs 2211+2748 and 2753+2210 that were used for 
the verification of the insertion of the blastR-containing construct and expected products are shown in orange and blue-
green. The annealing site of the Southern blot probe is marked with an icon in magenta. (B, C) Verification of integration 
of the blastR-containing construct into the targeted rDNA spacer by PCR (B, orange primer pair 2211+2748 and C, 
blue-green primer pair 2753+2210). The WT served as a control and showed no (B) or a faint unspecific product (C), 
whereas samples of two individual clones (C1 and C2) yielded the expected product at ~800 bp (B) and ~700 bp (C). 
(D) Verification of insertion into the chr13 rDNA spacer in Adea400 by Southern blot. The blastR-targeting probe yielded 
only a single band of the expected size at 4746 bp for Adea400 but not for the WT control (see S1 Table for expected 
sizes and S1 Figure for an additional Southern blot on BamHI-digested DNA). (E) Growth of A. deanei WT, Adea319, 
and Adea400 on neomycin (neo) and neomycin/blasticidin (neo/blast) over 4 days. (F) Knock-out strategy and genomic 
map of Adea442 depicting the interruption of the T7RNAP-encoding gene by a hygR-containing cassette and partial 
removal of the gene with only N- and C-terminal domains (nT7/cT7) remaining. (G) Verification of the successful 
T7RNAP knock-out by PCR using primers 2045+2966 (labelled in orange in the genomic map). Adea319 with functional 
T7RNAP gene (black arrowhead), Adea442 with successfully disrupted T7RNAP gene (grey arrowhead). (H) Growth 
of A. deanei WT, Adea373, and the T7RNAP knock-out strain Adea442 on hygromycin (hyg), blasticidin (blast), and 
hygromycin/blasticidin (hyg/blast) over 4 days. In (E) and (H) mean values and standard deviations from 3 biological 
replicates are displayed. 

 

Recombinant clones recovered after 5-7 days suggesting that blastR is expressed in sufficient 

amounts to render the cell resistant. As mentioned above, the rDNA spacers on different 

chromosomes are highly similar, so that i) insertion into a non-targeted locus and ii) multiple 

insertions into several rDNA spacers could not be excluded. To explore these issues, first we 

verified the insertion of the blastR-containing construct into an rDNA spacer by PCR (Fig 4B, C). 

Then, we identified BclI and SpeI as restriction enzymes that allow to distinguish between 

insertions into the rDNA spacers on different chromosomes by Southern blot analysis due to 

restriction length polymorphisms (see S1 Table). Southern blot analysis of Adea400 with BclI and 
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SpeI yielded a single band of 4746 bp, indicative of an insertion specifically into the chr13 rDNA 

spacer (Fig 4D). Lastly, growth experiments (Fig 4E) revealed that the doubling time of Adea400 

on blasticidin/neomycin (6.9 ± 0.2 h) and the T7RNAP-producing strain Adea319 on neomycin 

alone (6.9 ± 0.2 h) were identical. And both strains grew only slightly slower than the WT without 

antibiotics (doubling time of 6.6 ± 0.1 h). 

To exclude that the endogenous transcription machinery of A. deanei is responsible for 

blastR expression from the rDNA spacer, we generated a strain derived from Adea400 (named 

Adea442), in which the T7RNAP-encoding gene was interrupted by a hygR cassette as well as 

partially removed (Fig 4F). We first verified the successful insertion into the target locus by PCR 

(Fig 4G) and then tested the verified strain for blasticidin resistance. On hygromycin alone, 

Adea442 showed similar growth rates (doubling time 6.6 ± 0.4 h) as A. deanei WT without 

antibiotics (doubling time 6.1 ± 0.3 h) and the blasticidin resistant strain Adea373 on blasticidin 

(doubling time 6.4 ± 0.1 h) (Fig 4H). However, no growth of Adea442 was observed on blasticidin. 

This result clearly demonstrates that blastR expression from the chr13 rDNA spacer is controlled 

by the T7RNAP system and not the endogenous transcription machinery. 

 

Analysis of gene expression levels 

To compare the expression level between the T7RNAP-dependent system and POLII-dependent 

expression from the amastin loci, we generated a strain that expresses the red fluorescent protein 

mScarlet fused to ETP1 (Adea456) from the chr13 rDNA spacer. ETP1 is one of the host-encoded 

ETPs and localizes at the periphery of the endosymbiont [7]. The coding sequence for the fusion 

protein was part of an integration cassette containing blastR as selection marker (Fig 5A). 

First, targeted insertion of the integration cassette into the chr13 rDNA spacer in Adea456 

was verified by Southern blot (Fig 5B and S1 Figure). While the DNA load seemed to be slightly 

lower in Adea400 compared to Adea456 (see gel picture), the Southern blot signal was more 

pronounced in Adea400. Hence, it is possible that the integration cassette inserted twice (in both 

alleles) in Adea400 but only once in Adea456. Growth of Adea456 (doubling time of 6.6 ± 0.1 h) 

was only slightly slower than in the WT (6.3 ± 0.1 h) (Fig 5C). Next, the expression level of 

mScarlet-ETP1 was analyzed by an in-gel fluorescence assay and homogeneity of expression by 

epifluorescence microscopy. The WT and Adea126, which produces mScarlet-ETP1 from the γ-
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amastin locus [7], served as references. Microscopically, Adea456 and Adea126 showed 

comparable mScarlet fluorescence patterns (Fig 5D and S2 Figure) with the endosymbiont being 

labelled in its periphery in 98 and 100 % of the cells, respectively (Fig 5E). Using the same 

microscope settings, in only ~1 % of the WT cells a weak autofluorescent signal was recorded. 

The in-gel mScarlet fluorescence intensity (normalized to TCE-stained total protein) for Adea456 

was approximately 20 % weaker than for Adea126 but still in a similar range (Fig 5F).  

 

Fig 5. Quantification of T7RNAP-dependent protein expression from the rDNA spacer. 
(A) Genomic map of the chr13 rDNA spacer of Adea456 containing the gene encoding mScarlet-ETP1. The annealing 
site of the Southern blot probe is marked with an icon in magenta. (B) Verification of insertion in the chr13 rDNA spacer 
in Adea456 by Southern blot with BclI and SpeI. The WT and blasticidin resistant strain Adea400 served as controls. 
The blastR-targeting probe yielded single bands of the expected sizes for Adea400 (4746 bp) and Adea456 (4345 bp) 
but not for the WT (see S1 Table for expected sizes). (C) Growth of A. deanei WT without antibiotics and Adea456 on 
neomycin/blasticidin over 4 days. (D) Epifluorescence microscopic analysis of Adea126 and Adea456 expressing 
mScarlet-ETP1. Cell shape is indicated by white dashed lines. DIC, differential interference contrast; H, blue channel 
(visualizing Hoechst 33342); mSc, red channel (visualizing mScarlet). Scale bar represents 5 µm. (E) Quantification of 
fluorescent and non-fluorescent cells of the WT, Adea126, and Adea456 based on epifluorescence microscopy 
pictures. For each cell line at least 250 cells were analyzed. (F) In-gel fluorescence assay detecting red fluorescence 
in raw extracts of the WT, Adea126, and Adea456. TCE, TCE-stained total protein; In-gel fluor., in-gel fluorescence; M, 
marker. Note that the assay conditions result in incomplete protein denaturation resulting in several bands for mScarlet-
ETP1 (69 kDa). 
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Discussion 
Bacterial endosymbionts are widespread across eukaryotes and profoundly impact 

physiology and evolution of their hosts [35–37]. Although the genomes of countless bacterial 

endosymbionts have been sequenced and hence, metabolic complementation between host and 

endosymbiont are quite well understood in many systems, our understanding of the molecular 

mechanisms that enable metabolic complementation, signaling, and exertion of control between 

the symbiotic partners lacks far behind. A central problem for dissecting these questions is that 

endosymbiotic systems that readily grow in the laboratory and can be efficiently genetically 

modified are scarce. With the current work we contribute to further develop A. deanei into such a 

much sought after, versatile model for the dissection of host/endosymbiont interactions. To this 

end, we implemented new resistance markers, identified a transcriptionally silent genomic locus, 

and, most importantly, used this locus to develop an ectopic gene expression system that is 

independent of the endogenous transcription machinery. 

As new selectable markers we introduced noursR and blastR and determined by titration 

75 µg/ml blasticidin or 200 µg/ml nourseothricin as selective concentrations that efficiently kill the 

WT cells whereas resistance cassette-carrying transformants are unaffected (Fig 3). These 

selection markers are commonly used in other trypanosomatids but effective selective 

concentrations vary between strains. E.g. inhibitory concentrations of 0.7-10 µg/ml blasticidin 

[38,39] and 2-50 µg/ml nourseothricin [38,40] are reported for Leishmania sp.; and 2-10 µg/ml 

blasticidin [39,41] and 500 µg/ml nourseothricin [42] for Trypanosoma sp.. Together with the 

previously implemented neoR, hygR, and phleoR, these additional selectable markers allow to 

introduce up to five selectable cassettes into the same A. deanei strain now. 

As an insertion site for ectopic gene expression, we chose the chr13 rDNA spacer into 

which expression cassettes were inserted in reverse orientation with respect to the rDNA array. 

Inactivity of endogenous RNA polymerases in this locus was evident by the sensitivity of strain 

Adea442, that carries a blastR T7 expression cassette in the chr13 rDNA spacer but no functional 

T7RNAP gene, to selective concentrations of blasticidin (Fig 4H). Although the exact RNA 

polymerase I promoter that is needed for the production of rRNAs from the rDNA arrays, is not 

known in A. deanei, studies from T. brucei suggest that the promoter and the transcriptional start 

are ~1.2 kbp upstream of the 18S rDNA [25,43,44]. If the promoter is in the same position in 

A. deanei, it would be within the 5’ flank that was used for homologous recombination, resulting 

in insertion of the cassette upstream of this putative promoter region (see S1 Appendix). Hence, 
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it is unlikely that integration of expression cassettes into this site interferes with transcription of 

the rDNA array downstream and our growth analyses demonstrate that even in strain Adea400, 

in which insertion of the expression cassette apparently occurred in both copies of chr13, growth 

is not impaired compared to its parental strain Adea319 which expresses only T7RNAP but carries 

no additional expression cassettes in the chr13 rDNA spacer (Fig 4E). Although the 5’ flank that 

we used for homologous recombination showed a high degree of sequence similarities between 

the rDNA spacers of the seven different chromosomes (see Fig 1 and S1 Appendix), in all clones 

that we obtained from transfections with insertion cassettes that carry 600 bp flanks amplified 

from the chr13 rDNA spacer, homologous recombination occurred into the chr13 rDNA spacer. 

Hence, the 3’ flank that shows more sequence divergence between different chromosomes, 

apparently was sufficient to guide insertion of the cassette specifically into the targeted integration 

site. 

As an exogenous RNA polymerase for the ectopic gene expression system, we relied on 

the T7RNAP expressed from the δ-amastin locus. Although the δ-amastin locus is up to this point 

the strongest expression locus for transgenes known in A. deanei and ranges on rank 35 of the 

most highly expressed genes in A. deanei [6], T7RNAP expression did not result in pronounced 

toxicity as evidenced by the only very mild growth reduction of T7RNAP-expressing cell lines 

compared to WT (Fig 4E). In E. coli, high T7RNAP levels can be toxic [45] and similar effects 

were observed in T. brucei. In the latter, initial attempts to generate transgenic lines that express 

the T7RNAP from the highly expressed PARP locus, were repeatedly unsuccessful [46]. This 

obstacle was solved by placing the T7RNAP-encoding gene into the weaker β-tubulin expression 

locus [24], suggesting that high T7RNAP concentrations are lethal. 

At the same time, the T7RNAP levels obtained by expression from the δ-amastin locus 

resulted in high levels of T7RNAP-driven expression of transgenes that are flanked by T7 

transcription signals. T7RNAP-dependant expression of blastR (strain Adea400) rendered cells 

resistant to the same selective blasticidin concentration as cells with POLII-dependent expression 

of blastR from the δ-amastin locus (strain Adea373) (compare Figs 3A and 4E). Furthermore, 

T7RNAP-dependent expression of mScarlet-ETP1 (strain Adea456), resulted in protein levels 

that were well detectable by epifluorescence microscopy (Fig 5D) and only 20 % lower than those 

that were obtained when expressing the same fusion protein POLII-dependently from the γ-

amastin locus (strain Adea126) (Fig 5F). These results highlight the new expression system as a 

suitable tool for investigating symbiosis-related proteins such as the ETPs. 
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Finally, the new ectopic expression system and resistance markers now provide the basis 

for the development of advanced gene expression systems, in which the ectopic expression of a 

gene of interest can be modulated by transcriptional regulators, such as TetR (in its ON or OFF 

variant [26,47,48]) or CymR [49] without triggering polar effects caused by interference with the 

endogenous gene expression machinery. Conditional expression would allow to study the effect 

of the expression of toxic proteins. Furthermore, conditional ectopic expression of a copy of a 

gene of interest in its null mutant background would enable conditional gene knock-out strategies 

that would leverage the dissection of cellular functions of essential gene products. Expression 

strength of this system can be modulated, if needed, by (i) taking advantage of known T7 promoter 

variants with decreased [50,51] or increased activity [52], (ii) increasing the copy number of the 

transgene integrated into the same or different rDNA spacers or (iii) by integrating the T7 

expression cassettes into episomal elements (e.g. plasmids) which is routinely used, for example, 

in L. tarentolae [53] and T. brucei [46]. 

 

Materials and methods 

Generation of transgenic cell lines 

A. deanei (ATCC PRA-265) was grown in brain heart infusion (BHI, Sigma Aldrich) medium 

supplemented with 10 µg/ml of hemin (Sigma-Aldrich) at 28 °C as described before [6]. 

Recombinant strains were generated by transfection with specific integration cassettes that had 

been excised from their storage vectors prior to transfection (see S2 Table and S3 Table). For 

the excision of the integration cassettes EcoRI or EcoRV/EcoRI (both New England Biolabs) were 

used. Transfections were performed as described before [7]. After transfection and recovery, cells 

were mixed with specific antibiotics for selection [neomycin/G418 (Sigma-Aldrich) at 500 µg/ml, 

hygromycin B (Invivogen) at 500 µg/ml, blasticidin S (Invivogen) at 75 µg/ml, and nourseothricin 

(Carl Roth) at 200 µg/ml] before dilution and distribution over a 96-well plate [7]. Cells typically 

recovered after 5-9 days, and correct insertion of the transgenes was verified by PCR and/or 

Southern blot analysis. A list of all strains used in this study is given in S3 Table. 
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Growth analyses 

For the analysis of the growth behavior of different A. deanei strains, precultures were grown to 

mid-exponential phase (approximately 1-5 x 107 cells/ml) with all selective drugs that would allow 

growth of the specific strains. Then, three replicates were prepared with 5 ml BHI plus hemin and 

antibiotics as indicated and inoculated to an initial cell density of 1 x 105 cells/ml. The tubes were 

incubated at 28 °C without agitation and the cell density was measured every 20-24 h using the 

MultiSizer 4e (Beckman Coulter).  

Analysis of homologous recombination by Southern blot 

Southern blot was performed as described previously [7]. Each DNA sample contained 7 µg of 

purified DNA. The DNA was digested using restriction enzymes BclI and SpeI or only BamHI 

(New England Biolabs). A 393 bp DIG-labelled probe against blastR was generated by PCR using 

primers 3174 and 3175 (see S3 Table) and the DIG DNA Labelling Mixture (Roche) according to 

the manufacturer’s instructions. Hybridization was conducted at a temperature of 48 °C. 

Construction of plasmids 

All plasmids for this study were products of Gibson [54] or Golden Gate [55] assemblies as 

described previously [7]. The cloning fragments, which were needed for the assemblies, were 

generated by PCR using the Phusion polymerase (New England Biolabs) and the primers and 

templates are listed in S2 Table. The correct sizes of cloning fragments were verified by 

electrophoresis. PCR products matching the expected sizes were excised from the gel and 

purified using the Monarch DNA Gel Extraction kit (New England Biolabs). The concentration of 

the DNA was determined using the NanoPhotometer NP80 (Implen). The molar concentration of 

the insert(s) usually exceeded the vector backbone concentration by a factor of 3. After the 

assembly, 1 µl of DpnI was added to each assembly mix to remove residual PCR template present 

in the mix. Then, E. coli TOP10 cells were transformed with the assembly mix and recombinant 

cells selected on lysogeny broth (LB) plates containing 100 µg/ml ampicillin. Recovered clones 

were inoculated in 5 ml LB liquid medium with ampicillin (see above) and used for plasmid 

purification (Monarch Plasmid Miniprep kit, New England Biolabs). Plasmids were verified by 

control digests and sequencing (Microsynth). 
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Epifluorescence microscopy 

Microscopy slides were prepared from mid-exponential cultures (approximately 1-5 x 107 cells/ml) 

as described before [7]. Images were taken with the Axio Imager A.2 equipped with the AxioCam 

MRm and an Illuminator HXP 120 V (all instruments from Zeiss) and processed with Zen Blue 

v2.5 (Zeiss) as described previously [7]. A. deanei WT cells served as negative control and its 

autofluorescence was used to define a suitable fluorescence threshold. For post-processing of 

the pictures Fiji [56] was used.  

Western blot 

For the detection of specific proteins, we grew 10 ml cultures of the relevant strains to mid-

exponential phase, harvested the cells by centrifugation, and precipitated the proteins using 

trichloroacetic acid [7]. The precipitate was resuspended in urea buffer (8 M urea, 100 mM Tris, 

5.25 mM EDTA, pH 8.6) and the protein concentration was determined using Pierce 660nm 

Protein Assay Reagent (Thermo Fisher Scientific). For each sample, 25 µg protein were mixed 

with Lämmli sample buffer (final concentrations: 63 mM Tris-HCl, pH 6.8, 10 mM dithiothreitol, 

10% v/v glycerol, 2% SDS w/v, and 0.0025% w/v bromophenol blue), incubated for 5 min at 95 

°C, and loaded onto a 10 % SDS polyacrylamid gel containing 0.5 % TCE. PAGE and protein blot 

to a PVDF membrane (Amersham Hybond, 0.45 nm, Thermo Fisher Scientific) were performed 

as described previously [7]. After blotting, proteins were detected immunologically. In brief, the 

membrane was blocked with 5 % w/v milk powder for 1 h at room temperature and washed with 

1x PBST (phosphate-buffered saline including 0.05 % v/v Tween-20). For the detection of the 

T7RNAP, α-T7RNAP antibody (29943-1-AP, Proteintech, 1:5000 dilution) was used overnight at 

4 °C and α-rabbit IgG HRP conjugate (7074, CellSignaling, 1:10,000 dilution) for 1 h at room 

temperature. Chemiluminescence was started by addition of SuperSignal West Pico 

Chemiluminescent Substrate (Thermo Fisher Scientific) and recorded using the ChemiDoc MP 

(Biorad). 

In-gel fluorescence assay 

For the detection of in-gel fluorescence of mScarlet, samples were prepared as described by 

Sanial et al. [57] with minor modifications. First, 15 ml cultures of the relevant strains were grown 

to mid-exponential phase, cells were harvested by centrifugation, washed twice using 1x PBS, 
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and resuspended in 1 ml 1x PBS. Before cell lysis, cOmplete EDTA-free protease inhibitor tabs 

(Roche) and a few grains of DNase (Carl Roth) were added and the cells were lysed by sonication 

using the UP100H (Hielscher) with 5 x 18 pulses (cycle 0.8, amplitude ~60 %, MS1 sonotrode). 

Cell debris and intact cells were removed by centrifugation (3000 rpm, 4 °C, 5 min) and the protein 

concentration of the supernatant was determined using the Pierce 660nm Protein Assay Reagent 

(ThermoFisher) and the FLUOstar Omega Plate Reader (BMG Labtech). 25 µg of protein were 

mixed with Lämmli sample buffer (final concentrations: 50 mM Tris-HCl, pH 6.8, 10% v/v glycerol, 

2% SDS w/v, 2.5 mM EDTA, and 0.005% w/v bromophenol blue, plus 12.5 mM dithiothreitol), 

heated to 50 °C for 5 min and applied to a 12.5 % SDS polyacrylamid gel containing 0.5 % v/v 

TCE. The electrophoresis ran at 40 mA until the marker bands (Prestained Ladder, Thermo Fisher 

Scientific) were fully resolved. Finally, mScarlet fluorescence was recorded with the ChemiDoc 

MP (Biorad) using the UV tray and the “Cy3” filter. Afterwards, loading of the gel was visualized 

using TCE fluorescence with the UV tray and the “Stain-free gel” setting of the ChemiDoc MP 

(Biorad). The intensities of the mScarlet and TCE bands were estimated with Fiji [56] and 

normalized by the TCE signals. 

 

Data availability 
The datasets generated and/or analyzed in the course of this study are included in this published 

article and its supplementary information files. Further data, including raw data and quantitative 

analyses, can be found in the Data Hub https://archive.nfdi4plants.org/records/3febm-0sd52. The 

data is linked to the following DOI: https://doi.org/10.60534/3febm-0sd52. 
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Supporting information 

S1 Appendix. Alignment of the 4,000 nucleotides upstream of the start of the 18S rRNA 
genes on different chromosomes in A. deanei. 
Regions flanking the insertion site that were used for homologous recombination are highlighted 

in yellow (3’ flank) and red (5’ flank). rDNA sequences in A. deanei were identified using the rDNA 

sequence from T. brucei as query (NCBI locus tags TB927_01.rRNA.1 and onwards). The start 

of the rDNA arrays is marked with “Start of 18s rDNA” at the end of the alignment. For the multi-

sequence alignment Clustal Omega was used (www.ebi.ac.uk/jdispatcher/msa/clustalo). 

 
S1 Figure. Verification of insertion in the chr13 rDNA spacer in Adea400 and Adea456 by 
Southern blot with BamHI. 
The WT served as control. The blastR-targeting probe yielded single bands of the expected sizes 

for Adea400 (16252 bp) and Adea456 (18519 bp) but not for the WT (see S1 Table for expected 

sizes). 

 
S2 Figure. Epifluorescence microscopic analysis of Adea126 and Adea456 expressing 
mScarlet-ETP1. 
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DIC, differential interference contrast; H, blue channel (visualizing Hoechst 33342-stained DNA); 

mSc, red channel (visualizing mScarlet). Scale bar represents 10 µm. 

 

S1 Table. Expected Southern blot fragments for the verification of Adea400 and Adea456. 
For the identification of the rDNA spacer, in which transgenes had been inserted, genomic DNA 

of the relevant strains was digested using a combination of BclI and SpeI or BamHI alone. 

 

S2 Table. Generation of recombinant plasmids by Golden Gate and Gibson cloning. 
Vectors were generated by inserting specific inserts into already existing backbones. For the 

cloning, single to multi-fragment Gibson or Golden Gate assemblies were performed as indicated. 

Plasmids were either generated in the course of this work ("This paper"), described previously 

(Morales et al. 2023), or kindly provided by external parties. gDNA from a pLEXSY strain was 

obtained from Jena Bioscience. 

 

S3 Table. Overview of A. deanei strains used in this study. 
Enzymatically excised integration cassettes, containing expressed transgenes and stabilizing 

elements that are not translated, were integrated into the chromosomes of recipient strains. 

Correct insertion was verified by PCR and/or Southern blot. Strains were either generated in the 

course of this work ("This paper") or described previously (Morales et al. 2023). 
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2.2. Results: Additional research outcomes 

2.2.1. ETP9 shows similar level of expression in symbiotic and aposymbiotic strains 

To compare the subcellular localization and expression level of ETP9 in symbiotic and 
aposymbiotic A. deanei strains, the recombinant ETP9 (mScarlet-ETP9, γ-amamScarlet-etp9) was 
overexpressed from the γ-amastin locus. I observed that the recombinant ETP9 is enriched at the 
ESDS (highlighted by an arrowhead in micrograph 1b) in the symbiotic strain (Fig. 2.1 A and 
Maurya et al., 2025), however, remained undetected in the aposymbiotic strain due to the 
cytosolic localization (micrograph 2b, Fig. 2.1 A). A quantitative Western blot using an anti-RFP 
antibody to detect the recombinant ETP9 and the level of α-tubulin for normalization, showed that 
both strains exhibited similar ETP9 levels (Fig. 2.1 B and C, performed by Lena Kröninger). 

 
Figure 2.1: Comparison of ETP9 expression levels in symbiotic and aposymbiotic A. deanei strains. 

A: Comparison of the subcellular localization of the mScarlet-ETP9 fusion protein overexpressed from the 
γ-amastin locus in symbiotic and aposymbiotic strains. Shown are the symbiotic Wt (micrograph 1a), the 
apoymbiotic Wt (micrograph 2a), overexpression of ETP9 (γ-amamScarlet-etp9) in the symbiotic strain 
(micrograph 1b, white arrowhead indicates ETP9 localization) and the aposymbiotic strain (micrograph 2b). 
Black and grey texts indicate symbiotic and aposymbiotic strains, respectively. The Hoechst 33342 staining 
of DNA is shown in cyan and the mScarlet autofluorescence in magenta. Abbreviations: K, kinetoplast; N, 
nucleus; S, symbiont and oxETP9, overexpressed ETP9. Dotted grey lines indicate cell borders. Scale bar: 
5 µm. B: Comparison of expression levels by Western blot of the mScarlet-ETP9 in symbiotic and 
aposymbiotic strains. The mScarlet was detected using α-RFP (1:2000, Chromotek, 5f8, rat) and α-rat-IgG 
HRP (1:5000, Invitrogen, PA1-28573) antibodies. The stripped membrane was used to detect the alpha-
tubulin (as a loading control) with α-alpha-tubulin (1:2000, Thermo Fisher, MA1-80017, rat) and α-rat-IgG 
HRP (1:10,000, Invitrogen, PA1-28573) antibodies. C: The graph shows the ratio of RFP and α-tubulin 
based on quantification from Western blot signals of different strains (from B). 

2.2.2. ETP7 appears to be involved in ES division 
As described earlier, we identified three ETPs, namely, ETP9, ETP2, and ETP7 at the ESDS by 
overexpression of fluorescent fusion proteins (Morales et al., 2023). ETP9 was found to be 
essential for ES division (Maurya et al., 2025). ETP2 plays an important role in ES division 
(Maurya et al., under review). Here, I explored the functional role of ETP7. 
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2.2.2.1. ETP7 shows consistent localization in a cell cycle-dependent manner 

To explore the subcellular localization of ETP7 in A. deanei, I generated a cell line which 
endogenously expresses the recombinant protein, eGFP-ETP7 (∆etp7egfp-etp7/etp7) in the 
background of the ES marker mScarlet-ETP1. Here, I observed that endogenously expressed 
eGFP-ETP7 exhibited the same localization at the ESDS (Fig. 2.2 A, micrograph 2) as previously 
reported for the overexpressed version (Fig. 2.2 A, micrograph 1 and Morales et al., 2023). 
However, the eGFP-ETP7 expressed from the δ-amastin locus showed additionally a diffused 
fluorescence pattern over the ES with an enrichment at the ESDS especially in the elongated ES 
(i.e., shortly before ES division). The diffused fluorescence signal might represent an artefact of 
overexpression, since it was not seen in the endogenously tagged cell line (∆etp7egfp-etp7/etp7). 

 

Figure 2.2: Subcellular localization of ETP7 over different cell cycle stages in A. deanei. 

A: Subcellular localization of the recombinant ETP7 expressed from the δ-amastin locus (micrograph 1) 
and endogenous locus (micrograph 2) in the background of the ES marker mScarlet-ETP1 as analyzed by 
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epifluorescence microscopy is shown. Scale bar is 5 µm. B: Localization of the eGFP-ETP7 expressed 
from the δ-amastin locus, fluorescence signal after deconvolution as analyzed by confocal microscopy is 
displayed. Merge shows alignment of the Hoechst 33342, ETP1, and eGFP-ETP7. Scale bar is 2 µm. C: 
Subcellular localization of the recombinant ETP7 overexpressed from the δ-amastin locus is shown 
throughout the cell cycle stages. Shown are eGFP in green and mScarlet in magenta as detected by their 
autofluorescence, FtsZ in white by IFA using α-FtsZpepC, and DNA-containing compartments in cyan by 
Hoechst 33342 staining. Scale bar: 5 µm. Merge1 shows the alignment of eGFP and FtsZ; Merge2, 
mScarlet and FtsZ; Merge3, mScarlet and eGFP; Merge4, all four channels. Numbers on images show cell 
cycle stages compared to Maurya et al., 2025. The highlighted box in the left panel indicates its closeup 
version in the right panel. Scale bar is 5 µm. Abbreviations: S, symbiont; K, kinetoplast; N, nucleus and ox, 
overexpression. Cell borders are displayed by broken grey lines, drawn based on DIC image. 

Next, to gain detailed insights into the localization of ETP7 at the ESDS, I performed confocal 
microscopy for the eGFP-ETP7 expressed from the δ-amastin locus. The recombinant ETP7 
displayed two dot-like structures at both sides of the ES envelope at the ESDS in optical transects 
forming a ring-like structure (Fig. 2.2 B, ETP7 stage 1). Additionally, a weak fluorescence signal 
at the poles of the ES could be seen. Interestingly, during ES elongation, the eGFP-ETP7 is 
restricted to the ESDS and forms a plate-like structure that appears to separate two bacterial 
daughter cells. In addition, it is also present in the ES envelope (Fig. 2.2 B, ETP7 stage 2). 

Lastly, to test if the subcellular localization of the eGFP-ETP7 depends on the cell-cycle stage 
(aim I), I characterized its localization by performing IFA using α-FtsZpepC antibody in 
overexpression cell line (∆δ-amaegfp-etp7). I observed that a weak eGFP fluorescence signal was 
always detectable over the ES (Fig. 2.2 C, stage 1a). Next, the eGFP-ETP7 signal becomes more 
intense but remains distributed over the ES, though more enrichment at the ESDS compared to 
the remaining part of the bacterial cell can be observed (Fig. 2.2 C, stage 1b). Additionally, FtsZ 
appears and co-localizes with eGFP-ETP7. Next, the ES elongates and eGFP-ETP7 enriches at 
the ESDS where it remains co-localized with FtsZ (Fig. 2.2 C, stage 2), however, a weak signal 
over the ES can still be detected. Then, the ES divides and eGFP-ETP7 signal gets weaker again 
and remains distributed over the ES while FtsZ moves to the newly formed DS (Fig. 2.2 C, stage 
3). The analysis of endogenously tagged ETP7 was excluded due to weak fluorescence intensity. 

2.2.2.2. Knockdown of ETP7 results in a weak bacterial division impairment 

To study the functional role of ETP7 in A. deanei (aim II), I performed knockdown of etp7 in 
symbiotic and aposymbiotic Wt strains using two independent MAOs (Fig. 2.3 A). Here, I observed 
that symbiotic Wt cells treated with MAO-2etp7 grew much slower (Fig. 2.3 B, upper graph) than 
the water control and resulted in weak division phenotypes 24 h post-transfection, in which some 
host cells were distorted, and the ES formed a filamentous chain (Fig. 2.3 C). With the same 
treatment, the aposymbiotic strain did not result in any phenotypes (Fig. 2.3 E), however, grew 
marginally slower than the water control (Fig. 2.3 B, lower graph) likely indicating off-target effects. 
However, the symbiotic Wt strain treated with MAO-1etp7 grew comparable to the water treated 
cells (Fig. 2.3 B) and did not show any obvious phenotypes (Fig. 2.3 C). With the same treatment, 
the aposymbiotic Wt strain did not show any noticeable phenotypes (Fig. 2.3 E) and grew 
comparable to the water control (Fig. 2.3 B). 
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Figure 2.3: Effects of knockdowns of ETP7 in the symbiotic and the aposymbiotic A. deanei. 

A: Approximate binding sites of MAOs on the mRNA of etp7 and α-tubulin. B: Cell counts of symbiotic 
(upper graph) and aposymbiotic (lower graph) cells are shown at 6 h, 12 h, and 24 h post-transfection. 
Plotted are mean and standard deviation from three technical replicates. C: Detail (upper) and overview 
(lower) micrographs of symbiotic cells treated with water, MAO-1etp7, MAO-2etp7 or MAOtub 24 h post-
transfection are shown. Merge of the Hoechst 33342 signal and DIC for detail as well as DIC for overview 
micrographs are displayed. D: The symbiotic A. deanei strain expressing the ES marker mScarlet-ETP1 
treated with MAO-1etp7 and MAO-2etp7 24 h post-transfection are displayed. The mScarlet channel alone 
(upper micrograph) and merge of mScarlet, Hoechst 33342, and DIC channels (lower micrograph) are 
shown. E: Same treatments for the aposymbiotic strain as in Fig. 2.3 C. Scale bars are 5 µm for detail and 
25 µm for overview images. Abbreviations: S, symbiont; K, kinetoplast; N, nucleus; SL: splice leader and 
UTR: untranslated region. Arrowhead indicates the symbiont. 

Next, to visualize the ES better, I used a symbiotic cell line which expresses the ES marker 
mScarlet-ETP1. After the knockdown with both MAOs, similar observations as in Wt cells were 
made. Cells treated with MAO-2etp7 resulted in tubular chains of the ES in distorted host cells, 
however, MAO-1etp7 did not show any phenotypes 24 h post-transfection (Fig. 2.3 D). 
Furthermore, the overview images of cells with both treatments can be seen (Fig. 2.4 A). Cells 
treated with MAOtub against α-tubulin (positive control) resulted in big roundish host cells with all 
DNA compartments clumped together in the symbiotic Wt strain. This was observed to a similar 
extent in the aposymbiotic Wt strain, however, due to its smaller cell and organelle sizes as well 
as the lack of the ES, the phenotype appeared slightly less severe. Together the data suggests 
that ETP7 contributes to the ES division. 

Lastly, to understand if the knockdown of ETP7 affects FtsZ localization, I repeated transfection 
of the symbiotic strain expressing the ES marker m-Scarlet-ETP1 with MAO-2etp7. Subsequently, 
I observed that the localization/recruitment of FtsZ was unaffected. FtsZ still forms multiple foci at 
the ESDS in the background of ETP7 knockdown (Fig. 2.4 B) suggesting that the bacterium-
encoded FtsZ works independent of host-encoded ETP7 in A. deanei. 
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Figure 2.4: Effects of knockdowns of ETP7 in the symbiotic A. deanei strain. 

A: A. deanei cells expressing the ES marker mScarlet-ETP1 treated with MAO-1etp7 (upper panel) and 
MAO-2etp7 (lower panel) are shown. The mScarlet channel alone (on the left) and a merge of mScarlet, 
Hoechst 33342 for DNA in cyan, and DIC channels (on the right) are displayed. Arrows indicate the 
formation of tubular ES chains. Scale bar is 10 µm. B: Cells expressing the ES marker treated with MAO-
2etp7 followed FtsZ staining by IFA are shown. Merge 1 shows the alignment of mScarlet for ETP1 and IFA 
signal for FtsZ. Merge 2 shows the alignment of Hoechst 33342, ETP1, and FtsZ. Merge 3 shows the 
alignment of DNA, ETP1, FtsZ, and DNA. White arrowhead indicates a tubular chain of the ES. Scale bar 
is 5 µm. Abbreviation: S, symbiont. 
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2.2.3. Reduced ETP1 dosage results in morphological change in the ES 

To explore the cellular function of ETP1 (aim II), a heterozygous etp1 deletion mutant was 
previously generated by Sofia Kokkori (Kokkori, 2018, PhD thesis). During my PhD work, I 
performed fluorescence in situ hybridization (FISH) using the 16S rRNA-specific Eub338 probe 
(Amann et al., 1990 and Fuchs et al., 2007) to stain the ES. I observed that in many mutant cells, 
the ES appeared roundish or small peanut-shaped (Fig. 2.5 A, middle image and Fig. 2.5 C, 
highlighted by yellow arrowheads on the right image) or lost (Fig. 2.5 A, right image and Fig. 2.5 
C, highlighted by black arrowhead on the right image) compared to the regular peanut-shaped 
ES in Wt cells (Fig. 2.5 A, left image and Fig. 2.5 C, highlighted by green arrowhead on the left 
image). Furthermore, to understand the severity of etp1 deletion, I performed a quantification of 
phenotypes and found out that the heterozygous etp1 mutant cell line showed less cells in normal 
stage (~ 72%, cells with a single bacterium) compared to Wt cells (~ 90%) (Fig. 2.5 B). 
Interestingly, I observed that ~ 20% of the mutant cells lost the ES compared to 0.8% in Wt cells. 
Lastly, I also observed a slower growth rate of mutant cells than Wt cells (data not shown). The 
data indicates that ETP1 might be required for maintenance of normal ES morphology by 
regulating the PG synthesis in A. deanei. 

 

Figure 2.5: Heterozygous etp1 deletion mutant cells shows round-shaped ES.  
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A: The Wt cell showing a regular peanut-shaped ES (left image) and heterozygous etp1 mutant showing a 
roundish ES (middle image) or loss of the ES (right image). B: Quantification of phenotypes from 
heterozygous etp1 mutant cells compared to Wt cells in around 500 cells in the mid-log phase following 
FISH and Hoechst 33342 staining, and epifluorescence microscopy. C: An overview image of the Wt (on 
the left) and the heterozygous etp1 mutant (on the right) showing ES shapes in many cells. Abbreviations: 
K, kinetoplast; S, symbiont and N, nucleus. Green, yellow, and black arrow heads show regular peanut-
shaped, round, and loss of the ES, respectively. Cyan, DNA staining with Hoechst 33342. Magenta, the ES 
staining using 16S rRNA-specific Eub338 bacterial probe by FISH. Scale bar: 5 µm for both, single cell and 
overview images. 

2.2.4. ETP5 likely controls ES division and segregation of host cellular structures 

ETP5 (an ortholog of KMP11) is conserved across trypanosomatids. To investigate if the 
subcellular localization of ETP5 orthologs from closely related non-symbiont harboring 
trypanosomatids, such as T. brucei and L. donovani is same as AdETP5 when heterologously 
expressed in A. deanei, I generated A. deanei cell lines expressing the recombinant protein 
TbETP5-eGFP (δ-amatbetp5-egfp/δ-ama) and LdETP5-eGFP (δ-amaldetp5-egfp/δ-ama) in the 
background of the ES marker mScarlet-ETP1 (γ-amamScarlet-etp1/γ-ama). Both recombinant proteins 
showed similar subcellular localization to AdETP5-eGFP (δ-amaadetp5-egfp/δ-ama) in A. deanei (Fig. 
2.6 A). They localized at the anterior part of the cell with a dot-like structure next to the kinetoplast 
(shown by a white arrowhead), which was previously shown to be the BB for AdETP5 (Morales 
et al., 2023, Fig. S2 C). Additionally, they were associated with the kinetoplast and nucleus. 
Interestingly, both orthologs were also localized to the ES envelope suggesting the conserved 
nature of this protein in trypanosomatids (Fig. 2.6 A). 

Next, to study the cellular function of ETP5 in A. deanei (aim II), deletion mutants were generated. 
ETP5 has four copies of its gene on each of the two chromosome sets (on Chromosome 7), 
referred here as etp5 locus 1 and locus 2. Previously, a heterozygous etp5 mutant was generated 
by replacing all four copies of etp5 on locus 1 with a hygromycin resistance marker by Jan 
Wieneke. Further, I generated two knockouts where I replaced the first two copies and the last 
two copies independently by a neomycin resistance marker on locus 2 (Fig. 2.7 B and D; Fig. 5.1 
A), leaving two copies (termed here as ‘partial homozygous mutants’). All strains were verified by 
touch down PCR as well as Southern blot analysis (Fig. 2.7 A and C). The heterozygous and both 
partial homozygous etp5 mutants grew slower than the Wt strain (Fig. 2.6 B). Further observation 
of these mutant cells with microscopy upon FISH revealed that ES division and segregation of 
host cellular structures including the ES appears to be impaired. The ES formed an elongated 
chain especially in the partial homozygous etp5 mutant cells (Fig. 2.6 C). In addition, some mutant 
cells also lost the ES. Lastly, to understand the severity of the etp5 deletion, I quantified division 
phenotypes in around 500 cells. Subsequently, I observed that mutant cells showed lesser 
number of cells in normal stage (1K1N1S), more cells in division (1K1N2S, 2K1N2S, and 
2K2N2S) and more cells with loss of the ES (1K1S0S) compared to Wt cells. Importantly, some 
mutant cells (~ 1-3%) also appeared in tubular chains that were not detected in the Wt strain. 
These cells with division phenotypes were more abundant in the partial homozygous mutants 
than in the heterozygous etp5 mutant (Fig. 2.6 D).  
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Figure 2.6: Subcellular localization of etp5 and characterization of etp5 knockouts in A. deanei. 

A: Subcellular localization studies of the recombinant LdETP5, TbETP5, and AdETP5 by epifluorescence 
microscopy. Merge image shows the alignment of the Hoechst 33342, mScarlet, and eGFP channels. B: 
Measurements of growth rate of etp5 knockout cells recorded over a period of 132 h plotted logarithmically. 
The bars show mean and standard deviation from three biological replicates. C: Representative images of 
etp5 knockout cells acquired by epifluorescence microscopy following FISH staining using the 16S rRNA-
specific probe Eub338. D: Quantification of cell phenotypes of etp5 mutant cells in around 500 cells (images 
from Fig. C). The merged image shows the alignment of the Hoechst 33342 and Cy3 channels. etp51-4 
indicates presence of all four copies of etp5 on each of the two loci. etp51-4hyg shows replacement of all four 
copies of etp5 on locus 1 by a hygromycin resistance marker. etp51-2 neo or etp53-4 neo indicate replacement 
of the first two or the last two copies of etp5 on locus 2 by a neomycin resistance marker, respectively. 
Abbreviations: K, kinetoplast; N, nucleus and S, endosymbiont. The Hoechst 33342-stained DNA is shown 
in cyan, eGFP in green, and mScarlet or Cy3 in magenta. Broken grey line indicates cell border. Scale bar: 
5 µm. 
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Figure 2.7: Generation and verification of etp5 knockout cells in A. deanei. 

A: Agarose gel showing verification of etp5 mutant cells by touch down PCR. B: Maps of the recombinant 
etp5 locus used for PCR verification. Primers used for PCR verifications were 1603 and 1604 that bind in 
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the genomic region (outside the inserted cassette). C: Verification of etp5 knockout cells by Southern blot 
using α-neo, α-hyg, and α-etp5 probes. D: Maps of the recombinant etp5 locus digested using restriction 
enzymes for verification. Abbreviations: fr, flanking region; ir, intergenic region, M, DIG-labelled DNA 
marker; hyg/hygr, hygromycin resistance marker and neo/neor, neomycin resistance marker. etp51-4 
indicates presence of all four copies of etp5 on each of the two loci. etp51-4hyg shows replacement of all four 
copies of etp5 on locus 1 by a hygromycin resistance marker. etp51-2 neo or etp53-4 neo indicate replacement 
of the first two or the last two copies of etp5 on locus 2 by a neomycin resistance marker, respectively. 
Black arrowhead indicates the primer binding site/cutting site for restriction enzyme(s). The grey dotted line 
indicates the expected band size of the PCR/digested fragment. As positive control, etp9 mutant strains 
were used for Southern blot analysis. 

2.2.5. Host-encoded SNAREs localize on the vesicle in the close vicinity of the ES 

SNARE proteins are mainly involved in mediating vesicle fusion to specific target membranes. 
Interestingly, in our previous mass spectrometry studies (Morales et al., 2023), we found three 
nucleus-encoded proteins in the ES fraction. The first protein CAD2221024.1 harbors a regulated-
SNARE-like domain as per its annotation and was termed here ‘SNARE1’. The second and third 
candidates CAD2220808.1 and CAD2219450.1 were both annotated as vesicle transport SNARE 
proteins (v-SNARE) and named as ‘SNARE2’ and ‘SNARE3’, respectively (see Table 2.1). 

Table 2.1: Annotation of host-encoded ES-associated SNARE proteins. 

Protein ID Annotation 

CAD2221024.1 
(SNARE1) 

Regulated-SNARE-like domain/Synaptobrevin, putative [Angomonas deanei] 

CAD2220808.1 
(SNARE2) 

Vesicle transport v-SNARE protein N-terminus/Snare region anchored in the 
vesicle membrane C-terminus, putative [Angomonas deanei] 

CAD2219450.1 
(SNARE3) 

Vesicle transport v-SNARE protein N-terminus/Snare region anchored in the 
vesicle membrane C-terminus/Sec20, putative [Angomonas deanei] 

 
To investigate their subcellular localization in A. deanei (related to aim III), Lindsay Dittmann (ITiM 
student, 2022) and I generated mScarlet fusions of SNARE proteins. The mScarlet fusion was 
made at the N-terminal end of the protein as the C-terminal end has been reported to harbor a 
transmembrane helix (TMH) (Criado et al., 1999; Sieber et al., 2006 and Han et al., 2017). The 
mScarlet-SNARE1 showed a very weak cytosolic fluorescence signal compared to Wt cells. 
However, SNARE2 and SNARE3 fusions showed a strong mScarlet signal at the anterior part of 
the cell, probably at the flagellar pocket, (i.e. the region where endocytosis and exocytosis takes 
place in trypanosomatids (Field & Carrington, 2009 and Demmel et al., 2014). Additionally, both 
proteins also showed in some cells weak dot-like structures mainly near the peanut-shaped ES 
that was stained with Hoechst 33342 (marked by white arrowheads in Fig. 2.8 A).  

Next, to better visualize the localization of SNARE2 and SNARE3 with respect to the ES, I further 
generated cell lines expressing eGFP-ETP1 (the ES marker) in the background of mScarlet-
SNARE2 or mScarlet-SNARE3. Subsequently, I observed that both recombinant proteins 
sometimes showed a sharp signal, likely representing a SNARE protein-containing vesicle, in the 
close vicinity of the ES or possibly fusing with the ES envelope, marked by white arrowheads. In 
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addition, both fusion proteins show a strong fluorescence signal at the anterior part of the cell 
(Fig. 2.8 B). 

 

Figure 2.8: Subcellular localization of host-encoded SNARE proteins and their structural analysis. 

A: Subcellular localization of SNARE1, SNARE2, and SNARE3 in the background of Hoechst 33342-
stained DNA. Each image shows the merge of Hoechst 33342 and mScarlet channels. The white arrowhead 
emphasizes a dot-like structure near the ES DNA signal. B: Subcellular localization of SNARE2 and 
SNARE3 in the background of eGFP-ETP1 marking the ES envelope. For each set of images of SNARE/Wt, 
the image on the left shows the mScarlet channel, the image in the middle shows the merge of mScarlet 
and eGFP channels (for these images, a closeup is shown on the far right, with brown dotted box), and the 
image on the right shows the merge of mScarlet, eGFP, and Hoechst 33342 channels. The white arrowhead 
highlights a dot-like structure near the peanut-shaped ES, which is marked by eGFP-ETP1. C: Structural 
analysis of SNARE1, SNARE2, and SNARE3 showing the presence or absence of a predicted TMH 
(magenta). The N and C in the predicted structures indicate protein termini. Abbreviations: K, kinetoplast; 
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N, nucleus and S, endosymbiont. Hoechst 33342-stained DNA is shown in cyan, eGFP in green, and 
mScarlet in magenta. Broken grey lines indicate cell border. Scale bar: 5 µm. 

Finally, to test for the presence of signal peptides or TMHs and their position in different SNARE 
proteins, I performed TMH and signal peptide prediction using TMHMM 2.0 and TargetP 2.0, 
respectively, as well as structure prediction using ColabFold. SNARE1 harbors no signal peptide 
or TMH (data not shown) and showed a different predicted structure (contains α-helices and β-
sheets) than SNARE2 and SNARE3 (Fig. 2.8 C). In comparison, SNARE2 and SNARE3 both 
possess a TMH (in magenta) at the C-terminal end of the protein but no signal peptide (data not 
shown) and showed a similar predicted structure (contain α-helices only) to each other (Fig. 2.8 
C) and importantly to other SNARE proteins (Adnan et al., 2019 and Stein et al., 2009) that are 
known to carry out vesicle fusions. 

2.2.6. Potential ES/organellar proteins showed distinct subcellular localization 

In a collaborative study with Prof. Dr. Yurchenko Vyacheslav (University of Ostrava, Czech 
Republic) and Prof. Dr. Julius Lukeš (Czech Academy of Sciences, Czech Republic), whose labs 
generated proteome data using localization of organelle proteins by isotope tagging (LOPIT) 
analysis of A. deanei, we identified a plethora of potential candidate proteins for several cellular 
compartments including the ES, Golgi apparatus, glycosomes, mitochondria, ER, and others. In 
our lab, we tested the subcellular localization of these potential candidates in A. deanei ATCC 
PRA 265. For this purpose, we generated eGFP fusions at the N- and or C-terminus of each 
candidate with a linker (GS5) between the protein of interest (POI) and eGFP (Fig. 5.1 A). I 
contributed to the study by analyzing the subcellular localization of potential cytosol-, ES-, and 
Golgi apparatus-localized candidates (manuscript in preparation). 

Firstly, to study the subcellular localization of three potential cytosol candidates, eGFP fusion was 
made at the C-terminus of each protein. The recombinant protein CAD2221863.1-GS5-eGFP 
showed a weak cytosolic fluorescence signal (based on a cut-off file generated using Wt cells) 
(Fig. 2.9 A, upper image). CAD2220061.1-GS5-eGFP showed no fluorescence signal at all (Fig. 
2.9 A, middle image). Lastly, the recombinant protein for the cytosol marker (used as a positive 
control for the cytosol candidates in the LOPIT analysis) CAD2222212.1-GS5-eGFP showed a 
stronger cytosolic signal (Fig. 2.9 A, lower image) compared to CAD2221863.1. As expected, all 
three candidates showed no organelle-targeting signal peptide or TMH (data not shown). 

Secondly, to study the subcellular localization of three potential ES candidates, eGFP fusions 
were made at both the C- and N-termini of each protein. The recombinant protein CAD2219020.1-
GS5-eGFP showed a dot-like signal co-localizing at the kinetoplast and a stripes-like signal 
throughout the cell, typical for mitochondrion-localized protein (Fig. 2.9 B, upper left and see 
Morales et al. 2016). However, eGFP-GS5-CAD2219020.1 showed a weak dot-like signal at one 
pole of the kinetoplast and in the cytosol in some cells (Fig. 2.9 B, upper right). CAD2214939.1-
GS5-eGFP showed no fluorescence signal at all (Fig. 2.9 B, middle left), however, interestingly, 
eGFP-GS5-CAD2214939.1 appeared to localize at the ES envelope (Fig. 2.9 B, middle right). 
Lastly, CAD2218596.1-GS5-eGFP and eGFP-GS5-CAD2218596.1, both resulted in a lack of 
fluorescence signal anywhere in the cell (Fig. 2.9 B, lower left and right, respectively). In line with 
above data, in silico studies revealed that CAD2219020.1 harbors a mitochondrial-targeting signal 
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at its N-terminus with a TMH in the middle of the protein. However, the remaining two candidates, 
CAD2214939.1 and CAD2218596.1, showed no organelle-targeting signal peptide or TMH. 

 

Figure 2.9: Localization of potential cytosol and ES candidates from LOPIT analysis. 

A: Subcellular localization of potential cytosol candidates in A. deanei. B: Subcellular localization of 
potential ES-targeted candidates. Abbreviations: K, kinetoplast; N, nucleus; S, endosymbiont and POI, 
protein of interest. Hoechst 33342-stained DNA is shown in cyan and eGFP in green. Merge shows the 
alignment of eGFP and Hoechst 33342 channels. Broken grey lines indicate cell borders. Scale bar: 5 µm.  

Finally, to study the subcellular localization of three potential Golgi candidates, eGFP fusions 
were made at the C- and/or N-termini of each protein. Subsequently, I observed that the 
recombinant protein CAD2219791.1-GS5-eGFP showed a dot-like fluorescence signal next to the 
nucleus (Fig. 2.10 A, upper left). However, eGFP-GS5-CAD2219791.1 showed no signal in the 
cell (Fig. 2.10 A, upper middle). The recombinant Golgi marker protein (used as a positive control 
for the Golgi candidates in the LOPIT analysis), CAD2212931.1-GS5-eGFP showed no 
fluorescence signal (Fig. 2.10 A, lower left), however, eGFP-GS5-CAD2212931.1 showed a 
strong signal next to the nucleus (Fig. 2.10 A, lower middle). Lastly, for the recombinant protein 
CAD2221326.1-GS5-eGFP, no fluorescence signal was detected (Fig. 2.10 A, upper right). 
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Figure 2.10: Localization of potential Golgi apparatus candidates from LOPIT analysis and their co-
localization with trans-Golgi marker ARL1.  

A: Subcellular localization of potential Golgi apparatus-targeted candidates in A. deanei. B: Co-localization 
of Golgi apparatus candidates with trans-Golgi marker ARL1-V5. Hoechst 33342-stained DNA is shown in 
cyan, eGFP in green, and V5 in magenta. Merge 1 shows the alignment of eGFP and V5, and merge 2 of 
eGFP, V5, and Hoechst 33342 channels. Broken grey lines indicate cell borders. Scale bar: 5 µm. 

Next, to test if the subcellular localization observed for CAD2219791.1 and CAD2212931.1 is 
corresponding to a Golgi localization, I performed a co-localization study by IFA using the 
previously established trans-Golgi marker ARL1 in A. deanei (Morales et al., 2023). Recombinant 
proteins of both potential Golgi candidates CAD2219791.1 and CAD2212931.1 (Fig. 2.10 B, 
upper left and upper right, respectively) showed a partial co-localization with the recombinant 
ARL1-V5. Furthermore, in silico studies revealed that CAD2219791.1 possesses a TMH at the N-
terminus and a signal peptide (with a low prediction score), CAD2212931.1 showed a TMH at the 
C-terminus with no signal peptide, and CAD2221326.1 showed no TMH or signal peptide.
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3. Discussion 

In eukaryotic cells, organelles such as mitochondria and plastids must be structurally and 
functionally maintained. This includes that the cells must have means to divide their organelles at 
a suitable timepoint and segregate them into daughter cells. Failure to do so would result in cell 
death. Interestingly, this level of control has not only been reached for mitochondria and plastids 
that evolved over 1.5 billion years ago but is also observed in cells with newly acquired organelles 
such as P. chromatophora with their two photosynthetic chromatophores and B. bigelowii with its 
nitrogen-fixing organelle ‘nitroplast’ (Singer et al., 2017 and Coale et al., 2024). Additionally, 
eukaryotic cells harboring tightly integrated endosymbionts must ensure correct vertical 
transmission to daughter cells upon division to maintain the growth, physiology, and integrity of 
the host cell. During my doctoral research, I unveiled that various host-encoded ETPs play distinct 
roles related to ES division and segregation in A. deanei as discussed below. 

3.1. Host-encoded proteins form a division machinery controlling ES division 
In free-living bacteria, FtsZ is an essential component of the bacterial cell division machinery. In 
eukaryotes with mitochondria and chloroplast, the presence of FtsZ varies. FtsZ is maintained by 
the chloroplast of most organisms such as the chrysophyte Mallomonas, red and green algae, 
and land plants (TerBush et al. 2018). However, FtsZ in the chloroplast is encoded by the nuclear 
genome and its presence alone does not appear to initiate chloroplast division (Arimura, & 
Tsutsumi, 2002). In comparison, it is lost from the mitochondria of animals, higher plants, fungi, 
and Apicomplexa members such as Plasmodium sp., however, is still retained by many 
organisms, for instance, Dictyostelium spp. and Chlamydomonas reinhardtii (Gilson et al., 2003 
and Leger et al. 2015). The loss of FtsZ from mitochondria of many organisms suggests that at 
some point during evolution, its role became dispensable, and its function was taken over by 
nuclear-encoded DRPs and other effector proteins (Margolin, 2005). 

Of the eukaryotic origin, the most important host-encoded proteins involved herein are the 
members of DSPs such as dynamins, mainly involved in endocytosis and cytokinesis, and DRPs 
involved in division of mitochondria and plastids. Though DSPs have a range of functions across 
organisms, their conserved motifs such as G domain and HBs are suggestive of similar 
mechanisms for their assembly and functions. A common mode of action includes GTP binding 
followed by its hydrolysis leading to a change in the protein conformation and lastly the vesicle or 
organelle fission. 

In A. deanei ATCC PRA-265 (the strain under study), FtsZ is present and still encoded by the ES, 
and localized at the ESDS (Maurya et al., 2025). However, it was earlier reported to be diffused 
in the ES cytosol in another A. deanei strain (Motta et al., 2004). Due to the essential nature of 
the ES in A. deanei ATCC PRA-265 and unavailability of genetic tools to modify the ES, it remains 
difficult to delete ftsZ gene and study its effect. Furthermore, other essential division genes were 
observed to be lost from the ES of A. deanei and other members of the subfamily 
Strigomonadinae (Motta et al., 2013 and Maurya et al., 2025) suggesting that the ES cannot divide 
on its own and must involve nucleus-encoded effectors such as the dynamin-like protein ETP9, 
ETP2 (a mostly intrinsically disordered protein), and ETP7 (annotated as ‘Phage tail lysozyme’). 
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Importantly, I found by IFA that all three nucleus-encoded proteins (ETP9, ETP2, and ETP7) 
exhibit cell cycle-dependent localization together with the ES-encoded FtsZ. Furthermore, in the 
overexpression cell line, the recombinant ETP2 appears to be the first protein to reach the ESDS 
followed by FtsZ (detected by IFA). However, the endogenously tagged ETP2 seems to appear 
at the ESDS at the same time point with FtsZ (Maurya et al., under review). This sequentially 
leads to the arrival of the recombinant ETP9, both the overexpressed and endogenously 
expressed versions (Maurya et al., 2025). Interestingly, the recombinant ETP7 (overexpression 
cell line) seems to be always detectable over the ES cytosol, however, it enriches at the ESDS 
during the bacterial elongation. 

Interestingly, the generation of heterozygous etp9 mutants resulted in abnormal division 
phenotypes, for instance, some mutant cells with the elongated ES and many cells with the loss 
of the ES in the symbiotic, but not in the aposymbiotic strain (Maurya et al., 2025). These 
phenotypes might result from, for example, improper division and subsequent segregation of the 
ES in parental cell where one giant/distorted host cell with a chain of endosymbionts can give rise 
to multiple cells with loss of the ES sequentially. Further, symbiotic heterozygous etp9 mutant 
cells also showed fewer cells in the ‘normal’ stage (1K1N1S) and more in division stages 
(1K1N2S, 2K1N2S, and 2K2N2S) compared to the Wt cells. This might be due to slower growth 
of the mutant cells where cells are specifically affected by division impairment of the ES leading 
to more cells in division stages as the cell cycle is tightly synchronized and the ES is the first one 
to divide. Importantly, the generation of homozygous etp9 mutants was apparently lethal in the 
symbiotic but not in the aposymbiotic strain. Remarkably, knockdown using two independent 
MAOs clearly showed that most of the MAO-treated cells (in both MAO treatments) contain long 
tubular ES in completely distorted host cells only in the symbiotic strain demonstrating that ETP9 
is indispensable for ES division in A. deanei. 

Like ETP9, another novel nucleus-encoded protein, ETP2, also localized at the ESDS (Morales 
et al., 2023), was found to be important for ES division and segregation (Maurya et al., under 
review). Interestingly, both heterozygous and homozygous etp2 mutant cell lines can be 
generated in the symbiotic strain. Though heterozygous mutant cells did not show any noticeable 
division phenotypes, homozygous mutant cells were severely affected, for instance, many 
homozygous etp2 mutant cells showed long tubular ES or with the loss of the ES suggesting its 
role in ES division and segregation. Like ETP9, knockdown using MAO against etp2 also resulted 
in similar phenotypes in symbiotic cells suggesting its important role in ES division. 

Like ETP9 and ETP2, the third nucleus-encoded protein ETP7, annotated as a ‘Phage tail 
lysozyme’ (sequence identity, 24%), was also localized at the ESDS (Morales et al., 2023). 
Comparison of the predicted structure of ETP7 resulted in ~ 93% similarity between the C-terminal 
part of ETP7 and the N-terminal domain of a cell wall degrading enzyme (gp13) from the 
bacteriophage ϕ 29 (Xiang et al., 2008 and Morales et al., 2023). This suggests that ETP7 might 
be involved in the PG hydrolysis.  

Based on the annotation, structure, and localization of ETP7 at the ESDS and periphery of the 
ES especially in elongated ES (Fig. 2.2 A-B, ETP7 stage 1-2), it appears that it has a dual function, 
a role in ES division and the bacterial elongation. For the latter, PG hydrolases such as CwlO and 
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LytE endopeptidases have been shown to break PG cross-links and support cell growth and 
elongation in B. subtilis (Hashimoto et al., 2012). 

To explore the cellular function(s) of ETP7, in our previous studies, heterozygous etp7 mutant cell 
lines could easily be generated, and cells did not show any noticeable phenotypes. However, all 
efforts to generate homozygous mutant cell lines proved unsuccessful (Morales et al., 2023). In 
this case, replacement of both etp7 alleles relied on the same approach, the use of upstream and 
downstream flanking regions of the gene for homologous recombination. This method might not 
succeed (especially for important or essential genes) in replacing the second etp7 allele and 
rather could result in replacing the first inserted cassette. In future, it would be worth trying another 
approach, for example, the one described for etp2 (Maurya et al., under review). 

Due to the time limits and difficulty in the generation of homozygous etp7 mutant cells to study its 
functional role in A. deanei, I used two non-overlapping MAOs, the first one mainly binding at the 
start of etp7 gene (MAO-1etp7) and the second one in the 5’ UTR of etp7 (MAO-2etp7) (Fig. 2.3). 
The knockdown of ETP7 by MAO-2etp7 resulted in the formation of tubular chains of the bacterial 
endosymbionts in some distorted host cells suggestive of its contribution to ES division (Fig. 2.3 
and Fig. 2.4). The effect of ETP9 knockdown appeared to be the strongest followed by ETP2, and 
ETP7 under the tested laboratory conditions. Similar to ETP7, DipM (a nucleus-encoded PG 
hydrolase) has been shown to hydrolyze the PG layer during chloroplast division in Glaucophytes 
and some Viridiplantae (Miyagishima et al., 2014). However, cells treated with MAO-1etp7 did not 
result in any obvious phenotypes. One possible explanation could be the effectiveness of 
translation inhibition by MAO-1etp7. It has been reported that MAOs binding (on the mRNA) near 
the start codon or immediately upstream are more effective than the ones binding far upstream, 
in the coding sequence or far downstream the start codon (Moulton, 2017). Unfortunately, due to 
a short length of 5’ UTR of etp7, designing more non-overlapping MAOs was difficult. Together, 
the data in hand suggests that ETP7 contributes to ES division in A. deanei, however, further 
investigations of its functionality is needed. 

In sum, it appears that three nucleus-encoded proteins ETP9, ETP2, and ETP7 form a host-
derived ES division machinery that might have evolved specifically in A. deanei and other 
members of the subfamily Strigomonadinae. The division machinery likely involves additional 
components both originating from the ES and its host making it of dual genetic origin. 

3.2. ETP1 likely plays a role in the structural maintenance of the ES 

RodZ is a morphogenic protein that is conserved in most bacteria and plays a universal role in 
cell morphogenesis (Daniel & Errington, 2003; Alyahya et al., 2009 and Philippe et al., 2014). In 
rod-shaped bacteria, RodZ has a dispensable role in the maintenance of cell morphology together 
with MreB which is essential for cell shape maintenance (Bendezú & de Boer, 2008). MreB is 
conserved only in rod-shaped bacteria but not in cocci-shaped bacteria where RodZ has been 
shown to act as scaffold protein (Lamanna et al., 2022). Interestingly, all endosymbionts of 
symbiont-harboring trypanosomatids in the subfamily Strigomonadinae (including A. deanei) lack 
the rodZ gene but harbor mreB (Maurya et al., 2025). It has earlier been shown that deletion of 
rodZ in rod-shaped bacteria such as E. coli, C. crescentus, B. subtilis, and D. grandis results in 
round to small rod-shaped bacteria (Shiomi et al., 2008; Alyahya et al., 2009; Bendezú et al., 
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2009; Muchová et al., 2013 and Morita et al., 2019). Furthermore, it was found that overproduction 
of RodZ results in elongated or swollen E. coli cells (Bendezú et al., 2009). Lastly, cells lacking 
RodZ have also been shown to grow slower than the Wt strain (Shiomi et al., 2013). 

Interestingly, host-encoded ETP1 has been shown previously to localize at the envelope of the 
ES in A. deanei (Morales et al., 2023). Like RodZ in rod-shaped bacteria, etp1 mutant showed 
round to small peanut-shaped bacteria (Fig. 2.5 A and C) with cells growing slower than Wt cells 
(data not shown). Together, the data suggests that ETP1 likely plays a role in cell shape 
maintenance of the ES in A. deanei likely by regulation the PG synthesis, in the absence of RodZ. 
It will be important to investigate the exact localization of ETP1 in the ES envelope and gain further 
evidence of its functionality. 

3.3. ETP5 likely supports ES division and controls segregation of cellular structures 

Segregation of organelles in different organisms is regulated by a number of components. In 
eukaryotes, segregation of the spindle pole body/BB/centrosome is mediated by Centrins, that 
are also involved in cell division (Salisbury et al., 1988; Spang et al., 1993; Errabolu et al., 1994; 
Satisbury, 1995 and Wolfrum & Salisbury,1998). Similarly, TbCen1, TbCen2, and TbCen3 from 
T. brucei are involved in organelle segregation such as the kinetoplast, BB, nucleus, and the Golgi 
with an additional role in cytokinesis (Selvapandiyan et al., 2007; Lacomble et al., 2010 and 
Selvapandiyan et al., 2012). Furthermore, microtubules in trypanosomes control the positioning, 
segregation, and cytokinesis of organelles (Robinson et al., 1995). Lastly, KMP11 has been 
shown to be important for the BB segregation and cytokinesis in T. brucei (Li & Wang, 2008). 

Interestingly, ETP5 (an ortholog of KMP11) has previously been shown to localize at the anterior 
part of the cell including the BB, associates with the kinetoplast and nucleus, envelope of the ES 
and weakly associates with cytoskeletal structures in A. deanei (Morales et al., 2023), Further, 
orthologs of ETP5 (AdETP5) from non-symbiont-harboring trypanosomatids such as LdETP5 
from L. donovani and TbETP5 from T. brucei show similar subcellular localization as AdETP5 
when expressed in A. deanei (Fig. 2.6 A) suggesting that ETP5 is indeed conserved in 
trypanosomatids and might play similar roles. Moreover, it suggests that the ability of ETP5 to 
interact with the ES did not evolve specifically in A. deanei but appears to depend on a preexisting 
property of the protein, likely its ability to bind to specific membranes (Lim et al., 2017). 
Importantly, knockouts of etp5 resulted in slower growth of mutant cells with some cells showing 
a tubular ES formation in giant host cells whereas some cells had lost the ES (Fig. 2.6 B and C), 
like in ETP9. The data suggests that ETP5 appears to contribute to the ES division likely by 
interacting with microtubules. Moreover, in line with the above data and previous reports, for 
example, the depletion of KMP11 using RNAi led to the inhibition of segregation of the BB and 
cytokinesis (Li et al., 2008 and Li and Wang, 2008), ETP5 also seems to be involved in 
segregation of host cellular structures including the ES likely by interacting with organelle lipids 
(Lim et al., 2017), and perhaps in cytokinesis. 
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3.4. Host-encoded SNAREs might be involved in protein import to the ES 

SNARE or SNARE-like proteins have been shown to mediate vesicle fusion across the tree of life 
including intracellular pathogens (Murungi et al., 2014; Flanagan et al., 2015; Venkatesh et al., 
2017 and Chatterjee et al., 2024) suggesting the conservation of this process. 

In A. deanei, to gain a tight control over the ES, host-encoded proteins are targeted to the ES. In 
our previous studies (Morales et al., 2023), we found two unique host-encoded proteins targeted 
to the ES, named ETP3 and ETP8, that -based on the confocal images- appear to cross the ES 
membranes (IM and OM) and reach the ES cytosol. In addition, these two proteins were found to 
localize also in the Golgi apparatus. In our lab, other colleagues are working on an experimental 
validation for protein import into the ES. However, my work focused on testing if host-derived ES-
associated SNARE proteins identified in the previous study in ES fractions might play a role in 
the import of ETP3 and ETP8 into the ES. 

Two of the nucleus-encoded recombinant SNARE proteins SNARE2 and SNARE3 (both 
annotated as v-SNAREs) showed the strongest fluorescence signal at the anterior part of the cell, 
probably at the flagellar pocket (Fig. 2.8 A-B). This region is well-known for endocytosis and 
exocytosis to occur in trypanosomatids (Field & Carrington, 2009 and Demmel et al., 2014). 
Similarly, other SNARE proteins have been reported to be present on the Golgi, ER, lysosomes, 
plasma membrane, vacuoles, and other vesicles in eukaryotes (Tao-Cheng et al., 2015 and Han 
et al., 2017). The prediction of 3D structures of SNARE2 and SNARE3 showed an extended α-
helical structure and a TMH present at the C-terminus (Fig. 2.8 C). Similar α-helical structures of 
other SNAREs have been reported earlier with the presence of a TMH at the C-terminus, for 
example, Sec22 from different organisms (Stein et al., 2009 and Adnan et al., 2019). Based on 
this data, it appears that SNARE2 and SNARE3 mediate vesicle fusion in A. deanei.  

Interestingly, the additional presence of weak dot-like fluorescent signals in the close proximity of 
the ES or apparently fusing to the ES envelope suggests that SNARE2 and SNARE3 might also 
be playing roles in fusion of host vesicles to the ES, and thus, possibly the import of ETP3 and 
ETP8. Importantly, the OM of the ES is derived from the bacterium and therefore, host vesicle 
fusion to the ES is unlikely. Interestingly, vesicle fusion to the ES/organelle in other systems have 
been reported such as in aphids and P. chomatophora (Nowack & Grossman, 2012; Shigenobu 
& Stern, 2013 and Nakabachi et al., 2014). However, in these systems, the OM of the 
ES/organelle is host-derived, making vesicle fusions more likely. Eukaryotic membranes are 
structurally (due to their membrane composition), functionally (harbor fusion proteins such as 
SNAREs), and evolutionarily adapted for vesicle fusion whereas bacterial membranes are 
structurally resistant, generally lack fusion proteins, and do not use vesicle-based 
compartmentalization internally. Nonetheless, possible events of host-derived vesicle fusions to 
the ES in the members of Strigomonadinae have previously been shown in TEM images (Chang, 
1974). An ongoing project in our lab aims at testing by TEM if these vesicular structures, that 
might represent vesicle fusion events with the ES, are indeed SNARE2 or SNARE3-positive and 
studying if both proteins mediate import of ETP3 and ETP8 (aim III). 
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The third and last SNARE protein is SNARE1. Based on the observed subcellular localization (a 
very weak cytosolic fluorescence signal) an involvement in vesicle targeting to the ES is currently 
not supported (Table 2.1 and Fig. 2.8). 

3.5. The identification of the subcellular localization of proteins by LOPIT method 

LOPIT is a spatial proteomic approach used to determine the subcellular localization of proteins 
on a large scale. The method uses cell fractionation combined with quantitative mass 
spectrometry analysis and isotope labeling. Based on the comparison of protein abundance 
across subcellular fractions, a high-resolution map of protein distribution within the cell can be 
created. Using this approach, we identified potential organellar candidates and tagged them with 
the eGFP at N- and/or C-terminal ends to confirm their fluorescence-based subcellular localization 
in A. deanei (manuscript in preparation). For this, tagging vectors containing the eGFP were 
already established in our lab that helped cloning the gene easily and studying a large number of 
potential organellar candidates. 

For the potential ES candidates, one of the recombinant proteins CAD2219020.1-GS5-eGFP 
showed a similar fluorescence pattern (Fig. 2.9 B, upper left) as it was observed in A. deanei 
expressing the eGFP tagged with a mitochondrial signal peptide (Morales et al., 2016) suggesting 
for a mitochondrial localization of CAD2219020.1, in line with the predicted mitochondrial signal 
peptide. This would also explain the cytosolic localization of eGFP-GS5-CAD2219020.1, in which 
the N-terminal mitochondrial targeting signal was blocked (Fig. 2.9 B, upper right). Interestingly, 
the localization of eGFP-GS5-CAD2214939.1 (Fig. 2.9 B, middle right) is the same as observed 
for the established ES marker ETP1 in A. deanei (Morales et al., 2016) demonstrating that 
CAD2214939.1 is indeed an ES-localized protein that has been renamed ‘ETP10’. This newly 
discovered ETP by LOPIT is now being functionally characterized in the lab of our collaboration 
partner Julius Lukes. 

Also of the potential Golgi candidates, two of the recombinant proteins (CAD2219791.1-GS5-
eGFP and eGFP-GS5-CAD2212931.1) could be confirmed as Golgi-localized based on partial co-
localization with the A. deanei trans-Golgi marker ARL1 (Fig. 2.10 B, upper left and upper right, 
respectively) (Morales et al., 2023). Additionally, the absence of fluorescence signal for the eGFP-
GS5-CAD2219791.1 and CAD2212931.1-GS5-eGFP might be explained by the presence of a 
TMH at their N-terminal and C-terminal ends, respectively which can interfere with the proper 
localization of recombinant proteins to the Golgi apparatus. Subsequently, this can result in mis-
localization of proteins, for example, to the cytosol which is difficult to detect for low abundance 
proteins. In conclusion, the data suggests that CAD2219791.1 and CAD2212931.1 are indeed 
Golgi candidates. 

The absence of fluorescence signal for the remaining recombinant proteins of the potential 
cytosol, ES, and Golgi candidates, could be caused by several factors, for instance, low mRNA 
or protein stability, low expression combined with a dispersed distribution throughout the cell, low 
fluorescence signal in the organelle. The expression of the fusion protein could be further tested 
by Western blot analysis. 
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3.6. Conclusions 

To sum up, the endosymbiotic theory states that an archaeal cell internalized a free-living α-
proteobacterium which gave rise to mitochondrion. Later, some of the resulting eukaryotic cells 
also acquired a cyanobacterial ES which eventually evolved into the chloroplast (Bodył & 
Mackiewicz, 2013). Over time, many adaptations occurred in these bacterial endosymbionts that 
turned them into true organelles. These evolutionary changes in an organelle include extreme 
genome reduction, synchronized cell cycle between the host and the organelle, the EGT where 
bacterial genes were transferred to the nucleus, and, most importantly, massive protein import 
from the host to the organelle leading to extensive nuclear control over the organelle. Since these 
evolutionary events occurred more than 1.5 billion years ago, it is very difficult to reconstruct these 
environments in the lab to study them and answer some of the key questions. However, there are 
a few endosymbiotic associations or organellogenesis events known today that have recently 
occurred between eukaryotes and wide lineages of prokaryotes (Moya et al., 2008). Two good 
examples are P. chromatophora with two photosynthetic chromatophores and B. begelowii with 
a nitroplast (Singer et al., 2017 and Coale et al., 2024), however, there are some challenges with 
these systems such as slow growth rate and difficulty in genetic manipulations.  

Therefore, I used another recent endosymbiotic system, the trypanosomatid A. deanei which 
harbors a single β-proteobacterial ES with a reduced genome size of 0.8 Mb. Importantly, the ES 
has lost most of the essential components of its divisome and, hence, the ability to divide 
autonomously (Motta et al., 2013 and Maurya et al., 2025). Interestingly, our previous research 
identified seven host-encoded proteins transported to the ES termed ETPs and one EGT-derived 
protein OCD (Morales et al., 2023). Previously, it has been shown that the cell cycles of the A. 
deanei and its ES are tightly synchronized (Motta et al., 2010). Further, I showed that the host 
effector dynamin-like protein ETP9 and the ES-encoded FtsZ show a cell cycle-dependent 
localization (Maurya et al., 2025). Importantly, in the absence of many essential ES division 
genes, ETP9 plays an indispensable role in ES division in the symbiotic strain. In addition, I 
(together with other researchers) could show that ETP2 also plays an important role in (Maurya 
et al., under review) and ETP7 contributes to ES division, and both show a cell cycle-dependent 
localization. Lastly, I could show that ETP1 might be important for structural maintenance of the 
ES, ETP5 for ES division and segregation of host cellular structures upon host cell division, and 
SNARE proteins might be involved in protein import into the ES via a vesicle fusion-based 
mechanism. Together, these results indicate that the ES of A. deanei evolved far beyond 
endosymbiosis and could now be termed as ‘an early-stage organelle’.



Outlook 

P a g e  155 | 179 

 

4. Outlook 
This PhD thesis investigated the function of several newly identified ETPs especially ETP9, ETP2, 
and ETP7 that are localized at the ESDS using fluorescent reporter fusion, knockout, and 
knockdown approaches. The results obtained revealed that these proteins compensate for the 
loss of essential ES division genes in A. deanei. 

In line with the above data, it would be of great interest to find additional components involved in 
ES division, the molecular mechanism behind the constriction and fission of the double membrane 
system surrounding the ES as well as the regulation of this process. To find possible interaction 
partners involved in ES division, proximity labeling (for transient or weak interactions), co-
immunoprecipitation (for stable interactions) followed by mass spectrometry, pull down assay (for 
confirming direct interactions) or yeast-two-hybrid assay (for high throughput screening) can be 
performed. Interestingly, to investigate if ETP9, ETP2, and ETP7 interact with each other, I 
performed yeast-two-hybrid assay during my MOI IV lab rotation with Prof. Dr. Johannes 
Hegemann (HHU). The study resulted in unconclusive outcomes and will need further 
investigations using any of the above suggested approaches. 

Further, it would be important to uncover the exact subcellular localization of the DS-localized 
proteins (ETP9, ETP2, and ETP7). Is ETP9 associated with the OM of the ES? Is ETP7 in the 
periplasm? Where does ETP2 localize? For this, high resolution microscopies such as an 
expansion microscopy protocol can be performed to better understand the mechanism controlling 
ES division. I performed an iterative ultrastructure expansion microscopy during my stay abroad 
studies at Institute Pasteur with Prof. Dr. Philippe Bastin. Subsequently, I observed that the ES 
as well as other host cellular structures can be isotropically expanded, however, the protocol 
needs further optimization to boost the fluorescence signals for studying recombinant ETPs in A. 
deanei. 

Next, it would be crucial to further understand the functional role of ETP7. For this, an alternative 
approach to disrupt the second etp7 allele as described for etp9 and etp2 (Maurya et al., 2025 
and Maurya et al., under review) can be tried. In addition, the exploration of mutational studies on 
the catalytic amino acid residues of ETP7 (Morales et al., 2023) might help understand its role. 

Moreover, for the newly identified ETP10 by LOPIT analysis and fluorescence microscopy, it 
would be nice to explore its functional role, for example, by generating knockout mutant cell lines. 
Similarly, to study the cellular function of the ES marker ETP1, heterozygous mutant cell line was 
previously generated, all efforts to generate homozygous etp1 mutant remained futile. It is 
important to employ another approach such as disrupting the second allele of etp1 in the 
background of heterozygous mutant cell line as described for the generation of homozygous etp2 
mutant (Maurya et al., under review). 

In addition, other colleagues strive to understand if ETP3 and ETP8 are imported inside the ES. 
However, my work focused on testing if host-derived ES-associated SNARE proteins play a role 
in the import of both ETPs. Currently, our lab aims at testing by TEM if SNARE2 or SNARE3-
positive vesicles close or fusing to the ES mediate import of ETP3 and ETP8.  
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Interestingly, to study endosymbiosis events, an alternative approach to natural endosymbiotic 
systems would be to use synthetic endosymbiotic systems, which have been generated in a 
number of cases (Cournoyer et al., 2022; Giger et al., 2024 and Hu et al., 2024). A good example 
is the induction of a novel endosymbiosis by introducing bacteria in fungi (Giger et al., 2024). It 
remains, however, difficult for the hosts to establish complex integration and maintain the 
artificially transformed bacteria as endosymbionts for longer duration. Therefore, naturally 
evolving recent endosymbiotic systems that can be genetically modified such as the members of 
Strigomonadinae (Angomonas, Kentomonas, and Strigomonas spp.) can be used. Another 
symbiont-harboring trypanosomatid that can be used is N. esmeraldas. However, it maintains a 
varying number of multiple endosymbionts per host cell with less genome reduction of the ES 
and, importantly, the ES cell cycle is not synchronized with the one of the host (Zakharova et al., 
2021). 

In comparison to trypanosomatids without endosymbionts such as Trypanosoma spp. and 
Leishmania spp., symbiont-harboring trypanosomatids have limited genetic tools established, for 
instance, no conditional gene expression systems yet fully operational. One of the reasons is the 
presence of an integrated ES in symbiont-harboring trypanosomatids which makes them less 
genetically tractable than model trypanosomatids. Interestingly, we found that all ETPs identified 
in A. deanei represented a combination of pre-existing trypanosomatid proteins (for example, 
ETP5) and evolved specifically in A. deanei or the members of Strigomonadinae (for example, 
ETP9). For the former candidates, investigating the functional role in the cell becomes easier. 

Finally, I believe that A. deanei has become a magnificent model system to study endosymbiosis 
and organellogenesis due to the listed reasons. First, it is a non-pathogenic unicellular eukaryote 
with a single ES per host cell. Secondly, it grows in simple and inexpensive medium with a 
doubling time of ~ 6 h. Thirdly, the genome of the host and its ES has been sequenced. 
Additionally, genetic tools have been developed. Lastly, the ES has evolved with some organellar 
features such as massive genome reduction, cell cycle synchronization, protein import and EGT. 
I believe that the scientific advances made within this model system during this study help other 
researchers answer some of the key questions related to the organelle evolution.
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5. Methods 
Methods described below belong to unpublished data in this thesis. 

5.1. Media, cultures, and growth conditions 

All media, microbial strains, and growth conditions are described earlier (Maurya et al., 2025). 

5.2. Construction of plasmids 

For the construction of pAdea246, ir 2 fragment (used as etp5 fr 3’) was amplified from A. deanei 
Wt genomic DNA using a primer combination 1829/1830 (see Table 5.1) and the backbone 
(pUMA 1467, etp5 fr 5’, neor) from pAdea212 (see Fig. 5.1) using primers 1827/1828. Both 
fragments were assembled using the Gibson method as described earlier (Gibson et al., 2009 
and Morales et al., 2023). Similarly, pAdea247 was generated by the amplification of ir 2 (used 
as etp5 fr 5’) from the genomic DNA using a primer combination 1833/1834 and the backbone 
(neor, etp5 fr 3’, pUMA 1467) from pAdea212 using primers 1831/1832, and assembled with the 
Gibson approach. 

For the generation of pAdea367, pAdea366, and pAdea365, genes for CAD2221024.1, 
CAD2220808.1, and CAD2219450.1 were amplified from the genomic DNA using primer 
combinations 2545/2546, 2547/2548, and 2549/2550, respectively. The amplified gene fragments 
were cloned into tagging vector pAdea268 with the N-terminal mScarlet using previously 
described the Golden Gate approach (Engler et al., 2008 and Morales et al., 2023). For the 
generation of pAdea441 and pAdea442, genes for CAD2220808.1 and CAD2219450.1 were 
amplified from the genomic DNA using primer combinations 3228/3229 and 3230/3231, 
respectively and cloned into pAdea268 by the Golden Gate method. 

For the generation of pAdea423, pAdea425, and pAdea429, genes for CAD2219020.1, 
CAD2214939.1, and CAD2218596.1 were amplified from A. deanei genomic DNA using primer 
combinations 3140/3141, 3134/3135, and 3207/3208, respectively. These gene inserts were 
cloned into a tagging vector pAdea235 with a C-terminal egfp (with respect to gene of interest to 
be cloned) using the Golden Gate approach. Similarly, for the generation of pAdea424 and 426, 
genes for CAD2219020.1 and CAD2214939.1 were amplified from the genomic DNA using primer 
pairs 3151/3152 and 3145/3146, respectively. These inserts were cloned into a tagging vector 
pAdea043 (see Fig. 5.1) with an N-terminal egfp (with respect to gene of interest) using the 
Golden Gate approach. For the construction of pAdea428, gene for CAD2218596.1 was amplified 
from the genomic DNA using primers 3149/3150 and backbone (pUMA 1467, δ-ama fr 5’, neor, 
gapdh ir, δ-ama fr 3’) from pAdea340 using a combination of primers 3147/3148. Both fragments 
were assembled using the Gibson assembly approach. 

All plasmids were verified by sequencing (Microsynth AG, Balgach, Switzerland) using primers 
listed in Table 5.1. All verified plasmids were linearized by restriction enzyme(s) (see Fig. 5.1) for 
transfection in A. deanei. 
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5.3. Generation of transgenic cell lines of A. deanei 

Transgenic A. deanei cell lines were generated as described earlier (Morales et al., 2023).  

Table 5.1: All primers used in this study. 

All primers used in this study for the plasmid generation, sequencing, PCR verification of transgenic cell 
lines, and probe synthesis for Southern blot analysis. 

Internal 
primer 

no. 

Primers used for the plasmid generation 
Primer sequence (5’-3’) 

DNA fragment 
amplified 

Final plasmid 
generated 

1829 TTCTTGACGAGTTCTTCTAAAGGGGAAACGATGATTGAAA 
ir 2 

pAdea246 
1830 GATCCGATATCTAGACCTGCGATGAATAGAGAAAAGGGTTTGG 
1827 AACCCTTTTCTCTATTCATCGCAGGTCTAGATATCGGATC pUMA 1467, etp5 fr 5’, 

neor 1828 TTTCAATCATCGTTTCCCCTTTAGAAGAACTCGTCAAGAAGG 
1833 GTGAATTCGAGCTCACCTGAAGGGGAAACGATGATTGAAA 

ir 2 

pAdea247 
1834 AATCCATCTTGTTCAATCATGATGAATAGAGAAAAGGGTTTGG 
1831 AACCCTTTTCTCTATTCATCATGATTGAACAAGATGGATTGC 

neor, etp5 fr 3’, pUMA 
1467 1832 TTTCAATCATCGTTTCCCCTTCAGGTGAGCTCGAATTCAC 

 
2545 GGTCTCACAAGATGAAATTATACGCGATTGTCATC 

CAD2221024.1 gene pAdea367 
2546 GGTCTCATTTATTACATGACAGAACAGCAACC 
2547 GGTCTCACAAGATGACAACACTCCTGCAAACCTACG 

CAD2220808.1 gene pAdea366 
2548 GGTCTCATTTATTACACCACGTCGGTGGGGG 
2549 GGTCTCACAAGATGTCTAGTCTATTCTCCGC 

CAD2219450.1 gene pAdea365 
2550 GGTCTCATTTATTACTTTAGCTTCACATAAATAATAAGC 
3140 GGTCTCACCAAATGATGCGTCGTGTGTTCTC 

CAD2219020.1 gene pAdea423 
3141 GGTCTCATCACTGATCCTGATCCTGATCCTGATCCTGATCCTAGA

GGGATGTTACCGTGCTTC 

3151 GGTCTCACAAGGGATCAGGATCAGGATCAGGATCAGGATCAATG
ATGCGTCGTGTGTTCTCT CAD2219020.1 gene pAdea424 

3152 GGTCTCATCTTTTATAGAGGGATGTTACCGTGCTTC 
3134 GGTCTCACCAAATGTCGATTGACACCGGTGT 

CAD2214939.1 gene pAdea425 
3135 GGTCTCATCACTGATCCTGATCCTGATCCTGATCCTGATCCCACG

TATGCCATATAGTCACTTCC 

3145 GGTCTCACAAGGGATCAGGATCAGGATCAGGATCAGGATCAATG
TCGATTGACACCGGTGT CAD2214939.1 gene pAdea426 

3146 GGTCTCATCTTTTACACGTATGCCATATAGTCACTTCC 

3149 GGATCAGGATCAGGATCAGGATCAGGATCAATGACAGAGGAGGA
GAAACTCTCC CAD2218596.1 gene 

pAdea428 
3150 ACGTCTCTCTCCCCCCTCTTTTACAGAGAGAATGGGTTGTAGCC 
3147 ACAACCCATTCTCTCTGTAAAAGAGGGGGGAGAGAGACG pUMA 1467, δ-ama fr 5’, 

neor, gapdh ir, δ-ama fr 
3’ 3148 TGATCCTGATCCTGATCCTGATCCTGATCCCTTGTACAGCTCGTC

CATGC 
3207 GGTCTCACCAAATGACAGAGGAGGAGAAACTCT 

CAD2218596.1 gene pAdea429 
3208 GGTCTCATCACTGATCCTGATCCTGATCCTGATCCTGATCCCAGA

GAGAATGGGTTGTAGCC 
3228 GGTCTCACACCATGACAACACTCCTGCAAACC 

CAD2220808.1 gene pAdea441 
3229 GGTCTCATTTATTACACCACGTCGGTGGG 
3230 GGTCTCACACCATGTCTAGTCTATTCTCCGCC 

CAD2219450.1 gene pAdea442 
3231 GGTCTCATTTATTACTTTAGCTTCACATAAATAATAAGCA 

Internal 
primer 

no. 

Primers used for the plasmid sequencing 
Primer sequence (5’-3’) Binding site - 

131 AAGTGCTAGTGAGAGTTTGACT gapdh ir - 
310 CGAAACATCGCATCGAGCG neor - 
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311 ATCGACAAGACCGGCTTCC neor - 
571 CCTAGTCCTGATTTCTTTGCGC δ-ama fr 5’ - 
572 GAGGTTCTCCCCTCTTTATTTCCT δ-ama fr 3’ - 
876 TGTTACCCTATTTCGTCTGTT γ-ama fr 3’ - 

1440 CGCCGAGGTGAAGTTCGAGGGC egfp - 

3154 GGATCAGGATCAGGATCAGGATCAGGATCAATGAGCTCCAACTG
GGGAAATC CAD2221471.1 gene - 

3176 TTGAGGATTTCCGACAGTCC CAD2218596.1 gene - 
3177 AGCAACAGTCCGACTTTGAG CAD2218596.1 gene - 
3178 ATCCAGGAAGGTGTGGTGTC CAD2219020.1 gene - 
1438 TGTAAAACGACGGCCAGT pUMA 1467 - 
1439 CAGGAAACAGCTATGACCAT pUMA 1467 - 

Internal 
primer 

no. 

Primers used for PCR verification of genomic integration of 
insertion cassette in A. deanei 

Primer sequence (5’-3’) 
Locus - 

49 ACTCCTCCACCACTACCACC δ-amastin 
(Bind outside insertion 

cassette, in the genome) 
- 

545 CTCCCTAAGCGCCAATATCA 

80 CTTTCTGCCATCTGCCTCAT γ-amastin 
(Bind outside insertion 

cassette, in the genome) 
- 

81 CATCCTTACGATCTTCTTATTTTTTGG 

311 ATCGACAAGACCGGCTTCC neor - 
1603 GTAGTGCGTGTGAGTGTATGTATGG etp5 

(Bind outside insertion 
cassette, in the genome) 

- 
1604 ATGTGCTTCATGCGCGT 

Internal 
primer 

no. 
Primers used for probe synthesis for Southern blot (5’-3’) Binding site - 

51 TTGTCAAGACCGACCTGTC 
neor - 

52 CAAGAAGGCGATAGAAGGC 
55 ATCTTAGCCAGACGAGCG 

hygr - 
56 CACTATCGGCGAGTACTTCTACA 

1643/ 
1845 

GGTCTCGATGGCCACCACCCTTGAGG/ 
ATGGCCACCACCCTTGAGG etp5 

 - 
1644/ 
1846 

GGTCTCAGAGTGCTCGTGCATCTTGTTG/ 
GAGTGCTCGTGCATCTTGTTG 
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Figure 5.1: Description of all plasmids (pAdea) and A. deanei strains (Adea) used for this study. 

A: pAdea043, pAdea146, pAdea235, and pAdea268 were used as tagging vectors to insert the gene of 
interests replacing lacZ. pAdea340 was used as a template for the generation of pAdea428. Restriction 
enzymes and their cutting positions were shown at the ends of plasmid maps that were digested/linearized 
before transfection. B: Details of Adea strains used in this study but generated by other researchers. 
Abbreviations: γ/δ ama/etp 5’/3’ fr, γ/δ amastin/etp gene 5’/3’ flanking regions used for homologous 
recombination; ir, intergenic region between gapdh i and gapdh ii genes; etp5 ir 2 used as 5’/3’ fr; LdETP5, 
L. donovani ETP5; TbETP5, T. brucei ETP5; AdETP5, A. deanei ETP5; AdDLP, A. deanei dynamin-like 
protein; L, linker (GS5); Neor, Neomycin/G418 resistance marker and Hygr, Hygromycin resistance marker. 

5.4. Verification of clonal cell lines by PCR 

Genomic DNA isolation and PCR verification of transgenic A. deanei cell lines were performed as 
described earlier (Maurya et al., 2025). All primers used for this purpose are listed in Table 5.1. 

5.5. Southern blot verification 

The verification of etp5 knockouts was performed by Southern blot as described earlier (Morales 
et al., 2023 and Maurya et al., 2025). Specific probes against etp5, neor, and hygr were generated 
using digoxigenin-labelled dNTPs using primer combinations mentioned in Table 5.1. 
Hybridization of all probes to the target DNA was performed at 53 °C. 

The membrane was stripped by washing once with water, two times with stripping buffer (0.2 M 
w/v NaOH and 0.1% w/v SDS) for 15 mins, and lastly, once with 2x SSC buffer (3 M w/v NaCl 
and 0.3 w/v trisodium citrate dihydrate) for 5 mins at 37 °C. The stripped membrane was further 
used to hybridize new probe as described above. 

5.6. Autofluorescence microscopy 

To detect the autofluorescence of fluorescent fusion proteins in A. deanei, fluorescence 
microscopy was performed as described before (Maurya et al., 2025). 



Methods 

P a g e  162 | 179 

 

5.7. Immunofluorescence assay 

To detect ARL1-V5, anti-V5 primary antibody (mouse, monoclonal, IgG1κ, Chromotek) and anti-
mouse secondary antibody (m-IgGk BP CFL 594, sc-516178, Santa Cruz Biotechnology) were 
used in an IFA experiment as described earlier (Maurya et al., 2025).  

5.8. Fluorescence in situ hybridization 

To detect and quantify the division phenotypes in etp1 and etp5 deletion mutants, FISH 
microscopy was performed as described before (Maurya et al., 2025). 

5.9. Confocal microscopy 
For visualizing cells with confocal microscopy, the slide was prepared as described before and 
imaged with default settings (Morales et al., 2023 and Maurya et al., 2025). 

5.10. Knockdown assay with MAOs 
ETP7 knockdown was performed as described earlier (Maurya et al., 2025) with 4 µl (200 µM, 
final concentration) of MAOs, MAO-1etp7 (5’-TGTCCCGTAAGGATTGCAGCATTCA-3’), MAO-
2etp7 (5’-TGTTTGTCTTTTTCAGTGTGTATGT-3’) or MAOtub (5’- 
TGAATGCAGATAGCCTCACGCATGG-3’) as a positive control synthesized by Gene Tools (LLC, 
Philomath, OR, USA). 

5.11. Growth curve 

Growth analysis of etp5 knockouts was performed as described before (Maurya et al., 2025). For 
MAO treated cells, counting was performed at 6 h, 12 h, and 24 h in three technical triplicates. 

5.12. Western blot analysis 

Preparation of raw protein extracts, protein quantification, and Western blot analyses were done 
as described before (Maurya et al., 2025). The mScarlet was detected using α-RFP (1:2000, 
Chromotek, 5f8, rat) and α-rat-IgG HRP (1:5000, Invitrogen, PA1-28573) antibodies. The alpha-
tubulin (as a loading control) was detected with α-alpha-tubulin (1:2000, Thermo Fisher, MA1-
80017, rat) and α-rat-IgG HRP (1:10,000, Invitrogen, PA1-28573) antibodies. 

5.13. In silico studies 

The prediction of 3D structures of SNARE proteins was performed as described earlier (Maurya 
et al., 2025).  

The presence of a mitochondrial signal peptide and/or a TMH was predicted by TargetP 2.0 and 
TMHMM 2.0, respectively in all the potential ES, Golgi, and cytosol candidates. 
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