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Summary 

The remarkable increased complexity of eukaryotes' cytoskeleton represents one of the major 

transitions in life. Inherently intertwined with eukaryogenesis itself, molecular innovations that 

emerged during cytoskeleton evolution are pivotal for understanding Eukaryotes` evolutionary history. 

Despite distant homologs for two major cytoskeletal components, actin, and tubulin, identified in 

prokaryotes, no clear homolog for intermediate filaments has been found. Intermediate filaments 

represent crucial components in the eukaryotic cytoskeleton, being regarded as one of the major 

molecular innovations that evolved in this kingdom. Long evolutionary distances, poor sequence 

conservation, and many other hurdles render tracing the evolution of such proteins a daunting task. 

One possible route to circumvent such limitations is to investigate single-cell eukaryotes, namely 

protists, whose cell biology is expected to entail many overlooked fiber-forming, intermediate-

filament-like proteins. 

The filament-forming mitochondrial citrate synthase described in the series of works that prompted 

this study was an ideal candidate for studying the emergence of intermediate filament proteins over a 

known evolutionary interval. The study of such multifunctional proteins is important for several 

reasons. As part of a well-conserved protein family, the mitochondrial citrate synthase (mCS) makes it 

tractable to study transitions over known and relatively short evolutionary intervals in a phylogenetic 

tree. Furthermore, mCS evolution of fiber formation in protists could be the product of convergent 

evolution, giving rise to novel IF structures and potentially elucidating mechanisms for filament 

formation in non-metazoan lineages. Another possible role of fiber formation is linked to metabolism 

regulation. Therefore, studying the evolutionary interval along which such behavior emerged would 

allow us to pinpoint the evolutionary forces acting on enzyme fiber formation and their possible 

recruitment for structural functions. 

Here, we characterized the properties of in vitro fiber formation of the recombinant mitochondrial 

citrate synthase of Tetrahyemna thermophila. We provide orthogonal evidence for this behavior to be 

a buffer-driven artifact caused by a specific chemical moiety that is most likely absent in the native 

biological context. We also show that buffer-induced aggregation is a feature common to eukaryotic 

mitochondrial citrate synthase but absent in bacterial homologs.  

Using an in-vivo approach, we investigated the protein's localization using Strep and GFP-fibre-

deficient tagged mutants. We show that the protein colocalizes with mitochondria and does not form 

clear foci during starvation, which indicates the absence of metabolic regulation via filamentation. 

Furthermore, we monitored the protein's localization during conjugation, reporting the absence of 

any extramitochondrial structure. 
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Finally, we show how MES-induced ordered fibers emerged in the last common ancestor of 

Hymenostomatida while other species and ancestral proteins form amorphous aggregates. We 

thereby conclude that ordered fibers likely are a product of neutral processes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ZUMMENFASSUNG 

Die Zunahme der Komplexität des Zytoskeletts von Eukaryonten stellt einen der wichtigsten 

Übergänge im Leben dar. Die molekularen Innovationen, die während der Entwicklung des 
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Zytoskeletts entstanden sind, sind von zentraler Bedeutung für das Verständnis der 

Evolutionsgeschichte der Eukaryonten und sind eng mit der Eukaryogenese verbunden. 

Obwohl in Prokaryonten weit entfernte Homologe für zwei wichtige Komponenten des Zytoskeletts, 

Aktin und Tubulin, identifiziert wurden, wurde kein eindeutiges Homolog für Zwischenfilamente 

gefunden. Intermediärfilamente sind entscheidende Komponenten des eukaryotischen Zytoskeletts 

und gelten als eine der wichtigsten molekularen Innovationen, die sich in Eukaryoten entwickelt 

haben. Große evolutionäre Entfernungen, schlechte Qualität der Sequenz und viele andere Hürden 

machen die Rückverfolgung der Evolution solcher Proteine zu einer schwierigen Aufgabe. Ein 

möglicher Weg, solche Limitationen zu umgehen, ist die Untersuchung einzelliger Eukaryonten, 

nämlich der Protisten, von deren Zellbiologie erwartet wird, dass sie viele übersehene faserbildende, 

intermediäre filamentartige Proteine aufweisen. 

Die filamentbildende mitochondriale Citrat-Synthase, die in der Reihe von Arbeiten beschrieben 

wurde und, war ein idealer Kandidat für die Untersuchung der Entstehung von Intermediärfilament-

Proteinen über eine bekannte evolutionäre Zeitspanne. Die Untersuchung solcher multifunktionalen 

Proteine ist aus mehreren Gründen wichtig. Als Teil einer gut konservierten Proteinfamilie ist die 

mitochondriale Citrat-Synthase (mCS) gut geeignet, um Übergänge über bekannte und relativ kurze 

evolutionäre Zeitspannen in einem phylogenetischen Baum zu untersuchen. Darüber hinaus könnte 

die mCS-Evolution der Faserbildung bei Protisten das Produkt einer konvergenten Evolution sein, die 

zu neuartigen IF-Strukturen geführt haben und möglicherweise die Mechanismen der Filamentbildung 

in nicht-metazoischen Abstammungslinien aufklärt. Eine weitere mögliche Rolle der Faserbildung ist 

mit der Regulierung des Stoffwechsels verbunden. Die zeitliche Untersuchung, in dem ein solches 

Verhalten auftrat, würde es uns daher ermöglichen, die evolutionären Kräfte, die auf die Bildung von 

Enzymfasern einwirken, und ihre mögliche Rekrutierung für strukturelle Funktionen genau zu 

bestimmen. 

Hier haben wir die Eigenschaften der in vitro-Faserbildung der rekombinanten mitochondrialen Citrat-

Synthase von Tetrahyemna thermophila charakterisiert. Wir liefern orthogonale Beweise dafür, dass es 

sich bei diesem Verhalten um ein pufferbedingtes Artefakt handelt, das durch eine spezifische 

chemische Einheit verursacht wird, die im nativen biologischen Kontext höchstwahrscheinlich nicht 

vorhanden ist. Außerdem zeigen wir, dass die pufferinduzierte Aggregation ein gemeinsames Merkmal 

der eukaryotischen mitochondrialen Citrat-Synthase ist, dass bei bakteriellen Homologen fehlt. 

Mit einem in-vivo-Ansatz untersuchten wir die Lokalisierung des Proteins mit Hilfe von Strep- und GFP-

faserdefizienten, markierten Mutanten. Wir zeigen, dass das Protein mit Mitochondrien co-lokalisiert 
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und während des Hungerns keine eindeutigen Foci bildet, was auf das Fehlen einer 

Stoffwechselregulierung durch Filamentierung hinweist. Darüber hinaus haben wir die Lokalisierung 

des Proteins während der Konjugation beobachtet und das Fehlen jeglicher extramitochondrialen 

Struktur festgestellt. 

Schließlich zeigen wir, wie MES-induzierte geordnete Fasern im letzten gemeinsamen Vorfahren der 

Hymenostomatida entstanden sind, während andere Arten und angestammte Proteine amorphe 

Aggregate bilden. Daraus schließen wir, dass geordnete Fasern wahrscheinlich ein Produkt neutraler 

Prozesse sind. 
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1 Introduction 

1.1 The eukaryotic cytoskeleton 

The cytoskeleton, a complex network of protein filaments, is essential for the structural integrity, 

intracellular organization, and various cellular processes in all known organisms. However, the 

evolutionary trajectory that led to the remarkable increase in cytoskeletal complexity observed in 

eukaryotes, compared to their prokaryotic counterparts, remains a subject of ongoing scientific 

inquiry and debate. 

One of the defining features of eukaryotic cells is a complex cytoskeleton exerting and participating in 

hundreds of different biological processes (Alberts, 2002; CHAFFEY, 2003; Löwe and Amos, 2009). The 

cytoskeleton has evolved high complexity in eukaryotic organisms, both in terms of its structural 

components and functional diversity, with several accessory proteins regulating dynamics, 

interactions, and organization of structural elements. Despite its complexity, the eukaryotic 

cytoskeletal apparatus is mainly defined by three fundamental filamentous structures: actin filaments 

(AF, also known as microfilaments), microtubules, and intermediate filaments (IF) (Akhmanova and 

Steinmetz, 2015).  

Recently, Septins, a conserved family of GTP-binding proteins that play crucial roles in various cellular 

processes, have also started to receive more attention (Benoit et al., 2023).  Phylogenetic analyses and 

structural studies continue to shed light on the complex evolutionary pathways that have shaped the 

septin family, revealing their crucial roles in various cellular processes across different organisms (Cao 

et al., 2007). For these reasons, they are often referred to as the fourth component of the 

cytoskeleton (Mostowy and Cossart, 2012). 

Eukaryotic actin, microtubules, and intermediate filaments have evolved to perform a wide array of 

additional functions, including vesicle trafficking, muscle contraction, cell motility, and the formation 

of the mitotic spindle (CHAFFEY, 2003).  Prokaryotes' cytoskeleton is markedly simpler than 

eukaryotes' intricate and abundant regulatory components s(Shih Yu-Ling and Rothfield Lawrence, 

2006). Prokaryotes possess distant homologs of actin and microtubules, known as MreB and FtsZ, 

respectively. These homologs primarily function in cell division, shape determination, and cell wall 

synthesis (Jones et al., 2001), working in a much less sophisticated fashion than what is observed for 

higher organisms.  

Several hypotheses for the markedly increased complexity observed in the cytoskeleton of eukaryotic 

organisms have been proposed, such as the gradual evolution of simpler prokaryotic components, the 
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early rising of complexity before the last eukaryotic common ancestor, post-mitochondrial expansion, 

and complexity increase via gene duplication and divergence (Vosseberg et al., 2020; Wickstead and 

Gull, 2011). Still, the precise mechanisms and selective pressures leading to the transition from the 

simpler prokaryotic cytoskeleton to the highly intricate eukaryotic system remain elusive. This gap in 

our understanding presents a significant challenge in evolutionary and cell biology. In the present, we 

aim to study the emergence of eukaryotic cytoskeletal components by investigating the evolution of a 

reported filament-forming enzyme in the ciliates. 

1.1.1 Actin and microtubules: structural differences between prokaryotic homologs 

Structurally, eukaryotic AF is polymers of globular modules (G-actin) that polymerize to form a double-

stranded helical structure of circa 7-9 nm in diameter (F-actin)(Cooper, 2019; Pollard, 2016). 

Polymerization into microfilaments occurs via an intermediate step called nucleation. Nucleation is the 

rate-limiting step in filament formation. It involves the formation of stable actin nuclei (typically 

dimers and trimers) that can be elongated via the addition of actin monomers(Schmitz et al., 2010). 

Nucleating proteins such as the Arp2/3 complex and formins facilitate nucleation processes 

(Jaswandkar et al., 2022). One of the most relevant features of microfilaments is their polarity: they 

possess a fast-growing barbed end (+), which shows a preference for binding ATP-bound G actin, and a 

slower-growing pointed end (-) (Fig.1 A) (Stoddard et al., 2017). The structural basis of this polarity 

resides in the head-to-tail arrangements of actin subunits. It allows a fast turnover by the 

ǇƻƭȅƳŜǊƛȊŀǘƛƻƴ ŀƴŘ ŘŜǇƻƭȅƳŜǊƛȊŀǘƛƻƴ ƻŦ ƳƛŎǊƻŦƛƭŀƳŜƴǘǎ ƛƴ ǿƘŀǘ ƛǎ ŎŀƭƭŜŘ άǘǊŜŀŘƳƛƭƭƛƴƎΦέ  The structural 

state of actin filaments is not constant over time. As newly formed filaments (ATP bound) are dynamic 

and flexible, older filaments (ADP bound) are more stable and prone to disassembly. ATP hydrolysis-

induced changes are crucial for regulating actin dynamics and the interactions with binding partners. 

ATP hydrolysis in AF occurs in two steps: ATP cleavage, which produces ADP-Pi, which stabilizes the 

filaments, and the subsequent release of Phosphate (Pi), which destabilizes the structure. This delay 

results effectively in a gradient of ATP, ADP-PiΣ ŀƴŘ !5t ŀƭƻƴƎ ǘƘŜ ŦƛƭŀƳŜƴǘΣ ŀŎǘƛƴƎ ŀǎ ŀƴ άage tagέ ŦƻǊ 

regions of the filament (Oosterheert et al., 2022; Pollard, 2016). 

Structural polarity is also observed in microtubules, composed of heterodimers of alpha-tubulin and 

beta-tubulin arranged head-to-tail to form protofilaments. 13paraller protofilaments further assemble 

into hollow cylindrical structures about 25nm in diameter (Cooper, 2019; Nogales and Zhang, 2016) 

(Fig. 1 B). Much like AF also, during microtubule assembly, a nucleation step is needed; such function 

ƛǎ ŎŀǊǊƛŜŘ ƻǳǘ ōȅ ǘƘŜ ʴ-tubulin ring complex, which serves as a template for nucleation (Goodson and 

Jonasson, 2018). During elongation, GTP-ōƻǳƴŘ ʰκʲ-tubulin heterodimers add to the fast-growing 
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plus. During polymerization, GTP is hydrolyzed, and Pi is released while the resulting GDP remains 

bound to tubulin, stabilizing the filament and reducing its flexibility (Alushin et al., 2014). 

Much like microfilaments, microtubule assembly is a dynamic process as it can undergo multiple cycles 

of assembly and disassembly. Periods of growth and rapid shrinkage (catastrophe) are driven by GTP 

hydrolysis in B tubulin after incorporation (McIntosh et al., 2018; Mitchison and Kirschner, 1984). 

 

Fig. 1: structure and assembly of major eukaryotic cytoskeletal components. A: ATP-dependent polymerization of actin 

monomers into microfilaments. BΥ ʰκʲ ǘǳōǳƭƛƴ ŘƛƳŜǊǎ ŀǊǊŀƴƎŜƳŜƴǘ ƛƴ ƳƛŎǊƻǘǳōǳƭŜǎ ŜƭƻƴƎŀǘƛƻƴ ŀƴŘ ǎƘǊƛƴƪƛƴƎΦ C: schematic 

assembly of eukaryotic intermediate filaments. 

Among homologs of actin filaments identified in prokaryotes, the most similar, studied, and 

widespread is represented by MreB proteins. MreB is crucial in maintaining cell shape, polarity, cell 

wall synthesis, and membrane organization (Fig. 2 B) (Löwe and Amos, 2009). Unlike actin, MreB 

monomers polymerize into single protofilaments, which then associate to form antiparallel double-

stranded filaments (Van Den Ent et al., 2014). Although ATP or GTP facilitates protofilament 

formation, they are not essential for polymerization but are thought to be important for filament 

dynamics, stability, and membrane interactions (Mao et al., 2023). The antiparallel, non-helical 

arrangement of MreB protofilaments is perhaps the most obvious difference with respect to actin. 

Such an arrangement means that MreB filaments lack polarity and, thereby, directional growth. 

Regarding prokaryotic homologs for microtubules, structural and functional similarities are found in 

the protein FtsZ, considered the closest homolog to eukaryotic microtubules (Nogales et al., 1998). 
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Much like microtubules in eukarya, FtsZ plays a central role in bacterial cell division (Fig.2a). It forms 

the Z-ring complex, the future site of the septum, guiding division machinery and ensuring proper 

cytokinesis (Erickson et al., 2010). 

FtsZ and tubulin share a similar GTPase domain and fold, which is crucial for their polymerization 

functions. Like tubulin, GTP binding and hydrolysis are essential for assembling and disassembling FtsZ 

polymers. FtsZ assembly also requires a nucleation step, where GTP-bound monomers assemble into 

short oligomers (Wagstaff and Löwe, 2018). Stable nuclei are elongated by the head-to-tail addition of 

more FtsZ-GTP-bound monomers primarily in one direction, therefore exhibiting polarity. Hydrolysis of 

GTP in growing protofilaments is not essential for polymerization but affects the stability and 

dynamics of the filament, specifically promoting disassembly at the minus end of the filament 

(Monteiro et al., 2018). The protofilaments represent the basic building blocks of the Z-ring. Their 

dynamic nature and polarity ensure that the Z-ring can adapt to changes in the cellular environment to 

ensure accurate division. 

Despite the many similarities shared between FtsZ and tubulin, significant differences exist between 

the two domains. The most apparent difference resides in the overall structure: FtsZ monomers form 

single-stranded filaments and are considerably smaller and simpler than the hollow cylinder formed by 

ʰκʲ-tubulin protofilaments. Like tubulin, FtsZ assembles in a head-to-tail manner. However, the kinetic 

polarity is the opposite of what has been observed for microtubules (Löwe and Amos, 2017; Ortiz et 

al., 2016). 
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Fig. 2: Assembly and function of primary cytoskeletal homologs in bacteria. A: FtsZ dynamically interacts with membranes 

during cell division and Z-ring formation. B: MreB function is crucial for shape determination, membrane synthesis, and 

organization. Adapted from (Liu and Löwe, 2021) 

1.1.2 Actin and microtubules: functional differences between prokaryotic homologs 

Functionally, eukaryotic cytoskeletal filaments interact with molecular motors not present in 

prokaryotes, such as myosins, kinesins, and dyneins (Pollard and Cooper, 2009), enabling processes 

like intracellular transport and muscle contraction. Additionally, eukaryotic actin filaments can 

undergo branching, mediated by the Arp2/3 complex, and severing, facilitated by proteins like cofilin 

(Chung et al., 2022). Microtubules can be severed by proteins such as katanin (Lynn et al., 2021). 

These dynamic processes are not observed in prokaryotic cytoskeletal systems. Furthermore, 

eukaryotic cytoskeletons are regulated by a plethora of proteins, including nucleating factors like the 

-ɹǘǳōǳƭƛƴ ǊƛƴƎ ŎƻƳǇƭŜȄ όʴ-TuRC) for microtubules, stabilizing proteins such as microtubule-associated 

proteins (MAPs) and destabilizing proteins like stathmin (Desai and Mitchison, 1997). This extensive 

regulation allows for precise control over filament dynamics and organization. 

Homologs to bacterial major cytoskeletal components play similar functions in Archaea, albeit with 

important exceptions, reflecting the differences between archaeal and bacteria cell architecture (Liu 

and Löwe, 2021). FtsZ homologs in archaea are functionally similar to bacterial ones, although multiple 

paralogs in archaea suggest novel acquired functions (Ithurbide et al., 2022; Margolin, 2005). MreB 

homologs responsible for cell shape maintenance are lacking in Archaea, given the different cell wall 
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composition (i.e., S-layer in bacteria) (Pende et al., 2021). The archeal-specific CetZ exerts this 

role(Brown and Duggin, 2023). While MreB bona-fine homologs can be found in some Methanogens (, 

it has been recently found that several archaeal lineages, including Asgard archaea and 

Crenoarchaeota, possess multiple actin homologs more similar to eukaryotes (Ettema et al., 2011). 

Further observation of the cryo-electron tomography of Candidatus Lokiarcheun revealed an extensive 

branched cytoskeletal network resembling a eukaryotic one (Rodrigues-Oliveira et al., 2023). 

In summary, despite being homologous to prokaryotic more and FtsZ, microtubules and 

microfilaments in eukaryotic lineages show significant differences in structures, resulting in a more 

sophisticated cytoskeletal apparatus that mirrors the additional and more complex cellular functions 

exerted by eukaryotes. 

1.1.3 Evolution of actin and tubulin 

The evolution of the eukaryotic cytoskeleton is closely intertwined with the emergence of the Last 

Eukaryotic Common Ancestor (LECA) (Jekely, 2014; Margulis et al., 2006). LECA is believed to have 

possessed a sophisticated cytoskeletal system, incorporating many of the features observed in 

modern eukaryotes (Wickstead and Gull, 2011). These features include interactions with molecular 

motors, enabling complex intracellular transport and cellular movements; endocytosis and exocytosis, 

critical for nutrient acquisition and cellular communication, absent in prokaryotes due to their lack of 

compartmentalization; vesicle trafficking, essential for the transport of proteins and lipids between 

organelles and the plasma membrane; mitotic spindle formation, allowing for accurate chromosome 

segregation during cell division; and cilia and flagella, providing motility and sensory functions, driven 

by the coordinated action of microtubules and dynein motors(Koumandou et al., 2013).  

FtsZ is suggested to be an extremely ancient protein. This observation stems from the observation that 

amino acids that were the last to be added to the genetic code are rare in FtsZ sequences; this, 

combined with the fact that FtsZ is retained in almost all bacterial species, indicates that FtsZ was 

likely fundamental for cell division (Davis, 2002; Erickson, 2007).  

MreB is part of a superfamily that also comprises chaperones and sugar kinases. The essentiality of the 

metabolic enzymes found in this family, with respect to the relatively less critical function of cell shape 

maintenance performed by MreB, suggests that the latter originated from an ancestral sugar kinase 

that evolved the ability to filamentize (Erickson, 2007; Ku et al., 2014). 

A puzzling conundrum emerges when considering the sequence conservation of FtsZ and mreB across 

domains. While bacterial proteins have relatively little identity across different lineages (40-50% for 
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both FtsZ and more), eukaryotic homologs show much higher conservation between very divergent 

species (e.g., actin from yeast and rabbit have 88% identity )(Busiek and Margolin, 2015; Ng et al., 

2019).  

Reasons for the extreme divergence of MreB and FtsZ from their eukaryotic counterparts are 

hypothesized to originate from redundant copies, likely the product of gene duplications, of such 

genes in early eukaryotes. In this scenario, one or more copies of the gene lost their original function 

and acquired a new one. The gain of novel functions by duplicated copies of FtsZ and MreB would 

have driven the diversification of actin and tubulin Regarding their prokaryotic ancestors (Jekely, 2014; 

Wickstead and Gull, 2011). Such newly acquired functions and interaction partners (such as the 

association with molecular motors) would have imposed another constraint during eukaryotic 

evolution, explaining the high conservation of these proteins between groups. Among the most critical 

functions evolved by eukaryotes, the mechanisms for phagocytosis are paramount for understanding 

the evolution of early eukarya. Phagocytosis would have conferred the primitive eukaryotes the ability 

to engulf food and prey, likely leading to endosymbiosis. Development of phagocytotic mechanisms 

would imply loss of rigidity in the cell wall and polymerization-based membrane protrusions and 

contraction. All these features would require drastic changes in cytoskeletal dynamics and assembly, 

and therefore, understating the evolution of the primordial eukaryotic cytoskeleton is of pivotal 

importance for gaining insight into eukaryogenesis itself (Shiratori et al., 2019; Yutin et al., 2009).  

Despite the substantial similarity of archaeal cytoskeleton to eukaryotic actin filaments, which are 

thought to be acquired during eukaryogenesis, the extreme increase in cytoskeletal complexity 

evolved in eukarya discussed before has not been observed in any archaea lineage.  

In conclusion, the eukaryotic cytoskeleton represents a significant evolutionary advancement over its 

prokaryotic counterparts, characterized by increased complexity, dynamic regulation, and a broader 

range of functions (Erickson, 2007). These innovations have enabled eukaryotic cells to achieve 

greater structural and functional diversity, highlighting the evolutionary leap from the simpler 

prokaryotic systems to the highly dynamic and versatile eukaryotic cells. 

1.1.4 Intermediate filaments: structure and functions 

Intermediate filaments represent a third major cytoskeletal component found only in eukaryotic 

organisms. 

Intermediate filaments are a vital component of the eukaryotic cell, providing structural support and 

mechanical strength. They are composed of long strands of protein dimers that assemble into 

tetramers, which then align end-to-end to form protofilaments (Fig. 1 C). These protofilaments are 

further associated with creating the mature intermediate filament, which typically has a diameter of 
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about 10 nanometers (Herrmann and Aebi, 2016). The basic building block of intermediate filaments is 

a coiled-coil dimer formed by two alpha-helical protein monomers. These dimers align in an 

antiparallel and staggered fashion to form tetramers, the filament's fundamental subunits. The 

tetramers then assemble into protofilaments, and multiple protofilaments bundle together to create 

the final filament structure. This assembly process produces a highly flexible and resilient filament 

capable of withstanding mechanical stress (Herrmann and Aebi, 2014).  

The primary function of intermediate filaments is to provide mechanical support and maintain the 

structural integrity of cells. They achieve this by forming a network that extends throughout the 

cytoplasm and connects to various cellular structures, including the plasma membrane, nucleus, and 

other organelles. This network helps to distribute mechanical stress and prevent cell deformation 

under tension(Goldman et al., 2012; Herrmann et al., 2009). Intermediate filaments also play a crucial 

role in cell cohesion and tissue integrity. They anchor cells to each other and the extracellular matrix, 

forming tight barriers essential for the function of epithelial tissues. For instance, keratin filaments in 

the skin help epithelial cells resist mechanical stress and prevent blistering (Moll et al., 2008).In 

addition to their structural roles, intermediate filaments are involved in various cellular processes, 

including intracellular transport, signal transduction, and the regulation of gene expression.  

Intermediate filaments comprise a diverse group of proteins, including keratins, vimentin, desmin, 

neurofilaments, and lamins (Lowery et al., 2015). Each type of intermediate filament protein is specific 

to certain cell types and tissues. For example, keratins are found in epithelial cells, vimentin in 

fibroblasts and endothelial cells, desmin in muscle cells, neurofilaments in neurons, and lamins in the 

nuclear envelope of all eukaryotic cells (Cooper, 2019; Steinert, 1996). Many of these structures are 

known to interact and cross-talk with other cytoskeletal components via physical interactions, 

mechanical coupling, functional coordination, and regulation, demonstrating the essentiality of such 

structures in the cell (Li et al., 2019; Pradeau-Phélut and Etienne-Manneville, 2024). 

1.1.5 Emergence and evolution of intermediate filaments 

As previously mentioned, actin, tubulin, and many accessory proteins required for cytoskeletal 

function are known to be conserved among all the major eukaryotic groups, and the origin of many of 

these proteins can be traced back to the root of the eukaryotic tree of life (Fritz-Laylin et al., 2010; 

Kusdian et al., 2013; Wickstead and Gull, 2011). The extreme conservation of actin and tubulin in 

eukaryotes compared with prokaryotic homologs is not caused by an intrinsic lack of variability but 

rather by the acquisition of elaborated assembly dynamics and interactions with motor and binding 

proteins (Egelman, 2003; Jekely, 2014). LECA's predecessor likely possessed a single ancestral form of 
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actin and tubulin that brought gene duplications and diversification and gave rise to multiple paralogs 

before LECA emerged (Da Cunha et al., 2022; Makarova, 2005; McGrath, 2022). 

The situation becomes blurrier when considering the third major cytoskeletal component, 

intermediate filaments (IF). Being part of a broad, diverse family, IF is poorly conserved and classified 

in different families (I-VI), mainly concerning tissue specificity and interaction partners (Foisner and 

Wiche, 1991; Herrmann and Aebi, 2016). This indicates that different specializations occurred during 

LC ŜǾƻƭǳǘƛƻƴΣ ǿƛǘƘ ƻƴƭȅ ǘƘŜ ŎƻƳƳƻƴ ǇǊƻǇŜǊǘȅ ƻŦ ΨƳŜŎƘŀƴƛŎŀƭ ǎǘǊŜǎǎ ŀōǎƻǊǇǘƛƻƴΩ ǊŜǘŀƛƴŜŘ (Goldman et 

al., 2012). Unlike microfilaments and microtubules, IF homologs are not clearly detectable in 

prokaryotes, with some exceptions like crescentin in Caulobacter crescentus (Ausmees et al., 2003),  

FilP in streptomyces (Fuchino et al., 2013), AglZ of Myxococcus xanthus(Yang et al., 2004) and coiled-

coil-rich ǇǊƻǘŜƛƴǎ ό/ŎǊǇΩǎύ ƻŦ Helicobacter pylori (Waidner et al., 2009). However, the sparse 

phylogenetic distribution of such proteins clearly points toward an independent origin of IF-like 

proteins in prokaryotes. In contrast, in eukaryotes, IF plays more elaborate and crucial roles, 

representing a major innovation in the context of the cytoskeleton (Preisner et al., 2018). 

Identification of IF is not a trivial task for different reasons. Our knowledge of IF proteins mostly stems 

from metazoans, identified mainly by their tertiary structure and other biochemical properties (e.g., 

detergent resistance) (Peter and Stick, 2015). IF proteins have been unambiguously identified only in 

metazoans (animals) and their closest relatives, such as choanoflagellates. Even within metazoans, 

different IF families exhibit patchy distribution across phyla (King and Carroll, 2001; Lin et al., 2010). 

Rapid diversification, lineage-specific innovations, and losses could account for such patchiness, but it 

is also possible that different IF-like structures convergently evolved outside metazoans to fulfill 

similar functions. 

Poor conservation at the amino-acid level, the repetitive nature of many IF proteins, and their rapid 

evolution render the search for IF outside metazoan challenging (Persi et al., 2016).  The non-modular 

nature of IF made concerning tubulin and actin (i.e., there is no single separable IF module) would 

account for more rapid evolution and divergence of IF proteins to the point where is not possible by 

traditional bioinformatic and phylogenetic methods to identify putative IF proteins without 

experimental validation precisely (Preisner et al., 2018). This lack of conserved characters and long 

evolutionary distances between eukaryotes are major hurdles when tracing down the evolutionary 

origin of IF.  
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1.2 The protist cytoskeleton 

One possible route to circumvent these limitations lies outside of metazoan, specifically in more basal, 

unicellular protistan lineages. The term protist encompasses a broad range of organisms (e.g., 

protozoa, algae, amoebas), and it is mainly defined by exclusion, i.e., not being Ophisthokonts, 

Plantae, or prokaryotes. Arguably accounting for most eukaryotic diversity, Protists are a valuable tool 

for studying the transition from simpler to more complex eukaryotic organisms (Caron et al., 2009; 

Larson, 2023). 

Although being unicellular organisms, protists display a high level of cellular organization and a 

complex cytoskeleton that is arguably as sophisticated (if not more) as the one in metazoans, despite 

the former comprising many cytoskeletal components required for multicellular organisms. Many 

filament-forming proteins have been identified in protists, like articulines in Euglena, cageins in ciliates, 

giardins in Giardia to name a few (Feliziani et al., 2011; Kloetzel et al., 2021; Marrs and Bouck, 1992)  

with properties similar to the ones found in metazoans, albeit little recognition has been given to such 

proteins (Preisner et al., 2016). Recently, it has been found that most metazoan IF proteins, and by 

extension, our knowledge of them, are derived from lamin-like ancestors (a major component of the 

nuclear lamina in eukaryotic cells) and subsequently expanded through duplication and diversification 

(Kollmar, 2015; Koreny and Field, 2016). Therefore, given the complex and pronounced cytoskeletal 

dynamics in many protists (Marshall, 2008)It is sensible to think that this group, one billion years older 

than metazoans and containing most of the eukaryotic diversity, already contains IF proteins acting in 

concert with actin and tubulin to fulfill the variety of articulated processes undergoing in these 

organisms. 

Research in this field is hampered mainly by the scarcity of high-quality assembled genomes available 

(Sibbald and Archibald, 2017), poor sequence conservation, and the presence of fast-evolving 

repetitive regions in IF proteins. The fact that very few IF homologs have been identified in protist 

groups yielding a sparse phylogenetic distribution (Fig.3 A and B) could indicate that different proteins, 

with respect to known metazoan IF sequences, convergently evolved in these lineages to acquire 

cytoskeletal functions (Preisner et al., 2018). From an evolutionary perspective, answering key 

questions such as which forces underpin the emergence of large self-assembling proteins and what 

context could drive their recruitment with other interacting partners can provide insight into IF 

evolution. Furthermore, investigating such processes in organisms considered more ancient than 

metazoan, such as protists (Suzuki and Oba, 2015), where most known IF proteins have not been 

identified, could unveil how and which kind of filaments evolved in such lineages and potentially shed 

light on the history of early eukaryotes evolution. 
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Fig. 3: Intermediate filament proteins are sparsely distributed outside metazoan lineages. A: table showing the patchy 

presence of known IF eukaryotic proteins identified outside metazoans via conventional bioinformatic methods. Such a 

sparse distribution suggests extreme divergence over a short time of IF proteins or convergent evolution of unrelated 

proteins in protistan lineages. B: up-to-date consensus for the eukaryotic tree of life. Protistan lineages comprise most of the 

diversity in eukaryotic and likely evolved IF-like proteins before the emergence of metazoans. Adapted from (Burki et al., 

2020; Preisner et al., 2018) 
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1.2.1 Sexual Reproduction in Protists 

Sexual reproduction involving meiosis and syngamy is thought to have evolved early in eukaryotes. 

The ubiquity of sexual reproduction in Eukaryotes and the fact that ancient asexuality seems rare 

point to an early origin of sex in eukaryotes. Specifically, it is hypothesized that LECA already 

possessed a primordial sexual cycle involving endoreplication, chromosomal loss, and meiosis; 

however, different mechanisms of sex determination and sexual cycles arose after LECA (Mancebo 

Quintana and Mancebo Quintana, 2012; Niklas et al., 2014; Ramesh et al., 2005). 

Sexual reproduction is widespread among protist lineages, where switching from asexual to sexual 

modes of reproduction is often observed.  Sexual reproduction, in this case, serves as a source of 

genetic variability and is crucial for adapting to changing environments, especially in parasitic species 

(Jokela et al., 2003; Weedall and Hall, 2015). 

Conjugation, a distinct form of sexual reproduction exhibited by ciliates, has garnered significant 

attention and extensive study among researchers investigating sexual phenomena in protist lineages. 

Although numerous ciliate species have been observed to forgo conjugation, the genus Tetrahymena 

has emerged as the preeminent model organism for investigating this intricate process (Cole et al., 

1997; Wolfe, 1973). 

Ciliates, such as Tetrahymena and Paramecium, possess two distinct types of nuclei (nuclear 

dimorphism): the micronucleus (MIC), which represents the diploid genome and remains silent during 

vegetative growth, and the macronucleus (MAC) is highly polyploid, it derives from the MIC and is 

responsible for the somatic expression during vegetative growth (Katz, 2001). During sexual 

reproduction, only the gametic products of MICs participate in fertilization. 

The genus Tetrahymena, particularly the species Tetrahymena thermophila and Tetrahymena 

pyriformis, has proven to be an invaluable model system for elucidating the intricate mechanisms 

underlying conjugation. These organisms have been extensively studied due to their amenability to 

laboratory cultivation, well-characterized life cycles, and the relative ease of inducing and observing 

conjugation (Ruehle et al., 2016). 

Tetrahyemna has a complex life cycle involving both sexual and asexual modes of reproduction. 

Several factors can promote conjugation in Tetrahyemna, including starvation, soluble co-stimulating 

factors (gamones), cell-to-cell collisions, and the presence of different mating types (Miao et al., 

2009)Φ LƴǘŜǊŀŎǘƛƻƴ ōŜǘǿŜŜƴ ƳŀǘƛƴƎ ǘȅǇŜǎ ƛƴŘǳŎŜǎ ŀ ƳƻǊǇƘƻƭƻƎƛŎŀƭ ǊŜǎǇƻƴǎŜ ŎŀƭƭŜŘ άǘƛǇ 

transformationΣέ ŜǎǎŜƴǘƛŀƭ ŦƻǊ ǇŀƛǊ ŦƻǊƳŀǘƛƻƴΣ ŦƻƭƭƻǿŜŘ ōȅ ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ ŀ ǘƛƎƘǘ Řƛǎƪ-shaped 
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conjugation junction between the two cells where the two plasma membranes are brought in 

proximity of each other. Pores inside the junction will form at the membrane fusion sites, creating 

cytoplasmatic bridges between the conjugating pair (Wolfe et al., 1986; Wolfe and Grimes, 1979).  

 

 

Fig. 4: Sexual reproduction in Tetrahymena. A: MIC meiotic divisions start after pairing. B: pronuclei formation is 

accompanied by degeneration of three meiotic products. C: gametes are exchanged between conjugants through the 

conjugation junction. D: gametes undergo synkarion formation E: two rounds of mitosis will produce four nuclear anlages. F: 

The new MAC begins to differentiate as the old one is degraded. G: Mating pairs separate, and new MACs are distributed to 

daughter cells while the new MIC replicates during cell division. 

After mating pair formation, MIC undergoes meiosis, generating four haploid products (Fig. 4 A). One 

MIC is randomly selected for another round of mitotic division (gametogenic mitosis), followed by a 

nuclear exchange between the two cells (Fig. 4 B and C). Next, gametic nuclei undergo synkarion 

formation, fusing to produce the equivalent of a fertilized zygote in metazoan (Karyogami) in each cell, 

followed by two rounds of post-zygotic divisions producing four nuclear anlages (Fig. 4 D and E). Two 

of them will differentiate into progeny MACs, while the other two will become progeny MIC. Old MACs 

remain silent during conjugation and, at this stage, are degraded by autophagy (Fig. 4 F). One of the 
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two progeny MICs is resorbed, and the other will replicate upon cell division. Finally, exconjugant cells 

separate, and the progeny MACs are distributed among daughter cells during the first fission (Fig. 4 G). 

Therefore, four daughter cells are generated from a single mating pair (Akematsu et al., 2017; Davis et 

al., 1992; Morgens et al., 2013). 

Conjugation is an elaborate process involving deep rearrangements in the cells, such as reorganization 

of the cortical cytoskeleton, fragmentation of the Golgi apparatus, and changes in protein expression. 

Given the complex cytoskeletal dynamics and rearrangements, ciliates undergo during conjugation 

(Kushida et al., 2015; Wolfe, 1985), it is tempting to hypothesize that IF or IF-like structures act in 

concert with actin and tubulin to accomplish the transfer of pronuclei.  

1.2.2 Case study: Tetrahymena thermophila 14nm filament protein 

Among the filamentous, IF-like components discovered in protists, one particular set of studies on 

ciliate Tetrahymena thermophila (phylum Ciliophora, order Hymenostomatida) prompted this work.  

The initial motivation prompting Numata et al.'s (1980-1997) studies was to isolate and characterize 

fibrous proteins forming the contractile ring in dividing Tetrahymena cells. A new protein was purified, 

different from non-muscle actin, myosin, tubulin, and other cytoskeletal components known at the 

time.  Based on its SDS electrophoretic profile, its mass was estimated to be around 38kDa, and 

therefore, it was named filament-forming protein 38 (FFP38). Initial in vivo observation using 

antiserum specific for FFP38 revealed that such protein mainly localizes in the oral apparatus and 

along the division furrows of Tetrahymena cells (O. Numata et al., 1980; O. Numata et al., 1980a, 

1980b). The same group investigated the in-vitro conditions for polymerization of the novel FFP38, 

describing 14-nm filaments whose formation depends on temperature, pH, and the presence of ATP 

and Calcium (O. Numata et al., 1980c). A few months later, a new study from the same group re-

examined FFP38 assembly and disassembly conditions. By iterating assembly and disassembly cycles, 

they demonstrated that the component of the previously described 14nm filaments was just a single 

protein of 49Kda and, therefore, referred to as 49K protein (Fig. 5 B) (Numata and Watanabe, 1982). 

Immunofluorescence using antibodies raised against 49K showed the protein localized mainly in 

mitochondria and in the proximity of the oral apparatus. Fluorescence in the proximity of the oral 

apparatus disappeared in dividing cells, thus indicating a potential role of 49K protein in the 

morphogenesis of a new apparatus after cell division (Numata et al., 1983). Next, the localization of 

such protein was observed during conjugation, where it has been observed to form cytoplasmatic 

structures participating in the pronuclear exchange (Fig. 5 A). Specifically, it was found that 49K 

protein network structures are formed at the post-meiotic stage and co-localize with tubulin during 

https://it.wikipedia.org/w/index.php?title=Hymenostomatida&action=edit&redlink=1


30 
 

the third prezygotic division, pronuclear transfer, and zygote formation (Numata et al., 1985; Takagi et 

al., 1991). 

Subsequent studies revealed important information about the 49K protein. These studies revealed 

that this protein is a mitochondrial citrate synthase (Kojima et al., 1995; Numata et al., 1991). Such 

protein is the product of one gene (CIT1) and one single transcript, albeit three different isoforms 

were described based on their isoelectric points (pI 7.7, 8, and 8.4). Among these isoforms, only two 

(pI 7.7 and 8) were found to be enzymatically active. Polymorphism of the observed isoforms was 

suggested to be due to post-translational modifications (PTM), specifically phosphorylation. Since the 

partially-dephosphorylated isoform (pI 8.4) is reported to assemble into filaments and enzymatically 

inactive, it is hypothesized that the phosphor-residues regulate the transition between the two forms 

(Kojima et al., 1997; Takeda et al., 1995). 

Further observation led by the same research group identified, during growth phase decline, electron-

dense rod-shaped structures composed of bundles of 14-16nm straight filaments inside mitochondria 

sections. These inclusions were confirmed to be composed mainly of mCS (Numata et al., 1995). Many 

metabolic enzymes have been found to be regulated in their activity via polymerization and 

depolymerization, and we speculate that Tetrahymena mCS could also be regulated similarly(Hunkeler 

et al., 2018)However, it remains elusive whether such inclusions truly represent a storage form of this 

enzyme or are a mere product of aging. 

Furthermore, when recombinantly expressed in E.coli, therefore, in the absence of eukaryotic PTMs, 

Tetrahymena mCS can still form short fibers (Fig. 5 C), potentially representing the early nucleation 

steps necessary for filament formation. This indicates that the ability to self-assemble is hardwired in 

the sequence itself and does not fully depend on external factors  (Takeda et al., 1997). 

Being part of a very conserved family, mCS shows relatively little variability across the whole 

eukaryotic tree and has a high identity with respect to some bacterial lineages. If this protein has truly 

evolved to become an intermediate filament, it would, therefore, represent an ideal case study for 

how such filaments can occur.    
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Fig. 4: Filament-forming 49 kDa protein participates in conjugation in Tetrahymena thermophila. A: Double 

immunofluorescence showing localization of tubulin (1, 2, 3, and 4), nuclei (5, 6, 7, and 8), and the 49-kDa protein (9, 10, 11, 

and 12) during conjugation at 5.5 h (1, 5, 9), 6.25 h (2, 6, 10), 6.5 h (3,7, 11) and 7.0 h 4, 8, 12). B: purified protein fraction 

obtained from assembly/disassembly/reassembly iteration. C: recombinant 49kDa proteins expressed in E.coli assemble into 

short fibers. Adapted from (Numata and Watanabe, 1982; Takagi et al., 1991; Takeda et al., 1997) 

1.2.3 Multifunctional proteins: filament-forming enzymes 

Many fiber-forming enzymes have been observed and described before, with fiber formation being 

pinpointed to stocking and or regulation of protein activity (Park, C.K., Horton, N.C.,2019, Stoddard, 

P.R, et al., 2020). It is tempting to speculate that T.thermophila mCS have also evolved such a 

mechanism of metabolic regulation when stressful conditions are met and subsequently evolved the 

capability of generating filaments involved in non-metabolic processes such as conjugation. This 

peculiar scenario in which a metabolic protein gets recruited for a completely different function over a 

relatively short evolutionary interval could represent a remarkable tool for investigating IF proteins in 

protists and possibly shedding light on which evolutionary forces are acting in promoting protein 

filament formation. As previously stated, lack of phylogenetic resolution and paucity of clear homologs 

are important hurdles affecting IF phylogenetic reconstructions outside metazoan. These limitations 

are overcome in the reported case, given the fact that Tetrahymena`s 14nm filament-forming protein 

shows clear homology with other citrate synthase enzymes. It is, therefore, possible to build a strongly 

supported and accurate phylogeny for this enzyme and to use ancestral sequence reconstruction 

(ASR) to identify the evolutionary interval along which mCS fibers evolved. 
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1.3 Phylogenetic inference and ancestral sequence reconstruction 

Ancestral sequence reconstruction (ASR) is a powerful phylogenetic technique used to statistically 

infer the sequence of ancestral proteins from an array of extant (i.e., present-day) homologous 

sequences. The inferred ancestral sequences can be treated as hypotheses about the molecular 

evolutionary processes undergoing in the history of the gene studied(Hochberg and Thornton, 2017). 

Such ŀƴ ŀǇǇǊƻŀŎƘ ŀƭƭƻǿǎ ǳǎ ǘƻ ŜŦŦŜŎǘƛǾŜƭȅ άǊŜǇƭŀȅ ǘƘŜ ǘŀǇŜ ƻŦ ƭƛŦŜέ (Gould, 1990)  in the context of 

molecular evolution and paleogenetics. 

The basic methodology for ASR involves constructing a phylogenetic tree from a multiple sequence 

alignment (MSA) of homologous proteins.  

ASR was first proposed in 1963  by Linus Pauling and Emile Zuckerlandls (Pauling et al., 1963) as a way 

ǘƻ άǊŜŎƻƴǎǘǊǳŎǘέ ŀƴŎŜǎǘǊŀƭ ǇǊƻǘŜƛƴǎ ŦǊƻƳ ǎŜǉǳŜƴŎŜǎ ŦƻǳƴŘ ƛƴ ŜȄǘŀƴǘ ƻǊƎŀƴƛǎƳǎΦ  ¢ƘŜ ŎƻƳǇǳǘŀǘƛƻƴŀƭ 

effort, data availability (sequences), and the impossibility of synthetically constructing ancient 

sequences were major limiting factors in the application of ASR. Another cornerstone in ASR history is 

represented by the seminal work of W.M. Fitch (Fitch, 1971), who introduces an algorithm using 

maximum parsimony (aimed at minimizing the number of changes needed to explain the observed 

data when constructing a phylogenetic tree)for inferring ancestral sequences(Thornton, 2004). 

Computational implementation of Fitch`s algorithm was made available in the following years, albeit 

around the same time criticism with respect to parsimony-based methods, like the impossibility of 

accounting for heterogeneous substitution rate or the overestimation of common-to-rare changes,  

for ASR started to arise (Collins et al., 1994; Felsenstein, 1978; Yang et al., 1995).  

In another pivotal work in the field, J. Felsenstein introduces the concept of Maximum likelihood (ML) 

methods for phylogenetic inference (Felsenstein, 1981). The incorporation of more sophisticated 

models of sequence evolution, accounting for multiple substitutions and heterogeneous mutation 

rates, and a statistical framework for hypothesis testing render this method often more accurate and 

powerful than parsimony and is now one of the widely used approaches for inferring phylogenies 

(Sullivan and Joyce, 2005; Whelan et al., 2001). 

In the early 2000s, technological limitations regarding sequence availability and computational power 

were overcome by improved phylogenetic algorithms, better sequencing data, and increased 

computational power, rendering ASR a useful tool for probing ancestral biochemical properties and 

their transitions across evolution. Modern ASR methods, whether based on ML or Bayesian inference, 

require an evolutionary model describing the processes and mechanisms by which genetic sequences 

evolve over time.  
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Currently, the two most-used approaches for inferring phylogenies and ASR are based on Maximum 

likelihood or Bayesian inference (Yang and Rannala, 2012). The former calculates the likelihood of the 

data given a model for evolution and a tree topology. The tree with the highest likelihood value is the 

preferred one. On the other hand, the Bayesian approach combines the prior probability of a given 

tree with the likelihood of the data (sequences) to generate a distribution of posterior probability on a 

tree given the data. The tree with the highest posterior probability is chosen (Huelsenbeck and 

Ronquist, 2001). 

Choosing the optimal model is crucial for phylogenetic inference; different assumptions and the 

complexity of different models can profoundly impact the final result. Common models used include 

clock models for evolutionary changes over time, tree models for speciation and extinction processed, 

and matrixes (e.g., JC69, GTR, LG) that describe nucleotide or amino acid substitutions (Sullivan and 

Joyce, 2005; Yang and Rannala, 2012). While standard approaches use a single replacement rate 

matrix to summarize the biochemical evolution of a protein MSA, it is known that different sites 

undergo different substitution rates in proteins, depending on several factors like secondary and 

tertiary structure, solvent exposition, function, and many others. Discrete character processing on a 

phylogenetic tree relies on the use of Markov models (Dang and Golding, 2016); recent advancements 

have focused on improving model realism and computational efficiency, allowing for the analysis of 

larger datasets and more complex evolutionary scenarios (Tarasov, 2023). It is clear, therefore, that a 

single replacement matrix is not enough to capture the complexity of sequence evolution (Wang et al., 

2018). 

A gamma distribution, whose shape parameter (alpha) determines the distribution and extent of rate 

variation among sites, is often used to account for different rate variations among sites. A small alpha 

indicates greater heterogeneity. Such a continuous distribution is often discretized in different rate 

categories (typically 4-8 according to the chosen model), with every site assigned to one rate category 

for computational efficiency (Mayrose et al., 2005). The empirical rates at which different amino acids 

replace each other during evolution provided by the empirical matrix (in the case of proteins) are 

modified by the gamma distribution, allowing each site to evolve at a different rate. The likelihood is 

calculated using the substitution model for each site, and the process is repeated for each rate 

category in the gamma distribution. The final likelihood for a site will be a weighted average of these 

calculations, with the weight determined by the gamma distribution (Yang, 2014). 

The gamma distribution is often integrated into more complex models, such as the invariable sites 

model (that allows some sites to remain invariable across evolution) or complex mixture models using 

multiple substitution matrixes (Minh et al., 2020). 
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From a computed phylogenetic tree, the extant sequences and the substitution model ancestral 

sequences (i.e., internal nodes on the tree) can be reconstructed using different methods. Among the 

most used methods are ML, MP, or Bayesian inference, but other ones, such as hybrid (combining 

both ML and Bayesian), distance-based, and joint reconstruction (which aims to find the most 

probable combination of ancestral states for all nodes simultaneously), can be used. In this study, the 

marginal ML reconstruction is used (Randall et al., 2016). 

The probability of each possible ancestral state at each internal node is calculated for each site in the 

sequences using ML, given the observed data and the evolutionary model. Each site in the extant MSA 

contributes to the likelihood calculation for the corresponding site at the ancestral node. The 

likelihood is summed for each site over all possible ancestral states, weighted by the total branch 

length connecting a given ancestral node to extant sequences. The process is iterated over every 

residue in the alignment, and the most probable ancestral site is chosen at each step(Joy et al., 2016). 

This process is carried out under the assumption that each site (nucleotide or amino acid) in a 

sequence evolves independently of the other sites. This assumption, despite common, is known to be 

biologically unrealistic in several cases (Liò and Goldman, 1998). In reality, due to structural and 

functional constraints, sites often evolve in a correlated manner (Behdenna et al., 2016). Alternative 

approaches can be used to overcome this limitation, such as the incorporation of generalized hidden 

Markov models with more complex, context-dependent evolutionary models, such as co-evolutionary 

models that take into account global patterns of cooperative interactions between sequence elements 

(Siepel and Haussler, 2004; Stupp et al., 2021). 

This process makes it clear that the ASR outcome is highly influenced by the topology (i.e., the tree) 

and the rate variation among sites (represented by branch lengths). The robustness of the 

reconstruction decreases the longer the branches and the farther the ancestral node is from extant 

sequences (Hanson-Smith et al., 2010).  

Under a ML approach, like the one used in this study, ancestral states are calculated as the most likely 

residue for each site. This allows us to evaluate the confidence of the reconstructed sequences at 

every site. 

Several caveats and limitations must be considered when performing ASR and experimentally 

characterizing ancestral sequences. The accuracy of these methods strongly depends on the 

alignment, the number and choice of extant sequences, their divergence time, and the choice of 

scoring matrices and evolutionary models. For example, biases in extant sequence sampling, like 

overrepresentation of certain lineages and incomplete sampling, can highly influence the accuracy of 

the reconstruction (Joy et al., 2016). 
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Substitution saturation can become a considerable issue for phylogenetic inference and, therefore, 

ASR over long evolutionary distances. Rapidly evolving genes or very ancient (over a billion years) 

divergence events can lead to multiple substitutions, resulting in an inaccurate estimation of 

phylogenetic relationships, even when strongly supported (Philippe et al., 2011). Appropriate and 

careful sampling, filtering of saturated loci, and choice of the most appropriate evolutionary model 

can mitigate the effect of such a phenomenon (Dornburg et al., 2017). Another challenge is 

represented by the experimental validation of resurrected sequences. Expression and folding of 

ancient sequences might not be feasible in modern cellular environments, making the experimental 

investigation of resurrected proteins challenging (Gumulya and Gillam, 2017). 

1.4 Principles of Structured Illumination Microscopy 

Structured Illumination Microscopy (SIM) allows to achieve higher spatial resolution imaging beyond 

the diffraction limit of conventional light microscopy. 

The operating principles at the base of SIM consist of projecting a patterned illumination onto the 

sample. The patterned (typically sinusoidal stripes of known spacing and orientation) excitation light 

will then interact with fine structural details or features of the sample that are smaller than the 

diffraction limits of conventional microscopy (e.g. subcellular structures like microtubules). Such 

interaction gives rise to the Moiré effect, a visual phenomenon that occurs when two repetitive 

patterns with similar frequencies or orientations overlap or interact (Rego and Shao, 2015). 

Moiré fringes resulting from interference between patterns (i.e., the patterned incident light and the 

fine details of the sample, such as the unknown spatial distribution of a fluorescent dye) contain high 

spatial information about the sample`s sub-diffraction features that would be otherwise unresolvable  

Conventional microscopes are limited in their resolving power by the numerical aperture 

(NA, maximum spatial frequency or angle that can be transmitted or collected by the optical system 

due to the diffraction limit) and the wavelength of the incident light. Such a relationship is known as 

Abbe`s diffraction limit (Abbe, 1873; Huang et al., 2010).  

Ὠ  ‗  Ⱦ  ςὲ ίὭὲ— 

²ƘŜǊŜ Ř ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ ƳƛƴƛƳǳƳ ǊŜǎƻƭǾŀōƭŜ ŘƛǎǘŀƴŎŜ ōŜǘǿŜŜƴ ǘǿƻ Ǉƻƛƴǘǎ ƛƴ ǘƘŜ ǎǇŜŎƛƳŜƴΣ ˂ ǘƘŜ 

ǿŀǾŜƭŜƴƎǘƘ ǳǎŜŘ ǘƻ ƛƭƭǳƳƛƴŀǘŜ ǘƘŜ ǎŀƳǇƭŜΣ ƴ ǘƘŜ ǊŜŦǊŀŎǘƛǾŜ ƛƴŘŜȄ ƻŦ ǘƘŜ ƳŜŘƛǳƳ ŀƴŘ ʻ ƘŀƭŦ ǘƘŜ ŀƴƎǳƭŀǊ 

ŀǇŜǊǘǳǊŜ ƻŦ ǘƘŜ ƻōƧŜŎǘƛǾŜ ƭŜƴǎΦ ¢ƘŜ ƻōƧŜŎǘ ƴ ǎƛƴ ʻ ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ ƴǳƳŜǊƛŎŀƭ ŀǇŜǊǘǳǊŜ ƻŦ ǘƘŜ ƻōƧŜŎǘƛǾŜ 

lens. 
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In Fourier space, spatial frequencies are represented radially from a central point, with higher 

frequency points farther away from the center and the diameter representing the maximum 

observable spatial frequencies (Fig. 6 A). This representation, called the Optical Transfer function 

(OTF), is equivalent to the point spread function (PSF) in the spatial domain and describes how 

different frequency components are modulated upon passage through the optical system(Hecht, 

2001).  Due to the diffraction limits imposed by NA, any spatial frequency outside the circular aperture 

in Fourier space is lost (blue dots in Fig. 6 A). The 2D sinusoidal striped illumination pattern used in 

SIM corresponds, in the Fourier space representation, to three frequency points (Fig. 6 B): the central 

frequency point (DC spot) represents the average intensity of the original image, the distance of the 

other two points from DC encodes information about the frequency, the amplitude is represented by 

brightness (Vangindertael et al., 2018). 

Moiré fringes generated in the Fourier space would appear as distinct spots (or peaks) at higher 

frequencies than the normal diffraction limit (i.e., outside the Fourier space's radial center). Since the 

original illumination pattern is known, it is possible to mathematically recover the original sample 

frequencies from the lower-frequency Moiré pattern of the frequency space around the three 

components of the sinusoidal pattern. This procedure would correspond to extending the original 

aperture along the direction imposed by the illumination pattern. By applying an illumination pattern 

with a frequency close to the cutoff frequency of the microscope objective, it is possible to effectively 

double the amount of information (i.e., regions of the frequency space) captured by the system 

(Röhrich and Koenderink, 2021; Vangindertael et al., 2018)This corresponds, in the Fourier space, to 

an extension of the original aperture along the direction of the illuminating pattern (Fig. 6c). To obtain 

isotropic resolution enhancement, the illuminating pattern is rotated and phase-shifted (Fig. 6 D) to 

produce nine images for 2D SIM (three phases and three rotations) and fifteen images for 3D SIM 

(where resolution along the z-axis is also improved), as used in this study. 

Using a 2D (or 3D for 3D SIM) Fast Fourier Transform (FFT), each raw image is Fourier transformed 

from the spatial domain into the frequency domain, thereby converting spatial information into 

frequency components. Higher frequency Moiré fringes are computationally separated from the 

conventional wide-field image component and reassigned to their proper position in the Fourier 

space. The reassigned higher-frequency Moiré fringes from all raw images are then combined to 

create a composite Fourier space containing information encoded by the fringes. Finally, an inverse 

Fourier transform is applied to reconstruct the final super-resolved SIM image (Fang et al., 2023; 

Vangindertael et al., 2018). 
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Fig. 5: Principles of structured illumination. A: Normal microscope observable region of frequencies in the reciprocal space, 

the radius k0 represents the resolution limit. B: a simple sinusoidal pattern in the reciprocal space. C: when the illuminating 

pattern is superimposed with the sample, additional information (gray areas) is translated into the observable region. D: 

Different orientations and phases of the illuminating patterns are used to effectively enhance resolution isotropically. 

In this study, we used a recent improvement of SIM termed Lattice SIM. While its operating principles 

are identical to conventional SIM, Lattice SIM uses a spot illumination pattern instead of grid lines, 

generating a 2D optical lattice. Such a feature minimizes redundant light exposure, resulting in faster 

imaging speed, better signal-to-noise ratio, lower photobleaching, and lower phototoxicity (Zheng et 

al., 2022).  

1.5 Mass Photometry: theory and operating principles 

Mass photometry is a novel analytical technique developed in the last decade by the groups of Kukura 

and Benesch at the University of Oxford in the early 2010s.  MP allows the measurement of the 

molecular mass of biomolecules and their interactions in solution. The key principle behind this 

technique is called interferometric scattering; namely, light scattered by a single biomolecule in 

contact with a surface (i.e., a glass coverslip) interferes with light reflected off that surface, thus 

creating an interference pattern. The magnitude of this signal linearly scales with the molecule`s mass 

because the amount of scattered light is also proportional to the mass of the molecule. The size and 
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shape of biomolecules, specifically proteins, are not a limiting factor for MP since they have very 

similar refractive indexes and little variations in densities. As long as the protein dimensions are 

smaller than the wavelength used, the resulting scattered light will be dependent only on the particle 

mass. The final result would consist of a histogram where the y-axis represents the number of events 

recorded (i.e., protein landing on the surface), and the x-axis shows the mass detected for each event 

(Fig. 7). This representation allows for easy visualization of different species present in a sample as 

well as their relative abundance. 
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Fig. 6: Operating principle of Mass Photometry. Molecules in solution landing on the measurement surface produce 

scattering light whose contrast linearly correlates with the molecular mass of the landed particle. The resulting histogram 

shows peaks corresponding to different molecular species present in the sample, with the height of each peak indicating the 

relative abundance of that species. 

MP is a powerful method for the detection of protein-protein interactions, oligomerization, and 

binding events with remarkable accuracy and sensitivity in a label-free manner across a wide mass 

range (from 30 kDa to 5 MDa). Another advantage is that such measurements can be carried out at 

very low concentrations, thus reflecting physiological protein concentration in vivo in many cases.  
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2 Scope of this study  

Tetrahymena thermophila mitochondrial citrate synthase has been reported to possess a dual 

function, working as a dimeric enzyme in Kreb`s cycle and as a structural filament in the cytoplasm 

during conjugation. This exceptional case where an enzyme gets recruited for additional, seemingly 

unrelated, structural functions represents a remarkable tool for investigating the evolutionary process 

underpinning the emergence of eukaryotic intermediate filament-like structures outside metazoans. 

In an attempt to unravel the mechanisms underpinning filament formation and dynamics in vivo and 

in vitro, we provide evidence supporting that fiber formation is due to buffer interference used in 

previous studies. We identified the putative chemical moiety triggering polydispersity and fibre 

formation in vitro.  In vivo, immunofluorescence experiments with labelled mutant cells further show 

that such protein does not form extracytoplasmic filaments during conjugation and that clear 

mitochondrial inclusions are absent during starvation. Lastly, we show that MES-induced complexes 
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are a common feature in the eukaryotic version of this protein but absent in bacterial homologs. 

Furthermore, using ancestral sequence reconstruction, we show that in vitro, MES-induced ordered 

fibers emerged in the last common ancestor of Hypenostomatida, where amorphous aggregates are 

formed in extant eukaryotes and ancestral nodes leading up to the Hypenostomatida clade.  

 

 

 

 

 

 

 

 

 

 

3 Materials and methods 

3.1 Phylogeny and ASR 

Sequences homologous to the Tetrahyemna thermophila CIT1 gene were collected via Blastp search 

over nr and Transcriptome Shotgun assembly proteins (tsa_nr) NCBI databases.  

Sequences were aligned using muscle v3.8, and the resulting multiple sequence alignment (MSA) was 

then visualized in Aliview (Larsson, 2014), where noisy or uninformative sites were trimmed.  An ML  

phylogenetic tree was then constructed using RaxML 8.2.10 (Stamatakis, 2014) under the LG+G4 

evolutionary model (Le and Gascuel, 2008).  Supporting values for the tree were calculated in PhyML 

(3.0)  (Guindon et al., 2010) using the approximate likelihood-ratio statistical test (alrt). The final tree 

was then visualized using FigTree. 

Using the computed phylogenetic tree together with the MSA,  ancestral sequences were inferred 

using the codeML package within PAML (v.4.9)(Yang, 2007). Parsimony inference in PAUP (4.0a) based 

ƻƴ ŀ ōƛƴŀǊȅ ǾŜǊǎƛƻƴ ƻŦ ǘƘŜ a{! όм Ґ ŀƳƛƴƻ ŀŎƛŘΣ л Ґ ƎŀǇΣ ƴƻ ǊŜǎƛŘǳŜύ ǿŀǎ ǘƘŜƴ ǳǎŜŘ Ǿƛŀ ŀ ŎǳǎǘƻƳ tȅǘƘƻƴ 

script to assign ancestral gaps on the resurrected sequences. The state assignment for each node in 
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the tree (amino acid or gap) was then applied to the inferred ancestral sequences. The complete tree 

is shown in Fig. S1. 

 

 

 3.3 Protein expression and purification 

Vectors containing the constructs of interest were transformed into chemically competent 

Escherichia coli BL21 (DE3) cells. Resultant colonies were used to inoculate expression 

cultures in LB medium containing 15 g/L lactose (Fisher Chemical) and grown overnight at 30 

°C and 200 r.p.m. 

Cells were pelleted via centrifugation (5000 g, 15 min, 4 °C), resuspended in buffer A (20 mM 

Tris, 300 mM NaCl, 20mM imidazole, pH 8 at 4 ϲ/ύ, and disrupted via a Microluidizer 

(Microfluidics) in three cycles at 15000 psi. Cells debris was removed by centrifugation (30000 

ƎΣ ол ƳƛƴΣ п ϲ/ύ, and the supernatant was loaded on a prepacked Ni-NTA column (1ml HIS-trap 

HP, Cytiva) equilibrated with buffer A using a peristaltic pump (Hei-FLOW 06, Heidolph). The 

column was then washed for 10-column volume with buffer A. Proteins bound to the column 

were eluted using buffer B (20 Ƴa ¢ǊƛǎΣ олл Ƴa bŀ/ƭ, ŀƴŘ рлл mM imidazole, pH уύΦ CǳǊǘƘŜǊ 

purification and buffer exchange were achieved by size-exclusion chromatography (SEC) using 

an ENrich SEC 650 column (Bio-Rad) with PBS as a running buffer. Protein integrity and purity 

were verified by SDS-PAGE and MP. 

3.4 Mass photometry  

Coverslips (1.5 H, 24 x 50 mm, Carl Roth) and CultureWellTM Reusable Gaskets were cleaned 

with three consecutive rinsing steps of ddH2O and 100% isopropanol and dried under a 

stream of pressurized air. For measurements, gaskets were assembled on coverslips and 

placed on the stage of a TwoMP mass photometer (MP, Refeyn Ltd, Oxford, UK) with 

immersion oil. Gasket wells were filled with 10 µL of buffer to enable focusing of the glass 

surface. After focusing, 10 µL samples were added and rapidly mixed while keeping the focus 

position stable, and measurements were started. All measurements were made at a final 

protein concentration of 25nM. MP contrast values were calibrated to molecular masses 

using in house made protein as a standard. All MP images were processed and analyzed using 

DiscoverMP (Refeyn Ltd, v. 2022 R1).  In order to quantify the degree of polydispersity, we 
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extracted relative count values for every peak by fitting a Gaussian distribution to it in 

DiscoverMP.  

Buffers and molecules were tested at 5 mM concentration in 50 mM KCl. The effect of non-

buffer agents was measured using 5 mM of the candidate molecule in 50 mM KCl. MOPS or 

TRIS, whose effect on higher complexes is negligible, were used as buffering agents for such 

measurements.  

 

3.5 Negative stain, class averages, and 3D model reconstruction 

Carbon-coated copper grids (400 mesh) were hydrophilized by glow discharging (PELCO easiGlow, Ted 

Pella). A 5 µl volume of a 15 µg/ml protein suspension was applied onto the hydrophilized grids and 

stained with 2 % uranyl acetate after a short washing step with double-distilled water. Samples were 

analyzed with a JEOL JEM-2100 transmission electron microscope using an acceleration voltage of 120 

kV. A F214 FastScan CCD camera (TVIPS, Gauting) was used for image acquisition. For 2D class 

averaging with cisTEM (Grant et al., 2018), ~500 particles (i.e., here, small regions of the fibers) were 

picked manually, and 2D classes were calculated.  In cisTEM 401 small sections of the fibres 

comprising 3-5 subunits were picked manually and averaged. From the resulting 2D classes a subset 

(287 picks) was selected and created from which a volume was calculated. The volume was visualized 

in ChimeraX. 

 

3.6 Tetrahymena culture 

Tetrahymena thermophila strains used in this work are the wildtype CU428.1 (Ctrl), the CIT1-StrepHis 

and CIT1-EGFP strains. Cells were grown overnight in SPP (2% protease peptone, 0.1% yeast extract, 

0.2 % dextrose, 0.003 % ferric-EDTA) supplemented with 250 ug/ml penicillin G and 250 ug/ml 

streptomycin sulfate, to medium density (1-3x105 cells/ml). For biolistic transformation, growing cells 

were subsequently starved in 10 mM Tris buffer, pH 7.4. Fed and starved cells were both kept at 30°C 

with agitation at 60 rpm. Culture densities were measured using the Neubauer chamber. Conjugant 

cells were prepared by mixing CIT1-StrepHis and CIT1-EGFP with complementary mating type CU427.4 

wild-type after starvation.  
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3.7 Endogenous tagging of Tetrahymena CIT1 with StrepHis and EGFP tags 

StrepHis and EGFP tags were independently integrated at the C-terminus of the macronuclear open-

reading frame (ORF) of CIT1 (TTHERM_00529790) via homologous recombination using linearized 

pCIT1-StrepHis-Neo4 and pCIT1-EGFP-Neo4 vectors, respectively. The vector pStrepHis-Neo4 was 

created first by inserting 57bp of codon-optimized StrepHis tag in the bamHI/SpeI sites of the modified 

pNeo4 plasmid (Sparvoli et al., 2018) containing the paromomycin (Neo4) drug resistance cassette 

(Mochizuki, 2008, Gene), by Quick Ligation (New England Biolabs Inc.).  Subsequently, to generate the 

pCIT1-StrepHis-Neo4 vector, the C-ǘŜǊƳƛƴŀƭ тофōǇΣ ŀƴŘ тлсōǇ ƻŦ оΩ ¦¢w ƻŦ /L¢м ǿŜǊŜ ŎƭƻƴŜŘ ƛƴǘƻ ǘƘŜ 

pStrep-His-Neo4 vector at the NotI/BamHI and XhoI/KpnI sites, respectively.  The pCIT1-EGFP-Neo4 

construct was obtained by replacing the StrepHis tag in the pCIT1-StrepHis-Neo4 plasmid with the 

EGFP tag taken from the pmEGFP-Neo4 vector (Briguglio et al., 2013), via bamHI/SpeI digestion of 

both plasmids and subsequent Quick Ligation. pCIT1-StrepHis-Neo4 and pCIT1-EGFP-Neo4 vectors 

were linearized with NotI and KpnI prior to biolistically transforming Tetrahymena. Primers used are 

listed in Supplementary Table M9. A full map of the construct is depicted in Fig.  S2. 

3.8 Tetrahymena biolistic transformation 

Tetrahymena CU428.1 was grown to mid-log phase and starved for 18-24h in 10 mM Tris, pH 7.4. The 

biolistic transformation was performed with 20 µg synthetic DNA as described previously (Cassidy-

Hanley et al., 1997; Chilcoat et al., 1996). Positive transformants were selected 5 h after 

bombardment by adding 120 µg/ml paromomycin sulfate and 1 µg/ml CdCl2 to the cultures. 

Transformants were serially transferred 6x/week in increasing concentrations of drug and decreasing 

concentrations of CdCl2 (up to 4 mg/ml paromomycin and 0.3 µg/ml CdCl2) for at least 8 weeks before 

further testing. Successful integration and replacement of all endogenous alleles at each genomic 

locus was tested by RT-PCR. 

 

3.9 RT-PCR assessment of gene tagging in Tetrahymena 

Overnight cultures of mid-log phase cells from each knockout strain were pelleted, washed once with 

10 mM Tris pH 7.4, and total RNA was isolated using NucleoSpin RNA Mini kit for RNA purification 

(Macherey-bŀƎŜƭύΣ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ ¢ƘŜ Ŏ5b! ǎȅƴǘƘŜǎƛǎ ŦǊƻƳ н-3µg of 

total RNA was performed using High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). 

The cDNA was PCR amplified with GoTaq DNA Polymerase (Promega) to assay the presence of the 

corresponding CIT1 transcripts (200-300 bp) in the epitope-tagged strains using primers listed below. 

wŜŀŎǘƛƻƴǎ ǿƛǘƘ ǇǊƛƳŜǊǎ ǎǇŜŎƛŦƛŎ ŦƻǊ ʲ-tubulin 1 (BTU1) were run in parallel to confirm that equal 
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amounts of cDNA were amplified. At least three clones each for the knockout strains were tested. 

Primers used are in Supporting Table M9 and resulting gel profiles in Fig. S3 and Fig. S4. 

. 

 

 

 

 

3.10 Western to detect CIT1-StrepHis 

Whole cell lysates were collected from 5x104 cells from overnight cultures, washed once with 10mM 

Tris pH 7.4, resuspended in 2x lithium dodecyl sulfate (LDS) sample buffer containing 40 mM DTT, and 

denatured at 95 °C for 10 min. Proteins were resolved with the Novex NuPAGE Gel system (10 % Bis-

Tris gels, Invitrogen) and transferred to 0.45µm PVDF membranes (Immobilon®-P, Millipore). Blots 

were blocked with 5 % dried milk in 1x TNT (15 mM Tris, 140 mM NaCl, 005 % Tween 20, pH 8). The 

mouse anti-His was diluted 1:3000 in a blocking solution. Proteins were visualized with anti-mouse 

alkaline phosphatase (AP)-conjugated (Promega) diluted 1:7500 and with BCIP/NBT Color 

development substrate (Promega). At least three clones each for the knockout strains were tested. 

Resulting gel is shown in Fig.  S5. 

 

3.11 Epifluorescence microscopy 

For epifluorescence microscopy, Tetrahymena cells were washed once with 10 mM Tris pH 7.4 and 

fixed with 4 % paraformaldehyde (PFA) in 50 mM HEPES pH 7.4 at room temperature. Cells were 

permeabilized with 0.1 % Triton X-100, and blocking was performed with 1% bovine serum albumin 

(BSA) in TBS (25 mM Tris, 3 mM KCl, 140 mM NaCl, pH 7.4); CIT1 proteins were visualized with Strep-

TactinXT conjugate DY-488 (IBA Lifesciences) diluted in TBS 1:250. As mentioned earlier, CIT1-EGFP-

expressing cells were fixed, but immunolabeling did not enhance the visualization of the fusion 

proteins. Nucleic acids were stained on fixed cells with DAPI. Cells were mounted in 30% glycerol/TBS 

and imaged on a Zeiss inverted microscope (Axion observer.Z1/ 7)equipped with an Axiocam 712 

camera and using a Plan-Apochromat 100x objective, NA=1.4 Oil DIC M27. DAPI was exited using an 

Argon laser at 353 nm, and emission was collected from 430 and 470 nm; strep-tactin conjugate DY-

488 was excited at 488nm, and emission was collected from 506 to 548 nm. Brightfield images were 

collected using a TL LED lamp (15 % intensity) as a light source. Z-stacks were denoised, adjusted in 
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brightness and contrast, and colored with the program ZEN blue 3.6. At least two clones each for the 

knockout strains were tested. 

 

 

3.12 Structured Illumination Microscopy 

For Structured Illumination Microscopy, the mitochondrial-specific stain MitoSpy CMX ROS (Biolegend) 

was added to culture media to reach 400nM final concentration 10 h before cell harvest. Fed, starved, 

and conjugants were fixed and stained using the same procedure as described for confocal microscopy 

samples. Samples were imaged using a Super-resolution SIM microscope (Zeiss Elyra 7 Lattice SIM 

microscope) equipped with PCO Edge 4.2 sCMOS camera (dual system), using alpha Plan-Apochromat 

63x objective, NA-1.46 Oil Korr M27. Strep-TactinXT conjugate DY-488 was excited with a 488 nm 

Argon laser, and emission was collected between 495 and 550 nm. MitoSpy CMX ROS was excited 

using a 561 nm laser, and emission was collected from 570 to 620 nm. Z stacks were processed using 

Zen Black 2.3, and the resulting SIM images were colored, denoised, and adjusted in contrast and 

brightness using ZEN Blue 3.6. 
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4 Results and discussion 

4.1 T.thermophila mCs in vitro fibre formation 

We first set out to replicate the polymerization of the protein in vitro. To do this, we heterologously 

expressed the codon-optimized protein in E.coli and purified it using a C terminal spacer sequence 

(GSGG) followed by a polyhistidine tag (as described by Takeda, 1997). We next acquired negative 

stain electron microscopy images of the fibers and found them to be broadly consistent with prior 

reports regarding their length and width (Fig. 8 A and B). We were able to extract class averages and a 

low-resolution 3D reconstruction from our negative stain data, which shows dimers probably arranged 

in two rows along the filament (Fig. 8 C). The shape of the 3D model, despite the low resolution, 

strongly resembles the IF-like arrangement proposed by Numata (Osamu Numata et al., 1980c).   We 

then assayed its self-assembly state using mass photometry.  Spectra were acquired at nanomolar 

protein concentrations and under the same buffer conditions as those of Takeda et al. (1997). 

producing a series of peaks in steps of roughly 100kD, corresponding to dimers, tetramers, hexamers, 

and higher-order oligomers. These observations are consistent with filamentation or fiber formation 

(Fig. 8 D), as had been observed previously (Hundt et al., 2022).  

 

Fig. 8: Recombinant Tetrahyemna thermophila mCS forms ordered fibers in vitro.  A: negative stain of recombinant mCS 

protein. B: mCS class averages. C: 3D reconstruction shows highly ordered fibrous structures. D: mCS fibers produce 
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polydisperse MP spŜŎǘǊŀ ǿƘŜǊŜ ǘƘŜ Ƴŀǎǎ ƻŦ ŜŀŎƘ ǇŜŀƪ ŎƻǊǊŜǎǇƻƴŘǎ ǘƻ ƳǳƭǘƛǇƭŜǎ ƻŦ ŘƛƳŜǊǎ όҒ млл ƪ5ŀύ. A, B, and C were 

performed by Dr. Thomas Heimerl, Philipps University of Marburg. 

4.2 In vivo localization  

Next, we wanted to determine if these fibers would assemble into bigger filaments in Tetrahymena 

during conjugation. The original report used polyclonal antibodies to detect filaments during 

conjugation. To mitigate the potential unspecific binding and cross-reactivity of polyclonal antibodies, 

we sought to use a fluorescence tag instead. However, a GFP Fusion tag on the C-terminus resulted in 

an inability to form fibrils, presumably because of a steric hindrance (Fig. 9). An N-terminal fusion was 

equally not practical, as preliminary experiments indicated that it interfered with the correct 

mitochondrial import, and consequently, organism viability. 

 

 

Fig. 9: Effects of StrepHis and GFP tags on polydispersity. MP spectra for strep-tagged (purple) and GFP-tagged (green) mCS 

in 5 mM MES, 50 mM KCl, pH 7.5. StrepHis tag in extant proteins does not impair polydispersity. In contrast, GFP-tagged 

constructs show a remarkable reduction in polydispersity in MES, likely due to the steric hindrance effect. 

We, therefore, used a C-terminal strep tag (WSHPQFEK) for highly specific immunofluorescence using 

anti-strep monoclonal antibodies directly conjugated with a DY-488 fluorophore. This tag did not 

disrupt fibril formation, and we verified using MP that anti-strep antibodies can bind to the fibers (Fig. 

10.) 

 Such a strategy also allows for limited background noise, as seen by comparison with wild-type cells, 

where the specificity of the antibody in vivo is also confirmed. 
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Fig. 10: Specificity of anti-strep antibody for MES-induced mCS fibers.  A: MP spectra of anti-strep DY-488 conjugate. B: MP 

spectra for strep-tagged T. thermophila mCS. C: MP spectra of antibody and protein mixture show complexes with an 

increased MW in respect to B. D: table reporting MW of fitted peaks and expected stoichiometries. Measurements were 

made in 5 mM MES, 50 mM KCl pH 7.5. 

Next, through homologous recombination (HR), we introduced a C terminal strep tag into the CIT1 

gene in T. thermophila. As a control, we separately introduced the C terminal GFP fusion construct 

because this fusion completely inhibited fibril formation (Fig. 9), allowing us to test whether 

fibrillation, if present, is necessary for the correct positioning of the micronuclei or downregulating 

enzyme activity during starvation.  The complete replacement of the CIT1 gene in the Tetrahymena 

micronucleus with its strep-tagged version was achieved by serial rounds of selection. 

Immunofluorescence images acquired for the wild-type and strep-tagged mutants stained with anti-

strep monoclonal antibodies directly conjugated with a DY-488 fluorophore mitochondrial dye and 
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DAPI revealed the co-localization of mCS protein inside mitochondria, but the absence of filamentous 

structures in the cytoplasm at any time point in conjugating cells (4.5 ,6 and 7 hours after mixing), and 

lack of clear association with pronuclei (Fig. 11 A, Fig. 12 A). These results strongly call into question 

that mCS in Tetrahymena forms intermediate filaments during conjugation and imply that previous 

findings may have been artifacts resulting from unspecific antibodies. The absence of a clear, 

detectable phenotypic effect in GFP and strep-tagged mutants in comparison to WT, even during 

conjugation, suggests that the fiber-forming ability, if present, is not essential in Tetrahymena. 
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Fig. 11: In vivo immune-fluorescence microscopy of mCS. A: confocal images of wild-type and strep-tagged T.thermophila 

conjugating cells at different time points after mixing mating pairs. B, SIM pictures comparing strep-tagged and GFP-tagged 

mutants during fed, starving, and conjugating conditions. The scale bar represents 10 µm. Under any condition tested mCS is 

shown to co-localize inside mitochondria and do not form clear foci inside the organelle upon starvation. A was performed by 

Dr. Daniela Spavroli, University of Montpellier. 
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Fig. 12: Top cell view of samples imaged in  Fig. 11. A: After mixing mating pairs, confocal images of wild-type and strep-

tagged T.thermophila conjugating cells at different time points. B, SIM pictures comparing strep-tagged and GFP-tagged 

mutants during fed, starving, and conjugating conditions. The scale bar represents 10 µm. Many mitochondria are 

identifiable in the cell cortex in distinct stripe patterns. A was performed by Dr. Daniela Spavroli, University of Montpellier. 

Because fibrils do not form during conjugation in the cytoplasm, we wondered if they might serve 

another purpose inside mitochondria. Using mass photometry experiments, we noticed that mCs 

substrates oxaloacetate and acetyl-coA abolish fiber formation in vitro, resulting in only dimers (Fig. 

13). 

 

We hypothesized that such fibers could form as a way to downregulate metabolism when nutrients 

are scarce. This is a known regulatory mechanism for several other metabolic enzymes (Aughey and 

Liu, 2016; Ingerson-Mahar et al., 2010; Noree et al., 2010) and would be consistent with mCS-

containing inclusions in mitochondria that have been described in Tetrahymena during growth decline. 

We, therefore, performed the same microscopy experiments as before in well-fed and starved cells. If 

mCS forms catalytically inactive fibers during starvation, intensity foci would be expected to be 

present in mitochondria compared to a more diffuse signal in fed cells, as observed for other similar 

cases (Miura, 2022; Petrovska et al., 2014). High-resolution SIM images of Strep-tagged mutants and 

wild-type cells under fed and starved conditions resulted in a rearrangement of mitochondria and cell 

Fig. 13: mCS substrates abolish polydispersity. mCS fiber MP spectra measured in 5 mM MES, 50 mM KCl, and pH 7.5 show 
how increasing mCS substrate concentrations abolish polydispersity. Such behavior suggests that fibers could represent an 
inactive storage form of the enzyme. 
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membrane and morphology during starvation as was previously demonstrated (Cheng and Hufnagel, 

1992; Levy and Elliott, 1968) but no clear mCS foci inside the organelle. We also imaged our GFP-

fusion construct, which cannot form fibers at all. We found its distribution within mitochondria to be 

indistinguishable from the strep-tagged CS to the resolution of our measurements (Fig. 11 B, Fig. 12 

B). Therefore, we also do not find evidence that fibers form in response to nutrient stress inside the 

mitochondria. 

 

4.3 In vitro fiber formation is caused by a chemical moiety shared by some buffers 

These conflicting results prompted us to re-examine our initial in vitro data. We noticed that fibers are 

readily observable only when MES is included in the sample buffer and screened via MP with several 

buffer conditions and pH values to identify in vitro conditions promoting the higher-order assembly of 

the dimeric mCS.  Surprisingly, highly polydisperse MP spectra are observed only in the presence of a 

particular chemical moiety shared by MES, HEPES, PIPES, TES, CHES, and BES (2-[(propan-2-

yl)amino]ethane-1-sulfonic acid, where the propanil group can be apparently replaced with a ring or 

anything bigger than a methyl group) buffers across a wide range of pH seemingly independently of 

the pKa of the concentration of the buffer used. Other standard buffers, such as PBS, Tris, and Bis-tris 

propane, yield mostly monodisperse peaks corresponding to dimers. (Fig. 14, Fig. S6.) 

Additionally, increasing MES concentrations above 5 mM do not directly correlate with an increase in 

oligomeric complexes observed (Fig. 15). Such an effect could be explained by the saturation of 

putative MES-interacting sites in the protein or the formation of equilibrium dynamics between fiber 

formation and dissociation.  

Since the original studies used a MES-containing solution as a polymerization buffer and a reducing, 

tris-containing buffer for depolymerization, we speculate that the first observation of bundled 

filaments in vitro could have been caused by the presence of additional components (e.g., EF-Tu alpha, 

which also possesses a filament-bundling activity) or resulting from increased temperature and 

ultracentrifugation acting on MES-induced fibers.  

Molecules highly similar to MES, such as MOPS (differing from MES by only one carbon atom) and 

CAPS, were also tested, and no higher-order assembly was observed. This reveals that one single 

carbon difference in the ethane-sulfonic part of the molecule is crucial for fiber formation.  

Furthermore, the simple addition of a fiber-inducing molecule to other buffers is sufficient to restore 

polydispersity (Fig. 14, Fig. S6), indicating that the interaction of the fiber-promoting moiety with the 

protein is highly specific. Under the hypothesis that MES mimics the effect of an unknown biological  
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Fig. 14: mCS polydispersity and relative stoichiometries across various buffers, molecules, and pH values. Corresponding 

structures of the molecules tested are shown on the left, and the chemical moiety putatively eliciting polydispersity is 

highlighted in red. 

ligand in vivo, canonical amino acids, nucleotides, and cofactors were tested, all yielding mostly 

dimeric stoichiometries (Fig. 16). 

We identified only two biomolecules that could trigger polydispersity. The first was taurocholic acidς 

bile acid produced in the liver of mammals and metabolized by some gut bacteria (Ridlon et al., 2016). 

To our knowledge, taurocholic acid is not produced by Tetrahymena, and it is unclear whether it 

would ever accumulate this chemical at high concentrations in its cytoplasm. Taurine, which occurs in 

Tetrahymena (Kaya and Sano, 1991; Lv et al., 2021), and N-methyl taurine did not result in higher-

order assembly.  
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Fig. 15: Buffer concentration effect on polydispersity. Increasing buffer concentration does not result in an increase of non-

dimeric complexes observed. MP spectra show that MES concentration above 5 mM does not correlate with an increase in 

the amount of higher oligomers detected (left), showing a limiting additive effect of MES. Right: negative control using 

increasing MOPS concentrations. 
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The other is serine, which induced polydispersity to a much-diminished degree compared to MES (Fig. 

14, Fig. S7).  Together, these results imply that assembly into ordered fibrils is not a physiological 

ŦŜŀǘǳǊŜ ƻŦ ¢ŜǘǊŀƘȅƳŜƴŀΩǎ ŎƛǘǊŀǘŜ ǎȅƴǘƘŀǎŜ ōǳǘ ǊŀǘƘŜǊ ŀƴ ŀŎŎƛŘŜƴǘŀƭ ǇƘŜƴƻƳŜƴƻƴ ǘǊƛƎƎŜǊŜŘ ōȅ ŀ 

specific chemical moiety found in MES buffers that were used to discover this phenomenon. 
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Fig. 16: MP spectra for T. thermophila mCS in the presence of different amino acids and cofactors. All measurements were 

made using 50 mM KCl and 5mM MOPS at pH 7.5. Molecules deemed to be essential for fiber formation (CaCl2, ATP) were 
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tested separately and in combination (polymerization buffer) and subjected to temperature shift (30 C) without any 

noticeable effect. 

4.4 Mes-induced polydispersity in other organisms   

To further investigate whether such an unusual feature is unique to T.thermophila mCS, we tested 

homologs from other present-day species across the eukaryotic tree of life. Extant sequences from 

organisms belonging to very different eukaryotic supergroups (amoebozoa, opisthokonts, discoba, and 

SAR) and a bacterial homolog were selected for testing MES-induced aggregation. Surprisingly, all the 

proteins tested yielded polydisperse spectra in the presence of MES (or related buffers), albeit NS 

pictures revealed amorphous aggregates instead of ordered fibers. (Fig. 17 A and B, Fig. 18).  While 

every eukaryotic protein tested yielded a polydisperse spectrum, albeit with different degrees of 

higher complex formation, a closely related bacterial homolog from Geofilum rubicundum (order  

Bacteroidales, 48.97% identity to T.thermophila mCS) appear to form only dimers under any condition 

tested. This, together with the fact that early branching Trypanosoma mCS shows MES-induced 

polydispersity, indicates that such behavior is likely an ancient feature restricted to eukaryotes.  

 

4.5 Evolutionary emergence of ordered fibers 

Whether MES-induced ordered fibers are a completely artificial outcome or the mimicking effect of a 

real biological molecule possessed by Ciliates remains contentious. To elucidate the evolutionary 

interval among which ordered fibers emerged, ancestral sequence reconstruction (ASR) was 

performed on an mCS phylogenetic tree (Fig S1).  

Nodes leading up to the T.thermophila clade were resurrected and tested for fiber formation. Despite 

the high conservation among sequences, we found that ordered fibers were present only in the last 

common ancestor of Hymenostomatida (Fig. S7). Ordered fibers have been observed only in vitro in 

the presence of MES and evolved much later than the conjugation process in ciliates. Thus, we must 

conclude that such structures, if ever forming in vivo, are not an essential component of ciliates' 

cytoskeleton in general. Is it not to exclude that other unidentified factors play a role in fiber 

formation in protists like Paramecium, where other strategies could have been employed to form IF-

like proteins from mCS.  

 

https://en.wikipedia.org/wiki/Bacteroidales
https://en.wikipedia.org/wiki/Bacteroidales
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Fig. 17: MES-induced polydispersity is common in eukaryotes, but ordered fibers have evolved recently. A: ML phylogeny of 

mCS. Nodes labeled with circles represent resurrected nodes. A red ribbon indicates amorphous aggregate formation in the 

presence of MES, and a green helix indicates ordered fibers observed in vitro. B: MP spectra of tested sequences in the 

presence of MES show different degrees of polydispersity in Eukarya but not in bacteria. Despite yielding polydisperse 

spectra, all sequences formed amorphous aggregates in vitro, with the exception of extant T.thermophila and the last 

common ancestor of Hypenostomatida.  
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Fig.  18: Negative stain electron microscopy images of extant eukaryotic mCS in 50 mM KCl and 5 mM MES revealed 

amorphous aggregates for every sample tested. P.tetraurelia mCS appears to form bigger complexes similar in size to 

Tetrahyemna, albeit no clearly ordered structure is identified. Scale bars correspond to 0.1 µm 
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4.6 Conclusions 

We show how the fibre-formation of T. thermophila mCS is caused by a specific moiety shared by MES 

and MES-related buffer molecules and how the same moiety triggers the higher-order assembly of 

eukaryotic mCS but not bacterial homologs. In vivo mCS strep-tagged mutants further show the 

absence of filaments at any time point during conjugation and no clear foci under starvation, 

indicating that such protein does not play a structural role during meiosis and neither is implicated in 

some form or metabolic regulation during nutrient stress.  

With serine being the only plausible biological ligand capable of eliciting fiber formation in vitro, there 

remains a possibility that this phenomenon is somehow used by Tetrahymena. Serine induces this 

effect much less than any of the other non-biological ligands, and a large fraction of dimers remain 

even in the presence of relatively high concentrations of serine. We are, therefore, doubtful whether 

this interaction is biologically meaningful, though we cannot fully rule out this possibility. mCS is also 

post-translationally modified by phosphorylation in Tetrahymena (Kojima et al., 1997), and this may 

modulate fiber formation in ways that we did not test for here.  However, it has been shown that mCS 

filament formation is observed only in the dephosphorylated isoform of this enzyme (Kojima and 

Numata, 2002). Since mCS is the product of one gene and one single transcript, we would expect all 

three isoforms to be detected by anti-strep antibodies and GFP fusion. It remains possible that strep 

tags are not accessible to antibody binding when assembled into filaments. However, the fact that 

GFP-fibre-deficient mutants performed successful conjugation implies that such structure, if it exists, 

is not crucial for sexual reproduction in Tetrahymena. 

Ordered structures usually imply function in biology (Marsh et al., 2013), and in the case of 

TetrahymenaΩǎ mCS, there was very strong circumstantial evidence that this protein really does form 

cytoskeletal fibers in vivo. Despite the clear lack of common IF hallmarks such as the presence of 

extended coiled-coil segments, this would have made it a very exciting example of a relatively recently 

evolved novel cytoskeletal filament and one that evolved some mechanism to switch its localization 

from the mitochondria to the cytoplasm during mating. Led by the additional data showing how mCS 

fiber-formation could be linked to metabolic regulation, we speculated a plausible evolutionary 

scenario under which such function could have led to mCS nucleation and its further exploitation to 

produce long filaments with a function unrelated to metabolism.  Alas, our results imply that this is 

probably not true. Therefore, the search for tractable examples of proteins that evolved into 

cytoskeletal filaments continues. It seems implausible to us that cytoskeletal intermediate filaments, 

for the most part, emerged during embryogenesis (Kollmar, 2015; Koumandou et al., 2013; Wickstead 

and Gull, 2011) and have since not re-evolved anywhere. Despite our discoveries in this work, we 
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remain convinced that the diverse cell biology of single-celled eukaryotes contains many more recent 

evolutionary novelties -cytoskeletal and otherwise- that can serve as model systems for the evolution 

of the complex biochemistry associated with eukaryotes. To our knowledge, this is the first report of a 

xenobiotic molecule capable of triggering protein higher-order complexes formation. Whether such an 

effect is a simple coincidence exerted by unknown ligands or interference of MES molecules with 

charged surfaces of the protein is unknown and would require further investigation in vitro and in vivo 

in other protistan lineages than Tetrahymena.  

Protein interactions have been extensively studied, and the principles of oligomerization have been 

recently surveyed. Many complexes able to self-assemble in vitro are known to be evolutionarily 

conserved, and in several cases, their assembly reflects the underlying evolutionary and genetic 

history. Protein homo-oligomerization is widespread across biological systems, as many proteins need 

to assemble into complexes to function or regulate their activity and is often an evolutionary selected 

feature, as homo-oligomers can be more stable and allow for more complex structures and 

interactions with regulating partners to be built upon (Ahnert et al., 2015; Levy and Teichmann, 2013).  

However, the actual functional consequences of many protein homo-oligomers with respect to 

simpler monomeric forms remain elusive, with little or no apparent functional linkage between form 

and function in some cases (Hussain et al., 2015; Kocabas et al., 2003; Sendker et al., 2024). While a 

huge variety of protein assemblies arose during evolution, the functional consequences associated 

with the increased complexity entwined by higher-order associations are not yet fully understood 

όDŀōŜǊ ŀƴŘ tŀǾǑƛőΣ нлнмύ. The fact that mCS can self-assemble in the presence of non-biological 

molecules casts doubt on whether such a feature, namely mcS homo-oligomerization, truly represents 

a selectable advantage at the organismal level or just a bizarre biochemical artifact. Regardless, our 

results can serve as a cautionary tale when probing biochemical features such as self-assembly in vitro 

and when inferring biological meaning. 

4.7 Outlook and Future Perspectives 

Despite the negative result observed in Tetrahymena, we are still convinced that a better glimpse of 

early eukaryotes' diversity and evolutionary relationship will help to unravel the evolutionary 

complexity occurring in eukarya evolution. Several technological and methodological advances are 

needed for a more robust framework for studying the evolution of ancient, complex systems such as 

the eukaryotic cytoskeleton.  

Phylogenetic relationships between parabasialian species are crucial for understanding the actual 

evolutionary path undertaken by single-celled eukaryotic lineages. Indeed, a comprehensive tree of 
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eukaryotes would help identify when key innovations in the cytoskeleton appeared and how they 

spread or were lost in different groups. Rooting the eukaryotic tree of Life continues to be extremely 

challenging for several reasons, such as the lack of outgroups, endosymbiotic events, rapid 

diversification, and many others. Apart from methodological challenges, our understanding of single-

celled parabasalian lineages is almost nonexistent with respect to metazoans and plants. This is 

especially relevant to cytoskeletal components, specifically the emergence of eukaryotic intermediate 

filaments. 

Advances towards a holistic understanding of cytoskeleton evolution must also rely on a better 

understanding of the present-day molecular and cell biology of unsurveyed parabasalian protistan 

lineages and their phylogenetic placement in the tree of life. 

Exploring more diverse lineages is crucial for a better understanding of early eukaryote cell biology 

and the evolutionary radiation that occurred after LECA (Burki et al., 2020). 

 As single-celled eukaryotes often retain more ancestral features than multicellular organisms, a 

comprehensive phylogenetic tree encompassing protists' diversity would allow the effective 

reconstruction of transitional states leading to modern eukaryotic organisms and, therefore, inferring 

their molecular evolution. Understanding the functional diversity of extant eukaryotic microorganisms 

is strongly intertwined with this approach. As only a handful of protists are cultivable and 

transformable, only a glimpse of the molecular diversity entailed by this group has been studied so far. 

Another important advantage given by a comprehensive eukarya tree is to better discriminate 

between homolog features inherited from a common ancestor and true novel features genuinely 

invented in Eukaryotes, potentially revealing convergent evolution. Given the fundamental importance 

of cytoskeletal proteins in exerting and regulating essential cellular processes, the evolution of such 

apparatus is inherently linked with the evolution of more complex processes and cellular features that 

are unique to eukarya. It is important to state that most of our knowledge about cell biology in higher 

organisms mostly stems from studies carried out in model systems and generalized over the whole 

kingdom. While model organisms like yeast, fruit flies or mice provide invaluable insight into 

eukaryotic cell biology, they represent a tiny fraction of the whole diversity in eukaryotes and are very 

biased toward opisthokonts and plantsό[ǳƪŜǑ Ŝǘ ŀƭΦΣ нллфΤ ²ƻǊŘŜƴ Ŝǘ ŀƭΦΣ нлмрύ. When it comes to 

single-celled eukaryotes, the few model organisms investigated revealed novel and important 

biological functions, such as hydrogenosomes in Trichomonas vaginalis (Yarlett and Hackstein, 2005), 

cortical structure and nuclear dimorphism in ciliates, mitosomes in Giardia (Tovar et al., 2003), 

secondary endosymbioses in Euglena (Hrdá et al., 2012)and novel photoreceptors in Chlamydomonas 

(Sasso et al., 2018) to name a few. 
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It is obvious that advances in cultivation, identification, and genetic manipulation of more diverse 

protistan lineages are paramount for a better understanding of eukarya complexity and diversity and 

inferring the biology of LECA. So far, researchers have relied mostly on sequences coming from 

metagenomic samples. Such an approach comes with several pitfalls that ultimately hamper a 

thorough study of the phylogeny as well as the cell biology of protists (Oulas et al., 2015). The 

complexity of eukaryotic genomes, together with their low abundance with respect to prokaryotic 

ones, and biases in DNA extraction are only some of the hurdles encountered in metagenomic studies 

(Dacks and Ginger, 2023; Xu and Zhao, 2018). To overcome these limitations, researchers often need 

to combine metagenomics with other approaches like single-cell genomics, targeted sequencing of 

marker genes, microscopy, and culturing when possible. Metatranscriptomics can also provide 

valuable complementary data on active gene expression (Shakya et al., 2019). While metagenomics is 

a powerful tool, it should be used cautiously and in conjunction with other methods when studying 

protist cell biology. 

In silico identification of novel intermediate filament proteins, as previously stated, is a daunting task 

due to their poor sequence conservation and repetitive sequences. One major technological advance 

that could help tackle this problem is represented by FoldSeek (Van Kempen et al., 2024). Employing a 

structural alphabet called 3Di allows for rapid and accurate identification of similar structural motifs, 

even when sequence conservation is low. In the context of the in-vivo discovery of novel filamentous 

cellular components, electron tomography represents a valuable tool that allows the investigation of 

subcellular structures at very low resolutions (5-20 nm) inside the cellular context of the organism. 

During electron tomography, multiple 2D TEM images are taken when tilting the sample and are 

combined to reconstruct a final 3D image. Such an approach has revealed previously unknown 

structures in various biological systems (Silva and Barr, 2014; Sun et al., 2024) and represents one of 

the most powerful techniques for investigating novel IF proteins in single-celled eukaryotes. 

In conclusion, despite not being clearly involved in cytoskeletal function, the order-fiber MES-

dependent assembly of this protein family in Eukarya underlines the overlooked effect of non-

biological agents when performing biochemical analyses in an in-vitro context. While we provide 

evidence for ruling out the role of mCS in ciliates conjugation, the quest for tractable, both 

phylogenetically and biochemically, intermediate filament proteins should focus on overlooked single-

celled lineages. Deciphering their evolutionary relationship and unexplored cell biology is paramount 

for an integral understanding of molecular evolution.  
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Fig. S1: Complete mCS ML phylogenetic tree. The tree was rooted between opisthokonts and every other group. 
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Fig S2: Plasmid map of the pCIT1-Strep6His-Neo4 vector used for Tetrahymena transformation. Cloning and transformation 

were preformed by Dr. Daniela Spavroli, University of Montpellier. 
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Fig. S3: RT PCR for endogenous tagging of Tetrahyemna thermophila CIT1 gene. Green and red rectangles indicate clones in 

which complete replacement of the gene occurs and wild-type cells, respectively. The housekeeping gene for -̡tubulin 1 

(BTU1) was used to confirm that an equal amount of cDNA was amplified. Clones 5 and 10 were chosen for this study. 

Performed by Dr. Daniela, University of Montpellier. 
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Fig. S4: RT PCR for endogenous tagging of Tetrahyemna thermophila CIT1 with EGFP. Primers used for the amplification of 

the CIT1 wt gene show the absence of bands in tagged mutants, indicating the complete replacement of the endogenous 

gene with its tagged copy in clones 4 and 7. Performed by Dr. Daniela Spavroli, University of Montpellier 

 

 

 

 

 

Fig. S5: Western blot profile Tetrahymena Strep-His clones. The arrow indicates the binding of anti-His mouse antibodies 

visualized anti-mouse alkaline phosphatase (AP)-conjugated to the tagged CIT1 gene products. Clones 5 and 10 were used for 

this study. Performed by Dr. Daniela Spavroli, University of Montpellier. 
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