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Abstract 

 

The origin and timing of characteristic eukaryotic organelles is one of the key questions in the 

evolution of life on Earth. For the most part, widespread eukaryotic organelles (e.g., Golgi, 

mitochondria) have been inferred to be present in the last eukaryotic common ancestor (LECA) by 

examining the distribution of the organelles and their marker genes across the diversity of eukaryotes 

(the vast majority of which are unicellular protists). Other common organelles, such as the contractile 

vacuole (CV), are much more poorly understood. The CV is an osmoregulatory organelle that is found 

across the diversity of eukaryotes, most prominently in protists from freshwater ecosystems. As 

freshwater is hypoosmotic to the cell, there is continual movement of water across the plasma 

membrane, which cells must counteract to prevent lysis. The CV gathers and expels this excess water. 

Due to its absence from many of the model organisms typically used for cell biological study, there is 

a paucity of molecular data associated with this organelle. The limited data available from four distantly 

related protist model organisms show a pattern of repeat involvement of specific proteins known from 

other organelles. The considerable morphological diversity and patchy distribution (as CVs are 

generally absent from closely related marine and parasitic species) of these organelles makes their 

homology uncertain. Are CVs a single, homologous organelle with an origin in the LECA, or have 

there been multiple more recent evolutionary origins of an osmoregulatory organelle?  

 Through a combination of microscopy, transcriptomics, and phylogenetics I investigated this 

question within the eukaryotic supergroup Discoba using the CV model organism Trypanosoma cruzi as 

a reference point. I microscopically characterized the CV response of the non-model organism 

Reclinomonas americana to low, control, and high osmolarities. These treatments were then used to 

induce CV activity, and RNA was harvested for differential expression analysis. Transcripts of the 

membrane trafficking system that increased as osmolarity decreased were considered putatively CV-
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associated. The associated proteins were then used as a proxy to investigate the evolutionary history 

of the organelle. If CVs have a single origin, I would expect the CV-specific paralogs to form clades 

in phylogenies to the exclusion of versions found elsewhere in the cell. This was never observed. 

Though several common CV-associated proteins were detected as differentially expressed in R. 

americana, phylogenetics indicated that these were the result of lineage-specific expansions. These 

results show no strong support for a single origin of CVs within Discoba, or across eukaryotes. Rather, 

they support either convergent or parallel evolution of the CVs examined. The reoccurrence of the 

same proteins in the CVs of diverse eukaryotes raises the question of whether these CVs evolved from 

the same non-CV organelle with latent osmoregulatory capacity. 
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Preface 

 

(Mandatory due to collaborative work) 

 

Some of the material in the introduction of this thesis has been published previously. Figure 1 and the 

text from section 1.2 were reproduced with modifications from an article I co-authored: More K., 

Klinger C. M., Barlow L. D. & Dacks J. B. 2020. Evolution and natural history of membrane trafficking 

in eukaryotes. Current Biology, 30:R553–R564. doi: 10.1016/j.cub.2020.03.068. Current Biology is an 

Elsevier journal that allows reuse of published materials by authors, therefore no additional 

permissions were required for publication within this thesis. Both the writing and figure were my own 

products, and were checked for errors by all co-authors. 

 

Text from section 1.5 has been modified from and elaborated on an upcoming chapter on contractile 

vacuoles from a community-sourced virtual protistology textbook, conceptualized and solicited by 

Alastair G. B. Simpson. I was the primary writer and researcher of this chapter, but structural and 

conceptual input, as well as manuscript edits, were provided by Alastair G. B. Simpson and Joel B. 

Dacks. 
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1.1 Overview of the question 

The contractile vacuole (CV) is an osmoregulatory organelle found broadly across eukaryotes, most 

prominently in protists from freshwater ecosystems. As freshwater is hypoosmotic relative to the 

cytoplasm of the cell, excess water that diffuses across the cell membrane must be removed for the 

cell to maintain homeostasis and cell size. Despite the widespread distribution of CVs across eukaryote 

diversity, what little known about this organelle is fragmentary. Most knowledge comes from a few 

model organisms, and there is little study of how well this can be extrapolated to the rest of eukaryotes, 

or even between models. In fact, it is currently unclear whether the CV is a single, homologous 

organelle retained across the breadth of the eukaryotic tree of life, or whether there have been multiple 

evolutionary origins of an organelle controlling osmoregulation. This thesis contributes to the study 

of this organelle from an evolutionary perspective by using differential expression analysis in the non-

model organism Reclinomonas americana (Jakobida, Discoba) to identify putative CV-associated proteins 

that can then be used as an evolutionary proxy for the organelle. Using the CV model organism 

Trypanosoma cruzi as a reference point, I perform a comparative analysis of CV behaviour and molecular 

machinery both within the supergroup Discoba, and, where possible, across the other three major CV 

model eukaryotes. 

 

1.2 The diversity of eukaryotes is largely unicellular1 

To effectively discuss the evolutionary origins of a eukaryotic organelle, I will first summarize the 

known diversity of eukaryotes. Though most of the eukaryotes we knowingly interact with in our day-

to-day lives are large and multicellular, this belies the fact that the diversity of eukaryotes, and indeed, 

life in general, is unicellular (del Campo et al. 2014). The diversity of eukaryotes can mostly be divided 

into a number of larger “supergroups” (Figure 1). Few of these supergroups have defining 

morphological characteristics — instead, they have been identified through concatenated phylogenies 

of hundreds of genes. Most supergroups are diverse assemblages of organisms with huge variation in 

life history, nutritional method, and body plan (for details, see Adl et al. 2019). The following is a 

summary of the current supergroups; for a thorough review of the concept, see Burki et al. (2019).  

 
1 The text and figure from this section has been reproduced and modified from Box 1 and Figure 1 of More et al. (2020). 
Both writing and figure were my own products, and manuscript editing was contributed by all co-authors. 
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Figure 1 A current view of the eukaryotic tree of life. Supergroups are in bold. Lineages with contractile vacuole model 

organisms are labelled with black circles. Lineages within Opisthokonta and Chloroplastida are expanded to show the 

closest unicellular relatives of familiar multicellular organisms. Tree topology is largely based on Adl et al. (2019) and Burki 

et al. (2020), with Provora from Tikhonenkov et al. (2022), expansions in Opisthokonta from Hehenberger et al. (2017) 

and Galindo et al. (2022), and expansions in Chloroplastida from de Vries and Archibald (2018).  Taxonomy follows the 

naming conventions set by Adl et al. (2019). This figure is modified from More et al. (2020).  

 

Familiar multicellular organisms are closely related to several unicellular protistan lineages in 

the supergroups Amorphea and Archaeplastida. Within Amorphea, animals (Metazoa) are related to 

several lineages of free-living phagotrophic flagellates and amoebae (Choanoflagellata, Filasterea), as 

well as parasites (Ichthyosporea) (Hehenberger et al. 2017). Fungi, also within Amorphea, 

encompasses familiar fungi (i.e., yeast and filamentous fungi) as well as the endoparasites 

Microsporidia and Rozellida, and parasitoids Aphelidea (Galindo et al. 2022). Sister to all fungi are the 

free-living, phagotrophic amoebae Rotosphaerida (Liu et al. 2009). Both these larger groups (Holozoa 

and Nucletmycea) form Opisthokonta, which in turn forms Obazoa with the heterotrophic flagellates 

Apusomonadida and Breviatea (Brown et al. 2013). Amoebozoa is a large group of mostly free-living, 

heterotrophic amoebae (although it does include the notable human parasite Entamoeba and a few 

flagellated organisms), also within Amorphea (Nikolaev et al. 2006; Lahr et al. 2011). Land plants 
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(Embryophyta) are found within Archaeplastida. Unicellular and multicellular Rhodophyceae (red 

algae) and Chloroplastida (land plants and green algae), as well as unicellular Glaucophyta, are all within 

Archaeplastida. Some analyses show the supergroup Cryptista, which contains phototrophic and 

phagotrophic flagellates, and the orphan lineage Picozoa, which contains exclusively heterotrophic 

flagellates, within Archaeplastida as well (e.g., Burki et al. 2016; Schön et al. 2021).  

The supergroup SAR comprises the majority of distinct eukaryotic sequences in environmental 

gene surveys (del Campo et al. 2014) and is an acronym for the lineages it contains: Stramenopiles, 

Alveolata, and Rhizaria. Stramenopiles are heterotrophic or photosynthetic, including oomycete 

“fungal” blights that affect many organisms (notably plants), algae that produce a significant amount 

of atmospheric oxygen, and multicellular seaweeds that form complex ecosystems in the ocean 

(Derelle et al. 2016). Alveolata includes Dinoflagellata, Ciliophora, and Apicomplexa, which contain 

important marine algae, predators of other microbial eukaryotes, and symbionts and parasites (e.g., 

Plasmodium and Toxoplasma). Rhizaria contains mostly phagotrophic amoebae and flagellates, such as 

the shell-forming amoeboid foraminifera that are used as pollution indicator species in many 

environments. The supergroup Metamonada (previously grouped with Discoba as the supergroup 

“Excavata” based on a number of unusual ultrastructural characteristics and some phylogenomic 

analyses) contains anaerobic flagellates, including human pathogens (e.g., Giardia and Trichomonas), 

free-living heterotrophs, and gut symbionts (Cavalier-Smith 2003; Simpson 2003; Hampl et al. 2009). 

Discoba contains ecologically significant heterotrophs (e.g., diplonemids), as well as human pathogens 

(e.g., Trypanosoma and Naegleria), and phototrophs (e.g., Euglena) (Yabuki et al. 2011; Flegontova et al. 

2016).  

Several new major lineages of eukaryotes have been described in recent years. Some of these 

are within, or sister to, previously established supergroups (e.g., a few heterotrophic lineages within 

Cryptista and CRuMs, the phagotrophic Rhodelphis sister to Rhodophyceae, and the rappemonads, a 

novel group of algae within Haptista) (Brown et al. 2018; Gawryluk et al. 2019; Kawachi et al. 2021; 

Yazaki et al. 2022). Others have been formed from known groups that were previously thought to be 

unrelated, including the supergroups CRuMs, containing heterotrophic flagellates and amoebae, and 

Haptista, containing haptophyte algae and centrohelid amoebae (Burki et al. 2016; Brown et al. 2018). 

Others branch robustly external to previously established supergroups, such as Hemimastigophora 

and Provora (Janouškovec et al. 2017; Lax et al. 2018; Tikhonenkov et al. 2022). The last group, 

Provora, may be of particular significance in inferring morphological traits of the last eukaryotic 

common ancestor (LECA), as species share some unusual characteristics found in the “typical 
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excavate” taxa within Metamonada and Discoba (i.e., a ventral feeding groove and flagellar vanes; 

Simpson 2003; Tikhonenkov et al. 2022).  

 

1.3 The endomembrane system is characteristic of eukaryotes 

One of the major traits that sets eukaryotes apart from bacteria and archaea is the presence of a 

complex and interconnected set of membrane-bound organelles (Figure 2). These organelles separate 

metabolic processes spatially within the cell. The endomembrane system (i.e., membrane-bound 

organelles excluding mitochondria and plastids) can be conceptualized as two smaller systems: 

secretory and endocytic. The secretory system is composed of the endoplasmic reticulum (ER), the 

Golgi, and the trans-Golgi network (TGN). The Golgi receives vesicles containing protein cargo from 

the ER. Through the process of cisternal maturation, this cargo is shuttled from the cis-Golgi, proximal 

to the ER, to the TGN (Glick and Luini 2011). Vesicles are dispatched from the TGN to other 

organelles within the cell, or to the plasma membrane for secretion. The endolysosomal system is 

composed of a variety of endosomal organelles, including early endosomes, late endosomes 

(sometimes known as multivesicular bodies), recycling endosomes (sometimes known as the tubular 

endosomal network), lysosomes, and autophagosomes. The early endosome receives endocytic 

vesicles from the plasma membrane and gradually matures into the late endosome, which eventually 

fuses with the acidic lysosome to digest its contents (Huotari and Helenius 2011). Endocytic contents 

not destined for degradation may be shuttled to the recycling endosome to be returned to the plasma 

membrane or the Golgi (Bonifacino and Rojas 2006). Retrograde transport occurs between the 

endosomal system and TGN, within the Golgi, and between the Golgi and ER. While the 

autophagosome is not strictly an endocytic organelle, as it is thought to originate from the ER and is 

involved in the degradation of intracellular contents, it does intersect with endosomes and lysosomes 

(Tooze et al. 2014). The pre-autophagosome engulfs cytoplasmic contents in a process called 

macroautophagy to form the double membrane-bound autophagosome, which then fuses with the 

lysosome to form the autolysosome for final digestion of its contents.  

Through a combination of morphological and molecular data, the core set of membrane 

trafficking organelles described above has been inferred as present in the LECA (Koumandou et al. 

2013). However, there is considerable variation even within the well-studied endomembrane systems 

of plant, yeast, and parasite models. In Arabidopsis thaliana (Archaeplastida), the TGN plays the role of 

the early endosome as well, both receiving endocytic cargo and distributing secretory cargo (Viotti et 

al. 2010). Other organisms, such as Giardia lamblia, have reduced and altered their organellar 
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complement so much as for familiar compartments to be unrecognizable without the use of molecular 

markers (Abodeely et al. 2009). Other organisms still have greatly expanded their organellar repertoire, 

such as the secretory organelles that play a role in host invasion in apicomplexans (SAR) (Gubbels and 

Duraisingh 2012) or the diverse suite of endolysosome-related organelles in humans (Delevoye et al. 

2019). There are still more organelles that are present in a wide array of eukaryotes but have not been 

studied sufficiently on a molecular level to determine homology (reviewed in More et al. 2020). These 

include the morphologically diverse extrusomes (involved in a variety of functions including predation 

or defense), the polyphosphate-dense acidocalcisomes, and the osmoregulatory contractile vacuole 

(Hausmann 1978; Patterson 1980; Docampo et al. 2010). 

 

 

Figure 2 The core organelles of the membrane trafficking system. Redrawn from Schlacht et al. (2014) with modifications 

from Huotari and Helenius (2011) and Tooze et al. (2014).  

 

1.3.1 Vesicle formation and fusion is a conserved process 

The movement of materials between these compartments is largely achieved through the formation 

of membrane-bound vesicles and/or tubules at the donor membrane, and the fusion of these with an 

acceptor membrane (Figure 3). A generalized model of this process has been inferred based on 

extensive cell biological work in animals and yeast (reviewed in Bonifacino and Glick 2004). A 

summary of this process follows, with emphasis on the protein families relevant to this thesis. 
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Figure 3 A simplified representation of the process of vesicle budding and fusion.  

 

Vesicle formation is initiated at the donor membrane by a member of the Arf or Sar small 

GTPase families and their regulators. Cargo-selective adaptor protein complexes are recruited to the 

membrane (Figure 3), including COPII, COPI, retromer, and adaptor proteins (APs) 1-5. These 

complexes act as a scaffold for specific membrane-deforming coat proteins (e.g., clathrin in the case 

of APs 1 and 2, or the COPI α and β′ subunits) (Dacks and Robinson 2017). Scission of the vesicle 

from the donor membrane can occur in a GTPase-dependent or independent manner (Adolf et al. 

2013; Cheng et al. 2021). Rab GTPases act as regulators of diverse activities within the cell, recruiting 

and activating various effector proteins (Stenmark 2009). While Rab GTPases are generally thought 

of as a part of the vesicle fusion machinery, increasing evidence places them upstream of this as well, 

involved in vesicle transport through effector-mediated interactions with the cytoskeleton (Kjos et al. 

2018). Rab GDP-GTP exchange factors (Rab GEFs) induce the exchange of a Rab GTPase-bound 

GDP for GTP, which switches the Rab GTPase “on” and allows the Rab GTPase to associate with a 
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membrane and its effector proteins (Barr and Lambright 2010). Activated Rab GTPases can have 

remarkably specific localizations within the cell, and can be used as indicators of membrane identity 

(e.g., Sönnichsen et al. 2000). Rab GTPase activating proteins (Rab GAPs) catalyze the hydrolysis of 

GTP to GDP, which disassociates the GTPase from the membrane (Barr and Lambright 2010). 

During transport to the acceptor membrane, the coat is shed. 

Vesicle fusion is initiated once the vesicle is within proximity to the acceptor membrane 

(Figure 3). Tethering factors, which can either be large coiled coil proteins (up to 3,000 residues) or 

much smaller multisubunit tethering complexes (MTCs), are thought to bring the vesicle into 

proximity with the acceptor membrane prior to fusion through interactions with a vesicle-bound Rab 

GTPase (Bröcker et al. 2010). Mediating vesicle fusion are the soluble N-ethylmaleimide-sensitive 

factor (NSF) attachment protein (SNAP) receptors (SNAREs). There are four distinct SNARE 

families, which are named Qa, Qb, Qc, and R SNAREs based on the central residue of the SNARE 

domain containing a glutamine (Q) or an arginine (R) (Fasshauer et al. 1998). Three Q SNAREs, one 

from each family, are bundled on one membrane, with the R SNARE on the other. During vesicle 

fusion, these four SNAREs snap into a coiled coil trans-SNARE complex spanning both donor and 

acceptor membranes, which may provide the energy required to initiate membrane fusion (Risselada 

and Mayer 2020). Increasing evidence suggests the assembly of the fusogenic trans-SNARE complex 

is chaperoned by SM proteins (Zhang and Hughson 2021). SM proteins may also interfere with 

premature disassembly of an intermediate SNARE complex by NSF. After fusion, the cis-SNARE 

complex, now entirely on the acceptor membrane, is disassembled by recruitment of α-SNAP and 

NSF.  

 

1.3.2 Vesicle formation and fusion is mediated by paralogous protein families 

The vast majority of the proteins named above belong to paralogous protein families. Most, but not 

all, adaptor protein complexes belong to the heterotetrameric adaptor complex (HTAC) family, while 

their coats share an α-solenoid-β-propellor domain structure that has been interpreted as signs of 

homology (Field et al. 2011; Dacks and Robinson 2017). Rab GTPases are a single family of proteins, 

as are almost all known Rab GAPs, which have Tre-2/Bub2/Cdc16 (TBC) domains (Barr and 

Lambright 2010). SNARE proteins are homologous within the Qa, Qb, Qc, and R SNARE families, 

and also across the four families (Fasshauer et al. 1998). While evidence for homology within the 

MTCs is not as strong as for the above, studies of the sequence and structural similarity between 

protein complexes have demonstrated substantial similarities. The evidence is most robust for the 
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exocyst, dependent on Sly1-20 (DSL1), Golgi-associated retrograde protein (GARP), endosome-

associated recycling protein (EARP), and conserved oligomeric Golgi (COG) complexes, which have 

been grouped as “complexes associated with tethering containing helical rods” (CATCHR) (Yu and 

Hughson 2010; Santana-Molina et al. 2021). A notable exception to the tendency of paralogy within 

the membrane trafficking system are most of the Rab GEFs (Barr and Lambright 2010), which will 

not be considered further in this thesis. 

Individual paralogs of these protein families generally act at specific conserved locations within 

the cell. For example, within the HTACs there are specific complexes that function in intra-Golgi and 

retrograde Golgi-to-ER transport (COPI), endocytosis (TSET, AP2), and transport within the 

endolysosomal system (AP1, 3, 4, 5) (Dacks and Robinson 2017). Similar patterns are also seen for 

Rab GTPases, MTCs, and SNAREs. The interactions of these compartment specific paralogs seems 

to confer organellar identity (Cai et al. 2007), and on a broad scale their localization is conserved across 

the diversity of eukaryotes (Klinger et al. 2016). In a systematic review of cell biologically characterized 

membrane trafficking proteins in model systems from five of the ten eukaryotic supergroups, Klinger 

et al. (2016) encountered broadly conserved localizations and inferred functions for each of the seven 

proteins and complexes examined. Though each model’s unique biology had to be considered (the 

selection included phototrophs, phagotrophs, and parasites, as well as complex unicells and organisms 

that are constitutively or aggregately multicellular), there was a thread of functional conservation that 

could be followed across the models. A caveat to this is that in organisms that have greatly expanded 

complements of specific proteins, not all share the inferred ancestral role and may instead be tissue-, 

life-stage-, or region-specific (Klinger et al. 2016). 

 

1.4 Organellar evolution and the membrane trafficking system  

The observation that the same families of membrane trafficking proteins operate at most of the 

organelles within the endomembrane system—often with organelle-specific paralogs—has led to the 

hypothesis that the evolution of differentiated compartments is driven by the duplication and 

neofunctionalization of genes corresponding to interacting, specificity-encoding proteins (Dacks and 

Field 2007; Dacks et al. 2008). This idea was formally described as the Organelle Paralogy Hypothesis 

(OPH) (Figure 4), and is currently the most robust—if not the only—model for the evolution of non-

endosymbiotic membrane-bound organelles. Computer simulations support the idea that the 

duplication of interacting partners is sufficient to drive the evolution of distinct populations of 

compartments (Ramadas and Thattai 2013), which in turn gives the variation needed for adaptive 
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evolution. A consequence of the OPH is that by examining the evolutionary history of membrane 

trafficking proteins, the evolutionary relationships between the compartments they belong to can also 

be resolved (Figure 4C; Mast et al. 2014). Rab GTPases seem to coalesce into ancient endocytic and 

exocytic clades, while HTAC phylogenies suggest the diversity of pathways within the endolysosomal 

system is more recent than endocytosis, intra-Golgi, and retrograde Golgi-to-ER trafficking (notably, 

anterograde ER-to-Golgi trafficking is performed by a non-HTAC adaptor protein complex, COPII) 

(Eliáš et al. 2012; Hirst et al. 2014; Schlacht and Dacks 2015). 

 

 

Figure 4 The organelle paralogy hypothesis. Specificity of the endomembrane system is encoded in interacting sets of 

membrane trafficking proteins (A) which can duplicate and diverge, resulting in paralogous sets of interacting proteins (B). 

The relationships between these proteins corresponds to the relationships between the compartments they belong to (C).  

 

Though the OPH was developed to explain the evolution of the pre-LECA compartments, it 

also has explanatory power for more recent cellular innovations. Glimpses of this were apparent in 

Dacks et al. (2008), which observed repeated specialization of the endosomal Qa SNARE StxE. In 

both humans (Metazoa, Amorphea) and Arabidopsis thaliana (Archaeplastida), there are distinct 

paralogs belonging to early and late endosomes, but these resulted from lineage-specific duplications. 

The best characterized instances of paralogous expansions of membrane trafficking proteins 

corresponding to the origin of novel organelles are within the Alveolata (SAR). In Toxoplasma gondii 

(Apicomplexa, Alveolata), Rab5C traffics to secretory organelles of the apical complex (Kremer et al. 

2013), while Rab11B traffics to the inner membrane complex (IMC) (Agop-Nersesian et al. 2010). 

Timing the appearance of these paralogs within Alveolata revealed that Rab5C is found across 

Dinoflagellata and Apicomplexa, while Rab11B is found throughout Alveolata (Klinger et al. 2022). 

These duplication events correspond to the appearance of apical secretory organelles (Okamoto and 

Keeling 2014) and the characteristic alveoli of Alveolata, which are homologous to the IMC of To. 

gondii.  

 

This figure was removed because of copyright restrictions. It was the schematic of the organelle 
paralogy hypothesis from Figure 2C of Mast et al. (2014), Trends in Cell Biology, 24:435–442 
(doi:10.1016/j.tcb.2014.02.003), which was modified from Figure 1B, C of Schlacht et al. (2014), 
Cold Spring Harbor Perspectives in Biology, 6:a016048 (doi:10.1101/cshperspect.a016048). 

 

https://doi.org/10.1016/j.tcb.2014.02.003
https://doi.org/10.1101/cshperspect.a016048
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1.5 The contractile vacuole2 

The contractile vacuole (CV) is an osmoregulatory organelle that is broadly distributed across the 

diversity of freshwater eukaryotes, albeit with considerable morphological variation. It is unclear how 

the OPH applies to the CV, largely because the homology of the organelle itself is unclear. In this 

section, I will write about CVs as a single group of organelles (i.e., “the contractile vacuole”), but draw 

attention to the source of the data and where they agree or disagree, because they do not necessarily 

apply to the CVs of all eukaryotes.  

 

1.5.1 Why is osmoregulation necessary? 

Freshwater protists are generally hyperosmotic relative to their environment. While freshwater 

generally has an osmolarity below 7 mOsm/L (Allen and Naitoh 2002), the intracellular osmolarity of 

freshwater protists generally measures between 45 and 117 mOsm/L (Prusch 1977). For freshwater 

organisms, this hyperosmolarity comes with a challenge: plasma membranes are semi-permeable and 

allow water to pass through, travelling down osmotic gradients. This influx of water means organisms 

are required either to prevent the entry of that water or to continually remove it, otherwise they will 

swell and potentially lyse. Many protists overcome this challenge through rigid external coverings (e.g., 

the frustules of diatoms (Stramenopiles, SAR), or the encasing cell walls of desmids 

(Zygnematophyceae, Archaeplastida)). These coverings prevent the cell from expanding, which in turn 

prevents excess water from entering in the first place. This balance of forces—the cytosol pushing the 

cell membrane against the cell wall—is known as turgor pressure, and is actively maintained by the 

cell through regulation of osmolyte and ion concentrations (Hellebusi 1976; Zimmermann 1978). 

However, for a cell to be capable of phagocytosis or movement using pseudopodia or flagella, there 

needs to be a region of the plasma membrane that is not covered by a rigid cell wall (e.g., the flagellar 

membrane in the case of flagellates). In many of these organisms, intracellular osmolarity is instead 

regulated by an organelle known as the contractile vacuole, or contractile vacuole complex (Patterson 

1980). Though these terms are often used interchangeably, the contractile vacuole (CV) is the central 

vacuole that functions in excretion of water, while the contractile vacuole complex (CVC) explicitly 

 
2 Text from this section will be published as a chapter on contractile vacuoles in an upcoming, community sourced virtual 
protistology textbook, conceptualized and solicited by Alastair G. B. Simpson. I was the primary writer and researcher of 
this chapter, but structural and conceptual input, as well as manuscript edits, were provided by Alastair G. B. Simpson and 
Joel B. Dacks. 
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includes the extended network of tubules, canals, and/or vacuoles that is involved in water collection, 

in addition to the central vacuole. 

 The involvement of the CV in osmoregulation was first convincingly demonstrated by a series 

of experiments on marine and freshwater ciliates in 1934. Ciliates from both environments were 

exposed to dilutions of seawater with tap water, which led to an increase or decrease in the water 

expelled by the CVs of the marine and freshwater ciliates respectively (Kitching 1934). These 

preliminary experiments have since been confirmed through numerous experiments where organisms 

with impaired CV function become much more vulnerable to osmotic stressors (e.g., Guillard 1960; 

Temesvari et al. 1996; Mathavarajah et al. 2018). That cell walls and CVs are different solutions to the 

same water-influx problem is nicely illustrated by cases where CVs are seen in only some stages of 

species with complex life histories. Many freshwater organisms have a dominant life stage with an 

enclosed cell wall that lacks a CV, but have CVs in the unicellular, wall-less reproductive stages. 

Examples of such CV-bearing stages include the gametes of conjugating desmids and the zygotes that 

result from conjugation (Ling and Tyler 1972), as well as the flagellated zoospores of the fungi-like 

oomycetes (Stramenopiles, SAR; Shields and Fuller 1996).  

 

1.5.2 Structure and function of the contractile vacuole 

There is a wide array of CVC forms across the diversity of eukaryotes. Nonetheless most, if not all, 

CVCs share two common components: the bladder (or contractile vacuole, in the narrow sense) and 

the spongiome (Patterson 1980). The spongiome is composed of membranous tubules and/or 

vacuoles, and may be differentiated into the decorated spongiome and the smooth spongiome. The 

decorated spongiome surrounds the smooth spongiome (when present) and is studded with vacuolar 

ATPases (V-ATPases) (Clarke et al. 2002; Wassmer et al. 2005; Nishihara et al. 2007; Ulrich et al. 

2011). These V-ATPases create a proton gradient across the CV membrane that is thought to drive 

water collection. The spongiome continuously collects water from the cytoplasm and transfers it to 

the bladder, which swells and eventually expulses its contents into the external environment. In most 

lineages, the CVC appears to be devoid of visible cytoskeletal components, but the bladder may be 

anchored and/or reoccurring in the same area of the cell, often near the bases of the flagella (e.g., 

Chlamydomonas reinhardtii (Archaeplastida), Leptomonas collosoma (Discoba); Weiss et al. 1977; Linder and 

Staehelin 1979) or at the posterior end of the cell (e.g., Naegleria gruberi (Discoba); Pittam 1963). 

Alternatively, it may be transient, occurring in and moving throughout many areas of the cell, with 

this being typical of large amoebae, for example (e.g., Amoeba proteus (Amoebozoa); Wigg et al. 1967). 
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Perhaps the most complex form of this system is seen in some ciliates (SAR). Here, the CVC is 

supported by microtubules that anchor it to a specific location in the cell with a permanent pore where 

the bladder empties, and radial canals are positioned around the CV (McKanna 1973, 1976). The 

spongiome in these organisms in turn surrounds the radial canals, and transfers water to the canals 

before it is finally transferred to the CV.  

There are two main phases in CV function: the collection of water from the cytoplasm into 

the contractile vacuole via the spongiome (enlargement of the bladder) and the expulsion of water 

from the CV to the outside environment (evacuation of the bladder) (Figure 5). This enlargement-

evacuation cycle of the bladder is usually visible with light microscopy. The tempo of this cycle varies 

by organism (e.g., 15 seconds in the green alga Chlamydomonas reinhardtii, and 50 seconds in the 

amoebozoan Acanthamoeba castellanii) (Pal 1972; Komsic-Buchmann et al. 2014). In colpodid ciliates, 

the total amount of water expelled per unit time increases with the volume of the cell (Lynn 1982); 

presumably this is typical across protists more generally. Shifts in external osmolarity result in changes 

to the total water expelled per unit time (e.g., Kitching 1934; Cosgrove and Kessel 1958; Pal 1972; 

Cronkite et al. 1991; Stock et al. 2001; Komsic-Buchmann et al. 2014), reflecting the shift in osmotic 

pressure and movement of water into the cell. The exact mechanism behind the change in volume of 

liquid expelled (i.e., CV size, tempo, number) can vary. 

 

1.5.3 There are few common molecular components of contractile vacuoles 

Current knowledge of the molecular machinery of CVs is fragmentary, with the majority of 

information coming from amoebae of the cellular slime mold Dictyostelium discoideum (Amoebozoa), the 

trypanosomatid parasite Trypanosoma cruzi (Kinetoplastea, Discoba), Paramecium species (Ciliophora, 

SAR), and the unicellular green alga Chlamydomonas reinhardtii (Chlorophyta, Archaeplastida) (Figure 1). 

There are, as of yet, no distinctive CV-associated proteins identified that are found in all the models. 

Only a handful of proteins have been identified in more than one model species (compiled by 

Docampo et al. 2013; Plattner 2013). These include: the V-ATPases and proton pyrophosphatases 

that create proton gradients across the CV membrane, aquaporins that allow for passive transport of  

water or other small molecules across the membrane (though whether this is the same aquaporin in 

all CVs is yet to be determined), the calcium signaling protein calmodulin, and several membrane 

trafficking proteins. The common membrane trafficking proteins include the GTPase Rab11 (which 

acts at the recycling endosome; Ullrich et al. 1996), the R SNARE Vamp7 (which is involved in fusion  
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Figure 5 The enlargement-evacuation cycle of three contractile vacuole complex morphologies: a CV with tubular 

spongiome and central bladder (e.g., Trypanosoma) viewed from the side (A); a CV with the vacuole-type spongiome, which 

coalesces into the CV bladder and then collapses (e.g., Amoeba proteus) viewed from the side (B); and a CV with radial arms 

and pore (e.g., Paramecium) viewed from the side (C) and above (D). Note that the bladder in (D) is only visible from above 

when filled, which is typical of what is observed with light microscopy. Figure redrawn and modified from Figure 2 of 

Patterson (1980). 

 
within the endolysosomal system; Chaineau et al. 2009) and the monomeric clathrin adaptor protein 

AP180 (which is involved in endocytosis; Manna et al. 2015). Additionally, a variety of other 

membrane trafficking proteins have been identified in one or more systems, including subunits of the 

multisubunit tethering complex exocyst (involved in exocytosis) and a selection of other Rab GTPases, 

adaptor proteins, and SNAREs. The involvement of many membrane trafficking proteins is to be 

expected, as the function of the CV requires, at minimum, two instances of fusion and scission of 

membrane-bound compartments: 1) the spongiome with the CV bladder, and 2) the bladder with the 

plasma membrane (see above text and Figure 5).  
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1.5.4 Contractile vacuoles are broadly—but patchily—distributed 

Contractile vacuoles are found in freshwater species of almost all major protist lineages. CVs are also 

found in a few animals (Metazoa, Amorphea), specifically freshwater sponges and Hydra (Benos and 

Prusch 1972; Brauer and McKanna 1978). These animal lineages diverged prior to the evolution of 

specialized excretory organs (Andrikou et al. 2021). CVs are, for the most part, absent from parasitic, 

marine, or hypersaline protists, although some parasitic trypanosomatids (e.g., Trypanosoma cruzi) and 

some marine ciliates and cryptophytes are notable exceptions (e.g., Kitching 1934; Rohloff and 

Docampo 2008; Hoef-Emden 2014). Most cellular features that are so broadly distributed across 

eukaryotes are confidently inferred as present in the LECA. However, CVs are both extremely varied 

in morphology and patchily distributed, which opens the possibility that they are not strictly 

homologous across eukaryotes and have arisen multiple independent times. As marine, parasitic, and 

freshwater species of many lineages are closely related (Jamy et al. 2022), a huge number of CV losses 

would have to be invoked to explain its distribution in freshwater species alone. On the other hand, 

there are reports that some marine protists have CVs that are induced by introduction of the cell to 

lower osmolarities (e.g., the heterolobosean amoeba Vahlkampfia calkensi; Hogue 1923), and freshwater 

protists with encasing cell walls have CVs that appear during reproductive phases (Ling and Tyler 

1972; Shields and Fuller 1996). The euryhaline alga Chlamydomonas pulsatilla (Archaeplastida) has a 

transient CV that is interpreted as a stable organelle due to the presence of spongiome-like tubules in 

the typical CV bladder location under marine conditions (Hellebust et al. 1989). This has yet to be 

studied systematically, but if it is a widespread phenomenon, CVs may be a more universal feature of 

eukaryotic cells than is generally assumed at present. 

 

1.6 Focus and specific aims of the thesis  

This thesis is a part of a larger effort to understand the evolutionary history of the contractile vacuole 

across eukaryotes. The lack of distinctive marker genes found only in CVs precludes the use of 

comparative genomics to infer CV origin. All known CV proteins have other functions in the cell (e.g., 

V-ATPases, which are broadly distributed in the endocytic system, and Rab11, which is canonically 

involved in recycling endosomes; Nishi and Forgac 2002; Welz et al. 2014). This contrasts with 

instances where organellar profiling through comparative genomics is possible, exemplified by the 

eukaryotic flagellum and the Golgi. A number of proteins involved in trafficking to and within the 

flagellum have been identified based on comparative genomics of organisms with and without flagella 

(Avidor-Reiss et al. 2004; Merchant et al. 2007; Elias and Archibald 2009; Dewees et al. 2022). On the 
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other hand, the discovery of a near-complete complement of canonical Golgi trafficking factors in 

Naegleria gruberi prompted the identification of a cryptic Golgi with a previously unknown morphology 

of small tubules (1 x 4 μm) (Herman et al. 2018). Neither approach is currently possible with CVs as 

there are no identifiable, CV-exclusive marker genes. 

I will approach this problem specifically within the supergroup Discoba, which contains the 

CV model organism Trypanosoma cruzi, as well as emerging molecular model organisms from freshwater 

ecosystems, Bodo saltans, N. gruberi and Euglena gracilis (Figure 6). As a starting point, I will examine the 

jakobid Reclinomonas americana. While not a model organism, there is currently a genome project 

underway, and R. americana lacks some of the challenges associated with the discobid models (see 

section 2.1 below).  

 

 

Figure 6 The major lineages within Discoba. Model organisms or representative species are labelled. All shown lineages 

contain marine and freshwater species; contractile vacuoles have been documented in all shown lineages but Diplonemea. 

Modified from Simpson et al. (2017). 

 
The goal of this work is to identify putative CV-associated proteins in R. americana using 

differential expression analysis, and then use these as a proxy to infer the evolutionary history of this 

organelle within Discoba. The following are some of the potential evolutionary scenarios that could 

arise: 

1. The CVs of R. americana and T. cruzi are directly homologous. Many of the same CV-

associated proteins are identified (e.g., Rab11, Rab32, Vamp7), and phylogenetics confirms 

the existence of CV-specific clades of these proteins to the exclusion of versions found 
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elsewhere in the cell. A contractile vacuole was present in the common ancestor of R. americana 

and T. cruzi, and the same organelle is present in the modern organisms.  

2. The CVs of R. americana and T. cruzi arose through parallel evolution. Many of the 

same CV-associated proteins are identified, but phylogenetics does not identify CV-specific 

clades of these proteins. CV-associated proteins may be directly sister to non-CV-associated 

versions found in the same organism. The CV in both organisms arose from the same 

organelle. 

3. The CVs of R. americana and T. cruzi arose through convergent evolution. There is 

little to no overlap in a large selection of CV-associated proteins in both organisms, and these 

proteins are from distinct compartments, indicating that the CVs in the two organisms do not 

share a common origin. The CV in each organism arose from a distinct organelle within the 

endomembrane system. 

 

Subsequent studies will continue this work in the lineages containing other CV models 

(Archaeplastida, Amoebozoa, and Ciliophora, SAR). If membrane trafficking paralogs that are specific 

to the CV are identified, they can then be used to infer the evolutionary history of the CV through 

comparative genomics across the broader diversity of eukaryotes.  
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2 Methods 
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2.1 Overview 

To investigate the evolution of the CV in Discoba, I examined the evolution of putative CV-associated 

proteins from my study organism, Reclinomonas americana. R. americana is an ideal candidate for this work 

in Discoba, as it: 1) is found in freshwater ecosystems (including rivers, creeks, and eutrophic ponds) 

and has an observable contractile vacuole using light microscopy (Flavin and Nerad 1993; O’Kelly 

1997); 2) is sessile and large enough to image consistently; 3) is thought to have standard transcriptional 

regulation of protein synthesis, unlike euglenozoans (Vesteg et al. 2019); and 4) does not have different 

life stages that produce large transcriptional responses and are induced by environmental conditions 

(i.e., the amoeboflagellate transformation of Naegleria gruberi and most other heteroloboseans; Lee and 

Walsh 1988; Fulton 1993). As information on the CVs of R. americana is sparse, I initially investigated 

the CV morphologically under the low, control, and high osmolarity conditions to determine whether 

the treatments produce a phenotypic change in CV function. Once CV induction was confirmed 

microscopically, cultures were harvested in quadruplicate after incubation in the chosen conditions. 

RNA from these cultures were extracted and sequenced. Reads were assembled into a pooled de novo 

transcriptome, which was then used as a reference to quantify transcript expression. A predicted 

proteome was generated, which was used to annotate the transcriptome automatically, while genes of 

interest were annotated manually through similarity searches and phylogenetics. Differential 

expression analysis was used to identify putative CV-associated genes, which were then used to infer 

phylogenies and used as a proxy for the evolution of the organelle as a whole. 

 

2.2 Microorganisms and culture conditions 

Cultures of the study organism R. americana (strain ATCC 50394) and its prey bacterium Klebsiella 

aerogenes (strain ATCC 13048) were kindly provided by B. F. Lang. K. aerogenes was grown on LB agar 

for an initial two days at 22 °C, then transferred to 4 °C for long term storage. K. aerogenes was 

subcultured every month. R. americana was grown in vented T25 flasks (Sarstedt) with WCL media 

(https://megasun.bch.umontreal.ca/People/lang/FMGP/methods/wcl.html) at 22 °C, fed with a 

suspension of K. aerogenes in WCL every 1-2 days as needed, and subcultured every week. 

 

2.3 Characterization of the R. americana CV and validation of osmolarity conditions 

Previously, it was demonstrated that some CV-associated transcripts are upregulated under low 

osmolarity conditions when compared to normal culture conditions in D. discoideum (Mathavarajah et 

https://megasun.bch.umontreal.ca/People/lang/FMGP/methods/wcl.html
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al. 2018; Manna et al. 2023), while in studies of Chlamydomonas reinhardtii across a broader range of low 

and high osmolarity conditions CV-associated transcripts either increased or decreased with 

osmolarity (Komsic-Buchmann et al. 2014). Because R. americana has no cell biological protocols 

available to localize or knock out a protein of interest, I decided to include two treatment conditions, 

one low osmolarity and one high osmolarity, in addition to the control (WCL) treatment. By looking 

for transcripts that increased or decreased with osmolarity across more than two conditions, I can be 

more confident that they are involved in CV function and not a general stress response. 

 

2.3.1 Choice of an inert osmolyte for the high osmolarity condition 

To avoid the possibility of ion toxicity on R. americana, and to ensure a known osmolarity for the high 

osmolarity (as initial trials condition using concentrated WCL had salts precipitating out), I decided to 

use a metabolically inert osmolyte. Small molecules such as sorbitol, mannitol, and sucrose are 

generally used for experiments like this (e.g., Fulton 1972; Ishida et al. 1996; Slama et al. 2007). Some 

of these molecules are produced and used as endogenous osmolytes by some eukaryotes (Bonin et al. 

2015; Tonon et al. 2017). As genes for mannitol biosynthesis have been identified and characterized 

in diverse eukaryotes, this seemed like the best initial candidate. Mannitol biosynthesis has largely been 

considered in the context of eukaryotic algae or other plastid-containing organisms (e.g., apicomplexan 

parasites), and is generally absent from heterotrophic, aplastidic organisms (Tonon et al. 2017). 

Mannitol is synthesized from fructose-1-phosphate in two steps: the first to mannitol-1-phosphate, 

catalyzed by a mannitol-1-phosphate dehydrogenase (M1PDH), and the second to mannitol, catalyzed 

by a mannitol-1-phosphatase (M1Pase), which can either be an histidine-M1Pase or an haloacid 

dehalogenase (Liberator et al. 1998; Groisillier et al. 2014; Bonin et al. 2015). Additionally, in some 

algae (including photosynthetic euglenids), a gene fusion of M1PDH and M1Pase is present (Tonon 

et al. 2017). Queries representing the full spectrum of known mannitol biosynthesis proteins from 

Eutreptiella gymnastica (Euglenida, Discoba), Eimeria tenella (Alveolata, SAR), and Ectocarpus siliculosus 

(Stramenopiles, SAR) were retrieved from the supplementary data of Tonon et al. (2017). The draft 

R. americana predicted proteome (provided by B. F. Lang) was queried for these genes with BLASTp 

(Altschul et al. 1990) using an unreleased, alpha version of the AMOEBAE workflow by Lael D. 

Barlow (discussed in section 2.6.2 below). I was unable to identify any mannitol biosynthesis proteins 

(Supplementary Online Table 1), suggesting that mannitol is not actively produced for use as an 

osmolyte by R. americana.  
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2.3.2 Microscopy 

To ensure conditions chosen induced a change in CV function, and to characterize the R. americana 

CV response, I imaged the cells under each of the conditions. R americana was grown for microscopy 

in plates with #1.5, 25 mm slides (Electron Microscopy Sciences) on the bottom under typical culture 

conditions. Cells were imaged within four days of culturing using a live cell imaging chamber and 

differential interference contrast (DIC) optics. The Zeiss AxioObserver.Z1 microscope was equipped 

with a DIC analyzer, Plan-Neofluar 100X/1.3 oil objective lens, and AxioCam HRm monochrome 

camera. Two-minute videos were captured at rate of 1 frame per second, ensuring at least one 

complete bladder enlargement-evacuation cycle in each video. FIJI (Schindelin et al. 2012) was used 

to measure cell width, cell length, and the diameter of the CV at its largest size, immediately prior to 

expulsion. To avoid the effect of DIC shadowing on CV diameter measurements, three measurements 

were taken in different orientations roughly equidistant around the CV, then averaged. Additionally, 

the duration of complete CV cycle (i.e., from expulsion to expulsion) and the number of CVs visible 

per individual were recorded.  

 

2.3.2.1 Determining the response time through longitudinal microscopy 

Preliminary observations indicated that a 1:3 dilution of WCL with MilliQ water was sufficient to 

induce a change in CV behaviour; however, the observed response was not consistent, which lead me 

to investigate how long it took for the CV response to take place. To determine the onset of the 

osmotic shock response, longitudinal microscopic observations were collected (i.e., individual cells 

were monitored over a period of time). A slide from an R. americana plate culture was transferred to 

the slide imaging chamber with WCL media, then a cell was identified to image. After a 30-minute rest 

period, this cell was imaged every five minutes for 30 minutes total under the control conditions 

(WCL), after which the media was exchanged for a 1:3 dilution of WCL with MilliQ water and the cell 

was imaged every five minutes for a further 60 minutes. This was repeated 5 times to get a sense of 

the response time. In one time series a second cell was in focus, leading to a total of 6 individual cells 

measured. Cell and CV measurements were Z-normalized to make the measurements directly 

comparable between individuals. Cell lengths and widths were collected to potentially normalize CV 

size with cell size, as bladder volume varies with cell volume in other organisms (Lynn 1982; Komsic-

Buchmann et al. 2014). These data were ultimately uninformative, as the cells were not viewed in the 

same plane over time (Figure 7A, B). The effect on response variables was visualized with R v. 4.2.0 
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and package ggplot2 v. 3.3.6 in RStudio v. 1.4.1717 (Wickham 2016; RStudio Team 2020; R Core 

Team 2022).  

 

 

Figure 7 Reclinomonas americana could not be imaged in consistent planes in either microscopy experiment. Schematic of 

R. americana showing the various planes of view (A). Proportion of the six cells imaged in frontal plane or an off-axis 

sagittal plane (“quasi-sagittal”) in the longitudinal microscopy data (B). Counts of cells imaged in each plane (quasi. = 

quasi-sagittal, transv. = transverse, sag. = sagittal, front. = frontal, weird = none of the above) in the cross-sectional 

microscopy data (C). 
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2.3.2.2 Determining the response with cross-sectional microscopy 

To determine the CV response to the various treatments, cross-sectional data were collected (i.e., 

many individual cells were imaged once during the response window identified above). A slide from 

an R. americana plate culture was transferred to the slide imaging chamber with WCL and a 30-minute 

rest period, then the media in the imaging chamber was exchanged for a 1:3 dilution of the original 

WCL media with either MilliQ water, fresh WCL, or WCL + mannitol (final approximate calculated 

osmolarities of 3.5, 13.8, and 34.5 mOsm). After a second 30-minute rest, as many cells were imaged 

as possible in a 30-minute period.  

Once CV measurements had been collected, Mahalanobis distances were used to discard 

multivariate outliers within each treatment, considering the CV diameter and cycle length only. Cell 

length and width were again uninformative and not included, as R. americana was imaged in several 

different orientations that were not consistent between treatments (Figure 7A,C), and it could not be 

guaranteed that I was measuring the true length or width of all cells. Treatments were examined 

visually for normality with ggpubr v. 0.4.0 (Kassambara 2020), and tested for normality and 

homoscedasticity with the Shapiro-Wilk test and Bartlett’s test respectively. Tukey’s test was used to 

test for difference in treatment means of the CV diameter and cycle length, which first requires the fit 

of a model using an analysis of variance (ANOVA) test, which tests whether there is a difference 

between any of the means, prior to Tukey’s test, which tests each possible pair of means for differences 

while correcting for multiple tests. All statistics and visualizations were executed with R in RStudio. 

Initial data visualizations and final graphs were generated with ggplot2. 

 

2.4 Transcriptomics 

2.4.1 CV induction experiment 

Twelve 35 mL cultures of R. americana were grown in vented T175 culturing flasks (Sarstedt). Each 

culture was seeded initially with 2 mL R. americana and fed with 1 mL K. aerogenes suspended in WCL. 

Cells were fed daily until harvest took place on the fourth day. Three-quarters of the media was 

removed and replaced with either sterilized WCL media (control, final osmolarity approximately 13.8 

mOsm), MilliQ water (low osmolarity treatment, approximately 3.5 mOsm), or WCL + mannitol (high 

osmolarity treatment, approximately 34.5 mOsm) in quadruplicate and gently swirled to mix. After an 

hour incubation, cells were harvested with all steps performed at 4 °C and cultures kept on ice 

whenever possible. After incubation, cultures were transferred to the cold room, then the 22 °C media 

was poured off and replaced with the same volume of chilled media. Flasks were scraped with a cell 
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scraper and the cell suspension was poured into a chilled 50 mL centrifuge tube. This process was 

repeated with fresh media to maximize cell yield. Tubes were centrifuged for 10 minutes at 2,500 g. 

When cell pellets were visible, the supernatant was removed, cells were resuspended in approximately 

1 mL of media, which was then transferred to a 2 mL tube. To maximize cell yield, the 50 mL tube 

was washed three times with the appropriate media and the liquid transferred to the 2 mL tube. Cells 

were again centrifuged for 5 minutes at 5,000 g. The supernatant was removed using a pipette, and 

samples were flash frozen in liquid nitrogen and then stored at -80 °C until extraction. 

 

2.4.2 RNA extraction 

RNA was extracted using an Animal Tissue RNA Purification Kit (Norgen Biotek) with an on-column 

DNase I treatment following the manufacturer’s instructions. To minimize RNA degradation, prior 

to extraction samples were kept on dry ice until they were homogenized by passage through a 27-

gauge needle 10 times. After extraction, 5 µL of the purified RNA was aliquoted for quantification 

with a Nanodrop spectrophotometer, and the remainder transferred to -20 °C, where it was stored 

for quality assessment and sequencing by the High Content Analysis Core (HCAC) at the University 

of Alberta. 

 

2.4.3 mRNA sequencing (HCAC) 

RNA quantification, quality control, and sequencing was performed by the HCAC. RNA libraries 

were prepared for sequencing according to the Illumina TruSeq RNA sample preparation version 2 

guide. Six samples were sequenced per run with Illumina MiSeq technology, generating 150 base pair 

(bp) paired-end reads.  

 

2.4.4 Read processing 

Prior to transcriptome assembly, read quality must be assessed, and, since the R. americana culture is 

monoeukaryotic but not axenic, decontaminated to ensure that the assembled transcriptome belongs 

solely to the study organism. Trimming low-quality regions from reads greatly decreases computation 

time, while trimming adaptors is necessary to decrease mis-assemblies (Haas et al. 2013). Illumina data 

includes quality scores called PHRED scores, which are the -10log(probability of error) (Illumina, Inc 

2014). The threshold PHRED 20 is commonly used, which corresponds a 1% probability of a base 

with this score being miscalled. However, there is some evidence that trimming less stringently 

increases the completeness of de novo assemblies while keeping misassemblies low, so long as 
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substitution errors are acceptable in the final assembly (MacManes 2014). Reads were trimmed with 

bbduk (Bushnell 2020) under the following criteria: force trimming of the first 12 bases (due to biased 

hexamer usage), force trimming by modulo 5 to remove the final, low quality base (base 151 of 150), 

and quality trimming from either end to remove sequences with a quality of less than 5 or 20 PHRED. 

Additionally, adaptors were trimmed using the BBMap adaptor set using k-mers (i.e., subsequences of 

length k) from 11-22 and a Hamming distance of 1, or overlap of paired sequences. Sequences shorter 

than 50 bp after trimming were discarded. Since the inclusion of information on read pairing improves 

assemblies, only pairs where both reads were retained were carried further. Read quality for each 

sample was assessed initially with FastQC version 0.11.9 (Andrews 2010), then contrasted with the 

trimmed reads. Trimmed, paired reads for each sample were then decontaminated with Kraken 2 

(Wood and Salzberg 2014; Wood et al. 2019) using the full Kraken 2 standard database from 

17/05/2021 (archived at https://benlangmead.github.io/aws-indexes/k2), which contains bacteria, 

archaea, viruses, humans, and common contaminating vector sequences. Briefly, Kraken 2 uses a 

hashed database containing every k-mer present in the selected genomes, and a taxonomically 

informed approach to identify the last common ancestor (LCA) that would have had each unique k-

mer (Wood and Salzberg 2014). Reads to be classified by Kraken 2 are used to generate k-mers, which 

are then classified in terms of their likely LCA based on matches to the database, and finally read pairs 

are classified probabilistically based on the classification of all k-mers within the pairs. This 

information can then be used for filtering. In this case, all classified reads were considered 

contaminants and filtered out, leaving unclassified reads, the bulk of which should belong to R. 

americana.  

Trimming and decontamination was performed on a Digital Resource Alliance of Canada 

(DRAC) computing cluster using the pre-installed modules bbmap v. 38.86 and kraken2 v. 2.1.2 

respectively, and their dependencies. Scripts formatted for the Simple Linux Utility for Research 

Management (SLURM) job scheduler and containing the commands used are available in 

Supplementary Online Files 1 and 2. 

 

2.4.5 De novo transcriptome assembly 

De novo assembly for RNA-seq is typically done on the pooled set of trimmed and decontaminated 

reads so that the reference transcriptome assembly fully represents the transcriptomic space 

represented by the reads (Haas et al. 2013). There is a tendency to think that a given assembly of RNA-

seq reads is a concrete object that reflects the actual transcriptome present in the organism of interest. 

https://benlangmead.github.io/aws-indexes/k2
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However, when a defined transcriptome is used to simulate reads that are then assembled into a de 

novo transcriptome, assemblers create assemblies that do not accurately correspond to the isoform 

complexity of the original transcriptome, generating more isoforms than exist (Vijay 2013). Even well-

assembled transcriptomes are often fragmented (Freedman et al. 2021). Highly duplicated and 

fragmented transcriptomes can cause issues with differential expression analysis, as reads that should 

belong to a single transcript can be split between the multiple contigs, decreasing statistical power 

(Hsieh et al. 2019). Additionally, poor quality transcriptomes can greatly decrease the number of genes 

that are suitable for phylogenetic analyses (Spillane et al. 2021). 

There is no single best transcriptome assembler for all transcriptome data. The biases of a 

given program, as well as the assembly parameters selected, can affect the results (Durai and Schulz 

2016; Smith-Unna et al. 2016; MacManes 2018). One of the best characterized parameters affecting 

assembly is the choice of k-mer, or length of subsequence that is used to build and refine the 

hypothetical transcripts. Longer k-mer choices require a greater overlap of the reads in order to be 

assembled, which results in fewer misassemblies and erroneously assembled isoforms, which is 

preferred, but often fails at assembling low-expression transcripts. Shorter k-mers, on the other hand, 

are better at recovering low-abundance transcripts, but result in an inflated number of false isoforms 

(Robertson et al. 2010; Schulz et al. 2012). As transcriptome assemblers each come with their own set 

of biases, assemblies were constructed using Trinity (Grabherr et al. 2011), rnaSPAdes (Bushmanova 

et al. 2019), and a modified Oyster River Protocol (ORP) multi-assembler (MacManes 2018; Spillane 

et al. 2021), then assessed with completeness and correctness metrics.  

 

2.4.5.1 Trinity 

Trinity was the first de novo transcriptome assembler built to deal with the specific challenges of 

assembling transcriptomes, which largely stem from the unequal expression levels of transcripts and 

the potential for isoforms of the same gene (Grabherr et al. 2011). At the time of its publishing, Trinity 

was one of the best in terms of the number of novel features assembled that had previously been 

missed in other transcriptome assemblies. It uses a single k-mer of 25 to assemble reads of similar 

abundances into contigs, then collapses overlapping contigs into de Bruijin graphs and exports the 

well-supported paths as transcripts. Trinity was used under default assembly parameters.  

The Trinity assemblies were performed on a DRAC computing cluster using the pre-installed 

module trinity v. 2.12.0 and its dependencies. A script formatted for the SLURM job scheduler and 

containing the commands used is available in Supplementary Online File 3. 
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2.4.5.2 RnaSPAdes 

RnaSPAdes is a transcriptome-specific modification of the single-cell genome assembler SPAdes, 

which was built to deal with the uneven read depth coverage in single-cell data due to the use of 

multiple displacement amplification prior to sequencing, which is a shared challenge of transcriptome 

assembly (Bushmanova et al. 2019). One of the advantages of rnaSPAdes is the use of multiple k-mers 

to assemble the transcriptome: first with a small k-mer, which captures the low-abundance transcripts 

and creates de Bruijn graphs with many (likely) erroneous isoforms, and then with larger k-mers, which 

refine the graphs, discarding those that are poorly supported and resolving regions with repeats. 

rnaSPAdes consistently assembles full-length transcripts with fewer misassemblies and duplications 

than Trinity. Bushmanova et al. (2019) suggest the use of two k-mer lengths during assembly: one-

third and one-half the read length. RnaSPAdes was used under the default settings, which set the k-

mers at 45 and 67 for the PHRED 20 trimmed dataset, and 49 and 73 for the PHRED 5 trimmed 

dataset.  

The rnaSPAdes assemblies were performed on a DRAC computing cluster using the pre-

installed module spades v. 3.15.3 and its dependencies. A script formatted for the SLURM job 

scheduler and containing the commands used is available in Supplementary Online File 4. 

 

2.4.5.3 The Oyster River Protocol 

The Oyster River Protocol (ORP) is a pipeline which combines and thins the output of multiple 

assemblers to minimize the trial-and-error involved in generating an acceptable transcriptome 

assembly (MacManes 2018; Spillane et al. 2021). Briefly, the pipeline error corrects the reads with 

RCorrector (Song and Florea 2015), trims the reads with Trimmomatic (Bolger et al. 2014), assembles 

the reads with Trinity with a k-mer of 25, Trans-ABySS (Robertson et al. 2010) with a k-mer of 32, 

and twice with rnaSPAdes with k-mers of 55 and 75. These assemblies are then combined and grouped 

into orthogroups with OrthoFinder (Emms and Kelly 2015, 2019). Each contig is assigned a score 

with TransRate (discussed in section 2.4.6.2 below; Smith-Unna et al. 2016), and the best scoring 

contig(s) in an orthogroup are retained in the final assembly. Finally, the sequences are clustered using 

cd-hit-est v. 4.8.1 at a threshold of 98% (Li and Godzik 2006; Fu et al. 2012). The read mappings from 

TransRate can optionally be used to discard transcripts that are less abundant than a given transcripts 

per million threshold in the assembly (TPM; typically, the threshold is 1). This method produces 

assemblies that score consistently better than the Trinity assembly with a variety of metrics (MacManes 
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2018), and generates more full-length sequences of sufficient quality for phylogenetics (Spillane et al. 

2021).  

To make the ORP assemblies directly comparable to the Trinity and rnaSPAdes assemblies, I 

used the previously trimmed and decontaminated reads to assemble the default transcriptomes that 

the ORP pipeline would assemble automatically (with Trans-ABySS, Trinity, and rnaSPAdes as 

described above), and fed these assemblies into the pipeline directly prior to the pooling and thinning 

steps. The TPM threshold was conservatively set at 0.5, and then changed to 1 for a more stringent 

approach with the 5 PHRED trimmed assembly. ORP discards transcripts smaller than 100 bp. 

The individual rnaSPAdes and Trans-ABySS assemblies were performed on a DRAC 

computing cluster using pre-installed modules spades v. 3.15.3 and trans-abyss v. 2.0.1, respectively, 

and their dependencies, while the Trinity assemblies from section 2.4.5.1 were repurposed. Scripts 

formatted for the SLURM job scheduler containing the exact commands used are available in 

Supplementary Online File 5 and 6. ORP v. 2.3.3 was downloaded from 

https://hub.docker.com/r/macmaneslab/orp and installed as a Singularity image (Kurtzer et al. 2017) 

on a DRAC computing cluster as described in Supplementary Online File 7. The ORP image was 

executed using the pre-installed module singularity v. 3.8. An example ORP script formatted for the 

SLURM job scheduler is available in Supplementary Online File 8. 

 

2.4.6 De novo transcriptome assessment 

Assessing the quality of a de novo transcriptome without a genome from a close relative with which to 

compare the assemblies is challenging. Unlike genome assembly, where the most contiguous assembly 

with even coverage is considered best, there is no easily definable goal with transcriptome assembly. 

However, we can ask whether the assembly is reasonably complete, and whether it reasonably 

represents the reads used to assemble it. 

 

2.4.6.1 BUSCO 

Benchmarking Universal Single-Copy Orthologs (BUSCO) is a metric for assessing the completeness 

of a genome or transcriptome using a selection of well-conserved single-copy genes (Simão et al. 2015; 

Manni et al. 2021). This selection of genes changes depending on the taxonomic identity of the 

organism of interest. Proteins are predicted from the genome or transcriptome assembly with either 

MetaEuk under two levels of sensitivity (Levy Karin et al. 2020) or AUGUSTUS (Stanke et al. 2006). 

The predicted proteome is then queried with HMMER3 (Eddy 2011), and genes are classified as either 

https://hub.docker.com/r/macmaneslab/orp
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complete (if the hit is within two standard deviations of the OrthoDB mean length), fragmented, or 

missing. BUSCO was used with MetaEuk in transcriptome mode, and, as there is no dataset 

specifically for Discoba or Jakobida, the most current general eukaryote dataset was used 

(eukaryota_odb10). 

BUSCO analyses were performed on a DRAC computing cluster using the pre-installed 

module busco v. 5.2.2 and its dependencies. A script formatted for the SLURM job scheduler and 

containing the commands used is available in Supplementary Online File 9. 

 

2.4.6.2 TransRate 

TransRate is a reference-free metric for assessing the quality of a de novo transcriptome assembly using 

read mapping patterns to assess the probability of a selection of assembly errors, including paralog 

collapse, chimerism, insertions, fragmentation, and redundancy (Smith-Unna et al. 2016). TransRate 

scores individual contigs out of 1 based on the proportion of read and contig mismatches, and scores 

the whole assembly using the geometric mean of the contig scores. The assembly score correlates with 

correctness-based metrics and fewer duplications (Smith-Unna et al. 2016; Bushmanova et al. 2019). 

The contig scores can be used to filter out low-quality contigs, like in the ORP.  

TransRate analyses were performed on a DRAC computing cluster using TransRate v. 1.0.3 

packaged in the ORP Docker container (see section 2.4.5.3 above) and executed with Singularity 

version 3.8. A script formatted for the SLURM job scheduler and containing the commands used is 

available in Supplementary Online File 10. 

 

2.5 Read mapping 

To perform differential expression analysis, the number of reads belonging to each transcript must be 

determined. The program kallisto was used for this, which uses a k-mer based method to rapidly 

pseudoalign the reads to the transcript contigs. This approximates the results of more resource-

intensive alignment-based methods without significantly impacting accuracy (Bray et al. 2016). Kallisto 

was used to pseudoalign each set of trimmed and decontaminated reads against the ORP PHRED 5 

(TPM 1) assembly with correction for sequence-specific biases (--bias flag). 

Indexing of the transcriptome and pseudo-alignment of the reads was performed on a DRAC 

computing cluster using the pre-installed module kallisto v. 0.46.1 and its dependencies. A script 

formatted for the SLURM job scheduler and containing the commands used is available in 

Supplementary Online File 11. 
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2.6 Annotation 

2.6.1 Protein prediction and automated annotation 

To aid in annotation of the transcriptome, proteins were predicted using GeneMarkS-T (Tang et al. 

2015) using the default parameters as a part of the EnTAP annotation pipeline (Hart et al. 2020). 

EnTAP uses a NCBI taxonomy-informed approach to annotate de novo transcriptome assemblies, first 

by predicting proteins from the transcriptome assembly, then performing similarity searches with 

DIAMOND (Buchfink et al. 2015) against user-selected protein databases. EnTAP is particularly 

useful for de novo transcriptome annotation of non-model organisms because it filters the top hits for 

taxonomic relevance (including removing potential contaminants, if desired) and informative sequence 

names (i.e., removing hits called “hypothetical protein” or similar). Predicted proteins are further 

annotated using EggNOG 4.1 (Powell et al. 2014). DIAMOND searches were performed against local 

copies of NCBI RefSeq (release 211), nr (downloaded April 28, 2022), Swissprot (release 2022_01), 

and Trypanosoma cruzi CL Brenner, Naegleria fowleri ATCC 30863, and N. gruberi NEG-M predicted 

proteomes downloaded from EuPathDB (release 57) (El-Sayed et al. 2005; Fritz-Laylin et al. 2010; 

Zysset-Burri et al. 2014; O’Leary et al. 2016; Amos et al. 2022; The UniProt Consortium 2022). 

Searches were interpreted with “reclinomonas” as the relevant taxon. The cut-offs for a protein to be 

annotated were an e-value of e-05 and coverage of 50% for both query and target sequences. 

EnTAP v. 0.10.8-beta, DIAMOND v. 0.8.31, GeneMarkS-T v. 5.1, and the databases above 

were installed on a DRAC computing cluster as described in Supplementary Online File 12. Databases 

were formatted with DIAMOND prior to the execution of the EnTAP workflow. Scripts formatted 

for the SLURM job scheduler and containing the commands used are available in Supplementary 

Online File 13 and 14. The EnTAP configuration settings used are available in Supplementary Online 

File 15. 

 

2.6.2 AMOEBAE 

As this study is interested in a very small selection of the potential differentially expressed genes, it is 

crucial that the genes of interest are annotated reliably and with specificity. Analysis of MOlecular 

Evolution with BAtch Entry (AMOEBAE), is a semi-automated workflow that is designed to make 

the process of reciprocal best hit (RBH) similarity searching with BLAST and HMMER both efficient 

and reproducible (Barlow et al. 2023). RBH searching has two main steps: a “forward search” using a 
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query from a well-annotated reference genome to search into the database of interest (in this case, the 

transcriptome assembly), and a “reverse search” of any significant hits back into the reference genome. 

If the top hits are reciprocal, it is likely that the genes are related, but the exact relationship often 

requires phylogenetics to determine.  

Rather than annotate the entire membrane trafficking system, I selected a subset of protein 

families that were a) previously identified in CVs in model organisms (SNAREs, Rabs, TBCs); b) well-

characterized, paralogous protein families (the HTACs); or protein complexes with characteristic 

locations (the MTCs). Additionally, some proteins not a part of the core membrane trafficking 

machinery but previously identified in CVs were annotated (aquaporins, P2X receptors, arrestins). The 

selection of proteins and naming conventions thereof were based on previously published analyses 

(Koumandou et al. 2007; Eliáš et al. 2012; Gabernet-Castello et al. 2013; Finn et al. 2014; Hirst et al. 

2014; Tesan et al. 2021). Query sequences for forward searches were retrieved from the human 

genome on RefSeq, with the exception of proteins not found in humans, which were retrieved from 

NCBI using accessions from the supplementary material of Hirst et al. (2014) (TSET; N. gruberi) or 

Gabernet-Castello et al. (2013) (TBC-RootA and TBC-ExA1 and 2; T. cruzi), and the sole Rab GTPase 

query, an HMM constructed from the pan-eukaryotic Rab GTPase alignment of Eliáš et al. (2012). 

AMOEBAE searches were performed on a local high performance computing server with a forward 

search e-value cut-off of 0.05. The human predicted proteome was used as the reference database for 

most reverse searches (GCF_000001405.40) (International Human Genome Sequencing Consortium 

2004); T. cruzi CL Brenner (GCF_000209065.1) and N. gruberi NEG-M (GCF_000004985.1) were also 

used (El-Sayed et al. 2005; Fritz-Laylin et al. 2010). Reverse searches were considered RBH if they 

returned the original hit with an e-value at least 2 orders of magnitude different than the next non-

redundant hit, and were not RBH for another query with a higher e-value (--no_overlapping_hits). 

AMOEBAE v. 3.0 was installed on a private computing cluster using Miniconda3 v. 4.11.0 

(Anaconda Software Distribution 2016) following the instructions on GitHub 

(https://github.com/laelbarlow/amoebae), and executed using Snakemake v. 7.1.1 (Mölder et al. 

2021). The Snakemake workflow containing the AMOEBAE commands used is available in 

Supplementary Online File 16. 

 

2.6.3 Domain discovery 

In some cases, even a meticulous reciprocal best hit approach is not sufficient for classifying a protein. 

In the case of the Rabs, which are small, diverse, and have closely related protein families, a 

https://github.com/laelbarlow/amoebae
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combination of domain prediction using InterProScan (Jones et al. 2014; Blum et al. 2021) and reverse 

hits to any Rab GTPase when NCBI RefSeq was queried were used to identify candidates for 

phylogenetic analysis (Supplementary Online Table 2). Where the Rab GTPase domain was found in 

a much larger protein (e.g., 600 residues), the domain was trimmed using extractseq 

(https://www.bioinformatics.nl/cgi-bin/emboss/extractseq) prior to phylogenetic analysis. In the 

case of TBC-K, there were 23 positive RBHs in the R. americana transcriptome, and domain prediction 

was used to check for the presence of a TBC domain.  

Domain discovery for Rabs and TBC-K was performed on a DRAC computing cluster using 

the pre-installed module interproscan v. 5.50-84.0 and its dependencies. A script formatted for the 

SLURM job scheduler and containing the commands used is available in Supplementary Online File 

17. All other domain searches were performed with the InterPro online server 

(https://www.ebi.ac.uk/interpro/). 

 

2.6.4 Phylogenetic inference 

Classification of the HTACs, SNAREs, and Rabs were confirmed through phylogenetics using 

alignments retrieved from previously published analyses in the Dacks lab (Eliáš et al. 2012; Hirst et al. 

2014; Arasaki et al. 2015; Venkatesh et al. 2017). Sequences from R. americana were aligned to the 

appropriate alignment with MAFFT v7.471 using the option --addfull (Katoh and Standley 2013); 

these sequences included results from AMOEBAE searches that met the RBH criteria described 

above, as well as those with ambiguous identity that had top reverse search hits in the protein families 

of interest. The new alignments were visually inspected and manually adjusted in SeaView v. 5.0.4 

(Gouy et al. 2010), and trimmed with an in-house trimming script (at least 50% of the sequences 

without gaps, and 50% identity at the site). Models of sequence evolution were chosen with 

ModelFinder (Kalyaanamoorthy et al. 2017), and maximum likelihood (ML) phylogenies were inferred 

with IQ-TREE 2 v. 2.0.4+ with 1,000 ultra-fast bootstraps (UFBOOT) (Minh et al. 2019) either locally 

or on a private computing cluster. As the transcriptome assembly used is highly duplicated, all relevant 

sequences were included during the first iteration of the phylogenies, but to avoid biasing the model 

selection with too many closely related sequences in subsequent iterations the initial phylogenies were 

inspected and full-length representative sequences were chosen for sequences that formed fully 

supported clades. Phylogenies were visualized with FigTree v. 1.4.4 (Rambaut 2018). An example 

script formatted for the Portable Batch System (PBS) job scheduler containing the commands used is 

available in Supplementary Online File 18. 

https://www.bioinformatics.nl/cgi-bin/emboss/extractseq
https://www.ebi.ac.uk/interpro/
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2.7 Transcript to “gene” clustering  

To ameliorate the issue of excess isoforms that are likely assembly errors and not biologically relevant, 

the transcriptome assembly was clustered into gene-equivalents using Corset (Davidson and Oshlack 

2014). Corset clusters transcripts together based on a combination of sequence and expression 

similarity, meaning that if there are isoforms that have the potential to be biologically relevant (e.g., 

with different expression patterns), they will not be clustered together. Salmon, a pseudo-mapping 

program similar to kallisto, was used to estimate expression similarity (Patro et al. 2017): first an index 

of the transcriptome was created with a k-mer of 31, then quantification was run with the flags --

dumpEq --hardFilter --skipQuant as recommended by the Corset documentation. While Corset can 

use the treatment information to decide where expression levels should be similar between samples, 

this information was not provided during clustering to avoid circular reasoning (i.e., the program 

coercing the samples within a treatment to be more similar, creating more consistently clustering 

samples).  

Indexing of the transcriptome and pseudo-mapping of the reads, then clustering of the 

transcriptome was performed on a DRAC computing cluster using the pre-installed modules salmon 

v. 1.7.0, corset v. 1.09, and their dependencies. Scripts formatted for the SLURM job scheduler and 

containing the commands used are available in Supplementary Online Files 19 and 20. 

 

2.8 Differential expression analysis 

The R package tximport v. 1.24.0 was used to prepare the read mapping data from kallisto for 

differential expression (DE) analysis using the gene-to-transcript map generated with Corset (Soneson 

et al. 2016). All transcripts with fewer than 20 reads mapping across all samples were discarded prior 

to DE analysis with DESeq2 v. 1.36.0 (Love et al. 2014). The low and high osmolarity comparisons 

were contrasted directly with the Wald test to obtain log fold change (LFC) and significance values. 

All transcripts with LFCs that were significantly different than 0 (adjusted p-value <0.05) were then 

filtered for expression patterns that either increased or decreased with osmolarity across all three 

treatments. The previously manually annotated genes were used to identify transcripts of interest for 

phylogenetic analyses; automated annotations were also scanned for protein families of interest. All 

statistics and visualizations were executed in R within RStudio. The packages ggplot2 and vidger  v. 
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1.16.0 were used to visualize differential expression results (McDermaid et al. 2019; Monier et al. 

2022). 

 

2.9 Phylogenetics of putative CV-associated proteins 

2.9.1 Identification and classification 

As CVs may contain organelle specific versions of membrane trafficking proteins found elsewhere in 

the cell, the evolutionary history of putative CV-associated proteins was inferred using all orthologs 

from R. americana and the four CV models. For phylogenies to be informative in inferring the evolution 

of CVs, the proteins must be present in multiple copies in at least two of the organisms of interest. 

Searches were performed using AMOEBAE for Rab8, Sec1, aquaporins, arrestins, and four LECA R 

SNAREs (tomosyn, Sec22, Ykt6, and Vamp7) using human proteins as starting queries in the 

predicted proteomes of Dictyostelium discoideum AX4 (GCF_000004695.1), Trypanosoma cruzi CL Brenner 

(GCF_000209065.1), Paramecium tetraurelia d4-2 (GCF_000165425.1), and Chlamydomonas reinhardtii 

CC-503 cw92 mt+ (GCF_000002595.2) (Eichinger et al. 2005; El-Sayed et al. 2005; Aury et al. 2006; 

Merchant et al. 2007). The human predicted proteome was used as the reference database 

(GCF_000001405.40) (International Human Genome Sequencing Consortium 2004). Additionally, a 

literature review was performed, and CV-localized versions of these proteins in Dictyostelium discoideum, 

Trypanosoma cruzi, Paramecium spp., and Chlamydomonas reinhardtii were retrieved from the appropriate 

databases (Supplementary Online Table 3). Once I was confident that I had retrieved all orthologs of 

the proteins of interest in the CV models and R. americana, the protein classifications were confirmed 

or determined where relevant (Rab8, Vamp7) using the alignments from section 2.6.4 above. 

Classification of aquaporins was performed using prokaryotic aquaporin sequences retrieved from an 

analysis by Pommerrenig et al. (2020) and bacterial “aquaporin X” sequences from an analysis by 

Tesan et al. (2021), which were aligned using MAFFT in local alignment mode with 1,000 iterations. 

As Vamp7 and some eukaryotic aquaporin families are poorly supported in phylogenies, these groups 

were resolved by iteratively removing the most divergent fully supported clade, realigning the 

sequences with MAFFT in local alignment mode with 1,000 iterations, and inferring a new phylogeny. 

Initial classifications were inferred with maximum likelihood (ML) using 1,000 UFBOOT replicates 

in IQ-TREE 2.  
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2.9.2 Model selection for maximum likelihood 

With the well resolved Rab GTPase and SNARE classification phylogenies, the default model selected 

by ModelFinder was used. As there was evidence of long-branch attraction in the initial aquaporin 

phylogeny, a more complex model was chosen. In this case, phylogenies were inferred using posterior 

mean site frequency (PMSF) profiles to approximate the more resource-intensive C60 mixture model, 

which can ameliorate long-branch attraction (Halpern and Bruno 1998; Le et al. 2008; Wang et al. 

2018). Briefly, the process of running a PMSF tree includes: 1) inferring an initial ML tree using the 

model selected by ModelFinder; 2) estimating site-specific amino acid frequency profiles under the 

selected model + C60 (representing a mixture model with 60 individual within-site amino acid 

frequencies) using the ML tree as a guide; and 3) resampling bootstraps under the selected model + 

C60/PMSF, to approximate the mixture model. An example script formatted for the PBS job 

scheduler containing the commands used is available in Supplementary Online File 21. 

 

2.9.3 CV protein phylogenies 

Final, protein-specific ML phylogenies were inferred using 200 non-parametric bootstraps in IQ-

TREE 2 under the C60 PMSF model selected by ModelFinder. Bayesian analyses were performed 

using MrBayes v. 3.2.7a (Ronquist et al. 2012) under an estimated fixed-rate substitution model under 

a gamma distribution with four categories. Two runs of four chains (one cold, three hot) were run for 

1,000,000 generations under the default heat settings and sampled every 1,000 generations, with the 

first 25% discarded as burn-in. Convergence was assessed through the average standard deviation of 

split frequencies. If this was more than 0.01 at the end of the 1,000,000 generations, the analysis was 

run for an additional 500,000 generations. Bayesian inference values were then mapped onto the non-

parametric ML tree using Affinity Designer v. 1.9.3 (Serif Europe). An example script formatted for 

the PBS job scheduler containing the commands used is available in Supplementary Online File 22. 

 

2.9.3.1 Alternate topology testing 

In cases where the phylogenies were unresolved, alternate topologies were tested. This involves 

inferring ML trees under different constraints, estimating the likelihood of each tree with 

bootstrapping using the resampling estimated log-likelihood (RELL) approximation, then rejecting 

the trees which are significantly less likely under the specified model of evolution (Kishino et al. 1990; 

Shimodaira 2002). Four scenarios were considered: 1) the unconstrained tree; 2) lineage-specific 

expansions in all organisms (i.e., distinct CV origins); 3) an ancestral CV paralog in LECA; and 4) an 
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ancestral CV paralog in the last discobid common ancestor. Approximately unbiased (AU) tests were 

performed IQ-TREE 2 under the model selected with BIC in ModelFinder, and using 100,000 RELL 

bootstraps. An example script formatted for the PBS job scheduler containing the commands used is 

available in Supplementary Online File 23.  
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3 Results and Discussion 
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3.1 Reclinomonas americana modulates CV diameter in response to osmotic shock 

To characterize the Reclinomonas americana contractile vacuole and validate that the chosen treatments 

produced a change in CV behaviour, the CV was characterized microscopically under the three 

osmolarity conditions (see Methods section 2.3.2 above). First, an appropriate interval to collect data 

had to be chosen. To determine the response time to osmotic shock, six cells of R. americana were 

followed for 30 minutes in the control medium, and 60 minutes after the addition of low-osmolarity 

medium. Two-minute videos were captured every 5 minutes. Cell length and width were measured, as 

well as CV bladder diameter and the interval of the enlargement-evacuation cycle (Supplementary 

Online Table 4). The most pronounced effect was in the CV diameter, which increased gradually after 

the addition of low osmolarity media (Figure 8). The maximum response occurred at roughly 40 

minutes post exposure, after which a slight decline in CV diameter was observed. This was used to 

choose the 30–60-minute post-exposure time to collect cross-sectional data of CV response. 

 

 

Figure 8 Response of the Reclinomonas americana contractile vacuole diameter to hypoosmotic shock. Six individuals were 

imaged every 5 minutes under control conditions and after the addition of low osmolarity media. 

 

To determine the response to the three conditions, cell dimensions and CV data were collected 

with a single timepoint from as many cells as possible during the 30–60-minute window. Cell and CV 

dimensions were measured as described above (Supplementary Online Table 4). As previously 

observed (O’Kelly 1997), R. americana had two visible CVs in most cells (96% cells imaged under 
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typical culture conditions; Table 1). When observed from the top or the rear, these could be seen on 

either side of the cell, flanking the central nucleus (Figure 9). In general, the bladder enlargement-

evacuation cycle of the two CVs alternated regularly (Table 1, Figure 9, Supplementary Online Video 

1), though variations in the pattern, such as vacuoles flipping the order of evacuation, were also 

observed (Supplementary Online Video 2). Rarely, two “paired” CVs were observed on the same side 

of the cell expulsing in unison, with a third CV on the other side of the cell alternating with the paired 

CVs (Table 1, Supplementary Online Video 3).  

 

 

Figure 9 The Reclinomonas americana contractile vacuole (CV) enlargement-evacuation cycle; differential interference 

contrast. Two CVs (full/notched arrowheads) flank the nucleus (N). The enlargement-evacuation cycles alternate: when 

one CV is about to evacuate (full arrowhead), the other is filling (notched arrowhead). The cell shown is from the low 

osmolarity treatment for easiest visualization of CVs. Scale bar = 2 µm. The video of this is in Supplementary Online 

Video 1. 

 
Table 1 Characteristics of the Reclinomonas americana contractile vacuole under low, control, and high osmolarity conditions. 

Bladder diameter, enlargement-evacuation interval, and expulsion rate are shown as mean (standard deviation). 

 
N Diameter 

(µm) 
Interval (s) Expulsion rate 

(µm3/min) 
Alternating 

CVs (%) 
Paired 

CVs (#) 

Low osmolarity 52 1.256 (0.100) 27.3 (4.2) 4.71 (1.18) 94.2 1 
Control 48 1.031 (0.090) 28.5 (4.3) 2.52 (0.75) 95.8 0 

High osmolarity 42 0.812 (0.080) 26.8 (5.4) 1.31 (0.37) 83.3 6 

 

 

Under the typical culture conditions, the CV had a diameter of 1.031 ± 0.090 µm, and an 

enlargement-evacuation interval of 28.5 ± 4.3 s (N=48; Figure 10, Table 1). In low and high osmolarity 
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conditions the CV diameter was 1.256 ±0.100 µm and 0.812 ± 0.080 µm, and the enlargement-

evacuation interval 27.3 ± 4.2 s and 26.8 ± 5.4 s respectively (N=52, N=42; Figure 10, Table 1). The 

ANOVA required for model specification indicated a significant difference in CV diameters among 

conditions (F(2, 139) = 300.6, p <2e-16), while Tukey’s test indicated a significant difference between 

all three diameter means (p < 0.001). The ANOVA required for model specification indicated no 

significant difference in the enlargement-evacuation interval among conditions (F(2, 139) = 1.677, p 

= 0.191), and so Tukey’s test was not performed.  

 

 

Figure 10 Reclinomonas americana contractile vacuole enlargement-evacuation interval (A) and bladder diameter (B) under 

low, control, and high osmolarity treatments (N=52, 48, 42 respectively).  

 

There are three potential ways to modulate water efflux: the bladder enlargement-evacuation 

interval, the diameter of the CV(s), or the number of CVs per cell. In R. americana, only a response in 

CV diameter was observed; however, this could be due to the limited treatments examined. This trait 

has not been studied in most CV-containing organisms, but from what has been published, it does 

not seem to be strictly correlated to phylogenetic position. The closest relative to R. americana in which 

this has been studied is Crithidia fasciculata (Kinetoplastea, Discoba), which can modulates both CV 

bladder size and expulsion interval; anecdotally other trypanosomatids modulate both as well 

(Cosgrove and Kessel 1958; Hajduk 1972). D. discoideum also modulates water expulsion through CV 

bladder size (Mathavarajah et al. 2018), though anecdotally it may modulate the number of CVs per 
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cell (Gerisch et al. 2002). Acanthamoeba castellanii, another well-characterized amoebozoan, seems to 

modulate both interval and size (Pal 1972). A similar pattern has been observed in ciliates (SAR): 

Tetrahymena pyriformis modulates the CV bladder size, while Paramecium calkinsi and P. multimicronucleatum 

can modulate both the CV diameter and interval, depending on the nature of the osmotic shock 

(Rifkin 1973; Cronkite et al. 1991; Stock et al. 2001). On an even smaller evolutionary timescale, 

Chlamydomonas reinhardtii modulates water efflux through the enlargement-evacuation interval, while C. 

pulsatilla modulates only CV bladder size (Hellebust et al. 1989; Komsic-Buchmann et al. 2014).  

 

3.2 Multi-assemblers are a reasonable approach to de novo transcriptome assembly 

Since we can be confident that the chosen conditions produced a phenotypic change in CV function, 

these three conditions were used for the CV induction protocol. Cultures were harvested in 

quadruplicate one hour after exposure to either low, control, and high osmolarity conditions. This 

time period was chosen because in a microarray time-series analysis of D. discoideum in hyperosmotic 

conditions the most concerted transcriptomic response occurred at around the 45 minute-1 hour mark 

(Na et al. 2007), and it was an effective timepoint in the previous studies of Dictyostelium discoideum CV 

transcriptomics (Manna et al. 2023). RNA was extracted and then sequenced at the University of 

Alberta’s High Content Analysis Core with Illumina MiSeq next-generation sequencing technology, 

generating a mean 11,258,739 paired-end reads (± 1,507,240 SD) per sample. 

As the best transcriptome assembler seems to depend on read quality and the properties of 

the transcriptome (Smith-Unna et al. 2016), and gently trimmed reads may produce more complete 

assemblies (MacManes 2014), a selection of assemblers was chosen to assemble reads trimmed under 

two quality thresholds and the results were assessed quantitatively. The best assembly should be 

determined by the experiment: I wanted to maximize the number of fragments that map well to the 

transcriptome and the chance that I will recover a full-length protein sequence corresponding to 

proteins of interest (for use in phylogenetics), and minimize the number of excess isoforms.  

Reads were trimmed under two different quality thresholds (PHRED 5 and PHRED 20), 

decontaminated, then assembled using a selection of transcriptome assemblers. Substantially more 

reads and bases were retained trimming with a softer threshold: with PHRED 20, an average of 88.4% 

of reads and 74.8% of bases were retained, while with PHRED 5, an average of 99.9% of reads and 

98.7% of bases were retained (Supplementary Online Table 5). The proportion of reads that were 

removed due to contamination was consistent, with an average of 89.3% and 90.7% discarded from 

the 5 and 20 PHRED trimmed datasets respectively (Supplementary Online Table 6). Each dataset 
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was assembled with Trinity (single, fixed k-mer), rnaSPAdes (large and small k-mers automatically 

selected based on read length), and the ORP (combining Trinity, Trans-ABySS, and two different 

rnaSPAdes assemblies, then thinning the results). I attempted to run the rnaSPAdes assembly trimmed 

at PHRED 5 multiple times with different computational resources, however both attempts ran out 

of memory. In the future, I would likely use an error corrector (e.g., RCorrector; Song and Florea 

2015) prior to assembly. While most transcriptome assemblers have the ability to cope with some level 

of error in the reads, this should decrease the computation time (Conway and Bromage 2011; Pell et 

al. 2012) and may decrease the number of duplicates.  

The quality of these assemblies was compared with BUSCO as a completeness measure and 

TransRate as a correctness measure. In general, rnaSPAdes produced the most compact assembly, 

followed by the ORP PHRED 5 (TPM 1 filtered), while Trinity assemblies were the least compact 

(Table 2). Even the most compact assembly is inflated in terms of the number of genes we would 

expect: the well-assembled genomes of free-living heterotrophs within Discoba have between 9,000 

and 19,000 predicted proteins (Fritz-Laylin et al. 2010; Jackson et al. 2016; Gray et al. 2020; Richter et 

al. 2022), with Andalucia godoyi (Jakobida, Discoba) having the fewest. All assemblies produced similar 

BUSCO scores, though the ORP scores were slightly improved in terms of missing and fragmented 

genes, and the more stringent trimming tended to produce fewer duplicates (Table 2). The BUSCO 

completeness scores were comparable to the highly contiguous draft genome of A. godoyi (88.8% 

complete, n=303, eukaryote_odb9; Gray et al. 2020). The ORP PHRED 5 assemblies clearly 

outperformed the other assemblies in terms of the TransRate assembly score (Table 2), which was 

more than twice that of any other assembly, and was chosen to proceed using the version filtered at 1 

TPM. Of the 57,704 contigs in the ORP PHRED 5 assembly, 35.94% (20,741) were predicted to 

contain complete open reading frames (ORFs), while 37.17% were predicted to contain partial ORFs. 

 

3.3 The Reclinomonas membrane trafficking system is relatively complete 

To contextualize the results of the differential expression analysis within the R. americana membrane 

trafficking system as a whole and to ensure reliable annotations of key genes of interest, I manually 

annotated a selection of proteins that are either associated with the CV or potentially informative for 

inferring the evolution of the organelle (Supplementary Online Table 8). As the transcriptome is 

duplicated in a way that is unlikely to be related to the true number of paralogs, the results of the 

searches were considered on a presence/absence basis only (Figure 11). In general, absences in 

transcriptome data should be treated with caution, as if the genes weren’t expressed when the cells  
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Table 2 Quantitative assessment of the Reclinomonas americana transcriptome assemblies. The PHRED 5 rnaSPAdes assembly did not complete. TransRate scores are the 

probability that reads map well to the transcriptome, the number of potential bridges between real transcripts (~chimeras), the probability that a given contig scores well, 

and the assembly score (out of 1). BUSCO scores indicate the percentage of complete (C), duplicated (D), fragmented (F) or missing (M) single-copy orthologs. This has 

been abridged from Supplementary Online Table 7, which contains the full output from TransRate and BUSCO. 

 

    TransRate BUSCO 

Trimming Assembler Filtering 
Transcripts 

(#) 
P(good 

mapping) 
Potential 

bridges (#) 
P(good 
contigs) Score 

C 
(%) 

D 
(%) 

F 
(%) 

M 
(%) 

PHRED 20 ORP TPM=0.5 65,965 0.55624 28,774 0.91 0.22 88 45 6 6 

PHRED 20 rnaSPAdes none 52,528 0.55289 24,023 0.99 0.23 85 46 8 7 

PHRED 20 Trinity none 89,048 0.50377 43,200 0.65 0.13 86 57 7 7 

PHRED 5 
ORP TPM=0.5 70,762 0.88829 23,306 0.97 0.48 88 56 6 6 

ORP TPM=1 57,704 0.88707 22,031 0.97 0.48 88 56 6 6 

PHRED 5 rnaSPAdes none - - - - - - - - - 

PHRED 5 Trinity none 104,333 0.00254 409 0 3.00E-05 86 58 8 6 
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were harvested, they cannot appear in the assembly. Corresponding to the observation that free-living 

heterotrophs often have retained a near-complete set of membrane trafficking proteins from the 

LECA (Schlacht et al. 2014), almost all of the proteins I searched for were identified (Figure 11). There 

were some notable absences in the MTCs (Dsl1p of Dsl1, Sec6 of exocyst), the HTACs (AP5 sigma, 

half of TSET subunits), TBCs (TBC-L, TBC-RootA, and TBC-ExA1) and in the Rab GTPases 

(Rab20, 21, and 22). In this study, it would seem that the endocytic Rab GTPases are reduced (Figure 

11), which would be unexpected for a bacterivorous organism; however, a similar analysis of the 

unpublished genome identified both Rab21 and 22 (data not shown). Sec6 is required for typical CV 

bladder formation and efficient liquid expulsion in C. reinhardtii, likely as a part of the full exocyst 

complex, which is also required for CV exocytosis in D. discoideum (Essid et al. 2012; Komsic-

Buchmann et al. 2012, 2014). TSET and AP5 are both less well conserved sequence-wise, which may 

cause issues IDing orthologs with RBH (Hirst et al. 2011, 2014; Weiss et al. 2017).  

A near complete set of LECA Qa, Qb, Qc and R SNAREs were identified, as well as their 

accessory SM proteins (Figure 11). The only absence was synaptobrevin, an R SNARE recently 

inferred to be in the LECA (Barlow 2019). Notably, the Qc SNARE Use1 has not previously been 

identified within Discoba (Venkatesh et al. 2017), and the Qbc SNARE has a PH domain upstream 

of the Qb and Qc domains, which seems to be a novel domain structure. I identified this domain 

structure in a Qbc SNARE in the Andalucia godoyi predicted proteome as well (sequence P000562 in 

EukProt proteome EP00762; Gray et al. 2020; Richter et al. 2022), indicating that it is probably not 

an assembly error. At least one instance of a PH domain/SNARE fusion has been reported previously 

in the vertebrate-specific tomosyn paralog amysin, where it plays a role in the recognition of specific 

membrane lipids (Kloepper et al. 2008; Kondratiuk et al. 2020). 

 

3.3.1.1 Unanticipated results underscore the importance of human curation 

In the case of TBC-K, 23 transcripts were identified through RBH. Since the largest number of TBC-

Ks known in a single organism is 4 (Gabernet-Castello et al. 2013), I used domain discovery to check 

for the presence of a TBC domain in those transcripts. Only a single transcript had an identifiable 

TBC domain, and instead most of the transcripts had a TBC lysin motif (LysM) domain catalytic 

(TLDc) domain (Supplementary Online Table 9). A TLDc domain is present in the human TBC-K 

(Falace et al. 2010), which I used as a starting query. Results like these emphasize the importance of 

informed human interpretation in protein annotation.  
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Figure 11 Coulson plot of membrane trafficking proteins identified in the Reclinomonas americana transcriptome. 

Classification for SNAREs, HTACs, and Rabs was confirmed with phylogenetics, which can be viewed in Supplementary 

Figure 1-3. Lighter colours indicate that the grouping was poorly supported in phylogenies (<90 UFBOOT). Jotnarlogs 

(in bold) are proteins that are inferred to be in LECA, but are not included in typical models of cell biology because they 

have been lost from yeast and animal cell biological models (More et al. 2020). Vps33 is also an SM protein but is included 

in the VpsC core. 

 

3.4 Differential expression analysis identifies proteins previously associated with CVs 

Clustering the transcriptome with Corset reduced the number of transcripts to a more reasonable 

value (39,737 vs 57,669) and resulted in more of the variance being explained by the treatment (Figure 

12). After clustering, a total of 5,868 transcripts were detected as differentially expressed between the 

low and high osmolarity conditions, with 2,712 upregulated and 3179 downregulated under 
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hypoosmotic conditions (Supplementary Online Table 10). Of these, 211 were manually annotated 

transcripts of interest, 126 of which were upregulated under hypoosmotic conditions and 85 of which 

were downregulated under hypoosmotic conditions. 

 

 

Figure 12 Effect of clustering the Reclinomonas americana transcriptome on transcript number and sample behaviour. 

Numbers of transcripts corresponding to predicted proteins of varying completeness in the ORP PHRED 5 TPM1 

transcriptome assembly before and after clustering with Corset (A). Principal component analysis of transcript expression 

levels based on DESeq2 normalized read counts before and after clustering with Corset (B). Each dot represents a sample 

and is scaled to the RNA-seq library size.  

 

To identified putative CV-associated proteins, I looked for a pattern of increasing expression with 

decreasing osmolarity across the three treatments. This pattern has been previously observed with the 

exocyst subunit Sec6 in C. reinhardtii (Komsic-Buchmann et al. 2014), while in D. discoideum 16 of 18 

CV-associated genes were significantly upregulated in low osmolarities in comparison to typical culture 

conditions (Manna et al. 2023). Only 13 transcripts displayed this pattern. Some of these were known 

previously from studies in CV model organisms, namely Vamp7, aquaporin, Sec1, Rab8, and arrestins 

(Table 3). It is unclear whether the aquaporins that have been identified are in fact a part of the same 

aquaporin sub-family. Notably absent from the differentially expressed transcripts was the small 

GTPase Rab11, which was the only evolutionarily informative membrane trafficking protein identified 

prior and one of the few CV-associated proteins known from more than one organism (Harris et al. 

2001; Niyogi et al. 2014; Manna et al. 2023). AP180 has been localized to both D. discoideum and T. 

cruzi CVs, but has only been found in single copies across eukaryotes (Stavrou and O’Halloran 2006; 
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Wen et al. 2009; Manna et al. 2015), and so was not included in the searches. Other differentially 

expressed transcripts had no previous CV association (tomosyn, Rab24, and the HTAC subunits). 

Tomosyn is particularly interesting, as in plants, animals and fungi it is thought to negatively regulate 

exocytosis, possibly through competitive inhibition of the R SNARE within the fusogenic SNARE 

tetrad (tomosyn lacks the transmembrane domain that anchors most SNAREs to membranes, and 

instead has a WD40 domain) (Gracheva et al. 2007; Hattendorf et al. 2007; Kienle et al. 2009; Li et al. 

2019). It is possible that the increased CV bladder diameter in low osmolarity conditions is due to a 

combination of increased homotypic fusion from Vamp7 (as is thought to occur in D. discoideum; Wen 

et al. 2009) and inhibition of exocytosis from tomosyn (as Vamp7 is also involved in lysosomal 

exocytosis; Rao et al. 2004), though it is unclear where the extra membrane originates.  

 

Table 3 Transcripts of the Reclinomonas americana membrane trafficking system that increase as osmolarity decreases. Log 

fold change (logFC) values are between low and high osmolarity treatments. Canonical locations of proteins include the 

endolysosomal system (ELS), plasma membrane (PM), and trans-Golgi network (TGN). The CV models are Trypanosoma 

cruzi (Tc), Dictyostelium discoideum (Dd), Paramecium spp. (Pspp.), and Chlamydomonas reinhardtii (Cr). Details of CV-association 

of the various proteins are found in Supplementary Online Table 3. 

Protein  
Canonical 
location 

Transcript logFC 
p-value 
(adj.) 

CV-
associated 

Vamp7 ELS Rame_09154 2.9 6.15E-28 Tc, Dd, Pspp. 
  Rame_56134 2.5 1.03E-09  

Aquaporin various Rame_22839 1.2 3.29E-07 Dd, Cr, Pspp., 
Tc   Rame_08374 0.92 1.66E-14 

Sec1 PM Rame_20647 0.94 8.96E-04 Dd 

Rab8 PM Rame_13065 0.89 2.52E-03 Dd 

AP5 μ ELS Rame_22188 0.87 3.40E-03 - 

Rab24 ELS Rame_51353 0.83 3.58E-03 - 

Tomosyn PM Rame_18337 0.59 1.04E-02 - 

RabX7 - Rame_41998 0.52 4.47E-04 - 

Arrestin Golgi/PM Rame_00676 0.49 7.01E-03 Dd* 

RabX16 - Rame_19603 0.46 6.81E-03 - 

AP4 σ  ELS/TGN Rame_06827 0.44 4.86E-02 - 

* Differentially expressed in a similar experiment in Dictyostelium discoideum (Manna et al. 2023). 

 

Though I defined putative CV-involved proteins as increasing expression with decreasing 

osmolarity, transcripts showing the opposite pattern may give insight into CV function as well. 
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Interestingly, when I examined the 23 transcripts that showed increased expression with increasing 

osmolarity, a large number of Golgi and retrograde-transport related factors were identified, including 

2/8 COG components (a MTC which acts within the Golgi; Miller and Ungar 2012), 6/7 COPI 

components (a HTAC involved in transport within the Golgi and to the ER; Beck et al. 2009), Vps52  

 

Table 4 Transcripts of the Reclinomonas americana membrane trafficking system that decrease as osmolarity decreases. Log 

fold change (logFC) values are between low and high osmolarity treatments. Canonical locations of proteins include the 

endolysosomal system (ELS), early endosome (EE), endoplasmic reticulum (ER), and trans-Golgi network (TGN). The 

CV models are Trypanosoma cruzi (Tc), Dictyostelium discoideum (Dd), Paramecium spp. (Pspp.), and Chlamydomonas reinhardtii 

(Cr). Details of CV-association of the various proteins are found in Supplementary Online Table 3. 

Protein   
Canonical 
location 

Transcript logFC 
p-value 
(adj.) 

CV-
associated 

Trs23 (TRAPP core) Golgi Rame_21743 -1.3 7.50E-17 - 

COG4  Golgi Rame_45641 -0.8 1.09E-13 - 

COG3  Golgi Rame_10014 -0.7 3.67E-02 - 

COPI β Golgi Rame_19821 -0.59 2.36E-04 - 

TBC-F EE Rame_36811 -0.58 5.88E-03 - 

Vps52 (GARP/EARP) Golgi/EE Rame_43267 -0.58 1.22E-02 - 

COP γ Golgi Rame_05314 -0.57 1.61E-05 - 

Sec22 ER/Golgi Rame_52261 -0.54 2.15E-05 Tc 

COPI δ Golgi Rame_50137 -0.54 1.73E-06 - 

COPI β Golgi Rame_36176 -0.4 1.23E-06 - 

Vamp7 ELS Rame_03403 -0.4 8.76E-03 - 
 Rame_13020 -0.38 1.65E-02 - 
 Rame_00583 -0.19 1.13E-02 - 

COPI α Golgi Rame_18418 -0.37 1.27E-06 - 

COPI β′ Golgi Rame_52214 -0.35 2.37E-03 - 

AP1 μ EE/TGN Rame_01817 -0.33 2.49E-02 - 

StxE ELS Rame_57702 -0.27 4.80E-03 - 

RabX11 - Rame_52151 -0.25 1.24E-02 - 

COPI ζ Golgi Rame_07935 -0.25 1.29E-03 - 

Rab23 Flagella Rame_01031 -0.23 1.12E-02 - 

Vps45 ELS Rame_36268 -0.23 1.01E-02 - 

AP12 β AP1 or AP2 loc. Rame_19578 -0.2 3.23E-03 * 

AP2 α PM Rame_04400 -0.17 2.60E-02 Dd 
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(which could act in retrograde transport within the endosome or to the Golgi as a part of the Golgi-

associated retrograde protein (GARP) or endosome-associated recycling protein (EARP) complexes; 

Bonifacino and Hierro 2011; Schindler et al. 2015), and TBC-F (a Rab GAP associated with retrograde 

transport from the endosome to the Golgi; Jia et al. 2016). The R SNARE Sec22 is also differentially 

expressed. In T. cruzi, a kinetoplastid inparalog of Sec22 colocalizes with markers of the CV spongiome 

and the Golgi body, though Sec22 localizes to the ER and Golgi in model systems (Newman et al. 

1990; Hay et al. 1998; Ulrich et al. 2011). Additionally, the most highly expressed Vamp7 paralog was 

upregulated under hyperosmotic conditions. I speculate that this is the lysosomal Vamp7, as it has 

been observed in D. discoideum that Vamp7 is located at both the CV and at the lysosome, but in higher 

concentrations at the lysosome (Wen et al. 2009), and in humans the lysosome and autophagy are 

upregulated under hyperosmotic stress to deal with high osmolarity-induced protein agglutination 

(López-Hernández et al. 2020). Though significantly differentially expressed, the change in expression 

for these transcripts was generally small, with most LFCs between 0.17 and 0.6, corresponding to 

between 1.125 and 1.516 times the abundance (Table 4). 

 

3.4.1 Corset and phylogenetically relevant clusters are not the same 

While clustering with Corset was effective in reducing the number of total transcripts (Figure 12), the 

reduction did not correspond exactly to the reductions I made manually while doing phylogenetic 

classifications. For the membrane trafficking proteins examined, Corset clusters were consistent 

within classifications (i.e., a cluster would contain transcripts manually identified as belonging to the 

same protein), but there were often multiple clusters that belonged to a single phylogenetically relevant 

group. This is likely due to assembly errors, as many of these sequences were truncated when viewed 

in alignments, and Corset clusters are informed both by sequence similarity and expression similarity. 

It is also possible that these multiple clusters could be due to transcript isoforms. This inflated number 

of clusters could affect the sensitivity of the DE results, as splitting reads between similar transcripts 

decreases the statistical power of the analyses (Hsieh et al. 2019). As well, it complicated the 

interpretation of the DE results, as multiple clusters of the same phylogenetically relevant protein were 

sometimes identified as differentially expressed (e.g., multiple Vamp7 transcripts that corresponded 

to a protein in my phylogeny were upregulated in hypoosmotic conditions; Table 3; Supplementary 

Figure 1). 
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3.5 Four proteins are phylogenetically informative for CV evolution 

If CVs within Discoba share a common origin, I would expect a shared set of proteins to be found in 

all the examined CVs, with CV-specific version of proteins paralogous to those from other membrane 

trafficking organelles (Figure 13A). If there are multiple independent origins of CV-like organelles in 

discobids, there are two possible patterns that could emerge: 1) Parallel evolution: If the evolutionary 

origin of the organelles is the same membrane-bound compartment, there may be some shared set of 

proteins in contractile vacuoles, but these would not form clades in phylogenies (Figure 13B); or 2) 

Convergent evolution: If the organelles have different evolutionary origins, they may have different 

sets of associated molecular machinery altogether. 

 

 

 

Figure 13 Example phylogenies that would support a single origin (A) or parallel origins (B) of contractile vacuoles (CVs) 

in Discoba. CV-associated proteins are labelled with black circles. LCA = last common ancestor. 

 

To be phylogenetically informative in CV evolution, the putative CV-associated proteins 

identified through DE analysis must be: 1) found in CV model organisms; and 2) present in multiple 

copies (i.e., CV and non-CV versions). A combination of similarity searches and literature review was 

used to determine the distribution of the putative CV-associated proteins in the CV models (Figure 

14; Supplementary Online Table 11). Searches were also performed for arrestins (data not shown); 

however, they are too poorly conserved on a sequence level to be reliably detected with homology 

searching (Baile et al. 2019) and a phylogeny would not be meaningful. Some differentially expressed 

transcripts were impossible to classify as orthologs of a known protein (RabX7, RabX16), and were 

not considered further. Other transcripts (AP5 mu, Rab24, tomosyn) were only present in the 

transcriptome assembly in a single phylogenetically relevant group. Others, such as Rab8, Vamp7, 

aquaporin, arrestin, and Sec1 were present in multiple copies in more than one organism (Figure 14). 
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The differentially expressed transcripts that were identified as present in more than one copy in more 

than one organism were then investigated phylogenetically. 

 

 

Figure 14 Coulson plot of putative contractile vacuole (CV) associated proteins in Reclinomonas americana and the CV model 

organisms. Data for the HTACs are taken from Hirst et al. (2011), Manna et al. (2013), Richardson and Dacks (2022), 

Dictybase.org, or a manual BLAST search. Classification for SNAREs, Rabs, and aquaporins was confirmed through 

phylogenetics, which can be viewed in Supplementary Figure 4-6. Numbers indicate copy numbers where more than one 

paralog is present. R. americana copy numbers are based on the number of phylogenetically distinct proteins after thinning 

duplicates manually. Proteins that are considered phylogenetically informative for CV evolution in the context of this study 

are in bold. Aquaporins are conventional (conv.) or unorthodox (unorth.). Additionally, R. americana has a single 

aquaglyceroporin, but is not included in the plot as aquaglyceroporins are not present in any CV model organisms and 

have not been implicated in CV function.  

 

3.5.1 Rab8 

Rab8 is a Rab GTPase primarily involved in trafficking from the TGN to the plasma membrane in 

animal and yeast model systems through interactions with the exocyst (Huber et al. 1993; Guo et al. 
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1999). In D. discoideum, a Rab8 paralog is part of a well characterized model of CV exocytosis, and is 

required for recruitment of the exocyst complex to the CV bladder prior to water expulsion (Essid et 

al. 2012). Rab8 is broadly distributed across eukaryotes (Eliáš et al. 2012). Out of the four CV models, 

Rab8 was only found in multiple copies in D. discoideum and R. americana, and was not identified in P. 

tetraurelia or T. cruzi (Figure 14). Although RBH identified 11 putative Rab8s in P. tetraurelia, during 

phylogenetic classification all sequences were found outside the Rab8 clade with full support 

(Supplementary Figure 4), and so these were not included in the Rab8 phylogeny. The Rab8  phylogeny 

had very little support apart from the two Rab8 paralogs from D. discoideum, which group together 

with strong support (83/1.00), indicating that this is likely a lineage-specific expansion (Figure 15). 

There is not enough resolution in the rest of the tree to comment on the relationships between the 

four R. americana Rab8s.  

 

 

Figure 15 Maximum likelihood (ML) phylogeny of Rab8 in contractile vacuole (CV) model organisms and Reclinomonas 

americana. CV-associated proteins are labelled with black circles. CV involvement is this study or references in 

Supplementary Online Table 3. Support values from the ML analysis and Bayesian inference (BI) are shown as (ML/BI); 

support values < 50/0.90 ML/BI are considered uninformative and are displayed as asterisks or not shown. Scalebar 

represents the number of expected substitutions per site. Fully supported branches are in bold.  

 

3.5.2 Sec1 

Sec1 is an SM protein primarily thought to be involved in the templating of the trans-SNARE complex 

formed prior to exocytosis (Hashizume et al. 2009; Morgera et al. 2012; Zhang and Hughson 2021). 

Sec1 is required for CV function in D. discoideum; however, blocking the function of Sec1 blocks 

exocytosis as a whole, and not specifically that of the CV (Zanchi et al. 2010). Correspondingly, only 

a single copy of the gene is found in the D. discoideum genome (Figure 14). SM proteins are broadly 
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conserved in eukaryotes and are thought to be duplicated rarely in comparison to other MTS genes 

(Dacks and Field 2007; Koumandou et al. 2007). Multiple copies of Sec1 were only identified in R. 

americana and P. tetraurelia (Figure 14). The expansions in both organisms are lineage-specific with full 

support (100/1.00) (Figure 16). The expansion of Sec1 in P. tetraurelia has previously been 

characterized as occurring at the base of Oligohymenophorea, and has been suggested to be involved 

in the P. tetraurelia CV due to the concurrent duplication of a CV-specific Syntaxin PM, the Qa SNARE 

involved in exocytosis (Dacks and Doolittle 2004; Kissmehl et al. 2007; Kaur et al. 2022). Whether 

any of the P. tetraurelia Sec1 inparalogs are indeed CV-specific has yet to be determined. 

 

Figure 16 Maximum likelihood (ML) phylogeny of Sec1 in contractile vacuole (CV) model organisms and Reclinomonas 

americana. CV-associated proteins are labelled with black circles. CV involvement is this study or references in 

Supplementary Online Table 3. Support values from the ML analysis and Bayesian inference (BI) are shown as (ML/BI); 

support values < 50/0.90 ML/BI are considered uninformative and are displayed as asterisks or not shown. Scalebar 

represents the number of expected substitutions per site. Fully supported branches (100/1.00) are in bold. 

 

3.5.3 Aquaporins 

Aquaporins are small transmembrane proteins that act as channels for water and other small molecules 

(Gomes et al. 2009). There are five well-supported groups of prokaryotic aquaporins: AqpM, AqpN, 

GlpF, AqpZ, and AqpX (Finn et al. 2014; Pommerrenig et al. 2020; Tesan et al. 2021). Eukaryotic 

aquaporins were thought to primarily be related to prokaryotic AqpZ and GlpF, with a HGT of AqpN 

within Streptophyta (Finn and Cerdà 2015; Pommerrenig et al. 2020). A recent analysis identified not 

only a novel group of bacterial aquaporins, AqpX, but also a potential HGT of AqpX occurring within 

Discoba (Tesan et al. 2021). Aquaporins are one of the most broadly identified CV-associated proteins 
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and have been localized to the CV of P. multimicronucleatum, T. cruzi, Leishmania major (Kinetoplastea, 

Discoba), and Amoeba proteus (Amoebozoa, Amorphea); however, the classification of most of these 

has been unclear (Montalvetti et al. 2004; Figarella et al. 2007; Nishihara et al. 2008; Komsic-

Buchmann et al. 2012; Ishida et al. 2021). In P. multimicronucleatum, silencing of the CV-associated 

aquaporin gene with RNAi significantly slowed the CV bladder enlargement-evacuation cycle, 

indicating its involvement in osmoregulation (Ishida et al. 2021). 

 All aquaporins identified through RBH were classified phylogenetically in a large phylogeny 

including all five prokaryotic aquaporin families, as well as all human aquaporins. The eukaryotic 

sequences fell into three larger groups: those associated with prokaryotic GlpF, those associated with 

the poorly characterized and largely archaeal AqpZx and AqpN, and those associated with bacterial 

AqpX (Supplementary Figure 5A, Figure 17). Following the naming conventions of Finn et al. (2014), 

I refer to these as aquaglyceroporins (human aquaporins 3, 7, and 9; GlpF-associated), unorthodox 

aquaporins (human aquaporin 11 and 12; AqpX-associated), and conventional aquaporins (human 

aquaporin 0, 1, 2, 4, 5, and 6; archaeal AqpZx- and AqpN-associated). Though human aquaporin 8 is 

considered a distinct family in animals (Finn et al. 2014), it is not phylogenetically distinct from 

conventional aquaporins in a paneukaryotic context (Figure 17). The presence of unorthodox 

aquaporins in Discoba was previously thought to be due to a Discoba-specific HGT (Tesan et al. 

2021). However, this analysis has demonstrated that not only is this aquaporin found in Discoba 

(though it is absent in R. americana), but that there are orthologs in P. tetraurelia (SAR), H. sapiens 

(Amorphea), and C. reinhardtii (Archaeplastida), making it a potential pan-eukaryotic aquaporin and 

not a Discoba-specific HGT (Figure 17). C. reinhardtii was the only CV model to contain both 

conventional and unorthodox aquaporins; all other organisms had either one or the other (Figure 14). 

Notably, all T. cruzi aquaporins, including the CV version, belong to the unorthodox aquaporin 

group, while R. americana has an aquaglyceroporin and three conventional aquaporins (Supplementary 

Figure 5A, Figure 17). Two conventional aquaporins are differentially expressed in R. americana; though 

it should be noted that these are upregulated in low osmolarity conditions, and the single datapoint 

where both CV localization and expression data of an aquaporin exists shows decreasing expression 

of the aquaporin with decreasing osmolarity (C. reinhardtii; Komsic-Buchmann et al. 2014). 

Additionally, aquaporins are thought to be evolutionarily labile in response to environmental 

challenges (Finn and Cerdà 2015; Von Bülow and Beitz 2015), so it is possible that they may be 

uninformative in terms of inferring CV evolution despite their ubiquity in the organelle. Nevertheless,  
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Figure 17 Maximum likelihood (ML) phylogeny of eukaryotic aquaporins in a prokaryotic context. CV-associated proteins 

with localization data are labelled with black circles, those with differential expression data only are labelled with grey 

circles. CV involvement is this study or references in Supplementary Online Table 3. Support values from UFBOOT ML 

analysis; values < 80 are considered uninformative and not shown. Scalebar represents the number of expected 

substitutions per site. Fully supported branches (100) are in bold.  
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I inferred a phylogeny for the conventional aquaporins with the CV model organisms and 

representative human sequences in case there is paralogy that could correspond to a CV-specific 

conventional aquaporin. There are no well-supported groups of aquaporins in the phylogeny apart 

from the human conventional aquaporins (95/1.00), two D. discoideum lineage-specific expansions, and 

the grouping of two D. discoideum aquaporins with a R. americana aquaporin (100/1.00) (Figure 18). The 

differentially expressed D. discoideum, R. americana, and C. reinhardtii aquaporins are dispersed 

throughout the phylogeny. Two of the differentially expressed D. discoideum aquaporins were sister to 

another D. discoideum aquaporin whose expression was not affected by osmolarity (89/1.00 and 

99/1.00) (Figure 18). The CV-associated unorthodox aquaporins clearly belong to lineage-specific 

expansions (Figure 17), and so no further phylogenies were inferred. 

 

 

Figure 18 Maximum likelihood (ML) phylogeny of classical aquaporins in contractile vacuole (CV) model organisms, 

Reclinomonas americana, and humans. CV-associated proteins with localization data are labelled with black circles, those with 

differential expression data only are labelled with grey circles. CV involvement is this study or references in Supplementary 

Online Table 3. Support values from the ML analysis and Bayesian inference (BI) are shown as (ML/BI); support values 

< 50/0.90 ML/BI are considered uninformative and are displayed as asterisks or not shown. Scalebar represents the 

number of expected substitutions per site. Fully supported branches (100/1.00) are in bold. 
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3.5.3.1 Long-branch attraction obscures relationships between eukaryotic aquaporins 

Classification of eukaryotic aquaporins is challenging across large evolutionary distances. The proteins 

are small, with few informative sites (~200 amino acids) and the evolutionary timescales are large. 

Additionally, the prokaryotic sequences are relatively well conserved in comparison to the eukaryotic 

sequences. This was particularly evident in the first iteration of the aquaporin phylogeny, where I used 

a relatively simple model of sequence evolution: most eukaryotic conventional and unorthodox 

aquaporins formed a poorly supported and extremely long-branching group with the archaeal AqpN 

and AqpZx, except for T. cruzi unorthodox aquaporins, which fell within the bacterial AqpX clade 

(data not shown). After I selected a mixture model to specifically deal with the issue of long-branch 

attraction (the ModelFinder selected model + C60/PMSF; Methods section 2.9.2) (Wang et al. 2018), 

this grouping disappeared (Supplementary Figure 5A). The phylogeny resolved further when the most 

divergent aquaporin family, GlpF, was removed (Figure 17).  

 

3.5.4 Vamp7 

Vamp7 is an R SNARE that is involved in several membrane fusion processes within the 

endolysosomal system, including lysosomal exocytosis, fusion of late endosomes and lysosomes, and 

homotypic fusion of autophagosome precursors (e.g. Advani et al. 1999; Rao et al. 2004; Moreau et 

al. 2011; reviewed in Chaineau et al. 2009). It is the most commonly identified membrane trafficking 

protein in CVs. This has been previously obscured by the inconsistent naming conventions within the 

SNARE family, as the CV-specific versions have been known as VAMP1 and SNARE2.2 (T. cruzi; 

Ulrich et al. 2011), Syb2 (P. tetraurelia; Schilde et al. 2006), and Vamp7B (D. discoideum; Wen et al. 2009). 

Functional characterization for the involvement of Vamp7 in CVs has only been done indirectly in D. 

discoideum, where Vamp7B is speculatively thought to be involved in homotypic fusion (Wen et al. 

2009). 

Because RBH is an unreliable method of classification within SNAREs, all R SNAREs from 

the CV models were classified using phylogenetics (Supplementary Figure 6). The best supported 

groups were iteratively removed until just Vamp7 and synaptobrevin remained, which was then used 

to root the phylogeny (Barlow 2019). The backbone of this phylogeny was very poorly supported 

(Figure 19A). As the relationships between most CV-associated Vamp7 genes were ambiguous, AU 

tests were used to test several constraints against the original version of the phylogeny: lineage-specific 

expansions of Vamp7 in all organisms, a single origin of CV-associated Vamp7 in Discoba, and a  
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Figure 19 Maximum likelihood (ML) phylogeny of Vamp7 in contractile vacuole (CV) model organisms and Reclinomonas 

americana (A) and the alternate topologies tested with approximately unbiased (AU) tests (B). CV-associated proteins are 

labelled with black circles; a T. cruzi Vamp7 paralog that is transiently associated with the CV under hypoosmotic conditions 

is labelled with a grey circle. CV involvement is this study or references in Supplementary Online Table 3. Support values 

from the ML analysis and Bayesian inference (BI) are shown as (ML/BI); support values < 50/0.90 ML/BI are considered 

uninformative and are displayed as asterisks or not shown. Scalebar represents the number of expected substitutions per 

site. The p-values indicate significant difference from the most likely tree (in this case, the unconstrained tree) assessed 

with AU tests with 100,000 RELL bootstraps. 
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single origin of CV-associated Vamp7 across eukaryotes (Figure 19B). Synaptobrevin orthologs were 

unconstrained. All constrained phylogenies were rejected as being significantly worse than the most 

likely (unconstrained) phylogeny (p < 0.05) (Figure 19B). Interestingly, a moderately supported clade 

(79/1.00) in the unconstrained phylogeny contained both CV- and non-CV-associated Vamp7 

paralogs from both R. americana and T. cruzi; however, the two Vamp7 paralogs from R. americana were 

sister to each other in this phylogeny with moderate support (70/0.99) (Figure 19A). A phylogeny was 

inferred with just those four proteins, which grouped the proteins by species, not by CV-association 

with strong support (88/1.00) (Figure 20). Notably, the other T. cruzi Vamp7 in this clade has been 

found in the reservosome proteome of epimastigotes (the sole endocytic life stage of T. cruzi) 

(Sant’Anna et al. 2009). Reservosomes are organelles which are considered the endpoint of the T. cruzi 

endocytic pathway prior to fusion with lysosomes (Soares et al. 1992), and have been proposed to be 

lysosome-related organelles (Sant’Anna et al. 2008). The other R. americana Vamp7 in this clade, as 

previously noted, is the most highly expressed Vamp7 in the dataset.  

 

 

Figure 20 Maximum likelihood (ML) phylogeny of Vamp7 proteins from the putative osmoregulatory clade in Discoba. 

CV-associated proteins are labelled with black circles. CV involvement is this study or references in Supplementary Online 

Table 3. Support values from the ML analysis and Bayesian inference (BI) are shown as (ML/BI). Scalebar represents the 

number of expected substitutions per site.  

 

 

 



 

4 Perspectives 
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In this final section, I will begin with an assessment of the data and my approach, speculate on the 

origin of contractile vacuoles both within Discoba and across eukaryotes, and end with some 

intriguing avenues for future research. 

 

4.1 Advantages and limitations of the approach 

This work was a thorough examination of the Reclinomonas americana contractile vacuole using light 

microscopy, transcriptomics, and phylogenetics. The use of three osmotic treatments (low, control, 

and high osmolarities) meant that I could search specifically for transcripts that consistently increased 

or decreased with osmolarity across all three treatments; this is the pattern that has been seen in cell-

biologically-validated CV proteins when multiple treatments have been examined (Komsic-Buchmann 

et al. 2014). When assembling the transcriptome, I selected the assembly based on a number of 

quantitative de novo assessment metrics, which, without a genome to use as reference, is the most robust 

approach currently possible. I considered the common artefacts of transcriptome assembly (inflated 

isoforms, different genes being assembled by different assemblers, and the biases of low and high k-

mer selections) and attempted to ameliorate them bioinformatically using a multi-assembler and 

clustering the genes based on expression and sequence similarity. The validation of the osmotic 

treatments with microscopy gave an additional dimension with which to interpret the transcriptomic 

response. Tomosyn, a negative regulator of exocytosis, was upregulated in the low osmolarity 

condition along with an R SNARE that can be involved with fusion at the plasma membrane—a result 

that may not have made sense without the additional context that the bladder size increased, but the 

enlargement–evacuation interval stayed constant. Additionally, the careful classification of proteins of 

interest in a paneukaryotic (and sometimes prokaryotic) context using phylogenetics revealed the 

previously overlooked presence of the R SNARE Vamp7 in three out of four CV models as well as 

the presence of distinct origins of the conventional and unorthodox aquaporin families in eukaryotes. 

The largest advantage (and disadvantage) to the de novo transcriptomic approach specifically is 

being able to do this research in a non-model system. De novo transcriptomics opens a much broader 

availability of taxa, and can result in a larger volume of data than is generally attainable with 

conventional cell biological methods. While the availability of protist genomes and models is 

improving rapidly, there are still few models among the free-living, heterotrophic protists. The model 

systems within Discoba come with not insignificant challenges: 1) trypanosomatids (Kinetoplastea) 

are thought to primarily regulate protein synthesis through post-transcriptional modification (Jensen 

et al. 2014), making it extremely complicated to draw protein expression-level inferences from 
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transcriptomic data; 2) Euglena (Euglenida) seems to also regulate protein synthesis post-

transcriptionally (Schwartzbach 2017), which would parsimoniously suggest that the entirety of 

Euglenozoa use this approach (though some level of DE analysis within Diplonemea seems to be 

possible; Vesteg et al. 2019; Prokopchuk et al. 2022); and 3) heteroloboseans (including the model 

Naegleria gruberi) generally have a biphasic lifestyle and transform between amoeba and flagellate life 

stages, which can be triggered by osmotic shifts (Fulton 1993). However, the use of a non-model 

organism does come with drawbacks. The lack of a publicly available genome made this challenging. 

The initial transcriptome assembly was unsatisfactory, and transcriptome assembly became a 

significant and unanticipated part of this project. This project required a transcriptome assembly 

optimized for both differential expression (i.e., few excess isoforms) and phylogenetics (i.e., full length 

sequences of all proteins of interest). Common artefacts of transcriptome assembly include incomplete 

transcript recovery and inflated isoform numbers (Vijay et al. 2013; Freedman et al. 2021), which can 

substantially affect the sensitivity of DE analyses and the availability of genes for phylogenetics (Hsieh 

et al. 2019; Spillane et al. 2021). Though attempts were made to decrease these artefacts, the final 

clustered assembly was still quite duplicated (phylogenetically relevant clusters sometimes included 

multiple Corset clusters; data not shown). Despite this, three phylogenetically informative proteins for 

CV evolution were identified. However, transcriptomics can only generate hypotheses for a protein’s 

involvement. While the involvement of similar proteins in CVs in models which have been validated 

with cell biological work can increase the confidence in some of the CV associations in the data, the 

logic is circular, and confirmation of the CV involvement of these proteins can only be obtained 

through further molecular characterization.  

As this study was only the second to identify putative CV-associated proteins through 

differential expression analysis, it was unclear what conditions would be appropriate to obtain a robust 

CV transcriptomic response. When I chose the conditions, transcriptomic data from the Dictyostelium 

discoideum CV induction experiment had not yet been analyzed, and I was concerned that the direct 

transition from the culture medium to MilliQ purified water (as performed in Manna et al. 2023) would 

be too harsh and come with additional stress responses that could obscure the CV involvement. The 

medium used, HL5, has an approximate osmolarity of 100 mOsm (Gamper et al. 1999). A similar 

experiment of osmotic stressors in D. discoideum used a 1:3 dilution of HL5 with distilled water 

(Mathavarajah et al. 2018), which was the same dilution I used in this experiment. A factor that I did 

not consider is that D. discoideum is grown axenically in a nutrient-replete medium. The difference 

between HL5 medium and MilliQ water (or even HL5 and a 1:3 dilution of HL5) is much greater than 
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the difference between my treatments (3.5, 13.8, and 34.5 mOsm). While assessing the phenotypic 

response of the CV was a logical starting point to determine appropriate osmolarities, and the response 

in CV bladder diameter was statistically significant, the transcriptomic response between conditions 

was not strong, at least within the membrane trafficking system. Combined with the issue of excess 

isoforms in the transcriptome assembly obscuring signal, I expect that the gentle osmotic contrast of 

the conditions has resulted in missing a selection of evolutionarily informative, truly differentially 

expressed genes. In the future, experiments should use more extreme contrasts between treatments, 

with as low osmolarities as the cells are able to tolerate over a few hours without being obviously 

distressed. Additionally, while the three treatments gave increased confidence in the CV-association 

of the proteins, hypoosmotic-to-control contrasts were sufficient to generate hypotheses for CV 

involvement in D. discoideum (Manna et al. 2023), so I may be missing potentially informative proteins 

with the current approach. 

 

4.2 Thoughts on the evolution of contractile vacuoles 

4.2.1 Evolution of the contractile vacuole within Discoba 

There is no strong evidence for a single origin of CVs within Discoba. A recent study inferred a non-

marine (i.e., soil or freshwater) origin for Discoba (Jamy et al. 2022). One might expect this to 

correspond to an ancestral CV within the supergroup, but this is not borne out by the data. The data 

are currently compatible with both parallel and convergent evolution of the R. americana and 

Trypanosoma cruzi CVs. T. cruzi (and Kinetoplastea as a whole) has lost many of the genes identified as 

differentially expressed in R. americana (Rab8, Rab24, AP5) (Venkatesh et al. 2018), while the genes 

that can be used to infer organellar origin in T. cruzi (Rab11, Rab32) were not differentially expressed 

in R. americana. This evokes the idea of convergent evolution of the two CVs from distinct 

endomembrane compartments. On the other hand, while Vamp7, the sole protein implicated in CVs 

in both organisms, is broadly the endolysosomal R SNARE, the Vamp7 paralogs in T. cruzi show signs 

of specialization. T. cruzi has one Vamp7 paralog that has been localized to the CV spongiome (Ulrich 

et al. 2011), one that has been detected in the proteome of the endpoint of its endocytic system, the 

reservosome (Sant’Anna et al. 2009), and one that has been localized to the acidocalcisome and the 

reservosome under basal conditions, and the CV under hypoosmotic stress (Sant’Anna et al. 2009; 

Ulrich et al. 2011; Niyogi et al. 2015). It is striking that the differentially expressed paralog in R. 

americana and the CV spongiome-localized paralog in T. cruzi are found within the only supported 

multi-organism groupings in the Vamp7 phylogeny, together with the most highly expressed R. 
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americana Vamp7 and the reservosome-localized T. cruzi paralog. This points towards parallel evolution 

of a putative ancestrally osmoregulatory late endosomal organelle. Conservation of the T. cruzi paralog 

localizations within cells of other discobids would strengthen this argument. While orthologs of the 

acidocalcisome and reservosome Vamp7s have been localized in T. brucei, the evidence for localization 

of these proteins at specific organelles within the endolysosomal system is not strong (Venkatesh et 

al. 2017; Billington et al. 2022). An ortholog of the spongiome Vamp7 is not found in the T. brucei 

genome, nor is a CV present in its endomembrane system (Supplementary Figure 6; Overath and 

Engstler 2004). 

The exact organellar origins of both R. americana and T. cruzi contractile vacuoles are unclear. 

There are only a few proteins identified in each organism that can give hints of the potential origins. 

Previous hypotheses on the origin of CV-like organelles include the recycling endosome, due to the 

involvement of Rab11 in D. discoideum (Harris et al. 2001), or the Golgi, due to the presence of clathrin-

coated regions of the CV in green algae (Komsic-Buchmann and Becker 2012). The presence of 

clathrin doesn’t require that the CV derives from the Golgi, as clathrin coats can be found on a number 

of endolysosomal organelles (reviewed in Klumperman and Raposo 2014). The recycling endosome 

hypothesis is more plausible for T. cruzi. However, it should be noted that the original hypothesis of 

Harris et al. (2001) proposed that the D. discoideum CV was a precursor to the mammalian recycling 

endosome. This specific relationship is unlikely, as Rab11 has a role in recycling in T. brucei, which 

does not have a CV (i.e., might have canonical recycling endosomes) (Overath and Engstler 2004). 

Rab11 and Rab32 have been localized to the T. cruzi CV (Ulrich et al. 2011; Niyogi et al. 2014, 2015). 

In model systems, Rab11 is involved in recycling endocytosed materials from the recycling endosome 

back to the plasma membrane (Ullrich et al. 1996; Takahashi et al. 2012; Choi et al. 2013; Umaer et al. 

2018). Rab32 has not been studied as broadly, but is involved in the trafficking of proteins from the 

recycling endosome to a model animal lysosome-related organelle, the melanosome, as well as 

formation of autophagosomes and recruitment of an effector protein involved in mitochondrial 

division at the ER (Hirota and Tanaka 2009; Bultema et al. 2012; Ortiz-Sandoval et al. 2014). While 

the distribution of Rab32 is paneukaryotic (Eliáš et al. 2012; Ortiz-Sandoval et al. 2014), it is unclear 

whether there is a protistan equivalent to animal Rab32 lysosome-related organelles (Delevoye et al. 

2019), or what the role of Rab32 is outside Metazoa. Neither of these proteins were identified as 

differentially expressed in R. americana. 

The R. americana CV instead shows a slight signal for secretion and the late 

endosomes/autophagosomes. A secretory signal (in this case Rab8, Sec1, and tomosyn) is not 
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unexpected for an organelle whose most apparent function is exocytosis. Aspects of the typical 

secretory pathway have been identified in the CV of D. discoideum and Chlamydomonas reinhardtii as well 

(Essid et al. 2012; Komsic-Buchmann et al. 2012). Sec1 and Rab8 are both part of an exocytic pathway 

with the tethering exocyst complex in yeast (Guo et al. 1999; Hashizume et al. 2009; Morgera et al. 

2012), and in the CV of D. discoideum (Du et al. 2008; Zanchi et al. 2010; Essid et al. 2012). In D. 

discoideum, this is thought to be initiated by a CV-specific Rab11 paralog (Essid et al. 2012). It should 

be noted that the exocyst complex is most prominently involved in endocytosis in T. brucei, and 

contains a recently discovered ninth subunit that is specific to Discoba (not queried here) (Boehm et 

al. 2017; Boehm and Field 2019). It is unclear whether the exocyst maintains its role in exocytosis in 

trypanosomatids. The autophagosomal signal (Rab24, AP5 mu, AP4 sigma) is more unexpected, and 

shares no similarity to the protein complement identified in the CVs of other organisms outside the 

involvement of Rab32 in T. cruzi. Though the apparent roles of these three proteins are only starting 

to be understood in the best studied human cell lines, all seem to localize to the latter part of the 

endolysosomal system. Rab24 localizes to late endosomes, lysosomes, and autophagosomes, and is 

involved in the clearance of autophagosomes under basal conditions, though whether this is through 

fusion with the plasma membrane or reformation of lysosomes is unknown (Ylä-Anttila et al. 2015; 

Amaya et al. 2016). Rab24 has been coprecipitated with key plasma membrane fusion proteins, and 

has been proposed to be involved with fusion at the plasma membrane (Schardt et al. 2009; Ylä-Anttila 

and Eskelinen 2018). AP5 is involved in the transport of protein cargo between the late 

endosome/lysosome and the Golgi (Hirst et al. 2018; Khundadze et al. 2019), and is involved in the 

reformation of lysosomes from autolysosomes (Chang et al. 2014; Khundadze et al. 2019), while AP4 

is involved in the transport of protein cargo between the TGN and endosomes (Burgos et al. 2010) 

or autophagosomes (Mattera et al. 2017). Vamp7 is a non-specific signal, as there are only four 

fusogenic R SNAREs in LECA and Vamp7 has been implicated in many fusion processes within the 

endolysosomal system (Advani et al. 1999; Rao et al. 2004; Moreau et al. 2011; Barlow 2019). Without 

knowledge of whether there are specific paralogs of Vamp7 with conserved roles across Discoba, this 

protein remains uninformative in terms of organellar origin. 

 

4.2.2 Implications for the origin of the contractile vacuole 

There was more overlap of the R. americana and T. cruzi CV associated proteins with the non-discobid 

CV models than between the two discobids. In each case, phylogenetics demonstrates strong evidence 

for lineage-specific expansions in at least some of the organisms, and no strong evidence for a single 
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origin of a CV-specific version. This corresponds with the previous observations of CV-specific 

Rab11 paralogs in D. discoideum and T. cruzi: both are the result of lineage specific expansions (Manna 

et al. 2023). This overlapping protein complement has, without the use of phylogenetics, been used to 

infer a single origin of CVs in the LECA (e.g., Hoef-Emden 2014) or invoke involvement of proteins 

from other CV model organisms in models of function (such as the exocyst in the CV of T. cruzi; 

Jimenez et al. 2022). An alternate explanation for this pattern is that the CVs that have been studied 

are more recent innovations derived from the same ancestral organelle present in the LECA that was, 

crucially, not a CV. An implication of this is that if there is a consistent organellar source from which 

an osmoregulatory organelle evolved, this could be due to a latent capacity for osmoregulation in the 

source organelle.  

Intriguingly, lysosomes have been documented as responding to osmotic shock in some model 

organisms that do not have CVs. There is a sparsely documented phenomenon of human lysosome 

swelling and exocytosis in response to hypoosmotic shock (Okada et al. 1992; Li et al. 2020). When 

this response was impaired through knocking out a subunit of a lysosome-associated anion channel, 

the survival rate of the cells introduced to hypotonic challenges decreased significantly (Li et al. 2020). 

Analogy of this response with the D. discoideum CV has been proposed (Hu et al. 2022), primarily due 

to the role of calcium stimulations in the exocytosis of lysosomes in non-secretory human cells and 

the D. discoideum CV (Reddy et al. 2001; Jaiswal et al. 2002; Fountain et al. 2007; Parkinson et al. 2014). 

The yeast vacuole (the fungal lysosome equivalent) is also involved in osmotic stress responses. 

Though vacuolar exocytosis is not involved, fusion and fission of vacuoles takes place under hypo- 

and hyper-osmotic stress respectively (Latterich and Watson 1993; Bone et al. 1998), and mutants 

deficient in vacuolar fusion have increased susceptibility to osmotic stress (Banta et al. 1988; Latterich 

and Watson 1993). Notably, the V-ATPase is key in the response to hyperosmotic stress, as it creates 

a proton gradient that drives sequestration of ions in the vacuole (Li et al. 2012). Additionally, there 

are a variety of transient CVs found in marine organisms that are exposed to low osmolarities (Hogue 

1923; Meyer and Pienaar 1984; Hellebust et al. 1989; Hauer et al. 2001) and freshwater organisms that 

have cell walls throughout most of their lifecycle (Ling and Tyler 1972; Shields and Fuller 1996; 

Mitchell and Hardham 1999). Are these stable organelles, with distinct protein complements, or a 

general response of the endolysosomal system? 
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4.3 Future directions 

The most obvious next step is to continue this work within Discoba. A few phylogenetically 

informative genes from two datapoints is not sufficient to make confident conclusions about the 

evolution of CVs across such broad evolutionary timescales. A datapoint within Heterolobosea would 

be the next priority, particularly because the recent inference of a non-marine origin of Discoba by 

Jamy et al. (2022) only sequenced a single jakobid, and so their results might better be interpreted as 

a non-marine origin of Heterolobosea + Euglenozoa. If CV induction is possible in the model N. 

gruberi without also inducing the flagellate differentiation, this would be the obvious choice, as there is 

a well characterized genome and recently developed molecular transformation protocols (Fritz-Laylin 

et al. 2010; Herman et al. 2018; Faktorová et al. 2020b). If the amoeboflagellate differentiation is 

impossible to avoid upon osmotic shock, there is the potential to use de novo transcriptomics on one 

of the few heteroloboseans where differentiation has not been documented (e.g., the genus 

Vahlkampfia, for which flagellate stages have not been observed; Brown and De Jonckheere 1999). 

Additionally, the monospecific, deepest branching lineage within Discoba, Tsukubamonas, is from 

freshwater (Yabuki et al. 2011). Though a CV was not identified in the original description, this bears 

reinvestigation and could provide an interesting datapoint for the study of CVs within Discoba. 

Transcriptomics within these lineages can be used as hypothesis-generating for proteins with potential 

CV involvement in model systems such as N. gruberi, B. saltans, or E. gracilis. This was recently 

demonstrated in D. discoideum with the SNARE novel plant syntaxin (NPSN) (Manna et al. 2023). 

NPSN was first discovered in Arabidopsis thaliana, where it localizes to the plasma membrane and is 

involved in membrane fusion at the cell plate during cytokinesis (Zheng et al. 2002; Uemura et al. 

2004; El Kasmi et al. 2013). In D. discoideum, NPSN was upregulated in hypoosmotic conditions, and 

further examination showed that it localizes to the plasma membrane and seems to be involved in 

exocytosis of the CV (Manna et al. 2023).  

 From a paneukaryotic perspective, the exploration of transient or inducible contractile 

vacuoles is the most interesting area of future study. Investigation into whether lysosomal exocytosis 

in response to hypoosmotic shock is a derived trait in primates or a characteristic of the eukaryotic 

endolysosomal system as a whole could provide important context for inferring the evolutionary origin 

of CVs. There are several potential approaches. A quick approach to identify inducible CVs in marine 

organisms could be exposure of the organism to lower osmolarities and careful examination in light 

and transmission electron microscopy. While most marine organisms cannot be grown in freshwater, 

many can tolerate a broad range of salinities (e.g., Hellebust et al. 1989; Arndt et al. 2000; Hauer et al. 
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2001; Hauer and Rogerson 2005; Cowie and Hannah 2006; More et al. 2019). The mechanisms behind 

this phenomenon are poorly understood in heterotrophic protists (Suescún-Bolívar and Thomé 2015), 

though some inducible CVs have been reported (Hogue 1923; Hauer et al. 2001). Unfortunately, as 

far as I can tell, there are no marine model protists with well characterized endolysosomal systems, 

which would be the best choice for this type of experiment. However, the recent coordinated efforts 

to establish a number of marine model protists could provide a good starting point for selecting 

potential datapoints for attempts at CV induction that could be followed with transcriptomics or 

molecular cell biological methods (Waller et al. 2018; Faktorová et al. 2020b). In particular, the 

emerging model Paradiplonema papillatum (Diplonemea) would be an excellent datapoint within 

Discoba, as transformation tools have recently been established (Faktorová et al. 2020a). In species 

that possess a transient CV, this could be examined through transcriptomics, and, ideally, molecular 

cell biological methods to confirm localization of the proteins. Transcriptomic analyses would likely 

be impossible or uninformative for CVs that appear in distinct life stages of freshwater organisms;  

luckily, these are found in lineages that have a wealth of transformation protocols available (Zhou and 

von Schwartzenberg 2020; Ghimire et al. 2022). Differentiating whether these transient CVs are 

distinct organelles, or whether they are simply an uncharacterized response of the lysosome, as seen 

in human cells (Li et al. 2020) could help distinguish between whether the diversity of CVs in modern 

eukaryotes is due to parallel evolution, convergent evolution, or common descent. With only a handful 

of CVs investigated on a molecular level, it is impossible to make claims about a CV not being present 

in the LECA—it could be possible that the organisms examined are those with recent reinventions of 

the concept. However, if CV-like behaviour is a general property of the lysosome, this supports the 

hypothesis of convergent evolution of modern CVs, and potentially explains why a collection of 

organelles with similar functions and protein complements have no (currently) recoverable signal for 

a single origin in the LECA. 

 

4.4 Conclusions 

In this thesis I characterized the Reclinomonas americana contractile vacuole using light microscopy, 

transcriptomics, and phylogenetics. R. americana modulates the CV bladder size in response to 

environmental osmolarity, but not the enlargement–evacuation interval. Neither of these traits seem 

to be related to phylogeny, even across relatively small evolutionary distances. Using a de novo 

transcriptome assembly, I characterized the R. americana membrane trafficking system as relatively 

complete in terms of the protein complement inferred to be found in the LECA. Through differential 
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expression analyses, I identified an additional four genes that are evolutionarily informative for the 

history of the CV, where previously only a single gene was known. Comparative genomics and 

phylogenetic analyses demonstrated no strong evidence for a single origin of CVs in the ancestor of 

Discoba, or across CV model eukaryotes. The lack of phylogenetic signal for a single origin of CVs 

but repeat involvement of some genes raise the question of whether CVs, when present as a distinct 

organelle, have evolved from an organelle within the endomembrane system with latent 

osmoregulatory capacity. 
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Appendix A 
 

Supplementary Online Data 

 

The supplementary online videos, files, and tables, and full-size PDF copies of the supplementary 

figures are available at the following URL:  

https://drive.google.com/drive/folders/17W_f0MhSYwSBp4_wu42jF87sL7ioCwm5?usp=share_li

nk 

 

Supplementary figures follow. 

 

  

https://drive.google.com/drive/folders/17W_f0MhSYwSBp4_wu42jF87sL7ioCwm5?usp=share_link
https://drive.google.com/drive/folders/17W_f0MhSYwSBp4_wu42jF87sL7ioCwm5?usp=share_link
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Supplementary Figure 1 Ultrafast bootstrap maximum likelihood phylogenies for classification of Qa (A), Qb (B), Qc 

(C), and R (D) SNAREs in Reclinomonas americana. R. americana sequences in red. The base alignment for Qa SNAREs is 

from Arasaki et al. (2017); the rest are from Venkatesh et al. (2017). 
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Supplementary Figure 2 Ultrafast bootstrap maximum likelihood phylogenies for classification of heterotetrameric 

adaptor protein complex subunits β (A), EGADZ (B), μ (C), and σ (D), and the two β-propellor/α-solenoid subunits of 

TSET (E) in Reclinomonas americana. R. americana sequences are in red. Alignments from Hirst et al. (2014). 
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Supplementary Figure 3 Ultrafast bootstrap maximum likelihood (ML) phylogenies for classification of Rab GTPases 

in Reclinomonas americana. Sequences were initially classified to paneukaryotic Rab GTPases (A), and subsequently confirmed 

in restricted phylogenies containing the endocytic Rab GTPases (B), Rab2/Rab4/Rab14 (C), Rab1/Rab8/Rab18 (D, E), 

and Rab32 (F). R. americana sequences are in red. Alignments modified from Eliáš et al. (2012). 
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Supplementary Figure 4 Ultrafast bootstrap maximum likelihood (ML) phylogenies for 

classification of the Rab GTPase Rab8 in Paramecium tetraurelia. P. tetraurelia sequences are in red. 

Alignment modified from Eliáš et al. (2012). 
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Supplementary Figure 5 Ultrafast bootstrap maximum likelihood (ML) phylogenies for classification of eukaryotic 

aquaporins in a prokaryotic context. From the initial phylogeny (A), maximally supported clades were iteratively removed 

to resolve the more divergent eukaryotic clades (B-D). R. americana sequences are in red, other eukaryotes are in purple. 

Prokaryotic sequences from Pommerrenig et al. (2020) and Tesan et al. (2021). 
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Supplementary Figure 6 Ultrafast bootstrap maximum likelihood (ML) phylogenies for classification of R SNAREs in 

contractile vacuole (CV) model organisms and Reclinomonas americana. From the initial phylogeny (A), maximally supported 

clades were iteratively removed (B, C) until Vamp7 + synaptobrevin remained (Figure 19). R. americana sequences are in 

red, other eukaryotes are in purple. Initial alignment from Venkatesh et al. (2017). 
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